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Abstract: Neurological brain injury (NBI) remains the most feared complication following thoracic
endovascular aortic repair (TEVAR), and can manifest as clinically overt stroke and/or more covert
injury, detected only on explicit neuropsychological testing. Microembolic signals (MES) detected
on transcranial Doppler (TCD) monitoring of the cerebral arteries during TEVAR and the high
prevalence and incidence of new ischaemic infarcts on diffusion-weighted magnetic resonance
imaging (DW-MRI) suggests procedure-related solid and gaseous cerebral microembolisation to be
an important cause of NBI. Any intervention that can reduce the embolic burden during TEVAR may,
therefore, help mitigate the risk of stroke and the covert impact of ischaemic infarcts to the function of
the brain. This perspective article provides an understanding of the mechanism of stroke and reviews
the available evidence regarding potential neuroprotective strategies that target high-risk procedural
steps of TEVAR to reduce periprocedural cerebral embolisation.
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1. Introduction

In recent years, the issue of neurological brain injury (NBI) following thoracic endovascular aortic
repair (TEVAR) has become very relevant with increasing uptake of the procedure, and expansion
to a younger ‘low-risk’ patient population. Despite significant improvements in most of the major
complications and the shortened hospital stay that TEVAR affords in comparison to open surgical repair
(OSR) [1], the stroke rate remains unchanged between the two modalities at 3–8% [1,2]. If anything,
the introduction of new technology, particularly for total endovascular repair to treat the aortic arch,
reveals a stroke rate that can be as high as 16% [3–5]. TEVAR associated stroke carries a poor prognosis,
with a 30–50% in-hospital mortality [6].

In addition to clinical stroke, the widespread availability of advanced diffusion-weighted magnetic
resonance imaging (DW-MRI) techniques has revealed that up to 81% of patients will have evidence of
new cerebral infarcts, indicative of an ischaemic event, but without overt focal neurological deficits
within 72 hrs of TEVAR (Figure 1) [7,8]. The clinical significance of this diffuse procedure-related
brain damage remains to be fully elucidated in TEVAR, but may lead to persistent early neurologic
deficit and functional losses on neuropsychological testing [7]. This perspective article aims to
provide an overview of NBI following TEVAR, and reviews the evidence for potential contemporary
neuroprotective adjuncts.
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Figure 1. Diffusion-weighted magnetic resonance imaging showing: (a) Large infarct in right 

cerebellar hemisphere; (b) multiple infarcts in left cerebellar hemisphere; (c) multiple small (<3 mm) 

infarcts (red circles) in the posterior circulation. 

2. The Spectrum of Neurological Brain Injury (NBI)  

While overt clinical stroke is the most recognized neurological complication following TEVAR, 

there is increasing recognition that TEVAR and other transcatheter based cardiovascular 

interventions, such as transcatheter aortic valve implantation (TAVI), carotid artery stenting (CAS), 

as well as cardiac surgical procedures, result in a high incidence of ‘silent’ ischaemic cerebral infarcts 

(SCI) on DW-MRI [9–16]. The term ‘silent’ emphasises the absence of apparent focal neurological 

deficit, but is a misnomer for several reasons.  

Firstly, patients are rarely systematically interrogated for neurological deficits in the 

postoperative period; cardiovascular studies that incorporate the routine neurological examination 

of patients by a neurologist have demonstrated a higher pick-up rate of neurological deficits than 

previous reports [17]. In addition, neurological examination provides objective assessment of only 

one aspect of brain function (motor and sensory). A complete evaluation of the functioning of the 

brain requires assessment of higher cognitive functions, such as memory, executive function, and 

language that can only be done through explicit neuropsychological testing. This is rarely undertaken 

in routine clinical practice. Any disturbances in cognition and behaviour in the post-operative period 

are often attributed to other causes, such as the effects of anaesthesia and other drugs, with no regard 

for a possible connection to embolic events within the brain.  

Secondly, several longitudinal population-based studies have demonstrated significant 

associations between incident cerebral infarcts and a two to three-fold increased risk of future stroke, 

depression, and dementia. Participants with DW-MRI infarcts also display a steeper decline in 

cognitive function than those without infarcts [18,19]. More recently, a meta-analysis of large 

observational studies also confirmed these associations, and in particular, associated infarcts with a 

significant risk of death [20]. Cognitive function is known to be mediated by interconnected and 

complex neuronal circuity of the brain and DW-MRI infarcts represent irreversible neuronal cell 

death in 98% of cases [21]. It is, therefore, plausible to assume that an infarct in any area of the brain 

has the potential to disrupt these connections and impact on higher functioning, akin to the 

pathophysiology of microinfarcts in Alzheimer’s disease [22]. 

Thirdly, increasing volumes of ‘subclinical’ procedure-related embolic infarcts have also been 

found to be significantly associated with postoperative cognitive dysfunction on explicit 

neuropsychological testing in patients undergoing cardiac and carotid revascularisation [23,24]. In 

the only study examining the impact of new DW-MRI infarcts, on cognitive function using a battery 

of well-validated neuropsychological testing after TEVAR, early neuropsychological decline was 

evident in 88% of patients [7]. 

The significance of these issues has been recognised, and in 2017, the Neurological Academic 

Research Consortium (NeuroARC) proposed standardized neurological endpoints for 

cardiovascular clinical trials. Procedural stroke is now defined as type 1, overt central nervous system 

(CNS) injury-acutely symptomatic brain of spinal cord injury, whereas the term type 2 covert CNS 

injury is defined as acutely asymptomatic brain or spinal cord injury detected by neuroimaging. This 
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Figure 1. Diffusion-weighted magnetic resonance imaging showing: (A) Large infarct in right cerebellar
hemisphere; (B) multiple infarcts in left cerebellar hemisphere; (C) multiple small (<3 mm) infarcts (red
circles) in the posterior circulation.

2. The Spectrum of Neurological Brain Injury (NBI)

While overt clinical stroke is the most recognized neurological complication following TEVAR,
there is increasing recognition that TEVAR and other transcatheter based cardiovascular interventions,
such as transcatheter aortic valve implantation (TAVI), carotid artery stenting (CAS), as well as
cardiac surgical procedures, result in a high incidence of ‘silent’ ischaemic cerebral infarcts (SCI) on
DW-MRI [9–16]. The term ‘silent’ emphasises the absence of apparent focal neurological deficit, but is
a misnomer for several reasons.

Firstly, patients are rarely systematically interrogated for neurological deficits in the postoperative
period; cardiovascular studies that incorporate the routine neurological examination of patients by a
neurologist have demonstrated a higher pick-up rate of neurological deficits than previous reports [17].
In addition, neurological examination provides objective assessment of only one aspect of brain function
(motor and sensory). A complete evaluation of the functioning of the brain requires assessment of
higher cognitive functions, such as memory, executive function, and language that can only be done
through explicit neuropsychological testing. This is rarely undertaken in routine clinical practice.
Any disturbances in cognition and behaviour in the post-operative period are often attributed to other
causes, such as the effects of anaesthesia and other drugs, with no regard for a possible connection to
embolic events within the brain.

Secondly, several longitudinal population-based studies have demonstrated significant
associations between incident cerebral infarcts and a two to three-fold increased risk of future
stroke, depression, and dementia. Participants with DW-MRI infarcts also display a steeper decline
in cognitive function than those without infarcts [18,19]. More recently, a meta-analysis of large
observational studies also confirmed these associations, and in particular, associated infarcts with
a significant risk of death [20]. Cognitive function is known to be mediated by interconnected and
complex neuronal circuity of the brain and DW-MRI infarcts represent irreversible neuronal cell death
in 98% of cases [21]. It is, therefore, plausible to assume that an infarct in any area of the brain has the
potential to disrupt these connections and impact on higher functioning, akin to the pathophysiology
of microinfarcts in Alzheimer’s disease [22].

Thirdly, increasing volumes of ‘subclinical’ procedure-related embolic infarcts have also been found
to be significantly associated with postoperative cognitive dysfunction on explicit neuropsychological
testing in patients undergoing cardiac and carotid revascularisation [23,24]. In the only study
examining the impact of new DW-MRI infarcts, on cognitive function using a battery of well-validated
neuropsychological testing after TEVAR, early neuropsychological decline was evident in 88% of
patients [7].

The significance of these issues has been recognised, and in 2017, the Neurological Academic
Research Consortium (NeuroARC) proposed standardized neurological endpoints for cardiovascular
clinical trials. Procedural stroke is now defined as type 1, overt central nervous system (CNS)
injury-acutely symptomatic brain of spinal cord injury, whereas the term type 2 covert CNS
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injury is defined as acutely asymptomatic brain or spinal cord injury detected by neuroimaging.
This classification underscores the increasing awareness that DW-MRI infarcts may not be completely
free from clinical consequences [25].

3. Mechanism of Neurological Brain Injury

The mechanism of NBI in TEVAR is multifactorial and important to understand for the development
of neuroprotective strategies. Patient and disease-specific risk factors for stroke following TEVAR
include age, prior stroke, atheromatous disease of the aortic arch, as well as procedural aspects, such as
proximal extent of repair and cerebral hypoperfusion from coverage of supra-aortic vessels and/or
haemodynamic disturbance [6,26–30].

More than 90% of clinical stroke occurs within the first 24 hours of TEVAR. This temporal
pattern, in addition to the focal and multi-focal appearance of ischaemic infarcts on postoperative
brain MRI [6–8,27,30] as well as the detection of high-intensity microembolic signals (HITS/MES),
which are indicative of microemboli passing through the cerebral circulation on transcranial Doppler
(TCD) monitoring during TEVAR, suggests cerebral embolization to be the prevailing mechanism of
stroke [7,31]. The total number of MES generated during TEVAR is a known significant predictor of
subsequent transient ischaemic attack, stroke, and death (p ≤ 0.01) [31], and postoperative cognitive
decline (p ≤ 0.01) [7].

TCD monitoring has identified several high-risk phases for cerebral microembolisation during
TEVAR; wire and catheter manipulation, and device deployment generate the greatest number of
MES [7,31,32]. TCD differentiation software has also allowed for the discrimination of MES as solid or
gas based on the acoustic impendence and ultrasound reflectivity of embolic ‘material’ [32]; The greatest
proportion of solid to gaseous MES appears to occur at wire and catheter manipulation. Conversely,
more than 90% of the MES at device deployment have been found to be gaseous (Figure 2A) [32].

These findings are clinically translatable; the manipulation of endovascular instruments and
deployment of sizeable stent-grafts in a diseased atherosclerotic aortic arch as well as the prothrombotic
tendency of wires and catheters may lead to dislodgement of atheromatous debris, arterial wall, fresh and
organized thrombus. Indeed, several studies have identified severe atheromatous disease of the aortic arch
to be a significant risk factor for stroke and new DW-MRI infarcts (Figure 2B) [6,26,28,32]. Furthermore,
several benchtop studies have demonstrated that all commercially available TEVAR devices release
significant amounts of ‘air’ bubbles, which are presumably retained from the manufacturing processes,
despite flushing with heparinized-saline to remove air from within the device. Benchtop studies clearly
demonstrate that air bubbles distribute to the supra-aortic vessels upon deployment. Interestingly,
and perhaps unsurprisingly, different amounts of gaseous bubbles are released from stent-grafts of
the same manufacturer, and between differing manufacturing companies, with unsheathed devices
releasing the least amount of air [33–35].

The proximity of endovascular instrumentation to arch vessels, vortical and helical flow patterns,
as well as temporary loss of antegrade flow with a large device in the arch, and reduced clearance of
emboli from periprocedural cerebral hypoperfusion may all facilitate the passage of solid and gaseous
microemboli into the cerebral circulation [33]. Once in the cerebral vasculature, microemboli may
become trapped if the size of the embolus is greater to the vessel diameter, leading to the mechanical
obstruction of blood flow, or they may incite endothelial damage and an inflammatory response as
they redistribute throughout the circulation. The final insult is ischaemia and neuronal cell death in
downstream tissue [36,37].

While solid emboli are thought to be more dangerous for the brain than gaseous emboli because of
the transient nature of the latter under the force of pulsatile blood and rapid diffusion, data from animal
models of cerebral air embolization, and following ‘gaseous generating’ intravascular procedures
such as cardiac angiography have demonstrated radiological evidence of cerebral infarction following
introduction of air into the circulation [38–41].
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In TEVAR, positive correlations between solid MES and new DW-MRI infarcts (rs = 0.928; p = 0.01)
as well as gaseous MES and new DW-MRI infarcts (rs = 0.912; p = 0.01) clearly demonstrate the harmful
effects of both solid and gaseous emboli to the brain [32]. The significant association between number
of solid MES and increased surface area of DW-MRI infarcts (but not number of DW-MRI infarcts),
and between number of gaseous MES and increasing number of DW-MRI infarcts (but not surface area
of DW-MRI infarcts), especially those <3 mm in diameter, suggests that solid emboli may account for
more focal destruction of cerebral tissue, whereas gaseous emboli account for the more diffuse pattern
of injury (Figure 2C,D) [32].

While a potential hypothesis from these findings could be that solid emboli are more likely to
lead to focal neurological deficit, with gaseous emboli causing a decline in global brain dysfunction,
the clinical consequences of solid and/or gaseous emboli are likely to be dependent on the location of
the infarct/s—A small infarct in the internal capsule may lead to devastating hemiparesis or hemiplegia,
yet a similar infarct at this location, or elsewhere in the brain may be sufficient to disrupt complex
interconnected cognitive neuronal networks [22].
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Figure 2. (A) Procedural solid and gaseous high-intensity transient signals (HITS). (B) Pearson’s
correlation between new magnetic resonance imaging (MRI) lesions ≥14 3 mm in diameter and grade
of atheroma on the aortic arch. (C) Spearman’s rank correlation between number of solid HITSs and
number and surface area of new MRI lesions. (D) Spearman’s rank correlation between the number of
gaseous HITSs and number of new MRI lesions [32].



Hearts 2020, 1 29

4. Neuroprotective Strategies against Solid Cerebral Embolisation

4.1. Cerebral Embolic Protection Devices (CEPDs)

CEPDs are dedicated filters designed to deflect or capture emboli ‘en-route’ to the brain as
adjunctive therapy during cardiovascular transcatheter based procedures where there is a significant
periprocedural embolic risk, such as in CAS and TAVI [9–16]. CEPDs are inserted prior to
commencement of the transcatheter based procedure, and are retrieved on completion of the procedure.
CEPDs differ in structure (frame vs. cone), access (radial/brachial vs. femoral), filter pore and sheath
size, mechanism of protection (deflection vs. filter and capture), location (across the arch or into
supra-aortic vessels), and which supra-aortic vessels are afforded protection (Table 1).

Table 1. Commercially available cerebral embolic protection devices.

Embrella
(Edwards Lifesciences; Irvine,

CA,
United States)

TriGuard
(Keystone Heart Ltd.,

Herzliya, Israel)

SENTINELTM

(Boston Scientific, MA,
United States)

Structure
Two polyurethane

membrane/mesh (pore size 100um)
mounted on a nitinol frame

Nitinol frame and polymeric
membrane/mesh (pore size

115 × 145 um)

Two cone shaped mesh filters
(pore size 140 um, proximal

filter 15 mm in size, distal filter
10 mm in size) connected by

an articulating catheter

Placement Aortic Arch Aortic Arch

Directly into brachiocephalic
(proximal filter) and left
common carotid artery

(distal filter)

Access and Sheath Size Radial/ulnar/brachial
6F

Femoral
9F

Radial/brachial
6F

Embolic protection method Deflection Deflection Filter and capture

Supra-aortic vessels protected Brachiocephalic and left common
carotid arteries

Brachiocephalic, left common
carotid and left subclavian

arteries

Brachiocephalic and left
common carotid arteries

Vascular territory protection Anterior circulation Anterior and posterior
circulation Anterior circulation

There is a paucity of data on the use of CEPDS in TEVAR; however, useful insights can be gained
from the use of CEPDs in TAVI, an endovascular technique with procedural similarities to TEVAR.
A number of randomised and large prospective studies using clinical and radiological end-points
in patients undergoing TAVI largely demonstrate a reduction in periprocedural stroke rate as well
as a reduction in the number and volume of new DW-MRI infarcts when compared to patients who
did not receive CEPD [10–15]. The SENTINELTM trial further demonstrated a significant correlation
between new lesion number and volume, and neurocognitive decline [15]. Histological confirmation
of the high embolic load (majority of debris 150–500 mm in diameter) captured by CEPDs further
supports the hypothesis that CEPDs have the potential to mitigate periprocedural embolic risk from
TAVI (Table 2) [10,11,15].

The efficacy of CEPD use in TAVI, as indicated in these studies, in addition to the comparable
cardioembolic risk profile, and overt and covert neurological event rate between TEVAR and TAVI
suggests that CEPDs could also potentially confer neuroprotection in patients undergoing TEVAR.
However, unlike TAVI, TEVAR is dependent on a landing zone within or close to the arch. This limits
the applicability of many of the devices used in TAVI for use in standard TEVAR workflow. In particular,
CEPDs that protect the supra-aortic trunks by sitting across the arch may interfere with fixation and
sealing of the TEVAR stent-graft (Embrella and TriGuard).
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Table 2. Evidence base for cerebral embolic protection devices.

Embrella (Edwards Lifesciences;
Irvine, California,

United States)

TriGuard (Keystone Heart Ltd.,
Herzliya, Israel)

SENTINELTM

(Boston Scientific, MA, United States)

Pivotal study/s PROTAVI-C DEFLECT III

CLEAN-TAVI1

MISTRAL-C1

SENTINEL1

CSI-Ulm-TAVR2

Methods Prospective, non-randomised RCT 1.RCT
2.Prospective non-randomised

Patients (CEPD vs. controls) 41 vs. 11 46 vs. 39

CLEAN-TAVI: 50 vs. 50
MISTRAL-C: 32 vs. 33
SENTINEL: 244 vs. 119

CSI-Ulm-TAVR: 802

Results

Stroke/TIA
7.3% CEPD vs. control 0% (p > 0.05)

DW-MRI:
Non-significant increase in DW-MRI

infarcts
in CEPD group (8vs.4, p = 0.41)

Significantly lower DW-MRI infarct
volumes (40%

smaller, p = 0.003) in CEPD group
Neurocognitive

Mild significant improvement at 30
days compared with baseline in CEPD
group (p < 0.001) vs. no difference in
control group over time (p = 0.678)

Stroke/TIA
2.2% CEPD vs. 5.1 control (p = 0.46)
3.1% worsening NIHSS score from
baseline in CEPD vs. 15.4% control

(p = 0.16)
DW-MRI:

Greater freedom from DW-MRI
infarct in CEPD (21.2 vs. 11.5%),

-44% reduction of median DW-MRI
infarct volume (p = 0.07)

Neurocognitive
At discharge and at 30 days, fewer

TriGuard patients in both the ITT and
PT populations had a worsening in

MoCA scores
Mean MoCA score improved from

baseline to discharge and 30 days in
the TriGuard group; in the control

group, the mean score declined from
baseline to discharge and rebounded
to approximately baseline levels at

30 days

Stroke/TIA
CLEAN-TAVI: 5% CEPD vs. control 5%
MISTRAL-C 0% CEPD vs. control 7% %

SENTINEL: 5.6% vs. 9.1%;
p = 0.25)

CSI-Ulm-TAVR: 1.4% vs. 4.2% (p = 0.03)
DW-MRI

CLEAN-TAVI: significantly lower
number and volume of DW-MRI in

CEPD group (p < 0.001)
MISTRAL-C: Greater freedom from

DW-MRI infarct in CEPD (27% vs. 13%),
lower number and volume of DW-MRI

infarcts
SENTINEL: significant reductions in

DW-MRI
volume in both protected and all

territories in the
CEPD group vs. controls (p = 0.025 and

p = 0.050
for protected and all territories,

respectively.
CSI-Ulm-TAVR:
Neurocognitive:

CLEAN-TAVI: 50% vs. 72.2% overall
worsening early MoCA scores

MISTRAL-C: 4% vs. 27% cognitive
deterioration (p = 0.017)

SENTINEL: Significant correlation
between change in neurocognitive

scores from baseline
to 30-day follow-up with median

DW-MRI
lesion volume in protected territories

(p = 0.0109 and unprotected territories
(p = 0.003)

CEPD, cerebral embolic protection device; DW-MRI, diffusion-weighted imaging; ITT, intention to treat; PT, per
protocol; NIHSS, National Institute of Health Stroke Scale; MoCA, Montreal Cognitive Assessment.

The most relevant CEPD to TEVAR is the SENTINELTM dual-filter system. This involves the
percutaneous insertion of a proximal and distal filter directly into the brachiocephalic and left common
carotid artery. Three very small feasibility and safety studies of the SentinelTM CEPD in TEVAR are
reported in the literature (total of 17 patients) [16,32,42]. The most comprehensive study is that by
Grover et al. [28] who demonstrate that out of the 10 patients undergoing TEVAR with the SentinelTM

CEPD, there was a 95% debris capture rate of acute thrombus, arterial wall and foreign material with a
median total number and 937 captured particles (interquartile range 146–1687) and median surface
area of 2.66 mm2 (interquartile range, 0.08–9.18 mm2). Furthermore, there was no case of stroke and
only 23 new infarcts with a median surface area of 6 mm2 were detected with DW-MRI in the CEPD
group in comparison to the documented 13% stroke rate and 120 new infarcts with a median surface
area of 16 mm2 in patients undergoing TEVAR without protection, as reported by Perera et al. [7].

Significant associations between subtle neurological injury in the form of cognitive decline,
and ischaemic burden (multiple DW-MRI infarcts or single infarcts greater than 1cm3) in carotid and
cardiac revascularisation procedures have been described [23,24]. The reduction in the number and size
of DW-MRI infarcts with CEPD protection, therefore, has the potential to translate to improved cognitive
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outcomes in patients undergoing TEVAR. While these results are promising, further evaluation in large
studies is necessary in order to support routine clinical use.

The major drawback of the SentinelTM CEPD for use in TEVAR (and TAVI) is incomplete
brain protection. The left vertebral artery, which provides up to 20% of total brain perfusion,
remains unprotected by the current generation of SentinelTM CEPD, thereby allowing passage of
periprocedural debris to the brain through this vessel. Unsurprisingly, Grover et al. report that the
majority of new infarcts (65%) in patients undergoing TEVAR with the SentinelTM CEPD were located
in the hindbrain territory supplied by the left subclavian/vertebral artery (Figure 3) [32]. Similarly,
three randomised trials in TAVI with CEPD (CLEAN-TAVI, MISTRAL-C, and SENTINELTM) have also
shown a lower reduction in lesion volume to the entire brain, in comparison to the protected areas.
The unprotected left vertebral artery in all of these studies may account for this finding

To this end, Van Gils et al. have recently evaluated the concept of complete brain protection with
CEPDs by deploying a single filter, the Wirion (Allium Medical, Inc., Caesarea, Israel) into the left
vertebral artery, in addition to SentinelTM CEPD placement into the brachiocephalic and left common
carotid arteries in 11 patients undergoing TAVI (Figure 4). While the small sample size prevents
assessment of clinical benefit, the study did demonstrate comparable amount and size of embolic
debris in the left vertebral filter to the Sentinel filters, which would have otherwise presumably reached
the brain [43].

A further limitation of the SentinelTM CEPD in TEVAR is the inability to deploy it with TEVAR
in zone 0 and 1 due to interference with deployment of both filters relative to the stent-graft, as
well as filter retrieval, that may result in displacement of the stent-graft or entrapment of the CEPD.
Shimamura et al. describe their experience with selective deployment of three different single
filters (Parachute (Tri-Med), Filtrap (Nipro), and FilterWire EZ (Boston Scientific Corporation)) in the
supra-aortic vessels with routine placement of an occlusion balloon catheter for the left subclavian
artery following arch debranching procedures, but prior to TEVAR stent-graft deployment, in zone
0 and 1 in a complex group of 17 patients. The authors conclude that the use of single filters may
prevent stroke during endovascular arch repair [44]. However, while TEVAR is performed under
CEPD protection, the debranching procedures required to revascularise the brachiocephalic and left
common carotid arteries at these landing zones is unprotected and could also be a further source for
embolic stroke. [10,11,15].
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4.2. Carotid Clamping and Flow Reversal  

Supra-aortic vessel clamping is an alternative method of embolic protection and has been 

utilised in CAS to prevent cerebral embolisation into the internal carotid artery (ICA) [45]. Masada et 

al. describe their outcomes with a similar technique in TEVAR whereby native forward blood flow 
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Figure 4. Pictorial representation of the dual-filter SentinelTM CEPD(*) with filters in the brachiocephalic
artery (BCA) and left common carotid artery (LCCA), and a filter (**) in the left subclavian artery (LSA)
to provide complete protection to all cerebrovascular territories.

4.2. Carotid Clamping and Flow Reversal

Supra-aortic vessel clamping is an alternative method of embolic protection and has been utilised
in CAS to prevent cerebral embolisation into the internal carotid artery (ICA) [45]. Masada et al.
describe their outcomes with a similar technique in TEVAR whereby native forward blood flow from the
left common carotid artery and the left subclavian artery for zone 1 cases and from the left subclavian
artery for zone 2 cases is arrested with clips and occlusion balloons applied to these vessels before
delivery and deployment of stent-grafts. The authors attribute the 21% rate of infarction (24 new
infarcts) in this TEVAR cohort to this technique [46].

The concept of flow reversal to divert blood (and emboli) away from the cerebral vessels during
CAS may also prove to be a promising strategy during interventions in the aortic arch. Ribo et al.
document that TCD monitoring did not detect any air/solid microemboli during stent deployment or
angioplasty in 65 patients undergoing CAS with flow reversal [47]. Furthermore, a recent meta-analysis
of single-arm and comparative studies demonstrated a pooled stroke rate of 0–4% during CAS with
flow reversal [48].

Both of these techniques, however, require surgical exposure of the supra-aortic vessels that may
not be necessary for all TEVAR cases. Clamping of the supra-aortic vessels and flow reversal also risk
cerebral hypoperfusion, while clamp release may itself lead to cerebral embolisation, all of which risk
neurological deficit.

4.3. Robotic Navigation

The maximum proportion of solid to gaseous emboli occur during wire and pigtail
manipulation [32]. The use of robotic catheters in the arch is thought to increase precise manoeuvrability
and stability of endovascular instruments in the arch. This technology may therefore reduce unnecessary
catheter movements and contact with an atherosclerotic vessel wall that risks dislodgement of particulate
matter. In a simulation study, Rippel et al. demonstrate a significant reduction in vessel wall contact
(wall-hits) with robotic catheter technology compared to manual techniques in TAVI (median wall-hits:
1 (0–5) vs. 6 (2–22), p < 0.01) [49]. Perera et al. translate these findings in-vivo in patients undergoing
TEVAR whereby robotic navigation significantly reduced TCD-detected cerebral embolisation of
particulate matter during catheter placement in the arch in comparison to manual techniques (median
TCD-HITS: 0(0–1) vs. 2(1–5), p < 0.01) [50]. The potential to reduce overall periprocedural embolic
load with this technology may also mitigate ischaemic damage to the brain, perioperative and future
stroke as well as neurocognitive impairment.
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5. Neuroprotective Strategies against Gaseous Cerebral Embolisation

5.1. TEVAR Delivery System Flushing Techniques

The increasing awareness that TEVAR devices retain significant amounts of air from the
manufacturing processes despite flushing with heparinised-saline according to instructions for use
(IFU), and the potential for air bubbles released during deployment to embolise to the brain and incite
ischaemic damage, highlights the need for improved techniques with which to prepare both sheathed
and unsheathed devices prior to introduction into a patient.

The unique properties of carbon-dioxide (denser and 25×more soluble to air) in displacing air to
prevent cerebral air microembolism and improve neurological outcome has been widely reported in
patients undergoing open heart surgery [51–53]. This has translated into the practice of ‘CO2 flushing’
of TEVAR devices to replace air within the spaces of the delivery system and stent-graft with a less
harmful gas [29]. Kolbel et al. report a 3% stroke rate in 36 patients [54] while Hanna et al. report an
7.5% stroke rate in 53 patients undergoing TEVAR with CO2 flushing [55]. Notably, this latter study
did demonstrate that only 39% of patients had evidence of new DW-MRI infarcts which contrasts
to the 63–81% rate of infarction reported in other studies [7,8]. The neurocognitive impact of the
reduced embolic burden requires further study. Other device specific de-airing techniques have
also been described including the use of ‘blood flushing’, addition of flushing side ports, and liquid
perfluorocarbons, however, there is insufficient clinical data to support their use at this time [56,57].

5.2. Gaseous Filter Devices

The overwhelming number of total gaseous MES compared to solid MES (391 gaseous MES vs. 32
solid MES), and during all procedural steps of TEVAR (Figure 2A) [28] places greater significance on
cerebral air microembolisation as a major source of NBI than previously envisaged. This is keeping
with open cardiac surgery whereby the use of oxygenators can lead to cerebral microembolisation
and neurocognitive decline [58]. The use of a dynamic bubble trap(HPmedica, Augsburg, Germany)
designed to reduce gaseous embolisation has been found to reduce TCD MES with improved cognitive
function three months following coronary artery bypass), and the TriGuard 3 CEPD reduced cerebral
embolization of particulate and air bubbles under simulated conditions [59]. In the future, technological
developments could focus on the design of supra-aortic vessel filters that prevent the passage of both
solid and gaseous microemboli during TEVAR.

6. Conclusions

The importance of TEVAR as a therapeutic option for older, comorbid patients with thoracic aortic
disease and the inherent risk of stroke and cognitive decline in this population, as well the expansion
of TEVAR to a younger and ‘lower-risk’ cohort of patients demands the application of strategies that
can mitigate all forms of procedure-related brain injury including ischaemic cerebral infarcts. At this
current time, there are no TEVAR-specific neuroprotective systems/adjuncts against neurological brain
injury. CEPDs and meticulous preparation of TEVAR delivery systems, which may include the use
of carbon-dioxide flushing to prevent periprocedural cerebral embolisation of particulate matter and
air offer promising neuroprotective solutions but further clinical studies are required to show direct
correlation between these practices and improved clinical and radiological outcomes.
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