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EPAIR OF THE aortic arch is one of the most technically
demanding procedures faced by cardiovascular surgeons.

salient feature contributing to the complexity of these pro-
edures is the interruption of the natural cerebral perfusion.
dvanced and popularized by Greipp et al,1 deep hypothermic

irculatory arrest (DHCA) became a classic strategy for cere-
ral protection during repair of the aortic arch. This method
rovides the required bloodless field, allowing for meticulous
nspection of the aorta while avoiding cross-clamping a poten-
ially fragile aortic wall.

Although DHCA proved effective, concerns grew because
ome studies showed neurologic sequelae resulting from pro-
onged periods of DHCA.2 Thus, perfusion methods to extend
he duration of safe access to the aortic arch were explored.
his was addressed by supplying direct perfusion of the brain
ia selective antegrade cerebral perfusion (SACP) or retrograde
erebral perfusion (RCP).

SACP during DHCA was proposed as a mechanism by
hich the duration of bypass could be safely extended.3 Studies
ave confirmed the safety of this technique; however, it has
een criticized as cumbersome and adding to the complexity of
he procedure.4 Advocates for RCP conjecture it provides
onger operative times by providing intermittent perfusion in
ddition to protection from embolic events by virtue of “wash-
ng out” debris from the great vessels.

The goal of this review is to examine the 3 main strategies of
ntraoperative cerebral protection. A summary of the published
ata on each of these techniques reviewed is presented in Table
. The fundamental principles supporting these 3 strategies as
ell as some of the salient studies of these approaches in

linical practice are examined. Finally, some of the trials in
hich these techniques were directly compared are explored.
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DEEP HYPOTHERMIC CIRCULATORY ARREST

The normal human brain sustains extraordinary energetic
equirements. DHCA capitalizes on the exponential decrease in
he cellular metabolic demands of the brain that occurs with
ypothermia.5,6 DHCA is generally recognized as safe for short
eriods, but many raise concerns for the safety of prolonged
eriods of circulatory arrest.
Both severe neurologic deficits (stroke with permanent neu-

ologic injury) and minor neurologic deficits (transient isch-
mic attack and memory impairment) have been associated
ith the duration of DHCA. Svensson et al2 showed an increase

n stroke rate after 45 minutes of DHCA and death with
rocedures �65 minutes. Among cases using DHCA, Gega et
l7 of the authors’ group found an overall mortality rate of 6.3%
sing DHCA alone and a stroke rate of 4.3%. In that article, the
revalence of stroke increased to 13.1% among cases with �45
inutes of circulatory arrest. Major morbidity and mortality

lso have been found to be more likely in emergent cases with
HCA protection.7

Other studies have attempted to evaluate the risk of DHCA
n transient neurologic dysfunction. Reich et al8 found fine-
otor and memory deficits in patients who underwent �25
inutes of DHCA. A subsequent study performed at the au-

hors’ institution of 29 highly educated professionals who un-
erwent aortic arch surgery with and without DHCA found no
ifference in pre- or postoperative responses to neuropsycho-
etric questionnaires. The results of the patients also correlated
ell with the responses of familial informants (Fig 1).9

SELECTIVE ANTEGRADE CEREBRAL PERFUSION

Selective antegrade cerebral perfusion seeks to extend total
perative time with the intermittent infusion of cooled blood
irectly into the cerebral vessels.10 The innominate or carotid
rteries are cannulated and perfused with blood cooled to 6° to
2°C.3,11 In the current era, this is usually performed by the
xillary cannula that is used for systemic perfusion. During
HCA, this perfuses the innominate artery and its 2 branches.
ontroversies include the following: (1) Should the left carotid
rtery be cannulated directly in the field and perfused as well?
2) Does the left subclavian artery need to be occluded to
revent shunting of blood out the left vertebral? and (3) What
s the appropriate rate of cerebral perfusion (to avoid cerebral
dema because the normal homeostatic regulation of cerebral

lood flow is incapacitated during DHCA)? Certainly, the

acic and Vascular Anesthesia, Vol 24, No 2 (April), 2010: pp 316-321
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317PROTECTING THE BRAIN DURING AORTIC SURGERY
otential to do more harm than good is present if cerebral
erfusion is used but uneven or excessive brain perfusion is
roduced. Also, the potential for injury from direct cannulation
especially of dissected or fragile vessels) or from the emboli-
ation of debris (especially in heavily arteriosclerotic arteries)
s very real.

The comparison of straight (unaugmented) DHCA with
ACP in animal studies showed that SACP was associated with
aster electrophysiologic recovery and less cerebral edema,
hich were indicated by lower intracranial pressures during

eperfusion and shorter cerebral acidosis.12 Additionally, some
roups have published promising results using SACP with
moderate” hypothermia (26°-28°C).13,14 Avoiding deep hypo-
hermia, with its prolongation of perfusion time for warming
nd cooling, is one of the major advantages of SACP; total
erebral perfusion time varies widely between 52 and 86 min-
tes.10,15,16

In smaller, early studies, permanent neurologic injury was
eported to affect 9% of patients with antegrade cerebral per-
usion. Other studies have found that permanent neurologic
njury has been shown in 0 to 9.3% of patients.15,17,18 In 2002,
azui et al10 found that the duration of cerebral perfusion was
ot associated with neurologic injury; however, a later study
rom this group found pump time and previous cerebrovascular
ccident to be risk factors for permanent neurologic injury.16 It
ertainly is fair to say that SACP permits longer DHCA times
han would be feasible with straight DHCA, where time does
atter, because the brain is not receiving blood flow.

Table 1. Overview of Large Studies Reviewing Individual Methods

of Cerebral Protection

Technique Year n Mortality (%) Stroke (%)

DHCA2,7 1993, 2007 394, 656 6.3-12.0 4.8-7.0
SACP15,16,18,19 1999-2007 77-472 11-19.4 3.2-20
RCP21,31-33 1994-2002 33-163 6-8 2.8-9.1

Fig 1. Results of pre- and postoperative neu-

opsychometric assessment of patients under-

oing aortic surgery with and without DHCA. No
ifference in questionnaire responses was noted

mong any group. (Reprinted with permission.9)
Postoperative mortality for antegrade cerebral perfusion
ACP) ranges between 11% and 16%.10,13,18 Presumably, insti-
utional experience with operative technique improves out-
omes. This is shown in a study of 462 patients in whom Kazui
t al16 found a decreased mortality rate of 4.3% in their most
ecent subset of 266 patients. This mortality rate was lower than
heir previously reported mortality rate of 11.2%.10 Five-year
urvival for patients protected with ACP ranges between 59.0%
nd 65.3%.13,19 Regression analysis has found renal failure,
ostoperative dialysis, and increased cerebral perfusion time to
e predictive of perioperative mortality.13 Others have found
hat age �60 years was a significant mortality factor.20

RETROGRADE CEREBRAL PERFUSION

Retrograde cerebral perfusion is an alternative adjunct tech-
ique aimed at extending the overall safe operative time.21 It is
onjectured that this technique increases the safety of DHCA
y 2 means: (1) providing “backward” perfusion of the brain
issue, and (2) flushing away toxic products of metabolism and
mbolic debris.22 In this method, a bridge connecting the arte-
ial and venous catheters of the bypass circuit is created, which
rovides retrograde perfusion via the superior vena cava at a
ressure of 20 to 30 mmHg. Again, the induction of cerebral
dema must be avoided.

Many argue that RCP can provide cooling of the brain’s
urface but does not provide adequate support for the brain’s
etabolic requirements. During RCP, cerebral oxygen extrac-

ion, CO2 production, and blood pH decrease in a linear fashion
hroughout the procedure.23 This inadequate perfusion has been
xplained by the tendency of blood to flow to capacitance
essels and dependent compartments and not supply the small
rteries and capillaries of the brain. Animal studies have at-
ested to this, showing only a small portion of the retroperfused
lood actually supplies the small vessels of the brain.24,25 Hu-
an cadaveric studies have found that the presence of valves in

he internal jugular veins increases the requirement for perfu-
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318 STEIN AND ELEFTERIADES
ion pressure.26,27 This is complicated by the finding that ex-
essive perfusion pressures may contribute to cellular edema
ith RCP.28

RCP is also thought to provide neurologic protection by
learing microemboli. Animal studies have shown decreased
mbolization after RCP; however, RCP yielded no histopatho-
ogic or neurologic improvements.29 Most studies show the rate
f stroke in patients protected with RCP to be between 2.8%
nd 9.1%.21,30-33 No correlation has been shown between the
uration of RCP and neurologic complication.34 Others have
hown that patient age, rather than time of circulatory arrest,
redicts postoperative neurologic complications.35

The overall mortality among patients undergoing procedures
f the aortic arch under RCP ranges from 6% to 8%.30,31

ollow-up has shown a 91% survival rate at 6 months.30 Ba-
aria et al31 found a 55% risk of death in RCP-supported
atients with preoperative strokes.

STUDIES DIRECTLY COMPARING TECHNIQUES

HCA Compared With SACP

The authors’ review of the literature found 2 studies directly
omparing DHCA with SACP in adult patients (Table 2). No
tatistically significant differences in sex, age, or urgency of
peration were found in a 1995 study comparing 19 patients
rotected with DHCA with 16 patients protected with selective
ACP.36 This study found no statistically significant difference

n the average length of cerebral perfusion arrest, early death,
r stroke rates.36 In a subsequent, larger study, Immer et al37

eviewed 363 patients who underwent arch repair with DHCA
ith and without SACP. Their method stratified patients ac-

ording to the length of the procedure (�20 minutes, 20-29

Table 2. Outcomes From Studies Directly C

Group Comparison Author (Year) n Mortality (%) Stroke

DHCA v SACP Alamani
(1995)

DHCA: 19
SACP: 16

DHCA: 26.3
SACP: 18.7

DHCA:
SACP:

Immer
(2002)

DHCA: 322
SACP: 41

Overall: 8.6 DHCA:
SACP:

DHCA v RCP Safi (1997) DHCA: 41
RCP: 120

Overall: 6 DHCA:
RCP: 3

Wong
(1999)

DHCA: 34
RCP: 96

Overall: 16.9 Overal

Moon
(2002)

DHCA: 36
RCP: 36

DHCA: 8.0
RCP: 11.0

DHCA:
RCP: 2

Harrington
(2003)

DHCA: 18
RCP: 20

DHCA: 5.5
RCP: 5.0

Overal

Dong
(2003)

DHCA: 50
RCP: 15

DHCA: 20
RCP: 2.0

DHCA:
RCP: 2

SACP v RCP Okita
(2001)

SACP: 30
RCP: 30

SACP: 6.6
RCP: 6.6

SACP:
RCP: 3

DCHA v SACP v
RCP

Matalanis
(2003)

DHCA: 14
SACP: 25

Overall: 8.0 Overal
RCP: 23
inutes, and �30 minutes). Among all strata, no statistical
ifference in stroke rate was shown between DHCA patients
upported with or without SACP. An overall stroke rate of
.5% in those patients with DHCA was found, compared with
1.0% stroke rate among those patents in whom ACP was

sed.37 This study was limited by the large proportion of
atients undergoing DHCA compared with SACP (322 v 41)
nd no group of straight ACP.37

HCA Compared With RCP

In a prospective trial, Harrington et al38 randomized 38
atients undergoing surgery of the aortic arch into protection
ith either DHCA or RCP. At 6 and 12 weeks postoperatively,
o neuropsychometric differences could be detected.38 A ret-
ospective study comparing 15 patients protected with DHCA
ith 50 patients protected with RCP found no difference in

erebral ischemic time.39 This study found a significantly in-
reased number of postoperative deaths and stroke in patients
rotected with DHCA; however, this study was significantly
ompromised by a large size discrepancy between treatment
roups.39 Moon and Sundt40 retrospectively compared 36 pa-
ients in whom DHCA and 36 patients in whom RCP was used
nd found no difference in mortality between groups. In their
ohort of 161 patients, 120 of whom received RCP, Safi et al33

ound that RCP was protective against stroke among patients
lder than 70 years. Wong and Bonser41 used multiple logistic
egression analysis of 130 patients undergoing arch repair; in
his study, RCP was used for 96 patients. Advanced age and
traight DHCA duration were associated with higher mortality
nd stroke rate. Of note, the use of RCP was associated with an

ring Various Forms of Cerebral Protection

Comments

Retrospective
Comparative study
Compared DHCA with SACP
Retrospective study

Retrospective study with large size discrepancy between groups;
RCP was protective against stroke in patients �70 years old.
Nonrandomized.
RCP was not protective for mortality or stroke.
Retrospective case-control
No statistically significant difference in mortality or stroke

between groups
Prospective randomized trial to evaluate effect of procedure

neuropsychometric outcomes; no difference found between
groups; although underpowered

Retrospective
Large size discrepancy between patient groups

Only difference found was higher incidence of transient brain
dysfunction in RCP patients.

Retrospective
No significant differences in mortality or stroke rate among
ompa

(%)

15.7
12.5

6.5
1.0

9

l: 6.9

25
.0

l: 2.6

25
.0

6.6
.3

l: 6.4
groups
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319PROTECTING THE BRAIN DURING AORTIC SURGERY
ncreased duration of cerebral perfusion.41 These results are
ummarized in Table 2.

ntegrade Compared With Retrograde Perfusion

Okita et al42 performed a prospective study of aortic arch
eplacement in 60 consecutive patients alternately assigned
CP and ACP protection strategies. No difference in mor-

ality was noted between groups nor was there a difference
etween groups in stroke rate; however, there was a signif-
cantly higher incidence of transient brain dysfunction in the
CP group.42 This work is contrasted against studies com-
aring other techniques in Table 2.

omparison of All 3 Techniques: DHCA, SACP,
nd RCP

Matalanis et al43 reviewed 14 patients with DHCA, 25 with
ACP, and 23 with RCP protection. Their study found no
ignificant differences in survival or incidence of neurologic
omplications. Only cerebral perfusion time for patients pro-
ected with ACP was significantly longer than that for patients
rotected with HCP or RCP.

CONCLUSION

The controversy over the ideal method of cerebral protection
tems from the divergent theories and supporting evidence
Table 3). Because of this, these methods have achieved vary-
ng degrees of popularity over the past 2 decades. To gain some
nsight into current practices, the authors of this review sur-
eyed aortic arch surgeons at several academic medical centers
n the United States known for their aortic focus, asking which
ethod of cerebral protection they preferred. Of those who

esponded (n � 16), 50% stated they prefer selective ACP.
hirty-eight percent used some combination, whereas RCP and
HCA each had 1 respondent (6%) using those techniques

xclusively.
This discrepancy is not particularly surprising. DHCA has

een shown to be a safe procedure. Its proponents argue that it
revents overcomplicating an already challenging procedure;
owever, its detractors cite data showing compromised out-
omes in longer procedures. While adding steps to the proce-
ure, data do support the safe use of SACP. RCP has experi-
nced profound criticism recently, although this technique does

Table 3. Theoretic and Known Benefits and

Technique Advantages

DHCA Safe for short periods of circulatory
arrest

Avoids cross-clamping an already
diseased aorta

Questions of s
arrest; incre
neurologic i
arrest; confl
shorter (app

SACP Permits longer periods of circulatory
arrest than with straight DHCA

Requires the h
result in the

RCP Flushes cerebral vasculature of toxic
metabolic products and microemboli

Perfusion may
resent several conceptual advantages.
c

a

Given the relative benefits and disadvantages of each strategy,
t becomes clear that different techniques, DHCA, SACP, or RCP,
ay be appropriate for distinctive subsets of patients. For exam-

le, known risk factors such as a previous cerebrovascular acci-
ent may contraindicate the use of RCP. Adjunct strategies to
HCA should be considered when especially complex procedures

re indicated, necessitating a long duration of circulatory arrest.
At the authors’ center, straight DHCA is used almost exclu-

ively based on favorable experience (as reported in the previ-
usly cited studies) and the recognition that the competing
echniques, SCAP and RCP, while offering conceptual advan-
ages and liabilities, have not led to lower mortality or stroke
ates than those the authors have achieved with straight DHCA.

Fig 2. A comparison of the traditional technique of arch replace-

ent with the modified technique used at the Yale-New Haven

ospital. (A) The traditional technique calls for the innominate, left

arotid, and left subclavian arteries to be included in a Carrel patch.

B) In the modified technique, only the innominate and left carotid

essels are anastomosed to the graft in a single Carrel patch. Later,

fter cardiopulmonary bypass is terminated, the left subclavian ar-

ery is anastomosed with an interposition Dacron graft. This pro-

ides for a more efficient procedure by bringing the Carrel patch

gers of Each Cerebral Protection Strategy

Dangers Comments

for long periods of circulatory
incidence of permanent
with �45 min of circulatory
data on transient effects with
ately 25 min) ischemia

Generally used in more
straightforward cases

Many of the survey’s
respondents commented on
use of DHCA with SACP.

g of sclerotic vessels; may
se of emboli

Technique most often used
Controversies regarding ideal site

of cannulation for optimal
perfusion

ited to the brain’s surface.
Dan

afety
ased
njury
icting
roxim

andlin
relea

be lim
loser to the surgeon, making it smaller, and providing for excellent

ccess if subsequent hemostasis is required.
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320 STEIN AND ELEFTERIADES
specially for short-to-moderate DHCA (30-45 minutes), the
uthors are confident that straight DHCA provides excellent
erebral protection and surgical results. The authors believe
hat, especially for urgent operations for acute type-A dissec-
ion in which the arrest time can be anticipated to be short for
n open distal anastomosis, there is no need to complicate or
rolong the procedure for adjunct perfusion techniques. Addi-
ionally, there is an interplay between the preferred method of
erebral protection and the surgical technique. For example, the
uthors use a specific technique for total arch replacement
Fig 2) in which only the innominate and left carotid vessels are
ncluded in a single Carrel patch. The left subclavian artery is

nastomosed later, after the termination of cardiopulmonary u

REN

nalysis. Eur J Cardiothorac Surg 19:765-770, 2001
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ypass, with an interposition Dacron graft (DuPont, Wilming-
on, DE) (Fig 2B). This technique brings the Carrel patch close
o the surgeon, makes it smaller, and provides for excellent
ccess if subsequent hemostasis is required. An elephant trunk–
ype distal anastomosis is performed first followed by the
-vessel Carrel patch; this combination easily can be accom-
lished within 30 to 40 minutes, obviating the need for perfu-
ion adjuncts to straight DHCA.

Future carefully designed and appropriately powered studies
re required to evaluate these competing (or complementary)
trategies. At the present time, it can be said that no one
echnique of cerebral perfusion has been shown to prevail

nequivocally; aortic arch surgery remains an art.
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