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Introduction

Surgical treatment of aortic arch pathology requires partial 
or complete replacement of the aortic arch while the 
systemic circulation is temporarily interrupted. Patients 
undergoing this obligatory period of circulatory arrest 
are at an increased risk for adverse neurologic outcomes 
and ischemic end-organ damage. Therefore, strategies for 
cerebral protection and circulation management must be 
implemented to achieve optimal clinical results. 

Since Griepp’s initial successful series of total arch 

replacements using deep hypothermic circulatory arrest 
(DHCA) alone, cerebral protection strategies and surgical 
techniques have evolved to produce improved clinical 
outcomes (1). Over the past two decades, multiple large 
series of arch replacements, with limited morbidity and 
mortality, have been reported in the literature using 
antegrade or retrograde cerebral perfusion during the 
period of hypothermic circulatory arrest (2-7). Cerebral 
protection strategies have continued to evolve with recent 
series reporting successful arch replacements conducted 
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under moderate levels of hypothermia in conjunction with 
antegrade cerebral perfusion (8-11).

The optimal strategy of cerebral protection and 
circulation management during arch replacement has yet to 
be determined. In 2004 at Emory University Hospital, we 
instituted a protocol of hypothermic circulatory arrest and 
unilateral selective antegrade cerebral perfusion (uSACP)
via the right axillary artery for all cases requiring aortic arch 
replacement. Initially we used deep hypothermia (18-22 °C) 
and achieved acceptable outcomes. However, in an attempt to 
limit cardiopulmonary bypass times and ameliorate the adverse 
effects of profound hypothermia we gradually transitioned to 
more moderate (>22 °C) levels of hypothermia (MHCA) at the 
initiation of circulatory arrest. The purpose of this report is to 
analyze the safety of MHCA and uSACP for hemi- and total 
arch replacement in both the elective and emergent settings.

Methods

This study was conducted under a protocol approved by 
the Institutional Review Board at the Emory University 
School of Medicine in compliance with HIPAA regulations 
and the Declaration of Helsinki. The Institutional Review 
Board waived the need for individual patient consent. A 
retrospective review of the Emory Aortic Surgery Database 
identified 733 patients who underwent aortic arch surgery 
using uSACP via cannulation of the right axillary artery 
and hypothermic circulatory arrest at the three primary 
hospitals within the Emory Healthcare system between 
January 2004 and December 2012. Patients were divided 
into groups based upon the extent of arch reconstruction 
(hemi-arch vs. total arch) and the indication for aortic 
replacement (aneurysm vs. acute type A aortic dissection). 
These divisions produced Elective (aneurysmal disease) 
and Emergent (acute type A aortic dissection) groups for 
outcomes analysis. Medical records were reviewed for pre-,  
intra-, and post-operative variables. Definitions were 
according to the Society of Thoracic Surgery National 
Database specification (http://www.sts.org/sites/default/
files/documents/word/STSAdultCVDataSpecification
sV2_73%20with%20correction.pdf). 

Operative technique

Anesthetic induction was achieved with standard techniques 
including administration of sodium pentothal, isoflurane, 
fentanyl, and muscle relaxant. A Foley catheter with 
a temperature probe was inserted to measure bladder 

temperature, which was used as the primary indicator of 
core body temperature. Transcutaneous cerebral oximetry 
(INVOS 3100-SD; Troy, Mich) and electroencephalogram 
monitoring were routinely performed in all cases. 

All operations were initiated by exposing the right 
axillary artery with a deltopectoral groove incision. After 
administration of 5,000 U of heparin, a side-biting clamp 
was placed across the axillary artery. An 8-mm Gelweave 
graft (Vascutek; Terumo, Ann Arbor, Mich) was sewn end-to-
side to the axillary artery using a running 6-0 polypropylene 
suture. The graft was cannulated with a 22 Fr Elongated 
Arterial Cannula (Medtronic Corp, Minneapolis, Minn) and 
attached to the cardiopulmonary bypass circuit. An additional 
arterial line was attached to a side port to measure cerebral 
perfusion pressures during the circulatory arrest period. 

All patients were approached via median sternotomy 
incision. In cases performed for the treatment of aneurysmal 
disease, a cross-clamp was placed across the ascending 
aorta and myocardial arrest was achieved with cold blood 
cardioplegia. In cases performed for the treatment of aortic 
dissection, the aorta was not clamped unless the amount 
of aortic insufficiency overwhelmed the capacity of the left 
ventricular vent to adequately decompress the ventricle. 

The goal core body temperature was variable and 
depended upon several factors including age, preoperative 
renal function, aortic pathology and the extent (hemi- 
vs. total arch) and complexity of the planned aortic arch 
reconstruction. After the initiation of cardiopulmonary 
bypass, the innominate artery was isolated proximal to the 
origin of the right subclavian artery. Upon reaching the goal 
core body temperature, the innominate artery was clamped 
proximally, and arterial inflow via the right axillary artery 
was lowered to 10 mL/kg/min. This provided unilateral 
antegrade cerebral perfusion at 16 °C via the right common 
carotid artery, and was adjusted to maintain cerebral 
perfusion pressures of 70-80 mmHg. In cases where 
cerebral oximetry saturations dropped ≥10% below baseline 
values, particularly on the left side, the left common carotid 
artery was isolated and clamped.

After initiation of the circulatory arrest period, all aortic 
arch pathology was resected. The open arch was routinely 
inspected for the presence of retrograde flow coming from 
the ostia of the left common carotid and subclavian arteries 
to verify the presence of antegrade cerebral perfusion via the 
right axillary artery. In all cases of hemi-arch replacement 
(HARCH), distal aortic reconstruction was performed with 
an open beveled anastomosis to the undersurface of the 
aortic arch. Once the arch reconstruction was complete, 
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the aortic graft was clamped proximally and the clamp on 
the innominate artery was released, ending the circulatory 
arrest period. Full cardiopulmonary bypass was resumed 
immediately, restoring blood flow to the lower body. 

Total arch replacement (TARCH) was defined as individual 
reimplantation of the brachiocephalic vessels, and performed 
using a 4-branch modified arch Gelweave™ graft. In these 
cases, the circulatory arrest period would end following 
completion of the distal aortic and left subclavian anastomoses. 
At this point, full cardiopulmonary bypass was reinstituted by 
cannulation of a sidebranch of the arch graft with a separate 
arterial cannula, and rewarming was initiated. Next the left 
common carotid artery anastomosis was performed, followed 
by proximal aortic reconstruction. The cross-clamp was 
removed prior to anastomosis of the innominate artery.

Statistical analysis
 

Operative mortality included in-hospital and 30-day 
mortality. Stroke or permanent neurologic dysfunction 
(PND) was defined as a new and permanent focal 
neurologic deficit with or without evidence of cerebral 
infarction on computed tomography or magnetic resonance 
imaging and was confirmed by a neurologist. Temporary 
neurologic dysfunction (TND) was defined as postoperative 
confusion, delirium, obtundation, or transient focal deficits 
(resolution within 24 hours) with negative brain computed 
tomography or magnetic resonance imaging scans (12). 
In this analysis, patients who died in the operating room 
or within 24 hours after surgery were excluded from the 
analyses of postoperative PND or TND only if neurologic 
assessment in these patients was not possible. All identifiable 
patients who died from complications of PND or TND 
were included. 

Clinical outcomes were determined using t-tests and 

chi-square tests. To determine the independent effect of 
temperature, a multivariable logistic regression model 
was fitted without regard to issues of confounding or 
multicolinearity. This model sought to determine the effect of 
temperature adjusted for 4 major endpoints: mortality, PND, 
TND and renal failure requiring new postoperative dialysis. 
Adjusted odds ratios (AOR) along with 95% confidence 
intervals were computed to determine the magnitude of 
effect for a unit change in each of the predictors.

The data were analyzed with SAS Version 9.2 (Cary, 
NC). All statistical tests were evaluated at the 0.05 alpha 
level. All comparisons and model terms were preplanned.

 

Results

Hemi-arch replacement

500 patients underwent HARCH under MHCA with 
uSACP at a mean temperature of 26.5±2.8 ℃. 142 (28%) 
patients required emergent HARCH replacement for repair 
of acute type A aortic dissection. The overall mortality rate 
for patients undergoing HARCH was 6%. The incidence 
of PND and TND was 3.2% and 4.0% respectively. The 
incidence of dialysis dependent renal failure was 3.4%. There 
were no cases of paraplegia in the HARCH population.

In a multivariate logistic regression analysis, temperature 
was not found to be an independent risk during HARCH 
for mortality, PND, TND, or renal failure (Table 1).

Elective vs. Emergent hemiarch

Preoperative demographics of the Elective and Emergent 
HARCH populations are displayed in Table 2. The 
Emergent cohort was younger (Emergent 55±13 years vs. 
Elective 60±14 years, P<0.01) and had a higher incidence 
of preoperative renal failure (18% vs. 4.8%, P<0.01) than 
the Elective group. Both groups had normal ventricular 
function and a low incidence of prior stroke.

In the Elective group, concomitant aortic root 
replacement was performed in 186 (52%) patients, of which 
55 (15%) were David V valve sparing procedures. In the 
Emergent group, concomitant aortic root replacement 
was performed in 47 (33%) patients, including 27 (19%) 
David V valve sparing procedures. 71 (20%) patients in 
the Elective group had undergone prior cardiac surgery via 
median sternotomy. Table 3 lists the concomitant procedures 
in both Elective and Emergent cases.

The temperature at the initiation of circulatory arrest 

Table 1 Multivariable covariates for the effect of temperature 
upon adverse outcomes-hemiarch (Elective + Emergent)

Outcome
Adjusted odds ratio 

(95% CI)
P value

Mortality 0.94 (0.43-2.05) 0.87

PND 0.28 (0.10-1.11) 0.46

TND 0.81 (0.34-1.92) 0.63

Renal failure-dialysis 1.75 (0.67-4.56) 0.25 

PND, permanent neurologic dysfunction; TND, temporary 

neurologic dysfunction
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was equivalent in the Elective and Emergent populations 
(Elective 26.6±2.8 ℃ vs. Emergent 26.3±2.8 ℃, P=0.20). 
Operative mortality was 4.5% in the Elective group, and 
11.1% in the Emergent group (P<0.01). The incidence 
of PND and TND in the Elective cases was 2.8% and 
3.4% respectively. Emergent cases had a slightly increased 
incidence of PND (4.2%) and TND (5.6%), but this did not 
reach statistical significance. Post-operative renal failure was 
significantly higher in the Emergent population (Emergent 
9.9% vs. Elective 0.8%, P<0.01). Cardiopulmonary bypass 
and myocardial ischemic times were no different between the 
groups. The duration of circulatory arrest was significantly 
shorter in the Elective cases (Elective 24±7 mins vs. 
Emergent 34±12 mins, P<0.01) (Table 4). 

Total arch replacement

124 patients underwent TARCH under MHCA using 
uSACP at a temperature of 25.8±2.7 ℃. 18 (15%) patients 

required emergent TARCH for repair of acute type A aortic 
dissection. The overall mortality for patients undergoing 
TARCH was 9.7%. The incidence of PND and TND 
was 2.4% and 5.6% respectively. The incidence of dialysis 
dependent renal failure was 3.4%. There were no cases of 
paraplegia in the TARCH population. In a multivariate 
logistic regression analysis, temperature was not found to 
be an independent risk during TARCH for mortality, PND, 
TND or renal failure (Table 5).

Elective vs. Emergent total arch replacement

Preoperative demographics of the Elective and Emergent 
TARCH populations are displayed in Table 6. The groups 
had similar preoperative risk factor profiles including age, 
hypertension, diabetes, myocardial infarction, stroke and 
renal failure. Both groups had normal ventricular function.

In the Elective group, concomitant aortic root 
replacement was performed in 39 (37%) patients, of which 
12 (11%) were David V valve sparing procedures. In the 
Emergent group, concomitant aortic root replacement was 

Table 4 Hemiarch-perioperative data

Operative detail
Elective 

[n=358]

Emergent 

[n=142]

HCA temperature (°C) 26.6±2.8 26.3±2.8

CPB (mins) 189±59 191±61

Cross clamp (mins) 154±57 139±60

Circulatory arrest (mins) 24±7 34±12

Mortality 16 [4.5] 17 [12]

All data are presented as number [%] or mean ± SD. HCA, 

hypothermic circulatory arrest; CPB, cardiopulmonary 

bypass

Table 2 Preoperative demographics-hemiarch

Risk factor
Elective 

[n=358]

Emergent 

[n=142]
P value

Age 60±14 55±13 <0.01*

BMI 28±6.0 29±7.3 0.26

Male gender 256 [72] 100 [70] 0.83

History of CVA 19 [5.3] 9 [6.4] 0.56

Dyslipidemia 133 [37] 26 [18] <0.01*

NYHA Class III/IV 63 [17] 31 [22] <0.01*

Diabetes mellitus 54 [15] 10 [7.0] 0.01*

Hypertension 270 [75] 123 [87] <0.01*

Renal failure 17 [4.8] 26 [18] <0.01*

Myocardial infarction 63 [18] 11 [7.7] <0.01*

COPD 72 [20] 19 [13] 0.08

Bicuspid aortic valve 61 [17] 1 [0.7] <0.01*

Previous CABG 21 [5.8] 3 [2.1] 0.12

Previous valve surgery 51 [14] 4 [2.8] <0.01*

Previous aortic surgery 46 [13] 1 [0.7] <0.01*

Ejection Fraction 55±11 55±10 0.83

Aneurysm size 5.6±1.0 5.3±1.1 0.05

All data are presented as number [%] or mean ± SD. BMI, 

body mass index; CVA, Cerebrovascular accident; NYHA, 

New York Heart Association; COPD, chronic obstructive 

pulmonary disease; CABG, coronary artery bypass grafting; 

*P<0.05 

Table 3 Procedures-hemiarch replacement

Procedures
Elective 

[n=358]

Emergent 

[n=142]

Aortic root replacement 186 [52] 47 [33]

Valve sparing 55 [15] 27 [19]

Reoperative 71 [20] 9 [6.4]

Aortic valve replacement 79 [22] 5 [3.5]

CABG 77 [22] 19 [13]

Mitral valve repair/replacement 18 [51] 2 [1.4]

All data are presented as number [%]. CABG, coronary artery 

bypass grafting 
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performed in 4 (22%) patients, all of which were David V 
valve sparing procedures. 46 (41%) patients in the Elective 
group had undergone prior cardiac surgery via median 
sternotomy. Table 7 lists the concomitant procedures in both 
the Elective and Emergent cases.

The temperature at the initiation of circulatory arrest 

was 26.6±2.7 ℃ in the Elective group and 27.2±2.4 ℃ in 
the Emergent group (P<0.01). Operative mortality was 
10% in the Elective group, and 5.5% in the Emergent 
group (P=0.35). PND was lower in Elective cases (Elective 
0.9% vs. Emergent 11%, P<0.01), but TND was equivalent 
(Elective 5.7% vs. Emergent 5.5%, P=0.79). The incidence 
of renal failure was low in both Elective (2.8%) and 
Emergent (5.5%) cases. Cardiopulmonary bypass and 
myocardial ischemic times were no different between the 
two groups. The duration of circulatory arrest was shorter 
in the Elective cases (Elective 53±16 mins vs. Emergent 
61±19 mins, P=0.06) (Table 8). 

Discussion

The evolution of cerebral protection and circulation 
management strategies over the past four decades has 

Table 5 Multivariable covariates for the effect on temperature 
upon adverse outcomes-total arch (Elective + Emergent)

Outcome
Adjusted odds 

ratio (95% CI)
P value

Mortality 0.79 (0.63-1.00) 0.05

PND 0.98 (0.91-1.06) 0.66

TND 0.90 (0.67-1.23) 0.52

Renal failure-dialysis 0.81 (0.55-1.19) 0.29

Mechanical ventilation >48 hours 0.95 (0.81-1.11) 0.52

PND, permanent neurologic dysfunction; TND, temporary 

neurologic dysfunction

Table 6 Preoperative demographics-total arch

Risk factor
Elective 

[n=106]

Emergent 

[n=18]
P value

Age 58±13 58±16 0.99

BMI 28.2±6.5 28.6±7.6 0.77

Male gender 67 [63] 12 [67] 0.91

History of CVA 14 [13] 1 [5.5] 0.26

Dyslipidemia 25 [24] 5 [28] 0.92

NYHA Class III/IV 16 [15] 2 [11] 0.67

Diabetes mellitus 14 [13] 1 [5.5] 0.23

Hypertension 87 [82] 16 [89] 0.27

Renal failure 3 [2.8] 1 [5.6] 0.23

Myocardial infarction 18 [17] 0 0.02*

COPD 34 [32] 3 [17] 0.18

Bicuspid aortic valve 3 [2.8] 0 0.38

Previous CABG 8 [7.6] 0 0.18

Previous valve surgery 24 [23] 1 [5.5] 0.03*

Previous aortic surgery 20 [19] 1 [5.5] 0.10

Ejection Fraction 57±8 59±9 0.34

Aneurysm size 6.3±1.5 5.7±1.1 0.17

All data are presented as number [%] or mean ± SD. BMI, 

body mass index; CVA, Cerebrovascular Accident; NYHA, 

New York Heart Association; COPD, chronic obstructive 

pulmonary disease; CABG, coronary artery bypass grafting; 

*P<0.05

Table 7 Total arch-procedures

Procedures
Elective 

[n=106]

Emergent 

[n=18]

Aortic root replacement 39 [37] 4 [22]

Valve sparing 12 [11] 4 [22]

Reoperative 46 [43] 1 [5.5]

Aortic valve replacement 8 [8] 1 [5.5]

CABG 16 [15] 2 [11]

Mitral valve repair/replacement 17 [16] 0

All data are presented as number (%). CABG, coronary 

artery bypass grafting 

Table 8 Total arch-perioperative data

Operative detail
Elective 

[n=106]

Emergent 

[n=18]
P value

HCA temperature (°C) 25.6±2.7 27.2±2.4 <0.01*

CPB (mins) 234±64 245±99 0.49

Cross clamp (mins) 181±60 182±81 0.97

Circulatory arrest (mins) 53±16 61±19 0.06

Mortality 11 [10] 1 [5.5] 0.35

PND 1 [0.9] 2 [11] <0.01*

TND 6 [5.7] 1 [5.5] 0.79

Renal failure-dialysis 3 [2.8] 1 [5.5] 0.80

All data are presented as number [%] or mean ± SD. HCA, 

hypothermic circulatory arrest; CPB, cardiopulmonary 

bypass; PND, permanent neurologic dysfunction; TND, 

temporary neurologic dysfunction; *P<0.05
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enabled surgeons in the current era to successfully 
treat complex aortic arch pathology with excellent and 
reproducible outcomes. Historically, aortic arch surgery 
has been associated with neurologic injury and end-
organ damage due to ischemic injury incurred during the 
period of circulatory arrest required to reconstruct the 
great vessels. Neurologic injury following arch surgery 
presents as either post-operative transient or permanent 
neurologic injury. PND is thought to be related to the site 
of arterial cannulation, while TND has been associated with 
inadequate cerebral protection (7,13,14).

The first successful series of arch replacements were 
performed with deep hypothermic circulatory arrest at 
18 ℃ (1). Although not completely understood, profound 
hypothermia affords maximal cerebral and visceral organ 
protection during the period of circulatory arrest by 
reducing cellular metabolism. However, deep hypothermia 
is associated with adverse effects such as endothelial 
dysfunction, neuronal apoptosis, coagulopathy and renal 
failure (15-18). Furthermore, the safe duration of DHCA 
alone has been determined to be approximately 30 minutes, 
after which time ischemic cerebral injury occurs. This has 
translated into a 25% incidence of TND in patients who 
undergo arch replacement with DHCA alone (19-21). 

DHCA served as the primary cerebral protection 
strategy for arch replacement until the late 1980’s, at 
which time surgeons began to utilize continuous cerebral 
perfusion in an attempt to reduce neurologic injury during 
arch reconstruction. The first large series using retrograde 
cerebral perfusion in conjunction with DHCA surfaced 
in the 1990’s. DHCA with retrograde cerebral perfusion 
(RCP) significantly reduced adverse neurologic outcomes 
and improved mortality in both elective and emergent 
arch replacements compared to DHCA alone (4-6). RCP 
is well recognized as a highly effective method of flushing 
embolic material from the cerebral circulation. However, 
experimental studies have demonstrated minimal cerebral 
blood flow during RCP, and an overall inability to support 
cerebral metabolism (22-24). This has translated into a 
TND incidence of 16% with the use of DHCA+RCP (6).

The first reports of DHCA with antegrade cerebral 
perfusion were also published in the early 1990’s (2,3). 
The technique of selective antegrade cerebral perfusion 
(most common nomenclature) is initiated during the 
period of circulatory arrest by introducing catheters into 
the innominate and left common carotid arteries, which 
provide continuous cerebral blood flow during arch 
reconstruction. SACP is the most physiologic method of 

cerebral protection, and changes the paradigm of total body 
circulatory arrest to lower body circulatory arrest as the 
brain, arms and spinal cord (via collateral circulation) are 
perfused. Multiple studies have demonstrated a reduction 
in the incidence of TND with DHCA+SACP compared 
to DHCA+RCP (7,14). Furthermore, antegrade cerebral 
perfusion has become the preferred method of cerebral 
protection in the current era by the majority of aortic 
surgeons, particularly for extended arch reconstructions 
requiring longer periods of circulatory arrest (25).

At Emory, our protocol for cerebral protection 
during arch replacement consists of right axillary artery 
cannulation, unilateral selective antegrade cerebral perfusion 
via the right common carotid artery (by clamping the 
innominate artery) and moderate hypothermic circulatory 
arrest (>22 ℃). The results reported in this manuscript 
reflect our current outcomes with this technique. Patients 
undergoing elective HARCH at a mean temperature of 
26.6 ℃ with relatively short circulatory arrest times had 
a mortality rate of 4.5%. Patients undergoing emergent 
HARCH replacement at a mean temperature of 26.3 ℃ for 
repair of acute type A aortic dissection had slightly longer 
circulatory arrest times and a mortality rate of 12%. Both 
groups had low rates of adverse neurologic outcomes. The 
incidence of post-operative renal failure was 9.9% in the 
Emergent type A group. We believe that this high rate of 
renal failure was related to preoperative dissection-induced 
renal malperfusion which was uncorrected by proximal 
aortic reconstruction alone, as opposed to inadequate end-
organ protection from moderate hypothermia. The Elective 
group had a 0.8% incidence of renal failure. 

We have also applied this technique to patients 
undergoing TARCH for more complex arch pathology. 
Our elective TARCH cohort was a complex population of 
patients with 43% having undergone prior cardiac surgery, 
and >50% requiring a concomitant procedure (root, valve, 
CABG, etc). Elective TARCH was performed at 25.6 ℃ 
with a mortality rate of 10%. Adverse neurologic outcomes 
(PND 0.9%, TND 5.7%) and renal failure rates (2.8%) 
were acceptable. Our experience with emergent TARCH 
for repair of acute type A aortic dissection is limited, 
consisting of 18 patients. These patients underwent TARCH 
at 27.2 ℃ with only a single mortality (5.5%). 2 patients 
suffered a postoperative stroke and a single patient each had 
TND and renal failure. 

The data presented in this manuscript supports the 
use of MHCA and uSACP via the right axillary artery for 
aortic arch surgery. The use of moderate hypothermia did 
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not adversely impact cerebral or visceral organ protection, 
as supported by the multivariate analyses conducted for 
both the HARCH and TARCH populations (Tables 1,4). 
This technique produces excellent neurologic outcomes 
for both HARCH requiring short circulatory arrest times 
(20-30 minutes), and TARCH, which requires prolonged 
periods of circulatory arrest (50-60 minutes). It avoids 
the placement of catheters into the ostia of the great 
vessels, which clutters the operative field and incurs both 
particulate and air embolism risk. As our experience with 
this technique has increased, we have conducted these 
operations under more moderate levels of hypothermia. 
Currently we perform emergent and elective HARCH and 
TARCH replacements at temperatures of 28-30 ℃ (9). 
The technique of MHCA and uSACP has enabled us to 
establish a successful, standardized method of circulation 
management in the treatment of patients with complex 
aortic arch pathology.
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