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Introduction

Remote ischemic conditioning (RIC) describes the tech-
nique of using non-lethal ischemic stimuli in one organ 
or tissue to protect against lethal ischemic events in a 
distant organ. Ischemic conditioning (IC) was first dem-
onstrated using isolated dog hearts whereby brief peri-
ods of occlusion to the left circumflex artery were found 
to reduce infarct size when the same artery was subse-
quently occluded for 40 min, in comparison to non-con-
ditioned hearts.1 Subsequently, it was shown that brief 
periods of ischemia applied to the circumflex artery pro-
tected against ischemia from a 1 h occlusion of the left 
anterior descending artery,2 suggesting that protection 
via IC is conveyed to a different part of an organ than 
that supplied by the conditioned artery. This concept was 
developed when brief periods of occlusion to the mesen-
teric artery reduced the size of myocardial infarction fol-
lowing prolonged occlusion of a coronary artery.3 While 
clearly an interesting phenomenon, it was difficult to 
imagine this technique translating into clinical practice, 

given the perceived danger of occluding blood supply to 
a major organ. However, cardioprotection was subse-
quently demonstrated using brief periods of ischemia to 
skeletal muscle.4 Thus, we arrive at the paradigm for 
RIC used today. Brief periods of non-lethal ischemia are 
applied to a limb, with the aim of inducing ischemic tol-
erance in a distant organ.
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improve functional outcomes after acute ischemic stroke, and that there may be a role for CRIC in the prevention of 
recurrent stroke. Although less developed, there is also proof-of-concept to suggest that RIC may be used to reduce 
vasospasm after subarachnoid hemorrhage or improve cognitive outcomes in vascular dementia. As a cheap, well-
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cerebrovascular disease.
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Several protocols exist for RIC. The stimulus can be 
given before, during, or after an ischemic event, referred to 
respectively as remote ischemic preconditioning (RIPreC), 
remote ischemic perconditioning (RIPerC), and remote 
ischemic postconditioning (RIPostC; see Figure 1). Ischemia 
is achieved by the inflation of a blood pressure cuff to supra-
systolic pressures in one or multiple limbs. Most administra-
tion protocols involve four to five cycles of cuff inflation for 
5 min. While early clinical studies predominantly used a 
single episode of RIC, given around the time of an ischemic 
event, increasingly, chronic RIC (CRIC) is used. This 
requires participants to carry out daily RIC as described 
above for several days, weeks, or even months.

In this review, we shall consider the application of RIC 
as a cytoprotective strategy in the field of cerebrovascular 
disease. We shall see how initial studies focused largely on 
the potential of RIC to protect against ischemia-reperfusion 
(IR) damage in the acute aftermath of stroke. However, 
increasingly there is evidence that CRIC promotes recovery 
of cerebral tissues following ischemic or hemorrhagic 
insult. A literature search of three databases: OVID 
Medline, OVID Embase, and PubMed was conducted using 
the search terms shown in Supplementary Table 1. Titles 
were screened for relevance by HK. As a narrative review, 
no inclusion or exclusion criteria were used. References of 
the articles retrieved using this search strategy were also 
screened to uncover any important published studies missed 
by this literature search.

Mechanisms

An extensive review of the mechanisms underpinning RIC 
is beyond the scope of this article and has been extensively 
covered elsewhere.5,6 Nonetheless, an outline of the pro-
posed mechanism of action is necessary if we are to 

Figure 1.  Different protocols of remote ischemic 
conditioning. RIC can be given before (RIPreC), during 
(RIPerC), or after (RIPostC) an ischemic event. Increasingly, 
RIC is being applied repeatedly over several days, weeks, or 
even months. This is known as chronic RIC (CRIC).

Created with BioRender.com.

understand the implications of the studies recently pub-
lished in the field.

How the signal is transmitted from a limb to distant 
organs and tissues is thought to involve both neural and 
humoral mechanisms. The role of the nervous system has 
been demonstrated by the fact that transection of the femoral 
nerve7 or cholinergic ganglionic blockade with hexametho-
nium8 abrogates the effect of RIC. A great many candidates, 
acting in parallel (see Figure 2), have been identified as 
humoral factors involved in the transfer of the RIC signal.9 
Furthermore, both neural and humoral factors appear inter-
dependent; dialysate from hindlimb-conditioned rats to the 
hearts of naïve rats confers cardio protection, but femoral 
nerve transection of the donor rats, or treatment of naïve 
hearts with hexamethonium abrogates this protection.10 It is 
understood that RIC confers at least two windows of protec-
tion. An acute window of protection starts from the time of 
conditioning until 6 h after RIC.11  Next a chronic window 
confers protection from ischemia to a conditioned subject 
from 12 to 24 h after RIC until some 72 h later.11,12

Protection from cerebrovascular ischemia during the 
acute phase is thought to be mediated by suppression of 
apoptosis13 and upregulation of autophagy14 via modula-
tion of intracellular protein kinase pathways. In the con-
text of cerebrovascular disease, this is thought to provide 
protection from IR damage that may follow an acute 
ischemic stroke (AIS).15 Regarding the chronic window of 
protection, RIC induces multiple changes in de novo pro-
tein synthesis that can affect an organ or tissue’s ability to 
recover from an ischemic event. RIC can modulate the 
inflammatory milieu of ischemic areas of the brain16 and 
modify the immune response to ischemia.17 In addition to 
this, RIC may increase blood supply to areas that have 
suffered an ischemic event. It does this through improving 
endothelial function,18 increasing cerebral blood flow,19 
promoting angiogenesis,20 increasing pro-angiogenic fac-
tors such as vascular endothelial growth factor (VEGF),21 
and endothelial production of nitric oxide.22

Animal studies

Acute ischemic stroke

A recent review demonstrates that animal models of RIC 
and stroke have repeatedly shown that IC is able to reduce 
infarct size and improve early neurological outcome when 
given as RIPreC, RIPerC, or RIPostC.23 Of concern, this 
review found significant publication bias, suggesting  
neutral or negative animal studies are not known.23 
Neurological score in the long term (60 days) also improved 
in rats that received RIPostC immediately after stroke 
onset compared to control rats or rats that received RIPostC 
6 h after ictus.24 A small number of animal studies have 
investigated the effect of CRIC on outcomes after stroke. 
In one study, RIPerC alone improved outcomes at 7 but not 
14 days; whereas RIPerC + RIPostC (daily for 14 days) 
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resulted in improved infarct size and neuroscore at day 
14.25 Furthermore, RIPostC starting 12–24 h after onset 
(acute) compared to very delayed (5 days) RIPostC for 
10 days produced smaller infarct sizes in the acute group. 
Interestingly, the delayed group showed significantly better 
neurological deficit scores at 84 days potentially mediated 
through angioneurogenesis.26 Therefore, RIC outside the 
time frame where it can reduce IR damage may improve 
long-term outcomes. With less rigid time constraints, this 
has enormous potential for clinical application in a wide 
variety of circumstances.

Hemorrhagic stroke

In a model of parenchymal IC hemorrhage of the MCA, 
RIPreC reduced perihematoma edema following autolo-
gous blood infusion to rat brains 3 days after condition-
ing.27 Furthermore, daily RIPostC improved hematoma 
resolution and neurological outcome 6 days after colla-
genase-induced intracerebral hemorrhage (ICH).28 This 
effect was associated with an increase in anti-inflammatory 
monocytes and was abrogated by depletion of myeloid cells 
or a knockout of AMPK-1α.

Limited study has also been made of the application of 
RIC as a neuroprotective strategy in subarachnoid hemor-
rhage (SAH). Delayed cerebral ischemia typically occurs at 
days 4–14,29 and so there is a window following diagnosis 
during which IC can be given to protect against ischemia. 
In one preclinical study, repeated bilateral hindlimb condi-
tioning, starting immediately after induced SAH and con-
tinuing for 3 days, improved neurological function, and 
reduced neuronal apoptosis.30

Human studies

Remote ischemic per-conditioning

With animal studies showing clear benefits of RIC in AIS 
models, an increasing number of human trials have been 
performed. Initially, these were limited to studies involving 
less than 100 patients. Early data suggest RIC is safe in 
acute stroke, including when given around the time of intra-
venous thrombolysis (IVT) and endovascular thrombec-
tomy (EVT).31–35

The first proof-of-concept study into the clinical appli-
cation of RIPerC in stroke used pre-hospital RIC delivered 

Figure 2.  Schematic representing the mechanisms of action for RIC. Brief ischemia is applied to a limb via the inflation of a 
blood pressure cuff. Release of autacoids at the site of the stimulus causes transmission of the signal to nuclei in the CNS via 
sensory afferents. Humoral factors are then released, which lead to effects in the target organ, These effects are varied and 
include regulation of apoptosis and autophagy via intracellular protein kinase pathways and more delayed effects on de novo 
protein synthesis that modify immune, inflammatory, and vascular responses during ischemic insults.

Created with BioRender.com.
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by paramedics and examined the effect on infarct size, 
infarct growth, and modified Rankin scale (mRS) in 
patients who received alteplase.36 They found no difference 
between RIC and control groups in their pre-specified study 
outcomes, although a retrospective voxel-wise analysis of 
magnetic resonance (MR) images adjusted for baseline per-
fusion showed a reduced risk of infarction in the RIC group. 
Further limitations included early dose discontinuation due 
to short ambulance transit times and no measures of pre-
hospital severity scores. However, there were significantly 
more patients with transient ischemic attack (TIA) in the 
RIC group suggesting that RIC may have had an effect 
before baseline measurements were taken.

Recently, RESCUE BRAIN, (n = 188) found no effect of 
RIC on infarct volume or mRS when applied within 6 h of 
symptom onset of patients who received recanalization 
therapy.37 While a high-quality study, the small sample size 
limits interpretation. RIC is prone to multiple factors that 
may attenuate its effects, for example, age and diabetes.38 
Moreover, recanalization does not always result in the res-
toration of blood flow (possibly due to the “no-reflow” 
phenomenon),15 lowering the incidence of IR injury. 
Alternatively, the optimum dose and method of administra-
tion of RIC is yet to be determined. It may be that for clini-
cal benefits to be seen, RIC needs to be repeated in the days 
after stroke. Other small underpowered studies have shown 
inconsistent effects on infarct volume. A study in patients 
who were not eligible for revascularisation therapy found 
no evidence of infarct size reduction,39 while one trial 
administering RIC within 72 h reported a reduction in 
infarct size.40

Importantly, the REmote iSchemic conditioning In 
patients with acute STroke (RESIST) trial41 was presented 
at the European Stroke Organisation Conference in May 
2023 with full publication awaited at the time of writing. 
The investigators enrolled 1500 participants within 4 h of 
onset in a pre-hospital setting, of which 737 were ischemic 
stroke, 165 ICH (n = 165) and the remainder stroke TIA 
(10.5%) or mimic. Randomized 1:1 to single limb RIC or 
sham, 80% received 7 days of twice daily treatment (20% 
1 day of treatment); no differences were found between 
treatment and control groups in the primary outcome, shift 
in mRS.

Remote ischemic post-conditioning

A recent meta-analysis found that in 11 small trials (total 
n = 713) of RIPostC in patients with AIS, including those in 
receipt of thrombolysis,42 National Institutes of Health 
Stroke Scale (NIHSS) scores were significantly improved. 
In addition, although effects were mild and statistical sig-
nificance was not reached, there was a trend toward 
improvement in mRS.43 The authors report a low degree of 
heterogeneity between these studies; however, meaningful 
trial differences do exist, in particular, the timing of RIC 

application relative to stroke onset, the frequency and num-
ber of cuff inflation/deflation cycles, the maximum cuff 
pressures, the total dose of RIC administered and the site of 
application (arm versus leg; unilateral versus bilateral).

The RICAMIS trial assessed RIPerC + RIPostC 
(n = 1893) across 55 hospitals in China;44 where patients 
within 48 h of AIS and NIHSS scores of 6–16, excluded if 
thrombolysed or received mechanical thrombectomy, 
received 10–14 days of daily RIC to bilateral upper limbs or 
control (standard care). Functional independence (mRS < 2) 
at 90 days was significantly more likely in the RIC group 
(67.4% versus 62%, unadjusted odds ratio (OR) 1.27, (95% 
confidence interval (CI): 1.05–1.54); p = 0.02; adjusted OR 
1.41 (95% CI: 1.14–1.74); p = 0.002), with no significant 
differences observed in secondary outcomes which 
included: (1) early neurologic deterioration, (2) change in 
NIHSS score compared with randomization at 12 days, (3) 
stroke or other vascular events within 90 days, and (4) death 
from any cause. The fact that RIC here was started up to 48 
h after the onset of symptoms implies that the functional 
improvement was mediated by neurorepair, rather than pro-
tection from IR damage. The exact time frame of IR dam-
age following reperfusion has not been exactly quantified 
in humans, but there is evidence that breakdown of the 
blood–brain barrier and expansion of the lesion occur 
within 12 and 24 h of reperfusion, respectively.45,46 Thus, in 
a cohort of patients who were not verified to achieve reca-
nalization of the infarcted artery and in whom RIC was 
started on average 24 h after symptom onset, it is likely that 
any improvement was mediated by enhancement of recov-
ery rather than protection from IR injury.

In the context of one large positive phase III trial 
(RICAMIS) and the neutral phase III RESIST trial, the ben-
efit of RIPerC/RIPostC after AIS remains in doubt. Further 
research is needed, such as the UK-based Remote Ischemic 
Conditioning After Stroke Trial 3 (RECAST-3 trial, 
ISRCTN registration 63231313). Trials in AIS need to con-
sider higher doses of RIC using bilateral limbs over a longer 
treatment period.

Carotid endarterectomy

Procedures such as carotid endarterectomy or stenting pro-
vide a period of more predictable stroke risk and therefore 
a target for neuroprotective therapies. In a proof-of-con-
cept, phase II RCT in 189 patients with symptomatic or 
asymptomatic carotid artery stenosis (⩾ 70%), 2 weeks of 
daily CRIC before stenting was associated with signifi-
cantly lower incidence of silent infarcts on magnetic reso-
nance imaging (MRI) within the first 6 months post-surgery 
compared to both control and sham arms.47 Conversely, an 
Iranian study of 74 participants, using a single session of 
RIPreC immediately before stenting (also confounded by 
including both symptomatic and asymptomatic stenoses) 
found no significant difference between the number of 
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silent infarcts in those who received RIC and those who did 
not48 (40.5% RIC vs 51.4% control, p = 0.35). Moreover, a 
meta-analysis of RIPreC in vascular and endovascular sur-
gery (including carotid endarterectomy) found no improve-
ment in mortality, cardiovascular events or neurological 
dysfunction when RIC was used prior to surgery. Thus, the 
use of repeated (i.e. CRIC) rather than single-dose RIC, 
potentially inducing an ischemic tolerance and targeting 
athero-inflammation, may be significant in inducing a 
treatment effect.

Recurrent ischemic stroke

CRIC has been used with the aim of reducing stroke recur-
rence in cases of symptomatic intracranial atherosclerosis 
(ICAS). A small RCT (n = 103) showed a reduced rate of 
stroke recurrence over 300 days between those treated with 
daily RIC compared to those treated with standard medical 
therapy.49 These results are, however, subject to bias as 
34% were excluded from analysis post randomization due 
to loss/refusal to follow-up or intracranial stent placement. 
The same research group demonstrated similar results in 
patients aged 80–95 in a separate study of 79 participants.50 
While encouraging, the reported risk of stroke recurrence in 
the control group of 26.7% is high when compared to 
12.5% in the medically managed patients in the Stenting 
vs Aggressive Medical Management for Preventing 
Recurrent Stroke in Intracranial Stenosis (SAMMPRIS) 
study.51

Using RIC for secondary prevention of stroke was the 
subject of the recent, large, multi-center “RICA” trial.52 A 
total of 3033 patients with symptomatic ICAS received 
12 months of daily RIC or sham, to both upper limbs within 
15 or 30 days of TIA or stroke, respectively, and followed 
up for a median of 3.5 years. The primary outcome of time 
to first non-fatal or fatal ischemic stroke (16.9% vs 19%) 
was not significantly different between groups (hazard ratio 
0.87, (95% CI: 0.74–1.03; p = 0.12), although the secondary 
outcome of composite cardiovascular events was signifi-
cantly lower in the RIC group (hazard ratio 0.82 (95% CI: 
0.71–0.95; p = 0.089). This well-conducted large trial with 
low loss-to-follow-up (4%) was unfortunately affected by 
treatment compliance with only 46.5% of patients more 
than 50% compliant with the study intervention in the first 
year, dropping to 21% when the intervention became vol-
untary. Future trials concentrating on improving treatment 
adherence are warranted.

Hemorrhagic stroke

There has been one small proof-of-concept study investi-
gating the role of RIC in ICH. In the “RICH 1” trial, 
RIPostC appeared safe and well-tolerated in a study of 40 
patients who received daily RIC for 7 days after ICH.53 
This pilot study did not reveal significant differences in 

hematoma volume but did reveal a significantly increased 
rate of hematoma resolution in the RIC group. Further 
trials in this population are needed to determine mecha-
nisms of action and whether RIC is beneficial in this 
setting.

SAH and RIC has been more extensively studied due to 
high risk of ischemic stroke from subsequent vasospasm. 
Several studies have shown that RIC appears to be a safe 
and feasible intervention in SAH.54–56 RIC does not signifi-
cantly alter coagulation profiles in those that have suffered 
SAH.57 A matched cohort analysis has suggested a benefit 
of RIC in SAH, with RIC increasing the chance of good 
outcomes (mRS 0–2) at discharge.58 How this is being 
achieved is the subject of a recent study,59 which demon-
strated a clinically significant reduction in vasospasm in 
patients who received RIC after SAH (7.4% RIC vs 66.8% 
sham RIC). Larger trials are needed to determine if these 
mechanisms can improve clinical endpoints.

Vascular dementia

Cerebral small vessel disease is the most common cause of 
vascular dementia and is a major contributor to mixed 
dementia.60 A few studies have examined the effect of 
CRIC on vascular dementia. In one study, CRIC reduced 
white matter hyperintensities (WMHs) on MRI over the 
course of 1 year, which was correlated with a mild improve-
ment in visuospatial and executive functioning as meas-
ured by Montreal Cognitive Assessment (MOCA).61 CRIC 
over 6 months in a cohort of patients with more severe 
dementia (Mini Mental State Examination (MMSE) score: 
10–26) improved visuospatial perception and spatial ori-
entation.62 Furthermore, it has been shown that CRIC in 
the setting of ICAS is associated with fewer WMHs on 
MRI and improved cognition as measured by MOCA and 
MMSE.63 These studies are limited by their small size and 
relatively short follow-up intervals; when considering 
dementia and cognitive impairment, one year is a rela-
tively short duration of study. However, they do at least 
serve as proof-of-concept.

Hypertension

There has been a small but increasing volume of interest in 
the application of RIC to the field of hypertension. A meta-
analysis has found that CRIC significantly lowers mean 
arterial pressure and diastolic blood pressure, with a non-
significant trend toward lowering systolic blood pressure.64 
Acute RIC, meanwhile, did not result in any lasting reduc-
tion in blood pressure. The preliminary findings of CRIC as 
a means of reducing blood pressure, therefore, add to the 
body of evidence that CRIC might be an effective interven-
tion in improving vascular health, possibly mediated by its 
effects on inflammation, angiogenesis, and endothelial 
function.
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Cardiovascular disease

The concept of RIC was first developed investigating pos-
sible interventions for coronary artery occlusion and its 
review in this space is beyond the scope of this article. 
Nonetheless, differences in stroke and cardiac populations 
are vital to consider if we are to learn from RIC in other 
conditions. The definitive “CONDI-2/ERIC-PPCI” study65 
found that a single session of RIC prior to primary percuta-
neous coronary intervention did not improve cardiac death 
or hospitalization with heart failure 12 months after ST 
elevation MI, despite several prior phase II studies indicat-
ing that RIC was cardio protective.66,67 A possible explana-
tion is that patients with ischemic heart disease may be 
pre-conditioned through effective cardiac treatments. In a 
rat model of myocardial infarction, rats were treated with 
opiates, heparin, and a platelet inhibitor. RIC did not confer 
any additional benefit when given alongside these treat-
ments. Therefore, in the setting of ischemic heart disease, 
medications that are not routinely used in stroke could 
attenuate the effects of RIC.68

Future directions

There is still a great deal of uncertainty regarding the effec-
tive “dose” of RIC. Strategies can be broadly divided into 
acute RIC, where RIC is given in a single session around 
the time of cerebrovascular event, or chronic RIC, where 
RIC is given in multiple sessions over a longer period. 
Numerous studies are currently in progress with a wide 
variety of RIC protocols used, ranging from a single epi-
sode of RIC to RIC twice daily for a week. These are sum-
marized in Supplementary Table 2. Furthermore, the 
Remote Ischaemic Conditioning in Stroke Collaboration 
(RISC) aims to complete an individual participant meta-
analysis to understand potential differences in RIC delivery 
and population subgroups (PROSPERO registration 
CRD42020197351).

Determining an optimal RIC dose is difficult without an 
adequate biomarker. RIC can modulate several proteins 
involved in lipid metabolism, coagulation, immuno-inflam-
matory responses and endovascular homeostasis;69 though 
more work in larger clinical populations and correlated 
with outcomes is needed to confirm whether proteomic 
regulation provides a candidate biomarker. Furthermore, 
RIC has been shown to induce changes in vascular dynam-
ics in stroke patients, such as flow-mediated dilatation18 
and cerebral blood flow;49,70 offering potential alternative 
biomarkers of effect.

Compliance has been variably reported across different 
studies and there is a clear divide between compliance with 
RIC protocols that last a matter of days compared with 
those requiring the participant to carry on the intervention 
for months or even years. When RIC is delivered for a 
period of 2 weeks or less, compliance has been reported as 

78–97%,32,33,71,72 although the exception to this is the 
RECAST-2 trial, which found a significant decline in com-
pliance at 48 h in both RIC and sham when patients were 
transferred from hospital to a rehabilitation facility.35 This 
may reflect differing healthcare practices in different coun-
tries. Even if we find an effective dose of RIC, it is of no 
use if the protocol is so demanding that patients cannot 
comply with it. Future work should focus on finding the 
minimum effective dose and monitoring compliance with 
this regime.

Conclusion

The paradigm of IC is a promising intervention in the field 
of cytoprotection. The fear is, that like so many previous 
neuroprotective strategies, RIC will fail to translate from 
pre-clinical studies to beneficial outcomes in clinical trials. 
However, recent evidence from the RICAMIS and RICA 
trials is encouraging. Further study of this cheap and easily 
applicable intervention is, therefore, warranted. Despite 
this, there remain large gaps in our understanding of the 
mechanisms and therefore the optimum dose and delivery 
of RIC. Research for a reliable biomarker of RIC efficacy 
to help determine the ideal RIC strategy should be pro-
moted. Furthermore, we must ensure RIC is tolerable to the 
populations in whom it shall be applied.
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