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Abstract

Surgical treatment of aortic arch disease is a technically challenging procedure that requires complex circulation
management strategies involving the use of hypothermic circulatory arrest. The definition of hypothermia has evolved
with comfort and surgical adjuncts. This review describes the various circulation and temperature management strategies

used during hemiarch and total arch replacement.
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Introduction

Surgical therapy for aortic arch disease involves partial or
complete replacement of the aortic arch with reimplanta-
tion of the great vessels while the cerebral blood flow is
temporarily altered. Patients undergoing this mandatory
period of circulatory arrest during arch replacement are at
an increased risk for adverse neurologic outcomes, and
strategies for cerebral protection must be implemented to
achieve successful results. The optimal strategy for man-
agement of the circulation during aortic arch surgery
remains controversial. Arch reconstruction has historically
been associated with significant morbidity and mortality
due to global ischemic end-organ damage occurring dur-
ing the circulatory arrest period. As surgical techniques
have evolved, survival has improved; however, neurologic
dysfunction due to cerebral ischemia remains a significant
concern.

Systemic hypothermia was the initial method of cere-
bral protection utilized during the period of circulatory
arrest. The first successful series of arch reconstructions
using deep hypothermic circulatory arrest (DHCA) with
body temperatures of 18°C was reported in 1975." Further
efforts to improve cerebral protection during arch recon-
struction have led to the development of antegrade cere-
bral perfusion (ACP) and retrograde cerebral perfusion
(RCP) and the use of more moderate levels of hypothermia
prior to the period of circulatory arrest. The optimal
method of cerebral protection for aortic arch surgery
remains a controversial topic and has yet to be deter-
mined.? In this review, we will describe the different strat-
egies of cerebral protection that vary in temperature and
the mode of cerebral perfusion.

Neurologic Injury and Hypothermia

As stated previously, arch replacement requires cessation
of the native blood flow to the brain in order to reconstruct
the arch and great vessels. This period of interruption of
the native circulation has been termed “circulatory arrest”
and provides a bloodless operative field to facilitate arch
reconstruction. Patients undergoing arch replacement are
at high risk for ischemic and embolic brain injury, and 2
different types of neurologic injury have been described:
(1) permanent neurologic dysfunction (PND) and (2) tem-
porary neurologic dysfunction (TND). PND, commonly
referred to as stroke, manifests clinically as a focal deficit
secondary to an embolism of particulate matter or air/gas
bubbles that causes vascular occlusion resulting in an isch-
emic cerebral infarct. TND is a reversible, diffuse subtle
injury that is attributed to inadequate cerebral protection.’
Patients with TND can experience confusion, agitation,
delirium, prolonged obtundation, or parkinsonism without
localizing signs in the immediate postoperative period.
Brain imaging of this neurologic injury with computed
tomography or magnetic resonance imaging is negative.
TND is the clinical manifestation of a global cerebral isch-
emic injury.

In order to protect the end organs during the period of
circulatory arrest, systemic hypothermia is utilized to reduce
cellular metabolism. The brain, in particular, has an
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extraordinarily high metabolic rate that is 7.5 times the
metabolism of nonnervous system tissues. Hypothermia has
been shown to exponentially reduce cellular metabolism.
When the brain temperature is reduced to 15°C, the cerebral
metabolic rate is reduced to 84% of baseline values.* Since
the initial report of the use of DHCA for aortic arch replace-
ment, cerebral protection and circulation management tech-
niques have evolved to enable safe, reproducible arch
replacement with excellent neurologic outcomes.'

Deep Hypothermic Circulatory
Arrest

“DHCA alone” or DHCA without adjunctive cerebral per-
fusion represents the simplest, most convenient form of
cerebral protection. It does not require complex perfusion
strategies or neuromonitoring and is the cerebral protec-
tion strategy of choice for surgeons who infrequently per-
form aortic arch reconstructions. After the initiation of
cardiopulmonary bypass, systemic hypothermia is
achieved by cooling the blood passing through the heat
exchanger connected to the perfusion circuit. A tempera-
ture gradient (arterial inflow to venous return) that does
not exceed 10°C is maintained during the cooling period to
prevent the formation of gaseous emboli. The duration of
the cooling period required to equilibrate blood and tissue
temperatures is highly variable and is dependent on blood
flow, temperature gradient (between perfusate and organs),
and tissue-specific coefficients of temperature exchange.
Patient-specific variables that affect cooling include occlu-
sive vascular disease and body mass index.

There is no consensus regarding cooling strategies for
HCA. Intraoperative monitoring of time, temperature,
jugular venous bulb oxygen saturation, and electroen-
cephalographic activity can assist in the evaluation of
cerebral metabolic suppression during the cooling period.
Temperature is monitored in many different sites includ-
ing the inflow and outflow lines of the perfusion circuit
and by probes inserted into the bladder, rectum, naso-
pharynx, and esophagus. In cases when DHCA without
adjunctive cerebral perfusion is employed as the sole
neuroprotection strategy, the esophageal or nasopharyn-
geal temperature should be used as the guide for initiation
of HCA, as these sites have been shown to closely approx-
imate brain temperature.’

Patients undergoing DHCA are cooled using cardiopul-
monary bypass to a nasopharyngeal temperature of 14.1°C
to 20°C. Once the goal temperature is achieved, cardiopul-
monary bypass is halted to allow for a bloodless operative
field and the arch reconstruction is performed. After com-
pletion of the arch reconstruction, cardiopulmonary bypass
is reinstituted with aggressive de-airing maneuvers. DHCA
alone was used in Griepp’s initial successful series of arch
replacements.’

DHCA has been proven to provide excellent neuropro-
tection for arch replacements that require circulatory arrest
times <40 minutes.®’ In a contemporary series of 394
patients from the Yale group undergoing elective and
emergent proximal and distal thoracic aortic repairs using
DHCA alone, the mortality and stroke rates were 6.3% and
4.8%, respectively. The incidence of seizure and dialysis
were 3.1% and 2.3%, respectively. The mean DHCA time
was 31 minutes, and there was a trend toward an increased
stroke risk in patients with a DHCA time exceeding 40
minutes.® As surgeons began to perform more complex
arch reconstructions with DHCA alone, it became clear
that a sharp increase in adverse neurologic outcomes and
mortality occurred when circulatory arrest times exceeded
30 minutes.*® This observation led to the introduction of
adjunctive cerebral perfusion as an additional method of
cerebral protection.

Retrograde Cerebral Perfusion

Retrograde cerebral perfusion was first described by Mills
and Ochsner in the treatment of a massive air embolus dur-
ing cardiopulmonary bypass.” RCP is performed by can-
nulating and snaring the superior vena cava and infusing
hypothermic arterial blood from the cardiopulmonary
bypass circuit up the superior vena cava to perfuse the brain
in a retrograde direction during the period of circulatory
arrest. Generally accepted flow rates are 200 to 400 mL/
min to maintain an SVC pressure of 15 to 25 mm Hg. If
performed properly, RCP will produce dark blood (suggest-
ing cerebral oxygen extraction) flowing retrograde into the
open aortic arch during HCA. The theoretical cerebral pro-
tection benefits of RCP are (1) to flush embolic material
(gaseous and particulate) from the cerebral circulation, (2)
to maintain cerebral hypothermia by bathing the brain in
cold blood, and (3) to support cerebral metabolism by pro-
viding sufficient cerebral flow during the period of HCA.
The addition of RCP to DHCA has markedly improved
clinical outcomes following arch reconstruction. In a series
of 479 patients undergoing elective and emergent arch
repair, Coselli and Lemaire compared outcomes using
DHCA (n=189) versus DHCA + RCP (n=290). The addi-
tion of RCP significantly reduced mortality (DHCA + RCP
3.4% vs DHCA 14.8%, P <.001) and stroke rates (DHCA
+RCP 2.4% vs DHCA 6.5%, P < .05)."" In a series of 1107
arch repairs, Estrera et al compared outcomes using DHCA
(n = 200) versus DHCA + RCP (n = 900). For the entire
series, the mortality and stroke rates were 10.4% and 2.8%,
respectively. In both univariate and multivariate analyses,
the addition of RCP was protective against mortality (P <
.001) and stroke (P =.02). However, the incidence of TND
was 15.5% with relatively short mean RCP times of 26
minutes.'' Although this is lower than the 25% incidence
of TND associated with arch reconstruction using DHCA
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alone,'? it is still represents a significant incidence of inad-
equate cerebral protection.

Selective Antegrade Cerebral
Perfusion

De Bakey and colleagues were the first to successfully
describe the use of selective antegrade cerebral perfusion
(SACP) in the surgical repair of an arch aneurysm." In
contrast to RCP, experimental data have confirmed the
efficacy of SACP to provide adequate cerebral blood flow
to support brain metabolism during the period of HCA.
Numerous techniques have been described for the deliv-
ery of SACP. Bilateral SACP (bSACP) typically involves
the introduction of perfusion cannulas into the ostia of the
innominate and left carotid arteries via the open arch at
the time of HCA. The disadvantages of this method
include the risk of introducing air or atherosclerotic
emboli and cluttering the operative field with additional
cannulas. At Emory, the preferred method of cerebral
perfusion is unilateral SACP (uSACP) via right axillary
artery cannulation.'*'> An 8-mm graft is sewn end to side
to the right axillary artery prior to sternotomy and used as
the arterial inflow line to initiate cardiopulmonary bypass.
At the time of HCA, blood flow is decreased to 10 mL/kg/
min, and the base of the innominate and left common
carotid arteries are occluded with vascular clamps. Left
carotid occlusion is performed to pressurize the extracra-
nial collateral system and minimize steal. This enables
blood to flow via the right common carotid and right ver-
tebral arteries to perfuse the brain and spinal cord. Critics
of this technique argue that uSACP provides insufficient
cerebral blood flow to the left cerebral hemisphere.
However, both animal and clinical data have demonstrated
that there is no significant difference in cerebral blood
flow between unilateral and bilateral SACP, with and with-
out an intact circle of Willis.!*!” Furthermore, data from a
large, contemporary, propensity-matched analysis of 1097
patients undergoing arch replacement with HCA and
SACP demonstrated no difference in morbidity and mor-
tality between uSACP and bSACP. Interestingly, there was
a trend toward a higher incidence of stroke in the bSACP
group that was attributed to great vessel manipulation.'®

Moderate Hypothermic Circulatory
Arrest

The implementation of SACP as an adjunct to hypother-
mia for cerebral protection has prompted a departure from
the use of deep hypothermia, to the use of moderate levels
of hypothermia. The rationale behind this strategy is based
on the concept that SACP has transformed total body cir-
culatory arrest into lower body circulatory arrest. Since

cerebral perfusion is maintained with cold blood through-
out the period of circulatory arrest, the primary purpose of
systemic hypothermia is to provide protection to the vis-
ceral organs, skeletal muscle, and spinal cord via meta-
bolic suppression. The metabolic rate of the visceral organs
and skeletal muscle is significantly less than the brain;
therefore, the visceral organs require a reduced degree of
hypothermia for optimal protection and are more tolerant
of ischemia. If ACP is used, the temperature that should be
used to guide the initiation of hypothermic circulatory
arrest should be the bladder or rectal temperatures. Since
cold blood will be continuously perfusing the brain, it is
visceral organ protection that becomes the primary goal of
the utilization of systemic hypothermia.

Moderate hypothermic circulatory arrest (MHCA) and
selective antegrade cerebral perfusion (MHCA/SACP)
currently represents the preferred circulation management
strategy for many high-volume aortic centers worldwide.
At Emory, MHCA/uSACEP is the standard cerebral protec-
tion method for elective and emergent, hemiarch and total
arch replacements. Hemiarch replacement is routinely
conducted at bladder temperatures of 28°C to 29°C with
mortality rates in elective and emergent cases of 4.3% and
7.7%, respectively. There is a low incidence of PND (elec-
tive 1.9%, emergent 4.6%), TND (elective 3.8%, emergent
6.2%), and dialysis-dependent renal failure (elective 2.4%,
emergent 9.2%) with this technique. Mean circulatory
arrest times are 23 minutes in elective cases and 33 min-
utes in emergent cases.'’ Total arch replacement is con-
ducted at bladder temperatures of 25°C to 26°C for both
emergent and elective cases. A recent review of 145 con-
secutive patients undergoing total arch replacement at
Emory demonstrated an operative mortality of 9.7%. The
incidence of PND, TND, and dialysis-dependent renal fail-
ure were 2.8%, 5.6%, and 2.8%, respectively. The mean
duration of circulatory arrest for these patients was 55
minutes.'® Other high-volume aortic centers have reported
similar outcomes confirming MHCA/SACP as a safe and
effective strategy for circulation management in aortic
arch surgery.?*

Comparisons of Cerebral Protection
Strategies

Currently, there is a lack of consensus regarding the opti-
mal method of cerebral protection during arch reconstruc-
tion. Instead, the majority of high-volume aortic centers
employ a variety of different techniques using varying
degrees of hypothermia with or without adjunctive cere-
bral perfusion. Often the method of cerebral protection is
based on institutional bias rather than outcome data.
Contemporary cerebral protection strategies are composed
of multiple clinical variables: arterial cannulation site,
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temperature at the initiation of circulatory arrest, ACP ver-
sus RCP, and unilateral versus bilateral SACP. The major-
ity of comparisons of cerebral protection strategies in the
literature are essentially retrospective reviews of changes
in circulation management strategies at any single institu-
tion over time. These comparisons are valuable, but lim-
ited by their retrospective nature, lack of randomization,
and differences in several important variables including
the extent of arch reconstruction, the temperature at HCA,
ACP versus RCP, and the percentage of emergent cases.

Most high-volume aortic centers use either DHCA/RCP
or MHCA/SACP for hemiarch replacements. A compre-
hensive review of the comparisons of the data between
these 2 cerebral protection strategies is beyond the scope
of this review. However, 2 recurring themes clearly emerge
from analyses of the currently existing data in the litera-
ture: (1) an adjunct form of cerebral protection (SACP or
RCP) is superior to DHCA alone and (2) the method of
cerebral perfusion (SACP or RCP) has no impact on the
incidence of stroke; however, SACP significantly reduces
the incidence of TND. Furthermore, most experts agree
that in patients undergoing extended/complex total arch
reconstructions requiring prolonged periods of HCA,
SACP is superior to RCP in preventing TND and is associ-
ated with improved overall neurologic outcomes.”

Selection of Cerebral Protection and
Temperature Management Strategy

A comprehensive knowledge of the various cerebral pro-
tection strategies is required in order to tailor the approach
to the patient’s anatomy and comorbidities. In addition to
the neuroprotection provided by the various methods
described, one must strongly consider visceral organ pro-
tection during these arch reconstructive procedures requir-
ing circulatory arrest. The aforementioned strategies all
have advantages and disadvantages that must be considered
prior to surgery. The main advantages of deep hypothermia
include a bloodless operative field and maximum suppres-
sion of cellular activity. This unequivocally provides the
greatest level of end-organ protection during the ischemic
period. The disadvantage of deep hypothermia is that it
requires a prolonged period of cardiopulmonary bypass to
cool and rewarm the patients, which can have detrimental
effects on the lungs, liver, and kidneys. Deep hypothermia
has also been associated with vascular endothelial dysfunc-
tion, bleeding complications, and an increased systemic
inflammatory response that can pose significant challenges
in the peri- and postoperative settings.”’>" Accordingly,
more moderate levels of hypothermia require shorter peri-
ods of cardiopulmonary bypass; however, this results in
a reduced degree of metabolic suppression and requires
the addition of ACP. MHCA may not result in clinically
relevant organ dysfunction; however, lactate production

following visceral organ reperfusion appears to be higher
with the use of MHCA.

In patients who are undergoing primary sternotomy and
hemiarch replacement that will require a short (<30 min-
ute) circulatory arrest time, any of the neuroprotection
strategies can be employed with excellent outcomes.
However, it is our opinion that patients with preoperative
evidence of visceral organ dysfunction (eg, renal or liver
due to chronic disease or malperfusion in the setting of
aortic dissection) may benefit from colder temperatures
(<28°C bladder) if using a strategy of MHCA/SACP.
Anatomic issues that may preclude the strategy of right
axillary artery cannulation and MHCA/SACP and the use
of an alternative neuroprotective strategy include (1) an
aberrant right subclavian artery, (2) the origination of the
innominate artery from the false lumen in the setting of
aortic dissection, or (3) the presence of thrombus in the
false lumen of a dissected innominate or right common
carotid at the time of acute type A aortic dissection repair.
A detailed examination of the arch and great vessel anat-
omy on the preoperative imaging is critical to patient out-
comes and may alter the circulation management plan.

Reoperative arch operations are extremely challeng-
ing, and careful preoperative planning regarding the arte-
rial cannulation site, temperature management, and mode
of cerebral perfusion is required to ensure optimal out-
comes. Strong consideration should be given to right
axillary artery and femoral venous cannulation in the set-
ting of contained rupture or situations in which there is a
high risk of aortic injury on sternal reentry. This cannula-
tion strategy allows for the rapid initiation of cardiopul-
monary bypass. It also enables the use of uSACP with
either DHCA or MHCA. If there is aortic rupture or
injury on sternal reentry, we favor the use of DHCA, as
there will be a period of circulatory arrest without cere-
bral perfusion required to dissect out the heart and great
vessels. However, RCP or SACP can be initiated once the
appropriate structures are freely dissected. If the medias-
tinum is safely entered in the reoperative setting, DHCA
or MHCA can be used, depending on the factors previ-
ously stated such as extent of arch reconstruction and
patient comorbidities. Table 1 lists the advantages and
disadvantages of the various methods of circulation man-
agement strategies.

Conclusions

Advancements in surgical techniques and cerebral protec-
tion strategies over the past 40 years have enabled sur-
geons to treat complex aortic arch pathology with excellent
outcomes in the current era. Adverse neurologic outcomes
remain the primary concern in surgical reconstruction of
the aortic arch. A comprehensive understanding of the var-
ious temperature and circulation management strategies
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Table I. Advantages and Disadvantages of Commonly Used Cerebral Protection Strategies.

Strategy

Advantages

Disadvantages

DHCA (nasopharyngeal temperature
14.1° to 20.0°C)

DHCA + RCP (nasopharyngeal
temperature 14.1°C to 20.0°C)

Simplicity
Bloodless operative field

Maximum cellular metabolic suppression

Maximum cellular metabolic suppression

Highly effective in flushing embolic
material (gaseous and particulate) from
the cerebral circulation

Maintains cerebral hypothermia during

Safe duration: 30 minutes

Increased neurologic injury and
mortality when DHCA > 30 minutes
Prolonged cardiopulmonary bypass
Increased systemic inflammatory
response

Increased vascular endothelial
dysfunction

Poor cerebral blood flow

Ineffective in supporting cerebral
metabolism

Significant improvement in neurologic

circulatory arrest

MHCA + SACP (nasopharyngeal .
temperature 20.1°C to 28°C;
bladder temperature 28°C to 32°C)

o Significant cerebral blood flow .

Reduced cardiopulmonary bypass times

and overall outcomes compared to
DHCA alone
o Significant incidence of TND with
prolonged circulatory arrest times
Reduced cellular metabolic suppression
compared to DHCA

SACP requires manipulation of the
innominate * carotid arteries

e Effective in supporting cerebral

metabolism

o Effective cerebral protection for
extended circulatory arrest times
e SACP superior to RCP in the

prevention of TND

Abbreviations: DHCA, deep hypothermic circulatory arrest; RCP, retrograde cerebral perfusion; SACP, selective antegrade cerebral perfusion;

TND, temporary neurologic dysfunction.

allow for a nuanced approach to aortic arch replacement
that can be tailored to each individual patient.
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