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Abstract: Acute type A aortic dissection (ATAD) carries extremely high morbidity and mortality with a
significantly increased risk of cerebrovascular injury following repair compared to elective arch operations.
Advancement in operative and neuroprotective strategies have led to a temporal improvement in outcomes,
but the incidence of cerebrovascular injury remains high and warrants continued innovation. In the setting
of ATAD, stroke can occur due to malperfusion resulting from true lumen compression and compromised
cerebral inflow, malperfusion from cardiogenic shock, or embolization. Therefore, stroke mitigation
strategies must address vascular obstructions, hemodynamic compromise, and reduce risk of embolization.
This article reviews contemporary strategies for cerebral protection in ATAD including preoperative patient
evaluation, perfusion and temperature management, extent of aortic repair, utility of cerebral oximetry and
neuromonitoring, and pharmacological adjuncts. In summary, patients should be evaluated preoperatively
with contrast imaging to fully characterize their dissection to facilitate well-informed operative planning.
Cannulation for cardiopulmonary bypass (CPB) can be safely achieved through multiple routes, but should
consider patient pathology and the intended approach to cerebral perfusion. Central cannulation is feasible
in most patients and allows for the most expeditious initiation of CPB. Although both deep hypothermic
circulatory arrest (HCA) with retrograde cerebral perfusion (RCP) and moderate HCA with antegrade
cerebral perfusion (ACP) have been shown to provide adequate cerebral protection, targeting moderate
hypothermic temperatures reduces CPB times. The combination of a brief period of RCP followed by ACP
during moderate HCA allows for the potential flushing of emboli from the cerebral arterial system with
the superior metabolic protection of antegrade perfusion. The proximal and distal extent of arch repair
should be individually tailored to patient pathology and surgeon experience, making sure to completely
resect disease to prevent acute neurological complications. Cerebral oximetry and neuromonitoring
are useful adjuncts, providing real-time information about the adequacy of neuroprotection. Finally,
co-management by anesthesiologists and perfusionists with administration of neuroprotective agents,
appropriate pH management, and maintenance of normal metabolic hemostasis and hemodynamic stability
will further minimize cerebrovascular complications. Optimal cerebral protection requires a comprehensive,

interdisciplinary approach and implementation of multimodal strategies.
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Introduction

Acute type A aortic dissection (ATAD) carries extremely
high morbidity and mortality. Retrospective studies have
reported operative mortality ranging from 5-23% (1). Data
from the International Registry of Acute Aortic Dissection
(IRAD) demonstrated a temporal improvement in operative
mortality from 25% in the late 1990s to 18% in the early
2010s, which was accompanied by an increased rate of
operative intervention for patients presenting with ATAD,
suggesting operative approach has improved over time (2).
Despite these promising improvements, adverse events
remain high.

ATAD patients are at significantly increased risk of
cerebrovascular injury compared to those undergoing
elective arch operations for other pathologies (3). The
incidence of stroke following ATAD repair ranges from
0.9-10.2% for transient neurologic deficits and 2.9-18.9%
for permanent neurologic deficits, and varies depending on
patient risk factors, cerebral protection strategy, and extent
of arch surgery (1). These patients also experience increased
mortality, healthcare costs, and diminished quality of life (4,5).

Stroke can present with a variety of symptoms based
on a spectrum of pathology. Classically, the most common
stroke arises from carotid involvement with true lumen
compression and compromised cerebral perfusion. Other
complicating factors such as coronary involvement and
pericardial effusion can lead to cardiogenic shock and brain
malperfusion. While the malperfusion type syndromes are
more commonly discussed, embolism remains a significant
cause of stroke (3,6-8). For many years, the group from
Penn pushed for a no clamp technique (9,10) given
evidence that aortic cross-clamping increased permanent
neurological deficits (11). Though other large series
found it to be safe (12,13), patients with hematoma or
atheroma can undoubtedly embolize with proximal aortic
manipulation. Finally, any intimal defect can serve as a nidus
for embolization. This is more common in the chronic
patients but can cause issues as with any anatomic source
for flow anomalies. Stroke can essentially be caused by both
vascular obstruction and embolism.

The goals of ATAD repair are to: (I) reestablish true
lumen flow; (II) replace the diseased ascending aorta and/or
aortic arch under hypothermic circulatory arrest (HCA) to
achieve a sufficient resection of entry tears; (III) obliterate
false lumen flow; (IV) adequately protect the brain and distal
organs using a combination of perfusion techniques and
hypothermia. This article reviews contemporary strategies
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for cerebral protection in ATAD including preoperative
patient evaluation, perfusion and temperature management,
extent of aortic repair, utility of cerebral oximetry and
neuromonitoring, and pharmacological adjuncts.

Presentation and preoperative evaluation

A majority of ATAD patients (79%) present with sudden
onset severe chest pain, though the classic tearing or ripping
sensation is not commonly described (2). The diagnostic
gold standard for ATAD is computed tomography
angiogram (CTA) of the chest. Ideally the CTA would also
include the neck, abdomen, and pelvis to fully evaluate
distal extent of dissection in the cranial vessels and
descending aorta. CTA imaging is not only diagnostic, but
also prognostic and facilitates operative planning. Based on
CTA findings, the surgeon can often determine the extent
of arch operation indicated and select cannulation site for
cardiopulmonary bypass (CPB) and cerebral perfusion. The
location and extension of dissection, arch vessel involvement
or occlusion, and presence of intramural hematoma are
important variables that guide these decisions (Figure I).

Initial evaluation should also include physical exam to
assess for clinical signs of stroke or malperfusion, and blood
tests that may indicate metabolic derangements suggestive
of malperfusion (lactate, pH, base deficit, creatinine, liver
function tests). Sultan ez #/. found that 15.1% of IRAD
patients presented with cerebral malperfusion, placing them
at significantly higher risk of postoperative stroke (17.5%
vs. 7.2%, P=0.012) and mortality (14). Even so, cerebral
malperfusion should not preclude timely operative intervention
as in-hospital survival ranges from 75-78% (14,15).

Most risk factors for postoperative stroke, including
atherothrombotic disease and cerebral malperfusion
at presentation, are non-modifiable (16-18). However,
operative management can mitigate risk by careful
identification of atheromatous disease and dissection
anatomy to avoid propagation of emboli and reestablish
cerebral perfusion if compromised. Further risk reduction
can be achieved by minimizing CPB time, which is a known
risk factor for postoperative stroke (4).

Perfusion and temperature management
Arterial cannulation for CPB

There are multiple arterial cannulation options available
for initiating CPB: axillary, innominate, ascending aortic,
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Figure 1 Radiological findings in patients presenting with acute type A dissection. (A) Axial computed tomography image in an acute type

A dissection patient showing complex ascending aortic entry tear and dissection (orange arrow); the dissection extends into the descending

aorta with true lumen compression (red arrow). (B) Axial computed tomography image in an acute type A dissection patient showing

circumferential dissection of the innominate artery (orange arrow). (C) Axial computed tomography image in an acute type A dissection

patient showing right common carotid artery malperfusion due to oblideration of the true lumen (orange arrow). (D) Axial computed

tomography image in a patient with circumferential intramural hematoma (orange arrow).

femoral, and carotid. Although no single approach
has been definitively shown to be superior in terms
of neurological outcomes, each has advantages and
disadvantages that should be considered when tailoring to
individual patients (19).

Axillary artery cannulation is a safe approach (Figure 24),
as the artery is easy to access and control through an
incision in the deltopectoral groove, and establishes arterial
inflow prior to sternotomy (19-22). This can be achieved
by sewing a side-graft to the vessel or through direct
cannulation using the Seldinger technique, though direct
cannulation can lead to upper extremity hypoperfusion or
ischemia on the ipsilateral side (22). Antegrade cerebral
perfusion (ACP) during HCA arrest can also be maintained
through right axillary cannulation, while left axillary
cannulation would require an alternative cannulation site
for ACP. Right axillary cannulation may also flush aortic

© Journal of Visualized Surgery. All rights reserved.

or innominate emboli retrograde, providing a hypothetical
neuroprotective advantage. A disadvantage of axillary
cannulation is potential limitations in achievable flow
through the bypass circuit due to the small caliber of the
vessel or if the vessel is dissected proximally. Moreover,
repairing dissection in the vessel may be difficult if involved.

Innominate artery cannulation (Figure 2B) does not
require an additional incision compared to axillary
cannulation, which saves time, but may be disadvantageous
in patients presenting with hemodynamic instability who
might require more expeditious initiation of bypass (19,22).
The larger caliber of the vessels leads to improved flows,
which can reduce cooling times. Innominate cannulation
for CPB can be established by sewing a side-graft to the
artery and ACP can be maintained with the same arterial
cannula during HCA. During cross-clamping, regional
cerebral oximetry should be monitored using near infrared

7 Vis Surg 2021;7:41 | http://dx.doi.org/10.21037/jovs-20-82



Page 4 of 16

5
t

Journal of Visualized Surgery, 2021

i 4
(3

Figure 2 Arterial cannulation strategies to establish cardiopulmonary bypass. (A) Right axillary artery cannulation using a tube graft sewn

end-to-side. (B) Innominate artery cannulation using a tube graft sewn end-to-side. (C) The ascending aorta is cannulated for initiation of

bypass; this can be safely achieved even in dissected patients using the Seldinger technique. (D) In patients undergoing hemiarch repair,

after the ascending aorta is cannulated for initiation of cardiopulmonary bypass and cooling, the innominate artery is cannulated using the

Seldinger technique for administration of antegrade cerebral perfusion.

spectroscopy (NIRS) to ensure the right hemisphere is
being adequately perfused. If the vessel is dissected however,
it may not be the optimal choice for cannulation (19).
Common carotid artery cannulation is an available
option on either side and is a good, expedient option to
addressing cerebral malperfusion at presentation (23). The
vessel can be accessed through a vertical incision overlying
the sternocleidomastoid one to two finger breadths above
the clavicle with a side-graft sewn to the vessel (19,22,23).
NIRS should be used to monitor for concerns of inadequate
cerebral perfusion. Advantages to this approach are easy
access, establishment of arterial inflow prior to sternotomy,
and the ability to perfuse the brain during HCA through the
same cannula. Potential downsides to carotid cannulation
are lower flow compared to more central cannulation,
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inability to perfuse the body if the vessel is dissected
proximally, and excessive flow pressure directed to the brain
if the vessel is obstructed proximally (19,22,23).

Femoral artery cannulation is a safe alternative especially
in hemodynamically unstable patients, as they can be placed
on bypass prior to sternotomy. The vessel may be accessed
by open cutdown or ultrasound guided percutaneous
cannulation of either groin (22). Separate cannulation will
be necessary for cerebral perfusion during HCA, however.

At our institution, the preferred cannulation approach has
evolved over time and our current preference is ascending
aortic cannulation (Figure 2C) for expeditious initiation of
CPB and cooling (24). We use preoperative CTA, epi-aortic
ultrasound, and transesophageal echocardiography (TEE)
to guide technique. If the anterior ascending aorta does
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not have significant pathology (dissection, calcification,
or atherothrombotic disease), then the traditional method
for aortic cannulation is employed. On the other hand,
if the anterior aorta is dissected we cannulate using the
Seldinger technique over a wire with TEE confirmation
of true lumen access (19,22,25,26). Excessive anterior
aortic calcification or thrombus within the ascending true
lumen can be prohibitive to ascending cannulation due to
risk of embolization, in which case axillary, innominate, or
carotid cannulation may be preferred. Nevertheless, aortic
cannulation has been feasible in a majority of patients
and resulted in significant reductions in operative times
compared to axillary or innominate cannulation given that
no additional incision is necessary and CPB can be initiated
quickly once sternotomy is performed without the need for
constructing an anastomosis prior. In these patients, the
route of cerebral perfusion is established separately during
cooling.

No cannulation strategy is optimal for all patients. We
retain the abovementioned cannulation strategies in our
armamentarium should one be specifically advantageous
based on patient presentation or anatomy. The surgeon
should be wary that based on dissection anatomy, certain
cannulation modalities can worsen or induce cerebral
malperfusion. Cerebral oximetry and neuromonitoring
should be closely observed to recognize this possibility.
In the setting of cerebral malperfusion due to common
carotid dissection with true lumen obliteration, patients
may require multiple routes of perfusion to reestablish
cerebral blood flow by direct carotid cutdown and to

initiate CPB (19).

Target nadir temperature and cerebral perfusion

The concept hypothermia for cerebral protection and
end organ protection during HCA was established by Dr.
Griepp (7) and has become a principal tenet of aortic arch
repair. Decreased temperatures reduce cellular metabolic
demand, therefore reducing the risk of ischemic injury
while organs are not being perfused.

The optimal target temperature for HCA (mild >28 °C,
moderate 20-28 °C, or deep <20 °C hypothermia) remains
open for debate, as adequate lower body protection has been
demonstrated even with the warmer temperature ranges
(27-35). Therefore, the target temperature range is largely
determined by the adjunctive cerebral perfusion strategy.
Many surgeons still perform the distal anastomosis under
deep HCA with no cerebral perfusion, however there is a
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growing body of evidence that deep HCA with no perfusion
is inferior to HCA with some form of cerebral perfusion—
antegrade or retrograde—in terms of neurological outcomes
(28,36-39). Even though hypothermia reduces metabolic
demand, it does not achieve complete cellular quiescence,
so cells continue to require oxygenation and nutrition (19).
Most aortic centers now prefer moderate HCA with ACP
or deep HCA with retrograde cerebral perfusion (RCP),
both demonstrating equivocal outcomes neurologically and
overall (27,35-38,40-43). The basis for pairing RCP with
colder temperatures is the commonly accepted perception
that retrograde flow does not provide the same nutritional
support for the brain as ACP, which has been shown in
animal models of HCA (44,45).

Recently, the Canadian Thoracic Aortic Collaborative
published a large multicenter study evaluating outcomes
following different cerebral perfusion and temperature
management strategies; 2,520 patients were included. The
study found that ACP (compared to no cerebral perfusion)
and temperatures >24 °C were protective against stroke,
mortality, and other morbidity. There were no statistically
significant differences in outcomes comparing ACP and
RCP, though the number of RCP patients was small. These
findings lead the authors to conclude that surgeons should
provide cerebral perfusion during circulatory arrest and
adopt warmer temperature targets. However, the data did
not favor one cerebral perfusion strategy over another (46).

Over time, at our institution we have been targeting
warmer temperatures. Our currently preferred target core
temperature during HCA is moderate (26-28 °C) for two
main reasons: its safety with ACP is robustly validated and
warmer temperatures mean faster cooling and rewarming,
leading to shorter CPB time and thus theoretically further
reducing stroke risk.

Regarding cannulation for ACP, our preference has been
providing unilateral ACP. Unilateral perfusion has been
shown to effectively protect the brain under hypothermia
in a majority of patients through the circle of Willis
and extracranial collaterals, particularly for HCA times
<40 minutes (47-50). Early in our experience we primarily
cannulated patients via the right axillary with a side-
graft, followed by a transition to sewing a side-graft to the
innominate. As we subsequently adopted aortic cannulation
for CPB, the cannulation choice for ACP became much
more flexible and is now determined by the extent of arch
operation.

For hemiarch repair we directly cannulate the innominate
with a 14F cannula using the Seldinger technique, which
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Figure 3 This figure shows the “branch-first” technique which
we use for arch vessel management in total arch replacement.
Arterial inflow for cardiopulmonary bypass is achieved with
ascending aortic cannulation (blue arrow). The innominate and
left common carotid arteries are then sequentially anastomosed
to a trifurcated graft with a perfusion side-arm that is connected
to a second arterial line of the bypass circuit (green arrow), which
allows for continuous cerebral perfusion during the process;
unilateral perfusion is maintained while each branch vessel is being
anastomosed, with bilateral perfusion once completed. Once the
distal arch graft anastomosis is complete and the body is being
reperfused, the staple line of the proximal large branch of the
trifurcated graft (orange arrow) is cut and anastomosed to the

proximal branch of the arch graft as shown in Figure 4.

saves a significant amount of time compared to sewing
a side-graft (Figure 2D). Alternatively, when performing
total arch replacement (TAR), we now employ a “branch
first” technique (Figure 3) whereby the innominate and
left common carotid arteries are sequentially anastomosed
to a trifurcated graft as described by Spielvogel et al.
(50,51). Our approach is unique in that we connect one
of the trifurcated graft branches to a separate arterial
line, allowing for continuous cerebral perfusion during
the process; unilateral perfusion is maintained while each
branch vessel is being anastomosed, with bilateral perfusion
once completed. NIRS is carefully monitored during
innominate and left common carotid artery cross-clamping.
Thus, once the body has been sufficiently cooled, only the
distal anastomosis remains to be constructed during HCA

for TAR. Importantly, for both hemiarch and TAR, we

© Journal of Visualized Surgery. All rights reserved.

Journal of Visualized Surgery, 2021

avoid aortic cross-clamping prior to HCA, to minimize risk
of embolization (11).

Despite improvements in our operative technique,
we have noted that patients can develop cerebral infarcts
bilaterally regardless of extent of arch repair and even
when risk factors for embolic stroke were not immediately
apparent (Figure 5). These observations are consistent with
the findings of a recent prospective study published by
Leshnower et al, which compared neurological outcomes
between patients undergoing DHCA with RCP vs. MHCA
with ACP (29). Although there was no clinical difference in
outcomes between the groups, 100% of ACP patients had
MRTI lesions consistent with embolic stroke compared with
45% of RCP patients (P=0.01) and the mean number of
MRI lesions was significantly higher in ACP patients: 4+3.5
vs. 1.2£2.1, P=0.01 (29). Interestingly, strokes were most
commonly found in the bilateral frontal lobes, suggesting
that emboli must be getting propagated throughout CPB
from aortic and arch vessel manipulation, not just during the
period of ACP. Similar anecdotal observations in our own
patients prompted us to combine the metabolic benefits of
ACP with the potential benefit of RCP to flush out embolic
debris in a strategy called “Shaggy Aorta” protocol. This
was inspired by the work of Dr. Yokawa er al. (52) who
found that patients with aortic atheroma were at increased
risk of spinal cord injury during thoracoabdominal aortic
repair. Likewise, in arch operations, whether presenting
with atheroma or false lumen hematoma, we felt that these
patients were at particularly high risk for cerebrovascular
complications; and while patients with ATAD are far less
likely than chronic dissection patients to have false lumen
thrombus, embolic stroke remains a significant risk.

“Shaggy Aorta” protocol

The principle of “Shaggy Aorta” protocol is to administer
a brief period of RCP at the beginning of HCA to washout
possible embolic debris followed by ACP for the remainder
of HCA. We initially applied this strategy in urgent/
emergent and high-risk patients but have most recently
begun to employ it in all patients undergoing open aortic
arch operations. The ability to quickly and easily switch
the route of arterial inflow has been greatly facilitated by
routinely splitting our CPB arterial line twice, providing
three possible routes of inflow. One line is brought along
the patient’s left and the remaining two along the patient’s
right. The line along the patient’s left is connected to
the aortic cannula for the initiation of bypass and is later
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Figure 4 “Shaggy Aorta” protocol arterial management in open aortic arch repair. (A) This figure demonstrates arterial management using
the “Shaggy Aorta” protocol in hemiarch replacement. Patients are cannulated centrally for initiation of bypass. At the start of hypothermic
circulatory arrest, a brief period of retrograde cerebral perfusion is administered through the superior vena cava (green arrow) followed by
antegrade cerebral perfusion through an innominate artery cannula (blue arrow). Once the distal anastomosis is complete, the patient is
reperfused through a side-arm on the hemiarch graft (purple arrow). (B) This figure shows arterial management using the “Shaggy Aorta”
protocol in total arch replacement. Patients are cannulated centrally for initiation of bypass. At the start of hypothermic circulatory arrest,
a brief period of retrograde cerebral perfusion is administered through the superior vena cava (green arrow) followed by antegrade cerebral

perfusion through a trifurcated graft sewn to the innominate and left common carotid arteries (blue arrow). Once the distal anastomosis is

complete, the patient is reperfused through a side-arm on the arch graft (purple arrow).

connected to the perfusion limb of the hemiarch or arch
graft to re-perfuse the body at the termination of HCA.
The two inflow lines along the patient’s right are used
for RCP and ACP (Figure 4). “Shaggy Aorta” protocol is
described in Video 1.

In our early experience, no patients developed stroke
after undergoing open aortic arch operations utilizing the
“Shaggy Aorta” protocol. Table I summarizes pathology
and operative characteristics for the first 29 patients in
whom this strategy was applied. Urgent or emergent
procedures were performed in 44.8% (13/29) of patients,
5 of whom (17.2%) presented with ATAD. The remaining
16 cases (55.2%) were elective arch operations. All patients
underwent median sternotomy. Arterial cannulation for
CPB varied among patients depending on anatomy and
pathology, but a majority were cannulated centrally. After
cooling to moderate hypothermia (26-28 °C), HCA was
initiated for reconstruction of the distal anastomosis. For
22 patients, a 3-minute period of RCP was administered

© Journal of Visualized Surgery. All rights reserved.

through the SVC at a rate of 1.5-2 L/min with a goal central
venous pressure of 20-30 at the start of HCA followed
by ACP—mode of cannulation is specified in Table 1.
In the remaining 7 patients, only RCP was administered
during circulatory arrest as the HCA period was anticipated
to be short. Although, as discussed previously, RCP has
been exclusively accompanied by colder target nadir
temperatures, use of moderate hypothermia in our patients
appears safe. Our early experience utilizing a strategy of
RCP for the washout of potential arterial thromboembolic
debris as an adjunct in aortic arch repair with moderate
HCA shows promising results in the improvement of
cerebral protection with no cerebrovascular complications.

Choice of reconstruction
Arch extent and proximal repair

Widely debated and without clear resolution are the

7 Vis Surg 2021;7:41 | http://dx.doi.org/10.21037/jovs-20-82



Page 8 of 16

questions of how extensive the arch replacement should
be and how to best address the root proximally. Regarding
arch extent, hemiarch remains the standard of care and is
an appropriate operation in a majority of patients (53,54).

Figure 5 Axial magnetic resonance imaging cut showing bilateral
embolic infarcts (orange arrows) and one large ischemic right
middle cerebral artery territory infarct in a male patient diagnosed
with stroke postoperatively after undergoing total arch replacement

with frozen elephant trunk.

Video 1 This video summarizes the development of the “Shaggy
Aorta” protocol including the observation of persistent bilateral
embolic infarcts in patients undergoing open aortic arch operations
despite advancements in neuroprotective strategies, the technical
details of the protocol in both hemiarch and total arch patients,

and early outcomes of this strategy.
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The goals of hemiarch ATAD repair are resection of the
primary entry if present in the ascending aorta or the lesser
curvature of the arch, exclusion of the false lumen in the
construction of the distal anastomosis, and ensuring the

Table 1 Patent and operative characteristics for 29 “Shaggy Aorta”
Protocol patients

Patient characteristics N (%)*
Age 58.0£12.7
Female gender 10 (34.5)
BMI (kg/m?) 28.6+5.8
Hypertension 18 (62.1)
Hyperlipidemia 9 (31.0)
Coronary artery disease 5(17.2)
Chronic kidney disease 11 (37.9)
Stroke prior to presentation 4(13.8)
Related to pathology? 3(10.3)
Presentation/pathology
Type A dissection 10 (34.5)
Acute presentation 5(17.2)
Arch vessel involvement 5(17.2)
Brain malperfusion 2 (6.9)
Root/ascending aneurysm 24 (82.8)
Porcelain ascending aorta 13.4)
Ascending aortic atheroma 1(3.4)
Urgent/emergent 13 (44.8)
Redo sternotomy 10 (34.5)
Mode of arterial cannulation for bypass
Ascending aorta 25 (96.6)
Innominate artery 2(6.9)
Right axillary artery 1(3.4)
Femoral artery 1(3.4)
Mode of SACP cannulation
Innominate 12 (41.4)
“Branch First” (innominate and LCCA) 9 (31.0)
Right axillary artery 1(3.4)
Retrograde only 7 (24.1)

Table 1 (Continued)
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Table 1 (Continued)

Patient characteristics N (%)*

Operative characteristics
CPB time (min) 172.7£55.7
SACP time (min) 12.3+6.8
Nadir bladder temp (¢J) 26.7+1.4
Hemiarch repair 17 (58.6)
Total arch repair 12 (41.4)
Frozen elephant trunk 7 (24.1)
Aortic root replacement 14 (48.3)
Isolated aortic valve replacement 7 (24.1)
CABG 3(10.3)

*, categorical variables are expressed as frequency and column
percent and continuous variables are expressed as mean =+
standard deviation. BMI, body mass index; SACP, selective
antegrade cerebral perfusion; LCCA, left common carotid artery;
CPB, cardiopulmonary bypass; CABG, coronary artery bypass
grafting.

patient survives the acute phase of their disease. Especially
when patients are critically ill/unstable or at low volume
centers, a more limited repair is likely the best option in
a majority of patients (55,56). However, for tears located
along the greater curvature, significantly dissected arch
vessels, or if patients present with cerebral malperfusion,
there is evidence that TAR with aggressive resection of
diseased branch vessels yields improved neurological
outcomes in the acute phase (57). Late neurological
outcomes may also be impacted if arch vessel disease is not
addressed at presentation. Anecdotally, at our institution
we have encountered three patients who presented with
stroke or transient ischemic attacks due to showering of
thromboemboli from residual arch or arch vessel dissection
after hemiarch repair years prior. These patients required
aortic reintervention with TAR to address their remaining
disease.

Proponents of a pathology-directed expansion of the
“tear oriented” approach described by Westaby et al. (58)
include circumferential arch or arch vessel dissection, arch
aneurysm, and descending dissection with true lumen
compromise as indications for TAR (53,57,59). Others
argue that as outcomes of TAR performed at large volume
institutions have improved and are similar to hemiarch
outcomes (60), TAR should also be considered for the
prevention of mid- or late-term aortic degeneration
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requiring reoperation (54,61). Matalanis er al. propose
more extensive arch repair in all ATAD patients using
a standardized and simplified TAR technique that has
yielded excellent early results (61,62). Critics caution that
outcomes from expert centers cannot be extrapolated to
low-volume surgeons burdened with treating ATAD and
therefore, TAR cannot reasonably become the standard of
care (55,56,63-65). Furthermore aortic arch reintervention
after hemiarch repair for ATAD remains low: 11.5% and
15% at 5- and 10-year respectively (42,53,56). So, for the
time being, the choice of arch extent remains a balancing
act weighing operator skill and experience, acute patient
pathology and stability, and the possibility of long-term
aortic degeneration.

At our institution, we are trending toward favoring more
extensive arch repair particularly in patients with complex
arch, arch vessel, or descending aortic involvement—
similar to the considerations described by Trivedi er 4l
and Sultan ez al. (53,57). The decision for more extensive
repair is driven by the need to resect and repair arch vessel
disease, reestablish true lumen flow and distal perfusion
in the setting of descending dissection and lower body
malperfusion, and reduce the risk of late aortic arch
reintervention. In patients with connective tissue disease or
more extensive thoracoabdominal aortic disease, TAR with
or without frozen elephant trunk (FET) facilitates future
downstream aortic repair as well.

The “branch-first” technique of arch vessel management
allows for dramatic reductions in circulatory arrest times,
and while not strictly speaking necessary for cerebral
protection, provides bilateral ACP during circulatory arrest.
The Buffalo Trunk technique has also streamlined the
construction of the distal anastomosis in TAR with FET
resulting in further reductions in HCA time, which we have
previously described (66). Shorter circulatory arrest times
for TAR have made targeting warmer nadir temperatures
safe, as we have been able to limit end organ ischemia.

Our hard indication for FET placement is ongoing lower
body malperfusion. FET can also lay the groundwork for
later endovascular extension of the repair in the setting of
descending aortic pathology that will likely require future
operative intervention. Though we used hemiarch with
antegrade stent early in our experience and this remains
the preferred strategy at certain centers, we now perform
TAR if stent is needed using the Buffalo Trunk technique.
It should be noted that for FET reconstruction we insert a
guide-wire into the aortic arch from the groin verifying it is
in the true lumen along its entire course using intravascular
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ultrasound; the stent graft device is placed over the wire
during HCA, thereby ensuring the stent is deployed in the
true lumen both proximally and distally.

The debate about the optimal approach to addressing
the root in ATAD is analogous to the debate about arch
extent. The conservative approach (root repair with
reapproximation of the aortic wall, valve resuspension,
and reconstruction of the sinotubular junction) is the most
expeditious and reproducible in inexperienced hands but
is least durable in the long-term (67,68). High volume
centers have demonstrated that root replacement with
prosthetic valve and valve sparing root replacement can
safely be performed with excellent long-term outcomes
(69-72). That being said, the most prudent approach is
likely an individualized one that takes into account surgeon
expertise, patient anatomy and pathology (presence of
root entry tear, extent of root dissection, extent of valve
disruption, root dilation, connective tissue disorder), and
patient stability (73-76).

In this regard, at our institution we are also trending
toward a more aggressive strategy and favor replacement
over repair if there is any question of root integrity, since
these are safely performed in our hands. Our reasons for
this are similar to more aggressive arch repair—residual
root dissection can be a nidus for embolic complications
and is likely to degenerate over time requiring reoperation.

Cerebral oximetry and neuromonitoring

For optimized cerebral protection, we employ a
comprehensive neuro-cerebral monitoring strategy
with regional cerebral oximetry using NIRS and
neurophysiologic intraoperative monitoring (NIOM), which
consists of electroencephalography (EEG), somatosensory
evoked potentials (SSEPs), and motor evoked potentials
(MEPs). These modalities are often used to guide cerebral
circulatory management (77) and have been shown
anecdotally to improve outcomes in cardiac surgery (78-80).
Abnormalities in both cerebral oximetry and NIOM can
indicate inadequate perfusion due to mispositioned cannula
or arterial obstruction. EEG is also used to ensure cerebral
electrical silence during HCA (Figure 6). At institutions
using deep HCA, patients are cooled until electrical silence
is attained. Since moderate hypothermic temperatures
alone are not sufficient to induce electrical silence, once
the target temperature is reached in our patients, propofol
is administered to fully achieve EEG silence. Furthermore,
NIOM can aid in the early detection of stroke (22). The
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utility of NIOM in the detection/prevention of spinal cord
injury is well demonstrated and broadly accepted (81),
but its value in the early identification of stroke has been
unclear.

Recently we demonstrated that NIOM has a high
sensitivity and specificity for the early detection of
stroke (82). NIOM can detect both embolic strokes and
neurologic injury related to hypoperfusion. Embolic strokes
are likely to result in more subtle NIOM changes - for
example, isolated, unilateral changes in SSEPs or MEPs,
if sensory or motor pathways are involved. Alternatively,
injuries that result from inadequate brain protection or
hemispheric hypoperfusion would likely be accompanied
by decreased regional cerebral oxygen saturation and
global EEG slowing, in addition to SSEP and MEP
changes. Intraoperative identification of deficits can lead
to operative interventions such as correction of perfusion
issues or administration of RCP if embolism is suspected
to potentially reverse deficits. Early detection can also
prompt earlier cerebral imaging and possible catheter-based
interventions.

Pharmacology

Many pharmacologic agents have been evaluated for
cerebral protection in cardiac and aortic surgery. Proposed
agents function through a variety of mechanisms and
include anti-inflammatories, antioxidants, anti-apoptotic
agents, drugs that reduce neuronal excitotoxicity, drugs
that mimic ischemic preconditioning, medications that
reduce metabolic demand, and osmotic agents to reduce
tissue swelling. 7able 2 lists multiple agents that were used
historically, are currently used clinically, or have shown
promising results in animal experiments (3,77,83-88). Many
drugs have theoretical or anecdotal clinical benefits, or
demonstrated promising results in experimental models,
however, few have been robustly validated by clinical
trials. Regarding historical agents, the days of heavy hitters
(barbiturates or other coma-inducing agents) are gone,
since our goal is to wake patients up as quickly as possible
postoperatively to obtain a neurological exam.

We have previously described our institutional approach
to pharmacological cerebral protection (77,83). In short, we
administer 500 mg of methylprednisolone upon induction,
followed by 100 mg of lidocaine and 2 g of magnesium
immediately before circulatory arrest once the patient has
reached the target nadir temperature (77,83). Propofol is
also bolused to achieve EEG silence prior to HCA.
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Figure 6 Image of neurophysiologic intraoperative monitoring during hemiarch replacement in a male. The orange arrow highlights that

electrical silence has been achieved on electroencephalography prior to initiation of circulatory arrest.

Additional considerations

There is currently no consensus on which pH management
strategy is optimal-alpha-stat, which measures pH at
normothermia (37 °C) vs. pH-stat, which corrects pH
to actual patient temperature (77,86). Our perfusionists
initially use alpha-stat at the beginning of CPB to correct
any underlying metabolic derangements. During cooling
and HCA, pH-stat is used to optimize cerebral blood
flow (maintaining normal temperature-corrected pCO,
prevents cerebral vasoconstriction). Once rewarming, the
perfusionists switch to alpha-stat and quickly blow off
CO, to promote normal cell homeostasis and potentially
reduce cerebral edema and hyperthermia through relative
vasoconstriction compared to pH-stat (77).

During HCA our anesthesiologists topically cool the
head, which may provide a more uniform cooling in
patients with cerebral circulation abnormalities, though
there is not strong evidence to support this widely used
practice (77,83). Lastly, we maintain a normal hematocrit

© Journal of Visualized Surgery. All rights reserved.

above the transfusion threshold at 25-30% to provide
adequate cerebral oxygenation and prevent vasoconstriction,

especially during HCA (77).

Summary

Stroke following open aortic arch surgery is a devastating
complication and patients presenting with ATAD
are at significantly increased risk for cerebrovascular
complications. Certainly, there are several non-modifiable
risk factors for post-operative stroke, however contemporary
perioperative cerebral protection strategies for cerebral
protection have resulted in continued improvements in
neurological outcomes following ATAD repair. Patients
should be evaluated preoperatively with contrast imaging to
fully characterize their dissection to facilitate well-informed
operative planning. Central cannulation is feasible in most
patients and allows for the most expeditious initiation
of CPB. Moderate hypothermic temperatures provide
adequate organ protection without unnecessarily prolonging
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Table 2 Pharmacologic agents for cerebral protection
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Drug category Agent Evidence Used clinically?
Cardiovascular modulators Calcium channel blockers Theoretical Yes
Beta blockers Retrospective Yes
Anti-inflammatory/ Steroids Retrospective Yes
immunomodulatory Cyclosporine A Experimental No
Aprotonin Retrospective Yes
Antioxidant Superoxide dismutase Experimental No
Anti-apoptotic Erythropoietin Experimental No
Dexmedetomidine Experimental Yes
Acadesine Theoretical Yes
Anti-excitotoxic Magnesium Retrospective Yes
Lidocaine Retrospective Yes
Ketamine Experimental Yes
Remacemide Retrospective Yes
Preconditioning Anesthetic gases (isofluorane, sevofluorane) Experimental Yes
Diazoxide Experimental No
Anti-metabolic Barbiturates Retrospective Yes
Phenytoin Theoretical Yes
Narcotics Theoretical Yes
Propofol Theoretical Yes
Midazolam Theoretical Yes
Anti-hyperglycemic Insulin Theoretical Yes
Osmotic Mannitol Retrospective Yes

CPB. The combination of a brief period of RCP followed
by ACP during HCA allows for the potential flushing of
emboli from the cerebral arterial system with the superior
metabolic protection of antegrade perfusion. The proximal
and distal extent of arch repair should be individually
tailored to patient pathology and surgeon experience,
making sure to sufficiently resect disease to prevent acute
neurological complications. Cerebral oximetry and NIOM
are useful adjuncts in aortic surgery, providing real-time
information about the adequacy of neuroprotection. Finally,
co-management by anesthesiologists and perfusionists
with administration of neuroprotective agents, appropriate
pH management, and maintenance of normal metabolic
hemostasis and hemodynamic stability will further minimize
cerebrovascular complications. Optimal cerebral protection
requires a comprehensive, interdisciplinary approach and

© Journal of Visualized Surgery. All rights reserved.

implementation of multimodal strategies, which can achieve
acceptable neurological outcomes in a very sick patient
population.
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