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Neuro-protection in open arch surgery
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Perspective

Introduction

As the number of elderly individuals in society increases, 
so too does the incidence of diseases involving the thoracic 
aorta. Consequently, while the number of open and 
endovascular procedures for the treatment of aortic arch 
lesions has increased, the outcomes of these interventions 
have also improved (1). Nonetheless, there is still room 
for improvement of outcomes in the strategies used for 
treatment of aortic arch lesions.

The most important aspects of aortic arch surgery are 
brain protection and secure anastomosis; however, one of 
the major causes of the newly developed postoperative stroke 
is cerebral embolism, which arises from atherosclerosis or 
thrombi at sites of aortic clamping, vascular anastomosis, 
and aortic or cerebral perfusion cannulation. Meticulous 
identification of preexisting atheroma in the aorta using 
preoperative computed tomography (CT), echogram, or 
intraoperative direct echogram, can provide important 
information about site selection for cannulation and 
clamping. In an experimental study, Fukuda et al. (2), using 
glass models of both healthy and aneurysmal aortic arches, 
have confirmed that directing the tip of the Dispersion 
cannula toward the aortic root generates slower and less 
turbulent flow in the transverse arch. Grooters et al. (3) have 
described the advantages of arterial perfusion toward the 
aortic valve and state that manipulation of the atheromatous 
aorta should be avoided to prevent atheroembolisms. 

Although antegrade perfusion from the ascending aorta is 
preferred, occasionally, an atheromatous aorta precludes 
cannulation of the ascending aorta and peripheral arterial 
cannulation from the axillary artery or femoral artery is 
needed (2). However, axillary arterial cannulation can 
lead to atheroemboli from an atheromatous lesion at the 
orifice of the brachiocephalic artery (4), and retrograde 
embolization by debris from femoral artery cannulation is a 
well-recognized phenomenon.

Previous studies have reported an association between 
the severity of atheroma in aortic arch branches and the 
incidence of postoperative embolic stroke; recent reports 
indicate that the majority of permanent neurologic injuries 
are due to strokes resulting from embolic phenomena and 
that they were not directly related to the method of brain 
protection used (5). Amarenco and associates (6) have used 
data obtained from autopsies to show that the prevalence 
of ulcerated plaques in the aortic arch was 28% in 183 
patients with cerebral infarcts and that it was 20% in 56 
patients with brain hemorrhage. Blauth and associates (7) 
have demonstrated a direct correlation between age, severe 
atherosclerosis of the ascending aorta and atheroemboli. 
These results imply that accurate assessment of atheroma 
is essential for reducing the incidence of embolic stroke 
and that arterial cannulation sites should be chosen based 
on findings from preoperative computed tomography, 
MRI, carotid ultrasonography and intraoperative epiaortic 
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scanning.
Wareing et al. (8) have reported modifications in their 

technique for cardiac procedures based on intraoperative 
echography findings; these include changing the site of 
aortic cannulation, aortic clamping, attachment of the vein 
grafts and cannulation for the infusion of cardioplegia, 
and have even performed hypothermic circulatory arrest 
(HCA) without aortic clamping. Our group has previously 
identified the degrees of severity of aortic arch atheroma as 
another risk factor for adverse neurological outcomes (9)  
and reported that presence of a shaggy atheromatous 
aorta was a significant risk factor for postoperative 
transient neurological dysfunction. The ideal method(s) 
of protecting the brain during aortic arch surgery have 
been pursued by DeBakey and others (10) before the era 
of cardiopulmonary bypass (CPB). They started using the 
extra-anatomical bypass to isolate circulation to the brain. 
Antegrade cerebral perfusion (ACP) under normothermia 
theoretically provides the best brain protection; however, it 
was associated with unsatisfactory clinical outcomes during 
the 1960’s–1970’s. As reported by Griepp et al. (11), deep 
hypothermic circulatory arrest (DHCA) does not require 
additional cannulas or clamps on the aortic arch branches, 
which might otherwise cause arterial damage or embolic 
stroke, or additional extracorporeal circuits such as those 
used in ACP. However, DHCA has the drawback of a 
limited safe duration. Svensson et al. (12), in a study of 656 
patients undergoing aortic surgery using DHCA concluded 
that the occurrence of stroke increased after 40 minutes 
of circulatory arrest (CA) and that mortality rate increased 
markedly after 65 minutes of CA.

Ueda et al. (13) were the first to report that retrograde 
cerebral perfusion (RCP) provides a new approach to 
augment cerebral protection during CA. Similarly, in our 
experience (14), we have found that RCP is clearly effective 
in maintaining cerebral hypothermia, providing continuous 
cooling of the entire head, preventing air from reaching 
the terminal vessels of the brain and washing out some 
of the metabolites, thereby delaying the onset of acidosis 
in the ischemic brain. Coselli et al. (15), using data from 
a series of 479 patients, have reported that patients who 
had RCP during DHCA had lower mortality and stroke 
rates compared to those who did not undergo DHCA 
with RCP. Safi et al. (16) have demonstrated that the use 
of RCP had a protective effect against stroke compared to 
no RCP. Bavaria et al. (17) have reported that RCP might 
help extend the safe HCA period and improve morbidity 

and mortality, especially when HCA duration is longer than 
60 minutes. However, the higher prevalence of transient 
neurological deficit (TND) indicates the need for caution 
against liberal use of RCP. Hagl et al. (18) have reported 
that the incidence of TND increased if the duration of RCP 
exceeded 25 minutes and that longer ACP duration also 
increased TND incidence. After the report by Spielvogel  
et al. (19), the arch-first technique using a branched arch 
graft became a standard procedure when RCP was applied 
during total arch replacement.

On the other hand, Frist et al. (20) have revived the 
concept of ACP and, in 1986, have reported 90% survival 
after arch replacement using unilateral ACP with reduced 
cerebral blood flow under moderate hypothermia. 
Concurrent ly ,  Gui lmet  e t  a l .  (21)  descr ibed the 
“cerebroplegia” method as cold ACP. Kazui et al. (22) have 
demonstrated ACP using a four-branched graft technique 
and report excellent surgical results with no neurological 
sequelae and three early deaths in 30 patients with acute 
aortic dissection. The most important advantage of ACP 
is that it provides the luxury of time, allowing for delicate 
repair of complicated arch aneurysms. However, there 
have been several criticisms against ACP, including longer 
duration for arch repair, cannulation-related embolism, and 
uneven distribution of intracranial blood flow. Nevertheless, 
the general consensus is that ACP can provide better and 
more uniform brain protection than DHCA for a longer 
duration. Di Eusanio et al. (23) have demonstrated that 
ACP of >90 min is not associated with greater risk of 
mortality or negative neurological outcome. However, 
recent reports from our group (9,24) have demonstrated 
that risk factors for postoperative stroke were the severity 
of the leukoaraiosis of the brain white matter and the 
presence of a “shaggy” aorta, while risk factors for TND 
were “shaggy” aorta, leukoaraiosis, carotid artery lesion and 
duration of CPB. These results imply that postoperative 
stroke is primarily dependent on both patient and pathology 
and that it is only marginally affected by cerebral protection 
technique used.

There have been a few randomized comparative studies 
but many retrospective studies on DHCA and ACP.  
We (25) have evaluated data from 60 consecutive total arch 
replacements allocated randomly to DHCA or ACP and 
concluded that both DHCA and ACP resulted in acceptable 
levels of mortality and morbidity, but that the prevalence 
of transient brain dysfunction was significantly higher with 
DHCA. Hagl et al. (18) have also retrospectively analyzed 
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outcomes among 717 survivors of ascending and aortic 
arch surgery and show that the method of brain protection 
did not influence the incidence of stroke; however, ACP 
did result in a significant reduction in the incidence of 
TND. Svensson et al. (26) have analyzed postoperative 
neurocognitive function and serum S100 proteins in a 
prospective randomized study and report essentially no 
differences in outcomes among the ACP, the DHCA, and 
the DHCA/RCP groups. We have previously reported 
that patients undergoing RCP have a higher incidence of 
transient neurological dysfunction when starting with RCP 
for total arch replacement. 

A recent meta-analysis of 5,060 patients from 15 
studies by Hu et al. (27) has revealed that the incidence of 
postoperative stroke and TND were similar between ACP 
and RCP. Another meta-analysis by Tian et al. (28) has 
shown that stroke rates were significantly lower in patients 
undergoing selective antegrade cerebral perfusion (SACP) 
compared to patients who underwent DHCA. We have 
collected data from 8,169 patients who had undergone 
elective surgery of the total aortic arch from 2009 to 
2012 from the Japanese Adult Cardiovascular Database to 
compare clinical outcomes between patients provided ACP 
and RCP (29). Mean age at surgery for the two groups was 
70.5±10.1 and 68.3±11.6 years, respectively, and 51% were 
aged over 70 in both groups. In this patient cohort, 86.0% 
of all patients were provided ACP and 14.1% were provided 
DHCA ± RCP. Lowest rectal temperature was below  
25 ℃ in 75.8% of patients with DHCA ± RCP but was above  
25 ℃ in 43.9% of the patients in the ACP group. A 
propensity-matched analysis of 1,141 patients showed that 
there was essentially no difference in postoperative survival 
or neurological outcome, except for prolonged ventilation 
time and ICU stay in the RCP group. Except for a few 
studies, in the majority of patients, ACP was used for 
protecting the brain during surgery, with early mortality 
ranging from 4.7% to 11.2% and permanent neurological 
deficits being observed in 1.3–6% of all patients (30). 

The amount of brain perfusion and pressure has been 
extensively investigated in animal experiments. However, 
controversies remain regarding unilateral brain perfusion, 
bilateral perfusion, or triple perfusion, because the patient 
groups in most clinical studies were a mix of hemiarch and 
total arch replacement. We have always have used three 
cannulae, which are inserted from inside the arch without 
snaring. Urbanski et al. (31) have used only one cannula 
to perfuse the entire brain and report low incidence of 

postoperative stroke. Many surgeons only choose to perfuse 
the brachiocephalic and left common carotid arteries, and 
not the left subclavian artery (32,33). However, the presence 
of an incomplete Circle of Willis in the brain has been 
reported in 20% to 30% of the normal population (34) 
and sometimes the vertebral arteries can be hypoplastic 
or stenotic, especially in elderly patients. Further, the left 
subclavian artery is often a supplier of the collateral vessels to 
the spinal cord. A meta-analysis of ACP by Angeloni et al. (35) 
has demonstrated superiority of bilateral brain perfusion as 
the brain remained perfused for a longer duration compared 
to unilateral perfusion. Bilateral cerebral perfusion also 
seems to be a physiological method to perfuse the brain.

With respect to the lowest body temperature that 
can be reached during ACP, recent trends to avoid deep 
hypothermia have prevailed (36). The deep hypothermia 
tends to be associated with coagulopathy or lung injury; 
however, mild hypothermia does not protect the brain, 
the spinal cord, or the viscera, especially when unilateral 
ACP is applied. A comparison of body temperatures should 
also specify the site of measurement, such as tympanic, 
nasopharyngeal, esophageal, brain, rectal, or urethral (37).  
The optimal temperature during antegrade selective 
cerebral perfusion (SCP) has been reported to be between 
20 and 28 ℃ (38,39). Kamiya et al. (40) have reported that 
body temperature during HCA can be safely increased 
to 28 ℃ with a high SCP flow rate and that this did not 
increase the incidence of adverse neurological events. In 
our practice, we set the tympanic temperature between  
20 and 23 ℃, which results in optimal CA and SCP time 
(42.4±27.8 and 97.3±31.4 min, respectively). In addition, 
function of the spinal cord and visceral organs should 
be carefully monitored during CA of the lower body, 
irrespective of whether it is performed under moderate 
hypothermia or normothermia.

Regarding rectal temperature, we aim to maintain 
it below 30 ℃ just prior to CA because our experience 
in one patient whose rectal temperature before CA was 
greater than 30 ℃ suffered necrosis of the entire colon, 
presumably because of the presence of calcified stenosis 
of the mesenteric artery with poor visceral circulation. To 
minimize CPB time, we also start re-warming as soon as the 
distal anastomosis is completed, with concurrent antegrade 
distal reperfusion to the lower body through a prosthetic 
graft branch. We then move to complete the proximal 
anastomosis, and usually terminate CPB immediately after 
arch vessel anastomosis. Monitoring brain oxygenation 
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during rewarming is particularly important and we 
increase SCP flow from 10 to 15 mL/min/m2 to maintain 
preoperative values of near-infrared spectroscopy (NIRS) 
(9,41); however, total flow is always maintained below  
1,000 mL/min to avoid brain edema.

The effects of rewarming on cerebral metabolism after 
HAC have not been adequately described in literature. In 
our study, rewarming speed affected the severity of TND 
among patients who had postoperative TND. Specifically, 
regional oxygen saturation (SO2) was significantly lower 
during early rewarming (between the time points of 30 to 
60 minutes after the initiation of SCP) in the patients with 
postoperative TND (42). A prospective randomized study 
by Cook and associates (43) showed a delay in normalization 
of cerebral metabolic rate during rewarming after moderate 
hypothermic CPB, compared to the rapid recovery of 
cerebral blood flow, indicating a correlation between 
cerebral desaturation during early rewarming phase and 
cerebral damage.

Leukoaraiosis is patchy, punctuate, or confluent 
hyperintensity of white matter and deep gray nuclei in T2-
weighted images. This white matter hyperintensity reflects 
chronic ischemic damage to myelin and the axon (44). 
Several studies have demonstrated that there is a significant 
relationship between increased stroke risk and leukoaraiosis 
and we have (24) previously demonstrated that patients 
with severe leukoaraiosis were likely to develop temporary 
neurologic dysfunction and watershed stroke. We also 
found a significant correlation between leukoaraiosis and 
watershed infarcts.

Our current approach involves: (I) meticulous selection 
of arterial cannulation site and type of arterial cannula; (II) 
antegrade SCP for cerebral protection; (III) whole body 

moderate hypothermia with lower tympanic temperatures 
between 20 and 23 ℃ and rectal temperatures below 30 ℃; 
(IV) early rewarming after distal anastomosis with antegrade 
SCP flow adjustment while monitoring brain oxygenation 
by NIRS; (V) maintenance of strict fluid balance below 
1,000 mL using the extracorporeal ultrafiltration method 
(ECUM) during CPB with the expectation of greater and 
rapid pulmonary functional recovery. The table shows a 
recently reported series of a large cohort study on aortic 
arch replacement (23,45-50) (Table 1).

Conclusions

We have reviewed the recent progress in open surgery 
for aortic arch aneurysms, which shows continuing 
improvement in surgical results over the last two decades. 
However, the number of patients has steadily increased 
as the population ages. Although recent advances in 
surgical skill, extracorporeal circulation equipment and 
accurate knowledge of the brain and visceral circulation 
have contributed to a reduction in postoperative stroke 
and mortality, subsequent refinement of these modalities 
is required for further improvement of these outcomes. 
Although ACP is the predominant method of protecting 
the brain in patients undergoing total arch replacement, this 
perspective indicates that both DHCA and ACP provide 
excellent and comparable clinical outcomes with regard 
to mortality, stroke and TND rates. Leukoaraiosis is a 
significant independent predictor of neurologic outcome 
in patients who undergo total arch replacement. However, 
the high prevalence of transient neurologic dysfunction 
necessitates further research to refine the protective 
methods used to prevent subtle brain injury.
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