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The results presented in this dissertation were based on the same dataset and working 

group as the paper of Voss et al published in the Journal of Cardiac surgery in 2021, 

leading to similarities in data presentation.  

Voss S, Campanella C, Burri M, Trenkwalder T, Sideris K, Erlebach M, Ruge H, Krane 

M, Vitanova K, Lange R. Anatomical reasons for failure of dual-filter cerebral embolic 

protection application in TAVR: A CT-based analysis. J Card Surg. 2021 

Dec;36(12):4537-4545. doi: 10.1111/jocs.16025. Epub 2021 Sep 27. PMID: 

34580919. 
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Abbreviations 

AA/BA Angle Aortic arch/brachiocephalic artery angle 

AA/CCA Angle Aortic arch/common carotid artery angle 

AS Aortic stenosis  

SAVR Surgical aortic valve replacement 

BA/CCA Angle Brachiocephalic/common carotid artery angle 

CAS Carotid artery stenting  

CEPD cerebral embolic protection device  

DW-MRI Diffusion Weight Magnetic resonance imaging 

EACTS European Association for Cardio-Thoracic Surgery 

EF Ejection fraction 

GFR Glomerular Filtration Rate 

ICC Intraclass correlation coefficient  

LV Left ventricle 

MRI Magnetic resonance imaging 

MSCT Multislice computed tomography  

ROC Receiver operating curve  

RCT Randomized clinical trials  

Sentinel-CPS Sentinel™ Cerebral Protection System  

TAVR Transcatheter aortic valve replacement 

TI Tortuosity Index 

VARC Valve academy research consortium  
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1. Introduction 

Calcific aortic valve stenosis is the most common valvular heart disease in the Western 

world and is increasing in prevalence due to the aging population [52]. Currently, the 

incidence is ranging between 2-7% in people over the age of 65 years [53,54] and up 

to 10% for people over the age of 80 years [55]. Once symptoms develop, it is 

associated with a dismal prognosis if patients remain untreated [56]. 

Surgical aortic valve replacement (SAVR) has become the gold standard for the 

treatment of severe calcific aortic stenosis [53]. However, there is a growing number 

of patients deemed unsuitable for a conventional surgical procedure due to significant 

comorbidities [6, 7]. The introduction of a minimally invasive transcatheter-based 

method [transcatheter aortic valve replacement (TAVR)] in 2002 has led to a paradigm 

shift in the treatment of patients at prohibitive risk for surgery [56]. As opposed to 

SAVR, TAVR is performed endovascularly under fluoroscopic control, without the need 

for thoracotomy and cardiopulmonary bypass [57.] The femoral approach 

(transfemoral) constitutes thereby the first line-TAVR access. After angiographic-

guided puncture of the femoral artery, the TAVR prosthesis is introduced using special 

catheter delivery systems and is navigated retrogradely through the vasculature, 

across the aorta to the aortic valve root. The transcatheter heart valves (THVs) are 

comprised of a foldable bioprosthetic valve sewed into a balloon-expandable or self-

expanding stent. THVs are used to be deployed under rapid pacing, once the valve is 

positioned under fluoroscopic guidance in a perpendicular projection to the aortic valve 

annulus. Rapid pacing is helpful to control blood pressure below 40 mmHg in order to 

avoid valve migration during deployment [58]. 



6 
 

Although TAVR has emerged as an important treatment option in patients with aortic 

stenosis [9,10,44], periprocedural complications still occur. Cerebrovascular events 

are still among the most feared complications and are known to significantly affect 

survival and quality of life [11,12]. Cerebral embolization represents the presumed 

etiology of the majority of intraprocedural strokes [20]. During the procedure, 

corpuscular components such as calcified or atheromatous plaques can be dislodged 

and embolize into the brain-supplying vessels, ultimately causing ischemic stroke. 

Transcranial doppler monitoring in TAVR identified increased cerebral embolic load 

during retrograde passage of the aortic arch with catheters, as well as during 

positioning and deployment of the new prosthesis [59]. 

According to the latest updated Valve Academic Research Consortium (VARC-III) 

endpoint definitions [18], symptomatic stroke (overt stroke) is defined as an acute onset 

of focal neurological signs or symptoms with neuroimaging evidence of CNS infarction 

in the corresponding brain territory [18]. The incidence of symptomatic stroke 

associated with TAVR differs across various studies. In 2019 a large register study 

from the Society of Thoracic Surgeons/American College of Cardiology transcatheter 

valve Therapy (STS/TVT) analyzed over 7000 patients, reporting a procedural 

symptomatic stroke incidence of 2.3% [60,2,3]. This is in line with recent data of an all-

comers analysis of the German heart center Munich, which observed an incidence of 

symptomatic stroke of 3.5% over the last decade. In this study the majority of strokes 

were territorial ischemic lesions (84.4%), with a left-sided hemisphere predilection of 

45.6% [61].  
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Despite a relatively low incidence of clinically overt strokes, diffusion-weighted 

magnetic resonance imaging (DW-MRI) detected clinically asymptomatic infarctions 

(covert) in up to 84.0% of TAVR patients [62]. Asymptomatic or so called “covert” 

strokes are classified as new ischemic infarctions confirmed by neuroradiological 

imaging, without a corresponding insult syndrome (VARC III). Different from the stroke 

pattern in symptomatic patients, asymptomatic stroke patients usually show multiple, 

small, as well as bilaterally localized ischemic lesions in brain imaging [9]. However, 

asymptomatic embolic microlesions are thought to be associated with reduced 

cognitive function and long-term neurological impairment [62,63,56]. Thus, prevention 

of ischemic brain injury during TAVR procedure is imperative.  

Over the years, adjuvant mechanical strategies have been developed in order to 

prevent periprocedural ischemic stroke [31, 32]. Dedicated filter-based and deflecting 

cerebral embolic protection devices (CEPD) are designed to reduce the cerebral 

burden of embolic debris by either capturing or deflecting embolized material travelling 

to the brain [13, 64] (Figure A). While filter-based devices have the advantage to trap 

and capture the embolized material (Figure 1B), deflector-devices redirect them 

towards the descending part of the aorta, carrying a risk of peripheral embolism (Figure 

1A, 1C). CEPDs are usually positioned before THV implantation and retrieved at the 

end of the procedure. 
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[68] Figure 1, Fanning JP, et al. Characterization of neurological injury in transcatheter aortic valve 
implantation: how clear is the picture? 
Figure 1.A: Embrella Embolic Deflector device (EED) (Edwards Lifesciences; Irvine, California, 
United States) 
Figure 1.B: The Claret embolic protection device (CD) (Claret Medical, Inc.; Santa Rosa, 
California, United States)  
Figure 1.C: The TriGuard (TG) CEPD (Keystone Heart Ltd., Herzliya, Israel) 

 
Several new CEPD`s are under development or at the first-in-man study stage and 

include potentially promising devices designed to provide full body circumferential 

aortic protection. The earliest dedicated devices for TAVI were the deflector Embrella 

(Edwards Lifesciences, Irvine, CA, USA) (Figure 1.A), followed by another deflector 

type system, the TriGuard™ Embolic Deflection Device (Keystone Heart, Herzliya, 

Israel) ( Figure 1.C) and the filter based Sentinel™ Cerebral Embolic Protection 

System (Boston Scientific, Corp., USA) (Fgiure 1.B). In recent years, all three devices 

have received CE approval. 

Feasibility and safety of the Embrella device was evaluated in the prospective, non-

randomized multicenter PROTAVI-C trial in 2014 (n=52) [67]. Introduced via the right 

radial artery, the Embrella system consists of two oval-shaped petals, placed at the 

outer curvature of the aortic arch, covering the ostia of the brachiocephalic trunk and 

the left common carotid artery. Although the device was successfully deployed in all 

patients (n=41), the EED (Embrella embolic device) did not prevent the occurrence of 

cerebral ischemic lesions [67]. New brain lesions by DW-MRI were found in 100% of 

patients. In addition, an increased total number of high-intensity transient signals 

(HITS) on transcranial doppler ultrasound was detected in the EED group, suggesting 
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that the Embrella device itself could be a potential source of embolic debris (632 

[interquartile range: 347 to 893] HITS of EED group vs. 279 of the control group 

[interquartile range: 0 to 505] HITS, p < 0.001). Nowadays the EED is no longer 

commercially available [67].  

Similar to the Embrella System, the TriGuard 3™ CEPD is a deflector type system, 

which provides full cerebral protection by covering all 3 branches of the aortic arch  

[41]. It consists of a single-wire nitinol frame and a filter with a semi-permeable mesh 

that deflects particles larger than 140µm. 

A multicenter safety and performance evaluation of the first generation TriGuard™ 

Embolic Deflection Device (CEPD) (DEFLECT I) enrolled 37 consecutive patients, who 

underwent TAVR with TriGuard CEPD application. Device implantation was successful 

in 80% of the patients [69] and performance evaluation of the first-generation TriGuard 

device has led to Conformite´ Europeenne marking in October 2015. In the following 

years a new generation of the TriGuard EDD was developed and its superiority to the 

older device analyzed in the DEFLECT III study [65]. In comparison, the new 

generation EDD achieved a better vessel coverage in 89% of the patients vs a 

coverage of 80% with the previous generation [69]. Moreover, an intention to treat 

analysis demonstrated that the usage of Triguard CEPD was associated with greater 

freedom from new ischemic brain lesions (26.9% of TriGuard group vs 11.5% control 

group) and fewer new neurological deficits detected by the NIHSS (3.1% vs. 15.4%) 

[65] but without reaching statistical significance.  

Consequently the DEFLECT III trial was able to show the safety of the early-generation 

TriGuard HDH CEPD but was not powered to demonstrated its efficacy [65]. 

Further on, the next device generation, the TriGUARD 3 (TG3), was designed to 

provide greater ease of use and stability with a larger filtration surface that self-
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stabilizes without cerebral artery engagement. Its safety and feasibility were analyzed 

by the REFLECT II trial [70], in which 225 patients were randomized 2:1 (TG3 vs. no 

TG3) in a prospective, multicenter analysis. Nevertheless, also in this study despite 

the promising results and the confirmed primary 30-day safety endpoints (VARC II), 

the new generation TG3 failed to meet its pre-specified primary superiority efficacy 

endpoint (mean scores [higher is better]: 8.58 TG3 vs. 8.08 control; p = 0.857)[70].  

Nowadays, the most used cerebral embolic protection device is the dual-filter based 

SentinelTM Cerebral Protection System (Sentinel-CPS) (Boston Scientific, 

Marlborough, MA, USA) and so far, the only neuroprotection device with an approval 

by the Food and Drug Administration. The system is inserted through the right radial 

or brachial artery and the filters are targeted to the brachiocephalic (proximal target 

vessel) and the left common carotid artery (distal target vessel) in order to capture and 

remove embolic debris while performing TAVR.  

In the past, three randomized clinical trials (RCT) investigated the filter- based Sentinel 

CPS. New cerebral lesions on diffusion-weighted MRI (DW-MRI) were considered as 

a common surrogate parameter for the occurrence of periprocedural neurologic 

damage during TAVR in all 3 studies. In 2016, the randomized, single center CLEAN-

TAVI trial (n=100) demonstrated a significant reduction in number and volume of new 

ischemic brain lesions within protected areas in the Sentinel group compared to the 

unprotected cohort using the second generation filter device [7]. The third generation 

system was investigated in a multicenter double blinded, randomized trial (MISTRAL-

C), which analyzed 65 patients undergoing TAVR with and without Sentinel-CPS. DW-

MRI examinations revealed a decrease of new ischemic infarctions and a smaller 

infarction volume in patients receiving protected TAVR, but without statistical 

significance [71]. Hereafter, the SENTINEL trial was initiated to assess the safety of 
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cerebral embolic protection during TAVR and the efficacy of filter coverage in reducing 

the effects of cerebral embolization in a larger multicenter RCT (n=363). This landmark 

trial confirmed reassuring evidence of the safety of Sentinel-CPS usage and 

demonstrated a high-frequency of embolic debris capture in 99% of patients [1]. 

However, the primary efficacy endpoint, defined as a reduction in median total lesion 

volume in brain areas protected by Sentinel CPS, could not be achieved [6]. Similar to 

CLEAN TAVI [7]  and MISTRAL C [71], the SENTINEL study [1] also failed to 

demonstrate a reduction in clinically symptomatic stroke rates. However, all of these 

RCT´s have not been designed for hard clinical endpoints to unequivocally show the 

impact of CEP on periprocedural stroke incidence. 

Therefore, the PROTECTED TAVR [72] was designed to specifically evaluate the 

efficacy of the Sentinel CEPS device in reducing strokes among patients undergoing 

transfemoral TAVR. The PROTECTED TAVR trial is so far the biggest randomized trial 

assessing a cerebral embolic protection device, involving 3000 patients, who were 

randomized in 1:1 fashion to either the CEP (n = 1,501) group or control group (n = 

1,499). This analysis was able to confirm a reduction in clinical symptomatic strokes 

within 72 hours after TAVR or before discharge, in patients receiving the CEP device 

(strokes occurred in 34 patients in the CEP group vs in 43 in the control cohort, p=0.30) 

and in the same group to show also a statistical relevant less incidence of disabling 

stroke [ strokes [8 (0.5%) in the CEP group vs 20 (1.3%) in the control group, p < 0.05]. 

Currently the debate over a routine use of the dual filter Sentinel, together with its 

safety and feasibility features, is still on going. Parallel newer studies have been 

focusing on the identification of procedural preconditions, as well as for risk factors that 

could potentially prevent the device implantation [44,9].  
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A recent all-comers analysis by Voss and colleagues determined the percentage of 

patients potentially eligible for routine Sentinel-CPS implantation according to the 

official instructions for use. Clinical data and MSCT analysis in 317 consecutive 

patients evinced device compatibility in 61.5% (n=122/317). The most common reason 

for potential Sentinel-CPS treatment exclusion was an inappropriate diameter within 

the target landing zone of the left carotid artery (< 6.5 mm) (28%). As there is currently 

only one size of filter system available, only 2/3 of patients might be eligible for routine 

Sentinel-CPS usage. Even if the official criteria for Sentinel CPS implantation are met, 

a complex anatomy of the aortic arch and the supra-aortic vessels might challenge its 

application [7-9]. Especially vascular tortuosity of the supra-aortic vessels has been 

reported to cause failure of Sentinel CPS implantation due to technical difficulties to 

navigate the catheter. Besides the unfavorable anatomic conditions, repeated wire 

exchanges and special maneuvers might expose the patient to a higher risk of 

atheroembolism from the aortic arch and vessel injury [7,10,11]. Thus, it is important 

to identify patients that have an anatomical barrier before starting Sentinel-CPS 

implantation. To date, there is no objective evidence of vascular anatomy and potential 

cut-off values that might be associated with technical failure of Sentinel-CPS 

implantation.  
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1.2.Research endpoints 

Considering the above established concepts and themes around stroke preventions in 

TAVR patients we sought to investigate the impact of anatomic features of the aortic 

arch and the supra-aortic arteries observed on pre-TAVR multislice computed 

tomography (MSCT) aortograms on technical device failure of Sentinel-CPS 

application in patients undergoing TAVR.   

More specific, this research concentrated on addressing the following issues:  

1. Incidence of Sentinel-CPS failure in patients undergoing TAVR.  

2. Evaluation of anatomical characteristic of the aortic arch and the supraaortic arteries 

potentially associated with failure of Sentinel CPS application. 

3. Calculation of potential cut-off values influencing the procedural success of Sentinel-

CPS application. 
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2. Materials and Methods  

2.1. Sentinel™ Cerebral Protection System  

2.1.1. Device specification and application 

The 3rd generation Sentinel-CPS (Boston Scientific, Marlborough, MA, USA) consists 

of a steerable catheter (100 cm) carrying two cone-shaped, radiopaque, nitinol-coated 

and biocompatible polyurethane filters equipped with 140-µm pores [6,13]. The 

proximal filter has a maximum diameter of 15mm, whereas the distal one has a 

diameter of 10mm (Figure 1).  

 

 
Figure 2, Sentinel™ Cerebral Protection System 

(a) Distal  filter (1), steerable catheter (100 cm) (2) und proximal filter (3). (b+c) two cone-shaped filter made of a 

radiopaque Nitinol coat biocompatible polyurethane (with 140-µm pores) with a maximum diameter of 10mm 

distal (b) and 15mm proximal (c)47 

Sentinel-CPS implantation is performed angiographically with the use of contrast 

agent. Prior to device insertion an anticoagulation with heparin is needed to achieve a 

systemic Actived Clotting Time (ACT) of 250 seconds. For Sentinel-CPS application a 

6-Fr- sheath is placed in the right radial or brachial artery. After flushing the catheter 
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and the filters, the device is introduced over a standard a 0.014” coronary guide wire 

[6,13,14]. The device catheter is then advanced into the aortic arch and the proximal 

filter is deployed in the brachiocephalic trunk. By using the integrated articulation 

sheath, the distal part of the catheter is flexed and placed into the ostium of the left 

common carotid artery [13, 14], where the second filter (distal) is deployed. The 

radiopaque markers on both filters allow their correct placement in the corresponding 

filter landing zones. 

Filter landing zone of the distal and proximal filter is defined as the area of the 

brachiocephalic trunk and left common carotid artery from their origin at the aortic arch 

to the brachiocephalic bifurcation, and up to 40mm of length for the left common carotid 

artery, respectively. 

 

Figure 3: Filterlanding zone in the aimed vessel, Voss.S. (2022) Neuroprotektion bei Transkatether-Aortenklappenimplantation 

(Habilitation, Technische Universität München)   

(A) Aortic arch identification, (B) Deployment of both filters in the aimed vessels (C) graphic representation of 

filterdeployment  
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After finishing TAVR procedure, both filters can be retrieved and the whole device is 

extracted. The Sentinel CPS device received European CE mark in 2014 and is 

currently available in one universal size.  

 

2.1.2. Indications and contraindications for Sentinel-CPS usage 

Sentinel-CPS is indicated as an embolic protection device to capture and remove 

thrombotic debris while performing transcatheter aortic valve replacement procedures, 

unless contraindicated [1,5,12,41]. 

Pre-TAVR multislice computed tomography (CT) aortograms are used to determine 

patient eligibility for Sentinel CPS implantation. CT morphological preconditions for 

application of the dual-filter-based protection device according to the official 

instructions for use are [20]: 

- absence of significant carotid or brachiocephalic artery stenosis (>70%) 

- absence of severe calcifications of the target vessels 

- freedom of dissections or aneurysmatic alterations at the origin of the 

brachiocephalic and/or left carotid artery 

- absence of a true bovine arch (a common single brachiocephalic trunk that 

trifurcates into bilateral subclavian arteries and a single bicarotid trunk).  

- absence of an aberrant right subclavian artery 

- proximal filter landing zone <9mm and >15mm  

- distal filter landing zone < 6,5mm and >10mm  

 

In addition, presence of vascular alterations precluding the insertion of the CPS 

Sentinel device are considered clinical exclusion criteria [20]:  
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 history of previous artery repair in a vessel used for device implantation or filter 

deployment  

 compromised blood flow to the right upper extremity  

 arteriovenous fistulas  

 arteries used for dialysis purpose  

 hypersensitivity to nickel-titanium  
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2.2 Patients  

This retrospective analysis was conducted at the Department of Cardiovascular 

Surgery at the German Heart Center Munich. We identified all patients, who underwent 

transfemoral TAVR with Sentinel-CPS usage between February 2016 and February 

2020 from our institutional TAVR database.  

To determine the impact of vascular anatomy on technical failure of Sentinel-CPS 

application, a systematic MSCT analysis of pre-TAVR aortograms was performed.  

The study complied with the Declaration of Helsinki and was approved by the local 

ethics committee of the Technical University of Munich (approval reference number: 

49/20 S-KH). 

Sentinel-CPS application was performed in 92 patients [44]. All patients fulfilled the 

criteria for Sentinel-CPS implantation according to the instructions for use and had no 

contraindications. The dual-filter protection device was used in 14 patients with an 

increased risk for cerebral embolization due to: 

 severely calcific aortic valves (n = 6) 

 history of previous stroke (n = 2) 

 thromboembolic deposits on the aortic valve (n = 1) 

 significant bioprosthetic aortic valve degeneration (n = 3) 

 porcelain aorta (n = 2).  

Further Sentinel-CPS usage (n = 78) was practiced as part of our ongoing single-

center, randomized PROTECT TAVI trial (clinicaltrials. gov NCT02895737 328), in 

which patients are randomly assigned to either undergo TAVR with a balloon-

expandable or a self-expandable valve, with and without Sentinel-CPS. 

 



19 
 

The study population was further divided into two groups [44]:  

1. Sentinel-CPS success group, in which the application of the Sentinel-CPS 

was achieved (n = 83) 

2. Sentinel-CPS failure group, in which appplication of Sentinel-CPS was not 

successfull. (n = 9) 
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2.3 Three-dimensional MSCT analysis 

All MSCT data were evaluated using automated software for 3-dimensional CT 

reconstruction (3mensio structural heart version 10.2, Pie Medical Imaging, Maastrich, 

The Netherlands).  

The subclavian route model was used to enable the visualization of the anatomical 

target vessels (subclavian artery, brachiocephalic trunk, left common carotid artery, 

aortic arch ). By selecting the required vessel, the software automatically displayed a 

central line along the vascular lumen. Manual adjustment of the centerline was made 

to obtain the most accurate measurement [44] (Figure 4). 

 

Figure 4 from S.Voss et al, interactive cardiovascular and thoracic surgery, multislice computed tomography measurements using the automated 

3mensio software. (A) Centre line across the lumen of the distal target  
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2.3.1. Aortic arch characteristics  

2.3.1.1. Aortic arch anatomy  

Aortic arch anatomy was evaluated on a 3-D volume rendering view and classified as 

follows: 

 Normal aortic arch: separated origins for the brachiocephalic, left common 

carotid, and left subclavian arteries (Figure 5A) 

 Bovine arch Type I: common origin for the brachiocephalic and left common 

carotid artery (Figure 5B) 

 Bovine arch Type II: common origin of the brachiocephalic and left common 

carotid artery, with the left common carotid artery bifurcating at an average 

distance of ≤ 1cm from the origin (Figure 5C) 

 

Figure 5, multislice computed tomography measurements using the automated 3mensio software: (A) normal aortic arch, (B) 

bovine arch Type I, (C) bovine arch type II. 
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2.3.1.2. Aortic arch configuration  

Arch configuration according to Müller et all was assessed by drawing two horizontal 

lines identifying the highest point of the outer and inner curvature of the aortic arch 

[44,15] (Figure 6). To obtain the most accurate measurement, evaluation of arch 

configuration was performed in the sagittal plane as well as in the 3-dimensional 

volume rendering view  

Aortic arch configuration was then classified as follow:  

 Type 1 configuration: if all supra-aortic branches originate from the arch at the 

level of the upper horizontal line 

 Type 2 configuration: if at least one of the supra-aortic branches originates 

between the two lines and  

 Type 3 configuration: if at least one of the supra-aortic branches originates at 

the level or below the lower line [44,15] (Figure 6).  

 

Figure 6 from S.Voss et al, interactive cardiovascular and thoracic surgery, multislice computed tomography measurements 

using the automated 3mensio software, Aortic arch type 
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2.3.2. Take-off angles of the supra-aortic arteries 

Further analysis included the assessment of the following angles:  

- AA/BA angle: angle between the aortic arch (AA) and the brachiocephalic artery 

(BA) 

- AA/CCA angle: angle between the aortic arch (AA) and the left common carotid 

artery (CCA) 

- BA/CCA angle: inner great vessel angle between the BA and the left CCA  

For determination of the take-off angles (AA/BA angle; AA/CCA angle) a straight line 

was drawn connecting the external origin of the left subclavian and the brachiocephalic 

artery in the sagittal view. The accurate positioning of the reference points was verified 

in the axial and coronal planes [44]. Then a central line across the vessel lumen of the 

corresponding supra-aortic branch was generated to determine the distal vascular 

course. To measure the corresponding angle, one angle leg was placed distally 

following the previously marked central course of either the brachiocephalic or the left 

common carotid artery and one angle leg was positioned parallel to the previously 

drawn straight baseline [44,15] (Figure 7).  

 

Figure 7, from S.Voss et al, interactive cardiovascular and thoracic surgery, multislice computed tomography measurements 

using the automated 3mensio software: Measurements of the take-off angles 
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The inner great vessel angle (BA/CCA angle, Figure 8) was calculated using the 3-

mensio angle measurement tool. We measured the most pronounced 3-dimensional 

angle along the central course of the originating part of the brachiocephalic artery, the 

aortic arch and the originating part of the left common carotid artery [44].   

 

Figure 8, multislice computed tomography measurements using the automated 3mensio software: Inner great vessel angle 

(BA/CCA) 
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2.3.3. Vascular tortuosity 

Vascular tortuosity was assessed in the area of the filter target vessels and the right 

subclavian artery. The 3-mensio tortuosity angle tool served to quantify the extent of 

3-dimensional tortuosity in the vessels. The software used the previously defined 

central line with a given point and 2 evenly spaced points, creating 15mm arms in 

opposite directions of the former given point [44]. By scrolling the given point up and 

down across the central line, the maximal tortuosity angle of the according vasculature 

could be detected (Figure 9A).  

According to the filter landing zones of the corresponding target vessel the left common 

carotid artery was evaluated from its origin from the aortic arch until 40mm upwards 

along the vessel course. The brachiocephalic artery was evaluated from its origin at 

the aortic arch until its bifurcation into right subclavian and right common carotid artery. 

The right subclavian artery was evaluated along its course originating from 

brachiocephalic artery until the level of the humeral head. Besides the maximal 

tortuosity angle, a tortuosity index (TI) was assessed [44]. Brachiocephalic and left 

common carotid artery TI was determined by calculating a distance factor: [(centre-line 

distance) / (straight-line distance)-1] x 100 [16] (Figure 9B). Right subclavian TI was 

defined as the sum of all tortuosity angles along its course (∑= α1+α2+ α3+…+αn) [17] 

(Figure 9C). 
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Figure 9, from S.Voss et al, interactive cardiovascular and thoracic surgery, multislice computed tomography measurements 

using the automated 3mensio software: (A) Tortuosity Angle, (B) Tortuosity Index of brachiocephalic trunk (C) Tortuosity Index 

of the tight subclavian artery 
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2.4. Interobserver and intraoberserver agreement  

All measurements were done by two independent cardiac surgeons experienced in 

cardiovascular imaging. Inter- and intraobserver realibility for MSCT measurements 

was evaluated by calculating the inter- and intraclass correlation coefficient (ICC) as 

described by Koo TK et al [18]. Therefore, data from 15 randomly selected patients 

were remeasured by another observer and by the same observer at two different time 

points, respectively.  

 

2.5 Clinical data analysis   

Patient data were collected from the electronic medical record. Baseline factors 

analyzed were patient age, sex, weight, Logistic EuroSCORE, Society of Thoracic 

Surgeons Score, EuroSCORE II, glomerular filtration rate, history of stroke and 

peripheral arterial disease. Operative factors were the following: access routes for 

TAVR, type of transcatheter heart valve implanted, total fluoroscopy/procedure time, 

amount of contrasts used, dose area product (µgy/cm2) and reasons for failure of 

Sentinel-CPS application. Failure of Sentinel-CPS application was defined as the 

inability to insert the system and correctly deploy both filters in the proximal and distal 

target vessel[44].  
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2.6 Statistical analysis 

Frequencies are listed as absolute numbers and percentages, continuous data are 

given as median and range. Normality of distributions for continuous variables was 

tested using the Shapiro-Wilks test, and data were analyzed appropriately using either 

the two-sided t-test or the Wilcoxon rank-sum test. We compared categorical variables 

using Fisher's exact test. ICC estimates and their 95% confident intervals (CI) were 

calculated based on the two-way random effects, absolute agreement, multiple raters 

/ measurements ICC model (2,k) [18]. ICC values were classified as:  

1. Values < below 0.5 as poor reliability 

2. Values between 0.5 and 0.75 as moderate reliability  

3. Values between 0.75 and 0.9 as good reliability  

4. Values above 0.90 as excellent reliability.  

Statistical analysis was performed by using IBM SPSS Statistics 25.0 software (IBM 

Corp, Armonk, NY). A P-value less than 0.05 was considered statistically significant  
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3. Results  

3.1 Patient characteristics  

A total of 97 patients underwent transfemoral TAVR with Sentinel-CPS usage at our 

institution between February 2016 and February 2020. 5 patients were excluded from 

the analysis due to insufficient quality of their MSCT datasets. The final study cohort 

included 92 patients divided into [44]:  

1. Sentinel-CPS success group (n=83) 

1. Sentinel-CPS failure group (n=9) 

Mean age of the study cohort was 79.0 ± 7.0 years with a median logistic EuroSCORE 

and Society of Thoracic Surgeons Predicted Risk of Mortality Score of 2.7 [1.0–27.3] 

and 2.5 [0.8–12.4], respectively. Further baseline data are provided in Table 1 [44]. 

Table 1. 

 

Patient characteristics 

 

Sentinel-CPS 

success  

n=83 

 

Sentinel-CPS 

failure  

n=9 

 

P-value 

Age, years (median, range) 79.0±7.0 82.0±6.0 0.266 

Female, n (%) 40 (48.2) 7 (77.8) 0.159 

Body mass index, kg/m2 (median, 

range) 

26.1±4.3 29.3±7.8 0.266 

Peripheral arterial disease, n (%) 13 (15.7) 0 (0.0) 0.349 

History of stroke, n (%) 6 (7.2) 1 (11.1) 0.526 

Society of Thoracic Surgeons Score  

(median, range) 

2.5 [0.8-12.4]  

 

2.3 [1.8-4.7] 

 

0.655 

 

Logistic EuroSCORE (median, 

range) 

11.0 [1.7-46.0] 8.9 [4.3-25.1] 

 

0.703 

EuroSCORE II (median, range) 2.6 [1.0-27.3]  3.0 [1.5-5.7] 0.803 
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3.2. Procedural characteristics 

Transcatheter heart valves implanted were the Edwards Sapien 3 (n=40), the Edwards 

Sapien Ultra (n=5), the Medtronic CoreValve™ (n=1) and the Medtronic CoreValve™ 

Evolut™ R (n=46). Total operation time did not differ significantly between the two 

groups. Fluoroscopy time, and amount of contrast dye are listed in detail in Table 2 

[44] and did also not differ between TAVR patients with and without procedural success 

of Sentinel-CPS usage.  

Table 2: 

 

Procedural characteristics 

 

Sentinel-CPS 

success  

n=83 

 

Sentinel-CPS 

failure  

n=9 

 

P-value 

Self-expandable valve 

(CoreValve/Evolut R), n (%) 

Balloon-expandable valve       

(Sapien 3/ Sapien Ultra), n (%) 

 

43 (51.8) 

 

40 (48.2) 

 

4 (44.5) 

 

5 (55.5) 

 

 

0.736 

Total procedure time, min (median, 

range) 

73 [ 46-248] 70 [53-84] 0.572 

Total fluoroscopy time, min (median, 

range) 

18 [9-54] 21 [15-276] 0.078 

Amount of contrast agent, ml 

(median, range) 

132 [75-165] 130 [105-160] 0.790 

Dose area product, µgy/cm2 

(median, range) 

3825 [687-16794] 3118 [1533-16695] 0.767 

 

In 83 patients (90.2%), the Sentinel-CPS device was successfully delivered to the 

aortic arch and both filters were correctly positioned in the brachiocephalic and left 

carotid arteries [44]. Failure of Sentinel-CPS application occurred in 9.8% of patients 

(n=9). In 2 patients failure of Sentinel CPS insertion was due to significant kinking of 
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the right radial artery. Vascular tortuosity of the supra-aortic vessels made the 

deployment of both filters impossible in 6 patients. In one patient, positioning of the 

proximal filter was successful, whereas the deployment of the distal one failed due to 

carotid artery tortuosity. Retraction of the device was uneventful in all patients.  

Detailed procedural and anatomic characteristics in patients with Sentinel-CPS failure 

(n=9) are summarized in Table 3[44].   
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Table 3: Intraoperative reasons for Sentinel-CPS failure 

 Intraoperative reasons           
for Sentinel-CPS 
failure 

Aortic arch 
anatomy 

Brachiocephalic 
tortuosity > 59° 

Subclavian TI > 
191 

 

Patient 1 Brachiocephalic 
tortuosity prevented 
correct deployment     of 
both filters 
 

Normal Yes 
(80°) 

No 
(191) 

Patient 2 Excessive kinking oft the 
right radial artery 
prevented advancement 
of the Sentinel-CPS to 
the filter target vessels  
 

Normal No 
(22°) 

No 
(92) 

Patient 3 Brachiocephalic 
tortuosity prevented 
correct deployment     of 
both filters 
 

Normal Yes  
(78°) 

No 
(107) 

Patient 4 Excessive kinking oft the 
right radial artery 
prevented advancement 
of the Sentinel-CPS to 
the filter target vessels 
 

Normal No  
(40°) 

Yes 
(249) 

Patient 5 Subclavian and 
brachiocephalic 
tortuosity prevented 
correct deployment of 
both filters  
 

Normal No  
(46°) 

Yes  
(311) 

Patient 6 Subclavian and 
brachiocephalic 
tortuosity prevented 
correct deployment of 
both filters 
 

Bovine I No  
(43°) 

Yes 
(217) 

Patient 7 Brachiocephalic 
tortuosity prevented 
correct deployment     of 
both filters 
 

Bovine I Yes  
(69°) 

No 
(193) 

Patient 8 Brachiocephalic and 
carotid tortuosity 
prevented correct 
deployment of the distal 
filter* 
 

Normal Yes  
(75°) 

Yes 
(232) 

Patient 9 Brachiocephalic 
tortuosity prevented 
correct deployment     of 
both filters 
 

Normal Yes  
(59°) 

Yes  
(324) 
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3.3. MSCT measurements 

The majority of patients had a normal aortic arch anatomy (79.4.%, n=73), whereas 

20.6% (n= 19) had a bovine arch variation, with n=17 showing a bovine type I and n= 

2 a bovine type II anatomy. 

Aortic arch configuration Type I was found in 15 patients (16.3%). Aortic arch 

configuration type II represents the major configuration (n=75, 81.5%) and aortic arch 

configuration type III was present in only 2 patients (2.2%). Distribution of type of 

anatomy and aortic arch configuration in the Sentinel CPS success and failure group 

is listed in Table 4.  

MSCT measurement revealed no difference regarding the anatomy and configuration 

of the aortic arch in TAVR patients with Sentinel-CPS success (n=83) and device 

failure (n=9) (Table 4). Also, the supra-aortic take-off angles (AA/BA angle, AA/CCA 

angle) and the inner great vessel angle (BA/CCA angle) did not differ between the two 

groups (p=0.318, p=0.498, p=0.076). Evaluation of vascular tortuosity identified a 

significantly larger median brachiocephalic tortuosity angle (59° [22°-80°] vs. 39° [7°-

104°], p=0.014) (Figure 4) and a significantly higher median brachiocephalic (27 [5-51] 

vs. 10 [0-102], p=0.033) and right subclavian TI (217 [92-324] vs. 150 [42-252], p= 

0.046) in patients with failure of Sentinel-CPS application compared to patients with 

successful deployment. Tortuosity measurements of the left common carotid artery 

were similar in both groups, showing no statistically significant difference (Table 3). 

Using the ROC analysis, a brachiocephalic angle > 59°, a brachiocephalic TI > 26 and 

a right subclavian TI > 191 were identified as predictors for technical device failure with 

a sensitivity and specificity of 71.4% and 91.5%, 71.4% and 90.3%, and 85.7% and 

79.2%, respectively (Figure 9). The area under the curve (AUC) was 0.86 for the 
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brachiocephalic angle, 0.81 for the brachiocephalic, and 0.81 for the right subclavian 

TI. 

 

 

Figure 10from S.Voss et al, interactive cardiovascular and thoracic surgery: Receiver operating characteristic curve (ROC) 

analysis for the brachiocephalic tortuosity angle (A), the brachiocephalic tortuosity index (B), and the subclavian tortuosity index 

(C). ROC analysis was only performed in patients with Sentinel™ Cerebral Protection System failure due to vascular tortuosity 

(n = 7) 

 

 

 

 

 

 

 

 

 

 

 

( A ) ( B ) ( C ) 



35 
 

Table 4: Aortic Arch Anatomy and aortic arch configuration [44]. 

 

Aortic Arch 

Anatomy 

 

Sentinel-

CPS 

success 

n=83 

 

Sentinel-CPS 

failure 

n=9 

 

P-value 

Normal  66(79.5%) 7(77.8%) 1.000 

Bovine type1 15(18.1%) 2(22.2%) 0.670 

Bovine type 2 2(2.4%) 0(0.0%) 1.000 

Aortic Arch 

Configruation 

 

Sentinel-

CPS 

success 

n=83 

 

Sentinel-CPS 

failure 

n=9 

 

P-value 

Type 1 12(14.6%) 3(33.3%) 0.164 

Type 2 69(83.1%) 6(66.7%) 0.361 

Type 3 2(2.4%) 0(0.0%) 1.000 
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3.4. Inter- and intraobserver coefficient  

The overall inter- and intraobserver reproducibility for all MSCT measurements was excellent 

with a mean ICC of 0.975 and 0.932, respectively. Estimated inter- and intraobserver 

agreement for each MSCT parameter including their 95% confident intervals is given in Table 

5 and 6.  

Table 5: Intraobserver agreement for 3-dimensional multislice computed tomography 

measurements [44]. 

 

Parameters 

Intraclass 

Correlation 

Coefficient 

95% Confidence Interval 

 

Lower Bound 

 

Upper Bound 

Brachiocephalic tortuosity  

angle  

0.986 0.758 0.997 

Brachiocepahlic tortuosity  

index  

0.924 0.795 0.974 

Left common carotid tortuosity 

angle  

0.960 0.890 0.986 

Left common carotid tortuosity 

index 

0.743 0.387 0.906 

Take-off angle  

BA/CCA  

0.949 0.859 0.982 

Take-off angle 

AA/BA 

0.983 0.946 0.994 

Take-off angle  

AA/CCA 

0.950 0.855 0.983 

Right subclavian tortuosity 

index   

0.965 0.895 0.988 
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Table 6: Interobserver agreement for 3-dimensional multislice computed tomography 

measurements[44]   

 

Parameters 

Interclass 

Correlation 

Coefficient 

95% Confidence Interval 

 

Lower Bound 

 

Upper Bound 

Brachiocephalic tortuosity  

angle  

0.990 0.970 0.997 

Brachiocepahlic tortuosity  

index 

0.980 0.940 0.993 

Left common carotid tortuosity 

angle 

0.985 0.955 0.995 

Left common carotid tortuosity 

index 

0.952 0.855 0.984 

Take-off angle  

BA/CCA 

0.973 0.923 0.991 

Take-off angle 

AA/BA 

0.974 0.922 0.991 

Take-off angle  

AA/CCA 

0.970 0.909 0.990 

Right subclavian tortuosity 

index   

0.975 0.900 0.992 
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4.Discussion 

Transcatheter aortic valve replacement is the golden standard for treating severe aortic 

stenosis in high risk patients and has been rapidly evolving and expanding towards 

intermediate and lower risk patient groups [53,56,6,7]. 

Interactions between the deployment of the new prosthesis and crush of the native 

valve behind the prosthesis frame and the aorta, might liberate small calcified 

fragments into the blood circulation, which cause the most featured TAVR 

complication, embolic stroke [73]. Neurovascular events after TAVR have been 

reported up to date with an incidence of 2,3% [60,2,3]. Even higher rates of 

embolization have been detected on DW-MRI studies, showing silent brain lesions in 

84% of TAVR patients leading to long term neurological impairment and cognitive 

dysfunction [1,56,62,63]. 

As most cerebrovascular events occur perioperatively during TAVI implantation, it is 

imperative to protect the brain with cerebral embolic protection systems. In 2017, the 

U.S. Food and Drug Administration approved the dual-filter Sentinel-CPS. Since then, 

several studies have demonstrated that the Sentinel-CPS is safe [1, 5,7,67,72,] and 

effective in reducing cerebral injury [1,72], favouring routine use amongst all TAVR 

patients. 

Moreover, the easy use of Sentinel CPS has shown a procedural success of greater 

than 90 %, achieving even 94-96% of successful implantation rate [1, 7]. Nevertheless, 

implantation failures have been reported in a few cases and are mostly associated with 

complex anatomical features such as vascular tortuosity, bovine aortic arch variants or 

arch steepness [7-9].  
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The majority of the trials investigating the application of the Sentinel-CPS during TAVI 

focus on its safety and feasibility features as well as on incidence of stroke rather than 

the reasons of CPD procedural failure. In fact, objective data about implantation failure 

of the Sentinel CPS device are still lacking. Therefore, we sought to investigate the 

reasons of Sentinel CPS device implantation failure, focusing on the anatomical 

features. 

The failure of Sentinel CPS implantation was observed in 9.8% (n=9) of our patients 

undergoing filter-protected TAVR. This is in line with previous studies, demonstrating 

rates of unsuccessful device placements in 3.1% - 40% of patients [1, 5, 7, 8, 22].  

Vascular tortuosity of the supra-aortic arteries was identified as the main reason for 

failure of Sentinel-CPS application in our cohort.   

Arterial or vascular tortuosity is defined as the presence of abnormal twists and turns 

of one or several arteries [47]. Elongation and torquing of the vessels are mainly 

caused by structural changes of the vascular bed. A twisted vessel course requires an 

experienced catheter handling for wire advancement, to overcome acute and tortuous 

curves. Hence, extensive tortuosity of the supraaortic arteries could impede movement 

of the guidewire, and thus sufficient advancement of the Sentinel-CPS [23]. Moreover, 

repeated attempts to navigate and deploy the filter-based protection system in such 

unfavorable anatomical conditions might put the patient at a higher risk for 

perioperative complications [21]. As vessel tortuosity is associated with a higher 

arterial wall fragility, excessive catheter maneuvers might induce endothelial damage 

with vessel injury and dislodgment of debris ultimately causing cerebral emboli and 

ischemia [10, 15].  
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Case et colleagues published a post-market surveillance from the FDA MAUDE 

database in 2020 [12]. They reported on 4 cases of periprocedural stroke associated 

with Sentinel-CPS deployment difficulties due to vessel tortuosity.  

Tortuous anatomy has been previously identified [7, 10, 11] but not quantified as a 

factor contributing to technical difficulty or device failure. The device-maker’s 

instructions clearly stipulate that Sentinel-CPS insertion should be avoided in patients 

with ‘excessive’ vessel tortuosity. However, ‘excessive’ is not further defined [44]. With 

our present MSCT analysis we were finally able to solve this problem and for the first 

time numerically quantify “excessive” vessel tortuosity.  Our measurements showed a 

brachiocephalic angle of 59°, a brachiocephalic TI of 26 and a right subclavian TI of 

191 as threshold values beyond which failure of Sentinel-CPS application is likely to 

occur [44]. Of those, the brachiocephalic tortuosity angle could be detected as the most 

significant predicting factor with a sensitivity, specificity and AUC of 71.4%, 91.5% and 

0.86 respectively.  

This is the first study to demonstrate that difficulties of filter placement can be 

anticipated by anatomy assessment and highlight the importance of preoperative, 

standardized tortuosity calculation. Consequently, filter-based usage should be 

avoided in TAVR patients with a brachiocephalic angle >59° [44].  

Further on, Sentinel CPS implantation failure is not only influenced by vascular 

morphology but also by anatomical characteristics of the aortic arch. The theory behind 

this concept is derived from previous studies of neuro-interventional procedures:   

Fagioli et al. in 2007 demonstrated that technical failure of the carotid artery stenting 

was independently associated with aortic arch anomaly (OR= 2.11, p = 0.005).  

Following this theory Tagliari et al. [9] investigated the feasibility and safety of 

implantation of the Sentinel-CPS in patients with abnormal aortic arch configurations, 
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specifically with bovine arch (n=145), vs patients with standard aortic arch anatomy 

(n = 20). Bovine arch anatomy is the most common variant in branching patterns of the 

aortic arch with a prevalence ranging from 8% to 30% in the general population. [9,50] 

It consists of a common origin of the brachiocephalic trunk and the left common carotid 

artery. Tagliari et al. demonstrated a significantly higher rate of Sentinel-CPS failure in 

patients with bovine anatomy compared to those with a normal aortic arch (p = 0.002) 

However, this was not reflected in an increased complication rate [9]. 

The main reason for technical failure in bovine arch anatomy might be due to its 

geometrical features, such as the severe angulation, steepness and elongation of the 

aortic arch and its supra-aortic vessels [9]. In case of bovine arch, the brachiocephalic 

trunk and the left common carotid artery share the same origin resulting in a more 

oblique vessel orientation of the left common carotid artery [51]. Sentinel-CPS 

implantation in those patients might fail due to more complex navigation of the Sentinel-

CPS through the sharp turn between the aortic arch and the orifice of the left common 

carotid artery. [25]  

In our cohort study bovine arch anatomy was found with an incidence of 20.6 % which 

is similar to the general literature. Nevertheless, there were no differences observed in 

the rate of device failure among our patients with and without bovine anomaly.  

Apart from the branching pattern of the aortic arch, arch steepness, especially a Type 

III configuration, and sharp take-off angles of the supra-aortic branches were also 

identified as determinants for technical failure of Sentinel-CPS application in previous 

studies [15, 21, 26]. However, those were not associated with Sentinel-CPS failure in 

our patient cohort. 

Our operators use an advanced technique to deploy the Sentinel CPS device, which 

consists of an extreme flexion of the distal part of the device using the integrated 
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articulation sheath that may help to advance the wire into the ostium of the left common 

carotid artery. This could be the reason why we did not find any associations between 

the aortic arch anatomical characteristics and Sentinel CPS implantation failure.  

Vascular access site also plays an important role in the procedural insertion of the 

Sentinel CPS. In our cohort, extreme kinking of the right radial artery precluded 

successful Sentinel-CPS insertion in two patients. Access site related failure was also 

described by Seeger and colleagues in 2017 [22]. The study enrolled 802 consecutive 

patients undergoing TAVR, of whom 34.9% (n=280) received the Sentinel CPS. Both 

filters could be successfully positioned in 91.8% of patients. Device failure occurred in 

59% of the patients due to heavily calcified or hypoplastic arteries at puncture 

sites.[22].  

Device tracking can be difficult in case of tortuous radial artery, vasospasm or 

hypoplastic radial artery. In those situations, the tip of the guiding catheter can create 

a ''razor blade effect'' that prevents catheter navigation and sometimes even leads to 

perforation of the radial artery [8, 27]. Pigtail assisted tracking of the guiding catheter 

might help to overcome this effect, as it enables non-traumatic navigation of the guiding 

catheter through complex radial anatomy [27]. 
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4.1.Limitations 

This study reports the results of a retrospective and single-center investigation. 

The ultimate population study is limited in size. 

As this study focuses on MSCT-based identification of anatomical features potentially 

associated with Sentinel-CPS application failure, the correlation between failed device 

use and neurological outcome was not assessed.  

In addition, technical factors in our study population might be confounded by advances 

in technique, operators experience and patient selection over the study period.  
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5.Summary and Conclusion   

Despite significant advances in the field of structural heart disease, ischemic stroke 

continues to be a major complication associated with transcatheter aortic valve 

replacement (TAVR) [11,12]. To potentially reduce this risk, cerebral embolic 

protection device can be deployed to capture or deflect embolized material. The 

Sentinel CPS (Boston Scientific) is the first and so far only FDA–approved filter device 

to use during TAVR procedure to reduce the risk of stroke [17,23,24]. Multiple trials 

have shown Sentinel CPS strong safety profile and effective debris capture in 86%-

99% of the patients [1, 3–5]. 

Given these data, the more widespread use of Sentinel-CPS in TAVI patients may be 

recommended. 

In order to avoid periprocedural complications and potential device implantation failure, 

a pre-operative, standardized assessment of the vascular prerequisites for CPS 

insertion is imperative.  

Objective data reported a Sentinel CPS successful implantation of 95-98% [1,7,71], 

and rates of unsuccessful device implantation range between 3,1% to 40% according 

to different studies [1, 5, 7, 8, 22].   In our cohort CPS device failure was observed in 

9 patients (9.8%) due to the infeasibility to perform correct deployment of both filters 

(n = 7) and to obtain peripheral radial access (n = 2). 

We further investigate on a multislice computed tomography pre-TAVR aortograms 

analysis the impact of aortic arch anatomy, configuration, and the angles of the supra-

aortic arteries, including the determination of vascular tortuosity index on device failure 

of Sentinel-CPS application.  
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Vascular tortuosity of the right brachiocephalic artery was for the first time identified as 

a predictive anatomical factor for technical failure of Sentinel-CPS application in TAVR.  

Supra-aortic arteries angulation could impede the catheter steering and guidewire 

handling, and therefore the correct navigation and ultimately positioning of the Sentinel 

CPS device. Vascular tortuosity has been previously described as potential reason for 

implantation failure but not yet confirmed as a predictive factor.  Our aortogram CT 

analysis is the only study in the literature that shows how in case of a brachiocephalic 

angulation of 59°, a brachiocephalic Tortuosity Index of 26 and a subclavian TI of 191 

failure of the Sentinel CPS is likely to occur. These cut off values could now finally 

clarify and quantify the device-maker’s instruction that stipulates to avoid Sentinel CPS 

implantation in ‘excessive’ vessel tortuosity. 

Consequently, our recommendation states to avoid filter implantation in patients with 

brachiocephalic measurements above this threshold.  

Vascular tortuosity is simple, rapid to assess and requires no additional imaging, as 

the pre-TAVR multislice computed tomography aortogram provides all necessary 

calculations. In addition, standardized failure-reporting policies may improve existing 

device technology and enhance patients’ safety and outcomes.[44] 
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