Degree of hypothermia in aortic arch surgery - optimal
temperature for cerebral and spinal protection: deep hypothermia
remains the gold standard in the absence of randomized data
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Since the pioneering report by Griepp in 1975, the use
of deep hypothermia for cerebral and visceral organ
protection has ushered in the modern era of safe and
effective operation on the aortic arch during circulatory
arrest (1). In large part due to advanced circulatory
management strategies, the number of proximal aorta and
arch replacements have increased each year since 2005,
with over 10,000 operations reported to the Society of
Thoracic Surgeons National Database in 2009 alone (2).
However, despite these advances, neurologic complications
remain a sobering limitation of arch repair, with national
rates of major neurologic morbidity ranging between
3-5% for elective arch repairs and 9-13% for non-elective
repairs (2). In addition, visceral organ injury such as renal
failure requiring dialysis occurs in 3-6% of patients (2),
highlighting the need for additional investigation into
methods for ischemic end-organ protection during
circulatory arrest.

The concept of using hypothermia to temporarily
reduce the oxygen and metabolic requirements of hypoxic
tissues is intuitive and supported by decades of laboratory,
translational, and clinical science. Nonetheless, the optimal
temperature for hypothermic circulatory arrest (HCA)
during arch surgery remains unclear and is confounded by
a myriad of other clinical variables that are also without
consensus, such as location of temperature measurement,
cannulation site, perfusion rates, rapidity of cooling and
rewarming, anesthetic and pharmacologic adjuncts, selective
cerebral perfusion technique, and use of intraoperative
electroencephalographic (EEG) neuromonitoring to guide
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cooling. As a result, HCA strategies vary considerably,
even between respected high-volume centers, and are often
dictated as much by dogma and tradition as by evidence.
Maximal suppression of the cerebral metabolic rate
of oxygen consumption occurs at EEG isoelectricity, or
electrocerebral inactivity (ECI) (3,4), with modern aortic
surgeons traditionally aiming to achieve this level of
metabolic suppression through the use of ‘profound’ or
‘deep’ hypothermia. Although cooling below 18 °C was
initially thought necessary to achieve ECI (3,4), more
recent studies have shown that ECI can occur anywhere
between 10 and 27 °C in human subjects (Figure 1) (5-7).
As a result, many experienced centers, including our own,
employ neurophysiologic intraoperative monitoring with
EEG to precisely detect ECI prior to the initiation of
circulatory arrest (6,8-10). Cooling to ECI by EEG ensures
maximal suppression of cerebral metabolic activity prior
to circulatory arrest, while minimizing perfusion time and
hypothermic injury by avoiding excessive cooling (5).
However, as early as 1983, concerns over the physiologic
consequences of profound temperature reductions led some
to advocate lesser degrees of hypothermia with circulatory
arrest (11). Initial concerns focused primarily on bleeding
complications thought to result from hypothermia-induced
coagulopathy, as well as increased systemic inflammatory
response from the prolonged perfusion times required for
cooling and rewarming (11,12). More recently, concerns
over subtle neurocognitive deficits caused by hypothermic
neuronal injury have been raised (13-15), despite reports
documenting complete neurocognitive preservation
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Figure 1 Cumulative (A) nasopharyngeal temperature and (B) cooling time required to achieve electrocerebral inactivity (ECI) in a series of

325 adult patients who underwent thoracic aortic surgery at Duke University Medical Center with deep hypothermic circulatory arrest and

electroencephalographic monitoring (5)

following deep HCA (16). In light of these theoretic
concerns along with the advent of cerebral protection
strategies, an increasing number of centers now employ
‘moderate’ or even ‘mild” degrees of systemic hypothermia
coupled with selective antegrade cerebral perfusion
(SACP) (12,17-21). Although the benefits of SACP with
HCA appear well established (10), there remains a lack
of objective data demonstrating the superiority, or even
non-inferiority, of moderate hypothermia with SACP in
comparison to deep hypothermia with SACP, particularly
pertaining to visceral organ and spinal cord protection (9).

In the present article, we provide a brief overview of the
history and evidence that shapes the current controversy
regarding the optimal temperature for central nervous
system and visceral organ protection with HCA employed
during aortic arch repair. We conclude that, given the
limitations of existing retrospective observational data,
a multi-center randomized trial is needed to directly
compare deep and moderate HCA and provide high-quality
evidence-based guidelines for this critically important
component of aortic arch repair.

Early history

Early canine experiments with deep HCA were performed
by Bigelow and colleagues at the University of Toronto
in the 1940s and 1950s. Deep hypothermia was initially
tolerated down to 15-20 °C, and allowed isolation of the
heart for up to 15 minutes while surgery was performed
(22,23). With metabolic activity measured at 15% of that at
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normothermia, deep HCA appeared a promising technique
for cardiac surgery. Further success using hypothermia
in neonates and infants in the early 1970s laid crucial
groundwork for the later use of deep HCA in aortic arch
surgery (24). In 1975, Griepp and colleagues at Stanford
University reported four cases of prosthetic aortic arch
replacement using deep HCA (1). The patients were cooled
to an average esophageal temperature of 14 °C and sustained
an average duration of 43 minutes of cerebral ischemia.
Three of the four patients survived to hospital discharge,
and this report led to the widespread adoption of deep HCA
techniques with aortic arch surgery.

Temperature selection in animal models

Multiple studies using animal models that have attempted
to shed light on the optimal temperature for HCA have
generally supported the use of deeper levels of hypothermia.
In a canine model, Mezrow and colleagues compared
60 minutes of HCA at 8, 13, and 18 °C and found that
cerebral oxygen consumption remained elevated at 34%
of baseline in the 18 °C group, with persistent slow wave
activity observed on EEG. However, cerebral oxygen
consumption was reduced to 5% and 8% of baseline in
the 8 and 13 °C groups and EEG silence was uniformly
achieved, suggesting HCA at 8 or 13 °C may provide
superior cerebral protection than 18 °C (4). Similarly,
Ananiadou and colleagues compared 75 minutes of
HCA at 10 and 18 °C in a porcine model and found
that cooling to 10 °C led to reduced neuronal injury

Ann Cardiothorac Surg 2013;2(2):184-193



186

on histologic examination (25). Strauch and associates
randomized pigs to 30 minutes of HCA at 20 °C
followed by 60 minutes of HCA with selective cerebral
perfusion at 10, 15, 20, or 25 °C, and reported decreased
oxygen consumption and improved postoperative behavioral
scores with selective cerebral perfusion at 10 to 15 °C (26).
Beyond decreased metabolic demand, rat models have
demonstrated that small ubiquitin-like modifier (SUMO)
conjugation of target proteins is markedly activated in the
brain during deep (18 °C) to moderate (24 °C) hypothermia
compared to milder temperatures (30 and 37 °C), resulting
in an increased tolerance to stress as another mechanism of
neuroprotection (27).

In addition to cerebral protection, canine, porcine,
and rat models have been used to assess hypothermia for
protection of other organ systems. Spinal cord hypothermia
at 13 to 18 °C in a distal aortic cross-clamp model protected
100% (9 of 9) of dogs from paraplegia compared to 0% (0
of 8) of dogs with normothermic spinal cord protection (28).
Likewise, pigs tolerated only 30 minutes of aortic cross-
clamp with normothermic spinal protection compared to
50 minutes with mild hypothermia (32 °C) (29). In
a circulatory arrest model, evaluation of moderate
hypothermia (28 °C) in pigs revealed an alarmingly high
incidence of irreversible paraplegia and multi-system organ
failure at 90 minutes (30). Finally, moderate hypothermia
(30 to 32 °C) compared to normothermia in rats and deep
hypothermia (20 °C) compared to moderate hypothermia
(30 °C) in pigs both demonstrated reduced oxidative and
ischemic stress in visceral organs such as the kidneys and
small intestines for cooler temperatures during circulatory
arrest (31,32).

Human physiology

Several studies examining the physiology of deep HCA have
validated the principles of the technique in humans. In a
study of 37 adults undergoing deep HCA, cerebral metabolic
rates of 17% of baseline were achieved at 15 °C, suggesting
deep hypothermia provides a 6-fold increase in the safe
duration of circulatory arrest at 15 °C compared to 5 minutes
at normothermia (33). In a study of 47 adults undergoing
HCA with EEG monitoring, Stecker and colleagues
elegantly demonstrated that ECI, and thus maximal
suppression of cerebral oxygen metabolism, was achieved
over a range of temperatures between 12.5 and 27.2 °C,
with a mean temperature at ECI of 17.3 °C (7). Our group
recently validated these results in a larger cohort of 325
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patients undergoing deep HCA with EEG monitoring and
also found that patient-specific factors were poor predictors
of the temperature or cooling time required to achieve ECI,
therefore necessitating intra-operative EEG monitoring for
precise ECI detection (5).

Outcomes with deep hypothermia

Recent single-institution reports from experienced aortic
centers have established benchmark outcomes using refined
deep HCA techniques (7able 1). In a series of deep HCA
without cerebral perfusion, Elefteriades reported 394
cases (22.1% non-elective) where bladder temperatures
were taken to 16-20 °C with no EEG monitoring. Mean
circulatory arrest time was 31 minutes and ranged from 10
to 66 minutes. Mortality and stroke rates were 6.3% and
4.8%, respectively (35). In 2004, Svensson reported a series
of 1,352 patients undergoing proximal aorta, arch, and/or
descending aorta repairs with deep HCA and selective ACP
or RCP, of which 20% of operations were emergent and
32% were reoperative. Patients were cooled to ECI when
EEG was available or to a minimum temperature of 20 °C.
Postoperative rates of stroke and operative mortality were
6.1% and 8.3% (34). In 2008, Griepp reported a series of
680 root/ascending aorta and/or transverse arch repairs
performed using deep HCA at 12 to 15 °C with SACP at 15
to 20 °C. This series included elective and non-elective cases
as well as 29% reoperative patients, with overall operative
mortality of 5.9% (36). In 2010, Bavaria reported a series of
682 patients who underwent non-emergent proximal aortic
reconstruction with deep HCA and retrograde cerebral perfusion
(RCP) at 10 to 12 °C, of which 25% of cases were reoperative.
Patients were cooled to ECI when EEG was available or
for a minimum cooling time of 45 minutes. Postoperative
rates of permanent neurologic deficit, reoperation for
bleeding, and operative mortality were 2.8%, 3.8%, and
2.8%, respectively (41). In 2011, we published our results
with deep HCA and selective cerebral perfusion in a series
of 245 hemi-arch replacements, of which 36% of operations
were urgent or emergent and 16% were reoperations (9).
Patients were cooled to ECI when EEG was available, or
for a minimum cooling time of 50 minutes, or until the
nasopharyngeal temperature was below 18 °C. SACP (89%
of patients) or RCP (11% of patients) was maintained at
12 °C. Postoperative rates of stroke, re-exploration for
bleeding, new onset dialysis, and operative mortality were
4.1%, 2.9%, 1.2%, and 2.9%, respectively. The rate of
stroke in elective cases was 0.8%. Collectively, these results
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demonstrate that excellent outcomes can be achieved with
deep HCA at expert centers treating diverse patients with
complex aortic pathologies.

Comparisons with lesser degrees of hypothermia

Since the introduction of retrograde (45) and antegrade (46)
selective cerebral perfusion strategies in the mid-1980s,
some have called into question the continued need for deep
systemic hypothermia with circulatory arrest. In addition,
these techniques have increased the complexity of optimal
temperature analyses, as lower body hypothermia and
cerebral hypothermia can be separate variables, and the
type of cerebral perfusion strategy becomes a significant
confounder. While several randomized controlled trials
(RCTs) have examined or are currently examining the
question of hypothermia in coronary artery bypass surgery
(47,48) and valve surgery (49,50), there are no completed
or enrolling studies examining the optimal degree of
hypothermia during circulatory arrest for aortic arch
surgery.

Retrospective single-institution studies reporting
outcomes for a single technique are numerous in the
literature and demonstrate the variability in current
practice. Acceptable outcomes have been reported from
centers using moderate (22 to 26 °C) (21,38) or mild
(25 to 34 °C) (19-21) systemic and cerebral hypothermia
(1able 1). However, these studies lack control groups, and
comparisons to other studies are limited given differences in
repairs and patient populations.

Although RCTs are lacking, several observational
studies have attempted to address neuroprotection with
deep hypothermia in adjusted analyses. In a retrospective,
propensity-matched analysis of 220 patients undergoing
deep HCA versus those undergoing normothermic
cardiopulmonary bypass during ascending and/or arch
replacement, Kunihara and colleagues found HCA was not
associated with postoperative neurologic dysfunction or
increased mortality (51). A study from France comparing
deep hypothermia (<17 °C) to moderate hypothermia
(217 °C) during emergent type A dissection repair found no
difference in neurologic deficits between groups, but did
note decreased infection rates and intensive care unit stay
with deep hypothermia (42). Finally, a study of the German
Registry for Acute Aortic Dissection Type A (GERAADA)
showed divergent practice patterns of hypothermia and
cerebral perfusion use for acute type A dissection repair (44).
Out of 1,558 patients in the registry, 94% were managed
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with HCA and 6% were managed with cardiopulmonary
bypass alone. Of the 1,470 HCA patients, 22.8% received
no selective cerebral perfusion, 2.2% received retrograde
cerebral perfusion, 29.1% received bilateral selective
antegrade cerebral perfusion, and 40.3% received unilateral
selective antegrade cerebral perfusion. The temperatures
used with each HCA technique further varied between <
15 °C and >30 °C (Figure 2). Despite a large sample size, no
statistically significant differences could be found between
the rate of permanent neurologic dysfunction and the
degree of cerebral hypothermia and/or cerebral perfusion
strategy utilized (Figure 3), although the study had many
major limitations including a lack of risk stratification
between groups. The most significant predictor of mortality
in the GERAADA study was circulatory arrest time >
30 minutes in the non-SACP groups.

Comparative studies supporting more moderate degrees
of hypothermia have been intriguing, but have generally
failed to contain suitable control groups of patients
undergoing deep hypothermia (7able I). In a retrospective,
propensity-matched analysis comparing systemic deep
HCA (20 to 24.9 °C) to moderate HCA (25 to 28 °C) in 180
aortic arch surgery patients, Kamiya and colleagues found
no difference in neurologic dysfunction between the two
groups (17). The rate of re-exploration for bleeding was
also not reduced in the moderate hypothermia group. The
incidence of paralysis was too low to make any significant
conclusions, although the authors did suggest a trend
of decreased risk of paralysis with deep versus moderate
hypothermia for patients undergoing circulatory arrest
for >60 minutes. No conclusions could be drawn about
cerebral temperature as all patients underwent SACP
with perfusate at 15 °C. Finally, the temperatures used in
the deep HCA group (20 to 24.9 °C) would be considered
moderate by most practitioners and do not represent a true
comparison to deep hypothermia.

In a retrospective comparison of deep HCA alone (<20 °C)
to moderate HCA (22 to 26 °C) with SACP, Di Eusanio and
colleagues found no differences in postoperative neurologic
dysfunction, but did note increased mechanical ventilation
time by 1.5 days in the deep HCA group (40). Here, the
lack of selective cerebral perfusion in the deep HCA group
confounded the comparison of hypothermic temperatures.
Finally, a study examining patients undergoing HCA with
core temperatures >25 °C versus <25 °C showed no differences
in neurologic dysfunction (18). Again, the patients in the
cold group were not cooled to sufficient temperatures to
be considered representative of a deep HCA technique.

Ann Cardiothorac Surg 2013;2(2):184-193
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Figure 2 Graph demonstrating marked variability in hypothermia strategy stratified by cerebral perfusion strategy for acute type A
dissection repair in the GERAADA registry (44). Numbers on the y-axis represent percentage of patients within each group cooled to a
given cerebral temperature range. HCA, hypothermic circulatory arrest alone group; bSACP, bilateral selective antegrade cerebral perfusion
group; uSACP, unilateral selective antegrade cerebral perfusion group. Note: hypothermia strategy represents systemic temperature in HCA
only group and cerebral perfusion temperature in SACP groups

16%
14%
12%
Hypothermia
10% strategy
m<15°C
8% m15-20 °C
m21-25°C
6% m26-30 °C
u>30 °C
4%
2%
0%
HCA bSACP uSACP
(n=355) (n=453) (n=628)

Cerebral perfusion strategy

Figure 3 Rates of permanent neurologic dysfunction stratified by hypothermia and cerebral perfusion strategy following acute type A
dissection repair in the GERAADA registry (44). Numbers on the y-axis represent percentage of patients within each group who suffered
permanent neurologic dysfunction. No statistically significant trends were found. HCA, hypothermic circulatory arrest alone group; bSACP,
bilateral selective antegrade cerebral perfusion group; uSACP, unilateral selective antegrade cerebral perfusion group. Note: hypothermia
strategy represents systemic temperature in HCA only group and cerebral perfusion temperature in SACP groups
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Although these retrospective observational studies are
insufficient to prove superiority or non-inferiority of one
approach compared to another, they do appear to establish
the necessary equipoise required to justify a RCT in this
area.

Future directions

There are several limitations to the current study of optimal
temperature for circulatory arrest during aortic arch surgery.
The lack of high-quality evidence in the current literature
and dramatic variability between practitioners complicates
the development of a standard study protocol. A uniform set
of variables needs to be established and reported in analyses
comparing neuroprotection strategies for circulatory
arrest in aortic arch surgery. These variables may include
cerebral temperature, systemic temperature, method of
temperature assessment, cerebral perfusion strategy (none,
RCP, unilateral SACP, bilateral SACP), perfusion pressure,
perfusate type and temperature, circulatory arrest time,
complexity of arch repair, along with more conventional
patient and operative characteristics.

There is a further lack of standard terminology regarding
definitions of mild, moderate, and deep hypothermia.
Evaluating studies that claim to use a protocol with a
specific degree of hypothermia becomes difficult when
groups reporting moderate hypothermia use temperature
ranges that other groups would consider as deep or mild
hypothermia. Additionally, it becomes problematic to
compare studies with protocols that use ranges which
cross the deep-moderate or moderate-mild border.
Ideally, standard definitions of mild, moderate, and deep
hypothermia would be established, and all studies would
report the exact temperature ranges used.

In addition, reported outcomes from studies examining
varying degrees of HCA need to be expanded. While
consistent definitions of mortality and neurologic
dysfunction are widespread (52), more sensitive measures
of neurocognitive function are needed to better assess the
effects of various temperatures on the brain. In addition to
neurologic effects, systemic and visceral organ outcomes
need to be evaluated and reported. Temperatures utilized
for HCA may affect ischemic end-organ protection,
coagulation, circulatory and inflammatory response
systems, leading to differences in bleeding, embolic events,
renal perfusion, and hepatic function, among others.
Studies evaluating HCA will also need to be stratified by
procedure type (i.e. hemi-arch vs. total arch replacement),

© AME Publishing Company. All rights reserved.

www.annalscts.com

Englum et al. Degree of hypothermia in arch surgery

as temperatures that are safe for shorter procedures may
not be tolerated with more complex procedures requiring
longer HCA times.

The variability in current practice and the paucity of
adequately controlled comparative studies demonstrate
the need for a RCT to address this issue. Significantly, the
disparate results from several smaller studies indicate that
the difference in outcomes between circulation strategies
may be small, therefore requiring a large sample size to
adequately evaluate. Alternatively, a large, rigorous, adjusted
analysis would also be a welcome addition to the literature
and as a guide to therapy. However, any dataset used to
perform this analysis would require robust data collection
to include many of the esoteric variables unique to arch
surgery described above.

Conclusions

The optimal degree of hypothermia for circulatory arrest
in aortic arch surgery has been vigorously debated since
the technique gained popularity in the 1970s. Significant
improvements have been made over the last 35 years,
allowing for increased operative times and for more complex
procedures to be performed. However, postoperative
neurologic morbidity and mortality remain elevated.
The complexity of the procedures and the difficulties in
objectively comparing perfusion techniques necessitate a
standardized approach to the analysis and presentation of
research in this field. With a number of potential variables
under the control of the surgical team, including degree
of hypothermia and cerebral perfusion strategy, robust
studies are needed to determine the optimal approach to
these patients in order to further decrease postoperative
complications. However, until definitive comparative
studies have been completed, we suggest deep hypothermia,
as established and optimized by nearly four decades of
preclinical and clinical data, remains the gold standard for
end-organ protection with circulatory arrest during aortic
arch repair.
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