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Definition (OMS):
Rapidly developing clinical signs of
focal (or global) disturbance of
cerebral function, with symptoms
lasting 24 hours or longer or leading
to death, with no apparent cause
other than vascular origin.

STROKE



Epidemiology:
§ 2° leading cause of DEATH

§ 2° leading cause of DEMENTIA

§ 3° leading cause of DISABILITY

§ 200.000 cases every years

§ 80% new event

§ Age related incidence

STROKE



Eziology
Ø Ischemic stroke (80-85%)

§ Thrombotic stroke
§ Embolic stroke

Ø Hemorragic stroke (10%)

Ø Subaracnoid Hemorrage (5%)

STROKE



ISCHEMIC CORE AND PENUMBRA



CEREBRAL COLLATERALS



PATHWAYS INVOLVED

Edema Stress OX Post-ischemic inflammation Cellular death

Excitotoxicity

Energetic failure

Loss of nutrients



TIME IS BRAIN



Thrombolysis (rt-PA)

TREATMENT

Single antiplatelet or 
dual antiplatelet or 

anticoagulant therapy

Stroke Unit

Decompressive
surgery

Endovascular
mechanical

thrombectomy

neuroprotective therapies
(?)



Our aim

Develop new
therapeutics strategy to
treat acute ischemic
stoke.

Create new multicenter
translational project.



Transient endovascular middle cerebral 
artery occlusion in the rat 

tMCAO
video of MCAO surgery



MOOR LASER DOPPLER



Neurobehavioural tests
Garcia Test Corner Turning test



Hystology analisys



Quantification of ischemic lesion



Research projects

Head Down Tilt

Remote Ischemic
Conditioning (RIC)

V-Cool



HEAD DOWN TILT 15
HDT15° is simple, safe and non pharmacological treatment to increase
collateral flow
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Inspired by analogies…
Cardiac Massage Head down positioning



impaired
auto-
regulation

Head Positioning: enhancing collaterals?
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Original Article

Cerebral collateral therapeutics in acute
ischemic stroke: A randomized preclinical
trial of four modulation strategies

Simone Beretta1,2,3, Alessandro Versace1, Davide Carone1,2,
Matteo Riva1, Valentina Dell’Era1, Elisa Cuccione1, Ruiyao Cai1,
Laura Monza1, Silvia Pirovano1, Giada Padovano1, Fabio Stiro1,
Luca Presotto4,5, Giovanni Paternò1, Emanuela Rossi6,
Carlo Giussani1,2,3, Erik P Sganzerla1,2,3 and Carlo Ferrarese1,2,3

Abstract
Cerebral collaterals are dynamically recruited after arterial occlusion and highly affect tissue outcome in acute ischemic
stroke. We investigated the efficacy and safety of four pathophysiologically distinct strategies for acute modulation of
collateral flow (collateral therapeutics) in the rat stroke model of transient middle cerebral artery (MCA) occlusion.
A composed randomization design was used to assign rats (n¼ 118) to receive phenylephrine (induced hypertension),
polygeline (intravascular volume load), acetazolamide (cerebral arteriolar vasodilation), head down tilt (HDT) 15" (cere-
bral blood flow diversion), or no treatment, starting 30 min after MCA occlusion. Compared to untreated animals,
treatment with collateral therapeutics was associated with lower infarct volumes (62% relative mean difference;
51.57 mm3 absolute mean difference; p< 0.001) and higher chance of good functional outcome (OR 4.58, p< 0.001).
Collateral therapeutics acutely increased cerebral perfusion in the medial (þ40.8%; p< 0.001) and lateral (þ19.2%;
p¼ 0.016) MCA territory compared to pretreatment during MCA occlusion. Safety indicators were treatment-related
mortality and cardiorespiratory effects. The highest efficacy and safety profile was observed for HDT. Our findings
suggest that acute modulation of cerebral collaterals is feasible and provides a tissue-saving effect in the hyperacute phase
of ischemic stroke prior to recanalization therapy.
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Introduction

Cerebral collateral circulation is a subsidiary vascular
network, which is dynamically recruited after arterial
occlusion to provide a source of residual blood flow to
ischemic areas.1 Early cerebral collateral status is emer-
ging as a powerful predictor of functional outcome in
unselected ischemic stroke patients2,3 and in stroke
patients treated with intravenous thrombolysis4 or
endovascular thrombectomy.5 Evidence from stroke
patients and animal models supports the concept that
collateral status in the acute phase of ischemic stroke is
a major determinant of the ‘‘physiological’’ therapeutic
time window, i.e. the subject-specific timing of penum-
bra evolution, which defines successful versus futile
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TIMING OF TREATMENT APPLICATION



HDT15 versus other
COLLATERALS THERAPEUTICS

Beretta et al., Journal of Cerebral Blood Flow & Metabolism 2017



higher chance of good outcome
OR 2.64, 96% CI 1.12-6.20, p = 0.015

*
good outcome
poor outcome

Pooled analysis of stroke outcome
104 randomized rats (from 3 studies)

34% reduction
in infarct volume, p = 0.006

*

Diamanti et al., Eur J Neurosci 2022



Brain regional reduction of TTP after HDT15 
voxelwise analysis and perfusion shift

POST versus PRE treatment (60 min)

higher chance of better perfusion
OR 1.50, 96% CI 1.41-1.60, p < 0.0001

HDT15 versus FLAT 
relative difference 56.8%; p < 0.0001



approximately
20%
absolute gain
in cerebral perfusion



Infarct growth
over the first 24 hours
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8 primates (macaques) 
endovascular MCA occlusion/reperfusion
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Oxygen metabolism by MRI in clinical stroke: 
Innovative biomarker in cerebrovascular diseases 
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Hypothermia in animal models of acute ischaemic
stroke: a systematic review and meta-analysis
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Induced hypothermia is proposed as a treatment for acute ischaemic stroke, but there have been too few clinical
trials involving too few patients to draw any conclusions about the therapeutic benefit of cooling. Animal studies
of induced hypothermia in focal cerebral ischaemia have tested cooling throughout a wide range of target
temperatures, durations and intervals between stroke onset and the initiation of hypothermia.These studies,
therefore, provide an opportunity to evaluate the effectiveness of different treatment strategies in animal
models to inform the design of future clinical trials.We performed a systematic review and meta-analysis of
the evidence for efficacy of hypothermia in animal models of ischaemic stroke, and identified 101 publications
reporting the effect of hypothermia on infarct size or functional outcome, including data from a total of
3353 animals.Overall, hypothermia reduced infarct size by 44% [95% confidence interval (CI), 40^47%]. Efficacy
was highest with cooling to lower temperatures (!31"C), where treatment was started before or at the onset of
ischaemia and in temporary rather than permanent ischaemia models. However, a substantial reduction in
infarct volume was also observed with cooling to 35"C (30%; 95% CI, 21^39%), with initiation of treatment
between 90 and 180min (37%; 95% CI, 28^46%) and in permanent ischaemia models (37%; 95% CI, 30^43%).
The effects of hypothermia on functional outcome were broadly similar.We conclude that in animal models of
focal cerebral ischaemia, hypothermia improves outcome by about one-third under conditions that may be
achievable for large numbers of patients with ischaemic stroke. Large randomized clinical trials testing the
effect of hypothermia in patients with acute ischaemic stroke are warranted.

Keywords: ischaemic stroke; animal model; hypothermia; systematic review; meta-analysis

Abbreviations: NOCSS¼Nordic Cooling Stroke Study; PAIS¼Paracetamol (Acetaminophen) In Stroke
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There is evidence for efficacy of over 500 treatment
strategies in animal models of focal cerebral ischaemia
(O’Collins et al., 2006), but only recombinant-tissue
plasminogen activator (rt-PA), aspirin and stroke unit
care have convincingly demonstrated efficacy in clinical
trials of acute ischaemic stroke [The National Institute
of Neurological Disorders and Stroke rt-PA Stroke Study
Group, 1995; CAST (Chinese Acute Stroke
Trial) Collaborative Group, 1997; International Stroke
Trial Collaborative Group, 1997; Stroke Unit Trialists’
Collaboration, 1997]. While differences in design and
methodological quality between animal studies and clinical

trials may be responsible for some of this discrepancy
[Stroke Therapy Academic Industry Roundtable (STAIR),
1999; Gladstone et al., 2002; Macleod et al., 2004; van der
Worp et al., 2005], the failure of allegedly neuroprotective
compounds in the clinic may be explained in part by the
fact that most neuroprotectants inhibit only a single step in
the broad cascade of events that leads to cell death (STAIR,
1999; Gladstone et al., 2002).

In contrast, pre-clinical studies have suggested
that hypothermia affects a wide range of cell death
mechanisms including energy depletion, disruption of the
blood–brain barrier, free radical formation, excitotoxicity

doi:10.1093/brain/awm083 Brain (2007), 130, 3063^3074
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neurobehavioural scores by 45.7% (95% CI, 36.5–54.5%;
55 comparisons; Fig. 3B). There was substantial between-
study heterogeneity for the analysis of infarct volume
(w2¼ 1547, df¼ 221, P510"198) and neurobehavioural
score (w2¼ 280, df¼ 54, P510"33). The substantial hetero-
geneity suggests that these results must be interpreted with
caution. In 44 of the 55 comparisons testing the effect of
hypothermia on neurobehavioural score, infarct size was
measured in the same animals. In these comparisons,
hypothermia reduced infarct size by 48.1% (95% CI,
41.2–55.6%) and improved neurobehavioural scores by
43.5% (95% CI, 34.2–52.7%).

Factors modifying effect on infarct size
The median target temperature was 33#C (range, 24–35#C).
There was a significant depth-response relationship
(P50.001; Fig. 4), but a substantial reduction in infarct
volume was still observed with cooling to 35#C (30%; 95%
CI, 21–39%). The effect of cooling was most robust
when started before or at the start of vessel occlusion,
but there was no clear time-dependency thereafter. Both the
number of experiments with treatment delays of more than
3 h and the number of animals included in these

experiments were too small to draw firm conclusions
(Fig. 4). In models of temporary ischaemia, the effect of
cooling was largest if started before the onset of ischaemia
and continued during both ischaemia and reperfusion,
and smallest if animals were cooled only during either
ischaemia or reperfusion (Fig. 4). There was a small inverse
relation between the duration of hypothermia and
effect size (Fig. 4).

Of the 222 comparisons, 214 (96%) involved rats,
making any conclusion on differences between species futile
(Fig. 2). When the analysis was restricted to data from rats
alone the findings remained essentially unchanged (data not
shown). Of note, in the two studies performed in dogs in
the 1950’s (Rosomoff, 1956 and 1957), infarct size was not
quantified sufficiently to be included in this part of the
meta-analysis. Similarly, it is not possible to discern with
any certainty any effect of gender; 196 comparisons
concerned male animals, three concerned female animals,
two concerned animals of both sexes, and in 21 the sex was
unknown (Fig. 2). Hypothermia was slightly more effective
in Long Evans and in spontaneously hypertensive rats than

Fig. 2 Point estimate of effect on infarct size and 95% CI by
mode of ischaemia, species, rat strain, sex, method of occlusion,
anaesthetic, use of co-treatment, randomisation, and assessment
of outcome. The grey band indicates the global estimate and
its 95% CI.

Fig. 3 Point estimates and 95% CIs ranked by effect size
for (A) 222 comparisons testing change in infarct size and
(B) 55 comparisons testing change in neurological score. Effect size
is the improvement in hypothermic animals expressed as a
proportion of the outcome in control animals. The grey band
indicates the global estimates and its 95% CI. The solid horizontal
line marks where treatment and control are equal.

3066 Brain (2007), 130, 3063^3074 H. B. van der Worp et al.
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in other normotensive rats (Fig. 2). Only one study tested
the effect in diabetic rats. Efficacy was higher in temporary
than in permanent occlusion models, but the effect in the
latter was still substantial (37%; 95% CI, 30–43%; Fig. 2).
In models of temporary ischaemia, there was no clear
relation between the duration of ischaemia and effect size
(Fig. 4). The choice of anaesthetic used had a significant
impact on outcome, with higher efficacy reported in studies
using chloral hydrate or pentobarbital (Fig. 2). The time
of outcome assessment (Fig. 4) and the mode of induction
of ischaemia did not affect the benefit of hypothermia,
except for a lower efficacy in models of autologous clot
embolism (Fig. 2).

Complications
In 19 of the 101 publications, complications were reported
in a total of 79 normothermic and 39 hypothermic animals.
All but one of these complications concerned premature
death, for which in 74 cases (63%) no cause was reported
and in 36 cases (31%) the cause was presumed to be large
or space-occupying infarction. These animals were excluded
from the analyses of infarct size in 68 (86%) and 35 (90%)
of the normothermic and hypothermic cases, respectively.
In addition, significant decreases in heart rate and blood

pressure during hypothermia were reported in three
studies with cooling to 24!C. In one study, a decreased
respiratory rate and cardiac arrhythmias were reported in
rats cooled to 30!C.

Discussion
This systematic review and meta-analysis strongly
underscores the efficacy of hypothermia in improving
both histological and functional outcome in animal
models of acute ischaemic stroke. In accordance with
expectations, efficacy was highest with lower temperatures,
where treatment was started before or at the onset of
ischaemia, and in temporary rather than permanent
ischaemia models. However, infarct volume was still
reduced by about one-third with cooling to 35!C, with
initiation of treatment between 90 and 180min, and in
permanent ischaemia models. In addition, hypothermia was
more effective in animals with hypertension compared with
normotensive animals, and was effective across the range
of scores for methodological quality of the study.
These findings suggest that hypothermia has considerable
potential as a neuroprotective strategy in patients with
acute ischaemic stroke.

Methodological considerations
A notable feature of the present review is the marked
heterogeneity between studies, implying that the overall
estimate of efficacy should be interpreted with some
caution. Conventional (‘narrative’) reviews selectively
citing reports at either end of the spectrum of efficacy
might therefore lead to different conclusions about the
effect of hypothermia especially within subgroups. Although
previous non-systematic reviews have also reported an
overall benefit of hypothermia (Miyazawa et al., 2003;
Krieger and Yenari, 2004), the substantial heterogeneity
between studies (and the importance therefore of identify-
ing all relevant data) provides a substantial impetus for
the use of a systematic approach such as ours to
reduce selection bias and to increase the precision of
estimates given.

Although our analyses of factors influencing the
reported efficacy of hypothermia was pre-specified and a
stringent significance level was chosen to allow for multiple
testing, some of the apparent effects may be due to the play
of chance. Our conclusions should therefore be viewed as
hypothesis-generating rather than definitive evidence. This
meta-analysis has other weaknesses. First, while we consider
that our search strategy is likely to have ascertained the
majority of relevant publications, it has yet to be validated.
Furthermore, we have only been able to include data which
have been published in some form: hence, our analysis
takes no account of unpublished data. However, both
Funnel Plot and Egger Regression suggested that there was
not a substantial publication bias in those studies identified.

Fig. 4 Point estimate of effect on infarct size and 95% CI by
duration of ischaemia in models of reperfusion, time to treatment,
depth of hypothermia, duration of hypothermia, timing of
hypothermia and time of outcome assessment. The grey band
indicates the global estimate and its 95% CI.

Hypothermia in ischaemic stroke models Brain (2007), 130, 3063^3074 3067
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Selective CSF hypothermia is a 
new unexplored concept.

Advantages compared to systemic
hypothermia:
- targeted hypothermia
- deeper degree of hypothermia
- longer duration of hypothermia
- reduction of systemic side effects
shivering
infections (pneumonia)
cardiac arrhythmias
coagulopathy
sedation and intubation



Clinical translation potential:
- vasospasm after subarachnoid hemorrhage
- acute ischemic stroke (severe)
- malignant cerebral edema
- traumatic brain injury
- super-refractory status epilepticus

Selective CSF hypothermia is a new unexplored concept.

Potential combination with external ventricular
drains (EVD)
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Abstract
Hypothermia is a promising therapeutic strategy for severe vasospasm and other types of non-thrombotic cerebral ischemia, 
but its clinical application is limited by significant systemic side effects. We aimed to develop an intraventricular device 
for the controlled cooling of the cerebrospinal fluid, to produce a targeted hypothermia in the affected cerebral hemisphere 
with a minimal effect on systemic temperature. An intraventricular cooling device (acronym: V-COOL) was developed by in 
silico modelling, in vitro testing, and in vivo proof-of-concept application in healthy Wistar rats (n = 42). Cerebral cortical 
temperature, rectal temperature, and intracranial pressure were monitored at increasing flow rate (0.2 to 0.8 mL/min) and 
duration of application (10 to 60 min). Survival, neurological outcome, and MRI volumetric analysis of the ventricular sys-
tem were assessed during the first 24 h. The V-COOL prototyping was designed to minimize extra-cranial heat transfer and 
intra-cranial pressure load. In vivo application of the V-COOL device produced a flow rate-dependent decrease in cerebral 
cortical temperature, without affecting systemic temperature. The target degree of cerebral cooling (− 3.0 °C) was obtained 
in 4.48 min at the flow rate of 0.4 mL/min, without significant changes in intracranial pressure. Survival and neurological 
outcome at 24 h showed no significant difference compared to sham-treated rats. MRI study showed a transient dilation of 
the ventricular system (+ 38%) in a subset of animals. The V-COOL technology provides an effective, rapid, selective, and 
safe cerebral cooling to a clinically relevant degree of − 3.0 °C.

Keywords Hypothermia · Device · Cerebrospinal fluid · Vasospasm · Cerebral ischemia · Neuroprotection

Introduction

Although recanalization therapies have greatly improved 
outcome of patients with acute ischemic stroke [1], treatment 
of other types of cerebral ischemia, which are not caused by 
a focal thrombotic occlusion, remains largely unsatisfactory. 
In particular, delayed cerebral ischemia (DCI) associated 
with severe vasospasm accounts for up to 30% of mortality 
and morbidity after aneurysmal subarachnoid hemorrhage 
(SAH) and its management remains unsettled [2]. Other 
examples of non-thrombotic cerebral ischemia are intraop-
erative hemodynamic stroke [3] and severe reversible cere-
bral vasoconstriction syndrome [4]. Hypothermia is a highly 
promising neuroprotective strategy with consistent anti-
ischemic activity in different animal models [5], pleiotropic 
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Concept design of the V-COOL device



The cooling mechanism of the V-
COOL device is based on exchange of 
cool-versus-warm CSF, similarly to 
hemodialysis or plasma exchange
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60 min. Application of V-COOL induced a dose-dependent 
mean reduction of brain cortical temperature in the ipsilateral 
hemisphere of 1.76 °C, 3.09 °C, and 4.46 °C at the flow rates 
of 0.2 mL/min, 0.4 mL/min, and 0.8 mL/min (p = 0.0008), 

respectively, with a time to steady state of 4.8 min (Fig. 3a, 
b). Rectal temperature was minimally affected by V-COOL 
application, with no change at 0.2 mL/min and 0.4 mL/min 
and a 0.4 °C reduction at 0.8 mL/min (p = 0.009; Fig. 3c). Pre-
liminary experiments (n = 4) suggested a larger cooling effect 
in the ipsilateral hemisphere, compared to the contralateral 
hemisphere (Supplementary Fig. 1).

In Vivo Safety of V-COOL: Effect on ICP 
and Functional Outcome

In vivo ICP monitoring was performed in 15 healthy rats. 
Before V-COOL application, baseline ICP was 5.9 (± 2.1) 
mmHg. After V-COOL insertion, the passive outflow in the 
extracranial reservoir was opened and ICP reached pressure 
equilibrium at 0 mmHg. After V-COOL activation, mean 
ICP values were 6.8 mmHg, 12.1 mmHg, and 31.8 mmHg 
at the flow rates of 0.2 mL/min, 0.4 mL/min, and 0.8 mL/
min, respectively (p = 0.0002; Fig. 4a, b), reaching a plateau 
within 2 min. The flow rate of 0.4 mL/min was judged to 
have a favorable balance between cooling efficacy and ICP 
safety and it was chosen to be tested for 60-min application 
of V-COOL and assessment of imaging and functional out-
come over the next 24 h. Functional outcome after 60 min 
of V-COOL application was assessed at 24 h and compared 
to sham surgery (Table 1). Neurobehavioral tests, compar-
ing V-COOL application (n = 10) to sham surgery (n = 7), 
showed no difference in mortality (all animals survived), in 
the corner turning test (p = 1.000) and in the Garcia neuro-
score (p = 0.485).

Fig. 2  Thermometric curves related to inflow rates from in silico (a) 
and in vitro (b) modelling of the V-COOL device

Fig. 3  Representative trac-
ings showing the dynamics of 
cerebral cortical temperature in 
a rat during application of the 
V-COOL device (a). Mean cer-
ebral cortical cooling (n = 42) 
during V-COOL application 
at increasing inflow rates (b). 
Mean systemic cooling (rectal 
temperature, n = 42) during 
V-COOL application at increas-
ing inflow rates (c)

In silico model of the V-COOL device
mono-compartmental
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hemisphere of 1.76 °C, 3.09 °C, and 4.46 °C at the flow rates 
of 0.2 mL/min, 0.4 mL/min, and 0.8 mL/min (p = 0.0008), 

respectively, with a time to steady state of 4.8 min (Fig. 3a, 
b). Rectal temperature was minimally affected by V-COOL 
application, with no change at 0.2 mL/min and 0.4 mL/min 
and a 0.4 °C reduction at 0.8 mL/min (p = 0.009; Fig. 3c). Pre-
liminary experiments (n = 4) suggested a larger cooling effect 
in the ipsilateral hemisphere, compared to the contralateral 
hemisphere (Supplementary Fig. 1).

In Vivo Safety of V-COOL: Effect on ICP 
and Functional Outcome

In vivo ICP monitoring was performed in 15 healthy rats. 
Before V-COOL application, baseline ICP was 5.9 (± 2.1) 
mmHg. After V-COOL insertion, the passive outflow in the 
extracranial reservoir was opened and ICP reached pressure 
equilibrium at 0 mmHg. After V-COOL activation, mean 
ICP values were 6.8 mmHg, 12.1 mmHg, and 31.8 mmHg 
at the flow rates of 0.2 mL/min, 0.4 mL/min, and 0.8 mL/
min, respectively (p = 0.0002; Fig. 4a, b), reaching a plateau 
within 2 min. The flow rate of 0.4 mL/min was judged to 
have a favorable balance between cooling efficacy and ICP 
safety and it was chosen to be tested for 60-min application 
of V-COOL and assessment of imaging and functional out-
come over the next 24 h. Functional outcome after 60 min 
of V-COOL application was assessed at 24 h and compared 
to sham surgery (Table 1). Neurobehavioral tests, compar-
ing V-COOL application (n = 10) to sham surgery (n = 7), 
showed no difference in mortality (all animals survived), in 
the corner turning test (p = 1.000) and in the Garcia neuro-
score (p = 0.485).

Fig. 2  Thermometric curves related to inflow rates from in silico (a) 
and in vitro (b) modelling of the V-COOL device

Fig. 3  Representative trac-
ings showing the dynamics of 
cerebral cortical temperature in 
a rat during application of the 
V-COOL device (a). Mean cer-
ebral cortical cooling (n = 42) 
during V-COOL application 
at increasing inflow rates (b). 
Mean systemic cooling (rectal 
temperature, n = 42) during 
V-COOL application at increas-
ing inflow rates (c)
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Fig 3.1-1.: Il sistema ventricolare umano. In dettaglio corno frontale, corno 

posteriore e corno temporale dei ventricoli laterali. 

 

 

Fig. 3.1-2: ����������������������������ǯ����������������Ǥ�Le frecce nere o rosse sulle  figure 

�������������������������������������������������������ǯ���������������������������������

e lungo il canale spinale.  
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Figura 28. EĞůů͛ŝŵŵĂŐŝŶĞ�Ɛŝ�ǀĞĚŽŶŽ�ŶĞůůŽ�ƐƉĞĐŝĨŝĐŽ�ŝů�ƉŽƐŝǌŝŽŶĂŵĞŶƚŽ�Ğ�ůĂ�ƐƚĂďŝůŝǌǌĂǌŝŽŶĞ�ĚĞů muso del ratto 

ŐƌĂǌŝĞ�ĂůůĞ�ďĂƌƌĞ�ĂƵƌŝĐŽůĂƌŝ�;�Ϳ�Ğ�ĂůůĂ�ďĂƌƌĂ�ĚĞŐůŝ�ŝŶĐŝƐŝǀŝ�;�Ϳ�ĚĞůů͛ĂƉƉĂƌĂƚŽ�ƐƚĞƌĞŽƚĂƐƐŝĐŽ͕�ŝŶ�ĚƵĞ�ĚŝǀĞƌƐĞ�
ĂŶŐŽůĂǌŝŽŶŝ͘��Ϳ�sŝĞŶĞ�ŵŽƐƚƌĂƚŽ�ŝů�ĐŽůůŽĐĂŵĞŶƚŽ�ĨŝŶĂůĞ�ĚĞů�ƌĂƚƚŽ�Ăůů͛ĂƉƉĂƌĂƚŽ�ƐƚĞƌĞŽƚĂƐƐŝĐŽ�Ğ�ůĂ�ƐƵĂ�

preparazioŶĞ�ƉĞƌ�ů͛ŝŶƐĞƌŝŵĞŶƚŽ�del V-COOL 
 
 

In questo modo il programma riconosce la posizione spaziale del device rispetto alle 
FRRUGLQDWH� GHOO¶DWODQWH� FHUHEUDOH� GL� UDWWR�� SUHPHWWHQGR� GL� UDJJLXQJHUH� LO� WDUJHW�
prefissato (Figura 29). Durante i nostri esperimenti le coordinate target per O¶DFFHVVR�
ventricolare sono state individuate attraverso alcune prove di accesso ventricolare e 
sono risultate le seguenti: ML -1,55; AP -0,80; DV -4,23 

 

 

 
Figura 29. In alto a sinistra, calotta cranica di ratto sui cui sono ben evidenti i punti Lambda e Bregma, punti 

Ěŝ�ƌĞƉĞƌĞ�ĨŽŶĚĂŵĞŶƚĂůŝ�ƉĞƌ�ŝů�ƐĞƚƚĂŐŐŝŽ�ĚĞůů͛ĂƉƉĂƌĂƚŽ�ƐƚĞƌĞŽƚĂƐƐŝĐŽ͘�/Ŷ�ďĂƐƐŽ�Ă�ƐŝŶŝƐƚƌĂ͕�ŝŵŵĂŐŝŶĞ�ƚƌĂƚƚĂ�
ĚĂůů͛ĂƚůĂŶƚĞ�ƐƚĞƌĞŽƚĂƐƐŝĐŽ͘�/ů�ďĞƌƐĂŐůŝŽ�ďůƵ�ŝŶĚŝĐĂ�ŝů�ƚĂƌŐĞƚ�ǀĞŶƚƌŝĐŽůĂƌĞ͕�ĚĞů�ƋƵĂůĞ�ƐŽŶŽ�ƌŝƉŽƌƚĂƚĞ�ůĞ�ĐŽŽƌĚŝŶĂƚĞ�
nel medesimo colore. ��ĚĞƐƚƌĂ͕�ĂƉƉĂƌĂƚŽ�ƐƚĞƌĞŽƚĂƐƐŝĐŽ�ĚĂ�ůĂďŽƌĂƚŽƌŝŽ͕�ƉĞƌ�ů͛Ƶƚŝůŝǌzo sul modello animale di 

ratto 

A B 

C 
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- Temperatura sistemica e cerebrale: durante i nostri esperimenti la temperatura 
sistemica è stata misurata grazie al posizionamento di una apposita sonda rettale, 
mentre la temperatura cerebrale q�VWDWD�ULOHYDWD�WUDPLWH�O¶LQWURGX]LRQH�GL�XQD�VRQGD�
cerebrale invasiva (sonda Opsens), posta nella corteccia retrospleniale (RSG) 
VLQLVWUD��FLUFD���PP�SRVWHULRUPHQWH�DOO¶LQJUHVVR�GHO�GHYLFH��)LJXUD�30). 

 

 
 

Figura 30. ImmaŐŝŶĞ�ƚƌĂƚƚĂ�ĚĂůů͛ĂƚůĂŶƚĞ�ƐƚĞƌĞŽƚĂƐƐŝĐŽ�ĐŚĞ�ƌŝƚƌĂĞ�ŝŶ�ƌŽƐƐŽ�ůĞ�ĐŽŽƌĚŝŶĂƚĞ�ĐĞƌĞďƌĂůŝ�ŝŶ�
cui è stata posizionata la sonda di temperatura intraparenchimale (Opsens) 

 
 
- Pressione intracranica: durante le infusioni di aCSF la pressione intraventricolare è 

stata monitorata in tutti gli esperimenti posizionando un trasduttore di pressione a 
monte del lume di infusione del device. Successivamente, grazie alle innovazioni 
apportate con il V-COOL 3.0 è stata possibile dapprima la misurazione della 
pressione interna al lume di infusione a pochi millimetri dal sistema ventricolare e 
VXFFHVVLYDPHQWH�DWWUDYHUVR� O¶XWLOL]]R�GL� XQD� VRQGD�GL�SUHVVLRQH� LQWUDSDUHQFKLPDOH�
(sonda pressoria Opsens). 

 
 
 
 
 
 
 
 
 
 
 
 
 

Target for temperature (and pressure) probes

In vivo prototyping of the V-COOL device
CSF access

Target for V-COOL device
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Figura 51. �ŽŶĨƌŽŶƚŽ�ŵĂĐƌŽƐĐŽƉŝĐŽ�ƚƌĂ�ƐĞǌŝŽŶŝ�ĐĞƌĞďƌĂůŝ�ĐŽƌŽŶĂůŝ�ĚŽƉŽ�ů͛ƵƚŝůŝǌǌŽ�Ěŝ�ĚƵĞ�ĚŝǀĞƌƐĞ�ǀĂƌŝĂŶƚŝ�Ěŝ�
ƉƵŶƚĂ�Ě͛ĂŐŽ͗��Ϳ��ŶĐĞĨĂůŽ�Ěŝ�ƌĂƚƚŽ�ĚŽƉŽ�ůĂ�ĐŽůŽƌĂǌŝŽŶĞ�ĐŽŶ�ďůƵ�Ěŝ�ŵetilene eseguita con ago provvisto di 

punta variante 1 B) Encefalo di ratto dopo la colorazione eseguita con ago con punta variante 2. La 
riduzione della traumaticità della lesione nella figura B è evidente 

 

± Ago 20 GA con punta variante 2: ridotto il diaPHWUR�GHOO¶DJR��DEELDPR�VYROWR���SURYH�
nelle quali siamo sempre riusciti a raggiungere il sistema ventricolare e ad infondere con 
successo il blu di metilene (Figura 52���/¶HYLGHQ]D�GHOO¶HIILFDFLD�GL�TXHVWR�WLSR�GL�DJR�q�VWDWD�
fondamentale per lo sviluppo dei prototipi di V-&22/��YLVWD� O¶LPSRUWDQ]D�GL�PLQLPL]]DUH� LO�
danno in vista della sua futura traslazione sul modello umano.  
Questo modello di ago è quello che si è rivelato ottimale e su cui sono stati costruiti i primi 
prototipi di V-COOL. 

 
  
 
 
 
 

Figura 52. Sezioni coronali dallo spessore di 1mm di 
encefalo di ratto in ordine rostro-caudale (A-N), 

tagliate dopo fissaggio in formalina 10%. Il colorante 
blu di metilene è stato iniettato con successo 

attraverso un ago da 20 GA dotato di punta variante 
2. E͛�ďĞŶ�ǀŝƐŝďŝůĞ�ůĂ�ĐŽůŽƌĂǌŝŽŶĞ�ďůƵ�ĚĞůů͛ŝŶƚĞƌŽ�ƐŝƐƚĞŵĂ�

ventricolare cerebrale (ventricoli laterali, terzo 
ventricolo e quarto ventricolo). Questo conferma il 
raggiungimento del target da parte del dispositivo 
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± Ago 19 GA con punta variante 2��&RQ�O¶utilizzo dei prototipi V-COOL 2.0 e V-COOL 3 è 
VWDWR�QHFHVVDULR�DXPHQWDUH�LO�GLDPHWUR�GHOO¶DJR�GD�UDFKLFentesi a 19 GA in modo che esso 
potesse strutturalmente ospitare la cannula bilume dei due device (Figura 53). 
  
/¶DJR�GD����*$�FRQ�SXQWD�YDULDQWH���q�O¶DJR�WXWWRUD�LQ�XVR� 
 
 

 
 

 
 
 
 
 
 
 
 

 
 

Figura 53. A) Dettaglio della punta del device V-COOL 2 in cui si può osservare il dettaglio della cannula 
bilume pediatrica ivi contenuta. B) Dettaglio della punta del device V-COOL 3 in cui si possono osservare i 

due lumi concentrici 
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Sulla base di queste considerazioni abbiamo condotto una serie di prove successive 

(n=8) impiegando un ago da 20 GA con un diametro inferiore al precedente ma che 

����������� ��� �����ǯ������� ��� ������ variante 2. Il fatto di minimizzare il danno 

�������������ǯ�����������������������������°� �������� ����������������������������������

������������������������ǯ����Ǥ�� risultati, mostrati in Fig. 9.3-5ǡ���������������ǯ�������ʹͲ�

GA con punta variante 2 raggiunge il target (ventricolo laterale) e permette una efficace 

infusione del colorante blu nel sistema ventricolare. Sulla base di questa prima 

campagna sperimentale, abbiamo ottenuto una evidenza solida che ci ha portato ad 

utilizzare il diametro da 20 GA e la punta variante 2 nello sviluppo tecnologico dei 

prototipi e negli esperimenti in vivo per la realizzazione del dispositivo V-COOL. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figura 9.3-5: (A-N) Sezioni coronali (anteriori e posteriori) di cervello di ratto in ordine rostro-caudale. Ottenute 

tagliando il cervello manualmente, precedentemente fissato in una soluzione di formalina al 10%. Ogni sezione 

anteriore è affiancata alla propria posteriore. Il colorante blu di metilene è stato iniettato con ago da 20 GA e punta 

variante 2. �ǯ� ben visibile la colorazione blu ����ǯ������� �������� ������������� ���������� ȋ����������� ��������ǡ� ������

ventricolo e quarto ventricolo). Questo conferma il raggiungimento del target da parte del dispositivo. O) dettaglio 

della selezione H.  P) ago 20 GA con variante punta 2. 
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V-COOL 2.0 V-COOL 3.0



V-COOL 2.0 prototype

• Double parallel lumen, one for 

infusion (23GA) and one for 

drainage (22GA)

• Exoskeleton with internal cold

water recirculation (5-7°C), cooled

by an ice coil

• Peristaltic pump for infusion at 0.1 

ml/min, 0.2 ml/min and 0.4 

ml/min flow rates

• Double pressure transducer

placed upstream of the infusion

lumen and downstream of the 

drainage lumen

• Thermocouple for cooling circuit

control



V-COOL 3.0 prototype

• Double concentric lumen, with 
larger and more efficient drain
lumen (19GA) and 23.5GA infusion
lumen

• Exoskeleton with internal cold
water recirculation (5-7°C), cooled
by Peltier module

• Syringe pump for infusion at flow 
rates of 0.2 ml/min, 0.4 ml/min and 
0.8 ml/min

• Pressure transducer placed inside 
the drainage lumen

• Early detachment of the two
lumens, to avoid heat exchange

• Thermocouple for cooling circuit
control
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Figura 8. A) Schema del funzionamento complesso del V-COOL 3.0: in blu il sistema di refrigerazione, in 
YHUGH�LO�VLVWHPD�H�LO�OXPH�G¶Lnfusione, in rosso il sistema e il lume di drenaggio, le frecce bianche indicano la 
GLUH]LRQH�GHO�IOXVVR�QHL�YDUL�OXPL��OD�³7´�UDSSUHVHQWD�OD�WHUPRFRSSLD�GHOOD�VHUSHQWLQD�H�OD�³3´�OD�VRQGD�GL�
SUHVVLRQH��%��)RWR�GHO�GHWWDJOLR�GHOO¶DOORQWDQDPHQWR�SUHFRFH�GHL due lumi, il blu di metilene colora il lume di 
GUHQDJJLR�&��,QJUDQGLPHQWR�GHOOR�VFKHPD��FKH�PRVWUD�QHO�GHWWDJOLR�O¶RUJDQL]]D]LRQH�GHL�OXPL�H�OD�SUHVHQ]D�
GHOOD�VRQGD�GL�SUHVVLRQH��JLDOOR��DOO¶LQWHUQR�GHO�OXPH�GL�LQIXVLRQH�'-E) Dettaglio della punta del device in cui 
si possono osservare i due lumi concentrici, con e senza blu di metilene. 
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Figura 7. A) Foto del V-&22/�����PRQWDWR�VXOO¶DSSDUDWR�VWHUHRWDVVLFR�%��IRWR�GHOO¶LQWHUR�FLUFXLWR�QHOOD�TXDOH�
si possono notare: la serpentina alimentata a ghiaccio (1), il reservoir per il circuito di refrigerazione (2), la 
pompa roller sullo sfondo (3) e la sonda di pressione (4) . Alcuni componenti, come la pompa siringa non 
sono raffigurati ma sono presenti sul bancone a destra. Injected CSF temperature 10° C

CSF recirculation flow (ml/min)
0.2

0.4

0.8

V-COOL 3.0 prototype
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I risultati ottenuti con questo device hanno portato allo sviluppo di altri prototipi di V-COOL 
3 (V-COOL 3.1, 3.2 e 3.3) in cui sono state progressivamente introdotte migliorie nella 
struttura stessa del modello, nel sistema di monitoraggio e nel sistema di refrigerazione, 
DXPHQWDQGR�FRVu�O¶HIILFLHQ]D�GHO�UDIIUHGGDPHQWR�� 

 

V-COOL 3.1 

La prima grande innovazione che caratterizza i prototipi dal V-COOL 3.1 in poi è 
O¶LQWURGX]LRQH�GL�XQ�HVRVFKHOHWUR�LQ�PLLA (acido polilattico) ottenuto tramite una stampa 
tridimensionale; il modello digitale del device, disegnato WUDPLWH�O¶XWLOL]]R�GL�VSHFLILFL�
software, viene infatti successivamente elaborato per essere realizzato, strato dopo strato, 
da una stampante 3D (Figura 35). 
 

 
 
 

Figura 35. Foto del device V-COOL 3.1 con esoscheletro di acido polilattico creato da una stampante 
tridimensionale 

 
 
Eccetto questo nuovo layout del device, che lo rende ancora più stabile e compatto del 
precedente, O¶RUJDQL]]D]LRQH�VWUXWWXUDOH�ULPDQH�LGHQWLFD�D�TXHOOD�GHO�9-COOL 3.0 con i due 
lumi concentrici di 19 GA e 23,5 GA FKH�VL�VHSDUDQR�D�SRFKL�FHQWLPHWUL�GDOOD�SXQWD�GHOO¶DJR�
per ridurre al minimo lo shunt termodinamico.  
Anche il circuito rimane invariato e il sistema di infusione di aCSF, alimentato dalla pompa 
siringa, infonde alle portate di 0,2 ml/min, 0,4 ml/min e 0,8 ml/min per 10 minuti, seguiti da 
10 minuti di riposo del sistema ventricolare dopo ciascuna portata per aspettare il riequilibrio 
della temperatura cerebrale e sistemica. 
Per quanto riguarda il sistema di monitoraggio, oltre alla sonda di temperatura 
intraparenchimale (sonda Opsens), anche la sonda di pressione (sonda Opsens), posta nel 
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Figura 33. A) Foto del V-�KK>�ϯ͘Ϭ�ŵŽŶƚĂƚŽ�ƐƵůů͛ĂƉƉĂƌĂƚŽ�ƐƚĞƌĞŽƚĂƐƐŝĐŽ��Ϳ�&ŽƚŽ�ĚĞůů͛ŝŶƚĞƌŽ�ĐŝƌĐƵŝƚŽ�ŶĞůůĂ�
quale si possono notare: la serpentina alimentata a ghiaccio (1), il reservoir per il circuito di refrigerazione 
(2), la pompa roller sullo sfondo (3) e la sonda di pressione (4). Alcuni componenti, come la pompa siringa 

non sono raffigurati ma sono presenti sul bancone a destra. 

 

 
 

Figura 34. A) Schema del funzionamento complesso del V-COOL 3.0: in blu il sistema di refrigerazione, in 
verde il sisƚĞŵĂ�Ğ�ŝů�ůƵŵĞ�Ě͛ŝŶĨƵƐŝŽŶĞ͕�ŝŶ�ƌŽƐƐŽ�ŝů�ƐŝƐƚĞŵĂ�Ğ�ŝů�ůƵŵĞ�Ěŝ�ĚƌĞŶĂŐŐŝŽ͕�ůĞ�ĨƌĞĐĐĞ�ďŝĂŶĐŚĞ�ŝŶĚŝĐĂŶŽ�ůĂ�
ĚŝƌĞǌŝŽŶĞ�ĚĞů�ĨůƵƐƐŽ�ŶĞŝ�ǀĂƌŝ�ůƵŵŝ͕�ůĂ�͞d͟�ƌĂƉƉƌĞƐĞŶƚĂ�ůĂ�ƚĞƌŵŽĐŽƉƉŝĂ�ĚĞůůĂ�ƐĞƌƉĞŶƚŝŶĂ�Ğ�ůĂ�͞W͟�ůĂ�ƐŽŶĚĂ�Ěŝ�

pressione B) Foto del dettaglio della divisione precoce dei due lumi, il blu di metilene colora il lume di 
ĚƌĞŶĂŐŐŝŽ��Ϳ�/ŶŐƌĂŶĚŝŵĞŶƚŽ�ĚĞůůŽ�ƐĐŚĞŵĂ͕�ĐŚĞ�ŵŽƐƚƌĂ�ŶĞů�ĚĞƚƚĂŐůŝŽ�ů͛ŽƌŐĂŶŝǌǌĂǌŝŽŶĞ�ĚĞŝ�ůƵŵŝ�Ğ�ůĂ�ƉƌĞƐĞŶǌĂ�
ĚĞůůĂ�ƐŽŶĚĂ�Ěŝ�ƉƌĞƐƐŝŽŶĞ�;ŐŝĂůůŽͿ�Ăůů͛ŝŶƚĞƌŶŽ�ĚĞů�ůƵŵĞ�Ěŝ�ŝŶĨƵƐŝŽŶĞ��-E) Dettaglio della punta del device in cui 

si possono osservare i due lumi concentrici, con e senza blu di metilene 
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60 min. Application of V-COOL induced a dose-dependent 
mean reduction of brain cortical temperature in the ipsilateral 
hemisphere of 1.76 °C, 3.09 °C, and 4.46 °C at the flow rates 
of 0.2 mL/min, 0.4 mL/min, and 0.8 mL/min (p = 0.0008), 

respectively, with a time to steady state of 4.8 min (Fig. 3a, 
b). Rectal temperature was minimally affected by V-COOL 
application, with no change at 0.2 mL/min and 0.4 mL/min 
and a 0.4 °C reduction at 0.8 mL/min (p = 0.009; Fig. 3c). Pre-
liminary experiments (n = 4) suggested a larger cooling effect 
in the ipsilateral hemisphere, compared to the contralateral 
hemisphere (Supplementary Fig. 1).

In Vivo Safety of V-COOL: Effect on ICP 
and Functional Outcome

In vivo ICP monitoring was performed in 15 healthy rats. 
Before V-COOL application, baseline ICP was 5.9 (± 2.1) 
mmHg. After V-COOL insertion, the passive outflow in the 
extracranial reservoir was opened and ICP reached pressure 
equilibrium at 0 mmHg. After V-COOL activation, mean 
ICP values were 6.8 mmHg, 12.1 mmHg, and 31.8 mmHg 
at the flow rates of 0.2 mL/min, 0.4 mL/min, and 0.8 mL/
min, respectively (p = 0.0002; Fig. 4a, b), reaching a plateau 
within 2 min. The flow rate of 0.4 mL/min was judged to 
have a favorable balance between cooling efficacy and ICP 
safety and it was chosen to be tested for 60-min application 
of V-COOL and assessment of imaging and functional out-
come over the next 24 h. Functional outcome after 60 min 
of V-COOL application was assessed at 24 h and compared 
to sham surgery (Table 1). Neurobehavioral tests, compar-
ing V-COOL application (n = 10) to sham surgery (n = 7), 
showed no difference in mortality (all animals survived), in 
the corner turning test (p = 1.000) and in the Garcia neuro-
score (p = 0.485).

Fig. 2  Thermometric curves related to inflow rates from in silico (a) 
and in vitro (b) modelling of the V-COOL device

Fig. 3  Representative trac-
ings showing the dynamics of 
cerebral cortical temperature in 
a rat during application of the 
V-COOL device (a). Mean cer-
ebral cortical cooling (n = 42) 
during V-COOL application 
at increasing inflow rates (b). 
Mean systemic cooling (rectal 
temperature, n = 42) during 
V-COOL application at increas-
ing inflow rates (c)

In vivo effect on brain and systemic temperature 
of the V-COOL device
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Figura 56.Esempio di curva iperbolica con rappresentazione di  ʏ e  5ʏ. 

 
 

In tutti gli animali trattati con V-COOL alla portata di 0.4 ml/min (n=22) è stato quindi 

ricavato, mediante approssimazioni matematiche, il valore di ʏ, da cui è poi stato pos-

sibile calcolare il valore medio e moltiplicarlo per 5, ottenendo 5ʏ, risultato pari a circa 

4 minuti e 48 secondi. 

Il tempo medio per il raggiungimento della temperatura corticale target nei ratti trat-

tati con V-COOL alla portata di 0.4 ml/min è risultato quindi pari a circa 5 minuti; ciò ci 

permette di affermare che il V-COOL è in grado di determinare un raffreddamento ce-

rebrale efficace in breve tempo. 
 
Abbiamo infine calcolato le variazioni della temperatura sistemica (ȴ temperatura si-

stemica= temperatura sistemica di inizio infusione ʹ temperatura sistemica di fine in-

fusione) verificatesi durante i primi 10 minuti di utilizzo di V-COOL nelle prove eseguite 

ĂůůĞ�ϯ�ƉŽƌƚĂƚĞ͖�ĐŽŵĞ�ŵŽƐƚƌĂ�ůĂ�&ŝŐƵƌĂ�ϱϳ�͕�ů͛ĂƉƉůŝĐĂǌŝŽŶĞ�ĚĞů�s-COOL ha determinato so-

ůŽ�ŵŝŶŝŵĞ�ǀĂƌŝĂǌŝŽŶŝ�ĚĞůůĂ�ƚĞŵƉĞƌĂƚƵƌĂ�ƐŝƐƚĞŵŝĐĂ�ĚĞůů͛ĂŶŝŵĂůĞ͕��Ɖŝƶ�ĞǀŝĚĞŶƚŝ�ƉĞƌ�ůĞ�ƉƌŽͲ
ve eseguite con la portata di 0.8 ml/min, risultando quindi in grado di determinare un 

raffreddamento selettivo a livello cerebrale. 

 

 

 

 

 

 

 

 

 

 

 

 

time to steady state 4.8 min
time to target temperature (5T; 5 times the time constant)
(0.4 mL/min)



Rhinochill
− 1.7°C in 60 min
target tympanic temperature of 34°C in 1.3 hours 
(coupled with surface cooling)

Net cooling effect

Cooling helmet
− 1.8°C in 60 min
target cerebral temperature of 34°C in 3.4 hours

Neuron Guard
− 0.6°C in 60 min
Steady stated -1.2°C at 2 hours
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In Vivo MRI-Based Analysis of the Ventricular System 
During V-COOL Application

The effect of 60-min application of V-COOL on the volume 
of the ventricular system was studied using MRI in 5 healthy 
rats, comparing baseline, immediately after 60-min applica-
tion of V-COOL and 24 h after V-COOL removal. After 1 h 
of V-COOL application, ventricular volume increased by a 
mean of 38%, returning to normal values 24 h after V-COOL 
removal (Fig. 5a–c).

Discussion

Mild therapeutic hypothermia (33–34 °C) has been shown 
to improve neurologic outcome in global cerebral ischemic 
conditions such as moderate-severity post-cardiac arrest syn-
drome in adults [15], hypoxic-ischemic encephalopathy in 
newborn infants [16], and aortic arch surgery [17]. A benefit 
of therapeutic hypothermia in focal cerebral ischemic condi-
tions has been largely reported in experimental models of 
ischemic stroke [18] and SAH-induced vasospasm [19], but 
clinical studies have been inconclusive so far [20, 21]. Nota-
bly, a number of technical factors and predictable adverse 
events limited clinical translation of systemic hypothermia 
to acute neurological and neurosurgical patients [22–24].

In the present study, we aimed to go beyond the current 
applications of therapeutic hypothermia, exploring the new 
concept of selective CSF hypothermia and developing a ven-
tricular cooling device (V-COOL). The aim of the V-COOL 
device is to rapidly obtain and maintain a target CSF temper-
ature in a lateral ventricle, generating a temperature gradient 
across the ventricular system and two cerebral hemispheres. 
The cooling mechanism of the V-COOL device is based on 
exchange of cool-versus-warm CSF, similarly to hemodialy-
sis or plasma exchange.

Previous studies explored different external devices 
aimed at inducing a selective brain hypothermia, using 
an intranasal cooling vaporizer, a cooling helmet, and a 
cooling collar. Overall, cerebral cooling efficacy of these 
external cooling devices proved to be modest. RhinoChill, 
a cooling technology providing transnasal evaporative 
cooling, was studied in pigs and in cardiac arrest patients 
and provided a net cooling effect of − 1.7 °C in 60 min 
and reached the target tympanic temperature of 34 °C in 
75–85 min, when coupled with surface cooling [25, 26]. 
A brain cooling helmet was studied in patients with severe 
stroke and traumatic brain injury and provided a net cool-
ing effect of − 1.6 °C in 60 min and reached the target brain 
cooling on − 3 °C in 3.4 h [27]. Neuron guard, a flexible 

Fig. 4  Representative tracings showing intracranial pressure changes 
in a rat during application of the V-COOL device (a). Mean intrac-
ranial pressure (n = 15) during V-COOL application at increasing 
inflow rates (b)

Table 1  Functional outcome 
24 h after 60-min application of 
V-COOL

“Success” indicates a good functional outcome at 24  h (alive; Garcia neuroscore 14 to 18; % of right 
turns > 30%). “Scores” indicates ordinal data (3 to 18) for Garcia neuroscore and continuous data (0 to 
100%) for corner turning test
SD standard deviation

Outcome Groups Success, n (%) p value Scores (mean ± SD) p value

Mortality V-COOL 10 (100) 1.000 – –
Sham surgery 7 (100)

Garcia neuroscore V-COOL 8 (80) 0.485 15.1 ± 2.4 0.610
Sham surgery 7 (100) 15.3 ± 0.3

Corner turning test V-COOL 9 (90.0) 1.000 48.8 ± 12.6 0.638
Sham surgery 6 (85.7) 42.5 ± 21.2

In vivo effect on intracranial pressure
of the V-COOL device
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cooling collar, was studied in sheep and provided a net 
cooling effect of 0.6 °C in 60 min and approached − 2 °C 
at the steady state [28].

Our findings showed the feasibility, efficacy, and safety 
of CSF cooling using the V-COOL device, which induced a 
clinically meaningful and rapid brain selective hypothermia. 
A net cooling effect of − 3 °C of the cerebral cortex was 
obtained within 5 min. Our results showed a favorable safety 
profile of V-COOL, with a flow-dependent increase of ICP, 
which could be maintained < 20 mmHg with a flow rate of 
0.4 mL/min and a passive iso-pressure outflow. Under these 
conditions, application of V-COOL for 60 min in healthy 
rats did not affect survival and neurobehavior at 24 h and 

induced a mild and reversible dilation of the ventricular 
system.

Our study has several limitations, particularly regarding 
clinical translation. At the current stage, our results should 
be regarded as a first, proof-of-principle, experimental 
in vivo evidence of intraventricular cooling. The V-COOL 
technology needs further developments not only before 
being applied to patients, but also before being applied to 
animal models of acute brain injury which requires manipu-
lation, surgery, and awakening from anesthesia.

A first translational development will be a flexible dou-
ble-lumen cannula to test the V-COOL device in awake 
animals and in animal disease models. The current version 
of the V-COOL device, developed to be used in rats, was 
provided with a rigid cannula and was activated exclusively 
under stereotaxic guidance, due to of small size of the rat 
cerebral ventricles. Further studies in a large animal model 
of acute brain injury, such as the middle cerebral artery 
occlusion model in pigs [29], would allow to develop a new 
version of the V-COOL technology with a larger, flexible, 
double-lumen cannula.

A second translational development will be designing the 
V-COOL device as a closed-loop circuit, allowing re-circulation 
of the subjects’ own CSF. A “prompting” artificial CSF will be 
needed only to fill the circuitry of the device, without continuous 
refilling/wasting.

A third translational development, closely related to the 
ones discussed above, will be increasing safety through an 
optimized control of ICP and ventricular volume. A larger 
double-lumen cannula, connected to a closed-loop cir-
cuit, with a downstream ICP-dependent outflow reservoir, 
will guarantee improved outflow, reducing the risk of ICP 
increase. Moreover, the V-COOL device could be clinically 
developed to function also as an external ventricular drain to 
remove excess CSF, regulate ventricular volume, and guar-
antee ICP control in patients. Ideally, V-COOL might be 
integrated in a multi-lumen bolt including an ICP sensor, a 
temperature sensor, and a CSF drain.

Further safety issues should be addressed using future 
translational versions of the V-COOL device in large animal 
models, before moving to clinical studies: in case of mispo-
sitioning, an alarm could be activated by combining real-
time data from the upstream pressure sensor and the outflow 
pressure sensor; biomarkers of parenchymal, ependymal, or 
meningeal inflammation could be analyzed in the outflow 
reservoir to further investigate tolerability; the exchange 
CSF rate tested in the rat version of the V-COOL prototype 
(0.4 mL/min) corresponds to approximately 50 mL/min in 
humans, which is approximately 10% of the exchange rate 
of hemodialysis (500 mL/min). It is imperative to under-
stand the physiologic effects of rapid cerebral cooling in 
an animal model of acute brain injury. Attention should be 
high to detect unexpected adverse effects, learning from the 

Fig. 5  Representative brain MRI images (axial view) of a rat before 
(a) and after 60-min application of V-COOL (b). The site of V-COOL 
access is highlighted (dotted circles). Mean ventricular volume (n = 5) 
was calculated before, immediately after 60-min application of 
V-COOL, and 24 h after V-COOL removal (c)
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cooling collar, was studied in sheep and provided a net 
cooling effect of 0.6 °C in 60 min and approached − 2 °C 
at the steady state [28].

Our findings showed the feasibility, efficacy, and safety 
of CSF cooling using the V-COOL device, which induced a 
clinically meaningful and rapid brain selective hypothermia. 
A net cooling effect of − 3 °C of the cerebral cortex was 
obtained within 5 min. Our results showed a favorable safety 
profile of V-COOL, with a flow-dependent increase of ICP, 
which could be maintained < 20 mmHg with a flow rate of 
0.4 mL/min and a passive iso-pressure outflow. Under these 
conditions, application of V-COOL for 60 min in healthy 
rats did not affect survival and neurobehavior at 24 h and 

induced a mild and reversible dilation of the ventricular 
system.

Our study has several limitations, particularly regarding 
clinical translation. At the current stage, our results should 
be regarded as a first, proof-of-principle, experimental 
in vivo evidence of intraventricular cooling. The V-COOL 
technology needs further developments not only before 
being applied to patients, but also before being applied to 
animal models of acute brain injury which requires manipu-
lation, surgery, and awakening from anesthesia.

A first translational development will be a flexible dou-
ble-lumen cannula to test the V-COOL device in awake 
animals and in animal disease models. The current version 
of the V-COOL device, developed to be used in rats, was 
provided with a rigid cannula and was activated exclusively 
under stereotaxic guidance, due to of small size of the rat 
cerebral ventricles. Further studies in a large animal model 
of acute brain injury, such as the middle cerebral artery 
occlusion model in pigs [29], would allow to develop a new 
version of the V-COOL technology with a larger, flexible, 
double-lumen cannula.

A second translational development will be designing the 
V-COOL device as a closed-loop circuit, allowing re-circulation 
of the subjects’ own CSF. A “prompting” artificial CSF will be 
needed only to fill the circuitry of the device, without continuous 
refilling/wasting.

A third translational development, closely related to the 
ones discussed above, will be increasing safety through an 
optimized control of ICP and ventricular volume. A larger 
double-lumen cannula, connected to a closed-loop cir-
cuit, with a downstream ICP-dependent outflow reservoir, 
will guarantee improved outflow, reducing the risk of ICP 
increase. Moreover, the V-COOL device could be clinically 
developed to function also as an external ventricular drain to 
remove excess CSF, regulate ventricular volume, and guar-
antee ICP control in patients. Ideally, V-COOL might be 
integrated in a multi-lumen bolt including an ICP sensor, a 
temperature sensor, and a CSF drain.

Further safety issues should be addressed using future 
translational versions of the V-COOL device in large animal 
models, before moving to clinical studies: in case of mispo-
sitioning, an alarm could be activated by combining real-
time data from the upstream pressure sensor and the outflow 
pressure sensor; biomarkers of parenchymal, ependymal, or 
meningeal inflammation could be analyzed in the outflow 
reservoir to further investigate tolerability; the exchange 
CSF rate tested in the rat version of the V-COOL prototype 
(0.4 mL/min) corresponds to approximately 50 mL/min in 
humans, which is approximately 10% of the exchange rate 
of hemodialysis (500 mL/min). It is imperative to under-
stand the physiologic effects of rapid cerebral cooling in 
an animal model of acute brain injury. Attention should be 
high to detect unexpected adverse effects, learning from the 

Fig. 5  Representative brain MRI images (axial view) of a rat before 
(a) and after 60-min application of V-COOL (b). The site of V-COOL 
access is highlighted (dotted circles). Mean ventricular volume (n = 5) 
was calculated before, immediately after 60-min application of 
V-COOL, and 24 h after V-COOL removal (c)

In vivo effect on ventricular volume
of the V-COOL device

Selective Cerebrospinal Fluid Hypothermia: Bioengineering Development and In Vivo Study…

1 3

cooling collar, was studied in sheep and provided a net 
cooling effect of 0.6 °C in 60 min and approached − 2 °C 
at the steady state [28].

Our findings showed the feasibility, efficacy, and safety 
of CSF cooling using the V-COOL device, which induced a 
clinically meaningful and rapid brain selective hypothermia. 
A net cooling effect of − 3 °C of the cerebral cortex was 
obtained within 5 min. Our results showed a favorable safety 
profile of V-COOL, with a flow-dependent increase of ICP, 
which could be maintained < 20 mmHg with a flow rate of 
0.4 mL/min and a passive iso-pressure outflow. Under these 
conditions, application of V-COOL for 60 min in healthy 
rats did not affect survival and neurobehavior at 24 h and 

induced a mild and reversible dilation of the ventricular 
system.

Our study has several limitations, particularly regarding 
clinical translation. At the current stage, our results should 
be regarded as a first, proof-of-principle, experimental 
in vivo evidence of intraventricular cooling. The V-COOL 
technology needs further developments not only before 
being applied to patients, but also before being applied to 
animal models of acute brain injury which requires manipu-
lation, surgery, and awakening from anesthesia.

A first translational development will be a flexible dou-
ble-lumen cannula to test the V-COOL device in awake 
animals and in animal disease models. The current version 
of the V-COOL device, developed to be used in rats, was 
provided with a rigid cannula and was activated exclusively 
under stereotaxic guidance, due to of small size of the rat 
cerebral ventricles. Further studies in a large animal model 
of acute brain injury, such as the middle cerebral artery 
occlusion model in pigs [29], would allow to develop a new 
version of the V-COOL technology with a larger, flexible, 
double-lumen cannula.

A second translational development will be designing the 
V-COOL device as a closed-loop circuit, allowing re-circulation 
of the subjects’ own CSF. A “prompting” artificial CSF will be 
needed only to fill the circuitry of the device, without continuous 
refilling/wasting.

A third translational development, closely related to the 
ones discussed above, will be increasing safety through an 
optimized control of ICP and ventricular volume. A larger 
double-lumen cannula, connected to a closed-loop cir-
cuit, with a downstream ICP-dependent outflow reservoir, 
will guarantee improved outflow, reducing the risk of ICP 
increase. Moreover, the V-COOL device could be clinically 
developed to function also as an external ventricular drain to 
remove excess CSF, regulate ventricular volume, and guar-
antee ICP control in patients. Ideally, V-COOL might be 
integrated in a multi-lumen bolt including an ICP sensor, a 
temperature sensor, and a CSF drain.

Further safety issues should be addressed using future 
translational versions of the V-COOL device in large animal 
models, before moving to clinical studies: in case of mispo-
sitioning, an alarm could be activated by combining real-
time data from the upstream pressure sensor and the outflow 
pressure sensor; biomarkers of parenchymal, ependymal, or 
meningeal inflammation could be analyzed in the outflow 
reservoir to further investigate tolerability; the exchange 
CSF rate tested in the rat version of the V-COOL prototype 
(0.4 mL/min) corresponds to approximately 50 mL/min in 
humans, which is approximately 10% of the exchange rate 
of hemodialysis (500 mL/min). It is imperative to under-
stand the physiologic effects of rapid cerebral cooling in 
an animal model of acute brain injury. Attention should be 
high to detect unexpected adverse effects, learning from the 

Fig. 5  Representative brain MRI images (axial view) of a rat before 
(a) and after 60-min application of V-COOL (b). The site of V-COOL 
access is highlighted (dotted circles). Mean ventricular volume (n = 5) 
was calculated before, immediately after 60-min application of 
V-COOL, and 24 h after V-COOL removal (c)
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Remote ischaemic conditioning—a new 
paradigm of self-protection in the brain
David C. Hess, Rolf A. Blauenfeldt, Grethe Andersen, Kristina D. Hougaard, Md Nasrul Hoda, 
Yuchuan Ding and Xunming Ji

Abstract | Remote ischaemic conditioning (RIC) triggers endogenous protective pathways in distant organs 
such as the kidney, heart and brain, and represents an exciting new paradigm in neuroprotection. RIC involves 
repetitive inflation and deflation of a blood pressure cuff on the limb, and is safe and feasible. The exact 
mechanism of signal transmission from the periphery to the brain is not known, but both humoral factors and 
an intact nervous system seem to have critical roles. Early-phase clinical trials have already been conducted 
to test RIC in the prehospital setting in acute ischaemic stroke, and in subarachnoid haemorrhage for the 
prevention of delayed cerebral ischaemia. Furthermore, two small randomized clinical trials in patients with 
symptomatic intracranial atherosclerosis have shown that RIC can reduce recurrence of stroke and have 
neuroprotective activity. RIC represents a highly practical and translatable therapy for acute, subacute, and 
chronic neurological diseases with an ischaemic or inflammatory basis. In this Review, we consider the 
principles and mechanisms of RIC, evidence from preclinical models and clinical trials that RIC is beneficial 
in neurological disease, and how the procedure might be used in the future in disorders such as vascular 
cognitive impairment and traumatic brain injury.
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Introduction
The brain can self-protect against and adapt to stress 
and injurious stimuli, such as hypoxia and ischaemia, 
by triggering activation of endogenous protective path-
ways.1 Trials in stroke in which single neuro protective 
pathways were targeted for activation have been unsuc-
cessful, so alternative strategies that target multiple 
pathways are attractive and represent a new paradigm in 
neuro protection.2 Remote ischaemic  conditioning (RIC) 
is one such approach.

RIC is a form of preconditioning, an intervention in 
which small doses of an injurious agent, such as ischae-
mia, recruit protective pathways and induce a toler-
ant phenotype that protects against subsequent larger 
injuri ous doses.1 Ischaemic preconditioning was first 
demonstrated in 1986 in the heart, where repetitive brief 
occlusion and reperfusion of the left anterior descending 
artery reduced the size of the infarct that resulted from 
a subsequent longer period of occlusion.3 Similar direct 
ischaemic conditioning of the brain would require occlu-
sion of the blood vessels that directly supply the brain, 
but RIC offers a more feasible approach.

RIC involves repetitive inflation and deflation of a 
cuff around the limb to pressures above systolic blood 
pressure, with the intention of protecting distant organs 
such as the heart, kidney or brain. This approach 
was first shown to reduce endothelial injury during 

ischaemia–reperfusion in humans in 2002.4 In a seminal 
clinical trial published in 2010, the procedure salvaged 
myocardium in patients with ST segment elevation 
myocardial infarction when applied in the ambulance 
before percutaneous coronary intervention.5,6 Clinical 
trials of RIC have now become more numerous in the 
fields of cardiology, cardiovascular surgery and renal 
protection.5,7–13 In addition to its efficacy in cardio-
logical settings, RIC is also thought to remotely recruit 
neuroprotective pathways, and its safety, feasibility and 
low cost gives it high potential for translation to a wide 
variety of neurological conditions. 

In this Review, we consider the principles of precon-
ditioning, work that has demonstrated remote limb 
ischaemia to be effective, the proposed mechanisms of 
signal transfer to the brain and of neuroprotection, and 
the translation of acute and chronic RIC to treatment of 
neurological conditions.

Overview of preconditioning
Principles
Preconditioning can be induced in a cell, tissue, organ or 
whole animal by application of stressors (Box 1) that are 
injurious in large doses but which activate endogenous 
protective pathways when applied in small doses. These 
stressors are often considered to include pharmaceuticals 
that trigger endogenous protective pathways (pharmaco-
logical preconditioning). The concept of preconditioning 
is similar to that of hormesis, a toxicological principle 
that refers to a biphasic dose response in which low 
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Abstract | Remote ischaemic conditioning (RIC) triggers endogenous protective pathways in distant organs 
such as the kidney, heart and brain, and represents an exciting new paradigm in neuroprotection. RIC involves 
repetitive inflation and deflation of a blood pressure cuff on the limb, and is safe and feasible. The exact 
mechanism of signal transmission from the periphery to the brain is not known, but both humoral factors and 
an intact nervous system seem to have critical roles. Early-phase clinical trials have already been conducted 
to test RIC in the prehospital setting in acute ischaemic stroke, and in subarachnoid haemorrhage for the 
prevention of delayed cerebral ischaemia. Furthermore, two small randomized clinical trials in patients with 
symptomatic intracranial atherosclerosis have shown that RIC can reduce recurrence of stroke and have 
neuroprotective activity. RIC represents a highly practical and translatable therapy for acute, subacute, and 
chronic neurological diseases with an ischaemic or inflammatory basis. In this Review, we consider the 
principles and mechanisms of RIC, evidence from preclinical models and clinical trials that RIC is beneficial 
in neurological disease, and how the procedure might be used in the future in disorders such as vascular 
cognitive impairment and traumatic brain injury.
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by triggering activation of endogenous protective path-
ways.1 Trials in stroke in which single neuro protective 
pathways were targeted for activation have been unsuc-
cessful, so alternative strategies that target multiple 
pathways are attractive and represent a new paradigm in 
neuro protection.2 Remote ischaemic  conditioning (RIC) 
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which small doses of an injurious agent, such as ischae-
mia, recruit protective pathways and induce a toler-
ant phenotype that protects against subsequent larger 
injuri ous doses.1 Ischaemic preconditioning was first 
demonstrated in 1986 in the heart, where repetitive brief 
occlusion and reperfusion of the left anterior descending 
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but RIC offers a more feasible approach.

RIC involves repetitive inflation and deflation of a 
cuff around the limb to pressures above systolic blood 
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was first shown to reduce endothelial injury during 
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myocardium in patients with ST segment elevation 
myocardial infarction when applied in the ambulance 
before percutaneous coronary intervention.5,6 Clinical 
trials of RIC have now become more numerous in the 
fields of cardiology, cardiovascular surgery and renal 
protection.5,7–13 In addition to its efficacy in cardio-
logical settings, RIC is also thought to remotely recruit 
neuroprotective pathways, and its safety, feasibility and 
low cost gives it high potential for translation to a wide 
variety of neurological conditions. 

In this Review, we consider the principles of precon-
ditioning, work that has demonstrated remote limb 
ischaemia to be effective, the proposed mechanisms of 
signal transfer to the brain and of neuroprotection, and 
the translation of acute and chronic RIC to treatment of 
neurological conditions.
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Principles
Preconditioning can be induced in a cell, tissue, organ or 
whole animal by application of stressors (Box 1) that are 
injurious in large doses but which activate endogenous 
protective pathways when applied in small doses. These 
stressors are often considered to include pharmaceuticals 
that trigger endogenous protective pathways (pharmaco-
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is similar to that of hormesis, a toxicological principle 
that refers to a biphasic dose response in which low 
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conditioning (Figure 1). Studies in the heart suggest that 
chronic conditioning differs from acute RIC and is associ-
ated with persistent mTOR inhibition and increased 
levels of autophagic proteins.23 Chronic RIC can be 
continued in rehabilitation centres or  self-administered 
at home.

Ischaemic preconditioning in the brain
The brain can be preconditioned with hypoxia and 
ischae mia in a similar way to the heart. Hypoxic condi-
tioning of the brain was first reported in the early 1960s 
in studies that showed that exposure of rats to brief 
anoxia improved survival under anoxic conditions; the 
effect was thought to involve increased cerebral anaero-
bic glycolysis.34 The concept of tissue and cell adapta-
tion to hypoxia was also established in the 1960s with 
experiments in which mice that were repeatedly exposed 
to hypoxia became increasingly tolerant of hypoxia.35 
Transferring brain extracts from hypoxia-tolerant 
mice to hypoxia-naive mice transferred the protection; 
hypoxia-inducible factor-1α was subsequently identified 
as the key sensor in this hypoxic adaptation.35

Ischaemic preconditioning of the brains of intact 
animals was first reported in 1990: repeated 2-min 
episodes of global ischaemia in the Mongolian gerbil 
prevented delayed injury to the CA1 region of the hippo-
campus in response to a subsequent 5-min episode of 
ischaemia.36 The duration and timing of the condition-
ing ischaemic episodes were critical: dramatic protection 
was provided by two 2-min ischaemic episodes delivered 
1 day apart and 2 days before a 5-min ischaemic episode, 
whereas conditioning ischaemic episodes that lasted only 
1 min, or that lasted 2 min but were delivered 12 h before 
the 5-min episode, offered only partial or no protection. 
Similarly, a subsequent study showed that three episodes 

of 10-min occlusion of the middle cerebral artery pro-
tected against 100 min of subsequent occlusion, demon-
strating focal cerebral ischaemic preconditioning.37 This 
effect also depended on the time interval between precon-
ditioning and the insult: intervals of 48–72 h were effec-
tive, but intervals <24 h or longer than 7 days were not; 
the required interval was longer than that in the heart. In 
this study, protection was independent of cerebral blood 
flow, and correlated closely with  expression levels of heat 
shock 70 kDa protein 1A.37

Potential for natural preconditioning
The principles of preconditioning suggest that the 
phenom enon could occur naturally. Brief coronary 
ischae mia (angina) or a transient ischaemic attack (TIA) 
might be expected to protect against a subsequent myo-
cardial infarction or stroke. Studies of patients with 
 myo cardial  infarction suggest that pre-infarction angina 
reduces mortality and the size of the myocardial infarct,38–40 
but the situation is more complex for TIAs.

TIA has been associated with a reduced severity of 
and disability from stroke.41–43 An MRI study showed 
that infarct sizes were smaller in patients who experi-
enced TIA than in patients who did not, despite similar 
perfusion deficits in both groups.44 Similarly, in a study 
comprising 7,611 patients in the German Stroke Study 
Collaboration, a history of TIA was associated with 
reduced stroke severity, as measured with the NIH Stroke 
Scale (NIHSS), and this association was not confounded 
by stroke subtype.45 However, no association was seen 
between the timing of the TIA and stroke severity: TIAs 
that occurred <7 days before a stroke were not associated 
with lower stroke severity than were those that occurred 
>7 days before a stroke. Furthermore, a cohort study of 
1,707 patients with TIA found no association between the 
duration or timing of TIA and subsequent occurrence of 
stroke and disability that resulted from stroke.46

In one study of natural remote conditioning, data 
from a stroke registry were used to compare patients 
who had chronic peripheral limb ischaemia owing to 
peripheral vascular disease with patients who did not.47 
Chronic limb hypoperfusion was associated with lower 
NIHSS scores, less disability, as assessed with the modi-
fied Rankin Score, and lower mortality. Overall, the 
evidence suggests a weaker link between TIA and protec-
tion against stroke than between angina and protection 
against myocardial infarction.

Remote signalling to the brain
Neural and humoral mechanisms have been proposed 
as ways in which the peripheral signal from the limb is 
transmitted to a distant organ in RIC, and both mech-
anisms are probably required. Immune mechanisms 
might also be involved (Figure 3).

Involvement of the autonomic nervous system is sug-
gested in some models by inhibition of conditioning 
by hexamethonium, an antagonist of nicotinic acetyl-
choline receptors and an autonomic ganglia blocker.26,48,49 
Moreover, transection of the femoral nerve50,51 or spinal 
cord (at T9–T10)50 abolishes the effect of RIC in the 
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Figure 1 | Protocols of remote ischaemic conditioning in the acute and chronic 
settings. a | Conditioning can be performed at different stages of an acute 
ischaemic event. Preconditioning can provide protection as a result of delayed or 
early phases of the conditioning response. During ischaemia, perconditioning 
should be performed as early as possible. b | Remote ischaemic conditioning daily 
for several months can induce a chronic protective response that protects against 
the effects of acute ischaemia. Abbreviations: ICAS, intracranial atherosclerotic 
stenosis; VCI, vascular cognitive impairment.
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neurological outcome at 90 days in RIC patients (91). However, these findings need to be supported 

by an efficacy investigation for this intervention. 

RICH (NCT03930940) is a single–centre clinical trial. The cohort of the study was composed by 

patients with ICH (n=40) which were randomized to RIC within 24–48 hours of the onset and treated 

daily for 7 days or usual care. There was no significant difference in hematoma volume at 7 days but 

the perihematomal resolution rate was higher in the RIC group. There was no difference in favorable 

functional outcomes at 90 days (92). 

Repeated remote ischemic postconditioning (REPOST) (NTR6880) trial was stopped after the 

enrollment of 88 out of 180 scheduled patients. Repeated rIPostC was performed by inflating a blood 

pressure cuff around the upper arm (4 cycles ×5 minutes), which was repeated twice per day during 

hospitalization and last a maximum of 4 days. In this regard, no significant improvement was found 

in infarct size or clinical outcome in acute ischemic stroke patients subjected to the treatment. 

However, due to the lower inclusion rate, no definitive conclusions about the effectiveness of RIC 

can be addressed (93). 

There are several pre–clinical and clinical evidences supporting the possible neuroprotective activity 

of RIC; indeed, different trials assessed its safety and its feasible profile. Thus, this could be a 

promising therapeutic approach for AIS patients and it is also under clinical evaluation for the 

application on ICH and ESA. Moreover, RIC reduced the infarct size and improved the functional 

outcomes in preclinical models. In addition, because of its plug and play profile, RIC  can be applied 

also in prehospital setting as ambulance or helicopter, or in a clinical centre. Nevertheless, the exact 

molecular events involved in the neuroprotective activity of RIC are not completely determined, as 

its definition will be crucial for the understanding its mechanism of action. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3 Graphical representation of remote ischemic conditioning application. In clinical trial RIC treatment is commonly applied by brief 
inflation/deflation cycles A) by using a cuff around the arm B) or the limb of the patient. 
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preconditioning suggests that chronic use of remote limb con-
ditioning may have a role in high-risk stroke-prone patients.49

A randomized clinical trial of remote limb conditioning 
in acute stroke patients in the prehospital setting has been 
conducted in Denmark.50 Subjects were randomized in a 
 single-blind fashion to 4 cycles of 5 minutes occlusion with a 
blood pressure cuff on the arm or no intervention. The target 
population was those patients with a positive magnetic reso-
nance imaging-diffusion weighted image lesion who received 
IV tPA within 4.5 hours at the hospital. The primary out-
come was penumbral salvage; the mismatch between perfu-
sion imaging and diffusion imaging that does not progress to 
infarction at 30 days on T2 fluid attenuated inversion recovery. 
Although the results of this trial have not yet been reported, 
these clinical trials to date show that limb conditioning in 
humans is safe, well tolerated, and feasible, with durations 
of occlusion as long as 10 minutes in patients with subarach-
noid hemorrhage and twice daily for 300 days in both upper 
extremities in patients with intracranial arterial stenosis.47,49

Next Steps
The Stroke Treatment Academic Industry Roundtable (STAIR) 
recommends that promising stroke therapies be tested in animals 

of both sexes, in aged mice, in animals with comorbidities, and 
in multiple species.51 The preclinical studies of remote limb 
conditioning in acute ischemic stroke are limited to young male 
rodents. There are no data on whether remote limb conditioning 
is effective in females, in aged animals, or in animals with 
comorbidities, such as diabetes mellitus and hypertension. 
Remote limb preconditioning is effective in uremic animals at 
reducing myocardial infarct size.52 However, diabetes mellitus 
and aging may attenuate the cardioprotective effect of ischemic 
preconditioning and remote conditioning in the heart.53,54 In 
diabetics, the stimulus for ischemic preconditioning of the 
heart may need to be increased because diabetics have defective 
phosphatidylinositol 3-kinase (PI3K)-Akt signaling.55,56

The remote limb conditioning protocols require optimiza-
tion before clinical trial (Table 2). Although most clinical tri-
als of ischemic conditioning to date have used tourniquets or 
blood pressure cuffs on the arm, the preclinical studies used 
hindlimb ischemia as the stimulus. The greater mass of isch-
emic muscle in the leg compared with the arm may be impor-
tant to generate a sufficient conditioning effect, especially in 
aged humans with comorbidities. Most preclinical studies and 
clinical trials have used the 4 cycles of 5 minutes of occlu-
sion first described by Murry et al.5 However, subsequent 

Figure 2. Proposed mechanisms of how 
blood pressure cuff inflation on the leg may 
lead to neuroprotection during ischemic 
stroke. Local muscle ischemia may lead to 
release of autocoids, such as adenosine, 
bradykinin, or opioids, which may locally 
activate nerve afferents or enter the sys-
temic circulation. Activation of the vagus 
nerve may inhibit inflammatory processes 
mediated by the liver and spleen via the 
cholinergic anti-inflammatory pathway. 
Activation of other parasympathetics, 
such as the sphenopalatine ganglion, may 
increase cerebral blood flow (CBF).
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A meta-analysis of remote ischaemic
conditioning in experimental stroke

Philippa Weir1, Ryan Maguire1, Saoirse E O’Sullivan1 and
Timothy J England1,2

Abstract
Remote ischaemic conditioning (RIC) is achieved by repeated transient ischaemia of a distant organ/limb and is neuro-
protective in experimental ischaemic stroke. However, the optimal time and methods of administration are unclear.
Systematic review identified relevant preclinical studies; two authors independently extracted data on infarct volume,
neurological deficit, RIC method (administration time, site, cycle number, length of limb occlusion (dose)), species and
quality. Data were analysed using random effects models; results expressed as standardised mean difference (SMD). In 57
publications incorporating 99 experiments (1406 rats, 101 mice, 14 monkeys), RIC reduced lesion volume in transient
(SMD !2.0; 95% CI !2.38, !1.61; p< 0.00001) and permanent (SMD !1.54; 95% CI !2.38, !1.61; p< 0.00001) focal
models of ischaemia and improved neurological deficit (SMD !1.63; 95% CI !1.97, !1.29, p< 0.00001). In meta-
regression, cycle length and number, dose and limb number did not interact with infarct volume, although country
and physiological monitoring during anaesthesia did. In all studies, RIC was ineffective if the dose was <10 or "50 min.
Median study quality was 7 (range 4–9/10); Egger’s test suggested publication bias (p< 0.001). RIC is most effective in
experimental stroke using a dose between 10 and 45 min. Further studies using repeated dosing in animals with co-
morbidities are warranted.
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Introduction

The paradigm of ischaemic conditioning conferring
organ protection from a subsequent or ongoing ischae-
mic insult has been under investigation since the
1980s,1 but its apparent pre-clinical benefit has yet to
be translated consistently in randomised controlled
trials. The potential to induce ischaemic tolerance in
distant tissue beds by remote, transient, non-lethal
limb ischaemia (remote ischaemic conditioning, RIC)
is an attractive therapeutic strategy in terms of cost and
ease of intervention delivery, performed simply by
inflating a blood pressure cuff on an arm or leg.

Applying RIC before, during or after an ischaemic
event (pre-conditioning [RIPreC], per-conditioning
[RIPerC] or post-conditioning [RIPostC]) shows prom-
ise in multiple vascular diseases.2–4 However, although
early trials of RIC prior to coronary artery bypass
grafting demonstrated a reduction in peri-operative
myocardial injury, larger phase III trials were neutral
in improving long term outcomes,5,6 which is

potentially explained by interactions with cardioprotec-
tive anaesthetic agents.7 In the setting of protecting the
brain from injury with RIC, multiple neuro-humoral
mechanisms are implicated (see Hess et al.8), but
human clinical evidence is limited. In a large meta-
analysis of randomised trials of ischaemic conditioning
in all conditions, the risk of recurrent stroke was sig-
nificantly reduced, though the evidence is of low qual-
ity.9 Further, early proof-of-concept human trials
assessing RIC in acute stroke (RIPerC and
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of right MCAo occlusion treated with ‘direct’ ischae-
mic conditioning (not remote).42 Studies are present
testing RIC efficacy in female rodents (n¼ 46)40,43

which is important to examine considering the neuro-
protective effects and potential interaction of female
hormones.44 In post hoc analyses, RIC studies in
female rodents reduce infarct volume to a similar
extent to that seen in all studies (SMD "1.76 95% CI
"3.07 to "0.45, p¼ 0.009, excluding Xiao 2017 which
contains both male and female rats). Other experimen-
tal paradigms important for translation into human
trials have also been tested including co-
administration of thrombolysis (a synergistic effect),
use in large animals,22 experiments specifically designed
to address dose response45 and the time window of
administration.32

The risk of bias in our findings exists considering the
presence of significant statistical heterogeneity. This
does not appear to be explained by differences in
study quality (CAMARADES criteria) or risk of bias
(SYRCLE criteria). Indeed, reporting of randomisa-
tion and blinding of outcome assessments were moder-
ately high (68%) but, disappointingly, the use of
sample size calculations (6%) is lacking despite calls
to include these in animal study design.46 Sources of
heterogeneity were significant for the presence/absence
of physiological monitoring of CBF and glucose, and
also the country in which the experiment was per-
formed (but not the laboratory). Somewhat reassuring-
ly, in sensitivity analyses, an effective RIC dose range
between 15 and 45min remained. The presence of sig-
nificant publication bias also raises concern, theoreti-
cally leading to an under- or over-estimation of effects
due to unpublished neutral or negative data. It is also
feasible that we missed publications in our literature

search but this was comprehensively performed inde-
pendently by two authors. Overall, however, this is a
robust and comprehensive review of the current litera-
ture strengthened by pre-registration and pre-specified
analyses.

In summary, RIC significantly reduces lesion
volume and neurological impairment in experimental
models of focal ischaemic stroke. Statistical heteroge-
neity may be explained by RIPreC cycle length, dose
and number of limbs; monitoring CBF and glucose
during anaesthesia and country in which the experi-
ment was conducted. Dose analyses suggest a therapeu-
tic window of between 10 and 45min in RIPerC and
RIPostC models. The presence of publication bias
raises the possibility that neutral/negative studies
have been performed but not published. Pre-clinical
studies in animals with co-morbidities using protocols
with repeated dosing that would be deemed feasible in
humans are warranted.
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limb ischaemia for greater than 50min was ineffective
with an optimal period between 15 and 45min.

Both RIPreC and RIPerC/RIPostC groups demon-
strated significant statistical heterogeneity and our
pre-specified subgroup analyses in both experimental
paradigms helped to explore the reasons for this. In
RIPreC experiments, there was a significant interaction
with species, suggesting that RIPreC was ineffective in
mice; RIPerC/RIPostC was equally effective in rats and
mice, however. This raises concern of treatment failure
when moving into human clinical trials due to inter-
species differences. There was only one study assessing
larger gyrencephalic species, a recent study assessing

the effects of RIPerC on stroke-related cardiac dys-
function in rhesus monkeys (five control, nine RIC)
22; multi-limb RIPC improved motor neurological
scores (in addition to reducing cardiac enzymes, von-
Willebrand factor and C-reactive protein) without
affecting cerebral infarct volume, suggesting improve-
ments might be mediated through improving endothe-
lial injury and anti-inflammatory mechanisms. This
study is confounded by a small sample size and the
use of Propofol during anaesthesia, which interferes
with RIC efficacy and a factor that may have contrib-
uted to the neutral findings in prior cardiac bypass
surgery RIC trials.7 Clinical trials assessing RIC in

Figure 2. Effect of remote ischemic per- and post-conditioning (RIPerC and RIPostC) compared to control on infarct volume,
expressed as a standardised mean difference, by individual publication experiment.
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Table 1. The effect of administration time, species, stroke model, and RIC administration method on (A) infarct volume in all
preclinical studies of remote ischaemic pre- per- and post-conditioning, compared to control and (B) the effect of remote ischaemic
pre- per- and post-conditioning, compared to control, on neurological score.

No. of experiments No. of animals SMD [95% CI] P value

A. Lesion volume
Time of administration

Remote ischaemic pre-conditioning 27 361 !1.54 [!2.07, !1.01] <0.00001
Remote ischaemic per/post-conditioning 72 1160 !2.00 [!2.38, !1.61] <0.00001

Species
Sprague–Dawley rats 80 1313 !2.13 [!2.50, !1.77] <0.00001
Wistar rats 5 50 !1.02 [!1.88, !0.16] 0.02
Outbred rats 2 43 !0.36 [!1.15, 0.43] 0.38
C57BL/6 mice 8 89 !1.07 [!1.82, !0.32] 0.005
CD1 mice 1 12 !4.11 [!6.41, !1.81] 0.0005
Rhesus monkey 3 14 0.16 [!0.97, 1.30] 0.78

Stroke model
Permanent ischaemia 13 140 !1.59 [!2.34, !0.84] <0.0001
Transient ischaemia – All 81 1339 !1.97 [!2.32, !1.63] <0.00001
30 minute ischaemic model 4 49 !2.93 [!4.75, !1.11] 0.002
45 minute ischaemic model 4 30 !0.03 [!0.97, 0.90] 0.95
60 minute ischaemic model 7 109 !1.12 [!1.81, !0.43] 0.0003
90 minute ischaemic model 31 505 !2.67 [!3.36, !1.99] <0.00001
100 minute ischaemic model 11 105 !1.02 [!1.72, !0.32] 0.005
120 minute ischaemic model 24 541 !1.98 [!2.53, !1.44] <0.00001

Number of RIC cycles
1 cycle 10 95 !1.29 [1.94, !0.63] 0.0001
2 cycles 8 71 !1.20 [!2.02, !0.37] 0.005
3 cycles 62 1114 !2.33 [!2.75, !1.91] <0.00001
4 cycles 11 159 !1.20 [!1.94, !0.45] 0.002
More than 4 cycles 3 40 !0.51 [!1.10, 0.08] 0.09

Length of each RIC cycle
<5 min cycles 2 18 !1.81 [!4.07, 0.44] 0.11
5 min cycles 29 403 !1.32 [!1.82, !0.83] <0.00001
10 min cycles 36 777 !2.36 [!2.90, !1.82] <0.00001
15 min cycles 22 234 !1.64 [!2.22, !1.05] <0.00001
>15 min cycles 4 37 !2.40 [3.74, 1.07] 0.0004

Total length of limb ischaemia
Less than 1 min 2 18 !1.81 [!4.07, 0.44] 0.11
5 mins 2 20 !0.52 [!1.43, 0.39] 0.27
10 mins 5 47 !0.84 [!1.49, !0.20] 0.01
15 mins 16 220 !2.17 [!3.07, !1.27] <0.00001
20–25 mins 16 205 !1.07 [!1.64, !0.50] 0.0003
30 mins 32 731 !2.39 [!2.96, !1.82] <0.00001
40–45 mins 18 208 !2.06 [!2.73, !1.38] <0.00001
50 minsþ 2 20 !0.07 [!0.81, 0.68] 0.86

Number of limbs occluded
One 40 485 !1.53 [!1.92, !1.14] <0.00001
Two 54 994 !2.15 [!2.60, !1.69] <0.00001

B. Neurological Score
Methoda

Garcia 18-point scale 8 200 !2.52 [!4.10, !0.94] 0.002
Longa 5-point scale 27 406 !0.89 [!1.09, !0.69] <0.00001
Focal neurological score 1 30 !9.70 [!10.57, !8.83] <0.00001
Neurological severity score 5 194 !3.03 [!6.43, 0.38] 0.08
3-point scale 3 30 !0.36 [!0.76, 0.04] 0.08
12-point scale 10 163 !1.37 [!2.26, !0.47] 0.003
Spetzler motor score 3 14 !1.48 [!2.03, !0.92] <0.00001

RIC: remote ischemic conditioning; SMD: standardised mean difference.
aNeurological score data expressed as weighted mean difference.
P values compare the RIC group to control.
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At last, conditioning in AIS also acts on reducing edema and BBB permeability by MMP9 and AQP4 

downregulation, also by eNOS upregulation (79,80,81,82,83). 

As regards safety, the treatment needs to be tested either for AIS and for ICH, as it is usually 

administered to patients before any imaging assessment. To this insight, a work by Geng X. et al 

2012, showed that neither a single acute administration of RIC, nor a more chronic treatment at 24 or 

72 hours, got worse the infarct size in ICH rat model (84). Moreover, no significant differences 

between the analyzed groups were observed in cerebral blood volumes, edematous lesion and MMP9 

and AQP4 expression (84). In another work, the authors observed a reduction in the hematoma 

volume together with the improvement of the functional outcome when RIC was applied 2 hrs after 

ICH and continued for the following five days (85). Moreover, RIC demonstrated its effectiveness 

even in an ICH mouse model, when administered for 5 consecutive days. These evidence supports 

the great applicability of RIC treatment in the prehospital setting for stroke patients (86). 

The major advantage of RIC is its multiple mechanisms of action. RIC triggers adaptive, endogenous, 

neuroprotective responses in the brain as “ischemia tolerant” state through nerve, humoral, and 

immune-inflammatory pathways. Despite this potentiality and its multiple organ applicability, the 

molecular mechanism of action is still unclear. 

 

 
 
 

 
 
 
 
 
Fig.2 A) Graphical representation of the femoral artery occlusion (FAO) in animal model of remote ischemic conditioning. The conditioning treatment 
is applied by a transient clipping of the femoral artery. B) The real mechanisms beyond the neuroprotection induced by remote ischemic conditioning 

(RIC) is still unknown. Probably, the protective effect is generated by different pathways as neuronal, humoral and immunological pathways. (Pan J., 
et al., "Remote ischemic conditioning for acute ischemic stroke: dawn in the darkness" (2016) Neurosciences, vol. 27, no. 5, pp. 501-510. 
https://doi.org/10.1515/revneuro-2015-0043)(48) 
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ABSTRACT
Introduction Multicentre preclinical randomised 
controlled trials (pRCT) are emerging as a necessary step 
to con"rm ef"cacy and improve translation into the clinic. 
The aim of this project is to perform two multicentre pRCTs 
(one in rats and one in mice) to investigate the ef"cacy of 
remote ischaemic conditioning (RIC) in an experimental 
model of severe ischaemic stroke.
Methods and analysis Seven research laboratories 
within the Italian Stroke Organization (ISO) Basic 
Science network will participate in the study. Transient 
endovascular occlusion of the proximal right middle 
cerebral artery will be performed in two species (rats 
and mice) and in both sexes. Animals will be randomised 
to receive RIC by transient surgical occlusion of the 
right femoral artery, or sham surgery, after reperfusion. 
Blinded outcome assessment will be performed for 
dichotomised functional neuroscore (primary endpoint) 
and infarct volume (secondary endpoint) at 48 hours. 
A sample size of 80 animals per species will yield 
82% power to detect a signi"cant difference of 30% 
in the primary outcome in both pRCTs. Analyses will 
be performed in a blind status and according to an 
intention- to- treat paradigm. The results of this study 
will provide robust, translationally oriented, high- quality 
evidence on the ef"cacy of RIC in multiple species of 
rodents with large ischaemic stroke.
Ethics and dissemination This is approved by the 
Animal Welfare Regulatory Body of the University of Milano 
Bicocca, under project license from the Italian Ministry of 

Health. Trial results will be subject to publication according 
to the de"nition of the outcome presented in this protocol.
Trial registration number PCTE0000177.

INTRODUCTION
Numerous treatments, which were reported 
to improve outcome in experimental animal 
stroke models, ultimately failed in clinical 
trials. Systematic reviews of experimental 
stroke research have consistently reported 
low- quality scores, negative publication bias 
and a paucity of data from female animals, 
aged animals or those with comorbidities, 
questioning the robustness and predic-
tive value of single- laboratory preclinical 
experiments.1 To improve the translation of 
treatment efficacy from bench to bedside, 
the new concept of multicentre preclin-
ical randomised controlled trial (pRCT) is 
emerging as a necessary step before moving 
from animal modelling to clinical trial.2–4 
In multicentre pRCT, preclinical transla-
tional stroke research learns from the expe-
rience of clinical stroke research: a poten-
tial stroke therapy is tested under circum-
stances closer to the design and the rigour 
of a phase III randomised controlled clinical 
trial. A first rigorous pRCT on natalizumab 

copyright.
 on Novem

ber 26, 2020 by guest. Protected by
http://openscience.bm

j.com
/

BM
J O

pen Science: first published as 10.1136/bm
jos-2020-100063 on 24 Novem

ber 2020. Downloaded from
 

Surgical RIC 
(5-10 min femoral artery
occlusion)
Single RIC application
Outcome assessed at 48 hours

 1Tettamanti M, et al. BMJ Open Science 2020;4:e100063. doi:10.1136/bmjos-2020-100063

Open access 

Multicentre translational Trial of 
Remote Ischaemic Conditioning in 
Acute Ischaemic Stroke (TRICS): 
protocol of multicentre, parallel group, 
randomised, preclinical trial in female 
and male rat and mouse from the Italian 
Stroke Organization (ISO) Basic 
Science network

Mauro Tettamanti,1 Simone Beretta    ,2 Giuseppe Pignataro,3 Stefano Fumagalli,1 
Carlo Perego,1 Luigi Sironi,4 Felicita Pedata,5 Diana Amantea    ,6 
Marco Bacigaluppi,7 Antonio Vinciguerra,3 Alessia Valente,1 Susanna Diamanti,2 
Jacopo Mariani,2 Martina Viganò,2 Francesco Santangelo,2 Chiara Paola Zoia,2 
Virginia Rogriguez- Menendez,2 Laura Castiglioni,4 Joanna Rzemieniec,4 
Ilaria Dettori,5 Irene Bulli,5 Elisabetta Coppi,5 Giorgia Serena Gullotta,7 
Giacinto Bagetta,6 Gianvito Martino,7 Carlo Ferrarese,2 Maria Grazia De Simoni1

This article has received OSF 
badge for Pre- registration.

To cite: Tettamanti M, Beretta S, 
Pignataro G, et al.  Multicentre 
translational Trial of Remote 
Ischaemic Conditioning in Acute 
Ischaemic Stroke (TRICS): 
protocol of multicentre, parallel 
group, randomised, preclinical 
trial in female and male rat and 
mouse from the Italian Stroke 
Organization (ISO) Basic Science 
network. BMJ Open Science 
2020;4:e100063. doi:10.1136/
bmjos-2020-100063

 Ź Prepublication history for this 
paper is available at http:// dx. 
doi. org/ 10. 1136/ bmjos- 2020- 
100063.

Received 22 February 2020
Revised 15 September 2020
Accepted 06 October 2020

For numbered af"liations see 
end of article.

Correspondence to
Dr Simone Beretta;  
 simone. beretta@ unimib. it

Protocol

© Author(s) (or their 
employer(s)) 2020. Re- use 
permitted under CC BY. 
Published by BMJ.

ABSTRACT
Introduction Multicentre preclinical randomised 
controlled trials (pRCT) are emerging as a necessary step 
to con"rm ef"cacy and improve translation into the clinic. 
The aim of this project is to perform two multicentre pRCTs 
(one in rats and one in mice) to investigate the ef"cacy of 
remote ischaemic conditioning (RIC) in an experimental 
model of severe ischaemic stroke.
Methods and analysis Seven research laboratories 
within the Italian Stroke Organization (ISO) Basic 
Science network will participate in the study. Transient 
endovascular occlusion of the proximal right middle 
cerebral artery will be performed in two species (rats 
and mice) and in both sexes. Animals will be randomised 
to receive RIC by transient surgical occlusion of the 
right femoral artery, or sham surgery, after reperfusion. 
Blinded outcome assessment will be performed for 
dichotomised functional neuroscore (primary endpoint) 
and infarct volume (secondary endpoint) at 48 hours. 
A sample size of 80 animals per species will yield 
82% power to detect a signi"cant difference of 30% 
in the primary outcome in both pRCTs. Analyses will 
be performed in a blind status and according to an 
intention- to- treat paradigm. The results of this study 
will provide robust, translationally oriented, high- quality 
evidence on the ef"cacy of RIC in multiple species of 
rodents with large ischaemic stroke.
Ethics and dissemination This is approved by the 
Animal Welfare Regulatory Body of the University of Milano 
Bicocca, under project license from the Italian Ministry of 

Health. Trial results will be subject to publication according 
to the de"nition of the outcome presented in this protocol.
Trial registration number PCTE0000177.

INTRODUCTION
Numerous treatments, which were reported 
to improve outcome in experimental animal 
stroke models, ultimately failed in clinical 
trials. Systematic reviews of experimental 
stroke research have consistently reported 
low- quality scores, negative publication bias 
and a paucity of data from female animals, 
aged animals or those with comorbidities, 
questioning the robustness and predic-
tive value of single- laboratory preclinical 
experiments.1 To improve the translation of 
treatment efficacy from bench to bedside, 
the new concept of multicentre preclin-
ical randomised controlled trial (pRCT) is 
emerging as a necessary step before moving 
from animal modelling to clinical trial.2–4 
In multicentre pRCT, preclinical transla-
tional stroke research learns from the expe-
rience of clinical stroke research: a poten-
tial stroke therapy is tested under circum-
stances closer to the design and the rigour 
of a phase III randomised controlled clinical 
trial. A first rigorous pRCT on natalizumab 

copyright.
 on Novem

ber 26, 2020 by guest. Protected by
http://openscience.bm

j.com
/

BM
J O

pen Science: first published as 10.1136/bm
jos-2020-100063 on 24 Novem

ber 2020. Downloaded from
 



TRICS BASIC: Translational Trial of Remote Ischaemic Conditioning in Acute Ischaemic Stroke:
multicentre, parallel group, randomised, preclinical trial in female and male rat and mouse
from the Italian Stroke Organization (ISO) Basic Science network

TRICS-9: Multi-center randomized pilot clinical Trial on Remote Ischemic Conditioning in acute
ischemic Stroke within 9 hours of onset in patients ineligible to recanalization therapies

NATIONWIDE TRANSLATIONAL RESEARCH 
PROGRAM FROM THE ISO BASIC SCIENCE 

NETWORK



INTRA-ISCHEMIC CLINICal ASSESSMENT



Remote Ischemic post-Conditioning

Surgery to expose Femoral
Artery starts atfer riperfusion

Femoral Artery clamping:
§ Rats: 20min
§ Mice: 10min

Waiting time before treatment application:
§ Rats: 20min
§ Mice: 10min



PRIMARY OUTCOME
De Simoni Composite Neuroscore

Dichotomised neuroscore
(13 items, range 0-56 points)
§ 0-20 Good outcome
§ 21-56 Bad outcome

https:// figshare. com, DOI: 10.6084/m9.figshare.13031861)



HEALTH REPORT AT 24/48h



 1Tettamanti M, et al. BMJ Open Science 2020;4:e100063. doi:10.1136/bmjos-2020-100063

Open access 

Multicentre translational Trial of 
Remote Ischaemic Conditioning in 
Acute Ischaemic Stroke (TRICS): 
protocol of multicentre, parallel group, 
randomised, preclinical trial in female 
and male rat and mouse from the Italian 
Stroke Organization (ISO) Basic 
Science network

Mauro Tettamanti,1 Simone Beretta    ,2 Giuseppe Pignataro,3 Stefano Fumagalli,1 
Carlo Perego,1 Luigi Sironi,4 Felicita Pedata,5 Diana Amantea    ,6 
Marco Bacigaluppi,7 Antonio Vinciguerra,3 Alessia Valente,1 Susanna Diamanti,2 
Jacopo Mariani,2 Martina Viganò,2 Francesco Santangelo,2 Chiara Paola Zoia,2 
Virginia Rogriguez- Menendez,2 Laura Castiglioni,4 Joanna Rzemieniec,4 
Ilaria Dettori,5 Irene Bulli,5 Elisabetta Coppi,5 Giorgia Serena Gullotta,7 
Giacinto Bagetta,6 Gianvito Martino,7 Carlo Ferrarese,2 Maria Grazia De Simoni1

This article has received OSF 
badge for Pre- registration.

To cite: Tettamanti M, Beretta S, 
Pignataro G, et al.  Multicentre 
translational Trial of Remote 
Ischaemic Conditioning in Acute 
Ischaemic Stroke (TRICS): 
protocol of multicentre, parallel 
group, randomised, preclinical 
trial in female and male rat and 
mouse from the Italian Stroke 
Organization (ISO) Basic Science 
network. BMJ Open Science 
2020;4:e100063. doi:10.1136/
bmjos-2020-100063

 Ź Prepublication history for this 
paper is available at http:// dx. 
doi. org/ 10. 1136/ bmjos- 2020- 
100063.

Received 22 February 2020
Revised 15 September 2020
Accepted 06 October 2020

For numbered af"liations see 
end of article.

Correspondence to
Dr Simone Beretta;  
 simone. beretta@ unimib. it

Protocol

© Author(s) (or their 
employer(s)) 2020. Re- use 
permitted under CC BY. 
Published by BMJ.

ABSTRACT
Introduction Multicentre preclinical randomised 
controlled trials (pRCT) are emerging as a necessary step 
to con"rm ef"cacy and improve translation into the clinic. 
The aim of this project is to perform two multicentre pRCTs 
(one in rats and one in mice) to investigate the ef"cacy of 
remote ischaemic conditioning (RIC) in an experimental 
model of severe ischaemic stroke.
Methods and analysis Seven research laboratories 
within the Italian Stroke Organization (ISO) Basic 
Science network will participate in the study. Transient 
endovascular occlusion of the proximal right middle 
cerebral artery will be performed in two species (rats 
and mice) and in both sexes. Animals will be randomised 
to receive RIC by transient surgical occlusion of the 
right femoral artery, or sham surgery, after reperfusion. 
Blinded outcome assessment will be performed for 
dichotomised functional neuroscore (primary endpoint) 
and infarct volume (secondary endpoint) at 48 hours. 
A sample size of 80 animals per species will yield 
82% power to detect a signi"cant difference of 30% 
in the primary outcome in both pRCTs. Analyses will 
be performed in a blind status and according to an 
intention- to- treat paradigm. The results of this study 
will provide robust, translationally oriented, high- quality 
evidence on the ef"cacy of RIC in multiple species of 
rodents with large ischaemic stroke.
Ethics and dissemination This is approved by the 
Animal Welfare Regulatory Body of the University of Milano 
Bicocca, under project license from the Italian Ministry of 

Health. Trial results will be subject to publication according 
to the de"nition of the outcome presented in this protocol.
Trial registration number PCTE0000177.

INTRODUCTION
Numerous treatments, which were reported 
to improve outcome in experimental animal 
stroke models, ultimately failed in clinical 
trials. Systematic reviews of experimental 
stroke research have consistently reported 
low- quality scores, negative publication bias 
and a paucity of data from female animals, 
aged animals or those with comorbidities, 
questioning the robustness and predic-
tive value of single- laboratory preclinical 
experiments.1 To improve the translation of 
treatment efficacy from bench to bedside, 
the new concept of multicentre preclin-
ical randomised controlled trial (pRCT) is 
emerging as a necessary step before moving 
from animal modelling to clinical trial.2–4 
In multicentre pRCT, preclinical transla-
tional stroke research learns from the expe-
rience of clinical stroke research: a poten-
tial stroke therapy is tested under circum-
stances closer to the design and the rigour 
of a phase III randomised controlled clinical 
trial. A first rigorous pRCT on natalizumab 

copyright.
 on Novem

ber 26, 2020 by guest. Protected by
http://openscience.bm

j.com
/

BM
J O

pen Science: first published as 10.1136/bm
jos-2020-100063 on 24 Novem

ber 2020. Downloaded from
 untreated RIC

0

10

20

30

40

50
D

e 
S

im
on

i n
eu

ro
sc

or
e

at
 4

8 
ho

ur
s



Effect of Remote Ischemic Conditioning vs Usual Care on Neurologic
Function in Patients With Acute Moderate Ischemic Stroke
The RICAMIS Randomized Clinical Trial
Hui-Sheng Chen, MD; Yu Cui, PhD; Xiao-Qiu Li, MD; Xin-Hong Wang, MD; Yu-Tong Ma, MM; Yong Zhao, BSM;
Jing Han, MM; Chang-Qing Deng, MM; Mei Hong, BSM; Ying Bao, MM; Li-Hong Zhao, MM; Ting-Guang Yan, BSM;
Ren-Lin Zou, BSM; Hui Wang, MM; Zhuo Li, MM; Li-Shu Wan, MM; Li Zhang, BSM; Lian-Qiang Wang, BSM;
Li-Yan Guo, MM; Ming-Nan Li, BSM; Dong-Qing Wang, MM; Qiang Zhang, MM; Da-Wei Chang, MM;
Hong-Li Zhang, BSM; Jing Sun, BSM; Chong Meng, BSM; Zai-Hui Zhang, BSM; Li-Ying Shen, BSM; Li Ma, MM;
Gui-Chun Wang, BSM; Run-Hui Li, MM; Ling Zhang, BSM; Cheng Bi, MM; Li-Yun Wang, BSM; Duo-Lao Wang, PhD;
for the RICAMIS Investigators

IMPORTANCE Preclinical and clinical studies have suggested a neuroprotective effect of
remote ischemic conditioning (RIC), which involves repeated occlusion/release cycles
on bilateral upper limb arteries; however, robust evidence in patients with ischemic
stroke is lacking.

OBJECTIVE To assess the efficacy of RIC for acute moderate ischemic stroke.

DESIGN, SETTING, AND PARTICIPANTS This multicenter, open-label, blinded–end point,
randomized clinical trial including 1893 patients with acute moderate ischemic stroke was
conducted at 55 hospitals in China from December 26, 2018, through January 19, 2021, and
the date of final follow-up was April 19, 2021.

INTERVENTIONS Eligible patients were randomly assigned within 48 hours after symptom
onset to receive treatment with RIC (using a pneumatic electronic device and consisting of 5
cycles of cuff inflation for 5 minutes and deflation for 5 minutes to the bilateral upper limbs to
200 mm Hg) for 10 to 14 days as an adjunct to guideline-based treatment (n = 922) or
guideline-based treatment alone (n = 971).

MAIN OUTCOMES AND MEASURES The primary end point was excellent functional outcome at
90 days, defined as a modified Rankin Scale score of 0 to 1. All end points had blinded
assessment and were analyzed on a full analysis set.

RESULTS Among 1893 eligible patients with acute moderate ischemic stroke who were
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R eperfusion therapies, including intravenous thromboly-
sis and endovascular thrombectomy, have been recom-
mended as the most effective strategy for acute ische-

mic stroke (AIS) by current guidelines.1 In 2012, an estimated
37% of patients had a good prognosis through intravenous
thrombolysis,2 and a 2016 meta-analysis estimated that about
46% of patients with large artery occlusion had a good out-
come after endovascular therapy.3 Nevertheless, only a small
proportion of the population can be treated with reperfusion
therapies due to the limited therapeutic window and technical
requirements. An active area of research has been to find new
neuroprotective strategies to reduce the disability of AIS.4,5

The phenomenon of myocardial ischemic preconditioning6

attracted much attention in the field of preclinical and clini-
cal research.7 Increasing evidence has demonstrated the
neuroprotective action of remote ischemic conditioning (RIC)
in preclinical studies by reducing brain infarction and improv-
ing neurologic outcomes.7,8 Several clinical studies have sup-
ported the safety of RIC.9-11 There has been a lack of robust
evidence for the neuroprotective effect of RIC in patients with
AIS due to small sample sizes, different RIC procedures, and
heterogeneity of patients with varying extents of neurologic
deficits.12-15 In this context, a multicenter randomized clini-
cal trial was designed to explore the efficacy of RIC for acute
moderate ischemic stroke.

Methods
Study Design
The Remote Ischemic Conditioning for Acute Moderate Ische-
mic Stroke (RICAMIS) Study was a multicenter, open-label,
blinded–end point, randomized clinical trial to assess the ef-
ficacy of 2 weeks of RIC in patients with acute moderate is-
chemic stroke within 48 hours from symptom onset. The study
protocol is available in Supplement 1 and the statistical analy-
sis plan in Supplement 2. The trial took place at 55 medical sites
in China (eAppendix 2 in Supplement 3). The trial protocol was
approved by appropriate regulatory and ethical authorities at
the ethics committee of General Hospital of Northern Theatre
Command (formerly General Hospital of Shenyang Military Re-
gion) and other participating hospitals. An independent data
monitoring committee monitored progress of the trial every
6 months. Signed informed consents were obtained from the
patients or their legally authorized representative.

Participants
Eligible patients were adults aged 18 years or older with acute
moderate ischemic stroke at the time of randomization (base-
line National Institutes of Health Stroke Scale [NIHSS] scores,
6-16; range, 0-42, with higher scores indicating greater stroke
severity), who had been functioning independently in the com-
munity before a stroke (modified Rankin Scale [mRS] scores,
0-1; range, 0 [no symptoms] to 6 [death]), and were enrolled
up to 48 hours after onset of stroke symptoms (the time the
patient was last seen well). Whole head computed tomogra-
phy or magnetic resonance imaging were done at admission
to identify patients with ischemic stroke. Key exclusion crite-

ria were if a patient had received intravenous thrombolysis or
other endovascular therapy; had uncontrolled severe hyper-
tension (systolic blood pressure ≥180 mm Hg or diastolic blood
pressure ≥110 mm Hg after agent treatment); had any contra-
indication for RIC (eg, upper limb with serious soft tissue in-
jury, fracture, or vascular injury, distal upper limb with peri-
vascular lesions); or had etiology of cardiogenic embolism
(eg, atrial fibrillation) given the high risk of intracranial hem-
orrhage transformation. A full list of inclusion and exclusion
criteria is in the study protocol (Supplement 1).

Randomization and Blinding
Eligible patients were randomly assigned into the RIC group
or control group using a simple randomization (1:1) method
without stratification through a computer-generated ran-
dom sequence that was centrally administrated via a password-
protected, web-based program at http://ricamis.medsci.cn
(Shanghai Meisi Medical Technology Co Ltd). The study team
members were unblinded to the treatment allocation.

Procedures
The cuff of a pneumatic electronic autocontrol device (patent
No: ZL201410834305.2; device model: IPC-906; Beijing Renqiao
Cardiocerebrovascular Disease Prevention and Treatment Re-
search Jiangsu Co Ltd), placed around the bilateral upper limbs
within 48 hours of symptom onset, was used to deliver the RIC
protocol: 5 cycles of cuff inflation (200 mm Hg for 5 minutes)
and deflation (for 5 minutes), for a total procedure time of 50
minutes, twice daily for 10 to 14 days.12 After the blood pres-
sure inflation target was set in the device by a trained nurse, the
electronic tourniquet automatically delivered the cycles. In the
RIC group, the patients received RIC treatment in addition to
guideline-recommended treatment (such as antiplatelet or an-
ticoagulant medication or statins).1 All patients completed the
RIC treatment in hospital. In the control group, patients re-
ceived only guideline-recommended treatment. Patients in both
groups received standard care at the discretion of the local in-
vestigator at each participating hospital.

Blood pressure was recorded before cuff inflation and at
the end of 5 cycles of cuff inflation. In each hospital, the phy-
sicians and nurses involved in the clinical trial were trained

Key Points
Question Does remote ischemic conditioning, which involves
repeated occlusion/release cycles on bilateral upper limb arteries,
improve neurologic function in patients with acute moderate
ischemic stroke?

Findings In this randomized clinical trial that included 1893
patients with acute moderate ischemic stroke, excellent
neurologic function at 90 days in those randomized to remote
ischemic conditioning compared with usual care occurred in 67.4%
vs 62.0%, a difference that was statistically significant.

Meaning Although remote ischemic conditioning was associated
with better neurologic function in patients with acute moderate
ischemic stroke, this trial requires replication before concluding
efficacy for this intervention.
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1893 randomized patients
within 48 hours of onset (median 25 hours) 

NIHSS 6 to 16 (median 7)
ineligible to recanalization therapies

pre-stroke mRS <=1

Excluded
uncontrolled hypertension

cardioembolic etiology

Anterior circulation 60%
Posterior circulation 35%

RIC application
Bilateral arm, automated
5 minutes on/off, 5 cycles

Twice a day for 10-14 days

Prespecified subgroup analysis showed no significant treat-
ment heterogeneity in the odds of having a primary outcome
between the RIC group and control group by age, sex, NIHSS
score at randomization, time from the onset of symptom to RIC
treatment, degree of responsible vessel stenosis, location of
stenosis, and presumed stroke cause (eFigure 3 in Supple-
ment 3). The results of the per-protocol analysis were similar

to those of the full analysis set for the primary outcome (eFig-
ure 4 in Supplement 3).

Adverse Events
Adverse events occurred in 59 of 863 patients (6.8%) in the RIC
group and 51 of 913 patients (5.6%) in the control group, in-
cluding 23 serious adverse events (10/863 [1.2%] in the RIC

Table 2. Primary and Secondary Outcomes in the Full Analysis Set

Group, No. (%)

Treatment
effect metrica

Unadjusted Adjustedb

Remote ischemic
conditioning
(n = 863)

Control
(n = 913)

Treatment
difference
(95% CI) P value

Treatment
difference
(95% CI) P value

Primary outcome

mRS score of 0 to 1
within 90 dc

582 (67.4) 566 (62.0) RRd 1.17 (1.03 to 1.32) .02 1.18 (1.04 to 1.34) .007

RD, %d 5.4 (1.0 to 9.9) .02 6.2 (2.0 to 10.4) .004

Secondary outcomes

mRS score of 0 to 2
within 90 dc

687 (79.6) 689 (75.5) RRd 1.20 (1.01 to 1.43) .04 1.22 (1.03 to 1.45) .02

RD, %d 4.1 (0.3 to 8.0) .04 4.3 (0.9 to 7.8) .01

Early neurologic
deterioration
within 7 de

77 (8.9) 64 (7.0) RRd 1.27 (0.93 to 1.75) .14 1.26 (0.91 to 1.73) .16

RD, %d 1.9 (−0.6 to 4.4) .14 1.8 (−0.8 to 4.3) .17

Stroke-associated
pneumonia
within 12 df

26 (3.0) 19 (2.1) RRd 1.45 (0.81 to 2.60) .21 1.48 (0.82 to 2.65) .19

RD, %d 0.9 (−0 to 2.4) .21 1.0 (−0.4 to 2.5) .17

Change in
NIHSS score
at day 12
from baseline,
median (IQR)g,d

4 (2 to 6) 4 (2 to 5) GMR 1.02 (0.99 to 1.05) .32 1.02 (0.99 to 1.05) .30

Stroke or other
vascular events
within 90 dh

7 (0.8) 6 (0.7) HR 1.24 (0.42 to 3.68) .70 1.21 (0.40 to 3.61) .74

Death within 90 dh 7 (0.8) 10 (1.1) HR 0.74 (0.28 to 1.94) .54 0.63 (0.24 to 1.70) .37

Abbreviations: GMR, geometric mean ratio; HR, hazard ratio; mRS, modified
Rankin Scale; NIHSS, National Institute of Health Stroke Scale; RD, risk
difference; RR, risk ratio.
a Treatment effect is presented as RR, RD, GMR, HR, or mean difference (95%

CI) of remote ischemic conditioning vs control group, analyzed by unadjusted
and adjusted binary logistic regression.

b Adjusted for key prognostic covariates (age, sex, premorbid function [mRS
score, 0 or 1], NIHSS score at randomization, history of stroke or transient
ischemic attack, and time from the onset of symptom to remote ischemic
conditioning).

c mRS scores range from 0 to 6: 0 = no symptoms, 1 = symptoms without
clinically significant disability, 2 = slight disability, 3 = moderate disability,
4 = moderately severe disability, 5 = severe disability, and 6 = death. There
was 1 patient with disagreement over mRS (in the control group) between the
central adjudicator and site assessor.

d Calculated using generalized linear model.
e Early neurologic deterioration was defined as an increase between baseline

and 7 days of !2 on the NIHSS score, but not result of cerebral hemorrhage
(eMethods in Supplement 3).

f Stroke-associated pneumonia was defined according to the recommendation
from the pneumonia in stroke consensus group (eMethods in Supplement 3).

g NIHSS scores range from 0 to 42, with higher scores indicating greater stroke
severity. Log(NIHSS+1) was analyzed using generalized linear model. There
were 3 patients with disagreement over NIHSS (2 in the remote ischemic
conditioning group and 1 in the control group) between the central adjudicator
and site assessor.

h Calculated with Cox regression model.

Figure 2. Distribution of Modified Rankin Scale Scores at 90 Days in the Full Analysis Set
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6 = death). The odds ratio was 1.29
(95% CI, 1.09-1.52), and the P value
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adjusted P value was <.001.
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st e n osis, a n d p resu m e d st ro k e c a use (e F ig u re 3 i n Su p p l e-
m e n t 3). T h e resu l ts o f t h e p er-p ro tocol a n al ysis w ere si m ilar

to t h ose o f t h e f u ll a n al ysis se t for t h e p ri m ar y o u tco m e (e F ig-
u re 4 i n Su p p le m e n t 3).

Adverse Events
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c l u d i ng 23 seri o us a d v erse e v e n ts (10/863 [1.2%] i n t h e RIC

Table 2. Primary and Secondary Outcomes in the Full Analysis Set

Group, No. (%)

Treatment
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Unadjusted Adjustedb

Remote ischemic
conditioning
(n = 863)

Control
(n = 913)

Treatment
difference
(95% CI) P value

Treatment
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(95% CI) P value

Primary outcome

mRS score of 0 to 1
within 90 dc

582 (67.4) 566 (62.0) RRd 1.17 (1.03 to 1.32) .02 1.18 (1.04 to 1.34) .007

RD, %d 5.4 (1.0 to 9.9) .02 6.2 (2.0 to 10.4) .004

Secondary outcomes

mRS score of 0 to 2
within 90 dc

687 (79.6) 689 (75.5) RRd 1.20 (1.01 to 1.43) .04 1.22 (1.03 to 1.45) .02

RD, %d 4.1 (0.3 to 8.0) .04 4.3 (0.9 to 7.8) .01

Early neurologic
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within 7 de

77 (8.9) 64 (7.0) RRd 1.27 (0.93 to 1.75) .14 1.26 (0.91 to 1.73) .16
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Stroke-associated
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within 12 df

26 (3.0) 19 (2.1) RRd 1.45 (0.81 to 2.60) .21 1.48 (0.82 to 2.65) .19

RD, %d 0.9 (−0 to 2.4) .21 1.0 (−0.4 to 2.5) .17

Change in
NIHSS score
at day 12
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median (IQR)g,d

4 (2 to 6) 4 (2 to 5) GMR 1.02 (0.99 to 1.05) .32 1.02 (0.99 to 1.05) .30

Stroke or other
vascular events
within 90 dh

7 (0.8) 6 (0.7) HR 1.24 (0.42 to 3.68) .70 1.21 (0.40 to 3.61) .74

Death within 90 dh 7 (0.8) 10 (1.1) HR 0.74 (0.28 to 1.94) .54 0.63 (0.24 to 1.70) .37

Abbreviations: GMR, geometric mean ratio; HR, hazard ratio; mRS, modified
Rankin Scale; NIHSS, National Institute of Health Stroke Scale; RD, risk
difference; RR, risk ratio.
a Treatment effect is presented as RR, RD, GMR, HR, or mean difference (95%

CI) of remote ischemic conditioning vs control group, analyzed by unadjusted
and adjusted binary logistic regression.

b Adjusted for key prognostic covariates (age, sex, premorbid function [mRS
score, 0 or 1], NIHSS score at randomization, history of stroke or transient
ischemic attack, and time from the onset of symptom to remote ischemic
conditioning).

c mRS scores range from 0 to 6: 0 = no symptoms, 1 = symptoms without
clinically significant disability, 2 = slight disability, 3 = moderate disability,
4 = moderately severe disability, 5 = severe disability, and 6 = death. There
was 1 patient with disagreement over mRS (in the control group) between the
central adjudicator and site assessor.

d Calculated using generalized linear model.
e Early neurologic deterioration was defined as an increase between baseline

and 7 days of !2 on the NIHSS score, but not result of cerebral hemorrhage
(eMethods in Supplement 3).

f Stroke-associated pneumonia was defined according to the recommendation
from the pneumonia in stroke consensus group (eMethods in Supplement 3).

g NIHSS scores range from 0 to 42, with higher scores indicating greater stroke
severity. Log(NIHSS+1) was analyzed using generalized linear model. There
were 3 patients with disagreement over NIHSS (2 in the remote ischemic
conditioning group and 1 in the control group) between the central adjudicator
and site assessor.

h Calculated with Cox regression model.
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RD, %d 4.1 (0.3 to 8.0) .04 4.3 (0.9 to 7.8) .01

Early neurologic
deterioration
within 7 de

77 (8.9) 64 (7.0) RRd 1.27 (0.93 to 1.75) .14 1.26 (0.91 to 1.73) .16

RD, %d 1.9 (−0.6 to 4.4) .14 1.8 (−0.8 to 4.3) .17

Stroke-associated
pneumonia
within 12 df

26 (3.0) 19 (2.1) RRd 1.45 (0.81 to 2.60) .21 1.48 (0.82 to 2.65) .19

RD, %d 0.9 (−0 to 2.4) .21 1.0 (−0.4 to 2.5) .17

Change in
NIHSS score
at day 12
from baseline,
median (IQR)g,d

4 (2 to 6) 4 (2 to 5) GMR 1.02 (0.99 to 1.05) .32 1.02 (0.99 to 1.05) .30

Stroke or other
vascular events
within 90 dh

7 (0.8) 6 (0.7) HR 1.24 (0.42 to 3.68) .70 1.21 (0.40 to 3.61) .74

Death within 90 dh 7 (0.8) 10 (1.1) HR 0.74 (0.28 to 1.94) .54 0.63 (0.24 to 1.70) .37

Abbreviations: GMR, geometric mean ratio; HR, hazard ratio; mRS, modified
Rankin Scale; NIHSS, National Institute of Health Stroke Scale; RD, risk
difference; RR, risk ratio.
a Treatment effect is presented as RR, RD, GMR, HR, or mean difference (95%

CI) of remote ischemic conditioning vs control group, analyzed by unadjusted
and adjusted binary logistic regression.

b Adjusted for key prognostic covariates (age, sex, premorbid function [mRS
score, 0 or 1], NIHSS score at randomization, history of stroke or transient
ischemic attack, and time from the onset of symptom to remote ischemic
conditioning).

c mRS scores range from 0 to 6: 0 = no symptoms, 1 = symptoms without
clinically significant disability, 2 = slight disability, 3 = moderate disability,
4 = moderately severe disability, 5 = severe disability, and 6 = death. There
was 1 patient with disagreement over mRS (in the control group) between the
central adjudicator and site assessor.

d Calculated using generalized linear model.
e Early neurologic deterioration was defined as an increase between baseline

and 7 days of !2 on the NIHSS score, but not result of cerebral hemorrhage
(eMethods in Supplement 3).

f Stroke-associated pneumonia was defined according to the recommendation
from the pneumonia in stroke consensus group (eMethods in Supplement 3).

g NIHSS scores range from 0 to 42, with higher scores indicating greater stroke
severity. Log(NIHSS+1) was analyzed using generalized linear model. There
were 3 patients with disagreement over NIHSS (2 in the remote ischemic
conditioning group and 1 in the control group) between the central adjudicator
and site assessor.

h Calculated with Cox regression model.
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ure 4 in Supplement 3).
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Rankin Scale; NIHSS, National Institute of Health Stroke Scale; RD, risk
difference; RR, risk ratio.
a Treatment effect is presented as RR, RD, GMR, HR, or mean difference (95%
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and adjusted binary logistic regression.

b Adjusted for key prognostic covariates (age, sex, premorbid function [mRS
score, 0 or 1], NIHSS score at randomization, history of stroke or transient
ischemic attack, and time from the onset of symptom to remote ischemic
conditioning).

c mRS scores range from 0 to 6: 0 = no symptoms, 1 = symptoms without
clinically significant disability, 2 = slight disability, 3 = moderate disability,
4 = moderately severe disability, 5 = severe disability, and 6 = death. There
was 1 patient with disagreement over mRS (in the control group) between the
central adjudicator and site assessor.

d Calculated using generalized linear model.
e Early neurologic deterioration was defined as an increase between baseline

and 7 days of !2 on the NIHSS score, but not result of cerebral hemorrhage
(eMethods in Supplement 3).

f Stroke-associated pneumonia was defined according to the recommendation
from the pneumonia in stroke consensus group (eMethods in Supplement 3).

g NIHSS scores range from 0 to 42, with higher scores indicating greater stroke
severity. Log(NIHSS+1) was analyzed using generalized linear model. There
were 3 patients with disagreement over NIHSS (2 in the remote ischemic
conditioning group and 1 in the control group) between the central adjudicator
and site assessor.
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Effect of Remote Ischemic Conditioning vs Usual Care on Neurologic
Function in Patients With Acute Moderate Ischemic Stroke
The RICAMIS Randomized Clinical Trial
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Jing Han, MM; Chang-Qing Deng, MM; Mei Hong, BSM; Ying Bao, MM; Li-Hong Zhao, MM; Ting-Guang Yan, BSM;
Ren-Lin Zou, BSM; Hui Wang, MM; Zhuo Li, MM; Li-Shu Wan, MM; Li Zhang, BSM; Lian-Qiang Wang, BSM;
Li-Yan Guo, MM; Ming-Nan Li, BSM; Dong-Qing Wang, MM; Qiang Zhang, MM; Da-Wei Chang, MM;
Hong-Li Zhang, BSM; Jing Sun, BSM; Chong Meng, BSM; Zai-Hui Zhang, BSM; Li-Ying Shen, BSM; Li Ma, MM;
Gui-Chun Wang, BSM; Run-Hui Li, MM; Ling Zhang, BSM; Cheng Bi, MM; Li-Yun Wang, BSM; Duo-Lao Wang, PhD;
for the RICAMIS Investigators

IMPORTANCE Preclinical and clinical studies have suggested a neuroprotective effect of
remote ischemic conditioning (RIC), which involves repeated occlusion/release cycles
on bilateral upper limb arteries; however, robust evidence in patients with ischemic
stroke is lacking.

OBJECTIVE To assess the efficacy of RIC for acute moderate ischemic stroke.

DESIGN, SETTING, AND PARTICIPANTS This multicenter, open-label, blinded–end point,
randomized clinical trial including 1893 patients with acute moderate ischemic stroke was
conducted at 55 hospitals in China from December 26, 2018, through January 19, 2021, and
the date of final follow-up was April 19, 2021.

INTERVENTIONS Eligible patients were randomly assigned within 48 hours after symptom
onset to receive treatment with RIC (using a pneumatic electronic device and consisting of 5
cycles of cuff inflation for 5 minutes and deflation for 5 minutes to the bilateral upper limbs to
200 mm Hg) for 10 to 14 days as an adjunct to guideline-based treatment (n = 922) or
guideline-based treatment alone (n = 971).

MAIN OUTCOMES AND MEASURES The primary end point was excellent functional outcome at
90 days, defined as a modified Rankin Scale score of 0 to 1. All end points had blinded
assessment and were analyzed on a full analysis set.

RESULTS Among 1893 eligible patients with acute moderate ischemic stroke who were
randomized (mean [SD] age, 65 [10.3] years; 606 women [34.1%]), 1776 (93.8%) completed
the trial. The number with excellent functional outcome at 90 days was 582 (67.4%) in the
RIC group and 566 (62.0%) in the control group (risk difference, 5.4% [95% CI, 1.0%-9.9%];
odds ratio, 1.27 [95% CI, 1.05-1.54]; P = .02). The proportion of patients with any adverse
events was 6.8% (59/863) in the RIC group and 5.6% (51/913) in the control group.

CONCLUSIONS AND RELEVANCE Among adults with acute moderate ischemic stroke,
treatment with remote ischemic conditioning compared with usual care significantly
increased the likelihood of excellent neurologic function at 90 days. However, these findings
require replication in another trial before concluding efficacy for this intervention.

TRIAL REGISTRATION ClinicalTrials.gov Identifier: NCT03740971

JAMA. 2022;328(7):627-636. doi:10.1001/jama.2022.13123
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R eperfusion therapies, including intravenous thromboly-
sis and endovascular thrombectomy, have been recom-
mended as the most effective strategy for acute ische-

mic stroke (AIS) by current guidelines.1 In 2012, an estimated
37% of patients had a good prognosis through intravenous
thrombolysis,2 and a 2016 meta-analysis estimated that about
46% of patients with large artery occlusion had a good out-
come after endovascular therapy.3 Nevertheless, only a small
proportion of the population can be treated with reperfusion
therapies due to the limited therapeutic window and technical
requirements. An active area of research has been to find new
neuroprotective strategies to reduce the disability of AIS.4,5

The phenomenon of myocardial ischemic preconditioning6

attracted much attention in the field of preclinical and clini-
cal research.7 Increasing evidence has demonstrated the
neuroprotective action of remote ischemic conditioning (RIC)
in preclinical studies by reducing brain infarction and improv-
ing neurologic outcomes.7,8 Several clinical studies have sup-
ported the safety of RIC.9-11 There has been a lack of robust
evidence for the neuroprotective effect of RIC in patients with
AIS due to small sample sizes, different RIC procedures, and
heterogeneity of patients with varying extents of neurologic
deficits.12-15 In this context, a multicenter randomized clini-
cal trial was designed to explore the efficacy of RIC for acute
moderate ischemic stroke.

Methods
Study Design
The Remote Ischemic Conditioning for Acute Moderate Ische-
mic Stroke (RICAMIS) Study was a multicenter, open-label,
blinded–end point, randomized clinical trial to assess the ef-
ficacy of 2 weeks of RIC in patients with acute moderate is-
chemic stroke within 48 hours from symptom onset. The study
protocol is available in Supplement 1 and the statistical analy-
sis plan in Supplement 2. The trial took place at 55 medical sites
in China (eAppendix 2 in Supplement 3). The trial protocol was
approved by appropriate regulatory and ethical authorities at
the ethics committee of General Hospital of Northern Theatre
Command (formerly General Hospital of Shenyang Military Re-
gion) and other participating hospitals. An independent data
monitoring committee monitored progress of the trial every
6 months. Signed informed consents were obtained from the
patients or their legally authorized representative.

Participants
Eligible patients were adults aged 18 years or older with acute
moderate ischemic stroke at the time of randomization (base-
line National Institutes of Health Stroke Scale [NIHSS] scores,
6-16; range, 0-42, with higher scores indicating greater stroke
severity), who had been functioning independently in the com-
munity before a stroke (modified Rankin Scale [mRS] scores,
0-1; range, 0 [no symptoms] to 6 [death]), and were enrolled
up to 48 hours after onset of stroke symptoms (the time the
patient was last seen well). Whole head computed tomogra-
phy or magnetic resonance imaging were done at admission
to identify patients with ischemic stroke. Key exclusion crite-

ria were if a patient had received intravenous thrombolysis or
other endovascular therapy; had uncontrolled severe hyper-
tension (systolic blood pressure ≥180 mm Hg or diastolic blood
pressure ≥110 mm Hg after agent treatment); had any contra-
indication for RIC (eg, upper limb with serious soft tissue in-
jury, fracture, or vascular injury, distal upper limb with peri-
vascular lesions); or had etiology of cardiogenic embolism
(eg, atrial fibrillation) given the high risk of intracranial hem-
orrhage transformation. A full list of inclusion and exclusion
criteria is in the study protocol (Supplement 1).

Randomization and Blinding
Eligible patients were randomly assigned into the RIC group
or control group using a simple randomization (1:1) method
without stratification through a computer-generated ran-
dom sequence that was centrally administrated via a password-
protected, web-based program at http://ricamis.medsci.cn
(Shanghai Meisi Medical Technology Co Ltd). The study team
members were unblinded to the treatment allocation.

Procedures
The cuff of a pneumatic electronic autocontrol device (patent
No: ZL201410834305.2; device model: IPC-906; Beijing Renqiao
Cardiocerebrovascular Disease Prevention and Treatment Re-
search Jiangsu Co Ltd), placed around the bilateral upper limbs
within 48 hours of symptom onset, was used to deliver the RIC
protocol: 5 cycles of cuff inflation (200 mm Hg for 5 minutes)
and deflation (for 5 minutes), for a total procedure time of 50
minutes, twice daily for 10 to 14 days.12 After the blood pres-
sure inflation target was set in the device by a trained nurse, the
electronic tourniquet automatically delivered the cycles. In the
RIC group, the patients received RIC treatment in addition to
guideline-recommended treatment (such as antiplatelet or an-
ticoagulant medication or statins).1 All patients completed the
RIC treatment in hospital. In the control group, patients re-
ceived only guideline-recommended treatment. Patients in both
groups received standard care at the discretion of the local in-
vestigator at each participating hospital.

Blood pressure was recorded before cuff inflation and at
the end of 5 cycles of cuff inflation. In each hospital, the phy-
sicians and nurses involved in the clinical trial were trained

Key Points
Question Does remote ischemic conditioning, which involves
repeated occlusion/release cycles on bilateral upper limb arteries,
improve neurologic function in patients with acute moderate
ischemic stroke?

Findings In this randomized clinical trial that included 1893
patients with acute moderate ischemic stroke, excellent
neurologic function at 90 days in those randomized to remote
ischemic conditioning compared with usual care occurred in 67.4%
vs 62.0%, a difference that was statistically significant.

Meaning Although remote ischemic conditioning was associated
with better neurologic function in patients with acute moderate
ischemic stroke, this trial requires replication before concluding
efficacy for this intervention.
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