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Abstract
Remote ischemic conditioning (RIC) is a promising neuroprotective therapy for ischemic stroke. Preclinical studies investigating
RIC have shown RIC reduced infarct volume, but clinical trials have been equivocal. Therefore, the efficacy of RIC in reducing
infarct volume and quality of current literature needs to be evaluated to identify knowledge gaps to support future clinical trials.
We performed a systematic review and meta-analysis of preclinical literature involving RIC in rodent models of focal ischemia.
This review was registered with PROSPERO (CRD42019145441). Eligibility criteria included rat or mice models of focal
ischemia that received RIC to a limb either before, during, or after stroke. MEDLINE and Embase databases were searched
from 1946 to August 2019. Risk of bias was assessed using the SYRCLE risk of bias tool along with construct validity. Seventy-
two studies were included in the systematic review. RIC was shown to reduce infarct volume (SMD − 2.19; CI − 2.48 to − 1.91)
when compared to stroke-only controls and no adverse events were reported with regard to RIC. Remote ischemic conditioning
was shown to be most efficacious in males (SMD − 2.26; CI − 2.58 to − 1.94) and when delivered poststroke (SMD − 1.34; CI −
1.95 to − 0.73). A high risk of bias was present; thus, measures of efficacy may be exaggerated. A limitation is the poor
methodological reporting of many studies, resulting in unclear construct validity. We identified several important, but under
investigated topics including the efficacy of RIC in different stroke models, varied infarct sizes and location, and potential sex
differences.
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Introduction

Stroke is the second leading cause of mortality worldwide [1].
Although more individuals are surviving stroke due to ad-
vances in acute care interventions (i.e., tissue plasminogen
activator, thrombectomy), the number of people living with
stroke-induced disabilities has significantly increased, making
it the second leading cause of disability-adjusted life years [1].
With more than 80million survivors worldwide, it is predicted
that the incidence of stroke will be more than double between
2010 and 2050 due to changes in population demographics
[1–3]. Since the number of individuals experiencing stroke
and stroke-induced disability continues to rise, it is necessary
to continue to investigate novel stroke therapeutics including
neuroprotective strategies.

To date, neuroprotective drugs that showed efficacy in an-
imal models have failed in clinical trials [4] likely because
these compounds targeted single molecular pathways associ-
ated with cell death (e.g., calcium influx, excess glutamate)

* Dale Corbett
dcorbett@uottawa.ca

1 Department of Cellular and Molecular Medicine, University of
Ottawa, Ottawa, Canada

2 Canadian Partnership for Stroke Recovery, Ottawa, Canada
3 Canadian Vascular Network Scholar, Ottawa, Canada
4 Clinical Epidemiology Program, BLUEPRINT Translational

Research Group, Ottawa Hospital Research Institute,
Ottawa, Canada

5 Department of Medicine, University of Ottawa, Ottawa, Canada
6 School of Epidemiology, University of Ottawa, Ottawa, Canada
7 Department of Anesthesiology and Pain Medicine, The Ottawa

Hospital, Ottawa, Canada

https://doi.org/10.1007/s12975-020-00882-1

/ Published online: 6 January 2021

Translational Stroke Research (2021) 12:461–473

http://crossmark.crossref.org/dialog/?doi=10.1007/s12975-020-00882-1&domain=pdf
http://orcid.org/0000-0003-0217-4576
mailto:dcorbett@uottawa.ca


[5–7]. However, neuroprotective strategies that target multiple
molecular pathways associated with cell death, such as hypo-
thermia or prestroke exercise, have demonstrated the most
clinical efficacy [4, 5]. Remote ischemic conditioning (RIC)
is a therapy that involves repetitive cycles of occlusion and
reperfusion of blood flow to a limb. A myriad of studies have
found that it conveys protection against ischemia of a distant
organ (e.g., brain and heart) and therefore may be a promising
neuroprotective intervention for acute stroke [8, 9]. Similar to
clinically induced hypothermia and exercise, RIC acts upon
multiple neuroprotective pathways and is highly tolerable and
safe, with no reported adverse side effects [10].

Over the last decade, the potential of RIC as a
neuroprotectant for stroke has generated considerable interest.
RIC can be delivered prophylactically before surgery or in
high-risk populations (preconditioning), as well as during
(per-conditioning) or shortly after (postconditioning) stroke.
The literature suggests that RIC is neuroprotective in animal
models of focal ischemia [8, 10]. Despite this early promise,
clinical trials evaluating RIC efficacy in stroke have been
equivocal [8]. To avoid repeating past failures in translating
promising neuroprotective strategies, it is essential that the ef-
ficacy and quality of the preclinical evidence for RIC be eval-
uated [5–7]. Identifying issues in the existing literature is nec-
essary to better inform future clinical trials.

The failed pharmacological neuroprotective approach
for stroke did not meet international guidelines for design-
ing and reporting preclinical research aimed at informing
clinical trials [11, 12]. It is important that preclinical RIC
research does not follow the same path. Three important
sets of guidelines for preclinical stroke research are the
stroke therapy academic industry roundtable (STAIR)
[11, 13], stroke recovery and rehabilitation roundtable
(SRRR) [14], and stem cell therapies as an emerging par-
adigm in stroke (STEPS) [11, 15, 16]. These guidelines
advocate that novel stroke therapies should be evaluated
in a randomized and blinded fashion in at least two species,
and in both sexes. In addition, administration of the thera-
py should also be delivered during a clinically relevant
time window using long-term functional outcomes (i.e.,
at least 1-month poststroke) in multiple stroke models
[11, 14].

Although there have been previous reviews of RIC as a
neuroprotective therapy, a systematic review and meta-
analysis of the preclinical stroke literature has not been con-
ducted [8, 17]. As such, we aimed to systematically determine
the efficacy of RIC in reducing infarct volumes in rodent
models of focal ischemic stroke. In addition, subgroups in-
cluding sex, species, stroke model, and timing of RIC were
examined in relation to the neuroprotective efficacy of RIC.
Another major aim was to identify knowledge gaps in the RIC
research literature considering the STAIR, SRRR, and STEPS
recommendations. Addressing knowledge gaps in RIC

literature and aligning with these guidelines are essential to
increase the likelihood of successful translation of RIC to
clinical populations.

Methods

Our systematic review was registered on PROSPERO
(CRD42019145441) and is reported in accordance with
PRISMA guidelines (Supplemental Table 1).

Eligibility Criteria

Preclinical studies using adult mice or rats were required to
include an experimental group that underwent RIC in at least
one limb and received a focal ischemic stroke. RIC must have
exclusively occurred either before, during, or after stroke.
Studies where RIC was delivered before and after stroke in
the same animal or did not have a stroke control group that did
not receive RIC were excluded since administering RIC be-
fore and after stroke is not clinically plausible. Studies con-
ducted in models of global ischemia or hemorrhage, and those
using neonates, non-rodent models, ex vivo and in vitro prep-
arations, or humans were excluded. In addition, studies in
which RIC was delivered to a remote organ (i.e., not a limb)
or only had groups that RIC was delivered in conjunction with
another therapy were excluded.

Outcomes

The primary outcome for this systematic review was infarct
volume because it is the most widely used measure of neuro-
protection [18]. Infarct volume was recorded as percentage of
hemisphere, percentage of whole brain, or in mm3. All
methods of infarct volume measurement were accepted (e.g.,
magnetic resonance imaging (MRI), tetrazolium chloride
(TTC), cresyl violet). If infarct volume was measured at
multiple timepoints, the last timepoint was recorded for
analysis to assess the long-term effects of RIC. Secondary
outcomes included mortality and adverse events. When
provided, mortality was recorded as number of animals that
died in each experimental group.

Literature Search Strategy

The literature search was performed using the Embase and
MEDLINE databases from 1946 to August 14, 2019. The
search strategy was developed by an information specialist
(Risa Shorr, MLS, Ottawa Hospital Library Services) in con-
junction with preclinical experts in the field of stroke recovery
(MJ, MM, DC). Keywords related to RIC in rodent models of
stroke were used to develop a search strategy. The search
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strategy can be located in the supplementary material. No date
or language restrictions were applied to the search.

Study Selection Process

Studies identified from this search strategy were screened for
duplicates. After removal of the duplicates, the remaining
studies were uploaded into Distiller Systematic Review
Software (DistillerSR). Study selection was documented
using a PRISMA selection process flow diagram (Fig. 1).
Initially, study titles and abstracts were screened by two inde-
pendent researchers (AR, MM) based on the predetermined
list of criteria. Studies that did not meet these criteria were
excluded from the systematic review. Full-text articles were
obtained for all articles determined to be relevant and the full-
texts were screened by the same two reviewers (AR, MM).
Studies that did not meet the eligibility criteria were removed
from the review. Remaining studies that met eligibility criteria
were included in the systematic review. Discrepancies were
mediated through discussion with a third reviewer (MJ) to
ensure consensus of inclusion/exclusion. Chinese language
articles were run through Google Translate services and

followed the same data extraction procedures as other articles.
However, a fourth reviewer, a native Chinese reader
(Junzheng Wu), also extracted data from the original
(untranslated) text and verified the results obtained from
Google Translate. Although review articles were not eligible
for inclusion, their reference lists were reviewed to identify
additional relevant articles. In the case of missing papers, ar-
ticles were requested from authors.

Data Extraction

Following determination of eligible articles, data extraction
was performed by two independent reviewers (AR, MM).
Collected data included variables relating to study character-
istics, RIC intervention, stroke induction, outcomes, risk of
bias, and construct validity. Mean infarct volume was extract-
ed from the text and supplementary data or in cases when not
explicitly reported, extracted from figures using Engauge
Digitizer. Discrepancies were mediated through discussion
with a third reviewer (MJ) to ensure consensus. Missing data
items were not requested from study authors as the data has
not been peer reviewed.

Fig. 1 PRISMA flow diagram for study selection
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Risk of Bias Assessment and Construct Validity

Risk of bias was assessed by using an adapted version of the
SYRCLE risk of bias tool [19]. Each prompt was rated as a
high, low, or unclear risk of bias. To assess the clinical gen-
eralizability of experimental conditions, the construct validity
was assessed for each study. Construct validity items included
the following: (1) use of adult animals, (2) temperature regu-
lation during RIC, (3) confirmation of limb ischemia during
RIC, (4) confirmation of successful stroke surgery, (5) moni-
toring of physiological conditions during stroke, (6) regulation
of temperature during or after stroke, and (7) assessment of
whether infarct volume was proportional to typical human
stroke size. Each requirement was rated as either “good,”
“poor,” or “unclear” by two independent reviewers (AR,
MM). Discrepancies were mediated through discussion with
a third reviewer (MJ) to ensure consensus of ratings.

Data Analysis

Studies were pooled using Comprehensive Meta-Analysis
(CMA) (version 3; Biostat Inc., USA). For continuous out-
comes, a standardized mean difference (SMD) was calculated
using random effects inverse variance meta-analyses and pre-
sented with 95% confidence intervals. SMD was chosen due
to the different measurement techniques for our primary out-
come of infarct size. Statistical heterogeneity was assessed
using the I2 statistic. An I2 value of > 50% was considered
to indicate important heterogeneity requiring additional explo-
ration. Where sufficient data were available, we performed
subgroup analyses to determine whether the effect of RIC on
infarct size varied by species, sex, number of limbs, which
limb, type of RIC, number of sessions, number of cycles,
duration of occlusion and reperfusion, RIC onset relative to
stroke (preconditioning vs. postconditioning), time of RIC
delivery relative to stroke, stroke model, and type of anesthe-
sia (post hoc), randomization (post hoc), and blinding (post
hoc). Significance of a subgroup interaction was determined
by a z-test using CMA. For studies using a single control
group and multiple experimental groups, control group sam-
ple sizes were split to avoid double counting control animals.
Where experimental arms outnumbered control group ani-
mals, the review team made decisions on the most relevant
experimental arms, in consultation with stroke experts.
Publication bias was examined using funnel plots and
Egger’s regression test for trials reporting our primary out-
come. Studies with missing data items for specific subgroups
were not included in the corresponding subgroup analysis.

Deviations from Protocol

For continuous variables (i.e., number of RIC cycles, number
of RIC sessions, duration of RIC occlusion, duration of RIC

reperfusion, time of RIC onset), a univariate random effects
meta-regression analysis was performed using the method of
moments approach to investigate potential underlying rela-
tionships that may explain some of the variability in effect
sizes. Subgroups included in this analysis were number of
RIC cycles, number of RIC sessions, duration of RIC occlu-
sion/reperfusion, duration of RIC occlusion/reperfusion dur-
ing preconditioning/postconditioning, latest infarct measure-
ment timepoint, and time of RIC onset in preconditioning and
postconditioning. We included an additional subgroup analy-
sis with regard to the type of anesthesia used. This subgroup is
importantly included to assess if there are any differences in
the neuroprotective benefits of different anesthetics when in
conjunction with RIC.

Results

Characteristics of Included Studies

Included studies were published between 2007 and 2019 from
8 countries (Supplemental Table 2). Sample sizes in the stud-
ies ranged from 5 to 54 with a mean of 6.7 ± 1.27 animals. Of
the species used in each study, 86.1% and 13.9%were rats and
mice, respectively (Table 1). The majority of the studies used
solely male (87.5%) animals, 5.6% of studies used solely
female animals, and 1.4% of studies used both sexes. A
small number of studies (5.6%) did not report the sex of
the animals used. At least one behavioral outcome was in-
cluded in 79.2% of studies. Comorbidities were reported in
4.2% of the studies and 2.8% involved a comorbidity (type
II diabetes mellitus) commonly associated with stroke.
Excluded animals were reported in 13.9% of studies
(Supplemental Table 2).

Stroke Model Characteristics and Infarct Volume
Assessment

Reperfusion models were the most common model for stroke
(84.7%). The intraluminal suture and embolism models
accounted for 81.9% and 2.8% of all strokes respectively.
The most widely used occlusion time for reperfusion models
of stroke was 90 min (33.3%) followed by 120 min (27.8%),
60 min (16.7%), 45 min (2.8%), and 100 min (1.4%). Few
studies (2.8%) did not report the occlusion time during
stroke. Permanent occlusion models accounted for 15.3%
of stroke models used. More specifically, 9.7% of studies
used a cauterization model and 1.4% of studies used either a
permanent clip, permanent distal MCA ligation, permanent
intraluminal suture, or a modified 3 vessel occlusion
(Table 1).

The method of infarct volume assessment was collected
from the included studies (Table 1). The majority of studies
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Table 1 Summary of study characteristics from included studies

Study characteristics Number of studies (%)

Species

Rat 62 (86.1)

Mouse 10 (13.9)

Age

Adult 38 (52.8)

Not adults 1 (1.4)

Not reported 33 (45.8)

Sex

Male 63 (87.5)

Female 4 (5.6)

Both 1 (1.4)

Unclear 4 (5.6)

Animal model comorbidities

Yes 3 (4.2)

No 69 (95.8)

Behavior

Yes 57 (79.2)

No 15 (20.8)

Stroke model

Permanent occlusion 11 (15.3)

Cauterization 7 (9.7)

Permanent clip 1 (1.4)

Permanent distal MCA ligation 1 (1.4)

Modified 3 vessel occlusion 1 (1.4)

Permanent intraluminal suture 1 (1.4)

Reperfusion model 61 (84.7)

Intraluminal suture 59 (81.9)

Embolism 2 (2.8)

Occlusion time (min)

45 2 (2.8)

60 12 (16.7)

90 24 (33.3)

100 1 (1.4)

120 20 (27.8)

Not reported 2 (2.8)

N/A 11 (15.3)

Infarct volume assessment

Method of infarct volume assessment

TTC 61 (84.7)

Cresyl violet 2 (2.8)

MRI 2 (2.8)

Not reported 7 (9.7)

Time of infarct volume assessment (days relative to onset of stroke)

0.25 1 (1.4)

0.5 1 (1.4)

1 38 (52.8)

2 11 (15.3)

3 9 (12.5)

7 1 (1.4)

Table 1 (continued)

Study characteristics Number of studies (%)

14 1 (1.4)

21 1 (1.4)

60 1 (1.4)

Not reported 8 (11.1)

Remote ischemic conditioning (RIC) parameters

Type of RIC

Invasive occlusion of femoral artery 38 (52.8)

Tourniquet 26 (36.1)

Blood pressure cuff 4 (5.6)

Unclear 5 (6.9)

Anesthesia used for RIC procedure(s)

Chloral hydrate 16 (22.2)

Isoflurane 15 (20.8)

Sodium pentobarbital 9 (12.5)

Enflurane 5 (6.9)

Sevoflurane 1 (1.4)

Urethane 1 (1.4)

Zoletil 1 (1.4)

No anesthesia 1 (1.4)

Not reported 6 (8.3)

Unclear 20 (27.8)

Occlusion time for RIC procedure (min)

0.5 1 (1.4)

5 25 (34.7)

8 1 (1.4)

10 35 (48.6)

15 11 (15.3)

20 1 (1.4)

Not reported 1 (1.4)

Unclear 1 (1.4)

Number of RIC cycles

1 1 (1.4)

2 3 (4.2)

3 61 (84.7)

4 8 (11.1)

5 1 (1.4)

Not reported 2 (2.7)

Number of RIC sessions

1 67 (93.1)

2 1 (1.4)

3 2 (2.8)

14 1 (1.4)

21 1 (1.4)

Number of limbs used for RIC

1 29 (40.3)

2 38 (52.8)

Not reported 6 (8.3)

Which hindlimb

Both hindlimbs 38 (52.8)
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used TTC staining (84.7%), followed by cresyl violet (2.8%),
and MRI (2.8%). Some studies (9.7%) did not report how
infarct volume was measured. Infarct volume assessment
was most commonly measured 1 (52.8%), 2 (15.3%), and
3 days (12.5%) after stroke onset. Infarct measured at
shorter and longer time intervals was only performed in
1.4% of all studies. Infarct volume data was not provided
in 11.1% of studies.

Remote Ischemic Conditioning Intervention
Characteristics

The most widely used method for remote ischemic condition-
ing was invasive femoral artery occlusion (52.8%), followed
by tourniquet (36.1%), and blood pressure cuff (5.6%). It was
unclear how RIC was performed in 6.9% of studies. During
the RIC procedure, 22.2% used chloral hydrate anesthesia,
20.8% used isoflurane, 12.5% used sodium pentobarbital,
and 6.9% used enflurane. Less commonly, 1.4% used
sevoflurane, urethane, or Zoletil. Of the included studies,
1.4% explicitly stated that anesthesia was not used and 8.3%
did not report using anesthesia. The most common occlusion
times for RIC were 5 (34.7%), 10 (48.6%), and 15 (15.3%)
minutes. The majority of studies performed a single session of
RIC (93.1%) with 3 cycles of occlusion/reperfusion during a
session of RIC (84.7%). Occluding both limbs during RIC
was more common (52.8%) than one limb, where the
ipsilesional hindlimb was used more (23.6%) than the contra-
lateral hindlimb (9.7%). Details of limb occlusion were not
reported by 8.6% of RIC studies. Finally, 69.4% of studies
implemented RIC poststroke (postconditioning) compared to
34.7% who applied RIC before stroke (preconditioning). A
total of 68.2% of the studies initiated RIC within 2 h after
cerebral ischemia onset. No adverse events related to RIC
were reported in any of the studies (Table 1).

Effect of RIC on Infarct Volume

Overall, RIC was shown to have a protective effect by reduc-
ing infarct volume (Fig. 2). Experimental groups that received
RIC showed a significant reduction in infarct volume com-
pared to the control groups (SMD − 2.19; 95% CI − 2.48 to −
1.91, I2 = 74%).

Efficacy of RIC under Varying Parameters

The efficacy of RIC between different subgroups was
assessed across studies (Fig. 3). There was a significant dif-
ference in the efficacy of RIC between male (SMD − 2.26; CI
− 2.58 to − 1.94, I2 = 75%) and female animals (SMD − 1.34;
CI − 1.95 to − 0.73, I2 = 42%) when compared to their respec-
tive control groups. One study that included both male and
female animals found a large reduction in infarct volume in
the RIC animals compared to stroke but had large variance
when examining the 95% confidence interval (SMD − 3.53;

Table 1 (continued)

Study characteristics Number of studies (%)

Ipsilesional hindlimb 17 (23.6)

Contralesional hindlimb 7 (9.7)

Time of RIC onset relative to stroke (h)

Preconditioning 25 (34.7)

− 336 1 (1.4)

− 73 1 (1.4)

− 72 2 (2.8)

− 49.5 1 (1.4)

− 48.5 1 (1.4)

− 48 1 (1.4)

− 24 6 (8.3)

− 13.5 1 (1.4)

− 12 1 (1.4)

− 1.5 5 (6.9)

− 1.25 1 (1.4)

− 1 9 (12.5)

− 0.67 2 (2.8)

− 0.5 1 (1.4)

Postconditioning 50 (69.4)

0 4 (5.6)

0.25 1 (1.4)

0.5 3 (4.2)

0.75 2 (2.8)

1 8 (11.1)

1.33 2 (2.8)

1.5 12 (16.7)

1.67 1 (1.4)

2 16 (22.2)

2.17 2 (2.8)

2.5 2 (2.8)

3.5 1 (1.4)

4.5 1 (1.4)

6.5 1 (1.4)

7.5 1 (1.4)

12 1 (1.4)

24 2 (2.8)

48 1 (1.4)

120 1 (1.4)

�Fig. 2 Forest plot of the overall effect of remote ischemic conditioning on
infarct volume in preclinical models of focal ischemic stroke. Reported as
standardized mean difference with a 95% confidence interval. Meta-
analysis of the RIC literature suggests that RIC has an overall neuropro-
tective effect
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CI − 4.94 to − 2.13). There was no significant difference in the
efficacy of RIC between permanent (SMD − 2.33; CI − 2.98
to − 1.68, I2 = 62%) and reperfusion (SMD − 2.17; CI − 2.49
to − 1.85, I2 = 75%) stroke models. Similarly, there was no
significant difference in the efficacy of RIC in terms of type
of RIC used such as invasive occlusion (SMD − 2.35; CI −
2.71 to − 2.00, I2 = 65%), tourniquet (SMD − 1.83; CI − 2.35
to − 1.31, I2 = 82%), and blood pressure cuff (SMD − 2.48; CI
− 2.98 to − 1.43, I2 = 0%). However, there was a significant
difference in the efficacy of RIC between preconditioning and
postconditioning where postconditioning (SMD − 2.40; CI −
2.75 to − 2.06, I2 = 72%) was significantly more effective at
reducing infarct volume compared to preconditioning (SMD
− 1.77; CI − 2.27 to − 1.27, I2 = 76%). There were no signif-
icant differences in the efficacy of RIC in terms of number of
limbs, specific limb(s) used for RIC, number of cycles, num-
ber of sessions, time between sessions, duration of occlusion/
reperfusion, and species (SFig. 1–7). Overall, studies that used
anesthesia had a larger reduction in infarct volume than the

study that did not use anesthesia (SMD − 0.04; CI − 1.01 to
0.93). Anesthetics included were chloral hydrate (SMD −
3.39; CI − 4.34 to − 2.44), sodium pentobarbital (SMD −
1.86; CI − 2.55 to − 1.18), enflurane (SMD − 3.39; CI − 4.34
to − 2.44), sevoflurane (SMD − 1.32; CI − 2.59 to − 0.05),
both urethane and isoflurane (SMD − 1.62; CI − 2.35 to −
0.89), and Zoletil (SMD − 0.76; CI − 1.79 to 0.26). Some
studies were unclear (SMD − 2.42; CI − 2.92 to − 1.92) in
which anesthesia was used. No significant findings were
found in the meta-regression analysis of the subgroups
(SFig. 8–18).

Risk of Bias

Regarding the risk of potential bias of the included studies
(Fig. 4), the overall quality of the studies was poor. Most
studies (91.7%) did not report if group allocation was random-
ized nor described the method of randomization. Similarly,
most studies (95.8%) did not report the randomization of

Fig. 3 Forest plots of the effect of
remote ischemic conditioning in
subgroups. Reported as
standardized mean difference and
a 95% confidence interval for (a)
sex, (b) stroke type, (c) type of
RIC, (d) preconditioning versus
postconditioning, and (e) type of
anesthethic. n is the number of
groups that fall within the
category per subgroup. Meta-
analysis of RIC literature suggests
that postconditioning is signifi-
cantly more neuroprotective than
preconditioning, and there is no
difference in efficacy in male ro-
dent models compared to female
or model of stroke or RIC type
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brains selected for infarct volume assessment. Only 1.4% re-
ported ensuring that the experimental groups were similar be-
fore surgery/intervention. A small proportion of the included
studies explicitly reported blinding of group allocation (8.3%)
and blinding of the personnel to stroke status of subjects in the
RIC intervention group (8.3%). Furthermore, only 11.1% of
the studies reported blinding of personnel during infarct vol-
ume assessment. All studies omitted reporting if animals were
randomly housed during the experiment. There was no differ-
ence in the efficacy of RIC at reducing infarct volume in terms
of reported blinding or randomization (SFig 19–20). Finally,
27.8% of studies had no other potential sources of bias, with
18.1% and 54.2% have an unclear and high risk of bias, re-
spectively. Visual inspection of the funnel plot (Fig. 5) and
Egger’s regression test (p < 0.0001) both indicate the possible
presence of publication bias in our results.

Construct Validity

Construct validity, or the clinical generalizability, was deter-
mined for the included studies (Fig. 6). Adult animals were
clearly identified in 52.8% of studies and 1.4% of studies

reported the use of immature animals. Monitoring and/or reg-
ulating temperature during RIC was reported in 29.2% of
studies. Confirmation of ischemia was reported in 29.2%
and 43.1% of studies during RIC and stroke surgery, respec-
tively. During stroke, 76.4% reported monitoring temperature
and 19.4% reported physiological monitoring. Finally, 62.5%
produced very large infarct volumes akin to malignant infarc-
tion in humans (> 40% of one hemisphere). No studies pro-
duced an infarct size proportional to that typically observed
clinically (4.5–14% of the ipsilateral hemisphere) [20].

Discussion

Overall Efficacy of RIC

The main aim of this systematic review was to assess the
preclinical evidence to determine if RIC reduces infarct vol-
ume following a focal ischemic stroke. We identified and
analyzed 72 different preclinical RIC studies that showed an
overall beneficial effect of RIC in reducing infarct volume.

Fig. 4 Assessment for risk of bias utilizing the SYRCLE criteria. “Other
sources of bias” include mismatches between the procedure in the RIC
and control groups other than implementation of RIC, brain sections not

being chosen randomly for infarct volume assessment, funding, and
conflicts of interest

Fig. 5 Funnel plot of infarct
volume
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RIC Subgroups

Remote ischemic conditioning was beneficial in both male
and female animals but provided significantly more protec-
tion in males. It is unknown what may be underlying the
sex-specific effect of RIC. It could be due to a number of
factors not limited to the effects of anesthesia, sex-specific
hormones, or differing mechanisms of cell death between
sexes. One study that met our inclusion criteria did include
both male and female animals but did not stratify the results
based on sex [21]. The incidence of stroke is higher among
women compared to men, with women experiencing poorer
outcomes [22]. Given the paucity of studies using female
rodents, more RIC studies using both males and females are
needed.

RIC was found most effective when delivered after stroke,
with the majority of studies delivering RIC at the onset of
reperfusion when animals were still anesthetized. The close
temporal pairing of RIC with the neuroprotective effects of
anesthesia may have resulted in a greater reduction in infarct
volume than whenRIC is delivered prior to stroke and animals
are allowed to awaken from anesthesia. In addition, the deliv-
ery of RIC at the time of reperfusion could interfere with the
initiation of the ischemic cascade and thus is of limited clinical
relevance since few patients can be treated in such a narrow
time window [5, 23].

Only two studies looked at chronic versus acute de-
livery of RIC. Chronic RIC refers to the administration
of multiple RIC sessions over an extended period of
time (e.g., 1 session of RIC/day for a week) whereas
acute is a single session of RIC, typically soon after
stroke. Clinically, chronic delivery of RIC has been
used to reduce the reoccurrence of stroke [24] and there
are trials underway employing RIC chronically to im-
prove recovery in patients [25]. Given the very limited
evidence, further studies using chronic RIC and deliver-
ing RIC outside of the neuroprotective window should
be a preclinical research priority as it is important for
stroke recovery.

Most RIC studies used the intraluminal suture stroke mod-
el. While this model encompasses transient occlusion similar
to most human stroke, it produces disproportionately large
strokes that can cause injury in structures (e.g., hypothalamus)
that normally do not occur in human stroke [14, 20]. Infarct
volume was most commonly assessed 1 or 2 days following
stroke with only 4 studies measuring infarct volume later than
3 days. While these studies show a significant reduction in
infarct volume, a serious concern is that neurons can con-
tinue to die days and weeks following stroke treatments [7,
26], including ischemic preconditioning [27, 28]. Four
studies reported infarct volume with longer survival times
but the results are inconsistent [29–32]. Two of these stud-
ies measured infarct volume at both an early and late
timepoint (1 day and 21 days [30]; 2 days and 7 days
[31]) and showed a reduction in infarct volume at both
timepoints. Contrarily, another study found that infarct vol-
ume measured at 60 days was larger than that of 2 days
following stroke [32]. This finding is similar to what is seen
clinically where infarct volume measured 24–36 h follow-
ing stroke onset is smaller than infarct volume measured a
week later [33].

Overall, our analysis shows that RIC reduces infarct vol-
ume in the short term, but whether RIC is truly neuroprotec-
tive or simply delaying cell death is unknown. Future research
should include infarct volume measurements at multiple times
including a very delayed timepoint as suggested in the STAIR
guidelines [34]. In addition to infarct volume, behavioral out-
comes at chronic time points need to be assessed as these have
the greatest clinical relevance [7].

Remote ischemic conditioning was frequently delivered
invasively (i.e., femoral artery occlusion), followed by the
tourniquet and blood pressure cuff methods. This invasive
procedure does not translate well to humans and given similar
efficacy between invasive and non-invasive RIC approaches
(e.g., blood pressure cuff), future work should consider use of
non-invasive RIC. Subgroup analysis showed that all methods
of RIC reduced infarct volume irrespective of whether one or
both hindlimbs were occluded.

Fig. 6 Construct validity
assessment
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Risk of Bias

This systematic review uncovered substantial areas of bias due
to poor methodological reporting in the included studies using
an adapted version of the SYRCLE risk of bias tool [19]. A
very small percentage of studies randomized animals and ex-
plicitly reported how andwhen randomization was completed.
Time of randomization relative to stroke and intervention pro-
cedure is necessary to ensure a low risk of bias. For studies
performing remote ischemic postconditioning, randomization
should occur following stroke and before RIC. The incom-
pleteness in methodological reporting exposed by this system-
atic review in preclinical RIC research is common among
preclinical research as a whole [35, 36] and other preclinical
stroke papers [37]. Interestingly, a systematic review and
meta-analysis performed by Jerndal et al. [38] showed that
studies that reported randomization or blinding resulted in a
lower efficacy of erythropoietin at reducing infarct volume
and therefore overestimating the benefits of the therapy.
Future studies should follow the Animal Research:
Reporting of In Vivo Experiments (ARRIVE) updated guide-
lines to ensure methodological reporting is complete to in-
crease transparency and reproducibility [39].

Only a small number of studies reported mortality and in-
farct volume, and of those that did report mortality, few spec-
ified from which experimental groups. Given the high mortal-
ity and morbidity rate of the intraluminal suture model [40]
predominantly used in these studies, the absence of such data
is problematic and suggests a high likelihood of attrition bias.

Other sources of bias included differences between the
control and RIC procedures and histological preparation of
the brain for infarct assessment. A number of studies did not
match control and intervention procedures. One glaring exam-
ple is the additional anesthetic that the animals were given at
the time of RIC. This is important since certain anesthetics
have weak neuroprotective effects that could reduce infarct
volume [41]. To circumvent such problems, both control
and RIC groups should be exposed to identical anesthetic
conditions [42].

Another limitation is the publication bias that was present.
There are potentially some studies that had negative results
that were not published. Therefore, this may lead to an over-
estimation of the effect of RIC on reducing infarct volume.

Construct Validity

Age is the strongest non-modifiable risk factor for stroke [43].
The majority of strokes occur in those over the age of 65 and
the likelihood of having a stroke increases with age [2]. With
respect to age, there is a disconnect between a typical stroke
patient and preclinical stroke models where most studies use
young healthy animals [12]. A large proportion of studies
included in the systematic review did not report the ages of

the animals used. Age-related changes could negatively im-
pact the infarct size and other outcomes following stroke. For
example, there is decreased cerebral blood flow, angiogenesis,
and neurogenesis with age which may increase stroke severity
or impairment. However, one study that used older animals
found RIC to be efficacious [44]. Nonetheless, subtle age-
related brain changes could alter the efficacy of therapies
and therefore need to be taken into consideration in preclinical
studies.

Similarly, the vast majority of individuals who have a
stroke have existing disease comorbidities [45]. Of the studies
identified, only two studies included a comorbidity (type II
diabetes mellitus) which is commonly associated with stroke
[46] and in these studies, RIC reduced infarct volume. While
these results hold translational promise, other comorbidities
such as hypertension, high cholesterol, and heart disease
should also be investigated [46]. Indeed, studies investigating
RIC-induced cardioprotection have found that including dis-
ease comorbidities (e.g., hypertension and hyperlipidemia)
attenuates the benefits of RIC [9]. As such, further investiga-
tion into how comorbidities impact the efficacy of RIC as a
neuroprotective strategy need to be performed.

Few studies explicitly reported measuring or regulating
temperature during RIC while more than 75% of the studies
reported measuring or regulating temperature during the
stroke. Additionally, most studies did not report monitoring
of other physiological variables during stroke. The
underreporting of temperature regulation has the potential to
skew the efficacy of RIC towards reducing infarct volume if
body temperature is lower than normal physiological
levels. Minor changes in body temperature, at the time
of and following stroke, can affect infarct volume. For
example, immediate and delayed hypothermia has been
shown to decrease infarct volume in rat models of focal
cerebral ischemia [47] while mild hyperthermia increases
lesion volume [48]. However, RIC is effective in studies
that monitored body temperature and other physiological
variables, but the overall effect of RIC may be exagger-
ated if mild hypothermia was present. Therefore, to avoid
confounding variables that may affect infarct volume,
temperature should be monitored and regulated before,
during, and after both stroke and RIC treatment, especial-
ly since RIC is often delivered soon following stroke.

Anesthesia during RIC delivery is another concern because
it is reportedly neuroprotective in preclinical models of stroke,
especially with short survival times [41] and stroke patients
receiving RIC would not be anesthetized. Silachev et al. [49]
examined the effects of different anesthetics on the efficacy of
RIC and found that RIC in the absence of anesthesia did not
reduce infarct volume. However, the considerable stress of
limb ischemia in a non-anesthetized rodent may simply have
exacerbated injury offsetting any benefit of RIC. Post hoc
analysis does highlight that there may be an exaggeration of
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the neuroprotective benefits of RIC due to the administration
of anesthetics (Fig. 3).

Less than 50% of studies confirmed effective ischemia
during RIC or stroke. Confirmation of occlusion during stroke
by Laser Doppler imaging is recommended to ensure consis-
tent stroke injury between experimental groups [34]. Different
stroke volumes between animals may bias apparent therapeu-
tic effectiveness where the therapy may not be as efficacious
in smaller strokes, such as those typically seen in humans,
when compared to the large strokes often employed in pre-
clinical studies.

It is also important to note that none of the included studies
produced an infarct proportional to that commonly observed
in humans. In humans, a typical infarct volume following
stroke is 4.5–14% of the ipsilesional hemisphere [20]. It is
unclear whether RIC efficacy varies in relation to lesion size
or location; however, strokes in humans that encompass the
same relative proportion of brain tissue as that destroyed by
the intraluminal suture model in rodents would likely be as-
sociated with death or severe chronic impairment [20]. This
further highlights the importance of choosing clinically rele-
vant models of stroke in preclinical studies outlined by the
SRRR guidelines [12]. Clearly, if the goal is to establish a
novel therapy to reduce infarct volume, the stroke injury pro-
duced in preclinical studies should be similar pathologically
(relative size and location) to what is observed clinically.

Conclusion

Remote ischemic conditioning is a novel and promising ther-
apy for ischemic stroke. Preclinical studies have shown that
RIC decreases infarct volume, especially if administered fol-
lowing stroke. While the results are encouraging, there are
many knowledge gaps and areas where evidence is weak
(e.g., efficacy after long term survival). Future studies should
include a more comprehensive description of methods and
most importantly adhere to the STAIR, SRRR, and STEPS
guidelines for stroke [11, 12]. The present study highlights the
considerable promise for RIC as a potential neuroprotective
treatment for stroke but cautions that the current preclinical
evidence base contains many gaps that presently may limit
successful clinical translation.
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