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Many known risk factors for adverse cardiovascular and neurological outcomes in chil-
dren with congenital heart defects (CHD) are not modifiable; however, the temperature 
and blood flow during cardiopulmonary bypass (CPB), are two risk factors, which may 
be altered in an attempt to improve long-term neurological outcomes. Deep hypothermic 
circulatory arrest, traditionally used for aortic arch repair, has been associated with short-
term and long-term neurologic sequelae. Therefore, there is a rising interest in using 
moderate hypothermia with selective antegrade cerebral blood flow on CPB during 
aortic arch repair. Rewarming from moderate-to-deep hypothermia has been shown 
to be associated with neuronal injury, neuroinflammation, and loss of cerebrovascular 
autoregulation. A significantly lesser degree of rewarming is required following mild 
(33–35°C) hypothermia as compared with moderate (28–32°C), deep (21–27°C), and 
profound (less than 20°C) hypothermia. Therefore, we believe that mild hypothermia is 
associated with a lower risk of rewarming-induced neurologic injury. We hypothesize that 
mild hypothermia with selective antegrade cerebral perfusion during CPB for neonatal 
aortic arch repair would be associated with improved neurologic outcome.
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introdUCtion

Congenital heart disease (CHD) is a common cause of morbidity and mortality in children. Eight 
in 1,000 newborns are diagnosed with CHDs, and approximately two to three million individuals 
are living in the US with CHDs (1, 2). Childhood survival with CHD has greatly improved over 
the decades following the first attempts at surgical intervention. Morbidity remains significant 
in survivors and is related to low cardiac output syndrome (LCOS), end-organ dysfunction, and 
neurological injury. Postoperative neurological injury increases the duration and cost of hospitaliza-
tion and decreases postoperative quality of life. Neurological impairment is also linked to increased 
morbidity and mortality. Long-term neurocognitive outcomes in children with congenital heart 
disease are determined by variety of prenatal, perinatal, and postnatal factors, and some of them are 
not related to the surgical strategy. Cardiopulmonary bypass (CPB) surgery is a potential risk factor, 
which is known to contribute to the neurologic injury in this patient population. Various causative 
mechanisms have been postulated for neurological injury after CPB. These include embolization of 
gaseous and particulate matter, cerebral hypoperfusion, and systemic inflammatory response to CPB 
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taBLe 1 | summary of randomized controlled trials (rCts) comparing neurologic outcomes following deep hypothermic circulatory arrest (dHCa) and 
selective cerebral perfusion (sCp).

study subjects surgery dHCa sCp neurologic outcomes

e a e a short-term Long-term imaging

Goldberg et al. (20) Infants Norwood surgery 38 30 39 27 Not studied No difference Not studied
Algra et al. (8) Neonates Aortic arch repair 19 18 18 18 No difference Not studied No difference
Harrington et al. (21) Adult Aortic arch surgery 21 20 21 21 SCP better than DHCA No difference Not studied
Vuylsteke et al. (22) Adults Pulmonary endarterectomy 35 30 39 36 Not studied No difference Not studied
Myung et al. (23) Neonatal piglets CPB with DHCA ± SCP 12 8 9 8 SCP better than DHCA Not studied Not studied

RCTs, randomized controlled trials; DHCA, deep hypothermic circulatory arrest; SCP, selective cerebral perfusion, E, enrolled; A, analyzed.
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(3, 4). Various strategies have been described to reduce or prevent 
the occurrence of post-CPB neurological injury. Temperature 
manipulation during CPB is an important variable that could 
affect neurological outcome after CPB. Traditionally, aortic arch 
anomalies are repaired using deep hypothermic (18°C) circula-
tory arrest (DHCA) to allow for a bloodless field and adequate 
repair (5). However, DHCA provides a limited time for a complex 
repair with the potential for significant neurologic injury (6). 
To minimize the cerebral ischemia during DHCA, selective 
antegrade cerebral perfusion (SACP) has been utilized, but the 
results are conflicting (7–9) (Table  1). Many children’s centers 
continue to advocate deep hypothermia at 18°C with selective 
antegrade cerebral blood flow, during neonatal aortic arch repair. 
However, rewarming from moderate-to-deep hypothermia 
is associated with loss of cerebrovascular autoregulation and 
neuronal injury (10–15). Hypothermic CPB is associated with 
abnormal cerebrovascular autoregulation that is worsened with 
rewarming (11). Similarly, impairment of cerebral vascular reac-
tivity has been reported in patients with traumatic brain injury 
after rewarming from therapeutic hypothermia (16). Degree and 
rate of rewarming from hypothermia in swine model of hypoxic 
ischemic cardiac arrest has been associated with increased neu-
ronal apoptosis (17). The underlying mechanism of increased 
vulnerability to neurologic injury during rewarming from hypo-
thermia is unknown, but it may be related to inadvertent cerebral 
hyperthermia (18). Mild hypothermia for aortic arch repair in 
adults has been reported to be simple, safe, and effective method 
of organ protection (19). Therefore, some centers have adopted 
mild hypothermia with SACP as a standard of care during aortic 
arch repair in children. To date, there is no study of short-term 
and long-term outcomes following mild hypothermia (32–35°C) 
with SACP in children undergoing aortic arch repair.

BaCKGroUnd

Survival of neonates with complex congenital heart defects 
(CHDs) continues to improve; however, cardiovascular and 
neurodevelopmental outcomes in survivors remain a concern. 
Neurodevelopmental impairment is the most common morbid-
ity affecting the quality of life of children with CHD (24–26). 
Children who require cardiac surgery during the neonatal period 
have a significantly higher incidence of academic delays, motor 
difficulties, behavioral problems, issues with visual–motor inte-
gration and executive planning, language problems, inattention, 
and hyperactivity. The need for special services is significantly 

increased compared with the general population, as they get older 
(24). In a long-term follow-up study of patients with hypoplastic 
left heart syndrome, 30% received special education, the median 
IQ was 86, and 18% had some mental retardation (26).

ModiFiaBLe risK FaCtors and 
oUtCoMes in neonates FoLLoWinG 
repair For CHds

Many known risk factors for adverse cardiovascular and neuro-
logical outcomes in neonates with CHD are not modifiable. The 
temperature and perfusion during CPB are two risk factors, which 
may be altered to improve long-term neurological outcomes. The 
relationship between metabolic rate and temperature was first 
described over 60 years ago, and hypothermia has become the 
mainstay of cardiac and neurological organ protection during 
CPB (5, 25). The complexity of the surgery, age, clinical status, 
and surgeon’s preference, all, determine the level of hypothermia 
during CPB (25). Four levels of hypothermia have been described: 
mild (33–35°C), moderate (28–32°C), deep (21–27°C), and 
profound (less than 20°C) (27, 28). For correction of specific 
types of CHDs, CPB and DHCA are used to optimize surgical 
visualization and allow complex repairs in a bloodless field. 
DHCA is associated with delayed return of cerebral blood flow 
and metabolism and increased risk of seizures during postopera-
tive period (25, 29). In a study where neonates were randomly 
assigned to either DHCA or deep hypothermic low blood flow 
on CPB during aortic arch repair, both strategies were associ-
ated with increased risk of neurodevelopmental disabilities (6). 
SACP allows residual cerebral metabolism, so antegrade cerebral 
perfusion with moderate hypothermia has become the preferred 
strategy for adult aortic arch surgery patients and has also been 
utilized in some centers for children (19, 24). But, the results of 
SACP with moderate-to-deep hypothermia during aortic arch 
repair have been conflicting (7–9) (Table  1). In short, neither 
moderate hypothermia nor deep hypothermia, despite introduc-
tion of selective cerebral perfusion (SCP), has been associated 
with favorable outcomes.

eFFeCts oF reWarMinG FroM 
HypotHerMia

With growing evidence suggesting deleterious effects of pro-
longed circulatory arrest with profound hypothermia (24), 

http://www.frontiersin.org/Pediatrics
http://www.frontiersin.org
http://www.frontiersin.org/Pediatrics/archive


Neuronal Energy Failure

Severe Injury (necrosis) Moderate Injury (apoptosis) Mild Injury

Hypothermia

Circulatory Arrest

Rewarming

FiGUre 1 | the diagram shows relationship of hypothermia and rewarming with the spectrum of neuronal injury after circulatory arrest. Hypothermia 
shifts cellular injury from necrosis to apoptosis to recovery, whereas, rewarming tends to worsen the degree of neuronal injury from apoptosis to necrosis.
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moderate hypothermia with low flow CPB has been used to 
improve outcome. But, rewarming from moderate hypothermia 
has also been shown to be associated with loss of cerebral 
autoregulation and neuronal loss (10–15). Several animal stud-
ies suggest that even small increases in cerebral temperature 
(1–2°C) exacerbate ischemic neuronal injury (30–37). After 
moderate hypothermia, rewarming to 37°C was associated 
with a significant increase in average cerebrovascular pressure 
reactivity index, indicating temperature-dependent hyperemic 
derangement of cerebrovascular reactivity (16). Increased neu-
ronal apoptosis has been demonstrated during rewarming from 
hypothermia in swine model of hypoxic ischemic cardiac arrest 
(17). In this study, at 29  h after hypoxia–ischemia, rewarmed 
piglets showed worse neuroapoptosis in motor cortex than did 
those that remained hypothermic. Neuroapoptosis in piriform 
cortex was also worse in hypoxic–ischemic, rewarmed piglets 
than in naive/sham piglets. Rate of rewarming was positively 
correlated with worse neuronal injury (17). In a similar study, 
piglets that received delayed hypothermia, followed by rewarm-
ing after hypoxia–ischemia, had significantly more apoptosis 
in the subcortical white matter than did normothermic piglets 
(38). The exact mechanism of deleterious effects of rewarming 
on cerebrovascular autoregulation and neuronal survival is not 
known. It is possible that physiologic and biochemical effects 
of rewarming from hypothermia are similar to those of fever 
or hyperthermia (Figure  1). Typically, fever or hyperthermia 
are associated with an increase in core body temperature by 
2–10°C, whereas, restoration of normothermia from moderate-
to-deep hypothermia on CPB involves 10–20°C of rewarming. 
Also, in most cases, such a significant degree of rewarming from 
moderate-to-deep hypothermia occurs over a short period of 
time on CPB (Figure 2). Due to significant concerns of degree 
and rate of rewarming from moderate-to-deep hypothermia, it 

is now time to readdress the ideal temperature strategy on CPB 
during neonatal aortic arch repair.

MiLd HypotHerMia WitH seLeCtiVe 
anteGrade CereBraL perFUsion 
dUrinG neonataL aortiC arCH repair

With mild hypothermia, the degree of rewarming required is 
reduced as compared with more aggressive hypothermia. As a 
result, rewarming-induced neuroinjury may be reduced with mild 
hypothermia as compared with moderate-to-deep hypothermia. 
Some centers have adopted mild hypothermia with SACP as 
a standard temperature strategy during the CPB in neonates 
undergoing aortic arch repair. The short-term outcomes of mild 
hypothermia with SACP during neonatal aortic arch repair are 
unknown. Postoperative end-organ dysfunction, such as LCOS, 
acute kidney injury, and acute neurologic injury, determine short-
term outcomes after surgery for CHD. LCOS is one of the major 
causes of perioperative morbidity and mortality (39–41). Ischemia-
reperfusion injury, inflammation, and postoperative cytokine 
balance play a central role in pathophysiology of end-organ 
dysfunction (42–44). Cytokine balance during cardiac surgery can 
be modified by pharmacologic and physical interventions (20, 44). 
Moderate hypothermia during CPB increases the synthesis of anti-
inflammatory cytokines, blunts the release of pro-inflammatory 
cytokines, and provides organ protection (44). However, there is no 
information on the effects of mild hypothermia with SACP on pro-
inflammatory and anti-inflammatory cytokines and end-organ 
function in neonates after aortic arch repair. Long-term outcomes 
of mild hypothermia with SACP during neonatal aortic arch 
repair have not been studied. Poor long-term neurodevelopmental 
outcome remains the major cause of morbidity and poor quality 
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FiGUre 2 | the scatter plot of temperature changes during mild, moderate, and deep hypothermia and rewarming from each of mild, moderate, and 
deep hypothermia on CpB. The degree and rate of rewarming from mild hypothermia differs significantly from the degree and rate of rewarming from moderate 
and deep hypothermia.
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of life in the neonates surviving surgical repair of CHD. Evidence 
to support the deleterious effects of rewarming from hypothermia 
raises concerns about the neuroprotective effects of moderate or 
deep hypothermia, during CPB. Since the degree of rewarming 
differs significantly between moderate/deep hypothermia and 
mild hypothermia, it is conceivable that mild hypothermia offers 
better neuroprotection. As mild hypothermia during CPB is being 
used more widely as a standard temperature strategy, it is essential 
to learn about its long-term neurodevelopmental effects.

ConCLUsion

Rewarming from moderate-to-deep hypothermia is associated 
with neuroinjury. Mild hypothermia is associated with only 

3–5°C rewarming, whereas, moderate-to-deep hypothermia 
is associated with 10–20°C of rewarming to reach normo-
thermia. Theoretically, mild hypothermia is associated with a 
significantly lower risk of rewarming-induced neuroinjury. It 
is conceivable that mild hypothermia with SACP is a rational 
strategy during CPB in neonates undergoing aortic arch 
repair. Short-term and long-term outcomes in children with 
CHDs following this newly adopted temperature strategy on 
CPB need a thorough evaluation, before it could be accepted  
widely.
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