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Summary 

Background 

Systemic hypothermia is so far the only proven effective neuroprotective strategy in 

neonatal hypoxia brain disease. In acute ischemic stroke the low cooling efficacy as well as the 

adverse side effects of whole-body cooling limited its clinical translation. Supported by 

numerous animal studies, local hypothermia via selective brain cooling methods could achieve 

comparable neuroprotective effects in acute ischemic stroke. Due to thicker cranial structure 

and large cerebral blood flow, conventional cooling devices / methods could hardly induce 

local therapeutic hypothermia in human.  

By taking advantage of the large cerebral blood flow, intra-carotid cold infusion (ICCI) 

has been proven the most efficient strategy for local brain hypothermia induction. Its easy 

implementation into endovascular treatment (EVT) of acute ischemic stroke has been also 

confirmed in several recent clinical pilot studies. In middle cerebral artery occlusion rodent 

studies, ICCI administered either pre- or post-reperfusion has showed its neuroprotective 

effects. However, whether continuous pre- to post-reperfusion, i.e., hypothermia is initiated as 

soon as the first catheter pathway is established and throughout the whole EVT process, brings 

more pronounced neuroprotective effects is unclear. Rodent models that allow for testing pre- 

to post-reperfusion ICCI are also absent.  

Objectives 

The objectives of this study are therefore 1) To establish a novel infusion system that 

permits continuous pre- to post-reperfusion cold fluid delivery via carotid artery in a filament 

middle cerebral artery occlusion rat model. 2) To establish a reproducible cold infusion 

protocol for maintaining moderate local brain hypothermia of around 32 °C during the whole 

infusion period. 3) To evaluate the impact of continuous pre- to post-reperfusion ICCI on 

infarct volume, brain edema and neurofunction. 4) To investigate the impact of continuous pre- 

to post-reperfusion ICCI on hemorrhagic infarct transformation, systemic physiological 

parameters, the cerebral blood flow and blood parameters.  

Methods 

In this study, middle cerebral artery occlusion models were established in adult male 

Sprague-Dawley rats with filament method. In experiment part I, firstly, an infusion port was 

designed with a 21Gauge infusion cannula. Which was bent and close to its tip a side hole was 
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drilled. The connection part of the infusion port was further coated with elastic silicone. A 

longitudinal concavity was molded by imprinting of the filament thread into the elastic silicone 

on the convex surface in order to further avoid fluid leakage during infusion. A commercially 

available SC-20 heater/cooler was used for cooling the infusate (target temperature: 0 °C to 

1 °C). To prevent the rewarming effect of ambient room temperature on cooled infusate, a 

secondary closed loop was integrated between the outlet of the SC-20 heater/cooler and the 

connection part of the infusion port. Further, cooling performance of the modified infusion 

system at a range of infusion rates (0.2 mL/min to 2.0 mL/min) was tested by directly 

monitoring bilateral cortical and striatal brain temperatures. Based on the brain temperature 

drop, a continuous pre- to post-reperfusion infusion protocol with total saline volume 

corresponding to half of the total circulatory blood volume (i.e. 30 mL/kg of body weight) was 

established and its reproducibility was tested.  

In experiment part II, middle cerebral artery occlusion of 100 minutes was exerted on 

rats from four groups, including control group (CTRL), ICCI, intra-carotid artery warm 

infusion group (ICWI, saline temperature 37°C) and intra-venous cold infusion group (number 

of animals, n = 23 / group). Cerebral blood flow was continuously monitored with laser Doppler 

flowmetry (LDF) during the whole experiment period. Rats with residual LDF value lower 

than 40% of baseline were considered as successful middle cerebral artery occlusion and 

randomized for flowing treatment. All the infusion groups received the same infusion protocol 

with the modified cooling system. At 24 hours after treatment, brains were collected and 

stained with 2% 2, 3, 5 - triphenyltetrazolium chloride (TTC) for infarct volume and brain 

edema evaluation. Neurofunctional tests were performed at 1 hour before operation and at 24 

hours after treatment. Blood parameters were measured at 20 minutes before, 50 minutes after 

middle cerebral artery occlusion, and immediately after infusion. 

In experiment part III, rats received 60-minute middle cerebral artery occlusion and 

baseline cerebral ischemia was controlled with MRI (ADC maps, perfusion-MRI, T2-MRI) 

before randomized to ICCI group or CTRL (n = 13 / group). The same infusion 

protocol/cooling system was applied as in experiment Parts I and II. Another two sessions of 

MRI scanning were performed at 24 hours and 2 weeks after treatment. With PMOD software, 

thresholds that predict the lesion volume at 24-hour ADC maps, infarct volume on 2-week T2-

MRI were determined in control group. Those thresholds were then applied in ICCI group for 

generating the predictive lesion and infarct volumes, which were then compared with actually 
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measured lesion volume and infarct volume on 24-hour ADC maps and 2-week T2-MRI 

respectively. Cerebral edema was measured at 24 hours post-reperfusion and neurofunctional 

tests were performed before middle cerebral artery occlusion, on day 2, 4, 6, 9, 13 after 

treatment. 

Results  

With our infusion system, continuous pre- to post-reperfusion ICCI could be 

successfully realized in rats. Normal saline (~ 0 °C) was successfully delivered into the internal 

carotid artery without interruption of middle cerebral artery occlusion. The time point of 

reperfusion could be also easily controlled by simply withdraw the filament end. Maximum 

brain cooling rate before reperfusion was achieved with ICCI at 0.5 mL/min. Ischemic striatal 

temperature was decreased by 2.3 ± 0.3 °C within 2 minutes. After reperfusion, ICCI was 

increased to 2 mL/min for 42 seconds to prevent the rewarming effect of restored cerebral 

blood flow. Based on which, brain temperature could be further maintained at 32.1 ± 0.3 °C at 

0.7 mL/min ICCI over a duration of 14.6 ± 0.8 min. 

At 24 hours after reperfusion / treatment, neither infarct volume nor brain edema 

evaluated on TTC staining exhibited inter-group difference (P > 0.05). In the post-hoc analysis, 

moderate ischemic rats (residual LDF value > 25% of baseline) were found with smaller infarct 

volume, less extent of edema and better preserved neurofunction in ICCI group in comparison 

with other groups, however no statistical significance was achieved. In experiment part III, 

lesion volume on 24-hour ADC maps and final infarct volume on 2-week T2-MRI were 

respectively 47.1 ± 37.7 mm3 , 51.6 ± 45.6 mm3, they were significant smaller than the 

predictive infarct volume generated on baseline ADC maps ( versus predictive volume 71.0 ± 

40.1 mm3, p = 0.011 and p = 0.007, respectively) . No significant lesion or infarct volume 

decrease was found in striatum, but a less extent of edema was observed (41.8 ± 15.9% versus 

27.6 ± 14.5% in the striatum (p = 0.021). ICCI treated rats tended to have better neurofunctional 

performance, however statistical significance could not be concluded at majority of the 

evaluation time points. 

In the physiological parameters measurement, core body temperature decreased (versus 

baseline) by 0.7 ± 1.0 °C and 2.5 ± 0.5 °C in ICCI group and intra-venous cold infusion group 

respectively. But ICCI exerted more obvious impact on regional cerebral blood flow and mean 

arterial pressure during the pre-reperfusion phase. ICCI had minor impact on blood gas in 
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contrast to intra-venous cold infusion group. In addition, hemorrhagic transformation was 

observed in 2 out of 10 rats in the control group and in 5 out of 11 rats in the ICCI group on 

MRI at 2-week post-reperfusion. 

Conclusion 

In conclusion, with our infusion system, continuous pre- to post-reperfusion ICCI via 

intra-carotid artery could be easily realized. The neuroprotective effects of ICCI under the 

infusion protocol applied in the present study could only be observed in the cortex after shorter 

ischemia duration (60 minutes). It implies that patients with larger malignant infarction should 

be excluded in future clinical studies. In comparison with intra-venous cold infusion, ICCI has 

less systemic adverse effects. Its impact on regional cerebral blood flow, and incidence of 

hemorrhagic transformation should be further studied.   
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Introduction 

Acute ischemic stroke, a global problem 

Despite enormous efforts and progress in stroke prevention, diagnosis and the 

development of novel treatment strategies, stroke remains one of the major global health care 

problems 1. According to a recent systematic analysis, age-standardized rates of stroke 

incidence and prevalence have decreased over the last two decades (from 1990 to 2019), 

whereas the absolute numbers of incident and prevalent strokes increased by 70% and 85%, 

respectively 1. Especially in young populations below 70 years of age, the burden of stroke is 

rising, with increases of incidence and prevalence of stroke by 15% and 22%, respectively 1.  

Stroke continues to be the second leading cause of death and the third leading cause of 

disability among adults globally 1, 2. It was estimated that more than six million people died 

from stroke in 2019, accounting for about 11.6% of all the deaths. Furthermore, more than 140 

million stroke-related disability-adjusted-life-years (DALYs) can be attributed to stroke 1. The 

situation is even worse in low-income countries. Both age-standardized stroke-related 

mortality rate and stroke-related DALYs are more than 3 times higher than those in high-

income countries 1. 

Classification of stroke, pathology of acute ischemic stroke 

Stroke could be generally classified into hemorrhagic and ischemic stroke, which 

results primarily either from the rupture of cerebral vessels or blockage of cerebral blood flow 

by thrombosis in situ or emboli from other sources. Notably, ischemic stroke constitutes more 

than 60% of all the new stroke cases at the global level 1. 

Targeting ischemic stroke is therefore of great significance in the fight against stroke. 

Many pivotal molecules and pathways of brain damage mechanisms after acute 

ischemic stroke have been explored and reported. Instead of independently influencing the fate 

of ischemic brain tissue, those pathological mechanisms seem to interact with each other and 

they synergistically contribute to brain damage 3. However, in a simplified overview, energy 

failure, excessive release of excitatory neurotransmitters, overproduction of reactive oxygen 

species, neuroinflammation and apoptosis could be summarized as the main contributors to 

brain damage in acute ischemic stroke 4. 
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As a result of energy failure, adenosine triphosphate-dependent ionic pumps or channels 

stop working properly, which incurs disruption of intercellular ionic homeostasis, following 

cell membrane depolarization, and excessive release of excitatory amino acids 5. Especially, 

glutamate, a well-studied excitatory transmitter, has been proven not only to have direct 

neurotoxic effects on neurons, but it also activates ionotropic glutamate receptors (e.g., the N-

methyl-D-aspartate receptor, the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

receptor, and the kainite receptor) 6. This further deteriorates the disrupted ionic homeostasis 

as a result of large influx of sodium, potassium, calcium, chloride into affected cells 6. Increased 

intracellular osmolarity leads to intracellular water retention finally leading to cytotoxic edema 

in the affected cells 6. 

Under ischemia, brain tissue turns to anaerobic metabolism leading to lactic acidosis. 

The increased intracellular hydrogen replaces calcium binding to proteins 5. Together with the 

calcium released from organelles and calcium influx via various calcium channels, sodium-

calcium ion exchanger, level of intracellular calcium could significantly increase 7. The 

dysfunction of calcium discharge due to failure of sodium-potassium adenosine triphosphate-

dependent pumps and adenosine triphosphate-dependent channels following energy failure 

further enhances intracellular accumulation of calcium 5. 

Overload of intracellular calcium is an important trigger of a series of pathological 

processes after acute ischemic stroke. On the one hand, calcium functions as an activator of 

proteases, lipases and endonucleases that destruct cellular protein, membrane and 

deoxyribonucleic acid 6. On the other hand, it causes mitochondrial dysfunction, which is one 

of the main sources of reactive oxygen species in acute ischemic stroke. Especially after 

recanalization, in the post-ischemia reperfusion injury phase, reactive oxygen species 

production is dramatically increased and leads to more extensive and deleterious oxidation of 

lipids, deoxyribonucleic acid and proteins 7. 

Increased intracellular calcium, overproduction of free radicals, and hypoxia, together 

trigger the inflammatory response within the ischemic brain territory. The elevated expression 

of pro-inflammatory genes and overproduction of inflammation mediators such as tumor 

necrosis factor-alpha and interleukin-1 beta induce the expression of adhesion molecules on 

the surface of endothelial cells, which facilitates the anchoring and infiltration of neutrophils, 

macrophages and monocytes. Cerebral microcirculation could be potentially impaired by 
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aggregated leukocytes within the microvasculature 3. Infiltrated leukocytes, as well as resident 

activated microglia further promote inflammation and leukocytes recruitment by producing 

free radicals and matrix metalloproteases 8. Furthermore, matrix metalloproteases are important 

enzymes that disrupt the blood brain barrier integrity leading to vasogenic edema and 

hemorrhagic transformation of acute ischemic stroke 9. 

Depending on the intensity of those adverse stimuli, namely, the severity of ischemia, 

brain tissue will be lost as the result of necrosis, which typically occurs in the ischemic core 

where brain tissue is extremely hypo-perfused, or apoptosis in the surrounding brain territory 

(known as the ischemic “penumbra”) which is under critical but less severe ischemia. Both 

numerous animal studies and histopathological studies of human specimens 3, 10, 11, have proven 

the different fate of neurons in the ischemic core and the ischemic penumbra. 

“Time is brain” is a widely known maxim in acute ischemic stroke treatment. It was 

estimated that about 1.9 million neurons will be lost with each hour of delay of reperfusion 12. 

Today, recanalization is therefore the most important strategy in acute ischemic stroke 

treatment. It not only prevents the further expansion of the ischemic core 13, but also minimizes 

the activation of cerebral damage cascades that contribute to delayed apoptosis of neurons in 

the ischemic penumbra. 

Progress in reperfusion treatment and patient management - the advent of 

endovascular mechanical thrombectomy 

Intra-venous thrombolysis with recombinant tissue plasminogen (alteplase) has been 

the only proven strategy for promoting recanalization in acute ischemic stroke before 2015. 

However, due to its narrow therapeutic time window of only 4.5 hours and strict 

contraindications, it was estimated that only about five percent of acute ischemic stroke patients 

are eligible to receive intra-venous thrombolysis 14. The number of acute ischemic stroke 

patients that could benefit from intra-venous thrombolysis is further minimized depending on 

the site of arterial vessel occlusion, features of the clot such as length and composition, and the 

extent of residual cerebral blood flow via collaterals or through plasma flow penetrating the 

clot itself, because all these factors are known to affect the thrombolytic efficacy of alteplase. 

It was found that intra-venous thrombolysis is much less effective in cases where the 

responsible clot is longer than eight millimeters or if no residual cerebral blood flow across the 

site of vessel occlusion exists 15, 16. 
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In contrast to intra-venous thrombolysis, endovascular mechanical thrombectomy of 

larger sized proximal brain-supplying arteries is a more straightforward strategy for 

recanalization in acute ischemic stroke. In 2015, five randomized controlled clinical trials 

reported the superior recanalization rate and better neurological outcomes brought by 

endovascular mechanical thrombectomy in anterior large vessel occlusion in patients within 

six, eight and twelve hours after stroke onset 17. Moreover, endovascular mechanical 

thrombectomy has a wider therapeutic time window, which has been extended to 24 hours after 

stroke onset in patients with favorable perfusion status 18, 19, and even beyond 20. Recently 

published randomized controlled trials have reported the efficacy of endovascular mechanical 

thrombectomy in patients with large-volume brain infarction 21, comparable treatment effects 

of direct endovascular mechanical thrombectomy to that of combined endovascular mechanical 

thrombectomy and intra-venous thrombolysis 22, 23, as well as favorable neurological outcomes 

in patients who underwent endovascular mechanical thrombectomy for basilar artery occlusion 

within up to 24 hours after stroke symptom onset 19, 24, 25. 

In summary, endovascular mechanical thrombectomy has joined intra-venous 

thrombolysis as an established reperfusion treatment for acute ischemic stroke. 

Aside from improving recanalization rate via developing novel endovascular 

thrombectomy devices or more effective thrombolytic drugs such as tenecteplase, which was 

recently approved in Europe for treating acute ischemic stroke 26, optimizing overall acute 

stroke patient management is an equally important strategy to improve outcomes by further 

shortening the time from stroke onset to successful reperfusion.  

It was estimated that an extra extension of 1.8 and 4.2 days of healthy life could be 

granted to patients by every single saved minute in initiating intra-venous thrombolysis and 

endovascular mechanical thrombectomy, respectively, after stroke symptom onset 27, 28. 

In a systematic review, from 1981 to 2007, an estimated 6.0% annual reduction in hours 

per year for prehospital delay was reported. Similarly, in-hospital delay of acute ischemic 

stroke treatment was also reduced with the establishment of specialized stroke units 29. Mobile 

stroke units (i.e., ambulances that are equipped with a small CT scanner, a point-of-care 

laboratory, and, most importantly, an expert team that is trained for diagnosing and treating 

stroke) are emerging as a new trend in pre-hospital stroke care. Since mobile stroke units allow 
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for on-site brain and vessel imaging as well as laboratory testing, exclusion of intracranial 

hemorrhage and contraindications and detection of large vessel occlusions are accelerated. This 

enables the rapid initiation of intra-venous thrombolysis and optimized prehospital triage, 

including redirecting patients to centers capable of endovascular mechanical thrombectomy. 

This consequently translates into higher rates of early and successful recanalization 30, 31. 

According to a recent study report, mobile stroke unit-based pre-hospital acute ischemic stroke 

management could save 40 and 50 minutes from dispatch to thrombolysis and endovascular 

treatment, respectively 32. Although the net benefit appears to remain even when considering 

the enormous economic investment required for mobile stroke units, from a technical point of 

view, the bottleneck for achieving better clinical outcomes has been only met by optimizing 

stroke management workflow 33. 

Unfortunately, if instant endovascular mechanical thrombectomy cannot be performed 

in the prehospital setting, patients’ transfer to endovascular treatment-ready hospitals will 

always cause a critical loss of time until reperfusion can be established. In addition, the 

endovascular mechanical thrombectomy procedure itself also takes time, and reaching the clot 

may be significantly protracted depending on vessel morphology. 

Pharmacological neuroprotection and hypothermia: buying time for the endangered 

ischemic penumbra 

Taking measures to slow down or even to halt the pathological progress of acute 

ischemic stroke before reperfusion, and to additionally promote brain tissue survival in the 

penumbra after recanalization is the ultimate goal in the realm of neuroprotection research. In 

correspondence to the aforementioned pathological mechanisms that contribute to brain 

damage after acute ischemic stroke, there are more than 1,000 potential agents that have been 

tested in preclinical studies for their potential neuroprotective effects 34. A significant number 

of these agents have also been evaluated in clinical trials, such as N-methyl-D-aspartate 

receptor antagonists, calcium channel blockers, free radical scavengers and most recently 

Nerinetide, a post-synaptic density protein inhibitor that reduces generation of toxic nitric oxide 

35-37. However, large randomized controlled trials that could prove the efficacy of any 

neuroprotective drug are still missing. 
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In contrast to pharmacological strategies, which selectively target one or a few 

molecules contributing to the brain damaging cascades, hypothermia influences almost all of 

these adverse mechanisms 4. 

Firstly, hypothermia decreases cerebral metabolism. It was estimated that every 1 °C of 

brain temperature decrease results in a five percent decline in oxygen and glucose consumption 

38. The decreased metabolic rate could therefore result in increased hypoxia tolerance of hypo-

perfused brain tissue before recanalization. Secondly, hypothermia mitigates other ischemia 

induced mechanisms of brain damage such as glutamate release, generation of reactive oxygen 

species, oxidation of the deoxyribonucleic acid, lipids and proteins, and activation of proteases 

4. Finally, extended hypothermia after reperfusion could potentially inhibit the apoptotic 

pathway, suppress neuroinflammation and maintain blood-brain-barrier integrity 4. 

Targeted temperature management including hypothermia is already an established 

method for neuroprotection in global cerebral ischemia after cardiac arrest and in hypoxic-

ischemic encephalopathy of the newborn 39-41. 

Supported by numerous animal studies, hypothermia appears to be the most promising 

candidate strategy for promoting neuroprotection in acute ischemic stroke. In a meta-analysis 

of preclinical studies, an average reduction of infarct volume by 44% was reported in 

hypothermia treated rodents suffering from focal cerebral ischemic compared to non-

hypothermia treated animals 42. 

Whole-body cooling for achieving systemic hypothermia 

For the clinical translation of hypothermia in acute ischemic stroke, so far, a number of 

cooling methods have been developed and tested in clinical studies. Depending on whether the 

respective method aimed at cooling the whole body or selectively just the brain, those methods 

could be generally classified into systemic hypothermia and organ-specific, local hypothermia 

approach43. 

Systemic hypothermia has been induced in acute ischemic stroke patients using surface 

cooling devices with active or passive cooling blankets or pads 44, 45, or, alternatively, an intra-

venous approach with either closed-loop heat transfer elements (mostly, cold water that 
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circulates in balloons surrounding a dedicated central venous catheter) 46-48 or with direct intra-

venous cold fluid infusion 49. 

Surface cooling methods have the advantages of being available at low cost and being 

non-invasive and easy to apply even in the prehospital field. However, due to the large human 

body mass, the low surface-volume ratio, and method inherent limitations of heat transfer 

efficiency, whole-body surface cooling has the critical drawback of limited cooling efficacy. 

In a study by S Schwab et al. 50, as long as 3.5 to 11 hours were required for obtaining moderate 

hypothermia ( < 33 °C) in sedated patients.  

Intra-venous cooling methods could be potentially more efficient. Modern closed-loop 

central venous cooling catheters may achieve the targeted mild hypothermia within less time 

compared to surface cooling devices 46, however, even with a massive volume load of cold 

fluids being directly infused into the venous system at a high infusion rate, more than 30 

minutes were required for induction of mild hypothermia. And due to its transient temperature-

lowering effect, additional measures are usually required to assure seamless maintenance of 

hypothermia and avoid rebound of core body temperature 43, 51. 

In contrast to cardiac arrest patients with global cerebral ischemia, the vast majority of 

acute ischemic stroke patients are awake, fully conscious, and not anesthetized, intubated, or 

mechanically ventilated 39, 52, 53. The pain and temperature perception, as well as 

thermoregulatory reflexes are still intact. During whole body cooling, inner thermogenesis 

could be activated when there is core body temperature drop. This not only extends 

hypothermia induction 54, but also incurs failure of inducting deeper hypothermia 55. In the 

COOLIST trial, no patients were successfully cooled to 34 °C with directly infused cold saline 

55 . In another study by Christoph Testori et al. 45, systemic hypothermia was conducted in 

awake healthy volunteers with surface cooling method. Although core body temperature 

(Esophageal) could be decreased to 35 °C after 38 to 102 minutes cooling, deeper hypothermia 

seems hard to reach. Only in 6 of 16 volunteers were induced with core body temperature below 

34C°. 

Missing the time window for neuroprotection due to the limited cooling rate of any of 

the whole-body cooling approaches is probably one of the main reasons accounting for the 

negative findings in previous clinical trials 49, 56. Furthermore, whole-body cooling related 
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extensive systemic side effects, such as cold shivering, immunosuppression 57, coagulation 

dysfunction 58, 59 and electrolyte imbalances 43 , which result from core body temperature drop, 

represent additional barriers to its successful clinical translation. 

Cold shivering, functions as one of the main thermogenesis mechanisms in human, has 

been commonly reported in whole body cooling clinical trials 44, 46, 55, 60. Aside from hindering 

hypothermia induction, shivering also markedly increases oxygen consumption 61, 62. Although 

it has minor impact on arterial partial oxygen pressure in healthy cohorts, hypoxia could be 

incurred in cases with impaired respiratory or cardiac function 63, 64. Ischemia-hypoxic 

condition within affected hemisphere could be therefore further aggravated in those patients. 

Combination of meperidine and buspirone has been an established pharmacological 

strategy for controlling shivering and to enhance compliance with the whole-body hypothermia 

treatment in clinical trials. The high doses of meperidine of up to over 1,000 mg per day 46, 54 

(i.e., more than twice the recommended maximum daily dose treatment) are known to attenuate 

protective gag and cough reflexes and thereby may increase the risk of pneumonia 65, which 

itself is a frequently occurring complication after stroke as a result of immunosuppression 66, 

67.  

In addition, hypothermia is also widely recognized as having anti-inflammatory 

capability via multiple mechanisms 68, but this property could also compromise the host 

immune defenses when hypothermia is applied systemically (whole body) , leading to infection 

69 . Two recent large multicenter clinic trials, the international ICTuS-2/3 trial and the European 

counterpart EuroHYP-1, that had been initiated with the idea to finally confirm the efficacy of 

hypothermia in acute ischemic stroke, were both prematurely terminated mainly because of the 

high number of pneumonia cases in the hypothermia treatment arms, and also the very low 

feasibility of whole body cooling with the requirement of excessive nursing care ultimately 

leading to a very slow recruitment 49, 56. 

Head- and neck or nasopharyngeal cooling for achieving selective brain hypothermia 

Based on positive experiences of hypothermia-mediated isolated organ preservation in 

transplant medicine 70, as well as on pre-clinical findings indicating protective effects of organ-

specific local hypothermia 71-73, it was concluded that local therapeutic hypothermia achieved 

by selective cooling of the brain may also be suited to protect the vulnerable ischemic-hypoxic 
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brain tissue during acute ischemic stroke. Compared with whole-body cooling, selective brain 

cooling targets a significantly smaller tissue volume and thus may only minimally affect core 

body temperature 43. Therefore, it may be assumed that faster brain hypothermia induction with 

less systemic adverse side effects could be realized by means of selective brain cooling. 

Surface cooling on head with liquid nitrogen vapor, ice packs, cooling pads 57,74, 75, and 

even with electric Peltier elements that require craniotomy to be placed directly on the brain 

surface have been investigated in animals 76. As with whole-body hypothermia, neuroprotective 

effects including significantly reduced infarct volumes and improved neurofunction have been 

consistently reported by these small animal studies 57,74-76.  

Non-invasive surface local cooling devices such as cooling helmets 77, 78 or systems for 

nasopharyngeal cooling with air 79, 80 or with perfluorocarbon 51, 81 have been also developed 

for human use and tested in a number of clinical studies. Interestingly and similar to the 

findings in the aforementioned clinical whole-body cooling studies, none of them was able to 

show neuroprotective effects of brain-specific local hypothermia in acute ischemic stroke 

patients 51, 78-81. 

One of the reasons behind the negative findings in clinical studies may have been the 

lack of achieving effective therapeutic hypothermia levels in those brain regions that were 

affected by ischemia-hypoxia in human stroke. Skull and brain anatomy of humans critically 

differ from that of animals 81 and studies that included invasive brain temperature measurement 

have clearly shown that brain cooling with some devices may be insufficient and restricted to 

superficial cortical layers or even absent 78. 

In comparison to rodent animals, humans have obviously larger brain and much thicker 

cranial structure. It was reported that the distance between scalp and cortex is more than 14 

mm in adults human 82, 83 and less than 2 mm in rats or mouse 84, 85 . Rodent and human brains 

are similarly supplied with an abundant blood flow at core body temperature, and the 

temperature gradient between the brain surface (which is normally less than 1 °C higher than 

core body temperature 86) and an externally applied cold surface (such as an ice pack at 0 °C) 

is relatively fixed. Based on the law of heat transfer 87, deeper brain regions may not effectively 

be cooled with head surface cooling devices, especially in human with larger brains volumes.  
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The only possibility of improving cooling efficacy of head surface brain cooling would 

be to increase the contact surface which is, however, limited by anatomy, or by using active 

devices that are capable of maintaining the temperature gradient for prolonged cooling. 

Interestingly, passive head cooling in adult stroke patients was insufficient for brain cooling 

even when the cooled surface involved the neck 78. In stroke patients, who were equipped with 

an invasive intracranial pressure and temperature brain probe, subcortical brain tissue 

temperature was only reduced by 0.4 °C after 49 minutes of cooling 78. In contrast, cooling 

efficacy of an active cooling helmet was much greater 77. Superficial brain tissue temperature 

could be decreased by as much as 1.8 °C after one hour of continuous active head cooling, and 

brain temperature further decreased to below 34 °C after 3.4 hours of cooling. Importantly, this 

more pronounced decrease of brain temperature was accompanied by a similar decrease of core 

body temperature, i.e., systemic whole-body hypothermia 77. 

Local nasopharyngeal cooling devices were postulated to also enable cooling of deeper 

brain regions by taking advantage of the dense vasculature network within the nasal cavity 

walls and the proximity of the roof of the nasal cavity to the frontal brain. As shown in clinical 

studies, the choice of the coolant that is used for nasopharyngeal cooling is crucial and largely 

determines the cooling efficacy. In a study in which the nasopharynx was ventilated with cold 

air, no significant brain temperature reduction could be observed 79, 80. On the other side, studies 

evaluating the Rhino Chill® device, which uses evaporable perfluorocarbon that is sprayed 

onto the nasal cavity walls, have shown a significant drop of brain temperature in the frontal 

lobe of 1.2 to 1.4 °C after one hour of active cooling 51, 81, 88. Unfortunately, this latter method 

potentially caused immediate and steep increases in blood pressure of up to 60 mmHg in some 

patients 81. 

In summary, head- and neck cooling devices provide limited brain cooling efficacy with 

regard to speed of hypothermia induction and the extent 78, and most importantly, lead to 

systemic whole-body hypothermia when applied for a longer period 77. Although 

nasopharyngeal cooling using perfluorocarbon vapor as the coolant instead of cold air showed 

comparatively higher cooling performance, it was associated with critical blood pressure 

increases 79-81. 
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The intra-arterial cooling approach for achieving selective brain hypothermia 

Human brain shares only two to three percent of the body weight, while its blood supply 

accounts for as much as 12% of the total cardiac output 89. Thus, selective brain cooling by 

lowering the temperature of the blood that flows into the cerebral circulation could represent a 

highly efficient method for rapidly inducing local hypothermia of the brain. In this process, 

adequate heat transfer would take place directly between the brain tissue and the cold blood 

distributed via the cerebral arterial tree. Furthermore, in acute ischemic stroke patients, intra-

arterial cooling devices can take advantage of the access to brain-supplying arteries that is 

routinely established during endovascular mechanical thrombectomy. 

The first key technical challenge that needs to be solved, is to decrease the temperature 

of the blood flowing into the cerebral circulation as much and as fast as possible without 

affecting the cerebral hemodynamics, especially the collateral blood flow to the penumbra in a 

way that may contribute to brain damage. So far, only few heat exchange catheters, e.g., the 

consecutive work by Cattaneo et al. 90-92 and direct intra-arterial cold fluid infusion strategies 

93-96 have been investigated. The former has been realized with a closed-loop balloon catheter 

system, which is placed into the common carotid artery. Within the closed-loop balloon system, 

cold physiological saline is circulated similar to the aforementioned endovascular cooling 

catheters that are placed into a central vein for inducing whole-body hypothermia 90. Because 

of the high flow rate of blood circulating through the carotid artery which ranges between 325 

mL/minute and 536 ml/minute (see summary by Nigel Ackroyd et al. 97), limited length and 

small surface of the balloons surrounding the catheter, the duration of contact (i.e., the time 

available for heat exchange) between the warm arterial blood and the small cold balloon surface 

is likely to be too short for a sufficient cooling performance. Such a closed-loop balloon system 

was tested in two large animal studies involving canines. A coolant temperature of 6 °C and a 

balloon system measuring 80 mm in length and 4 mm in diameter allowed ipsilateral cortex 

temperature to be reduced by 2 °C within 29 minutes and by 3 °C within 80 minutes 90, 91. 

On the other hand, direct infusion of cold fluid into the cerebral arteries appears to be a 

far more effective cooling strategy, as shown in several theoretical and practical simulations 93, 

98, 99 . Moreover, speed and depth of hypothermia induction could be easily controlled by 

adjusting either the temperature of the cold infusate, infusion rate, or both. It was estimated by 

several computer simulations that target hypothermia levels of even lower than 34 °C could be 

reached in the brain within only a few minutes depending on the infusion rate, the temperature 
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of infused fluid and targeted brain tissue volume 43. The Latter is determined by the volume of 

the vascular circulation that is supplied by the respective artery in which the cold fluid will be 

infused. Cold infusion into the internal carotid artery would affect the volume of the whole 

anterior hemispheric circulation involving both the territories of the middle cerebral artery and 

the anterior cerebral artery. Cold infusion that is administered solely into the middle cerebral 

artery and distal to the vessel-occluding clot would further reduce the volume of the targeted 

brain tissue 43. 

Two different approaches for cold fluid delivery are imaginable when considering using 

the same catheter pathways as they are routinely established during endovascular mechanical 

thrombectomy: The first approach would be to deliver cold fluid via the microcatheter. Cold 

infusion could be started as soon as the microcatheter has penetrated the clot and the micro 

wire has been withdrawn. This would be just before clot retrieval and recanalization. Direct 

access to the vasculature downstream of the occlusion site would allow the cold infusate to 

directly hit the ischemic target tissue without being diluted by any warm blood and thus, 

resulting in most rapid cooling. Harmful metabolic products, which potentially aggravate 

reperfusion injury, could also be washed out by the cold infusate before recanalization. 

The second approach would be to use the large lumen guide catheter to infuse cold fluid 

into the internal carotid artery. Cold infusion into the internal carotid artery could theoretically 

be started as soon as the guide catheter is placed into the internal carotid artery. This is usually 

much earlier during the endovascular mechanical thrombectomy procedure than the penetration 

of the vessel occluding blood clot with the microcatheter. Before clot removal, however, the 

cold infusate would only be able to reach and cool the ischemic target tissue indirectly via 

collateral vessels. Compared to the microcatheter approach, the impact of cold infusion on 

target brain tissue temperature may thus be assumable less important when applied into the 

internal carotid artery due to only indirectly flowing into a larger tissue volume.  

So far, most preclinical studies have simulated the ‘microcatheter approach’ (see 

Figure 1A, Table 1). Mild to moderate hypothermia of around 34 °C to 31 °C could be reached 

as fast as within three to ten minutes depending on the respective infusion protocol, i.e., fluid 

temperature and infusion rate (see Table 1). Importantly, in all small animal studies, it was not 

possible to initiate cold infusion before vessel recanalization, as the ‘microcatheter approach’ 

would suggest. This limitation arose because these models relied on an infusion tube for vessel 
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occlusion. Cold infusion could only be initiated after the tube was retracted, allowing partial 

reperfusion through arterial crossflow via the Circle of Willis and the anterior cerebral artery 

to be reestablished. The key technical challenge lies in the tiny lumen of intracranial vessels in 

rats. To more accurately simulate the clinical scenario in patients, a thromboembolic clot model 

and a catheter small enough to penetrate the clot for administering cold intra-arterial infusion 

directly would be required - an approach that is technically unfeasible in small animals. 

Relatively less studies have chosen the ‘guide catheter approach’ with infusion of cold 

saline into the carotid artery (Figure 1B, 1C). Importantly, however, none of the rodent studies 

took full advantage of the ‘guide catheter approach’ as it could be applied in the real-life setting 

of clinical endovascular mechanical thrombectomy, i.e., with starting of the cold infusion much 

earlier before recanalization and continuation during and after reperfusion (see Figure 2). Cold 

infusion was either given either before reperfusion or with a significant delay after reperfusion 

(Table 2). Despite these procedural drawbacks, studies using direct brain temperature 

monitoring 100-105 also consistently reported high brain cooling efficacy for intra-carotid artery 

cold infusion (ICCI). Targeted hypothermic brain temperature of 33 to 34 °C was reached 

within 5 to 10 minutes in case of pre-reperfusion ICCI 
100 and within 20 minutes in case of only 

post-reperfusion ICCI 
104. 

As to the neuroprotection effect, intra-arterial cold infusion started either before or after 

reperfusion has been reported to reduce infarct volume and improve neurofunctional integrity 

in transient focal cerebral ischemia models in rodents (Table 1, Table 2) and in non-human 

primates with their relatively larger brains (Table 3). 
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Figure 1 Existing (A, B, C) and our (D) experimental setups for testing intra-arterial cold infusion 

in small animal stroke models. (A) the microcatheter approach, a modified polyethylene-50 tube 

firstly was used for middle cerebral artery occlusion (left), at designated time point the catheter was 

withdrawn by a few millimeters. Together with the retrograde blood flow (reperfusion, red arrow) 

from anterior communicating artery, cold fluid was delivered into middle cerebral artery. (B) pre-

reperfusion ICCI via the guide catheter approach. A polyethylene-50 tube was inserted into the 

carotid bifurcation for cold fluid delivery before removing the filament. (C) conventional post-

reperfusion ICCI setup. Cold fluid infusion was initiated after complete reperfusion and there is 

potential delay due to the time required for filament removal and connecting the tube. (D) the guide 

catheter approach developed and applied in our study. By modifying the connection between 

infusion port and external carotid artery, ICCI could be initiated at any time during the ischemia 

(left). Thus, the ischemic penumbra could be cooled by residual collateral cerebral blood (e.g., 

anterior choroidal artery or leptomeningeal collaterals) before reperfusion. Reperfusion was easily 

controlled by simply retracting the filament (red dashed line) and opening the clip around common 

carotid artery (middle). (modified from Figure 6, Wang Yi, et al. Transl Stroke Res. 2021 

Aug;12(4):676-687)
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Table 1 Studies testing intra-arterial cold infusion in small animal ischemic stroke models using the ‘microcatheter approach’ (see Figure 1C). In all studies, Sprague-Dawley 

rats were used, and cold infusion was administered into the middle cerebral artery.  

Study, Year Infusate 

(volume) 

 

Infusion rate 

(duration)  

Cortical / striatal / core body 

temperature 

Time to target 

Temp (min) 

Duration of 

focal cerebral 

ischemia (h) 

Infarct volume 

decrease (versus 

Control, at 48h 
post treatment) 

Time point of cooling 

Ding et al. 106, 2002 23.0 °C heparinized saline 

(8.0 - 10.0 mL) 

3 mL/min  

(3.0 to 4.0 min)  

32.4 °C / 33.0 °C / 37.5 °C 3 – 4 2.0 –75%  After partial reperfusion 

(see Figure 1A) 

Ding et al. 107, 2002 23.0 °C saline 

(7.0 mL) 

2 mL/min  

(3.0 to 4.0 min)  

32.0 – 33.0 °C / 32.0 – 33.0 °C / Not 

reported 

3 – 4 2.0 –73% After partial reperfusion 

(see Figure 1A) 

Ding et al. 108, 2004 20.0 °C saline 

(6.0 mL) 

0.6 mL/min  

(10.0 min)  

33.4 °C / 33.9 °C / > 36.0 °C Not reported 3.0 –90%  After partial reperfusion 

(see Figure 1A) 

Luan et al. 109, 2004 20.0 °C saline  

(6.0 mL) 

0.6 mL/min  

(10.0 min)  

33.4 °C / 33.9 °C / > 36.0 °C ≤ 10 3.0 Not reported After partial reperfusion 

(see Figure 1A) 

Li et al. 110, 2004 20.0 °C saline  

(6.0 mL) 

0.6 mL/min  

(10.0 min)  

Not reported Not reported 3.0 –57% * After partial reperfusion 

(see Figure 1A) 

Zhao et al. 111, 2009 20.0 °C saline  0.6 mL/min  32.8 °C / 33.2 °C / 37.0 °C ≤ 10 1.5 –44%  After partial reperfusion 

 (6.0 mL) (10.0 min) 33.1 °C / 33.3 °C / 37.1 °C ≤ 10 2.0 –33%  (see Figure 1A) 

   33.2 °C / 33.3 °C / 37.1 °C ≤ 10 2.5 –47%   

   32.9 °C / 33.2 °C /37.0 °C ≤ 10 3.0 No difference  

Chen et al. 112, 2013 0 °C saline 
(2.5 mL) 

Not reported  30.5 °C / 30.8 °C / 37.0 °C  < 3 2.0 –32%  After partial reperfusion 
(see Figure 1A) 

 0 °C albumin saline 

(2.5 mL) 

Not reported 30.5 °C / 30.8 °C / 37.0 °C  < 3 2.0 –67%   

Chen et al. 113, 2015 0 °C saline 

(2.5 mL) 

0.25 mL/min  

(10.0 min)  

30.7 °C / 30.9 °C / > 36.0 °C  < 5 2.0 –34%  After partial reperfusion 

(see Figure 1A) 

Wei et al. 114, 2019 4 °C saline 

(3.0 mL) 

0.6 mL/min  

(5.0 min)  

Not reported Not reported 1.5 –33% ** After partial reperfusion 

(see Figure 1A)  

* Compared at 28 days after treatment 

** Compared at 24 hours after treatment 
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Table 2 Studies testing intra-carotid artery cold infusion (ICCI) in small animal ischemic stroke models using the ‘guide catheter approach’. In all studies, Sprague-Dawley 

rats were used 

Study, year Infusate 

(volume) 

Infusion rate 

(duration) 

Cortical / striatal / core body 

temperature 

Time to target 

Temp (min) 

Duration of 

focal cerebral 

ischemia 
(h) 

Infarct volume 

decrease (versus 

Control, at 48h 
post treatment) 

Time point of cooling 

Song et al. 100, 2004 15 °C saline  

(8.0 mL) 

0.40 mL/min  

(20 min) 

33.0 – 34.0 °C / 33.0 – 34.0 °C / 37.0 °C 5 –10 3 –48%  Before reperfusion 

(see Figure 1B) 

 15 °C saline (MgSO4) 

(8.0 mL) 

0.4 mL/min  

(20 min) 

33.0 – 34.0 °C / 33.0 – 34.0 °C / 37.0 °C 5 – 10 3 –65%  Before reperfusion 

(see Figure 1B) 

Ji et al. 102, 2012 10 °C saline  0.25 mL/min 
(30 min) 

 < 36.5 °C / not reported / 37.0 °C 6 3 –33%  After reperfusion 
(see Figure 1C) 

 (7.5 mL) 0.25 mL/min 

(10 min × 3) 

 < 36.5 °C / not reported / 37.0 °C 6 3 –32%   

Ji et al. 103, 2012 10 °C saline  

(NR) 

0.17 – 0.42 mL/min  

(20 min) 

33.0 – 34.0 °C / not reported / 37.0 °C  Not reported 2 –56%  After reperfusion 

(see Figure 1C) 

 10 °C saline 

(not reported) 

0.17 – 0.42 mL/min 

(20 min) 

33.0 – 34.0 °C / not reported / 37.0 °C  Not reported 2 –42%  1 hour after reperfusion 

(see Figure 1C) 

 10 °C saline 

 (not reported) 

0.17 – 0.42 mL/min 

(20 min) 

33.0 – 34.0 °C / not reported / 37.0 °C  Not reported 2 –31%  2 hours after reperfusion  

(see Figure 1C) 

Kurisu et al. 101, 

2016 

10 °C saline 

(4.8 – 6.2 mL*) 

0.32 – 0.41 mL/min‡  

(15 min)  

34.8 °C / 35.4 °C / 37.0 °C Not reported 2 –72% ‡ Before reperfusion 

(see Figure 1B) 

Kurisu et al. 105, 

2016 

4 °C saline 

(4.2 – 5.6 mL *) 

0.28 – 0.37 mL/min ‡  

(15 min) 

32.5 °C / 34.3 °C / 37.0 °C  Not reported Permanent ** –77% At the onset of bilateral CCA 

occlusion  

 4 °C saline 

(4.2 – 5.6 mL*) 

0.28 – 0.37 mL/min ‡  

(15 min) 

32.5 °C / 34.3 °C / 37.0 °C Not reported Permanent ** –55% After bilateral CCA occlusion  

Corey et al. 115, 2019 6 °C saline 

(5.0 mL) 

1.0 mL/min  

(5 min) 
Not reported Not reported 1 Not reported Before middle cerebral artery 

occlusion 

Duan et al. 104, 2020 0 °C saline 

(6.0 mL)  

0.2 mL/min  

(30 min) 

34.0 °C / 34.8 °C / 36.0 °C 20 2 –29% ‡ After reperfusion 

(see Figure 1C) 

* Estimated infusate volume by referring to reported rat body weight and infusion volume (i.e., 20 mL/kg)  

** Permanent ligation of the middle cerebral artery with 1 hour of bilateral common carotid artery (CCA) occlusion. 

‡ Versus Control, at 24 hours after treatment 
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Table 3 Studies testing intra-arterial cold infusion in healthy or ischemic stroke large animals using microcatheter for cold fluid delivery 

Study, year Infusate 

(volume) 

Infusion rate 

(duration) 

Cortical / striatal / core 

body temperature 

Time to target 

Temp (min) 

Duration of focal 

cerebral ischemia 

(h) 

Infarct volume 

decrease 

 (at 24h) 

Time point of cooling and catheter 

approach 

Non-human primates         

Wang et al. 116, 2016 0 °C Ringer solution  

(100 mL) 

5 mL/min  

(20 min) 

 < 35 °C / < 35 °C / 

37.1 °C 

10 No ischemia Not reported Infusion via microcatheter placed in 

proximal middle cerebral artery  

Wu et al. 117, 2020 * 0 – 4.0 °C Ringer solution  

(100 mL) 

5 mL/min  

(20 min) 

 < 35 °C / < 35 °C / 

37.1 °C ** 

10 Permanent  No decrease 

was observed 

No reperfusion, infusion via microcatheter 

placed in proximal middle cerebral artery 

     2.50 –25% ‡ In adult rhesus macaques with partial 
reperfusion, infusion via microcatheter 

placed in proximal middle cerebral artery 

     2.50 –38% ‡ In adult rhesus macaques with total 
reperfusion, infusion via microcatheter 

placed in proximal middle cerebral artery 

Wu et al. 118, 2020 * 0 – 4.0 °C Ringer solution 

(100 mL) 
5 mL/min  
(20 min) 

< 35 °C / < 35 °C / 
37.1 °C ** 

10 2.50 Not reported After partial reperfusion, infusion via 
microcatheter placed in proximal middle 

cerebral artery 

Canine        

Caroff et al. 119, 2020 § 4.5 °C saline  

(550 mL) 

22 mL/min  

(25 min) 

31 – 32 °C / Not reported 

/ 37.2 °C  

Not reported 0.75 –95% §§ Continuous pre- to post-reperfusion ICCI 

(see Figure 1D), cold fluid was delivered 
via microcatheter  

* Middle cerebral artery occlusion was established with a thrombus in rhesus monkeys. After 2.5 hours of focal cerebral ischemia, intra-arterial local thrombolysis was given, leading to no reperfusion (permanent focal 

cerebral ischemia), partial reperfusion, or complete reperfusion.  
** Values were not reported in the original article and estimated from a feasibility study from the same research group using the same infusion protocol.  

‡ Compared with subjects with the same reperfusion status after thrombolysis; value was not reported in the original article, but estimated on the basis of published diagrams. 

§ Intra-carotid artery cold infusion (ICCI) was given via microcatheter at 5 min before reperfusion and continued for 20 after reperfusion. 

§§ Infarct volumes were evaluated on magnetic resonance imaging apparent diffusion coefficient (ADC) maps immediately after treatment.
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In one human pilot study, cold infusion was delivered into the internal carotid artery 

via a standard guide catheter in patients who underwent routine diagnostic digital subtraction 

angiography as follow-up after treatment of a vascular malformation or aneurysm 93. Brain 

temperature reflected by jugular venous bulb temperature was found to drop by 0.84 °C after 

10 minutes of cold isotonic saline infusion at a temperature of 4 to 17 °C and an infusion rate 

of 33 mL per minute 93. No adverse side effects were observed in this pilot study in more or 

less healthy subjects 93.  

In three clinical studies conducted in acute ischemic stroke patients undergoing 

endovascular mechanical thrombectomy for treatment of acute proximal vessel occlusion 94-96, 

cold infusion was initiated after clot penetration and administered into the downstream middle 

cerebral artery territory via the conventional non-insulated microcatheter that is routinely used 

for delivery of the stent retriever during endovascular mechanical thrombectomy 94-96. In two 

studies, respectively conducted by Chen J et al. 95 and Wu C et al. 96, additional volume of cold 

infusion was applied after the retrieval of the blood clot. All three clinical studies proved the 

feasibility and safety of intra-arterial cold infusion in acute ischemic patients. Two of the 

clinical studies 94, 96 even reported the positive neuroprotective effects of intra cerebral artery 

cold infusion in contrast to patients who received only recanalization therapy (see Table 4).  

Unfortunately, the lack of a brain temperature surrogate (e.g., jugular venous bulb 

temperature) in all three acute ischemic stroke studies did not allow any conclusions on a 

potential dose (brain temperature decrease) dependent efficacy relation. 
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Figure 2 Existing studies (A, B) integrating intra-arterial cold infusions into the clinical workflow of endovascular 

thrombectomy (EVT) with stent retriever (C) in large vessel acute ischemic stroke. One clinical pilot study by 

Peng et al. 94 that applied the microcatheter approach for delivering cold fluid (A) and another two studies by 

Chen et al. 95. and Wu et al. 96, in which the guide catheter was further used for intra-carotid artery cold infusion 

(ICCI) after clot removal aside from the pre-reperfusion microcatheter based cold fluid delivery (B). (D) The 

absent continuous pre- to post-reperfusion cold infusion via guide catheter, i.e., the “guide catheter approach” that 

would be simulated in the present study. ICCI could be started as soon as the guide catheter is placed in the internal 

carotid artery and does not interrupt EVT. Brief interruption of ICCI may be necessary during the retrieval of clot 

for avoiding the danger of clot detachment from stent. (Figure was modified from Figure 1, Wang Yi, et al. Transl 

Stroke Res. 2021 Aug;12(4):676-687)
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Table 4 Studies testing intra-arterial cold infusion in healthy human subjects or ischemic stroke patients using either the ‘microcatheter approach’ or the ‘guide catheter 

approach’ , or both 

Study, year Infusate 

(volume) 

Infusion rate 

(duration) 

Decrease of brain/ 

core body 

temperature (versus 
baseline) 

Time to target 

Temp (min) 

Duration of 

focal cerebral 

ischemia 
(h) 

Infarct 

volume 

decrease 
 

Time point of cooling and catheter approach 

In healthy humans        

Choi et al. 93, 2010 4.0 – 17.0 °C saline 

(330 mL) 

33 mL/min (10 min) –0.84 °C / –0.15 °C Not reported No ischemia Not reported No ischemia, ICCI via guide catheter 

In ischemic stroke 

patients with 

proximal artery 

occlusion 

       

Peng et al. 94 , 2016 4.0 °C Ringer solution  

(500 mL) 

50 mL/min (10 min) Not reported Not reported  < 6 –50% ‡ Before reperfusion, intra-arterial cold infusion into 

the middle cerebral artery via microcatheter 

Chen et al. 95, 2016 * 4.0 °C saline  

(350 mL) 

10 mL/min (5 min), 

followed by 30 

mL/min (10 min)  

–2 °C / –0.3 °C  Not reported  < 8 Not reported Intra-arterial cold infusion into the middle cerebral 

artery via microcatheter before reperfusion, 

followed by ICCI via guide catheter after 

reperfusion. Intra-arterial cold infusion was 

interrupted during endovascular reperfusion. 

Wu et al. 96, 2018 * 4.0 °C saline 

(350 mL) 

10 mL/min (5 min), 

followed by 30 
mL/min (10 min)  

Not reported Not reported  < 6  –19.1 mL ‡‡ Intra-arterial cold infusion into the middle cerebral 

artery via microcatheter before reperfusion, 
followed by ICCI via a large-bore distal-access 

catheter after reperfusion. Intra-arterial cold 

infusion was interrupted during endovascular 
reperfusion. 

* Pre- and post-reperfusion cold infusion was interrupted due to thrombectomy. MCA, middle cerebral artery 

‡ Volume at 7 days after treatment versus volume on baseline MRI 

‡‡ Volume comparison (versus standard thrombectomy) after baseline factor adjusting at three to seven days after treatment 
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In acute ischemic stroke, the earlier an occluded vessel is recanalized, the higher 

reperfusion rate and more favorable prognosis could be obtained 120-122. A similar time 

dependency is assumed in the case of therapeutic hypothermia mediated neuroprotection. 

Hypothermia that is established before recanalization may protect the ischemic-hypoxic brain 

tissue more effectively by early inhibition of the progressive pathophysiological cascades and 

alleviating reperfusion damage 74, 123.  

Obviously, when using the ‘microcatheter approach’ as described above and conducted 

in the three clinical studies 94-96, administration of cold infusion either before or after vessel 

recanalization has critical disadvantages: the occupation of the small lumen of the 

microcatheter by the cold infusion or the mechanical thrombectomy devices inevitably delays 

reperfusion of the ischemic brain tissue or the initiation of therapeutic hypothermia, 

respectively (see Figure 2A, 2B, 2C). Furthermore, due to the interruption of the cold infusion 

during the endovascular mechanical thrombectomy procedure when the catheter is occupied 

by the thrombectomy device (see Figure 2B), the targeted brain territory that had been cooled 

by cold infusion would immediately rewarm at the moment of recanalization when the warm 

cerebral blood flow is restored. Re-induction of hypothermia in that brain tissue after 

reperfusion not only causes a further fluctuation of brain temperature but also requires an 

additional volume of cold infusion potentially leading to fluid overload. 

Continuous pre- to post-reperfusion intra-carotid artery cold infusion 

To overcome these disadvantages, ICCI via the large-lumen guide catheter seems to 

be an optimal alternative. 

Firstly, in clinical routine, guide catheters are usually continuously flushed with saline 

which is conventionally heparinized during most endovascular procedures in order to prevent 

backflow of the blood into the catheter and related clot formation 124, 125. Conventional guide 

catheters may thus be easily used for continuous cold infusion.  

Secondly, cold infusion could be initiated much earlier during the endovascular 

mechanical thrombectomy procedure (Figure 2D). During the diagnostic and therapeutic 

cerebrovascular procedures in cerebrovascular diseases, in general, guide catheter is required 

and placed into the carotid artery at the very beginning of the procedure and represents the first 

path that is established for the purpose of a cerebral angiography and facilitating the delivery 
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of other devices required for subsequent interventions such as microwire, microcatheter, stent 

retriever and/or a clot suction device that are used for revascularization in cerebral artery 

stenosis or occlusion 126, 127. 

Thirdly, when cold infusion would be administered using the large-lumen guide 

catheter, the microcatheter would still be available for all kinds of thrombectomy devices 

throughout the endovascular procedure (Figure 2D). The endovascular mechanical 

thrombectomy workflow would thus not be affected and ICCI could be initiated before 

reperfusion without causing any delay of the critically time dependent recanalization of the 

occluded cerebral artery. Moreover, hypothermia could be established without potentially 

marked fluctuations of brain tissue temperature as the delivery of cold infusion would not or 

only briefly require an interruption during the endovascular mechanical thrombectomy 

intervention. Only during the short phase of clot retrieval, it would be recommendable to reduce 

or stop orthograde flow with proximal balloon guide catheter in order to avoid dislocation of 

thrombus particles into the distal circulation 128, 129. 

Additionally, conventional guide catheters have obviously larger size in contrast to 

microcatheters, which are respectively around 6 to 8 French (2.0 to 2.67 mm in outer diameter) 

and smaller than 3 French (1.0 mm in outer diameter) 130, 131 . This size advantage of guide 

catheter enables catheter modification for achieving better practicability aiming at ICCI, as 

existing examples of catheter modification for heat isolation 119, closed loop circuit 90, 132 .  

The neuroprotective effects of continuous pre- to post-reperfusion ICCI has been only 

conducted in a single middle cerebral artery occlusion model in canines 119. In this study’s 

experimental setup, cold saline was delivered into the carotid artery using the microcatheter 

rather than via the guide catheter. Notably, the guide catheter used in this study was modified 

with enhanced heat insulation properties, primarily to minimize rewarming of the pre-chilled 

saline as it was infused through the microcatheter. However, due to the occupation of the guide 

catheter during cold saline delivery, this method - if translated into the real-world clinical 

setting - would inevitably disrupt the workflow of endovascular mechanical thrombectomy in 

stroke patients. In this canine study, a lowest brain temperature of 23.8 °C and average cooling 

rates of more than 2 °C/minute were observed with 4 °C ICCI at infusion rates between 20 and 

40 mL/minute 119. Furthermore, a dramatic reduction of infarct volume as well as excellent 

neurological outcomes were also found in this study including only 3 animals and using 
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historical data as the control group. Additionally, the duration of middle cerebral artery 

occlusion and thus focal cerebral ischemia was limited to 45 minutes 119, which is relatively 

short compared to real-world acute ischemic stroke caused by proximal vessel occlusion where 

the endovascular mechanical thrombectomy procedure alone may take this amount of time 133, 

134. The benefits of ICCI in this study cannot, therefore, be extrapolated to cases of severe 

ischemic stroke and related complications, such as hemorrhagic transformation 135, 136.  

To summarize, ICCI administered using the ‘guide catheter approach’ appears to be 

the most practical strategy for realizing effective continuous selective brain cooling from 

before to after reperfusion in the setting of endovascular mechanical thrombectomy. However, 

the many treatment variables of ICCI including different infusate temperatures, composition, 

infusion rates and/or the overall hypothermia duration, and their effects on vital and blood 

parameters should be better elucidated to prevent another failure of such a promising treatment 

during the process of translation 49, 56. Despite the clear advantages of large animal studies with 

canines or primates, whose gyrated brains are more similar to the human brain with regard to 

size and structure compared to the lissencephalic brains of rodents, major ethical concerns and 

high costs render large animal studies less optimal for the repeated experiments that will be 

required to address the multiple open questions on how to optimally deliver ICCI before 

designing a randomized clinical trial in the future. 

To the best of our knowledge, no small animal model has been established so far that 

would allow the evaluation of intra-arterial cold infusion continuously administered from 

before to after reperfusion. 

Therefore, the main objectives of our study were: 

 (1) to develop a novel infusion system that allows for an uninterrupted infusion of 

fluids into the carotid artery from before to after reperfusion in a reproducible small animal 

stroke model. 

 (2) to establish a cold infusion protocol that permits induction and maintenance of 

mild local brain hypothermia around 35°C before reperfusion and moderate hypothermia of 

around 32 °C after reperfusion. 
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 (3) to evaluate the neuroprotective effects of ICCI that is continuously administered 

using present experimental setup from before to after reperfusion, at both the structural and 

functional levels. 

(4) to investigate the impact of continuous pre- to post-reperfusion ICCI on 

hemorrhagic infarct transformation, systemic physiological parameters, the cerebral blood flow 

and blood parameters including blood gases. 
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Materials and Methods 

Continuous pre- to post-reperfusion intra-carotid artery cold infusion 

This is a prospective randomized-controlled open-label interventional preclinical study 

in rats with blinded endpoint assessment (PROBE) and consists of three parts: 

Part I: developing a novel infusion system that allows for continuous pre- to post-

reperfusion ICCI in a filament middle cerebral artery occlusion rat model and investigating the 

infusion rate dependent cooling efficacy of ICCI (with saline at temperatures of 0 °C to 1 °C).  

Part II, investigating the neuroprotective effects as well as side effects of ICCI when 

administered to achieve brain-selective moderate hypothermia of around 32 °C in a rat model 

of severe focal cerebral ischemia over 100 minutes of middle cerebral artery occlusion. 

Part III, MRI based dynamic in-vivo evaluation of infarct growth as well as 

neurofunction in a rat model of moderate focal cerebral ischemia over 60 minutes during long-

term survival over 2 weeks. 

The study protocol was approved by the competent authority, the Regierungspräsidium 

Tübingen, Germany (animal test protocol no. N3/13). Animal handling and surgical operations 

were performed in accordance with the guideline provided by the animal welfare care 

committee of Tübingen University.  

Animals, treatments and groups 

Adult male Sprague-Dawley rats (Charles River, Sulzfeld, Germany) were kept in 

specific-pathogen-free facilities with 12/12-hours reverse light-dark cycle and food/water 

access ad libitum at the Hertie Institute for Clinical Brain Research, Tübingen, Germany and 

the Werner Siemens Image Center, Tübingen, Germany, where parts I + II and part III of the 

study were respectively conducted. Before any experiments were undertaken (including 

training for neurofunctional tests), two weeks of acclimation were ensured. 

Except for group control, all the other groups received specific infusion treatments. 

Briefly, in the two cold infusion groups, 0.9% saline at a temperature of 0 °C to 1 °C was 

delivered either directly into the ischemic hemisphere via the ipsilateral internal carotid artery 
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(ICCI group) for selective brain cooling or via the right femoral vein (intra-venous cold 

infusion group) for whole-body cooling. In the warm infusion group, 0.9% saline at 37 °C was 

infused via the ipsilateral carotid artery (intra-carotid artery warm infusion group). The total 

volume of saline to be infused was calculated to equal half of the circulating blood volume, i.e. 

30 mL per kg body weight 137. 

Details on the four experimental groups and treatments in each part of the study are 

summarized in Figure 3.  

 

 Figure 3 Schematic view of experimental design including timing and duration of ischemia and infusion. In part 

I and part II rats were designated to 100 minutes middle cerebral artery occlusion. Blood gas analysis (BGA), 

mean arterial blood pressure (MAP) and heart rate (HR) measurements were conducted before middle cerebral 

artery occlusion (not shown on this figure), at around 50 minutes after filament insertion and after 

treatment/reperfusion. The reproducibility of the final infusion protocol was confirmed with continuous brain 

temperature (BT) monitoring during infusion. In part II, neurofunctional tests including modified neurological 

severity score (mNSS), cylinder test, beam walking were conducted before taking the brain at around 24 hours 

after treatment. In part III, rats were allowed to survive for 2 weeks after reperfusion. During middle cerebral 

artery occlusion before treatment, at 24 hours and 2 weeks after treatment, rats were scanned with MRI for 

dynamic evaluation of infarct growth. Neurofunctional tests including mNSS and cylinder test were conducted 

before operation, at day 2, day 4, day 6, day 9, day 13 after reperfusion.  
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Anesthesia and analgesia 

Anesthesia of spontaneously breathing rats was induced using 5% isoflurane (CP-

Pharma, Burgdorf, Germany) delivered in a mixture of oxygen (at a flow of 0.2 L/minute) and 

air (at a flow of 1.0 L/minute) to provide an inspiratory oxygen fraction of around 30%. During 

anesthesia induction, corneal reflex and pain reflex of the rats were regularly checked with a 

cotton swab and by clipping the paws with a forceps. Following successful anesthesia induction 

(i.e., loss of corneal reflex and pain reflex), isoflurane concentration was lowered to 1.5% to 

2% for maintenance of anesthesia. 

For analgesia, Carprofen (5 mg/kg; Pfizer Deutschland, Berlin, Germany) and lidocaine 

(AstraZeneca, Wedel, Germany) were injected into the abdominal subcutaneous tissue and 

around incisions, respectively. Atropine (0.1 mg/kg; B. Braun, Melsungen, Germany) was also 

injected into the abdominal subcutaneous tissue for improving the airway and cardiocirculatory 

condition of anesthetized rats. 

Implantation of probes for thermal assessment and laser Doppler flowmetry  

Throughout the experiments in part I, regional cerebral blood flow in the ischemic core 

as well as temperature in the striatum and cortex of both hemispheres were continuously 

monitored with laser Doppler flowmetry (PeriFlux 5000, Perimed, Järfälla, Sweden) and with 

thermocouple probes (diameter, 0.4 mm; AD instruments, Dunedin, New Zealand), 

respectively.  

The location of the laser Doppler flowmetry probe for cerebral blood flow monitoring 

was 1 mm posterior to the bregma, 6 mm lateral to the midline and about 3 mm below the 

horizontal parietal plane (Figure 4A). To monitor cortical and deep (striatal) brain temperature 

in both hemispheres, 4 thermocouple probes were implanted. In order to simplify the 

experimental procedures meanwhile minimizing the traumatic injury incurred by unnecessary 

additional insertion of the probes into the brain parenchyma, two thermocouple probes 

designated for brain temperature measurements within the same hemisphere were bundled 

together with a piece of catheter (diameter: 1.1 mm, length: 33 mm), which was obtained from 

a 20G peripheral intra-venous cannula (B. Braun, Melsungen, Germany) (Figure 4B).  

In about 2 mm distance from the catheter tip, i.e., the location of the temperature sensor 

for deep brain temperature monitoring, a side hole was made on catheter wall under a 
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stereomicroscope (Leica, Wetzlar, Germany), where the second temperature sensor was fixed, 

for reducing the potential thermal insulation effect of the catheter sheath outside the cortical 

temperature sensor (Figure 4B). The catheter was inserted about 5 mm beneath the cortical 

surface at a location of 1 mm posterior to the bregma and 3 mm lateral to the midline. 

Symmetrically to the midline the other catheter sheath with two thermocouple probes was 

implanted at the same depth (Figure 4B).  

 

 

Figure 4 Illustration showing the location of the thermocouple probes (A, upper), the laser Doppler 

probe (A, lower), and the two thermocouple probes in each hemisphere, bundled with a catheter sheath 

(B). Modified figure of rat skull, brain sketch were taken from the study 138 and brain atlas 139 by Paxinos 

George et al.. 

The cranial bone was exposed by making a midline incision between lines of bilateral 

auricles and bilateral eyes. At aforementioned coordinates, a laser Doppler flowmetry probe 

holder (Perimed, Järfälla, Sweden) was attached with glue (Drechseln, weiden, Germany). 

Then rats were transferred to and fixed on a stereotaxic frame (Stoelting, Dublin, Ireland). Burr 

holes were carefully made with a microdrill (drill tip diameter 0.8 mm; CellPoint Scientific, 

Gaithersburg, USA) at the location where thermocouple probes would be implanted. Through 

the hole, a needle was vertically inserted for about 2 mm in order to pierce the meninges. After 

exclusion of bleeding, the needle was replaced with the cannula bundling two thermocouple 

probes and inserted slowly into the designated depth.  

  



 

33 

 

Femoral artery canalization  

In supine position, a 1 cm long incision was made on the right groin. Femoral artery 

was then carefully isolated with blunt dissection techniques. Two knots were made around the 

femoral artery with a 4 - 0 suture while the proximal (directed towards the heart) was left 

untightened. As proximally as possible, the femoral artery was then temporarily clipped. 

During clipping a hole was made on the femoral artery between the two knots, through which 

a piece of polyethylene - 50 tubing (inner diameter 0.58 mm, outer diameter 0.96 mm; HSE-

Harvard Apparatus GmbH, March-Hugstetten, Germany), pre-filled with heparinized 0.9% 

saline (10 units/mL), was introduced and fixed with the untightened suture.  

Arterial blood pressure and heart rate were measured at 20 minutes before middle 

cerebral artery occlusion (i.e., immediately after the operation of laser Doppler probe 

implantation and successful femoral artery canalization), again at around 50 minutes after 

middle cerebral artery occlusion (during middle cerebral artery occlusion), and immediately 

after completion of the infusion in the three infusion groups (i.e., the ICCI group, the intra-

carotid artery warm infusion group, and the intra-venous cold infusion group). In the control 

group, these measurements were conducted at equivalent time points.  

Additionally, a subset of rats from each study group underwent continuous monitoring 

of arterial blood pressure and heart rate, which was initiated a few minutes before start of 

infusion in the treatment groups and at equivalent time points in the control group until wound 

closure.  

Blood gases as well as hemoglobin, glucose, and serum electrolytes were analyzed with 

CG8+ cartridges on the i-STAT point-of-care system (both Abbott, North Chicago, IL, USA) 

after each session of intermittent arterial blood pressure and heart rate measurements or at the 

equivalent time points in rats that received continuous blood pressure and heart rate monitoring 

and in rats of the control group.  

Middle cerebral artery occlusion 

Middle cerebral artery occlusion was established with the filament method. Briefly, in 

supine position, a midline neck incision of about 1.5 cm length was made. After having exposed 

the carotid artery sheath with two cotton swabs, the right common carotid artery, the external 

carotid artery, and the internal carotid artery were carefully dissected without injuring 
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surrounding nerves. The external carotid artery was then ligated with a segment of 4 - 0 suture 

as distally as possible. Following temporary clipping of the common and the internal carotid 

artery, the external carotid artery was cut proximal of the ligation. A silicone coated 4 - 0 

filament (coating diameter/length: 0.41 – 0.43 / 3 – 4 mm; Doccol, Sharon, MA, USA) was 

then inserted retrogradely into the external carotid artery. Another knot was made around the 

stump of the external carotid artery with a 4 - 0 suture to fix the filament and close the opening. 

After removal of the clip from the internal carotid artery, the filament was further advanced 

into the internal carotid artery and gently pushed forward until successful blocking of the 

middle cerebral artery opening. Correct positioning was confirmed by a sudden drop of cerebral 

blood flow on laser Doppler flowmetry. The inserted filament was then fixed and secured with 

a clip around the internal carotid artery. 

In laser Doppler flowmetry monitoring controlled groups, rats with initial residual 

cerebral blood flow lower than 30% and mean residual cerebral blood flow during ischemia 

lower than 40% of baseline value were considered to have a successful middle cerebral artery 

occlusion. Rats with unsuccessful middle cerebral artery occlusion were excluded from further 

randomization for treatment and euthanized immediately.  

Cooling System Setup 

To simulate the integration of ICCI into acute ischemic stroke care in a rat model, i.e., 

with the start of cold infusion as soon as the guide catheter would have been introduced into 

the internal carotid artery, we developed a new infusion port. In brief, a 21G Safety-Multifly® 

cannula (Sarstedt, Nuembrecht, Germany) was bent and its sharp pinpoint was removed using 

hemostatic forceps. Under a stereo microscope, the cannula outlet was blunted, and a hole was 

made on the cannula wall with a microdrill (drill tip diameter 0.6 mm; CellPoint Scientific, 

Gaithersburg, USA).  

To avoid vessel wall damage as well as fluid leakage (bleeding) during infusion via 

potential residual spaces between the tubing wall and the vessel wall created by the filament 

thread (Figure 5, left), the front part of the cannula was coated with elastic silicone (Figure 5, 

middle and right). To further ensure the seamless connection of the infusion port to the 

external carotid artery, a longitudinal concavity was molded by imprinting the filament thread 

into the elastic silicone on the convex surface of the front part of the cannula (Figure 5, middle 

and right).  
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Figure 5 Sketch of a conventional polyethylene-50 infusion tubing (left) used for intra-carotid 

artery fluid delivery compared to the newly developed elastic silicone coated infusion port 

(middle and right) that was used in this study. Sagittal (upper row) planes are sketched 

together with corresponding coronal planes (lower row). CCA, common carotid artery; ECA, 

external carotid artery; ICA, internal carotid artery; PE, polyethylene. 

A programmable automatic syringe pump (Pump 11 Elite; Harvard Apparatus, 

Holliston, MA, USA) was used for controlled saline infusion. To obtain cold and warm saline 

for infusion, a temperature control system with a dual in-line SC-20 heater/cooler (Warne 

Instruments, CT, USA) was implemented. To avoid potential rewarming of the chilled saline 

while flowing through the interposition polyethylene-50 infusion tubing especially at low flow 

rates due to its exposure to the surrounding air at room temperature before entering the carotid 

artery, we added a secondary closed-loop cooling circuit around the tubing. This additional 

cooling system was placed between the dual in-line SC-20 heater/cooler and the infusion port 

outlet (Figure 6) and was connected to a refrigerated bath circulator, Phoenix II/P2-C25P 

(Thermo Fisher Scientific, Karlsruhe, Germany).  

Target temperature of the dual in-line SC-20 heater/cooler was set to 0 °C for ICCI and 

intra-venous cold infusion and to 37 °C for intra-carotid artery warm infusion. Depending on 

the real-time saline temperature at the infusion port outlet, cooling performance parameters of 

the secondary cooling system were adjusted. In our experiments, target temperature of the 

Phoenix II/P2-C25P was set to –20 °C or 37 °C, respectively, and with a medium coolant 

circulation speed. 
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Figure 6 Photo (upper) and sketch (middle) of the closed-loop cooling system developed in 

our study and sketch illustration of the cooling systems before modification (lower). Black 

cylinders represent the commercially available dual in-line SC-20 heater/cooler from Warne 

Instruments (CT, USA). The lowest target temperature 0 °C was set for intra-carotid artery cold 

infusion (ICCI) group and intra-venous cold infusion group. A target temperature of 37 °C was 

set for group intra-carotid artery warm infusion. In groups with cold infusion, an additional 

closed-loop cold water circulating cooling system was integrated, which was powered by 

Phoenix II/P2-C25P circulator. The temperature of circulating water was set to −20 °C in cold 

infusion groups or 37 °C in intra-carotid artery warm infusion group, to minimize the 

temperature change (especially re-warming of the cold saline) affected by ambient environment 

before entering rats’ carotid artery. T1 to T4 represent the locations where infusate temperature 

was measured without (T1 to T3) and with (T4) the additional closed-loop cooling system (see 

results in Table 5). A polyvinylchloride interposition tube of 4 cm length (inner diameter: 

1.3 mm; Sarstedt, Germany) allowed visual control during the microsurgical insertion of the 

infusion port into the external carotid artery. (Figure was modified from Figure 3, Wang Yi, et 

al. Transl Stroke Res. 2021 Aug;12(4):676-687) 
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Continuous intra-carotid artery infusion  

10 minutes before reperfusion, the suture around the external carotid artery was 

loosened. The thread end of the filament was then inserted into the side hole of the infusion 

port. The infusion port was then introduced into the re-opened external carotid artery and 

pushed further until reaching the carotid bifurcation (Figure 7A, 7B). To reduce the risk of a 

potential shift of the enlarged filament tip at the middle cerebral artery occlusion site and, thus, 

unintentional reperfusion, the stretching of the filament end was strictly avoided.  

The infusion pump was switched on for a few seconds until all bubbles were discharged 

from the tubing. Then the infusion port was fixed with a piece of 4 - 0 suture around the external 

carotid artery (Figure 7C).  

Pre-reperfusion infusion was initiated by starting the automatic infusion pump and 

simultaneously removing the clip from the internal carotid artery (Figure 7D). During ICCI or 

intra-carotid artery warm infusion, reperfusion was established by simply retracting the 

filament and right after, removing the clip around common carotid artery (Figure 7E). 

During the experiments all rats were placed on an external heating pad that was 

connected to a rectal temperature-feedback-controlled T-1000 homeothermic system (CWE, 

CA, USA) to maintain the rats’ core body temperatures at around 37.5 °C except in the whole-

body hypothermia intra-venous cold infusion group.  
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Figure 7 Illustrative steps of connecting the intra-carotid artery infusion port for uninterrupted 

pre- to post-reperfusion cold (0 – 1 °C saline) and warm (37 °C saline) intra-carotid artery 

infusion. (A) shows the filament-induced middle cerebral artery occlusion. (B) illustrates the 

insertion of our newly developed elastic silicone-coated infusion port with a side hole into the 

external carotid artery during ischemia, and (C) the infusion port in its final position. (D) shows 

pre-reperfusion intra-carotid artery cold or warm infusion before the filament is retracted, 

followed by (E) which shows intra- and post-reperfusion intra-carotid artery cold or warm 

infusion during and after filament retraction (recanalization). CCA, common carotid artery; 

ECA, external carotid artery; ICA, internal carotid artery. (Figure was modified from Figure 2, 

Wang Yi, et al. Transl Stroke Res. 2021 Aug;12(4):676-687) 
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Intra-venous cold infusion 

In order to compare brain cooling efficacy of ICCI as well as its potential 

neuroprotective effects with that of whole-body cooling, the same infusion system (and 

protocol) was applied in intra-venous cold infusion via the right femoral vein. In order not to 

counteract the induction of whole-body hypothermia, the external heating pad was turned off 

during infusion of cold saline intra-venously.  

Post-surgery care 

Rats from experiment part II and part III were temporally kept in an infrared lamp (IR 

812, Efbe-Schott, Bad Blankenburg, Germany) warmed transfer cage after wounds closure. 

They were sent back to home cages after regaining consciousness and activity. Pellet crumbs 

moistened with drinking water were provided ad libitum in a petri dish. Carprofen (5 mg/kg) 

was injected subcutaneously for analgesia every 12 hours after the operation. In the long-term 

survival groups (i.e. 2 weeks) of part III, this analgesic process was extended for another two 

days. In addition, wound healing, body weight and pain severity of rats were controlled at 1, 2, 

4, 6, 9, 13, 14 days after the surgery. Rats were euthanized in case prespecified criteria 

indicating suffering were met (i.e., weight loss of more than 20% of baseline body weight 

and/or rated pain score (see Table 5) of more than 3 points).  

Table 5 Pain score  

Score (point) 0 1 2 

Fur Normal Moderate scruffy Scruffy 

Movement Active  Moderate active No movement 

Body posture Normal Moderate kyphosis Severe kyphosis 
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TTC staining 

In part II, after the last session of neurofunctional assessment at 24 hours post-

reperfusion, rats were deeply anesthetized with isoflurane 5% (in room air). Cardiac flushing 

was performed with 20 mL cold (4 °C) isotonic saline. Following decapitation, forebrains were 

collected and cut coronally into slices with a thickness of 2 mm in a chilled rat brain matrix 

(Leica, Wetzlar, Germany). Brain slices were visually assessed for hemorrhage and stained 

with 2% 2, 3, 5 - triphenyltetrazolium chloride (TTC, Sigma-Aldrich, Steinheim, Germany) at 

room temperature for 15 minutes. The stained brain slices were rinsed with saline twice and 

then immersed in 4% paraformaldehyde (Sigma-Aldrich, Steinheim, Germany) at 4 °C for 24 

hours. The obtained brain slices were photographed together with a ruler as a reference 

measuring scale.  

MRI scanning  

All animals in Part III were scanned with a 7 Tesla ClinScan small animal scanner 

equipped with a rat whole body transmitter coil and a 4-channel rat brain surface receiving coil 

(Bruker BioSpin, Germany). Scanning was conducted in the period between middle cerebral 

artery occlusion was established and before study treatment, at 24 hours and at 2 weeks after 

reperfusion. In the scanning before treatment, imaging protocol consisted of T2 weighted, 

perfusion weighted and diffusion weighted acquisitions, the time points of which were 

separately at about 8, 18, and 39 minutes after middle cerebral artery occlusion. The same 

scanning protocol was applied in the latter two sessions. Apparent diffusion coefficient (ADC) 

maps were calculated from the diffusion weighted images.  

Infarct volume and brain edema measurement in short-term survival groups 

Regions of interests, i.e., the whole brain, the right hemisphere, and the infarct areas on 

images of TTC stained slices were semi-automatically contoured with Photoshop CC 2018 

(version 19.1.6, Adobe, San Jose, California, USA) (Figure 8A). Briefly, after opening the 

original picture with Photoshop, the quick selection tool was applied for creating selection of 

the whole brain section on each slice (Figure 8A, upper left, yellow contour), which was then 

manually adjusted using the lasso tool (Figure 8A, upper middle, red contour). Final 

selections were then filled with red color (RGB 255, 0, 0) on a new layer and named as “R”. 

The red mask layer was then indicated invisible. By referring to the anatomical midline on each 

brain slice, the left region of each selection was subtracted using the lasso tool, and the 
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remaining selection (Figure 8A, middle, green contour) was filled with green color (RGB 0, 

255, 0) on a new layer named as “G”. This layer was then indicated invisible. 

Regions of lesion areas (edema + infarction) were preliminarily contoured with Color 

Range Command and manually adjusted by referring to the staining of the contralateral brain 

structure in the left hemisphere (Figure 8A, lower, yellow contour). A blue mask of the 

affected area was created on a new layer named as “B” (RGB 0, 0, 255). Layers named as R, 

G and B were toggled visible and respectively exported as JPEG images and saved in a file 

folder for further measurements. (Figure 8A, right) 

The areas of all the exported masks were measured automatically using the ImageJ 

software (version 1.52a, National Institutes of Health, Bethesda, USA) (Figure 8B). The macro 

(see Appendix for the macro code) was created by recording the steps of commands that were 

implemented in one trial measurement. The obtained value of areas in pixels was converted 

into square millimeters (mm2) by referring to the reference measuring scale (photographed 

ruler). 

The volume of the whole brain, the right hemisphere and the injured brain territory 

(mixture of infarct volume and brain edema) were calculated by multiplying the corresponding 

surface areas with 2 (mm). Volume was expressed in mm3. 

Volume of the adjusted infarct volumes were calculated with the simplified formula: 

volume of whole brain – 2 × volume of right hemisphere + volume of injured brain territory 

(i.e. mixture of brain edema and infarct). The extent of brain edema 140 was calculated 

according to: (volume of right hemisphere / (volume of whole brain – volume of right 

hemisphere) – 1) × 100%.  
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Figure 8 Exemplary software assisted contouring of regions of interest (ROIs) on TTC stained brain slices (A), 

batch measuring of generated ROI masks (B), infarct volume correction (C) and extent of brain edema calculation 

(D). The whole brain was automatically contoured with the quick selection tool of Photoshop CC 2018 (A, upper 

left, yellow region), the selection was then manually modified with subtractive/additive lasso tool for removing 

or adding regions mis-included/excluded regions (A, upper row, red contour). Mask of whole brain was 

generated by filling the final selection with red color (RGB:255, 0, 0) (A, upper row, red mask). By referring to 

the anatomical midline, the right infarcted hemisphere was contoured by excluding the contralateral hemisphere 

on the whole brain selection with subtractive lasso tool, which was then masked with green color (RGB:0, 255, 

0) (A, middle row, right). Infarcted region was automatically selected with color range selection function, 

generated selection was then modified with lasso tool (A, lower row, blue contour). On new working path, this 

region was filled with blue color (RGB: 0, 0, 255). Region that beyond brain tissue area was deleted by applying 

selection generated with the whole brain mask. Areas of all the masks were then automatically measured in ImageJ 

software (version 1.52a, National Institutes of Health, Bethesda, USA) with its bunch function (B). By referring 

to the calibrating ruler on brain slices, the area (in pixels) was converted to square millimeters. 

Measured infarct area was adjusted by excluding edema, i.e. volume of retained water. Area of healthy brain 

before ischemia was estimated by doubling the area of contralateral hemisphere (C, upper right) and residual 

healthy brain area was calculated by subtracting the area of injured brain territory (mixture of infarcted brain 

tissue and retained water) from measured whole brain after infarction (C, lower right). The area difference 

between estimated health brain and residual healthy brain equals to the area of brain tissue developed into 

infarction. Infarct volume was calculated by multiplying slice thickness (2 mm). Extent of edema represents the 

degree of brain expansion (see gray region, D) that results from edema. Which could be calculated by (volume of 

right hemisphere – volume of left hemisphere)/volume of left hemisphere. Volume of left hemisphere in our study 

was calculated by volume of whole brain – volume of right hemisphere.  
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Infarct volume and brain edema evaluation in long-term survival groups  

In long-term survival groups of part III, MRI of each rat obtained at different time 

points were co-registered with the Image Registration & Fusion Tool (PFUS). Regions of 

interest were contoured and measured with the Image processing & VOI analysis tool (PBAS). 

Both tools are used with PMOD software (PMOD Technologies LLC, Zurich, Switzerland). 

Rats without acute ischemia on both baseline diffusion and perfusion MRI were excluded from 

further Image processing and analysis.  

MRI co-registration and brain territory segmentation  

In the co-registration process, firstly, raw T2-MRI in DICOM format (Digital Imaging 

and Communications in Medicine) of all rats that were obtained before treatment / reperfusion 

(baseline T2-MRI) were co-registered with an established rat brain template (provided by 

Werner Siemens imaging center, Tübingen, Germany) and saved as saved as NIfTI format 

(Neuroimaging Informatics Technology Initiative). Then each adjusted baseline T2-MRI was 

used as the reference for the later on registrations of subsequent MRI sequences that were 

obtained at the respective prespecified time points, i.e., (a) ADC maps and perfusion MRI 

before treatment (i.e., baseline), (b) ADC maps and T2-MRI at 24 hours after reperfusion, and 

(c) T2-MRI at 2 weeks after reperfusion.  

To avoid the observer bias in contouring the regions of interest, we applied a semi-

automatic contouring method. Firstly, regions of interest including the whole brain, the left and 

the right hemisphere, the striatum and the cortex of both hemispheres, were contoured by 

referring to corresponding anatomical structures on baseline T2-MRI. Structures outside the 

regions of interest were masked out.  

The contoured regions of interest were then further imported into the baseline ADC 

maps, 24-hour ADC maps and 24-hour T2-MRI, and 2-week T2-MRI. Manual modifications 

of contours were performed when there were shifts of middle line or cortex as a result of brain 

swelling at the 24-hour or brain shrinkage at the 2-week time points. Hypo-diffused regions on 

24-hour ADC maps, high-intensity regions on 24-hour and 2-week T2-MRI were manually 

contoured by referring to the normal signal intensity within the same brain region on the 

contralateral healthy hemisphere.   
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Lesion volume and extent of edema at 24 hours  

On 24-hour ADC maps and 24-hour T2-MRI post-reperfusion, volume of manually 

contoured brain territories with apparent hypo-diffusion coefficient and with high-intensity 

respectively were automatically obtained with PMOD software. However, these volumes could 

overestimate the infarct volume, as a result of water retention (edema) at 24 hours after middle 

cerebral artery occlusion.  

To obtain more accurate infarct volume measurements, the PMOD-measured infarct 

volume was corrected as described above using the infarct volume correction method for TTC 

stained slices (see Figure 8D). Specifically, the infarct volume equals to the difference between 

volume of healthy (left) hemisphere and the volume of residual healthy brain tissue of ischemia 

attacked hemisphere. The former could be directly obtained from PMOD, since the left 

hemisphere has to be contoured, and the latter was calculated by subtracting the measured 

injured volume (mixture of infarct and edema) from the volume of right hemisphere. The same 

correction method was applied in striatal and cortical infarction. Infarct volume on 2 weeks 

T2-MRI was directly measured without correction.  

Extent of edema was calculated with the formula 140: (volume of right hemisphere – 

volume of left hemisphere) / volume of left hemisphere. 

Thresholds determination for infarct volume prediction on baseline ADC maps 

The normal ADC value of target regions including the whole hemisphere, cortex, 

striatum of the left (healthy) hemisphere was measured separately on each slice of baseline 

ADC maps (Figure 9, step 1, green contours). In the control group, the ADC values of each 

target area on all the slides were then respectively multiplied by a series of thresholds ranging 

from 60% to 90%. Within the corresponding target areas (Figure 9, step 1, blue contours) on 

each slice of the infarcted hemisphere, obtained calculated ADC values were applied for 

automatic contouring of hypo-diffused areas with the thresholding function of PMOD software 

(Figure 9, step 2, left and middle column). 

Volumes of generated whole hypo-diffused brain territories, hypo-diffused cortex, and 

hypo-diffused striatum were then respectively compared with actually measured whole, 

cortical and striatal lesion volumes on 24-hour ADC maps and infarct volume on 2-week T2-

MRI in control group (see exemplary analysis of whole lesion and infarcted area on 24-hour 
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ADC maps and 2-week T2-MRI, Figure 9, step 2 right). Together with the results of 

correlation analysis between generated hypo-diffusion volumes and measured infarct volumes, 

thresholds that result in minimal lesion or infarct volume difference between generated and 

measured volumes, with highest correlation were decided as the optimal thresholds for 

predicting infarct volume at 2 weeks post-reperfusion on T2-MRI as well as the lesion volume 

at 24 hours post-reperfusion on ADC maps (see Figure 9, step 3, optimal threshold I, II).  

 

Figure 9 Workflow of threshold-based relative comparison of whole infarct volume (here, the analysis of whole 

lesion/infarct was taken as an example of the overall analysis workflow), cortical infarct volume and striatal infarct 

volume. On each slice of baseline apparent diffusion coefficient (ADC) maps of control animals, ADC of left 

(healthy) hemisphere was measured and multiplied by a range of thresholds (60% – 95%) (Step 1). With the 

calculated new ADC values, hypo-diffused areas were automatically generated on the right hemisphere. The 

volume of each threshold derived hypo-diffused brain region was calculated with PMOD software (step 2). By 

comparing with the manually measured infarct volume on 2-week T2-MRI and whole lesion volume on 24-hour 

ADC maps, the optimal thresholds I and II that could best predict the measured infarct volumes on 2-week T2-

MRI and lesion volume on 24-hour ADC maps, respectively, were determined. In the intra-carotid artery cold 

infusion (ICCI) group, measured ADC on each slice of left hemisphere was multiplied by the optimal thresholds 

I and II, respectively (Step 3). The calculated ADC values of each slice were further applied for generating hypo-

diffused regions on the right hemisphere on baseline ADC map (Step 3). The two volumes of generated hypo-

diffused brain regions were respectively compared with infarct volume on 2-week T2-MRI and lesion volume on 

24-hour ADC maps. Infarct volumes measured on 2-week T2-MRI and lesion volume on 24-hour ADC were also 

compared.  
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Evaluation of intra-carotid artery cold infusion effects on brain lesion, edema at 24 

hours and final infarction at 2 weeks post-reperfusion 

In group ICCI (Figure 9, step 3 – 4), firstly, the ADC of the whole hemisphere, cortex 

and striatum on each slice of left (healthy) side was measured with PMOD. The Obtained 

values were multiplied with the optimal thresholds determined in step 2 (Figure 9). On baseline 

ADC maps, these calculated values were then applied for generating hypo-diffused brain 

region on corresponding slide within whole right hemisphere, cortex and striatum respectively. 

Volumes of each hypo-diffused brain territory were exported and compared with the lesion and 

infarct volumes respectively measured on 24-hour ADC maps and on 2-week T2-MRI. In 

addition, the latter two volumes were also compared with each other.  

Neurofunctional testing 

For neurofunctional assessment, the modified neurological severity score (mNSS), 

cylinder test and beam walking test were performed in part II of the study until 24 hours after 

reperfusion. In part III of the study, modified neurological severity score (mNSS) and cylinder 

test were performed until 2 weeks after reperfusion. In both two parts, baseline neurofunction 

was evaluated at 1 hour before surgery. Follow-up assessments were conducted at 24 hours 

after reperfusion in part II of the study, and at day 2, 4, 6, 9, and 13 after reperfusions in part 

III of the study.  

The mNSS is a comprehensive method for evaluating the overall neurofunction in 

rodents. By referring to the evaluation criteria reported by 141, deficits of motor, sensory, reflex, 

and balance were assessed by two independent raters who were blinded to the treatments. In 

case of different scores assigned by the two raters, the mean value of both assessments was 

calculated. The total mNSS of ranges between 0 and 18 points, with higher scores indicating 

more severe neurological deficits. 

The cylinder test for evaluation of asymmetrical forelimb use 142 was conducted over 5 

and 10 minutes at baseline and each follow-up assessment, respectively. The setup of the 

cylinder (diameter / height: 20 / 30 cm) was performed according to 143; before each session, 

the cylinder and the transparent board were cleaned with a 70% ethanol solution. Results of 

the cylinder test are expressed as percentage of right forelimb touches (ipsilateral to the 

infarcted hemisphere) in relation to the total number of cylinder wall touches with the left or 

right forelimb. 
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The beam walking task (length / width: 60 / 3 cm) required five training sessions per 

day on three consecutive days before surgery. The beam was placed at a height of 45 cm and 

connected with the rats’ home cages. Foot slips of the rats’ affected left fore- and hind limbs 

were recorded. Performance in the beam walking task was expressed as the percentage of left 

fore- or hind limb slips in relation to the total number of steps. 

Vital parameter Acquisition  

LabChart 8 software and PowerLab (both AD Instruments, Dunedin, New Zealand) 

were used to record regional cerebral blood flow (laser Doppler flowmetry), arterial blood 

pressure, as well as brain and rectal temperature curves. Mean arterial pressure and heart rate 

were obtained using the blood pressure module for LabChart 8 (AD instruments). Prism 8 

(GraphPad, San Diego, CA, USA) was used for plotting graphs and statistical analyses. 

Artwork was created with Photoshop CC 2018 (Adobe, San Jose, California, USA). 

Data analysis  

Data were analyzed and graphs were generated with GraphPad Prism version 8.4.2 

(GraphPad Software, Massachusetts, USA). When not specifically noted, normally distributed 

data sets are reported as mean ± standard deviation. Ordinary one-way ANOVA with 

Bonferroni’s correction for post-hoc multiple comparisons was applied for inter-group 

comparisons. Non-normally distributed data are reported as median [25% percentile, 75% 

percentile]. Non-parametric one-way variance analysis (Kruskal-Wallis test) with uncorrected 

Dunn’s test was taken for post-hoc multiple comparisons. Artwork were created with 

Photoshop CC 2018 version 19.1.6 (Adobe, San Jose, California, USA) 
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Results  

General outcome 

In total, 137 rats were included in this study (Figure 10). 

In part I of the study, 18 rats (age: 11 to 12 weeks, weight: 360 to 470 g) were used. In 

the first step, four rats received sequential ICCI treatment at different infusion rates ranging 

from 0.2 to 2.0 mL/minute to evaluate their respective brain cooling efficacy. Nine other rats 

were used for determining the potential final continuous infusion protocol based on the results 

from step 1. Applying the final sequence of different infusion rates, another four rats received 

the full continuous pre- to post-reperfusion ICCI and one more rat underwent intra-venous cold 

infusion using the same infusion protocol. In part I of the study, one ICCI-treated rat died from 

subarachnoid hemorrhage at the time of filament retraction, which was confirmed in autopsy.  

In part II of the study, 92 rats (23 rats per study group) were used. Of these, 35 rats 

needed to be excluded prior to randomization; 34 of which were excluded due to an unstable 

or too high residual regional cerebral blood flow as determined by laser Doppler flowmetry 

and one rat died soon after ischemia induction. Three other rats died after randomization but 

prior to treatment due to surgical failure during the attempt to insert the infusion port into the 

internal carotid artery (two rats in the ICCI group and one rat in the intra-carotid artery warm 

infusion group). Consequently, 54 rats were available for pre-post-treatment analyses of vital 

parameters and blood gases (grey shaded boxes in Figure 10).  

The mean body weight of the 54 rats in part II was 403 ± 13 g and was similar in the 

four study groups (F (3, 50) = 0.71, p = 0.5519). In the three infusion groups (ICCI, intra-

carotid artery warm infusion, and intra-venous cold infusion), 12.1 ± 0.4 mL of saline were 

infused over a period of 16.5 ± 0.6 minutes. Infusion volumes (F (2, 37) = 0.45, p = 0.6392) 

and durations (F (2, 37) = 0.42, p = 0.6622) were similar among the three treatment groups. 

Four rats died before follow-up assessment at 24 hours after reperfusion (one rat in the ICCI 

group, two rats in the intra-carotid artery warm infusion group, and one rat in the intra-venous 

cold infusion group). Exclusion rate until successful reperfusion was comparable between the 

three infusion groups (χ² (2) = 1.9045, p = 0.5925), and between the control group and the 

infusion groups (χ² (1) = 1.5120, p = 0.2188). Autopsy revealed subarachnoid hemorrhage in 
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all deceased rats. The remaining 50 rats entered infarct / edema volume and neurofunctional 

outcome analyses. 

In part III of the study, 26 rats were randomized 1:1 to receiving either ICCI or no 

infusion (control group). Two rats (one rat in the control group and one in the ICCI group) died 

of autopsy-confirmed subarachnoid hemorrhage immediately after reperfusion / infusion 

treatment and another two rats (one rat in the control group and one in the ICCI group) were 

excluded from further analysis because of unsuccessful middle cerebral artery occlusion which 

was retrospectively confirmed on baseline MRI images (i.e., before treatment). The remaining 

22 rats (eleven per group) were included for further assessment of treatment effects. 

The mean body weight of the 22 rats in part III of the study was 412 ± 23 g with no 

statistically significant inter-group difference (unpaired t-test, p = 0.08). In the ICCI group, 

12.0 ± 0.6 mL of cold saline were infused over a period of 16.5 ± 0.8 minutes. One rat in the 

control group died between 36 and 48 hours post-reperfusion because of massive hemispheric 

cerebral infarction. One rat in the ICCI group lacked baseline ADC maps due to technical issues. 
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Figure 10 Flow diagram of animal usage in part I, II, and III. CTRL = control group, ICCI = intra-carotid artery 

cold infusion group, ICWI = intra-carotid artery warm infusion group, IVCI = intra-venous cold infusion group, 

#1 including 34 rats with unstable laser Doppler curves and one rat that died soon after filament insertion; #2 

excluded due to surgical failure during connection of the infusion tube: one rat from ICCI group and two rats from 

ICWI group. #3, #4, #5 four rats (1 / 2 / 1 rat from ICCI / ICWI / IVCI group respectively) died before 24 hours after 

reperfusion. #6 two rats (1 / 1 rat from CTRL / ICCI group) died immediately after reperfusion with autopsy-

confirmed subarachnoid hemorrhage. #7 two rats (1 / 1 rat from CTRL / ICCI group) were excluded for 

unsuccessful middle cerebral artery occlusion. * including the one rat that died between 36 and 48 hours post-

reperfusion because of massive hemispheric cerebral infarction. ** including the one rat that lacked baseline 

apparent diffusion coefficient (ADC) maps due to technical issues.  
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Part I: Continuous pre- to post-reperfusion ICCI in rats 

Cooling system performance assessment 

Room temperature saline could be successfully cooled down to the target temperature 

around 0 °C after passing through the dual in-line SC-20 heater / cooler (Table 6) at measure 

point T1 which is illustrated in Figure 6. However, temperature of the saline rapidly increased 

to 3 °C to 9 °C on its way to the outlet (measure point T2; 2.5 cm distance from T1) of the dual 

in-line SC-20 heater / cooler (Table 6 and Figure 6). At the connection point of the infusion 

port with the external carotid artery (measure point T3; 4 cm distance from T2), fluid 

temperature further increased to about 5 °C at the highest infusion flow rate of 2.0 mL/minute 

and up to 19 °C at the lowest infusion flow rate of 0.2 mL/minute (see Table 6 and Figure 6). 

With the additional custom-made closed-loop cooling system (Figure 6) that was 

developed to prevent the re-warming of cooled saline before entering the rats’ circulation, fluid 

temperature could be successfully maintained around 0 °C up to the outlet of the cooling system 

at measure point T4 (Table 6 and Figure 6) 

Table 6 Temperature of the infusate before entering the rat circulation 

Infusion rate (mL/min) 0.2 0.5 0.7 1.0 1.5 2.0 

T1 (°C) 0.1 ± 0.4 –0.4 ± 0.2 −0.5 ± 0.1 −0.6 ± 0.1 −0.6 ± 0.1 −0.3 ± 0.1 

T2 (°C) 8.9 ± 0.7 5.0 ± 0.4 4.5 ± 0.4 3.9 ± 0.1 3.2 ± 0.3 3.0 ± 0.3 

T3 (°C) 18.5 ± 0.2 11.0 ± 0.2 9.3 ± 0.3 7.4 ± 0.1 5.6 ± 0.2 4.6 ± 0.1 

T4 (°C) 2.8 ± 0.4 0.2 ± 0.2 −0.3 ± 0.3 −0.3 ± 0.3 −0.1 ± 0.3 0.3 ± 0.3 

Saline temperature immediately after cooling with the SC-20 cooler (T1), at cooler’s outlet (T2), and at the tip of 

the infusion port without (T3) and with (T4) the additional custom-made closed-loop cooling system (Figure 6). 

Infusion rates ranged from 0.2 to 2.0 mL/min. Temperature data are reported as mean ± standard deviation of 

30 seconds of stable measurement. (Table was modified from Table 1, Wang Yi, et al. Transl Stroke Res. 2021 

Aug;12(4):676-687) 
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Flow rate dependent brain cooling efficacy during ischemia and after reperfusion 

Different patterns of brain temperature drop during 30 seconds of ICCI treatment before 

reperfusion and after reestablishment of cerebral blood flow were observed (Figure 11). 

Before reperfusion, when blood supply from the internal carotid artery and the middle 

cerebral artery was blocked, only the ipsilateral striatum rather than the ipsilateral cortex was 

cooled. Little to no cooling efficacy was observed at the lowest infusion rate of pre-reperfusion 

ICCI of 0.2 mL/minute. The cooling rate of pre-reperfusion ICCI plateaued at an infusion rate 

of 0.5 mL/minute and could not be further increased by increasing the infusion rate. 

In contrast, when ICCI was administered after reperfusion (post-reperfusion), i.e., after 

the ipsilateral internal carotid artery blood flow was re-established by removing the temporary 

clip around the common carotid artery and the filament, both striatum and cortex ipsilateral to 

the treated hemisphere could be effectively cooled. Furthermore, speed and extent of brain 

temperature decrease within both cortex and striatum were infusion rate dependent.  
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Figure 11 Brain cooling efficacy of intra-carotid artery cold infusion (ICCI). Decrease of core 

body temperature and mean brain temperature drop (∆T) within ipsilateral and contralateral 

striatum and cortex during 30 s of pre-reperfusion ICCI (left) and post-reperfusion ICCI (right) 

at each infusion rate. ICCI infusion rates ranged from 0.2 to 2.0 mL/min. Infusion rates were 

sequentially tested in each animal and each trial lasted for 30 seconds. Brain temperature was 

required to return to normal range (36.5 °C to 37.5 °C) before starting a new trial. (Figure was 

modified from Figure 4, Wang Yi, et al. Transl Stroke Res. 2021 Aug;12(4):676-687)  
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Continuous pre- to post-reperfusion infusion protocol 

To establish a continuous pre- to post-reperfusion infusion protocol that could simulate 

the application of ICCI during the clinical workflow of the endovascular mechanical 

thrombectomy procedure and aiming at inducing moderate brain hypothermia as quickly as 

possible and at maintaining hypothermia for as long as possible using a fixed maximal fluid 

volume that corresponded to half of the rats’ circulating blood volume (i.e., 30 mL per kg of 

body weight), a sequence of different volumes and flow rates was generated for each treatment 

phase, i.e., before, during and after reperfusion. The lowest effective infusion rate of 0.5 

mL/minute was chosen for the pre-reperfusion ICCI treatment. After 2 minutes of pre-

reperfusion ICCI at 0.5 mL/minute, temperature of ischemic striatum was decreased by 

2.3 ± 0.3 °C (Figure 12).  

Since there was infusion rate dependent cooling efficacy during post-reperfusion ICCI 

(Figure 11), the maximal infusion rate (2.0 mL/minute) was chosen during filament retraction 

and reperfusion in order to rapidly reach moderate brain hypothermia of around 32 °C in the 

ischemic brain tissue. Over a duration of 42 seconds ICCI treatment at 2.0 mL/minute after 

reperfusion, ipsilateral striatal temperature was decreased on average by 5.3 ± 1.8 °C compared 

with baseline (Figure 12). 

During the post-reperfusion phase, ICCI at 0.7 mL/minute could maintain ipsilateral 

hypothermia at 32.1 ± 0.3 °C for 14.6 ± 0.84 minutes (Figure 12). The mean total saline 

volume for continuous pre- to post-reperfusion ICCI was 12.6 ± 0.6 mL and the mean overall 

infusion duration was 17.3 ± 0.8 minutes. 

Using the same sequential infusion protocol, intra-venous cold infusion mediated 

whole-body cooling exhibited obviously much slower and less effective brain cooling. The 

lowest brain temperature occurred at the end of infusion. Compare with baseline, brain 

temperature decreased by about 1.5 °C. Patterns of temperature curves of all the monitored 

brain regions and rectal temperature were similar during intra-venous cold infusion (Figure 

12). 
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Figure 12 Relative brain and core body temperature during continuous pre- to post-reperfusion intra-carotid (ICCI) 

and intra-venous cold infusion (IVCI). Individual and mean temperature decrease (∆T, relative to baseline 

temperature) in the ipsilateral (A) and contralateral (B) cortex, the ipsilateral (C) and contralateral (D) striatum, 

as well as individual and mean decrease of core body temperature (E) during continuous pre- to post-reperfusion 

ICCI (n  =  4) and intra-venous cold infusion (n  =  1). (Figure was modified from Figure 5, Wang Yi, et al. Transl 

Stroke Res. 2021 Aug;12(4):676-687) 
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Part II: neuroprotection assessment in rats undergoing 100 minutes middle cerebral 

artery occlusion  

Infarct volume and brain edema at 24 hours 

Mean infarct volumes at 24 hours were 138.5 mm3 (interquartile range, 81.8 to 215.9) 

in the control group (n = 14), 148.1 mm3 (interquartile range, 45.1 to 289.6) in the intra-carotid 

artery cold infusion (ICCI) group (n = 11), 102.6 mm3 (interquartile range, 68.6 to 226) in the 

intra-carotid warm infusion group (n = 13), and 135.2 mm3 (interquartile range, 61.1 to 226.5) 

in the intra-venous cold infusion group (n = 12). No significant difference was found between 

groups (H (3) = 5.27, p = 0.15). 

Corresponding relative extent of brain edema at 24 hours was 6.4% (interquartile range, 

3.9 to 9.4), 7.6% (interquartile range, 3.6 to 8.5), 3.5% (interquartile range, 2.6 to 7.6), and 8.8% 

(interquartile range, 4.4 to 10.7), respectively. No significant differences between groups were 

found (H (3) = 0.46, p = 0.93) (Figure 13). 

 

 

Figure 13 Infarct volume (A) and extent of brain edema (B) at 24 hours after reperfusion. CTRL = control 

group (n  = 14), ICCI = intra-carotid artery cold infusion group (n  = 11), ICWI = intra-carotid artery 

warm infusion group (n  = 13), IVCI = intra-venous cold infusion group (n  = 12). Data were presented 

as median, lower (25%) and upper (75%) quartiles, range of minimum to maximum. 
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Functional outcomes at 24 hours 

All the rats exhibited neurofunctional integrity before surgery without inter-group 

differences (Figure 14). At 24 hours after reperfusion, all rats presented with impaired 

neurofunction, i.e., an increased modified neurological severity score, a higher preference of 

ipsilateral forepaw usage in the cylinder test, and a higher rate of missteps during the beam 

walking test. No significant inter-group difference was detected at 24 hours after reperfusion 

in mNSS (H (3) = 3.15, p = 0.37), cylinder test (H (3) = 3.69, p = 0.297), beam walking test (H 

(3) = 3.73, p = 0.29) (Figure 14, Table 7). 

 

 

Figure 14 Neurofunctional assessment one hour before surgery and 24 hours after reperfusion. Modified 

neurological severity score (A), ipsilateral forelimb usage in cylinder test (B), and contralateral foot slips 

during beam walking (C). Control group (CTRL, number of animals: n = 14), Intra-carotid artery cold 

infusion group (ICCI, number of animals: n = 11), Intra-carotid artery warm infusion group (ICWI, number 

of animals: n = 13), Intra-venous cold infusion group (IVCI, number of animals, n = 12). Data were presented 

as median, lower (25%) and upper (75%) quartiles, range of minimum to maximum. 
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Table 7 Neurofunctional outcomes 

 CTRL 

(n = 14) 

ICCI 

 (n = 11) 

ICWI  

(n = 13) 

IVCI  

(n = 12) 

mNSS (points)     

Baseline 0 (0 – 0) 0 (0 – 0) 0 (0 – 0) 0 (0 – 0) 

Follow-up 9.0 (7.8 – 11.3) 10.0 (4.0 – 11.0) 8.0 (8.0 – 9.5) 10.0 (8.3 – 11.8) 

Percentage of ipsilateral 

forelimb usage (%) 

    

Baseline 59.6 (41.5 – 71.1) 47.4 (41.0 – 55.6) 48.0 (43.1 – 54.2) 52.2 (35.0 – 59.3) 

Follow-up 100 (80.4 – 100) 100 (63.6 – 100) 78.7 (58.9 – 100) 100 (74.0 – 100) 

Incidence of contralateral 

foot slips (%) 

    

Baseline 0 (0 – 4.5) 0 (0 – 5.6) 0 (0 – 4.3) 0 (0 – 4.8) 

Follow-up 100 (33.5 – 100) 100 (30.0 – 100) 54.0 (33.0 – 100) 100 (58.5 – 100) 

Baseline was assessed one hour before surgery, and follow-up evaluations were performed 24 hours after 

reperfusion. Values are provided in median and interquartile range. CTRL = control group, ICCI = intra-carotid 

artery cold infusion group, ICWI = intra-carotid artery warm infusion group, IVCI = intra-venous cold infusion 

group.  
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Mean residual regional cerebral blood flow during ischemia and its correlation with 

infarct and edema volumes  

We analyzed the correlation between mean residual regional cerebral blood flow 

measured by laser Doppler flowmetry during middle cerebral artery occlusion and lesion 

volume at 24 hours post-reperfusion. The latter represents the sum of infarct volume and 

retained water volume. 

In the control group, a negative linear correlation between lesion volume and mean 

residual regional cerebral blood flow values during middle cerebral artery occlusion was 

observed (Figure 15). (Person r = –0.73, P = 0.003, n = 14). 

 

Figure 15 Correlation between mean residual laser Doppler flow (LDF) values 

during middle cerebral artery occlusion and lesion volume of ischemic brain 

tissue (the mixture of infarction and edema) at 24 hours post-reperfusion in the 

control group (n = 14).  
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Infarct volume and brain edema in post-hoc defined subgroups according to the rats’ 

residual regional cerebral blood flow 

In the following post-hoc analysis, rats in each group were allocated into two subgroups 

depending on their mean residual regional cerebral blood flow on laser Doppler flowmetry 

during middle cerebral artery occlusion. Rats with a mean residual regional cerebral blood flow 

lower than 25% of baseline cerebral blood flow were allocated to the severe ischemia group, 

resulting in 7, 7, 5, and 6 rats of the control group, the ICCI group, the intra-carotid artery 

warm infusion group and the intra-venous cold infusion group, respectively. 

Rats with a mean residual regional cerebral blood flow between 25% and 40% of 

baseline cerebral blood flow were allocated to the moderate ischemia group, resulting in 7, 4, 

8, and 6 rats of the control group, the ICCI group, the intra-carotid artery warm infusion group, 

and the intra-venous cold infusion group, respectively. 

In each treatment group, the median infarct volume of severe ischemia rats was larger 

than that of rats with moderate ischemia. This difference reached statistical significance in the 

control group (p = 0.048) and the ICCI group (p = 0.039) (unpaired t-test, Figure 16, Table 8). 

Same as for the total cohort analysis, no significant treatment dependent differences were found 

in neither subgroup of rats with severe nor moderate ischemia. 

More extensive brain edema was observed in severe ischemia rats as compared with 

moderate ischemia rats, but, likewise to infarct volumes, statistical significance was only 

reached in the control group (p = 0.041) and the ICCI group (p = 0.039) (Figure 16, Table 8). 

No significant treatment dependent differences were found in either subgroup of rats with 

severe or moderate ischemia (Figure 16, Table 8). 
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Figure 16 Infarct volume (A) and brain edema (B) in the subgroups of rats with severe focal cerebral ischemia 

(defined as a residual regional cerebral blood flow on laser Doppler flowmetry of less than 25% compared to 

baseline (< 25%)) and rats with moderate focal cerebral ischemia (defined as a mean residual regional cerebral 

blood flow of 25% to 40% of baseline (> 25%)). 

 

Table 8 Infarct volume and extent of brain edema in subgroups 

 rLDF < 25% rLDF > 25% to < 40%  

Infarct volume (mm3)    

CTRL (n = 7 / 7) 165.6 (125.1 – 238.8) 84.3 (71.8 – 214.9)  p = 0.048 

ICCI (n = 7 / 4) 247.4 (137.0 – 302.8) 48.5 (16.8 – 124.0)  p = 0.039 

ICWI (n = 5 / 8) 171.8 (91.1 – 250.3) 92.6 (48.1 – 192.3)  p = 0.135 

IVCI (n = 6 / 6) 219.4 (121.9 – 410.0) 83.7 (55.4 – 136.5)  p = 0.298 

Extent of edema (%)    

CTRL (n = 7 / 7) 8.4 (5.8 – 12.1) 5.1 (3.5 – 7.1) p = 0.041 

ICCI (n = 7 / 4) 8.3 (5.2 – 11.9) 3.2 (1.0 – 7.1) p = 0.039 

ICWI (n = 5 / 8) 6.5 (3.0 – 10.5) 3.2 (1.7 – 4.4) p = 0.135 

IVCI (n = 6 / 6) 9.3 (5.8 – 18.7) 8.8 (3.1 – 9.5)  p = 0.298 

Values are provided in median and interquartile range. CTRL = control group, ICCI = intra-carotid artery cold 

infusion group, ICWI = intra-carotid artery warm infusion group, IVCI = intra-venous cold infusion group; 

Comparisons of infarct volume and extent of edema in rats with severe ischemia (i.e., residual laser Doppler flow 

(rLDF) < 25% of baseline) and moderate ischemia (i.e., rLDF > 25% to < 40% of baseline) were performed with 

unpaired t-test after log transformation. 
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Neurofunctional performance in the post-hoc defined subgroups with severe and 

moderate ischemia 

The baseline neurofunctional performance in the mNSS, the cylinder test and the beam 

walking test obtained for the severe ischemia rats was comparable to that of the rats with 

moderate ischemia with no significant difference between the two subgroups within each 

treatment group (p > 0.05, unpaired t-test) and also with no significant differences between 

treatment groups within each subgroup.  

At 24 hours, control group rats with severe ischemia had higher rate of foot slips in the 

beam walking test compared to rats with moderate ischemia (unpaired t-test, P = 0.004).  

mNSS trended to be also lower in control rats with moderate ischemia, but statistical 

significance could not be reached (unpaired t-test, P = 0.07).  

Rate of ipsilateral forepaw preference of severely ischemic rats in the cylinder test was 

comparable with moderately ischemic rats in group control (unpaired t-test, P = 0.387).  

No statistically significant differences were found when comparing severe to moderate 

ischemia rats in the three infusion groups. 

While no significant differences between treatment groups was found within the severe 

ischemia subgroup at the 24-hour timepoint, mNSS was lower in the subgroup of moderate 

ischemia rats in the ICCI group compared to moderate ischemia rats in the control group (p = 

0.0013) and the two other infusion groups, intra-carotid artery warm infusion group (p = 0.0015) 

and intra-venous cold infusion group (p = 0.0006) (Figure 17, Table 9). No significant inter-

treatment group differences were detected in the cylinder and the beam walking test in the 

subgroup of moderate ischemia rats.  
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Figure 17 Neurofunctional assessments at 1 hour before surgery and at 24 hours after middle cerebral artery 

occlusion in the two subgroups. Severe ischemia, with a residual regional cerebral blood flow on laser Doppler 

(LDF) of < 25% of baseline (CTRL: control group, n = 7; ICCI: intra-carotid artery cold infusion group, n = 7; 

ICWI: intra-carotid artery warm infusion group, n = 5; IVCI: intra-venous cold infusion group, n = 6), and 

moderate ischemia, with a residual LDF of 25% to 40% of baseline (CTRL: n = 7; ICCI: n = 4; ICWI: n = 8; IVCI: 

n = 6). (A) Modified neurological severity score (mNSS), (B) percentage of ipsilateral (to infarcted hemisphere) 

forelimb usage in cylinder test, (C) incidence of contralateral foot slips during beam walking.  
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Table 9 Neurofunctional assessments at 1 hour before surgery (baseline) and at 24 hours after middle cerebral 

artery occlusion in subgroups 

 Time point mNSS 

(points) 

Ipsilateral forelimb usage 

(%)  

Foot slips 

(%) 

rLDF < 25%     

CTRL (n = 7) baseline  0 (0 – 0) 68.2 (47.1 – 72.0) 4.4 (0 – 4.6) 

 24-hour 

follow-up  

11.0 (9.0 –13.0) 100 (66.7 – 100) 100 (100 –100) 

ICCI (n = 7) baseline 0 (0 – 0) 47.4 (41.0 – 55.6) 0 (0 – 5.6) 

 24-hour 

follow-up  

11.0 (10.0 –12.0) 100 (100 – 100) 100 (100 – 100) 

ICWI (n = 5) baseline 0 (0 – 0) 46.4 (39.1 – 66.4) 0 (0 – 2.6) 

 24-hour 

follow-up  

10.0 (8.5 –11.0) 77.8 (63.7 – 89.4) 100 (68 –100) 

IVCI (n = 6) baseline 0 (0 – 0) 57.2 (28.5 – 61.4) 0 (0 – 1.0) 

 24-hour 

follow-up  

11.5 (9.5 –13.5) 100.0 (90.9 – 100) 100 (100 –100) 

rLDF > 25%     

CTRL (n = 7) baseline 0 (0 – 0) 55.0 (33.3 – 70.8) 0 (0 – 4.6) 

 24-hour 

follow-up  

9.0 (7.0 – 9.0) 100 (80.8 – 100)  36.0 (24.0 – 100) 

ICCI (n = 4) baseline 0 (0 – 0) 48.6 (31.0 – 55.7) 2.4 (0 – 5.6) 

 24-hour 

follow-up  

3.5 (3.0 – 7.7) *** ### §§§ 65.2 (53.4 – 68.7)  28.0 (11.0 – 82.5) 

ICWI (n = 8) baseline 0 (0 – 0) 48.6 (43.9 – 53.1) 0 (0 – 4.4) 

 24-hour 

follow-up  

8.0 (7.3 – 8.7) 68.0 (45.8 – 100)  45.0 (24.8 – 60.0) 

IVCI (n = 6) baseline 0 (0 – 0) 48.8 (38.9 – 56.1) 2.5 (0 – 5.1) 

 24-hour 

follow-up  

9.0 (7.8 – 10.0) 90.9 (67.0 – 100) 65.7 (40.6 – 100) 

Values are provided in median and interquartile range. CTRL = control group, ICCI = intra-carotid artery cold 

infusion group, ICWI = intra-carotid artery warm infusion group, IVCI = intra-venous cold infusion group, n = 

number of animals, *** p = 0.0013, versus CTRL (at 24-hour follow-up in subgroup with moderate ischemia, i.e., 

a residual regional cerebral blood flow on laser Doppler (rLDF) of 25 to 40% of baseline ; ### p = 0.0015, versus 

ICWI (at 24-hour follow-up in the subgroup of moderate ischemia); §§§ p = 0.0006, versus IVCI (at 24-hour follow-

up in the subgroup of moderate ischemia).  
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Vital parameters, blood gases and regional cerebral blood flow analysis 

Rectal temperature 

Rectal temperature was comparable in all four study groups before middle cerebral 

artery occlusion (measured at –2 minute before filament insertion), during ischemia (from 2 to 

94 minutes, and at 96 minutes, i.e., just before infusion in the intervention groups) (Table 10). 

Change of rectal temperature was significantly influenced by treatments (F (9, 150) = 15.88, p 

< 0.0001, Table 10): intra-venous cold infusion lowered rectal temperature faster, deeper, and 

longer compared to intra-carotid artery cold infusion (p < 0.05 for intra-venous cold infusion 

versus all other groups from pre-reperfusion infusion until after treatment, and for intra-carotid 

artery cold infusion versus all other groups only during post-reperfusion infusion) (Table 10) 

Regional cerebral blood flow  

At filament insertion, regional cerebral blood flow dropped to below 40% of baseline 

in all 54 included rats. Regional cerebral blood flow (range) in control group, the ICCI group, 

the intra-carotid warm infusion group and the intra-venous cold infusion group were 21% ± 7 

(14 to 36), 18% ± 4 (12 to 26), 18% ± 6 (9 to 30), and 20% ± 4 (12 to 25), respectively, with a 

similar decrease across groups (F (3, 50) = 0.61, p = 0.6089).  

Mean regional cerebral blood flow during middle cerebral artery occlusion (from 2 to 

94 minutes after filament insertion, and at 96 minutes, i.e., just before the start of infusion in 

the intervention groups) was comparable between groups (Table 10). After reperfusion, 

regional cerebral blood flow increased to above 80% of baseline values (before filament 

occlusion of the middle cerebral artery), and treatment effects were no longer detectable (Table 

10). 
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Mean arterial pressure and heart rate 

All 54 rats underwent intermittent arterial pressure and heart rate assessment. Mean 

arterial pressure and heart rate were comparable between groups before (at –20 minute) and 

during middle cerebral artery occlusion (at 50 minutes) (Table 10). 

From during middle cerebral artery occlusion (at 50 minutes) to values at 120 minutes 

(i.e., after infusion in the intervention groups), mean arterial pressure decreased in all groups, 

which were –7 ± 8 mmHg in the control group, –11 ± 10 mmHg in the ICCI group, –12 ± 9 

mmHg in the intra-carotid artery warm infusion group, and –15 ± 10 mmHg in intra-venous 

cold infusion group. Heart rate also decreased in all groups (–41 ± 37 bpm in the control group, 

–58 ± 32 bpm in the ICCI group, –36 ± 34 bpm in the intra-carotid artery warm infusion group, 

and –80 ± 28 bpm in the intra-venous cold infusion group). 

No interaction of treatments could be detected for mean arterial pressure (F (3, 47) = 

1.59, p = 0.2044), treatments significantly influenced heart rate (F (3, 47) = 4.72, p = 0.0058). 

Decrease of heart rate was most pronounced after intra-venous cold infusion group (p < 0.05, 

versus the control group and the intra-carotid warm infusion group) 
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Table 10 Vital parameters, regional cerebral blood flow before, during, and after operation 

Time point Minutes 

from 

MCA 

occlusion 

CTRL ICCI ICWI IVCI  

Rectal temperature (°C)      

before MCA occlusion   0 37.2 ± 0.6 37.3 ± 0.5 37.5 ± 0.4 37.4 ± 0.5 

during MCA occlusion 2 to 94 37.4 ± 0.3 37.3 ± 0.2 37.5 ± 0.3 37.4 ± 0.3 

before treatment 96 37.6 ± 0.7 37.2 ± 0.6 37.4 ± 0.4 37.3 ± 0.4 

pre-reperfusion infusion 99 37.6 ± 0.7 37.1 ± 0.5 37.4 ± 0.5 37.0 ± 0.5 

post-reperfusion flushing 100.5 37.6 ± 0.7 37.0 ± 0.5 37.4 ± 0.4 36.3 ± 0.9 

post-reperfusion infusion 110 37.4 ± 0.6 36.3 ± 0.6 37.2 ± 0.4 35.6 ± 0.6 

after treatment 120 37.3 ± 0.5 36.4 ± 0.8 37.1 ± 0.4 34.8 ± 0.7 

rCBF (%)      

before MCA occlusion   –2 101 ± 2 100 ± 4 98 ± 8 100 ± 3 

during MCA occlusion 2 to 94 27 ± 10 23 ± 10 28 ± 8 26 ± 9 

before treatment  96 30 ± 15 21 ± 12 31 ± 13 25 ± 11 

pre-reperfusion infusion 99 29 ± 15 17 ± 9 24 ± 13 27 ± 11 

post-reperfusion flushing  100.5 101 ± 29 79 ± 24 110 ± 33 109 ± 43 

post-reperfusion infusion  110 126 ± 27 105 ± 19 126 ± 47 129 ± 29 

after treatment  120 128 ± 25 108 ± 32 115 ± 51 132 ± 35 

MAP (mmHg)      

before MCA occlusion   –20 90 ± 9 89 ± 9 92 ± 9 85 ± 12 

during MCA occlusion 50 85 ± 9 85 ± 10 89 ± 8 82 ± 10 

before treatment 96 85 ± 4 (n = 4) 87 ± 9 (n = 8) 88 ± 7 (n = 9) 79 ± 9 (n = 8) 

pre-reperfusion infusion 99 85 ± 4 (n = 4) 79 ± 13 (n = 8) 79 ± 15 (n = 9) 84 ± 7 (n = 8) 

post-reperfusion flushing 100.5 83 ± 1 (n = 4) 76 ± 17 (n = 8) 70 ± 16 (n = 9) 81 ± 8 (n = 8) 

post-reperfusion infusion 110 78 ± 5 (n = 9) 76 ± 9 (n = 9) 85 ± 8 (n = 11) 71 ± 10 (n = 9) 

after treatment 120 78 ± 6 (n = 11) 74 ± 12 77 ± 7 67 ± 8 

Heart rate (bpm)      

before MCA occlusion   –20 381 ± 51 352 ± 39 364 ± 36 353 ± 39 

during MCA occlusion 50 377 ± 63 378 ± 41 371 ± 59 376 ± 53 

before treatment 96 356 ± 44 (n = 4) 377 ± 43 (n = 8) 369 ± 48 (n = 9) 369 ± 50 (n = 8) 

pre-reperfusion infusion 99 354 ± 46 (n = 4) 372 ± 42 (n = 8) 370 ± 47 (n = 9) 366 ± 50 (n = 8) 

post-reperfusion flushing 100.5 343 ± 40 (n = 5) 360 ± 42 (n = 8) 365 ± 44 (n = 9) 363 ± 48 (n = 8) 

post-reperfusion infusion 110 325 ± 28 (n = 9) 330 ± 31 (n = 10) 344 ± 39 (n = 11) 335 ± 39 (n = 9) 

after treatment 120 338 ± 56 (n = 11) 321 ± 33 334 ± 36 296 ± 40 

Values are provided in mean ± standard deviation; number of animals (n) was 14 in the control group (CTRL), 

12 in the intra-carotid artery cold infusion group (ICCI), 15 in the intra-carotid warm infusion group (ICWI) and 

13 in intra-venous cold infusion group (IVCI). Numbers (n) of animals included for individual analyses are 

reported if less than total number of each group; MCA = middle cerebral artery, rCBF = regional cerebral blood 

flow assessed by laser Doppler flowmetry. MAP = mean arterial pressure, bpm = beats per minute 
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Continuous vital parameter monitoring  

Change of regional cerebral blood flow was significantly influenced by treatments (F 

(9, 150) = 15.88, p < 0.0001): a slight but significant decrease of regional cerebral blood flow 

was observed during pre-reperfusion in rats treated with intra-carotid infusion (cold and warm) 

but not during pre-reperfusion of intra-venous cold infusion, and not in control rats (Table 11; 

p < 0.05 for the ICCI group versus the intra-venous cold infusion group, and for the intra-

carotid artery warm infusion group versus both, the control group and the intra-venous cold 

infusion group). 

In the subset of rats that received additional continuous arterial pressure and heart rate 

monitoring (which were n = 4 / 7 / 7 / 7 in the control group, the ICCI group, the intra-carotid 

artery warm infusion group, and the intra-venous cold infusion group, respectively), we 

observed a transient decrease of mean arterial pressure in most rats during the pre-reperfusion 

phase of cold and warm intra-carotid artery infusion, but not during pre-reperfusion phase of 

intra-venous cold infusion and not in rats of the control group (Figure 18C, Table 11). No 

such effects were found on heart rate. 
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Figure 18 Curves of core body temperature (A), regional cerebral blood flow reflected by laser Doppler (B), mean 

arterial pressure (C) and heart rate (D) during infusion or corresponding time points in the control group. All rats 

received continuous monitoring of core body temperature and regional cerebral blood flow. Number of animals 

was respectively 14 / 11 / 13 / 12 in the control group (CTRL), the intra-carotid artery cold infusion group (ICCI), 

the intra-carotid artery warm infusion group (ICWI), and the intra-venous cold infusion group (IVCI). Part of the 

rats (number of animals = 4 / 7 / 7 / 7, respectively) also underwent additional continuous mean arterial pressure 

and heart rate monitoring.  
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Table 11 Relative change of vital parameters during infusions or corresponding time points in the control group  

 CTRL ICCI ICWI IVCI  

Rectal Temperature (°C)      

pre-reperfusion infusion –0.0 ± 0.1 –0.1 ± 0.1 –0.0 ± 0.1 –0.3 ± 0.2 F (3, 50) = 23.89, 

p < 0.0001 * 

post-reperfusion flushing –0.0 ± 0.1 –0.2 ± 0.1 –0.0 ± 0.1 –1.0 ± 0.6 F (3, 50) = 26.28, 

p < 0.0001 * 

post-reperfusion infusion –0.1 ± 0.5 –0.8 ± 0.7 –0.2 ± 0.3 –1.7 ± 0.4 F (3, 50) = 30.20, 

p < 0.0001 * 

after treatment –0.3 ± 0.6 –0.7 ± 1.0 –0.3 ± 0.5 –2.5 ± 0.5 F (3, 50) = 31.75, 

p < 0.0001 * 

rCBF (%)      

pre-reperfusion infusion 0 ± 2 –4 ± 6 –6 ± 5 +2 ± 3 F (3, 50) = 9.51, 

p < 0.0001 * 

post-reperfusion flushing +71 ± 20 +57 ± 22 +79 ± 25 +84 ± 37 F (3, 50) = 2.39, 

p = 0.0802 

post-reperfusion infusion +96 ± 32 +83 ± 28 +95 ± 40 +104 ± 28 F (3, 50) = 0.82, 

p = 0.4885 

after treatment +99 ± 32 +86 ± 40 +84 ± 43 +107 ± 36 F (3, 50) = 1.07, 

p = 0.3722 

MAP (mmHg)      

pre-reperfusion infusion 0 ± 0 –8 ± 14 –6 ± 9 +5 ± 6 F (3, 24) = 3.07, 

p = 0.0470 * 

post-reperfusion flushing –2 ± 4 –11 ± 20 –18 ± 16 +2 ± 7 F (3, 24) = 2.63, 

p = 0.0735 

post-reperfusion infusion –6 ± 7 –12 ± 10 –2 ± 9 –10 ± 5 F (3, 24) = 2.26, 

p = 0.1071 

after treatment –11 ± 4 –16 ± 12 –11 ± 10 –14 ± 9 F (3, 24) = 0.30, 

p = 0.8254 

HR (bpm)      

pre-reperfusion infusion –2 ± 2 –5 ± 9 +1 ± 9 –3 ± 3 F (3, 24) = 1.03, 

p = 0.3952 

post-reperfusion flushing –7 ± 2 –17 ± 23 –3 ± 12 –6 ± 5 F (3, 24) = 1.77, 

p = 0.1796 

post-reperfusion infusion –39 ± 38 –51 ± 29 –16 ± 20 –41 ± 21 F (3, 24) = 2.36, 

p = 0.0970 

after treatment –52 ± 43 –56 ± 33 –25 ± 25 –65 ± 26 F (3, 24) = 2.20, 

p = 0.1143 

Baseline value obtained immediately before treatment was taken as the reference for calculation of vital parameter 

changes. rCBF = regional cerebral blood flow reflected by laser Doppler, MAP = mean arterial pressure, HR = 

heart rate, bpm = beats per minute), CTRL = control group (n = 4), ICCI = intra-carotid artery cold infusion group 

(n = 7), ICWI = intra-carotid artery warm infusion group (n = 7), IVCI = intra-venous cold infusion group (n = 7) 
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Arterial blood tests 

Blood gases, electrolytes, glucose, hematocrit, and hemoglobin were comparable between 

groups before (at –20 minutes) and during middle cerebral artery occlusion (at 50 minutes). 

Treatments significantly interacted with all parameters (Table 12, Table 13). 

The decrease of pH (p < 0.05, versus all other groups), arterial partial pressure of oxygen 

(p < 0.05 versus intra-carotid warm infusion), oxygen saturation (p < 0.05 versus all other 

groups), and the increase of arterial partial pressure of carbon dioxide (p < 0.05, versus intra-

carotid warm infusion) were most pronounced in rats that were treated with intra-venous cold 

infusion group (Table 12)  

After any type of infusion, hemoglobin, hematocrit, glucose, and base excess decreased, 

and sodium increased (p < 0.05, all infusion groups versus the control group) (Table 13). 
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Table 12 Blood gases 

Time point Minutes from MCA occlusion CTRL n ICCI (n = 12) ICWI n IVCI n  

pH          

before MCA occlusion –20 7.38 ± 0.04 13 7.38 ± 0.03 7.37 ± 0.03 15 7.39 ± 0.04 13 F (3, 49) = 0.61, p = 0.6086 

during MCA occlusion 50 7.36 ± 0.04 13 7.36 ± 0.02 7.37 ± 0.03 13 7.36 ± 0.06 12 F (3, 46) = 0.13, p = 0.9419 

after treatment 120 7.32 ± 0.03 11 7.28 ± 0.04 7.29 ± 0.03 15 7.22 ± 0.05 11  

 Delta (120 – 50) –0.04 ± 0.03 11 –0.08 ± 0.04 –0.07 ± 0.03 13 –0.14 ± 0.05 10 F (3, 42) = 11.17, p < 0.0001 * 

pCO2 [mmHg]          

before MCA occlusion –20 50 ± 5 13 48 ± 4 48 ± 3 15 47 ± 7 13 F (3, 49) = 0.78, p = 0.5103 

during MCA occlusion 50 52 ± 6 13 50 ± 6 49 ± 5 13 49 ± 10 12 F (3, 46) = 0.55, p = 0.6539 

after treatment 120 57 ± 6 11 56 ± 7 55 ± 7 15 68 ± 14 11  

 Delta (120 – 50) +5 ± 5 11 +5 ± 8 +5 ± 4 13 +16 ± 7 10 F (3, 42) = 9.07, p < 0.0001# 

pO2 [mmHg]          

before MCA occlusion –20 100 ± 13 13 94 ± 17 99 ± 10 15 97 ± 16 13 F (3, 49) = 0.36, p = 0.7831 

during MCA occlusion 50 89 ± 7 13 93 ± 7 96 ± 7 13 93 ± 13 12 F (3, 46) = 1.04, p = 0.3856 

after treatment 120 83 ± 12 11 85 ± 10 89 ± 8 15 72 ± 12 11  

 Delta (120 – 50) –8 ± 17 11 –8 ± 9 –5 ± 9 13 –22 ± 17 10 F (3, 42) = 3.32, p = 0.0288 # 

Base excess [mmol/L]          

before MCA occlusion –20 3.8 ± 1.4 13 3.3 ± 1.9 3.3 ± 1.0 15 3.0 ± 1.4 13 F (3, 49) = 0.68, p = 0.5688 

during MCA occlusion 50 3.8 ± 1.8 13 3.3 ± 2.1 2.8 ± 1.2 13 2.1 ± 1.5 12 F (3, 46) = 2.37, p = 0.0829 

after treatment 120 3.6 ± 1.5 11 –0.7 ± 1.6 –0.2 ± 1.5 15 –0.4 ± 1.6 11  

 Delta (120 – 50) –0.3 ± 1.3 11 –4.0 ± 1.2 –2.9 ± 1.4 13 –2.6 ± 1.2 10 F (3, 42) = 17.42, p < 0.0001 * 

HCO3
– [mmol/L]          

before MCA occlusion –20 29 ± 2 13 28 ± 2 28 ± 1 15 28 ± 2 13 F (3, 49) = 1.06, p = 0.3727 

during MCA occlusion 50 29 ± 2 13 29 ± 2 28 ± 1 13 28 ± 2 12 F (3, 46) = 1.74, p = 0.1722 

after treatment 120 29 ± 2 11 26 ± 1 26 ± 2 15 27 ± 2 11  

 Delta (120 – 50) +0 ± 1 11 –3 ± 1 –2 ± 1 13 –1 ± 1 10 F (3, 42) = 11.62, p < 0.0001 * 

sO2 [%]          

before MCA occlusion –20 97 ± 1 13 96 ± 2 97 ± 1 15 97 ± 2 13 F (3, 49) = 0.86, p = 0.4658 

during MCA occlusion 50 96 ± 1 13 97 ± 1 97 ± 1 13 96 ± 2 12 F (3, 46) = 1.12, p = 0.3501 

after treatment 120 94 ± 3 11 94 ± 3 95 ± 2 15 89 ± 5 11  

 Delta (120 – 50) –2 ± 3 11 –3 ± 3 –1 ± 1 13 –7 ± 5 10 F (3, 42) = 7.89, p = 0.0003 * 

Blood gases before / during middle cerebral artery (MCA) occlusion, immediately after treatment in infusion groups or equivalent time points in control group (CTRL, number of animals as 

noted). ICCI, intra-carotid artery cold infusion (number of animals = 12), ICWI = intra-carotid artery warm infusion (number of animals as noted), IVCI = intra-venous cold infusion (number of 

animals as noted). pCO2 = partial pressure of carbon dioxide, pO2 = arterial partial pressure of oxygen, HCO3
– = Hydrogencarbonate, sO2 = oxygen saturation. Delta (120 – 50) represents the 

relative change of blood gases after treatment in contrast to during MCA occlusion. Data are presented as mean values ± standard deviation. * intra-venous cold infusion versus all other groups, 

# intra-venous cold infusion versus intra-carotid artery warm infusion  
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Table 13 Serum electrolytes, glucose, hematocrit and hemoglobin  

Time point Minutes from MCA occlusion CTRL n ICCI (n = 12) ICWI n IVCI n  

Na+ [mmol/L]          

before MCA occlusion –20 138 ± 1 13 137 ± 2 138 ± 1 15 137 ± 1 13 F (3, 49) = 0.81, p = 0.4922 

during MCA occlusion 50 136 ± 2 13 137 ± 1 136 ± 1 13 136 ± 2 12 F (3, 46) = 0.16, p = 0.9196 

after treatment 120 138 ± 2 11 140 ± 2 140 ± 2 15 139 ± 1 11  

 Delta (120 – 50) +1 ± 2 11 +3 ± 1 +3 ± 1 13 +3 ± 1 10 F (3, 42) = 7.01, p = 0.0006 * 

K+ [mmol/L]          

before MCA occlusion –20 4.7 ± 0.3 13 4.7 ± 0.6 4.6 ± 0.2 15 4.8 ± 0.4 13 F (3, 49) = 0.51, p = 0.6783 

during MCA occlusion 50 5.2 ± 0.3 13 5.1 ± 0.5 4.9 ± 0.5 13 5.0 ± 0.5 12 F (3, 46) = 1.06, p = 0.3765 

after treatment 120 5.1 ± 0.5 11 4.6 ± 0.4 4.5 ± 0.5 15 4.9 ± 0.6 11  

 Delta (120 – 50) –0.1 ± 0.4 11 –0.5 ± 0.4 –0.4 ± 0.4 13 –0.1 ± 0.4 10 F (3, 42) = 3.90, p = 0.0151 * 

Glucose [mg/dL]          

before MCA occlusion –20 231 ± 23 13 249 ± 48 223 ± 24 15 226 ± 35 13 F (3, 49) = 1.52, p = 0.2212 

during MCA occlusion 50 221 ± 26 13 233 ± 35 217 ± 26 13 228 ± 31 12 F (3, 46) = 0.72, p = 0.5432 

after treatment 120 219 ± 22 11 208 ± 39 191 ± 20 15 205 ± 20 11  

 Delta (120 – 50) +2 ± 16 11 –25 ± 19  –25 ± 24 13 –20 ± 18 10 F (3, 42) = 4.92, p = 0.0051 * 

Hematocrit [%]          

before MCA occlusion –20 39 ± 1 13 40 ± 2 41 ± 2 15 40 ± 2 13 F (3, 49) = 2.12, p = 0.1093 

during MCA occlusion 50 39 ± 2 13 41 ± 2 41 ± 2 13 40 ± 2 12 F (3, 46) = 1.38, p = 0.2617 

after treatment 120 38 ± 1 11 35 ± 2 36 ± 1 15 35 ± 2 11  

 Delta (120 – 50) –1 ± 1 11 –6 ± 1 –5 ± 2 13 –5 ± 1 10 F (3, 42) = 26.60, p < 0.0001 * 

Hemoglobin [g/dL]          

before MCA occlusion –20 13.2 ± 0.5 13 13.8 ± 0.8 13.9 ± 0.7 15 13.6 ± 0.7 13 F (3, 49) = 2.3, p = 0.0885 

during MCA occlusion 50 13.4 ± 0.5 13 13.8 ± 0.8 13.8 ± 0.5 13 13.7 ± 0.5 12 F (3, 46) = 1.35, p = 0.2713 

after treatment 120 13.0 ± 0.4 11 11.8 ± 0.9 12.1 ± 0.4 15 11.9 ± 0.6 11  

 Delta (120 – 50) –0.4 ± 0.4 11 –2.0 ± 0.4 –1.7 ± 0.6 13 –1.8 ± 0.4 10 F (3, 42) = 27.71, p < 0.0001 * 

Sodium (Na+), potassium (K+), glucose, hematocrit and hemoglobin before / during middle cerebral artery (MCA) occlusion, immediately after treatments in infusion groups or equivalent time 

points in control group (CTRL, number of animals as noted). ICCI = intra-carotid artery cold infusion (number of animals = 12), ICWI = intra-carotid artery warm infusion (number of animals 

as noted), IVCI = intra-venous cold infusion (number of animals as noted). Delta (120 – 50) represents the relative change after treatment in contrast to during middle cerebral artery occlusion. 

Data are presented as mean values ± standard deviation. * control group versus all other groups  
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Part III: Neuroprotection assessment with MRI in rats undergoing 60 minutes of 

middle cerebral artery occlusion  

Mean and median ADC in the contralateral healthy hemisphere 

Baseline ADC maps were available in all 11 rats of the control group and in 10 out of 11 

rats of the ICCI group. Baseline ADC maps were obtained 39 minutes after filament insertion 

and middle cerebral artery occlusion and before treatment in intra-carotid artery cold infusion 

group. On baseline ADC maps mean and median ADC could be directly measured.  

Pooled (n = 21) mean ADC in the whole healthy contralateral hemisphere was 616 

(interquartile range, 603 to 640) × 10–6 mm2/second. Pooled mean ADC in the healthy 

contralateral cortex was 642 (interquartile range, 617 to 660) × 10–6 mm2/second. It was higher 

than that in the healthy contralateral striatum, 606 (interquartile range, 590 to 627) × 10–6 

mm2/second (p = 0.0033). 

Pooled median ADC in the whole healthy contralateral hemisphere, cortex and striatum 

were 628 (interquartile range, 614 to 644) × 10–6 mm2/second, 648 (interquartile range, 633 to 

669) × 10–6 mm2/second, and 603 (interquartile range, 589 to 626) × 10–6 mm2/second, 

respectively. Pooled median ADC of the whole healthy contralateral hemisphere and cortex 

were higher than that in the striatum (p = 0.028 and p < 0.0001 respectively), and the pooled 

median ADC in the healthy contralateral hemisphere was lower than in the cortex (p = 0.015) 

(Figure 19A).  

There were no significant intergroup differences (control group, n = 11 versus intra-carotid 

artery cold infusion group, n = 10) in mean or median ADC between the same brain regions 

(i.e., healthy contralateral hemisphere, cortex and striatum). In accordance with the pooled 

analyses, cortex had the highest mean and median ADC values in the individual study groups 

(Figure 19B, 19C).  

In pooled analysis, the mean ADC values of the whole contralateral (healthy) hemisphere 

and cortex for each individual rat were not normally distributed. However, the median ADC 

values of the cortex and striatum for each rat were normally distributed, and the median ADC 

values of the whole healthy hemisphere was close to a normal distribution. (Figure 19A). 

Because median ADC values tended to be more homogeneous compared to mean ADC values 
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in both the pooled analysis and the intra-group analysis (Figure 19), we took the median ADC 

value of each brain region (contralateral hemisphere, cortex, and striatum) as the reference for 

calculating the thresholds for the predictions of lesion volume on 24-hour ADC maps and final 

infarct volume on 2-week T2-MRI. 

 

 

 

Figure 19 Mean and median apparent diffusion coefficient (ADC) at baseline in the healthy contralateral 

hemisphere, cortex, and striatum. Pooled analyses (A) included all rats with available ADC maps at baseline 

(number of animals, n = 21). Mean (B) and median (C) baseline ADC of healthy contralateral whole hemisphere, 

cortex, and striatum between control group (CTRL, n = 11) and intra-carotid artery cold infusion group (ICCI, n 

= 10). Data were presented as median, lower (25%) and upper (75%) quartiles, range of minimum to maximum. 
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Determination of ADC thresholds for predicting lesion volume on 24-hour ADC maps 

and infarct volume on 2-week T2-MRI 

On baseline ADC maps of control animals, volumes of automatically generated hypo-

diffused region with thresholds ranging between 60% and 90% of median ADC within the 

whole ischemic hemisphere, cortex and striatum were listed in Table 14.  

With thresholds of 70%, 80% and 75%, volumes of generated whole, cortical, striatal 

hypo-diffused regions on baseline ADC maps are comparable to manually measured lesion 

volume within each target brain territory on 24-hour ADC maps (p > 0.05 in each comparison, 

paired t-test) (Figure 20, Table 14).  

Spearman correlation analysis further showed that there is significant correlation 

between generated whole hypo-diffused volume on baseline ADC maps and measured whole 

lesion volume on 24-hour ADC maps (r = 0.95, p < 0.001), between generated hypo-diffused 

volume with cortical threshold 80% and lesion volume of cortex on 24-hour ADC maps (r = 

0.85, p = 0.025) (Table 14). The correlation between generated baseline hypo-diffused volume 

with striatal ADC threshold 75% and measure striatum lesion on 24-hour ADC maps is poor 

(r = 0.33, p = 0.428) (Table 14).  

 Volumes of generated hypo-diffused territory within the whole ischemic hemisphere, 

cortex on baseline ADC maps with thresholds 70%, 80% respectively were close to and 

correlated with corresponding directly measured infarct volume on 2-week T2-MRI (r = 0.95, 

p < 0.001 and r = 0.89, p = 0.033 respectively, see Figure 20, Table 14). With striatal ADC 

threshold (70%), the predicted volume and final striatal infarct volume are comparable, but the 

correlation between them are not significant (r = 0.46, p = 0.302).  
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Figure 20 Comparison of thresholds predicted (grey) hypo-diffused volumes within ischemia attacked whole 

hemisphere (A), cortex (B) and striatum (C) on baseline ADC maps with measured (pink) lesion volume on 24-

hour ADC maps (left column) and infarct volume on 2-week T2-MRI weighted images (right column) in control 

group.  
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Table 14 Spearman coefficient analysis between measured lesion volume on 24-hour ADC maps, final infarct volume on 2-week T2-MRI and volume of hypo-diffused region 

generated with thresholds on baseline ADC map in control group. 

 

Measured volume (mm3) 

Generated hypo-diffused volume with thresholds on baseline ADC maps (mm3) 

60% 65% 70% 75% 80% 85% 90% 

on 24-hour ADC         

Whole (n = 11) 77.0 ± 71.2 51.4 ± 32.3 70.9 ± 44.9 92.1 ± 57.9 114.4 ± 71.4 135.8 ± 84.2 154.7 ± 98.7 170.6 ± 110.0 

  r = 0.89 r = 0.92 r = 0.95 r = 0.95 r = 0.95 r = 0.95 r = 0.95 

  p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 

Cortex (n = 7) 78.9 ± 69.9 30.9 ± 19.8 43.0 ± 28.6 56.6 ± 37.8 70.8 ± 46.7 84.1 ± 54.9 95.0 ± 61.5 104.2 ± 67.2 

  r = 0.85 r = 0.85 r = 0.85 r = 0.85 r = 0.85 r = 0.85 r = 0.85 

  p = 0.025 p = 0.025 p = 0.025 p = 0.025 p = 0.025 p = 0.025 p = 0.025 

Striatum (n = 8) 24.7 ± 8.0 9.2 ± 4.2 15.1 ± 3.9 21.2 ± 3.4 26.3 ± 3.1 30.5 ± 3.1 33.6 ± 3.3 35.9 ± 3.5 

  r = –0.33 r = –0.40 r = 0.05 r = 0.33 r = 0.57 r = 0.57 r = 0.57 

  p = 0.428 p = 0.327 p = 0.935 p = 0.428 p = 0.151 p = 0.151 p = 0.151 

On 2-week T2-MRI         

Whole (n = 10) 84.3 ± 96.5 46.8 ± 30.2 65.3 ± 43.0 85.0 ± 55.8 105.5 ± 68.5 124.9 ± 80.1 141.1 ± 92.7 154.9 ± 102.0 

  r = 0.92 r = 0.95 r = 0.95 r = 0.95 r = 0.95 r = 0.95 r = 0.96 

  p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 

Cortex (n = 6) 82.5 ± 85.8 28.8 ± 20.8 40.3 ± 30.3 52.9 ± 40.0 65.5 ± 48.8 77.2 ± 56.8 86.8 ± 63.0 94.4 ± 68.0 

  r = 0.89 r = 0.89 r = 0.89 r = 0.89 r = 0.89 r = 0.89 r = 0.89 

  p = 0.033 p = 0.033 p = 0.033 p = 0.033 p = 0.033 p = 0.033 p = 0.033 

Striatum (n = 7) 22.8 ± 5.2 9.2 ± 4.5 15.2 ± 4.1 21.5 ± 3.5 26.6 ± 3.3 30.7 ± 3.3 33.8 ± 3.5 36.0 ± 3.7 

  r = 0.07 r = 0.04 r = 0.46 r = 0.54 r = 0.25 r = 0.11 r = 0.11 

  p = 0.906 p = 0.964 p = 0.302 p = 0.236 p = 0.595 p = 0.840 p = 0.840 
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Actual ADC lesion volumes at 24 hours and final infarct volumes at 2 weeks 

The actual lesion volumes on 24-hour ADC maps in the ICCI group were similar to those 

observed in the control group: 73.3 ± 38.2 mm3 versus 77.0 ± 71.2 mm3 in the ischemic 

hemisphere (p = 0.887), 47.1 ± 37.7 mm3 versus 78.9 ± 69.9 mm3 in the cortex (p = 0.284), and 

20.7 ± 9.3 mm3 versus 24.7 ± 8.0 mm3 in the striatum (p = 0.353). 

Although the final infarct volumes on T2-MRI at two weeks tended to be smaller in all 

examined brain regions of the ischemic hemisphere in the ICCI group compared to those in the 

control group, statistical significance was only reached in the striatum: 69.0 ± 54.9 mm3 versus 

84.3 ± 96.5 mm3 in the ischemic hemisphere (p = 0.667), 51.6 ± 45.6 mm3 versus 82.5 ± 85.8 

mm3 in the cortex (p = 0.399), and 15.0 ± 7.6 mm3 versus 22.8 ± 7.6 mm3 in the striatum (p = 

0.034). 

Comparison of predicted and measured volume 

Applying the optimal thresholds that were determined using control group data (see 

Table 14) to the baseline ADC maps in the ICCI group, the predicted lesion and infarct 

volumes for the whole ischemic hemisphere (95.9 ± 42.0 mm3) and the ischemic cortex (71.0 

± 40.1 mm3) were larger than the actually measured lesion volumes on 24-hour ADC maps (p 

= 0.011 and p = 0.007, respectively) and final infarct volumes on 2-week T2-MRI (p = 0.025 

and p = 0.013, respectively) (Figure 21A, 21B, Figure 22). 

 In contrast, predicted lesion (18.9 ± 8.8 mm3) and infarct volumes (15. 0 ± 8.1 mm3 ) 

within striatum in the ICCI group were comparable to actual ADC lesion volumes at 24 hours 

(p > 0.999) and final infarct volumes at 2 weeks respectively (p = 0.966) (Figure 21C).  
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Figure 21 ADC (baseline)-threshold-based predicted lesion / infarct volume (grey shadowed) compared to 

actually measured (pink shadowed) lesion volume on 24-hour ADC maps (left), and infarct volume on 2-week 

T2-MRI (right) within whole ischemic hemisphere (A), cortex (B) and striatum (C) in control group (CTRL) and 

intra-carotid artery cold infusion group (ICCI). n = number of animals. Inter-group comparisons were conducted 

with unpaired t-test; volume comparisons between timepoints within the same treatment group, paired t-test was 

applied. * p < 0.05, ** p < 0.01  
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Figure 22 Exemplary predicted lesion on baseline apparent diffusion coefficient (ADC) maps in 

the whole ischemic hemisphere (threshold: 70% of the median ADC measured in the 

contralateral healthy hemisphere), in the cortex (threshold: 80% of the median ADC measured 

in the contralateral healthy cortex), and in the striatum (threshold: 75% of the median ADC 

measured in the contralateral healthy striatum) (left column); lesion areas measured on 24-hour 

ADC maps, and final infarct volumes on 2-week T2-MRI (middle and right columns) in the 

control group (CTRL) and the intra-carotid artery cold infusion group (ICCI). While the actual 

(measured) and predicted lesion/infarct volumes were similar in the control group, the actual 

(measured) lesion/infarct volumes were smaller than the predicted lesion volume in the ICCI 

group, potentially indicating neuroprotection.  
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Extent of brain edema at 24 hours 

Relative extent of edema on T2-MRI at 24 hours in the ICCI group tended to be lower 

in all examined brain regions of the ischemic hemisphere in the ICCI group compared to those 

in the control group, statistical significance was only reached in the striatum (Figure 23): 10.7 

± 8.1% versus 6.5 ± 5.4% in the ischemic hemisphere (p > 0.999), 15.6 ± 12.3% versus 7.2 ± 

5.6% in the cortex (p = 0.396), and 41.8 ± 15.9% versus 27.6 ± 14.5% in the striatum (p = 

0.021).  

In both treatment groups, relative extent of edema in the striatum was more pronounced 

compared to the extent of edema in the whole hemisphere and the cortex (all p < 0.001). 

 

 

 

Figure 23 Extent of edema on T2-MRI at 24 hours. All rats (11 rats in the control group, CTRL 

and 11 rats in the intra-carotid artery cold infusion group, ICCI) were included into the analysis. 

Cortical lesions were present in 7 out of the 11 rats in the CTRL group and 9 / 11 rats in the ICCI 

group. Striatal lesions were observed in 8 / 11 rats in the CTRL group and 11 / 11 rats in the ICCI 

group. (* p = 0.021, two-way ANOVA analysis of variance with Bonferroni’s correction for 

multiple comparison) 
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Neurofunctional testing 

Results of neurofunctional testing at baseline (before ischemia and treatment) and on 

day 2, 4, 6, 9, and 13 after reperfusion and treatment are displayed in Figure 24. The highest 

modified neurological severity scores (mNSS; higher scores indicate more severe 

neurofunctional deficits) were found during the first evaluation (day 2) after ischemia. mNSS 

decreased in both study groups over time. Compared to the mNSS on day 2, this decrease 

became first significant on day 4 after reperfusion in the ICCI group (p < 0.001), and on day 6 

in the control group (p = 0.006). mNSS remained significantly lower at subsequent assessments 

until day 13 in both groups (all p < 0.0001). mNSS was significantly lower in the ICCI group 

than in the control group at day 9 (p = 0.0002) and day 13 (p = 0.004).  

In the cylinder test, rats of the ICCI group and the control group showed no preference 

of ipsilateral forepaw usage at baseline (53.91 ± 7.0% versus 48.4 ± 8.2%, respectively). From 

day 2 after reperfusion until last assessment on day 13, all rats presented ipsilateral forepaw 

preference in rearing activities. Neither amelioration over time nor difference between 

treatment groups was observed. 
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Figure 24 Modified neurological severity score (mNSS, A) and ipsilateral forelimb preference tested in 

the cylinder test (B) at baseline before middle cerebral artery occlusion, and on day 2, 4, 6, 9, and 13 

after reperfusion and treatment. CTRL = control group, ICCI = intra-carotid artery cold infusion group. 

Comparisons between time points were conducted using two-way ANOVA analysis of variance with 

Bonferroni’s correction for multiple comparisons. Unpaired t-tests were used for inter-group comparison. 

** p < 0.001 (0.0002), * p < 0.01 (0.004). 
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Hemorrhagic transformation 

No hemorrhagic transformation was observed on T2-MRI at 24 hours after reperfusion. 

At 2 weeks after reperfusion however, petechial microbleeds in the striatum were observed in 

2 out of 10 rats in the control group and in 5 out of 11 rats in the ICCI group (see for example 

in Figure 25). 

 

Figure 25 Example of hemorrhagic transformation at two weeks after reperfusion (white arrow). 

MRI scans including T2-MRI, perfusion-MRI, and apparent diffusion coefficient (ADC) map were 

performed during middle cerebral artery occlusion (baseline), at 24 hours and 2 weeks after 

reperfusion. 
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Discussion 

Project overview  

The present study was composed of three parts. 

In part I, we developed a cooling system setup for effective selective brain cooling. Our 

custom-made infusion port is the first to allow for continuous pre- to post-reperfusion ICCI in 

rats and potentially applicable to other small animals in future studies involving intra-carotid 

artery infusion. With this experimental setup, we successfully simulated in a filament middle 

cerebral artery occlusion rat model the implementation of ICCI into the clinic scenario of 

endovascular mechanical thrombectomy during which cold fluid could be delivered via the 

guide catheter as soon as it was introduced into the internal carotid artery and continuously 

infused until after reperfusion without interfering with the recanalization procedure (see Figure 

1D and Figure 2D).  

In part II of this study, we evaluated the potential neuroprotective effects of continuous 

pre- to post-reperfusion ICCI in rats undergoing 100 minutes of middle cerebral artery 

occlusion. Although ICCI-mediated neuroprotection could not be concluded from our primary 

analysis, post-hoc analyses suggest a potential neuroprotective effect of ICCI in rats with only 

moderate but not severe cerebral ischemia.  

In part III of the study, rats were therefore subjected to only 60 minutes of middle 

cerebral artery occlusion to obtain larger volumes of potentially salvageable penumbra. In this 

part, serial MRI was applied for dynamic evaluation of infarct growth by referring to each 

individual rat’s baseline ischemic core volume. Our results suggest potential neuroprotection 

by ICCI in the better collateralized cortex (penumbra) but not in the densely ischemic striatum 

(core). 

Comparison with previous experimental setups 

The current study shows that, with our experimental setup, selective brain hypothermia 

using ICCI could be induced already before recanalization of the occluded middle cerebral 

artery (Figure 1D). In contrast, in almost all previous preclinical small animal studies, start of 

intra-arterial cold infusion, and thereby selective brain cooling, was strictly limited to the post-

reperfusion phase only (see Table 1 – 2). 



 

87 

 

Ding and colleagues successfully established a rodent stroke model in which cold fluid 

was directly administered into the middle cerebral artery territory using a modified 

polyethylene-50 tube. Instead of using the standard filament approach for middle cerebral 

artery occlusion, this modified polyethylene-50 tube was used instead. In their experimental 

setup, the tube was introduced into the internal carotid artery for ischemia induction until the 

its distal tip passed the opening of the middle cerebral artery. In this position, the opening of 

the middle cerebral artery was blocked by the outer tube wall. When it came to initiate intra-

arterial cold infusion, the tube needed to be retracted a few millimeters proximally to the 

opening of the middle cerebral artery before cold fluid was delivered into the target middle 

cerebral artery territory. 

Although the authors referred to their approach as “pre-reperfusion flushing”, retracting 

the filament by these few millimeters inevitably leads to reperfusion of the middle cerebral 

artery territory because of the crossflow from the right anterior circulation via the anterior 

communicating artery (Figure 1A) 107. 

An additional drawback of the experimental setup used in the study by Ding and 

colleagues could be the use of the polyethylene-50 tube for middle cerebral artery occlusion 

107. During occlusion, this “hollow filament” could pose a risk of clot formation within the tube 

because of retrogradely entering blood. These clots may then cause secondary embolization 

during initiation of intra-arterial cold infusion and by that aggravate ischemic brain damage. In 

our own experience during continuous blood pressure monitoring via the cannulated femoral 

artery using a polyethylene-50 tube, clot formation at the tube outlet was frequent and led to 

loss of blood pressure signal although the tube was filled with heparinized saline. The blood 

pressure signal could be reestablished only by strong flushing of the tube, which may be 

regarded as contraindicated in case of the tube being placed into the intracranial circulation. 

In other small animal studies (see Figure 1C, Table 2), ICCI treatment was even further 

delayed to many minutes after reperfusion. In these studies, the surgical procedure for 

connecting and inserting the tube for intra-arterial cold infusion could only be started after the 

filament for middle cerebral artery occlusion had been removed. In our experimental setup, 

however, our self-developed infusion port allowed us to insert the infusion tube for later ICCI 

already during the filament was in its position for middle cerebral artery occlusion and thus to 

start ICCI before reperfusion without interruption during filament retraction (Figure 1D).  
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Importantly, during our very first experiments, after removal of the clip from common 

carotid artery for orthograde blood flow restoration (see Figure 7), we observed bleeding out 

of the tiny space caused by the filament thread between the external carotid artery’s inner wall 

and the infusion port’s outer wall (see Figure 5 left). To prevent this leakage, the tip of the 

infusion port was coated with elastic silicone, into which a longitudinal concavity was molded 

with the filament thread. This measure ensured sufficient sealing between the infusion port and 

the vessel wall also during filament withdrawal (see Figure 5 middle). 

To provide optimal cooling efficacy of ICCI, preventing the chilled saline from re-

warming before entering the rat’s circulation is of critical importance. Before conducting any 

animal experiments, we tested fluid temperature at three positions, i.e., within the 

commercially available in-line SC-20 cooler, at its outlet and at the tip of infusion port. 

Extracorporeal re-warming of the chilled infusate flowing through the tube that is exposed to 

ambient air temperature was significant as observed in our experiment (see Table 6 and Figure 

6). Especially at low infusion rates (0.2 mL/minute), fluid temperature increased to almost 

room temperature at the tip of the infusion port which is about 2.5 cm away from measurement 

point within the cooler. Comparing with previous ICCI studies (see Table 1, Table 2) in rats, 

parameters such as fluid temperature at the tip of the infusion tube before entering the blood 

stream, tube length (exposure to room temperature) were not reported and remain unknown.  

Based on our findings, we needed to integrate an additional external cooling system 

surrounding the tube in order to maintain the infusate’s temperature at below 3 °C before 

entering the rat’s blood stream at an infusion rate of 0.2 mL/minute and around 0 °C when 

infusion rates were 0.5 mL/minute or higher (Table 6). By this measure, we markedly 

improved ICCI’s cooling efficacy in our setup. Doubts about the temperature of the infusate in 

some previously published preclinical studies arise due to the low infusion rates and the 

absence of additional measures to ensure its temperature stability 102, 104, 113. 

Clinical relevance of the guide catheter approach 

Three clinical studies reported the integration of intra-arterial cold infusion into the 

endovascular mechanical thrombectomy procedure 94-96 . In these studies, the microcatheter 

was used for cold fluid delivery as soon as it penetrated through the clot occluding the 

intracranial artery. 
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At first sight, this strategy may seem very attractive for inducing selective hypothermia 

of the ischemic brain tissue before reperfusion. However, the main drawback of using the 

microcatheter for intra-arterial cold infusion is the inevitable delay of arterial recanalization 

due to the occupation of microcatheter. In these clinical studies, recanalization was delayed for 

at least five (see Figure 2A, 2B) 95, 96 to 10 minutes 94 . To achieve favorable clinical outcomes 

in patients, delay of recanalization should always be avoided, as timely reperfusion still 

represents the only proven effective treatment in acute ischemic stroke 28, 144. 

Moreover, using the microcatheter for intra-arterial cold infusion would not allow for 

continuous pre- to post-reperfusion cooling, because cold fluid infusion must be halted during 

thrombectomy device delivery, as the stent retriever or an aspiration device would fully block 

the inner lumen of the microcatheter (see Figure 2A and 2B). The resulting rapid rewarming 

of the chilled brain tissue during the break between the pre-reperfusion and post-reperfusion 

cold infusion may be harmless at best, but could exacerbate brain damage at worst due to the 

sudden temperature fluctuations. 

In order to achieve effective brain cooling as long as possible without causing fluid 

overload, the fluid’s temperature should be maintained as low as possible before entering the 

circulation 98, 145 . However, the infusate before it enters the target brain’s arterial circulation is 

endangered to be rewarmed if conventional microcatheter is used for delivery.  

The total length of the human internal carotid artery is about 15 cm 146 and the outer 

diameter of the microcatheter is about 3 French (1 mm) or even smaller 130. Considering the 

rewarming of the infusate that we could observe in our experimental setup when the 

polyethylene-50 tube used for ICCI was exposed to air at room temperature over a total length 

around 6.5 cm, the rewarming of the infusate within a non-insulated standard microcatheter 

that is exposed to the warmer blood stream over a significantly longer distance could be more 

relevant. Although brain temperature was not assessed in any of the three clinical studies, 

cooling efficacy in these studies remains doubtful. Prospectively, to improve the heat insulation 

property of a microcatheter will remain a challenge as it needs to be flexible and thin for being 

able to reach distal segments of cerebral arteries. 

In contrast, the guide catheter has a much larger lumen compared to the microcatheter 

and is generally placed in the proximal internal carotid artery. During the routine endovascular 
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mechanical thrombectomy procedure, the guide catheter is continuously perfused with 

heparinized saline to avoid retrograde blood flow and thrombi formation within the catheter 

147 . Cold infusion could therefore be continuously administered during the whole endovascular 

mechanical thrombectomy procedure at higher rates without any changes to the catheter itself 

and the procedure. Since the guide catheter outlet is placed proximal to the vessel occluding 

clot, cooling of penumbra before reperfusion could be achieved by the inflowing of a mixture 

of blood and cold fluid via collaterals (see Figure 1D, Figure 2D).  

Because the guide catheter is larger and does not need to be as flexible as the 

microcatheter, it could be sufficiently insulated. Up to now, heat-insulated guide catheters for 

ICCI purpose have been prototyped and successfully tested in healthy pigs 148 and in a canine 

stroke model 119 . 

Brain temperature change during pre- to post-reperfusion ICCI in rats 

It was also observed in our study that pre-reperfusion ICCI, i.e., cooling efficacy of 

ICCI during middle cerebral artery occlusion, could not be further enhanced by increasing the 

infusion rate of ICCI (see Figure 11). This may not be the case in the clinical setting of acute 

ischemic stroke and pre-reperfusion ICCI. To get more homogenous infarct volume in the 

filament middle cerebral artery occlusion rat model, the common carotid artery is clipped 

during ischemia in our study. This is done to prevent the strong blood flow from the common 

carotid artery from potentially incurring filament shift and resulting in unstable ischemia. In 

most clinical acute ischemic stroke cases without internal carotid artery occlusion due to 

stenosis, however, the blood flow from the common carotid artery is not impaired. Blood 

flowing from the common carotid artery into the internal carotid artery could consequently 

facilitate cooling via collaterals. Under these circumstances, higher ICCI rates may therefore 

lead to higher cooling efficacy and earlier reaching of hypothermia in the target tissue, i.e., the 

ischemic penumbra. 

Another phenomenon that we observed during pre-reperfusion ICCI in our study was 

that the striatum could be more effectively cooled than the cortex in rats (see Figure 12). This 

seems contradictory to the theoretical basis that rodent cortex has better collateral blood supply 

(i.e., leptomeningeal collaterals 149) and consequently should be earlier and faster cooled in 

contrast to striatum during pre-reperfusion cooling phase. 
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The different paths of cortical and striatal collaterals may be a possible explanation for 

this finding. Compared to the distance that ICCI must overcome before reaching the cortex via 

leptomeningeal collaterals originating from the posterior cerebral artery, the distance from the 

anterior choroidal artery and its branches to deep brain structures adjacent to the striatum is 

much shorter 150, 151 . Therefore, one can assume that rewarming of ICCI was more significant 

before reaching the cortex and that ICCI’s cooling performance was consequently 

compromised. 

The brain cooling pattern could be different in humans, i.e., cortex could be earlier 

cooled by cooled blood via leptomeningeal collaterals than severely hypo-perfused striatum 

cooled by heat transfer, as a result of the increased distance between ischemic core and adjacent 

cerebral artery main trunk filled with cold blood. But this possibility requires further studies to 

confirm. In a microcatheter based continuous ICCI study, which was conducted in relatively 

larger brain (canine), brain temperatures of 4 regions ipsilateral to treated hemisphere during 

both pre- and post-reperfusion cold infusion were monitored 119. Unfortunately, coordinates 

information of implanted thermoprobes was not reported, the potentially different manner of 

brain temperature change between striatum and cortex in larger brains could therefore not be 

concluded. 

Necessity of ICCI studies in small animals 

With regard to translatability of results to the clinical human setting, large animal ICCI 

studies may be more attractive compared to studies in small animals including rats. ICCI 

mediated thermodynamic effects on larger gyrencephalic brains for instance, canine, non-

human primates could better reflect the real condition when transferred in human. However, 

high cost and ethical considerations especially for canine and non-human primates, clearly 

limit the application. Pigs have been the most widely accepted species for large animal 

experiments, but the rete mirabilis poses a major challenge for simulation of endovascular 

mechanical thrombectomy in ischemic stroke 152. To avoid waste of resources, it is critical to 

determine ICCI related basic treatment variables before proceeding to larger animal studies, 

such as optimal timing, target temperature, cooling duration, protocol of rewarming and 

composition of cold infusion etc. By applying our ICCI setup, all these questions could be 

easily addressed in small animal studies. Furthermore, the brain temperature curves resembling 

those reported in the canine study 119, in which a similar infusion protocol was applied (i.e., 

cold saline delivered into the internal carotid artery via a microcatheter from 5 minutes before 
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reperfusion and continued for 20 minutes after reperfusion), suggests that rodent studies could 

be significantly comparable in addressing above-mentioned questions, with reduced ethical 

concerns and more efficient use of resources. 

In part II and III of this study, we aimed to answer a more prerequisite question before 

future optimization of ICCI variables for better treatment effect. Namely, whether continuous 

pre- to post-reperfusion ICCI is neuroprotective and how ICCI affects physiological parameters, 

blood gases and regional hemodynamics. Since there are no previous studies that investigated 

the optimal duration of ICCI for neuroprotection in focal cerebral ischemia, we aimed at the 

longest possible duration of hypothermia by using the highest infusion volume that we assumed 

could be tolerated also by patients, i.e., a volume that corresponds to half of the individual rat’s 

blood volume. The underlying rationale for this decision was based on previous clinical trials 

investigating intra-venous cold infusion mediated whole body cooling in patients suffering 

cardiac arrest or stroke. In these trials, patients received comparable volumes of cold fluid 

which was reported to have been tolerated without serious adverse effects 51 153 .  

The overall duration of local hypothermia that was achieved in the present study was 

around 14 minutes. This duration was longer than that in all existing small animal intra-arterial 

cold infusion studies, in which cooling duration ranged from 3 to 10 minutes (see Table 1). 

Longer infusion duration that ranges from 15 to 30 minutes was reported in the majority pre-

reperfusion or post-reperfusion ICCI studies by limiting infusion rate to less than 0.4 mL per 

minute or infusing the fixed small volumes of, for instance 7.5 mL, intermittently over up to 

30 min 102 (see also Table 2). Only one of those studies applied  ice-cold saline as infusate and 

delivered into internal carotid artery as we did in the present work 104. In this study, a duration 

of 30 minutes was achieved with a fluid volume of 6 mL at an infusion rate of 0.2 mL/minute 

and striatal temperature decreased to below 35 °C. The study’s target cortical temperature of 

34 °C was reached after 20 minutes of infusion. 

The results of part I in our study however indicate that the cooling performance at an 

infusion rate of only 0.2 mL/minute as used in the latter study is very limited (Figure 11) and 

in our pre-tests aiming to identify the cooling performance of ICCI at different infusion rates, 

the lowest temperature in the striatum at an infusion rate of 0.2 mL/minute was 36 °C and 

reached only after 12 minutes of infusion. In addition, our study found that core body 

temperature continuously decreased throughout the entire infusion period, with the lowest 
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temperature being measured at the end of the cold infusion (see Figure 12, Figure 18 Table 

10, Table 11). The lower cortical temperatures reported in the above-mentioned study 104 could, 

therefore, reflect the combined effect of accidental passive systemic cooling (i.e., heat loss 

incurred core body temperature decrease during operation) and active selective brain cooling, 

rather than being solely attributable to local brain cooling.  

Confusing findings were also reported in two studies by Ji et al. 102 and Kurisu et al. 101, 

in which saline at the same temperature (10 °C) was infused at rates of 0.25 mL/minute and 

0.32 to 0.41 mL/minute, respectively. Interestingly, the cortical temperature in the former study, 

which used an only marginally lower infusion rate, was noticeably higher than that of the latter 

study (36.5 °C versus 34.8 °C). Those conflicting findings further suggest that baseline core 

body temperature and heat loss during the experimental procedure can be significantly 

influenced by factors such as ambient temperature and the use of a peripheral heating system,  

which could be critical factors leading to over- or underrating of the true cooling performance 

of the selective brain cooling method. In prospective ICCI studies, core body temperature 

should, therefore, be strictly controlled during the experiment and transparently reported.  

Rats have relatively thin cranial structure, which by itself could promote heat loss 

within the cortex during general anesthesia 154. The heat loss in the cortex may further be 

aggravated during surgical preparation of the skull for thermoprobe implantation 155. This could 

be another important reason that results in overestimation of the cooling efficacy of intra-

arterial cold infusion in majority of previous studies that showed very strong neuroprotective 

effects of intra-arterial cold infusion. In a study conducted by Chen et al., it was reported that 

both cortical and striatal temperatures were decreased to around 30 °C within 5 minutes and 

remained reduced as long as 50 minutes 113. However, when looking at the core body 

temperature curve, it recovered back to the normal range within a few minutes. This finding is 

logically hard to understand if there is no contribution of heat loss incurred brain temperature 

decrease or impaired rewarming.  

Due to the larger size, the thicker cranial structure and the abundant cerebral blood flow, 

human brains are less affected by ambient temperature, even when surface head cooling 

devices are applied 78. In order to avoid passive heat loss during skull surgery and associated 

decrease of cortical temperature potentially enhancing neuroprotection, and also to avoid 

traumatic brain damage due to implantation of thermocouple probes, no invasive brain 



 

94 

 

temperature measurement was conducted in part II and part III of our study, in which we 

evaluated the neuroprotective efficacy of ICCI. 

Intraluminal filament method for middle cerebral artery occlusion in rats 

There are various methods have been developed for establishing middle cerebral artery 

occlusions in rodents. The most straightforward method is to close middle cerebral artery 

temporally with a micro clip, suture or permanently with prothrombotic measures (photo 

thrombosis, electrocoagulation). But craniectomy is required and recognized as the main 

drawback of this category of methods. As the physiological condition such as intracranial 

pressure, brain temperature could be changed through interruption of skull intact, and the 

operation itself incurs intracranial inflammation, brain trauma, blood-brain barrier disruption 

156-158.  

Another category of establishing acute ischemic stroke model in rodents is to block the 

middle cerebral artery proximally via endovascular approach, i.e., by inserting filament with 

enlarged tip, modified microtubes, or delivering emboli that could be in vitro prepared 

autologous blood clots (thromboembolic model) or macrospheres106, 158. Notably, the 

thromboembolic model seems to be more resemble to human acute ischemic stroke, as it 

responds to thrombolysis therapy 159. There is also unpredictable partial or complete autolysis 

during thromboembolism and high variation of infarct volume/location as the situation in clinic 

158. These properties of thromboembolic method could however make it hard for treatment 

effect evaluation in pre-clinical neuroprotection studies, especially for those studies designed 

with endovascular mechanical recanalization, and for the labs not equipped with imaging 

facilities for baseline ischemia control. Thromboembolic middle cerebral artery occlusion 

model seems more suitable for mechanism investigation and thrombolytic agents development 

160, 161.  

Middle cerebral artery occlusion of rodents with intraluminal monofilament has been 

widely used for decades since its first introduction by Koizumi et al. 162 and modification by 

Longa et al.163. In contrast to direct middle cerebral artery clamping after craniectomy, the 

filament method offers several advantages. It preserves the integrity of the skull and, most 

importantly, allows for the induction of infarction in deep brain structures by occluding 

penetrating arteries that originate from the Willis circle, such as the anterior choroidal artery. 

This closely mimics one of the key features of human middle cerebral artery occlusion with 



 

95 

 

basal ganglia infarction 164. Besides, the filament method enables precise control over the 

timing of occlusion and reperfusion. 

Following the isolation of the carotid bifurcation, the filament can be introduced via 

the external or the common carotid artery, namely the Longa’s and Koizumi approaches 

respectively. Both approaches have been reported to induce comparable total infarct volumes 

165, 166. But one disadvantage of the Koizumi’s approach is that the common carotid artery must 

be permanently ligated after middle cerebral artery occlusion. This common carotid artery 

occlusion potentially leads to impaired hemodynamics in the ipsilateral hemisphere. Morris et 

al. reported a significantly impaired reperfusion in mice in which middle cerebral artery 

occlusion was induced following the Koizumi method 166. In addition, less severe 

neuroinflammatory response while higher death rate were found when middle cerebral artery 

occlusion was conducted with the Koizumi approach in mice 165.  

These advantages imply that the filament middle cerebral artery occlusion model 

established with the Longa’s approach might be more practical for resembling clinical stroke. 

Together with technical considerations with the isolated external carotid artery stump enabling 

easier manipulations of the infusion port used for ICCI during ischemia as planned in our study, 

we decided in favor of the Longa’s approach for establishing middle cerebral artery occlusion.  

As with other methods, the high variability of infarction is a major concern in the 

filament rodent stroke model, as it increases animal usage and impairs statistical power 167. 

Without considering inter-strain variable factors, from a technical perspective, introducing the 

filament of the right size (diameter and length) is therefore of critical significance for obtaining 

homogenous ischemia insult. However, a crucial reality is that choosing the “right” filament is 

more or less empirical, since it relies on the manufacturer’s recommendation, which is based 

on the rat’s body weight. The anatomical variability among individual rodents, for example the 

vessel size of the Willis circle, the location of the openings of middle cerebral artery and deep 

brain structures supplying penetrating arteries, cannot be evaluated in each rat in order to 

determine the most suitable filament. 

In the control group of part III of our study, out of 11 rats who underwent successful 

middle cerebral artery occlusion and developed infarcts, 4 had no cortical infarcts, and 3 had 

no striatal infarcts. Possible reasons for these findings could be that, in rats without cortical 
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infarct, the middle cerebral artery opening was not completely occluded when using the 

recommended filament size due to the individual rat’s larger vessel diameter of the Willis circle. 

Alternatively, the recommended filament might not have been long enough to simultaneously 

block the openings of the middle cerebral artery and the deep brain penetrating arteries that 

also branch from the Willis circle 150, 151.  

Laser Doppler flowmetry is a useful tool for confirming correct placement of the 

filament for ischemia as well as adequate reperfusion after filament removal in the middle 

cerebral artery occlusion rodent model. Variability of infarct volumes could be decreased when 

laser Doppler flowmetry was used during experiments to control the residual cerebral blood 

flow during induction of focal cerebral ischemia 168.  

As soon as the opening of the middle cerebral artery is blocked by the introduced 

filament, an abrupt decrease of the cerebral blood flow and thus the measured laser Doppler 

flowmetry curve can be observed in real time. Although the initial decrease of the laser Doppler 

flow signal has been a primary criterion for exclusion of rats with unsuccessful middle cerebral 

artery occlusion, laser Doppler flowmetry only covers the regional cerebral blood flow within 

just 1 mm3 of brain tissue 169. The residual laser Doppler flow signal is therefore easily affected 

by the location of the laser Doppler flowmetry probe and also other blood flow signals that 

may stem from any arteries located between the brain surface and the probe, mostly small 

meningeal arteries or remnants within the cranial diploe.  

So far there is no consistency in the literature on the threshold, i.e., residual laser 

Doppler flow value that should be taken for selection of successful middle cerebral artery 

occlusion in rodents. An initial decrease of the laser Doppler flow signal to a level of below 

20% to 50% of the baseline have been reported 170-173. In order to further minimize the risk of 

brain lesion variability, some researchers performed secondary subject selection based on the 

neurofunctional deficits of the rats during ischemia 57 or after reperfusion 57, 101. The downside 

of this kind of post-reperfusion selection is, however, that the intactness or the impairment of 

neurofunction may not be evaluable in rats undergoing hyperacute study treatment that is 

initiated during middle cerebral artery occlusion as it was the case in our study. In these cases, 

post-reperfusion neurofunction may be critically influenced by beneficial or adverse effects of 

the study treatment. 
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In part II of this project, we conducted continuous regional cerebral blood flow 

monitoring with laser Doppler flowmetry throughout the whole experiment. Not only could we 

identify rats with an incomplete middle cerebral artery occlusion at the beginning, i.e., 

induction of ischemia, but also rats with a partial reperfusion during ischemia due to a 

displacement of the filament or because of cerebral artery autoregulation. We considered mean 

residual laser Doppler flow during the whole ischemia period of below 40% of baseline as a 

successful occlusion of the middle cerebral artery. Rats with a mean laser Doppler flow level 

above our threshold were excluded from randomization and study treatment. 

Correlation between residual laser Doppler flow levels and infarct volume is 

controversial. There are studies implying that the level of residual laser Doppler flow during 

middle cerebral artery occlusion is not significantly correlated with the resulting infarct volume 

in both rats and mice 166, 174, 175. In our study, strong negative correlation between residual laser 

Doppler flow levels and infarct volume was observed (r = –0.73). Similar finding was reported 

in a study by Matteo Riva et al. 176. The laser Doppler flow probe in their study was however 

placed over the border zone between the anterior and middle cerebral artery territories that 

reflects the leptomeningeal collateral supply. In contrast, in our study, the laser Doppler probe 

was attached directly over the lateral middle cerebral artery territory to target the ischemic core.  

Rates of successful middle cerebral artery occlusion using silicone coated filament as 

applied in our study, range from over 60% to 100% depending on the respective literature 177. 

Under the relatively stricter criteria in part II of our study, the overall exclusion rate of rats due 

to insufficient ischemia was around 40%. However, in experimental part III of our study, in 

which we applied MRI for the exclusion of rats with unsuccessful filament occlusion of the 

middle cerebral artery, only 2 out of 26 rats were found without acute ischemia on both 

hyperacute diffusion and perfusion MRI at baseline (i.e., before any study treatment). This 

great difference (40% versus 8%) implies that the exclusion of rats with “unsuccessful” middle 

cerebral artery occlusion, as determined by laser Doppler in part II of our study, may have been 

potentially too extensive.  

Drawing the baseline of middle cerebral artery occlusion induced cerebral ischemia 

before treatment is of critical importance in neuroprotection research. Brain imaging 

techniques such as MRI or perfusion CT have the great advantage of enabling the quantification 

of the intensity and the extent of ischemia at baseline and allowing for consecutive evaluation 
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after treatment. But their drawbacks are also obvious. Firstly, most of the stroke 

neuroprotection laboratories are not equipped with imaging facilities. Secondly, these imaging 

techniques only provide a snapshot of ischemia. Fluctuations of cerebral blood flow during 

ischemia or an accidental reperfusion would not be detected.  

Laser Doppler flowmetry seems to continue being the most economic and practical 

method of detecting ischemia in middle cerebral artery occlusion experiments. But due to its 

semi-quantitative property and the use of arbitrarily chosen thresholds and probe locations in 

different neuroprotection laboratories 170-173, so far, a well-defined standard for exclusion of 

unsuccessful middle cerebral artery occlusion is still absent. In future studies, visually 

localizing the distal trunk of the middle cerebral artery and direct monitoring of changes in its 

blood flow after thinning the cranial bone for minimizing the risk of artifacts during 

measurement could be a promising strategy for standardizing species- and strain-specific laser 

Doppler flow thresholds.  

As to the filament itself, it also needs to be modified in order to obtain more 

homogeneous ischemia. For example, a widely neglected drawback of the filament is its the 

stiffness. Insufficient flexibility of the filament’s tip may limit its bending to perfectly fit the 

shape of the Willis circle. Deep brain structures supplying penetrating arteries (like the anterior 

choroidal artery) that could originate from the inner concave side of the Willis circle may have 

a higher likelihood to be fully occluded by the enlarged tip of the inserted filament because of 

better contact with the vessel wall. In contrast, the opening of the middle cerebral artery, when 

it is located on the outer convex side of the Willis circle, could be less likely to be fully occluded 

by the filament because of potential residual cavity. Improving the flexibility and softness of 

presently used filaments to better fit the Willis circle vessel anatomy is of great value for 

obtaining more uniform middle cerebral artery occlusion results.  

The incidence of subarachnoid hemorrhage that results from tear-off of penetrating 

arteries or perforation of the Willis circle during filament insertion or retraction could be also 

decreased by using filament with better flexibility. Subarachnoid hemorrhage was a main factor 

contributing to the rats’ death and experimental failure in our study, which could be easily 

identified on laser Doppler flowmetry curves by the presentation of a sudden severe decrease 

of regional cerebral blood flow and confirmed with autopsy. The rate of subarachnoid 
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hemorrhage was 5% (6 of 118 rats) in our study. It is in line with previous studies reporting 

subarachnoid hemorrhage rates ranging from 0% to 9% 177, 178. 

ICCI mediated neuroprotection in middle cerebral artery occlusion rats 

Previous studies in which intra-arterial cold infusion was tested achieved moderate 

selective brain hypothermia for less than 10 minutes 43. In our study, we could sustain brain 

temperature at 32 to 33 °C over around 16 minutes when applying our elaborated pre- to post-

reperfusion ICCI protocol. However, unlike the consistently reported improvement of 

functional outcomes and decrease of infarct volumes by 32% 112 to up to 90% 108 in comparison 

with non-treated rats in the previous studies, in part II of this project, we did not observe 

significant ICCI mediated neuroprotection at 24 hours post treatment. 

Based on the theoretical concept of penumbral salvage in acute ischemic stroke 13 and 

our post-hoc analysis showing that lesion volumes of control animals negatively correlate with 

regional cerebral blood flow as assessed by laser Doppler flowmetry, we performed further 

analyses to evaluate ICCI efficacy within the two subgroups of rats with either moderate focal 

cerebral ischemia (i.e., 25% to < 40% of the baseline laser Doppler flow levels during ischemia) 

or severe focal cerebral ischemia (i.e., less than 25% of the baseline laser Doppler flow levels 

during ischemia). A threshold 25% was chosen because it is close to the  median value (27%) 

of mean residual laser Doppler flow levels in the control group.  

While ICCI did not prove any neuroprotective effect in the subgroup of rats with severe 

ischemia, infarct volumes and the extent of edema tended to be smaller in ICCI-treated rats 

within the moderate ischemia subgroup. Importantly, this observation was not statistically 

significant. The previously reported enormous neuroprotective capability of intra-arterial cold 

infusion in small animal studies could thus not be reproduced in our study (see Table 1, Table 

2).  

The differing results may be attributed to the relatively stricter exclusion criteria. Rats 

with unstable regional cerebral blood flow (as shown by laser Doppler flowmetry curves) 

during ischemia were excluded due to concerns about filament displacement during ischemia, 

which we observed during the experiments where even slight filament movements caused 

fluctuations in the laser Doppler flowmetry curves. However, changes in regional cerebral 

blood flow during ischemia could also result from collateral cerebral blood flow. Better 
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collateral blood flow may allow for greater penetration of ICCI into the ischemic tissue and 

could indicate a larger potentially salvageable penumbra, which could result in a more 

pronounced neuroprotective effect upon survival. In a study by Matteo Riva et al., higher 

variability in regional cerebral blood flow was detected with the laser Doppler probe attached 

over the border zone between the anterior and middle cerebral artery territories 176. Another 

reason for the failure of ICCI as neuroprotectant could be that the neuroprotective efficacy of 

ICCI is not as strong as anticipated, especially in rats with more severe ischemia. To address 

this possibility, we conducted another study (part III) aiming to confirm or reject our hypothesis.  

In part III of our study, we shortened the duration of middle cerebral artery occlusion 

to 60 minutes in order to achieve larger volume of potentially salvageable penumbra before 

treatment. Treatment was once again initiated during middle cerebral artery occlusion, but 

shortly before reperfusion, to simulate the clinical scenario of endovascular thrombectomy for 

proximal intracranial arterial occlusion. Additionally, serial MRI scans during ischemia (before 

treatment), at 24 hours and at two weeks after treatment allowed us to assess infarct 

development dynamically. Instead of solely comparing the final infarct volumes of the two 

treatment groups, we took advantage of serial MRI to assess the intra-individual progression 

of penumbra into infarcted brain tissue, thereby reducing variability. 

Perfusion-diffusion mismatch on MRI has been a common practice in the determination 

of the brain tissue belonging to the irreversibly damaged ischemic core and the potentially 

salvageable penumbra 179. Penumbral brain tissue is characterized by critical hypoperfusion on 

perfusion imaging without signal hyperintensity on diffusion MRI which is commonly 

regarded as the ischemic core. However, this method may potentially overestimate the 

penumbra’s volume because perfusion thresholds often fail to discriminate the true penumbra 

from the surrounding less intensely hypo-perfused brain tissue, known as benign oligemia. It 

varies between subjects and during the course of ischemia due to dynamic changes of blood 

pressure or cerebral autoregulation 180. In addition, the hyperintense lesion on diffusion MRI 

may not necessarily transform into total infarction, which was observed more frequently in 

acute ischemic stroke patients with small lesion size and successfully treated with thrombolysis 

or thrombectomy 181 182. 

Delineating salvageable penumbra using the perfusion-diffusion mismatch method for 

neuroprotection assessment of treatments thus remains a challenge in clinical studies. In 
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preclinical studies, the situation is less complicated, since ischemia duration and vital 

parameters could be well controlled. The impact of ischemia severity (collaterals) can be 

addressed by using standardized stroke models in a single species. By applying research center 

or even study specific perfusion thresholds that are obtained from control animals the inter-

individual variability could be further minimized. Due to the shortened duration of middle 

cerebral artery occlusion, however, assessing whole brain perfusion MRI was not feasible. In 

our study, perfusion MRI was limited to 25 slices, which captured a representative but only a 

small portion of the middle cerebral artery supply territory. Since we were unable to image the 

entire penumbra, the salvaged volume would remain unclear. We therefore did not apply 

perfusion-diffusion mismatch-based neuroprotection assessment.  

Instead, we evaluated the dynamic impact of ICCI on ischemic brain tissue using 

hyperacute ADC maps for baseline. In comparison with delineating brain territory on perfusion 

MRI, ADC maps reflect the combined effect of hypoperfusion severity and duration of cerebral 

ischemia. The decrease of the ADC occurs within minutes following ischemia onset because 

of cellular energy failure and consecutive dysfunction of the membrane potential and could be 

observed earlier than on diffusion MRI 183, 184. Together with evidence that rapid reperfusion 

could reverse ADC in both animals and humans 185, 186, it implies that applying ADC with or 

without other image techniques could be likely to predict the true (reversible) penumbra 187, 188. 

Both clinical and animal studies have been conducted to figure out ADC thresholds that 

could be used for predicting the definite ischemic core. For example, absolute ADC thresholds 

of 530 × 10−6 mm2/second were reported in Sprague-Dawley rats 189 and 620 × 10−6 

mm2/second in acute ischemic stroke patients 190. Considering the potential impact of 

differences in MR scanner settings, operation program, and of course the animal experimental 

setup, we determined ADC thresholds specific to this study in our control group. The optimal 

threshold to be applied on the ADC map of the whole ischemic hemisphere at baseline to 

predict total ischemic lesion volumes on ADC maps at 24 hours and final infarct volumes on 

T2-weighted imaging at 2 weeks was 70% as compared to the contralateral healthy hemisphere. 

This aligns with the reduction of ADC by 30% reported by Meng and colleagues. However, 

when expressed in an absolute value, the ADC threshold in our study was 439 × 10−6 

mm2/second, which is noticeably lower than the value in Meng’s study 189. This suggests that 

in future studies, when ADC thresholds are used to detect the penumbra or the ischemic core, 

absolute thresholds derived from prior studies should be applied cautiously. Instead, they 
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should be determined specifically for each research center, project or even study, based on 

control group data. 

We could not find a suitable ADC threshold that could be used to predict the final 

infarct volume in the rats’ striatum, likely because all animals ultimately developed a striatal 

infarct. A possible explanation for this could be that the striatum is supplied by penetrating 

arteries with poor collateral support. Together with its vulnerability to ischemia compared to 

the cerebral cortex 191, brain regions within the striatum could have resulted in irreversible 

ischemic tissue damage already at the timepoint of baseline diffusion MR scanning (about 39 

minutes after filament occlusion of the middle cerebral artery) depending on the successfully 

occluded penetrating arteries.  

The optimal threshold to be applied on baseline ADC maps for predicting cortical 

infarction in our study was 80% and thus higher than the optimal threshold for predicting the 

total infarct volume in the ischemic hemisphere. The neuroprotective effects of ICCI could 

have been potentially underrated if infarct volumes were not evaluated in a brain region-

specific fashion. Specifically, the predicted cortical infarct volumes would have been smaller 

if the lower 70% threshold for total infarct volume prediction had been applied. Consequently, 

potential neuroprotective effects related to ICCI treatment (defined and calculated as the 

difference between predicted and actual infarct volume) would have been easier to overlook.  

In this study, total infarct volumes that were observed in the ischemic hemisphere in 

the ICCI group at the 2-week timepoint were roughly one third smaller (~28%) than the 

predicted infarct volumes, which was mainly driven by a reduction of cortical infarct volume 

since no significant difference between predicted and measured infarct volume was observed 

in the striatum. The neuroprotective effects of ICCI that we observed in our study were at the 

lower end of the range of infarct volume reductions that were reported in previous studies by 

others which ranged between 29% and 77% (see Table 2).  

Among these ICCI studies, a comparable duration of 15 minutes was administered only 

in one study conducted by Kurisu et al. 101. Despite middle cerebral artery occlusion was 

maintained for twice as long (2 hours) in this study, a reduction of infarct volumes by 72% was 

observed 101. Large differences of infusion parameters and/or poor transparency on key 

technical information (see Table 2) limit the comparability with our study results and can 
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therefore not be used to explain the lower neuroprotective effectiveness of ICCI that was 

observed in our study. 

In summary, ICCI mediated neuroprotective effects on intra-individual ischemic core 

growth were observed in part III of our study when rats were exposed to 60 minutes of middle 

cerebral artery occlusion. Although selective brain hypothermia was achieved at an earlier 

timepoint (i.e., before reperfusion) and over a comparable or even longer duration, the 

neuroprotective effects were found to be less important as compared to those reported in the 

majority of previous studies (see Table 1, Table 2). The use of MRI for intra-individual 

assessment of ischemic core growth revealed that ICCI may mainly protect the ischemic 

penumbra in the better collateralized cortex from further evolving into infarct rather than 

impacting stroke progression in the more densely ischemic striatum. To achieve more 

reproducible ischemic core and penumbra, future ICCI studies that aim at optimizing infusion 

parameters should consider the clipping model of middle cerebral artery occlusion which leads 

to only cortical infarction with a better homogeneity, especially in case research groups have 

no access to image support.  

ICCI related complications in middle cerebral artery occlusion rats 

In accordance with both computational simulation and previous small animal studies, 

ICCI cooled the brain efficiently in our study. In contrast to whole-body cooling induced with 

intra-venous cold infusion which led to a decrease of core body temperature of about 2.5 °C, 

ICCI decreased core body temperature by only less than 0.7 °C. This difference in core body 

temperature decrease is surely partly due to the local heat exchange first in the ischemic target 

tissue, but also due to the fact that we used a peripheral heating system for stabilizing 

extracranial body temperature during ICCI. This peripheral heating system was turned off in 

rats undergoing treatment with intra-venous cold infusion in order not to counteract fast 

induction of systemic hypothermia.  

Compared with whole-body cooling with an identical volume of intra-venous cold 

infusion, ICCI had less impact on blood gases, i.e., less severe acidosis, carbon dioxide 

retention, and decrease of arterial oxygen pressure. This may be related to the reduced 

breathing frequency and, consequently, pulmonary ventilation caused by more severe 

decreases in core body temperature that we observed in the intra-venous cold infusion group 

192, 193. But we did not monitor respiratory rate in our study and thus cannot confirm this 
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hypothesis. In both ventilated patients and rodents that were treated with intra-arterial cold 

infusion, the blood gases were reported to remain within the normal range 194, 195.  

Another possible explanation could be a more pronounced effect of whole-body 

hypothermia on the gas binding ability of the blood including that of carbon dioxide and oxygen. 

Importantly, the hypothermia mediated left shift of the oxygen-hemoglobin binding curve 

could potentially result in a decreased oxygen delivery to the ischemic brain tissue. As we did 

not measure the cerebral metabolic rate of oxygen, we cannot conclude whether this effect is 

more pronounced during ICCI than during whole-body cooling with intra-venous cold infusion. 

Whole-body hypothermia may also lead to increased oxygen consumption due to cold 

shivering 196, 197, but it was not the case in our study for rats under anesthesia.  

The death rate in ICCI treated rats was comparable to that observed in the control group 

and the other treatment groups, i.e., the intra-venous cold infusion group and the intra-carotid 

artery warm infusion group. Deaths were mainly caused by subarachnoid hemorrhage during 

filament insertion or retraction and thus, related to the middle cerebral artery occlusion 

approach rather than to any study (infusion) treatment. In ICCI treated rats (5 / 11) however 

the rate of hemorrhagic transformation observed on MRI was numerically higher as compared 

to the hemorrhagic transformation rate in the control group (2 / 10). Because we did not 

evaluate intra-carotid artery warm infusion in our MRI study, no conclusion can be made on 

whether the potentially higher hemorrhagic transformation rate was related to the intra-carotid 

artery infusion or the infusate’s temperature. Because all cases of hemorrhagic transformation 

occurred beyond the assessment at 24 hours, one could even conclude that this effect was 

totally unrelated to study (infusion) treatment. 

Hemorrhagic transformation is thought to result from blood brain barrier disruption 

caused by cerebral ischemia. Multiple mechanisms, such as a burst of reactive oxygen species 

after reperfusion, activation of neuroinflammation, or increased matrix metalloproteinase 

activity are involved in the process of blood brain barrier breakdown. However, in previous 

studies it has been widely reported that ICCI mediated local hypothermia inhibits those factors 

contributing to blood brain barrier breakdown 198-201 . This is further supported by the finding 

of our present study that ICCI mediated local hypothermia tends to alleviate cerebral edema 

(see Figure 23).  
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One potential reason accounting for the numerically higher rate of hemorrhagic 

transformation in the ICCI group as compared to the control group could be local hemodilution 

during infusion. This, together with hypothermia may have provoked local coagulopathy either 

by affecting plasmatic coagulation or platelet aggregation. Lower procoagulant platelet level 

and the use of antiplatelets especially in severe strokes have been reported to be related to 

increased hemorrhagic transformation 202-204 . In the infusion groups, systemic hemodilution 

with decreased hematocrit, hemoglobin and glucose was observed. Local hemodilution within 

the treated hemisphere during ICCI could be even more severe, as it is the first place where 

blood and infused fluid were mixed. The obvious transient drop in the laser Doppler flow 

curves observed during the pre-reperfusion phase in both the ICCI and the intra-carotid artery 

warm infusion groups (see table 10, Table 11), could be a possible reflection of local 

hemodilution. Since CCA was clipped in the phase of local saline infusion in our model, the 

hemodilution in the downstream arteries including collaterals through which the locally 

instilled infusate reached the target tissue - must have been significantly greater. This is due to 

the lack of blood mixing with the infusate before it reached the target tissue, unlike in the intra-

venous cold infusion group.  

Another factor that may contribute to hemorrhagic transformation could be cerebral 

hyperperfusion during ICCI treatment 205, especially when administered at high infusion rates. 

In our study, a maximal infusion rate of 2.0 mL/minute was used. This flow rate equals to about 

50% of the physiological blood flow in the common carotid artery of rats 206. In patients 

undergoing diagnostic angiography, even higher rates of up to 8 ml/second 147 are used for 

contrast injection into the internal carotid artery, which could correspond to 90% of the blood 

flow (see CCA flow table summarized by Nigel Ackroyd et al. 97 ). However, it should be noted 

that the duration of contrast injection is only 1.5 seconds 147 while ICCI at the highest rate in 

our study lasted for 42 seconds. 

Infusion rate is not only an important parameter that determines cooling efficacy in 

ICCI, but also safety. However, to our best knowledge, few local infusion studies investigated 

the impact of infusion rate on hemodilution and hemodynamics as we did, using continuous 

laser Doppler flowmetry throughout the experiment including infusion treatments. In our point 

of view, the maximal but safe infusion rate and duration in both rats with healthy and infarcted 

brain tissue should be determined before future ICCI studies are conducted.  
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Strength, Limitations  

With this project, we were the first to establish a method for continuous pre- to post-

reperfusion ICCI in rats, simulating the clinical scenario of endovascular mechanical 

thrombectomy using the large lumen guide catheter for infusion. As mentioned before, large 

animal studies would better resemble the clinical situation, but their application is obviously 

limited by related high costs and ethical considerations. Especially, optimal ICCI treatment 

variables such as timepoint of initiating ICCI, duration of treatment, fluid composition and 

their corresponding effects on local hemodilution and hemodynamic changes are at present not 

clear. By applying our experimental setup, those questions could be answered in generally 

more accepted and cost-effective small animal studies. 

In comparison with existing intra-arterial cold infusion rodent studies, we did not only 

perform conventional arterial blood tests including blood gases, serum electrolytes, glucose 

and hematocrit, but also continuously monitored physiological parameters during treatment. 

However, results of blood tests, blood pressure and heart rate only reflect the systemic impact 

of treatments. Local infusion incurred downstream hemodilution and hemodynamic changes 

were not sufficiently evaluated in this study.  

In the neuroprotection studies, to minimize the variability of baseline ischemia, we 

continuously monitored regional cerebral blood flow throughout the whole operation. Our 

approach was stricter in comparison with prior studies, in which regional cerebral blood flow 

was solely measured at the timepoints of filament insertion (baseline), filament removal 

(reperfusion) and in very few studies intermittently during ischemia 207-209. Under continuous 

regional cerebral blood flow monitoring, rats with incomplete middle cerebral artery occlusion 

that may result from filament shift or autoregulation of cerebral arteries during ischemia were 

excluded. Despite these measures, the infarct volumes obtained in our study were highly 

variable as determined using standard TTC staining of whole brain slices at 24 hours after 

reperfusion. 

To further reduce variability of infarcts and thereby enable more accurate detection of 

potential study treatment effects, we used serial MRI in the following study (part III) for both 

baseline control and intra-individual longitudinal evaluation of striatal and cortical infarct 

progression. With MRI, baseline ischemia control was more reliable and led to less exclusions 

as compared to laser Doppler flowmetry based selection. Moreover, due to the reduced 
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variability, intra-individual assessment of infarct progression could facilitate the evaluation of 

even smaller treatment effects as compared to an inter-individual stroke volume comparison. 

In contrast to previous studies evaluating intra-arterial cold infusion, to our best knowledge, 

our study was the first in which the striatum and cortex were evaluated separately. ICCI was 

found to reduce cortical infarction while having little treatment effect on the striatum. 

Moreover, hemorrhagic transformation was found to be more pronounced in the striatum.  

Since we could not show neuroprotection in part II of the study using TTC staining at 

24 hours, based on the 3R principle (replacement, reduction, and refinement), we focused in 

part III of the study on the main goal to evaluate the effects of ICCI and did not repeat 

experiments with intra-venous cold infusion and intra-carotid artery warm infusion. The 

question of whether cooling or just increased infusion rates during intra-carotid artery infusion 

facilitate hemorrhagic transformation can thus not be answered. Considering the small number 

of animals, these two findings should be further investigated in future larger sized randomized 

controlled animal studies.  

For the worries of traumatic brain injury potentially mitigating neuroprotective effects, 

we did not perform brain temperature monitoring during treatment in the part II and III of the 

study. But the whole project was performed under the same experimental setup as well as 

infusion protocol that has been shown to have good reproducibility in part I which included 

continuous brain temperature assessment. 

Future orientations 

 Endovascular mechanical thrombectomy has become a standard treatment for acute 

ischemic stroke since 2015 17. ICCI could be the optimal adjunct therapy to endovascular 

mechanical thrombectomy with the advantages of easy implementation into the routine 

workflow and low costs. Up to now, however, neuroprotective efficacy of ICCI could not be 

concluded from any existing clinical studies 94-96. This is important to know when considering 

the history of translational failures during decades of neuroprotection research in acute 

ischemic stroke.  

Enormous neuroprotection of both intra-arterial cold infusion as well as ICCI has 

consistently been reported in many rodent studies (Table 1, Table 2). Despite prolonging the 

duration of selective brain cooling and earlier induction in our setup, only mild neuroprotective 
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effects of ICCI were found in our study. To avoid unnecessary waste of time and resources by 

conducting large animal studies, repeating unsuccessful clinical studies, and/or putting patients 

in danger, small animal studies are still required for refining ICCI parameters.  

Although brain temperature in previous small animal studies ranged between 30.5 °C 

and 36.5 °C, optimal target temperature that promotes most effective neuroprotection cannot 

be concluded from these studies, because none of these studies systematically investigated the 

impact of target temperature or any other parameter including infusion rate, treatment duration, 

time to target temperature and even the stroke model on infarct volume reduction. As discussed 

above, high infusion rates could result in local hemodilution that could potentially impair 

cerebral oxygenation and mitigate hypothermia mediated neuroprotection, and on the other 

hand could cause hyperperfusion which could potentially contribute to hemorrhagic 

transformation. Therefore, evaluating infusion rate dependent local hemodynamic changes and 

changes of blood composition in real time would be another important aspect which should be 

further investigated in rodents with or without middle cerebral artery occlusion. Ideally, rats 

that should be used in future studies should exhibit the same risk factors as ischemic stroke 

patients do, such as old age, hypertension or hyperglycemia. Moreover, ICCI needs to be tested 

in rats that also receive treatment with a common thrombolytic such as alteplase or tenecteplase.  

Considering the inter-strain differences of cerebral blood supply and collaterals, studies 

investigating the optimal treatment variables should be conducted in a strain-specific manner. 

For example, in spontaneous hypertensive rats with poor collateral cerebral blood flow reserve 

210, both cooling efficacy during the pre-reperfusion phase, when cold infusate indirectly 

reaches the target ischemic brain via collaterals, and the overall treatment effect might be 

compromised. To avoid the impact of ambient temperature on cortex, monitoring extracranial 

temperature at a normothermic level during the whole experiment should be also considered. 

Cooling duration is another important factor that could critically impact the 

neuroprotective efficacy of ICCI. To achieve longer cooling duration with a fixed cold fluid 

volume, ICCI catheters equipped with closed-loop heat transfer balloons may be a promising 

solution. Currently, rodent-sized balloon catheters do not exist. This kind of catheter could only 

be tested in larger animals. But before that, all efforts should be made to determine the other 

favorable treatment variables of ICCI.  
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In future large animal studies, the main goal of applying balloon catheters should be to 

decrease infusion rate and fluid volume while achieving comparable cooling efficacy. The 

duration of ICCI should always be limited to that of the endovascular mechanical 

thrombectomy procedure, or at least not much longer. Prolonged stay in the catheter laboratory 

or neuro intensive care unit due to catheter retention would inevitably compromise the 

translational significance of ICCI. 
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Conclusion 

 In our studies, we put forward a guide catheter approach for continuous cold fluid 

delivery from before to after reperfusion, which could easily be implemented into the clinical 

procedure of endovascular mechanical thrombectomy of proximal vessel occlusion in acute 

ischemic stroke. It enables not only much earlier local hypothermia induction of the ischemic 

hemisphere compared to other intra-arterial cooling approaches and even more compared to 

whole-body cooling, but also avoids cooling interruption or delay of reperfusion as it was the 

case in previous animal studies and in the three clinical studies that tested intra-arterial cold 

infusion for neuroprotection in ischemic stroke. To confirm its neuroprotective capability, 

which is the prerequisite of initiating further studies in large animals and humans, we 

successfully simulated continuous ICCI in the middle cerebral artery occlusion rat model using 

a custom-made experimental setup. With the detailed description of experimental procedures 

provided in this thesis, this setup could be easily replicated.  

Our data suggest that ICCI was neuroprotective, but the effect is not as robust as 

reported in most of the previous preclinical studies. Due to the large diversity of treatment 

variables applied in existing reports, as well as the fact that many aspects were only partially 

described or monitored, underlying reasons for this compromised effect could not be concluded 

from this study. ICCI had a minor impact on physiological parameters, serum electrolytes, 

blood gases but could be related with a higher rate of hemorrhagic transformation.  

To facilitate large animal studies and prospective clinical translation, rodent studies are 

still warranted. Specifically, treatment variables that promote more effective neuroprotection, 

along with their impact on local hemodilution and hemodynamics, need to be investigated to 

optimize the efficacy and safety of ICCI.  
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Appendix 

Abbreviations 

ADC: Apparent Diffusion Coefficient  

BGA: Blood Gas Analysis 

BP: Blood Pressure  

Bpm: Beats per minute 

CCA: Common Carotid Artery 

CT: Computed Tomography 

CTRL: Control group  

DALYs: Stroke-rated disability-adjusted-life-years  

DICOM: Digital Imaging and Communications in Medicine 

EVT: Endovascular Thrombectomy  

HCO3–: Hydrogen Carbonate  

HR: Heart Rate 

ICCI: Intra-Carotid Artery Cold Infusion 

ICWI: Intra-Carotid Artery Warm Infusion group 

IVCI: Intra-Venous Cold Infusion group  

LDF: Laser Doppler Flowmetry 

MAP: Mean Arterial Pressure  

MCA: Middle Cerebral Artery  

mNSS: modified Neurological Severity Score 

MRI: Magnetic Resonance Imaging 

NIfTI : Neuroimaging Informatics Technology Initiative  

pCO2: Partial Pressure of Carbon dioxide 

pO2: Partial Pressure of Oxygen 

rCBF: Regional Cerebral Blood Flow  

sO2: Oxygen Saturation.  

T2-MRI: T2-weighted Magnetic Resonance Image  

TTC: 2, 3, 5 - Triphenyltetrazolium Chloride  

VOI: Volume of Interest  
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Macro code for batch measurement of brain regions on TTC staining pictures 

//// ROI measurement 

 

title = "Choose a Directory for importing images"; 

 msg = "Please choose a directory containing images"; 

 waitForUser(title,msg); 

 

OriginDir = getDirectory("Choose a Directory"); 

FileArray = getFileList(OriginDir); 

title = "Directory for saving the output images"; 

 msg = "Please choose a directory for saving output image"; 

 waitForUser(title, msg); 

 

SaveDir = getDirectory("Choose a Directory") 

 

run("Set Measurements...", "area standard area_fraction redirect = None decimal = 3"); 

length = lengthOf(FileArray); 

 

for (i = 0; i < length; i++) { 

// threshold  

 open(OriginDir + "/" + FileArray[i]); 

 run("Make Binary"); 

 run("Analyze Particles...", "size = 10-Infinity show = Nothing display summarize"); 

 saveAs("PNG", SaveDir + FileArray[i]+".PNG"); 

 close("*"); 

} 

 

 


