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Temporal limits of therapeutic 
hypothermia onset in clinical trials for 
acute ischemic stroke: How early is 
early enough?
Hangil Lee1, Yuchuan Ding1,2

Abstract:
Stroke is one of the leading causes of mortality and morbidity worldwide, and yet, current treatment 
is limited to thrombolysis through either t‑PA or mechanical thrombectomy. While therapeutic 
hypothermia has been adopted in clinical contexts such as neuroprotection after cardiac resuscitation 
and neonatal hypoxic‑ischemic encephalitis, it is yet to be used in the context of ischemic stroke. 
The lack of ameliorative effect in ischemic stroke patients may be tied to the delayed cooling 
induction onset. In the trials where the cooling was initiated with significant delay (mostly systemic 
cooling methods), minimal benefit was observed; on the other hand, when cooling was initiated very 
early (mostly selective cooling methods), there was significant efficacy. Another timing factor that 
may play a role in amelioration may be the onset of cooling relative to thrombolysis therapy. Current 
understanding of the pathophysiology of acute ischemic injury and ischemia‑reperfusion injury 
suggests that hypothermia before thrombolysis may be the most beneficial compared to cooling 
initiation during or after reperfusion. As many of the systemic cooling methods tend to require longer 
induction periods and extensive, separate procedures from thrombolysis therapy, they are generally 
delayed to hours after recanalization. On the other hand, selective cooling was generally performed 
simultaneously to thrombolysis therapy. As we conduct and design therapeutic hypothermia trials for 
stroke patients, the key to their efficacy may lie in quick and early cooling induction, both respective 
to the symptom onset and thrombolysis therapy.
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postreperfusion hypothermia, prereperfusion hypothermia, therapeutic hypothermia

Introduction

Stroke is one of the leading causes of 
mortality and morbidity worldwide, 

and yet, current treatment is limited 
to thrombolysis through either t‑PA 
or  mechanical  thrombectomy. [1] A 
promising potential treatment modality 
identified in animal models is therapeutic 
hypothermia.[2] Therapeutic hypothermia 
is  currently used in other cl inical 
contexts, such as neuroprotection after 

cardiac resuscitation[3] and neonatal 
hypoxic‑ischemic encephalitis. [4] Its 
applications for patients with acute ischemic 
stroke (AIS) is currently being explored 
through preclinical and clinical trials.[5]

Therapeutic Hypothermia Clinical 
Trials

Clinical trials have verified the plausibility 
of safely inducing hypothermia in 
human subjects with AIS.[6‑9] The type of 
hypothermia induced can be divided into 
two categories: systemic and selective.[10] 
Systemic hypothermia cools the entire body 
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through surface cooling, endovascular cooling, cold saline 
infusion, or a combination of the various methods.[6,8] 
Selective cooling has been most frequently performed 
by intra‑arterial selective cooling infusion (IA‑SCI), 
which induces hypothermia primarily to the brain tissue 
immediately downstream of the site of mechanical 
thrombectomy by injecting cold saline.[7]

Most of these trials were Phase I trials, conducted 
with the intent of determining safety and plausibility. 
Hence, the sample sizes for these trials were limited. 
Due to the small samples, the power in assessing 
therapeutic hypothermia’s efficacy on AIS patients is 
limited. Despite the limited sample size, the benefit 
of hypothermia seems to diverge contingent on the 
type of hypothermia, as delineated by Table 1. Of the 
systemic hypothermia trials listed in the review by Wu 
et al.,[9] 16 authors commented on the efficacy, of which 
only three trials observed amelioration of some sort, 
two observed worsened outcomes, and 11 observed 
inconclusive results; on the other hand, of the selective 
hypothermia trials in the same review, four commented 
on their efficacy, of which three observed amelioration 
of some sort and one observed inconclusive results. 
While the experiment designs varied widely with the 
method, onset, duration, and depth of hypothermia, 
one of the factors was consistently different between 
the two categories of hypothermia: the starting time of 
hypothermia.[9]

Therapeutic hypothermia is thought to be ameliorative 
only if it is performed early enough. Han et al. observed 
that super early, prereperfusion hypothermia was 
superiorly ameliorative compared to hypothermia 
induced later.[11] Animal models have also established 
that early induction is crucial for the ameliorative effects 
of hypothermia.[12] In agreement with these findings, 
the current understanding of the pathophysiology of 
AIS is that many of the pathways to cell damage and 
eventual death is largely due to ATP depletion,[13] which 
is ameliorated by slowing down ATP consumption 
through hypothermia. In other words, hypothermia 
ameliorates cell damage and death by decreasing the 
metabolic rate.[13] All of this points to the necessity 
for early hypothermia induction if we are to hope for 
ameliorative effects. Any delay in hypothermia is further 
depletion of ATP and consequently, greater cell death.

Temporal Limitations: Onset Initiation and 
Induction Length

Regardless of the type of hypothermia, thrombolysis 
through t‑PA or mechanical thrombectomy takes 
precedence in stroke therapy.[10] Animal models 
have found that hypothermia, early or delayed, is 
not beneficial without reperfusion therapy.[2] This 
prioritization sets a natural parameter for all induction 
methods of hypothermia. Cooling will be delayed to 
after reperfusion therapy for the methods that require 
separate procedures and longer induction times.[14‑16] On 
the other hand, patients can be cooled simultaneous to or 
before reperfusion, if the procedure can be implemented 
efficiently and quickly.[7]

Systemic Hypothermia: Slow Onset 
Initiation and Long Induction Length

Some common methods of inducing systemic 
hypothermia are surface cooling, endovascular cooling, 
cold saline injection, or a combination of the methods. 
Systemic cooling through any of these methods requires a 
separate procedure from thrombolysis therapy with long 
induction times. Depending on the design of the trial, 
systemic cooling was initiated anytime between 2.05 and 
42 h after symptom onset[9] and took 1–7.36 h to reach 
the target temperature.[17] In these studies, hypothermia 
had to be induced after thrombolysis therapy to prevent 
significant delays in reperfusion.

Systemic hypothermia faces additional hurdles that may 
complicate the cooling process. Cooling the whole body 
induces a normal physiological response of shivering. 
This causes the hypothermia induction to be slower 
as the rapid contraction of the muscles raises the body 
temperature, which also makes the patient experience 
uncomfortable.[18] Furthermore, studies have reported 
a significant incidence of pneumonia of patients that 
underwent systemic hypothermia, further suggesting 
its inadequacy in clinical application.[6,15]

Selective Hypothermia: Quick Onset 
Initiation and Short Induction Length

IA‑SCI is one of the selective cooling methods that have 
undergone several clinical trials. This cooling method’s 
induction time is restrained to immediately preceding 
and following reperfusion because it requires vascular 
access to the internal carotid artery attained during 
mechanical thrombectomy.[7] In a clinical trial by Wu 
et al., hypothermia was initiated <6 h from symptom 
onset, concurrent to the thrombolysis procedure 
through mechanical thrombectomy.[7] While the brain 
tissue temperature was not directly measured with this 
trial, it was modeled to effectively cool the ipsilateral 

Table 1: Summary of therapeutic hypothermia trials
Type of hypothermia Beneficial 

outcomes
Worsened 
outcomes

Total 
trials

Surface cooling 3 2 16
Selective cooling 3 ‑ 4
Therapeutic hypothermia trials for acute ischemic stroke patients and their 
reported efficacy. Those that did not report their outcomes to be either 
beneficial or worsened found their results to be inconclusive
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hemisphere to moderate hypothermia (<35°C) within 
10 min of injecting cold saline at the rate of >20 ml/min 
in computer‑simulated models.[19] In practice, a slower 
rate of infusion (10 ml/min) was used preceding 
thrombectomy to circumvent embolism potential, 
followed by a higher rate (30 ml/min) immediately 
following reperfusion.[7]

IA‑SCI shows a lot of promise, although it is limited 
to patients who qualify for mechanical thrombectomy. 
Unlike systemic cooling, it does not induce shivering,[7] 
permitting a much more efficient cooling process and 
comfortable experience for the patient.

Ideal Hypothermia Induction Timing 
Parameters

Many studies point to the metabolic nature of 
acute ischemia’s pathophysiology. The damage is 
thought to occur in two phases: ischemic damage and 
ischemia‑reperfusion damage. Both phases of damage 
are driven by ATP depletion. In ischemic damage, ATP 
depletion leads to the failure of various pumps that 
maintain appropriate ion concentration gradients. Their 
failure leads to cell swelling, activation of autophagocytic 
enzymes, and eventual apoptosis activation. For the 
cells that survive ischemia, ischemia‑reperfusion injury 
poses a continued threat with fresh influx of oxygen 
and calcium. While oxygen is critical for reactivation 
of the electron transport chain, it also activates ROS 
generation in the process through the rapid influx.[13] ROS 
is further generated through the shunting of xanthine 
metabolism pathway and nicotinamide adenine 
dinucleotide phosphate oxidase (NADPH oxidase, 
NOX) activation in the absence of ATP.[20] Both ischemic 
and ischemia‑reperfusion injuries can be ameliorated 
by depressing metabolism. If hypothermia is induced 
before reperfusion, it will decrease ATP consumption 
and provide a greater reservoir for crucial ion pump 
activity, slowing cell death. Furthermore, ischemia‑
reperfusion injury will also be ameliorated by the 
provision of additional ATP to prevent further shunting 
of the xanthine metabolism pathway and slowing down 
generation of ROS through NOX. If hypothermia is 
induced after reperfusion, it is unable to diffuse the 

damage from both mechanisms and can only alleviate 
the reperfusion damage in the penumbra.

The timing of hypothermia onset has been coined with 
several different terms. With consideration of the above 
mechanisms, the onset of hypothermia can be organized 
into three categories: inter‑ischemia/pre‑reperfusion 
(before reperfusion), which is initiated during 
ischemic damage and before ischemia‑reperfusion; 
during reperfusion, which begins simultaneously to 
ischemia‑reperfusion damage; and inter‑reperfusion/
post‑reperfusion (after reperfusion), which is induced 
after ischemia‑reperfusion damage begins. These 
terms are visualized by Figure 1. The pathophysiology 
described above suggests that hypothermia is the most 
effective if induced inter‑ischemia/pre‑reperfusion. 
In support of this, the greatest neuroprotection was 
observed in cardiac resuscitation patients when they 
were induced inter‑ischemia/prereperfusion.[21]

Using the terminologies described above, the two 
general categories of hypothermia and their onset 
timings can be described as follows: systemic 
hypothermia, due to its cumbersome length of 
onset and required separate procedure, is induced 
inter‑reperfusion/post‑reperfusion;  selective 
hypothermia, as it takes advantage of the intra‑arterial 
access gained in mechanical thrombectomy and quick 
cooling onset, is induced during reperfusion. These 
descriptions are organized in Table 2, alongside a 
preclinical experiment that found ameliorative effects 
in their therapeutic hypothermia of rats that underwent 
AIS.

Additional Discussion on Intra‑arterial 
Selective Cooling Infusion

Selective cooling through IA‑SCI is one of the fastest 
induction methods in clinical trials. It is induced 
inter‑ischemia, and can ameliorate damages caused by 
both ischemic damage and ischemia‑reperfusion damage. 
Unfortunately, those who can receive IA‑SCI are limited 
to patients who qualify for mechanical thrombectomy, as 
it requires vascular access to the artery that is supplying 
the target tissue. Consequently, those who do not qualify 
for mechanical thrombectomy may not be candidates for 
IA‑SCI. Hence, their cooling methods may be limited 
to systemic hypothermia. Unfortunately, most of the 
systemic hypothermia methods that have undergone 
clinical trials have been delayed to inter‑reperfusion 
hypothermia, induced several hours after thrombolysis 
treatment. Hypothermia induced inter‑reperfusion 
misses the window of opportunity to ameliorate 
damages caused by ischemic damage and the beginnings 
of ischemia‑reperfusion damage. In other words, because 
those who do not qualify for mechanical thrombectomy 

Figure 1: The three timings of hypothermia relative to the timing of ischemic 
damage and ischemia-reperfusion damage
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also do not qualify for quick cooling through IA‑SCI, 
they are limited to slower systemic hypothermia, which 
is unable to ameliorate damages in the crucial time 
windows.

One potential criticism for IA‑SCI is its short duration 
of cooling and quick rewarming relative to systemic 
cooling. While some aspects of the pathophysiology of 
hypothermia’s ameliorative effects may indicate that 
longer duration of cooling is beneficial, meta‑analysis 
of preclinical trials have demonstrated very little, if 
any, correlation between the duration of cooling and 
amelioration.[12] Furthermore, the intra‑arterial saline 
flush may benefit the recovery of ischemic tissue 
with additional mechanisms not achieved by cooling. 
Inflammatory responses involving increased cytokines 
and adhesive markers are significant contributors to poor 
outcomes of ischemic stroke.[22] “Flushing” may further 
attenuate ischemic injury by reducing the mentioned 
inflammatory markers in the ischemic area.[23] Some 
have also raised concerns for increased hemorrhage 
with IA‑SCI. A phase I trial studying the safety of IA‑SCI 
observed no increases in the incidence of intracerebral 
or symptomatic hemorrhage between the IA‑SCI group 
and control.[7]

Pharmaceutically Induced Hypothermia: 
Inter‑ischemia/Prereperfusion Hypothermia

One of such promising method for patients who 
do not qualify for mechanical thrombectomy may 
be pharmaceutically induced hypothermia. There 
are eight pharmaceutical classes that are known to 
induce hypothermia: cannabinoid system, transient 
receptor potential vanilloid 1‑receptor, opioid receptor, 
neurotensin, thyroxine derivatives, dopamine receptor 
activators, gaseous hypothermia, and adenosine/
adenine nucleotides.[24] The mechanism of cooling is 
mainly through their effect on the thermoregulation 
center in the hypothalamus, which also omits shivering 
in patients observed in systemic cooling methods.[24] 
Shivering prevention improves the cooling process by 
preventing counterproductive rewarming and granting 
the patients a much more comfortable experience.[6] Some 
of the hypothermic agents, such as some cannabinoids, 
have also been found to have neuroprotective effects 
in isolation, independent of cooling.[24] The synergistic 
potential between hypothermia induction and other 

neuroprotective effects have great promises in AIS 
therapy.

Both preclinical and clinical studies that demonstrate 
pharmaceutically induced hypothermia for AIS are 
growing in number. A rat model has demonstrated safe 
and effective pharmaceutically induced inter‑ischemia 
hypothermia through chlorpromazine and promethazine, 
with neuroprotection demonstrated in both transient and 
permanent ischemia models.[25] Another pre‑clinical study 
demonstrated that inter‑reperfusion pharmaceutical 
hypothermia through dihydrocapsaicin (DHC) and 
intra‑arterial regional cooling infusions can effectively 
ameliorate acute ischemic damages.[26]

In clinical trials, effective and efficient neuroprotection 
in cardiac resuscitation patients was achieved 
through pharmaceutically induced inter‑ischemia 
hypothermia.[11] As for AIS patient contexts, a clinical 
trial successfully used caffeinol in conjunction with 
surface and endovascular cooling to demonstrate safe 
inter‑reperfusion hypothermia in AIS patients.[27]

Other neuroprotective, not necessarily hypothermic, 
medications may also have synergistic effects with 
cooling that are yet to be studied. These medications 
can be organized largely into four categories, based on 
the deleterious effects they ameliorate: excitotoxicity, 
reactive oxygen species, cellular apoptosis, and 
inflammation.[28] Synergistic neuroprotection may be the 
key to minimizing the drawbacks to pharmaceutically 
induced hypothermia, which include detrimental 
side effects, decreased rate of drug metabolism, and 
challenges to routes of administration. If we discover 
drug combinations with strong protection and minimized 
side effects, they may be great candidates for early and 
quick hypothermia, induced inter‑ischemia.

New Alternative Induction Methods

In their review, Wu et al.[9] listed other potential methods 
of selective hypothermia induction for those who do not 
qualify for mechanical thrombectomy, which includes 
epidural cooling,[29] subdural cooling,[30] subarachnoid 
cooling,[31] and retrograde jugular venous cooling.[32] 
These require invasive procedures but may become 
candidates for treating patients who do not qualify 
for mechanical thrombectomy with improvements to 

Table 2: Comparison of the parameters of different types of hypothermia
Preclinical experimental 
findings (rat models)

Systemic hypothermia (surface cooling 
and endovascular methods)

Selective hypothermia (IA‑SCI)

Onset timing Inter‑ischemia/prereperfusion[12] Inter‑reperfusion/postreperfusion (2.05‑42 h 
from symptom onset)[9]

During reperfusion (<6 h from 
symptom onset)[7]

Time to achieve 
hypothermia

20 min to reach 35°C[12] 1‑7.36 h to reach 32‑35°C[17] 10 min to reach<35°C with 
>20 mL/min infusion[19]

The parameters of different types of hypothermia compared, relative to the findings from preclinical experiments. IA‑SCI: Intra‑arterial selective cooling infusion
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make them safer and efficient. Transnasal evaporative 
cooling is another method that shows promises with 
limited applications, as its cooling effects are limited to 
specific areas with limited global cooling in ischemic 
conditions.[33]

Conclusion

To reap the fullest or any benefit from therapeutic 
hypothermia, it is crucial to consider the temporal 
bounds of hypothermia induction methods. Delayed 
hypothermia has the potential of providing minimal 
benefits as it only ameliorates the later stages of 
ischemia‑reperfusion injury. The greatest benefits may 
be reaped with inter‑ischemia hypothermia induction, 
which may slow the metabolism early enough to 
ameliorate both ischemic and ischemia‑reperfusion 
injury. IA‑SCI may be sufficient for patients who qualify 
for mechanical thrombectomy with minimal risks 
and complications due to its smooth integration with 
mechanical thrombectomy, with cooling induced during 
reperfusion. Systemic hypothermia through surface, 
endovascular, and cold saline infusion cooling methods 
cannot be induced quickly enough and is generally 
delayed to inter‑reperfusion, which is likely too late 
for both ischemic and ischemia‑reperfusion damages. 
Developing and investing in cooling methods that allow 
quick inter‑ischemia cooling is necessary for patients 
who do not qualify for mechanical thrombectomy. Of 
the potential therapies to consider, pharmaceutically 
induced hypothermia holds great potential for early 
and quick cooling induction; however, it requires more 

research to determine safe and effective combinations 
that have strong cooling effects with wide therapeutic 
indices.
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