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Abstract
Therapeutic Hypothermia has proven neuroprotective effects in global cerebral ischemia.
Indications for hypothermia induction include cardiac arrest and neonatal asphyxia. The two
general methods of induced hypothermia are either surface cooling or endovascular cooling.
Hypothermia should be induced as early as possible to achieve maximum neuroprotection and
edema blocking effect. Endovascular cooling has the benefit of shorter time to reach target
temperature but catheter insertion requires expertise and training, which may be a barrier to
widespread availability. The optimum method of cooling is yet to be determined but a multimodal
approach is necessary to address three phases of cooling: induction, maintentance, and re-warm.
Specifying core practitioners who are well-versed in established guidelines can help integrate the
multidisciplinary team that is needed to successfully implement cooling protocols. Reducing
shivering to make heat exchange more efficient with tighter temperature control enables quicker
time to target temperature and avoids re-warming which can lead to inadvertent increase in
intracranial pressure and cerebral edema. Promising applications but yet to be determined is
whether hypothermia treatment can improve outcomes in acute ischemic stroke or traumatic brain
injury.
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Introduction
Therapeutic Hypothermia (TH) improves neurological recovery and reduces mortality after
global ischemia, such as in patients with cardiac arrest1-3, and in infants with moderate or
severe hypoxic-ischemic encephalopathy4. The therapeutic effects of hypothermia were
discussed as early as 400 BC when Hippocrates mentions the use of snow and ice to reduce
hemorrhage in patients5. The therapeutic implications of hypothermia reentered the modern
literature starting in the 1940-50s with the specific use of TH in cardiac arrest patients6 in
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1959. Many animal models have shown evidence of reduced histopathology and favorable
functional outcomes7-9. A recent meta-analysis of randomized controlled trials showed
favorable neurologic outcomes for those that received TH, defined as core body temperature
less than 35°C within six hours of hospitalization in those who were resuscitated from
cardiac arrest3.

Despite mounting evidence of efficacy and published guidelines supporting the use of TH10,
implementation of hypothermia treatment has been under utilized11. Identified barriers to
implementation include lack of awareness of effective hypothermia techniques and
controversies regarding the best method to reach target temperatures. Specifying core
practitioners who are well-versed in established guidelines can help integrate the
multidisciplinary team that is needed to successfully implement cooling protocols.

Pathophysiology
The neuroprotection offered by TH has been attributed to reducing cerebral metabolic
demmand by decreasing decreasing the rate of oxygen consumption and reducing ATP
demand 12. Halting early gene expression of c-fos and excitatory neurotransmitors plays a
central role in preventing neuronal cell death 13. TH also stabilizes the blood brain barrier
and reduces cerebral edema by decreasing permeability to inflammatory cytokines and
potential harmful substances such as free radicals14 and thrombin15. Pilot studies in acute
cerebral ischemia showed endovascular hypothermia decreased acute cerebral edema using
CT imaging parameters16.

TREATMENT
Cooling Methods

There are multiple issues to consider when inducing hypothermia such as mode of cooling
and ease of implementation, patient safety and tolerability, speed of reaching target, duration
of cooling, and monitoring for complications. The optimum method of cooling is yet to be
determined but a multimodal approach is necessary to address three phases of cooling:
induction, maintentance, and re-warm.

In general, two methods of induced hypothermia are used currently: surface cooling and
endovascular cooling. Surface cooling methods include convective air blankets, water
mattresses, alcohol bathing, cooling jackets, and ice packing. Surface cooling techniques
have been used for many years in the treatment of fever. Initial studies of TH in large
strokes, cardiac arrest, and the neonatal asphyxia used surface cooling. Patients with these
conditions are usually comatose, intubated, and ventilated17, 18. The advantages of surface
cooling are that it does not require advanced equipment or expertise in catheter placement
and avoids the risks associated with central venous catheter placement. External cooling,
however, is slower than endovascular cooling and requires the use of sedatives and
paralytics to prevent discomfort and shivering in most cases for target temperatures below
35°C19. The use of paralytic agents renders accurate physical assessment and detection of
neurologic worsening impossible. Cooling of the skin surface induces vasoconstriction and
reduces heat exchange in cooled patients; vasoconstriction reduces temperature control,
which has lead to target temperature overshoot and lack of control during re-warming16, 20.
Uncontrolled re-warming has been associated with rebound cerebral edema, elevations in
intracranial pressure, and death.

Selective head cooling methods may bypass some of the limitations of systemic cooling21.
Recent studies using cooling helmets, for example, show promise and easier implementation
than systemic cooling methods but required several hours to reach target temperatures22.
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Adding neck cooling may effectively shorten the time required to reach target temperature
and cool deep brain structures more effectively than superficial head cooling alone23. Newer
surface cooling systems, such as energy transferring skin pads may also allow for better
temperature control, but this has not been confirmed in controlled clinical trials24. Other
recent novel approaches include transnasal evaporative cooling, a prehospital technique that
allowed cooling treatment to begin in cardiac arrest patients prior to hospital arrival25.
Treated patients in this trial reached target temperature to 34°C quickly but adverse events
included periorbital emphysema, epistaxis, perioral bleeding, and nasal discolorations.

Endovascular cooling using catheters with antithrombotic coatings is feasible and safe26.
The benefits of this invasive technique includes shorter time to reach target temperature,
which can be accomplished within an hour of cooling initiation27, 28. An important
determinant of efficient cooling was body surface area. Larger patients are more difficult to
treat while lighter and older patients were cooled more easily28. Catheter insertion requires
expertise and training, which may inhibit availability29. The catheter attached to a cooling
unit comprises an indwelling heat transfer system without requiring cold fluid infusion or
extra-corporal heat transfer.30 Reducing shivering to make heat exchange more efficient
with tighter temperature control enables quicker time to target temperature. Precise
temperature control avoids overshoot and accidental re-warming, inadvertent increase in
intracranial pressure and cerebral edema31. Adverse events associated with endovascular
cooling include pneumonia, cardiac arrhythmia, thrombocytopenia, and vascular
dissection32.

Tolerability and Control of Shivering
The human thermoregulatory system tightly controls core body temperature near 37°C.
Protective mechanisms against hypothermia include muscle shivering and cutaneous
vasoconstriction. Cutaneous vasoconstriction reduces heat conduction through the skin;
shivering produces energy and heat through repetitive muscle contractions33. In addition to
substances that alter hypothalamic temperature control, neuromuscular blocking agents are
effective against shivering. In the clinical trials of hypothermia in patients after cardiac
arrest, neuromuscular blockade was used to prevent and treat shivering2. Proper sedation is
required in conjunction with paralytics, but monitoring neurologic status is limited during
neuromuscular blockade. Shivering in the conscious patient creates discomfort and reduces
the effectiveness of cooling. Most patients with large ischemic stroke have a reduced state of
consciousness but are not comatose. To assure patient comfort and to cool effectively,
shivering must be reduced with centrally active agents. In stroke patients, intubation and
paralysis is avoided to minimize the risk of aspiration and pneumonia28. In patients who
receive endovascular hypothermia, surface skin-warming blankets can reduce the shivering
threshold and increase patient tolerability and comfort. Most data concerning shivering
controls comes from research to control post-anesthetic shivering. Over 20 clinical trials
have shown that meperidine (pethidine), clonidine and doxapram are the most effective
drugs to suppress shivering without significant respiratory depression34. More recent studies
have shown that propofol, buspirone, magnesium, tramadol and dexmedetomidine are
effective anti-shivering therapies as well35. The significant respiratory depression associated
with propofol and dexmedetomidine requires that these are restricted to intubated patients.

Therapeutic Uses
Hypothermia treatment can help provide neuroprotection in cases of anoxic brain injury and
global brain ischemia, hence its application in cardiac arrest patients and neonatal hypoxic-
ischemic encephalopathy1, 4. The treatment effectiveness in other neurological injuries such
as stroke and traumatic brain injury is not established firmly26, 27, 36, 37. CT and MRI based
surrogate markers may aid in the early diagnosis of edema after stroke.38-40 Hypothermia
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should be induced as early as possible to achieve maximum neuroprotection and edema
blocking effect41. Controversy remains, however, regarding the therapeutic window for
hypothermia and the optimum cooling duration. Preclinical studies show hypothermia can
reduce infarct size when cooling begins within 3 hours after ischemia42, 43. Other reports
found that delaying hypothermia for more than 3 hours after ischemia showed no significant
neuroprotection,44 while Colbourne et al. have shown that cooling over 24 hours has
neuroprotective effects, even when the treatment was delayed by 6 hours45.

In regards to cooling duration, animal models suggest longer hypothermia treatment offered
better neuroprotection46. Shorter periods of cooling suggest only transient neuroprotection.
In the gerbil two vessel occlusion model, intra-ischemic hypothermia prevented cell damage
in the hippocampus when continued for 4-6 hours, while cooling for 2 hours showed less
protection, and cooling for 0.5-1 hour showed no protective effect44. The studies with the
best long term outcome are those in which hypothermia continues for 24 hours47. Longer
periods of cooling are reported anecdotally in the treatment of brain edema, but there are no
controlled studies. Targeted hypothermia treatment was induced by cerebral microdialysis in
patients undergoing continuous intracranial pressure monitoring48. Some reports suggest
that to reduce cerebral edema, hypothermia duration may be needed for 48 to 72 hours after
symptom onset32. Longer duration of hypothermia treatment, however, was associated with
more adverse effects suggesting treatment should be limited to 24 hours49.

In the COOL-AID study, a randomized control trial of acute ischemic stroke patients, 18
subjects received intravascular cooling compared to 22 control patients. Results showed less
infarct volume growth on imaging in treated patients compared to controls but the clinical
outcomes between groups did not differ significantly27. In a separate study by Guluma et al,
18 ischemic stroke patients were treated with intravascular cooling. Results showed cerebral
edema at 36 to 48 hours was significantly less in the treated group versus the control patients
using a validated measure of CSF volume. At 30 days, cerebral edema did not differ
between cooled and non-cooled patients and the infarct volume and clinical outcome
showed no significant difference16.

In a randomized, multicenter trial combining IV t-PA with hypothermia, the ICTuS-L trial
showed no significant difference in intracerebal hemorrhage rates and mortality rates
between cooled and non-cooled patients. There were higher rates of pneumonia in cooled
patients but this did not reflect adversely on 3-month clinical outcomes between treated and
control patients50. The phase III efficacy trial of ICTuS 2/3 is ongoing with a concerted
effort to reduce cooling induction time to one hour. The European Hypothermia trial,
EuroHyp-1 is also a randomized multicenter study to assess efficacy and safety of
hypothermia in ischemic stroke patients (http://www.eurohyp1.eu/). These ongoing trials
will help determine strategies for optimal cooling technique and establish whether
hypothermia provides favourable outcomes for ischemic stroke patients.

Controversy remains on whether hypothermia can be administered safely and provide
neuroprotection in traumatic brain injury. In a systematic review, there were more than 1400
closed traumatic head injury patients in 22 randomized controlled trials using TH51. Results
show TH reduced mortality rates and unfavourable outcomes such as severe disability or
vegetative state. TH however, was associated with higher rates of pneumonia. In an effort to
address inconistencies in prior published TH results, a recent multicenter, randomized,
double-blind control study aimed to evaluate whether early induction of hypothermia within
2.5 hours of injury provided neuroprotection at 6 month follow-up52. The results however
did not show significant difference between cooled and non-cooled patients and it remains to
be determined which subgroups of traumatic brain injury benefits from TH.
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Conclusions
Hypothermia improves neurologic outcome and decreases mortality in patients with global
cerebral ischemia, such as cardiac arrest patients and infants with hypoxicischemic
encephalopathy. To provide effective treatment, optimal induction and safe rewarming
methods need to be determined. Hypothermia has not been proven to show benefit in
patients with stroke and traumatic brain injury. Therefore, hypothermia should only be used
in randomized controlled trials in this patient population.

References
1. Mild therapeutic hypothermia to improve the neurologic outcome after cardiac arrest. The New

England journal of medicine. 2002; 346:549–556. [PubMed: 11856793]

2. Bernard SA, Gray TW, Buist MD, Jones BM, Silvester W, Gutteridge G, Smith K. Treatment of
comatose survivors of out-of-hospital cardiac arrest with induced hypothermia. The New England
journal of medicine. 2002; 346:557–563. [PubMed: 11856794]

3. Seupaul RA, Wilbur LG. Evidence-based emergency medicine. Does therapeutic hypothermia
benefit survivors of cardiac arrest? Annals of emergency medicine. 2011; 58:282–283. [PubMed:
21435740]

4. Shankaran S, Laptook AR, Ehrenkranz RA, Tyson JE, McDonald SA, Donovan EF, Fanaroff AA,
Poole WK, Wright LL, Higgins RD, Finer NN, Carlo WA, Duara S, Oh W, Cotten CM, Stevenson
DK, Stoll BJ, Lemons JA, Guillet R, Jobe AH. Whole-body hypothermia for neonates with
hypoxicischemic encephalopathy. The New England journal of medicine. 2005; 353:1574–1584.
[PubMed: 16221780]

5. Hippocrates. De vetere medicina. :460–375. BC.

6. Benson DW, Williams GR Jr. Spencer FC, Yates AJ. The use of hypothermia after cardiac arrest.
Anesthesia and analgesia. 1959; 38:423–428. [PubMed: 13798997]

7. Sterz F, Safar P, Tisherman S, Radovsky A, Kuboyama K, Oku K. Mild hypothermic
cardiopulmonary resuscitation improves outcome after prolonged cardiac arrest in dogs. Critical
care medicine. 1991; 19:379–389. [PubMed: 1999100]

8. Hicks SD, DeFranco DB, Callaway CW. Hypothermia during reperfusion after asphyxial cardiac
arrest improves functional recovery and selectively alters stress-induced protein expression. Journal
of cerebral blood flow and metabolism: official journal of the International Society of Cerebral
Blood Flow and Metabolism. 2000; 20:520–530. [PubMed: 10724117]

9. D’Cruz BJ, Fertig KC, Filiano AJ, Hicks SD, DeFranco DB, Callaway CW. Hypothermic
reperfusion after cardiac arrest augments brain-derived neurotrophic factor activation. Journal of
cerebral blood flow and metabolism: official journal of the International Society of Cerebral Blood
Flow and Metabolism. 2002; 22:843–851. [PubMed: 12142569]

10. 2005 american heart association guidelines for cardiopulmonary resuscitation and emergency
cardiovascular care. Circulation. 2005; 112:IV1–203. [PubMed: 16314375]

11. Brooks SC, Morrison LJ. Implementation of therapeutic hypothermia guidelines for post-cardiac
arrest syndrome at a glacial pace: Seeking guidance from the knowledge translation literature.
Resuscitation. 2008; 77:286–292. [PubMed: 18329157]

12. Metz C, Holzschuh M, Bein T, Woertgen C, Frey A, Frey I, Taeger K, Brawanski A. Moderate
hypothermia in patients with severe head injury: Cerebral and extracerebral effects. Journal of
neurosurgery. 1996; 85:533–541. [PubMed: 8814152]

13. Karibe H, Zarow GJ, Graham SH, Weinstein PR. Mild intraischemic hypothermia reduces
postischemic hyperperfusion, delayed postischemic hypoperfusion, blood-brain barrier disruption,
brain edema, and neuronal damage volume after temporary focal cerebral ischemia in rats. Journal
of cerebral blood flow and metabolism: official journal of the International Society of Cerebral
Blood Flow and Metabolism. 1994; 14:620–627. [PubMed: 8014209]

14. Maier CM, Sun GH, Cheng D, Yenari MA, Chan PH, Steinberg GK. Effects of mild hypothermia
on superoxide anion production, superoxide dismutase expression, and activity following transient
focal cerebral ischemia. Neurobiology of disease. 2002; 11:28–42. [PubMed: 12460544]

Song and Lyden Page 5

Curr Treat Options Neurol. Author manuscript; available in PMC 2013 December 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



15. Kawai N, Kawanishi M, Okauchi M, Nagao S. Effects of hypothermia on thrombin-induced brain
edema formation. Brain research. 2001; 895:50–58. [PubMed: 11259759]

16. Guluma KZ, Oh H, Yu SW, Meyer BC, Rapp K, Lyden PD. Effect of endovascular hypothermia
on acute ischemic edema: Morphometric analysis of the ictus trial. Neurocritical care. 2008; 8:42–
47. [PubMed: 17922082]

17. Schwab S, Georgiadis D, Berrouschot J, Schellinger PD, Graffagnino C, Mayer SA. Feasibility and
safety of moderate hypothermia after massive hemispheric infarction. Stroke; a journal of cerebral
circulation. 2001; 32:2033–2035.

18. Krieger DW, De Georgia MA, Abou-Chebl A, Andrefsky JC, Sila CA, Katzan IL, Mayberg MR,
Furlan AJ. Cooling for acute ischemic brain damage (cool aid): An open pilot study of induced
hypothermia in acute ischemic stroke. Stroke; a journal of cerebral circulation. 2001; 32:1847–
1854.

19. Lazzaro MA, Prabhakaran S. Induced hypothermia in acute ischemic stroke. Expert opinion on
investigational drugs. 2008; 17:1161–1174. [PubMed: 18616413]

20. Gillies MA, Pratt R, Whiteley C, Borg J, Beale RJ, Tibby SM. Therapeutic hypothermia after
cardiac arrest: A retrospective comparison of surface and endovascular cooling techniques.
Resuscitation. 2010; 81:1117–1122. [PubMed: 20599312]

21. Qiu W, Shen H, Zhang Y, Wang W, Liu W, Jiang Q, Luo M, Manou M. Noninvasive selective
brain cooling by head and neck cooling is protective in severe traumatic brain injury. Journal of
clinical neuroscience. 2006; 13:995–1000. [PubMed: 17113984]

22. Wang H, Olivero W, Lanzino G, Elkins W, Rose J, Honings D, Rodde M, Burnham J, Wang D.
Rapid and selective cerebral hypothermia achieved using a cooling helmet. Journal of
neurosurgery. 2004; 100:272–277. [PubMed: 15086235]

23. Keller E, Mudra R, Gugl C, Seule M, Mink S, Frohlich J. Theoretical evaluations of therapeutic
systemic and local cerebral hypothermia. Journal of neuroscience methods. 2009; 178:345–349.
[PubMed: 19167429]

24. Zweifler RMVM, Mahmood MA, Alday DD. Induction and maintenance of mild hypothermia by
surface cooling in nonintubated subjects. J Stroke Cerebrovasc Dis. 2003; 12:237–243. [PubMed:
17903934]

25. Castren M, Nordberg P, Svensson L, Taccone F, Vincent JL, Desruelles D, Eichwede F, Mols P,
Schwab T, Vergnion M, Storm C, Pesenti A, Pachl J, Guerisse F, Elste T, Roessler M, Fritz H,
Durnez P, Busch HJ, Inderbitzen B, Barbut D. Intra-arrest transnasal evaporative cooling: A
randomized, prehospital, multicenter study (prince: Pre-rosc intranasal cooling effectiveness).
Circulation. 2010; 122:729–736. [PubMed: 20679548]

26. Hemmen TM, Raman R, Guluma KZ, Meyer BC, Gomes JA, Cruz-Flores S, Wijman CA, Rapp
KS, Grotta JC, Lyden PD. Intravenous thrombolysis plus hypothermia for acute treatment of
ischemic stroke (ictus-l). Final results. Stroke. 2010; 41:2265–2270.

27. De Georgia MA, Krieger DW, Abou-Chebl A, Devlin TG, Jauss M, Davis SM, Koroshetz WJ,
Rordorf G, Warach S. Cooling for acute ischemic brain damage (cool aid): A feasibility trial of
endovascular cooling. Neurology. 2004; 63:312–317. [PubMed: 15277626]

28*. Lyden P, Ernstrom K, Cruz-Flores S, Gomes J, Grotta J, Mullin A, Rapp K, Raman R, Wijman C,
Hemmen T. Determinants of effective cooling during endovascular hypothermia. Neurocritical
care. 2012; 16:413–420. [PubMed: 22466971] This paper provides evidence that cooling is
limited mainly by body weight (specifically body surface area) and that overly aggressive efforts
to suppress shivering with sedation may lead to an unacceptable rate of pneumonia.

29. van der Worp HB, Macleod MR, Kollmar R. Therapeutic hypothermia for acute ischemic stroke:
Ready to start large randomized trials? Journal of cerebral blood flow and metabolism. 2010;
30:1079–1093. [PubMed: 20354545]

30. Mack WJ, Huang J, Winfree C, Kim G, Oppermann M, Dobak J, Inderbitzen B, Yon S, Popilskis
S, Lasheras J, Sciacca RR, Pinsky DJ, Connolly ES Jr. Ultrarapid, convection-enhanced
intravascular hypothermia: A feasibility study in nonhuman primate stroke. Stroke. 2003;
34:1994–1999. [PubMed: 12829868]

Song and Lyden Page 6

Curr Treat Options Neurol. Author manuscript; available in PMC 2013 December 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



31. Flint AC, Hemphill JC, Bonovich DC. Therapeutic hypothermia after cardiac arrest: Performance
characteristics and safety of surface cooling with or without endovascular cooling. Neurocrit Care.
2007; 7:109–118. [PubMed: 17763832]

32. Georgiadis D, Schwarz S, Kollmar R, Schwab S. Endovascular cooling for moderate hypothermia
in patients with acute stroke: First results of a novel approach. Stroke. 2001; 32:2550–2553.
[PubMed: 11692015]

33. Jessen K. An assessment of human regulatory nonshivering thermogenesis. Acta Anaesthesiol
Scand. 1980; 24:138–143. [PubMed: 7386146]

34. Kranke P, Eberhart LH, Roewer N, Tramer MR. Pharmacological treatment of postoperative
shivering: A quantitative systematic review of randomized controlled trials. Anesth Analg. 2002;
94:453–460. table of contents. [PubMed: 11812718]

35. Weant KA, Martin JE, Humphries RL, Cook AM. Pharmacologic options for reducing the
shivering response to therapeutic hypothermia. Pharmacotherapy. 30:830–841. [PubMed:
20653360]

36. Miyazawa T, Tamura A, Fukui S, Hossmann KA. Effect of mild hypothermia on focal cerebral
ischemia. Review of experimental studies. Neurological research. 2003; 25:457–464. [PubMed:
12866192]

37. Adelson PD, Ragheb J, Kanev P, Brockmeyer D, Beers SR, Brown SD, Cassidy LD, Chang Y,
Levin H. Phase ii clinical trial of moderate hypothermia after severe traumatic brain injury in
children. Neurosurgery. 2005; 56:740–754. discussion 740-754. [PubMed: 15792513]

38. Jaramillo A, Gongora-Rivera F, Labreuche J, Hauw JJ, Amarenco P. Predictors for malignant
middle cerebral artery infarctions: A postmortem analysis. Neurology. 2006; 66:815–820.
[PubMed: 16567697]

39. Krieger DW, Demchuk AM, Kasner SE, Jauss M, Hantson L. Early clinical and radiological
predictors of fatal brain swelling in ischemic stroke. Stroke. 1999; 30:287–292. [PubMed:
9933261]

40. Barber PA, Demchuk AM, Zhang J, Kasner SE, Hill MD, Berrouschot J, Schmutzhard E, Harms L,
Verro P, Krieger D. Computed tomographic parameters predicting fatal outcome in large middle
cerebral artery infarction. Cerebrovasc Dis. 2003; 16:230–235. [PubMed: 12865610]

41. Delgado P, Sahuquillo J, Poca MA, Alvarez-Sabin J. Neuroprotection in malignant mca infarction.
Cerebrovasc Dis. 2006; 21(Suppl 2):99–105. [PubMed: 16651820]

42. Chen H, Chopp M, Welch KM. Effect of mild hyperthermia on the ischemic infarct volume after
middle cerebral artery occlusion in the rat. Neurology. 1991; 41:1133–1135. [PubMed: 2067642]

43. Zhang RL, Chopp M, Chen H, Garcia JH, Zhang ZG. Postischemic (1 hour) hypothermia
significantly reduces ischemic cell damage in rats subjected to 2 hours of middle cerebral artery
occlusion. Stroke. 1993; 24:1235–1240. [PubMed: 8342200]

44. Dietrich WD, Busto R, Alonso O, Globus MY, Ginsberg MD. Intraischemic but not postischemic
brain hypothermia protects chronically following global forebrain ischemia in rats. J Cereb Blood
Flow Metab. 1993; 13:541–549. [PubMed: 8314910]

45. Colbourne F, Corbett D. Delayed postischemic hypothermia: A six month survival study using
behavioral and histological assessments of neuroprotection. J Neurosci. 1995; 15:7250–7260.
[PubMed: 7472479]

46. Yanamoto H, Nagata I, Nakahara I, Tohnai N, Zhang Z, Kikuchi H. Combination of intraischemic
and postischemic hypothermia provides potent and persistent neuroprotection against temporary
focal ischemia in rats. Stroke. 1999; 30:2720–2726. discussion 2726. [PubMed: 10583003]

47. Colbourne F, Li H, Buchan AM. Indefatigable ca1 sector neuroprotection with mild hypothermia
induced 6 hours after severe forebrain ischemia in rats. J Cereb Blood Flow Metab. 1999; 19:742–
749. [PubMed: 10413028]

48. Polderman KH. Induced hypothermia and fever control for prevention and treatment of
neurological injuries. Lancet. 2008; 371:1955–1969. [PubMed: 18539227]

49. Kammersgaard LP, Rasmussen BH, Jorgensen HS, Reith J, Weber U, Olsen TS. Feasibility and
safety of inducing modest hypothermia in awake patients with acute stroke through surface
cooling: A case-control study: The copenhagen stroke study. Stroke; a journal of cerebral
circulation. 2000; 31:2251–2256.

Song and Lyden Page 7

Curr Treat Options Neurol. Author manuscript; available in PMC 2013 December 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



50*. Hemmen TM, Raman R, Guluma KZ, Meyer BC, Gomes JA, Cruz-Flores S, Wijman CA, Rapp
KS, Grotta JC, Lyden PD. Intravenous thrombolysis plus hypothermia for acute treatment of
ischemic stroke (ictus-l): Final results. Stroke. 2010; 41:2265–2270. [PubMed: 20724711] This
paper is the most recent clinical trial of therapeutic hypothermia for stroke and is the first large
trial showing the safety of hypothermia plus thrombolysis.

51. Sydenham E, Roberts I, Alderson P. Hypothermia for traumatic head injury. Cochrane Database
Syst Rev. 2009:CD001048.

52. Clifton GL, Valadka A, Zygun D, Coffey CS, Drever P, Fourwinds S, Janis LS, Wilde E, Taylor P,
Harshman K, Conley A, Puccio A, Levin HS, McCauley SR, Bucholz RD, Smith KR, Schmidt JH,
Scott JN, Yonas H, Okonkwo DO. Very early hypothermia induction in patients with severe brain
injury (the national acute brain injury study: Hypothermia ii): A randomised trial. Lancet
neurology. 2011; 10:131–139. [PubMed: 21169065]

Song and Lyden Page 8

Curr Treat Options Neurol. Author manuscript; available in PMC 2013 December 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text


