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Introduction

Abstract

Remote ischemic conditioning (RIC) has well-established cardioprotective
effects in preclinical studies and promising results in preclinical stroke research.
Effective translation from preclinical studies to clinical trials has yet to be
accomplished, perhaps because of the use of multiple applications of RIC (e.g.,
pre-, per-, or post-conditioning) in preclinical studies by both invasive and
non-invasive protocols, some of which not clinically applicable. Our systematic
review conformed to PRISMA guidelines and addressed differences in clinically
relevant RIC applications and outcomes between preclinical and clinical studies.
We retrieved a total of 30 studies (8 human; 22 animal) that met the inclusion
criteria of testing clinically relevant procedures; namely, non-invasive and per-
or post-conditioning protocols. Per-conditioning was applied in 6 animal and 3
human studies, post-conditioning was applied in 16 animal and 5 human stud-
ies, and both conditioning methods were applied in 2 animal studies. Applica-
tion of RIC varied between human and animal studies regarding initiation,
duration, repetition, and number of limbs included. Study designs did not sys-
tematically apply blinding, randomization, or placebo controls. On only a few
occasions did preclinical studies include animals with clinically relevant comor-
bidities. Clinical trials were challenged by not completing the intended number
of RIC cycles or addressing this deficit in the data analysis. Consistency and
transferability of methods used for positive animal studies and subsequent
human studies are essential for the optimal translation of results. Consensus on
preclinical and clinical RIC procedures should be reached for a full understand-
ing of the possible beneficial effects of RIC treatment in stroke.

only available for the smaller number of patients who
receive timely medical care, so new treatments are highly

Remote ischemic conditioning (RIC), performed by
applying non-fatal, short, intermittent ischemia on a limb,
could be a promising new add-on treatment of cardio-
and cerebrovascular ischemic diseases. In experiments
using animals with induced ischemic stroke, RIC reduces
ischemic lesions, improves neurological outcome, and can
be applied before (remote ischemic pre-conditioning;
RIPreC), during (remote ischemic per-conditioning;
RIPerC) the ischemic event or after reperfusion (remote
ischemic post-conditioning; RIPostC).1”?

Notwithstanding new advances in reperfusion therapy,
cerebrovascular disease is a major cause of disability and
death in the Western world.* Reperfusion therapy is

warranted. RIC treatment shows positive effects in ani-
mal stroke models, but effects do not translate well into
clinical results, as noted in a recent meta-analysis of
seven clinical trials that found no consistent effect on
stroke outcome.” Such data call for a review of methods
applied in preclinical studies to address pitfalls in proce-
dures that challenge the translation of preclinical results
to human studies and to improve preclinical data prior
to clinical trials.

In general, the challenge of translating treatment
effects on stroke from animal studies to human trials is
often ascribed to non-physiological experimental condi-
tions in animals that do not reflect human conditions.®
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Most animal experiments apply RIC in pre-conditioning
protocols, which is highly relevant in situations where
ischemia may be anticipated, such as during cardiac or
vascular surgery.”® Valuable results on the effects of pre-
conditioning have been achieved and tested in humans.’
However, in medical conditions with unpredictable
onset, such as acute stroke, results from the pre-
conditioning studies may be less applicable, and results
from per-or post-conditioning more likely to mimic the
clinical condition. Tests of pre-, per-, and post-
conditioning regimens of RIC show that each application
elicits contradictory findings or varying levels of effec-
tiveness.”'®'! Invasive and non-invasive methods are
applied in administering RIC, which may impact elicited
physiological responses differently.

Though lacking comparability, results from these very
methodically diverse studies have led to conclusions on
the efficacy of RIC also in humans.''"> Non-invasive per-
or postconditioning RIC protocol would be the most rele-
vant application in human acute stroke, and results from
applying these conditions in animals would be most rele-
vant to translate to human use.

In this review, we focused on methods reported in pos-
itive preclinical studies that test clinically relevant applica-
tions of RIC for acute stroke. We aimed to determine the
comparability of trial procedures to those of human trials
to further optimize both preclinical and human studies
and disclose possible beneficial effects of RIC in stroke
treatment (Fig. 1).

Translational Challenges of RIC in Stroke

Methods

Electronic search

The electronic search followed the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines in MEDLINE and Embase.'* A search string was
developed and revised by three reviewers (LH, LC, and
CK). Reference lists of included papers were searched for
other relevant studies. The search strategy combined terms
for stroke and ischemic conditioning, including relevant
MeSH terms (MEDLINE) or Map terms (Embase)
(Fig. S1). Only studies on focal ischemic stroke were
included in the final data processing. The final electronic
search was performed on March 30, 2020 (LH and NN).

Study selection

Inclusion criteria consisted of studies investigating RIPerC
or RIPostC in animal stroke models or patients with
acute focal ischemic stroke. Exclusion criteria included
review studies, studies that were written in languages
other than Danish or English, investigated only RIPreC,
used an invasive RIC protocol or global ischemia/asphyxia
models, and studies investigating hemorrhagic stroke or
subarachnoid hemorrhage. The electronic data search gen-
erated 1811 hits (Fig. S2). All papers were transferred into
the web-based review-screening tool Covidence (Covi-
dence, Melbourne, Australia). After the electronic removal

Remote ischemic conditioning in stroke - aim and hypothesis

Translational challenges:

i)

Stroke induction

Volume of muscle ischemia 4, RS
Comorbidities
RIC protocols
Completion of treatment
Blinding and randomization

W

Improves stroke outcome

4

Inconclusive results on stroke outcome

Figure 1. Graphic presentation of aim and hypothesis. Translation of preclinical positive data may be challenged by a multitude of factors

accounting for unresolved effects in clinical trials.
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of duplicates, two reviewers (LH and NN) screened titles
and abstracts and read the full text to assess the eligibility
of papers. Disagreements were resolved by consensus and
a third reviewer (CK).

One of the 10 studies lacking details of the RIC proce-
dure was included in our analysis after the authors provided
the details. The most frequent cause of exclusion was the
use of an invasive RIC protocol. Regular meta-analysis was
not possible because data from the selected papers had
highly variable outcome measures and result reporting.

Results

Full-text screening resulted in 30 papers comprising 22
animal experiments and 8 clinical trials (Fig. 2).

L.F. Hansen et al.

Methods applied in animal experiments

Methodology varied between studies (Tables 1-3 and
Table S1).

Focal cerebral ischemia was induced by the unilateral
filament middle cerebral artery occlusion (MCAQO) model
in the majority of studies (Table 1).">!®!1122 The
duration of MCAO (and thus size of induced lesions)
varied from 30 to 120 min, with 60>'®2>2%2¢2% o
90"121620:2125:29 min of occlusion being the most com-
mon duration. Only two studies used the MCAO embolic
model (embolic stroke is induced by the injection of a
homologous blood clot into the middle cerebral
artery).’®”! Anesthetics were used during MCAO in all
studies; most used chloral hydrate,'” >"**>2® eight used

Records identified through
database searching

Additional records identified
through other sources

(n=1811) (n=0)
Records after duplicates removed
(n=1539)
Records screened Records excluded
(n=1539) — (n=1411)

(n=128)

Full-text articles assessed
for eligibility

Full-text articles excluded,
with reasons
(n=98)

82 uses invasive RIC

(n=30)

Studies included in
quantitative synthesis

protocol

9 missing information on
RIC-protocol

2 duplicates

1 Language other than
Danish or English

1 Publication other than
original trial reports

1 Wrong outcomes

Figure 2. PRISMA flow chart on the selection process in the systematic review.
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Table 1. Methods of stroke induction in preclinical RIC studies.

Number of
studies (N) and
Method Details of method references
Middle Type of Filament MCAO (20)'-3:10.11.15-29
cerebral MCAO Embolic MCAO (2)%03
artery Side Right (16)1—310.15-20,25-
occlusion 2931
(MCAO) Left (3112123
Not published (3)22:24:30
Duration 30 min (12
45 min ()10
60 min (7)2,18,23,24,26—28
90 min (7)1,15,16,20,21,25,29
120 min (331719
Blood clot — dissolve  (2)3%3"
time unknown
Anesthesia  Isoflurane/enflurane  (8)"+3/10:11.22-24,30
under Enflurane (2)%%°
MCAO Halothane (14
Chloral hydrate (9)17-21.25-28
Ketamine + propofol (1)
Not published )11
isoflurane,>1915:22-2430 4104 two used the structural iso-

2,29
mer enflurane. One study used

isoflurane and

halothane during the MCAO to determine if either had
additional effects on the outcomes of RIPostC.** Sodium
pentobarbital was used prior to inducing RIPostC/sham

Table 2. Procedures for RIC intervention in preclinical studies.

Translational Challenges of RIC in Stroke

procedures in two studies, but the type of anesthesia used
was not reported.'>'® During post-conditioning proce-
dures, three studies reported the use of ketamine+xylazine
and either propofol,” isoflurane,” or isoflurane, respec-
tively.”* The remaining 13 studies using RIPostC did not
disclose whether RIC procedures were carried out, while
animals were under additional use of anesthesia or if the
control groups were exposed to similar doses and dura-
tions of anesthesia,>'®!1-1821,23,25-28

Of 22 animal studies, six applied RIPerC, 16 applied
RIPostC, and two used a combination of RIPerC and
RIPostC (Table 2). RIPerC studies were performed during
MCAO™'"'*17 or immediately following the introduc-
tion of a fibrinogen clot.”® The latter study applied RIC
for 2 h, making it a borderline RIPostC-study experiment.
Likewise, one study claimed to investigate RIPostC but
initiated RIC just before reperfusion, thereby almost
resembling RIPerC."” Almost all the 16 RIPostC protocols
initiated RIC immediately after reperfusion®'®!"#20-2>
2831 only five protocols delayed the RIPostC."*'* Varia-
tions in the protocol of delayed RIPostC studies disal-
lowed a direct comparison. Two studies initiated single-
session RIPostC at 30" and 120°* min, respectively, after
the completion of MCAO. One study initiated RIPostC at
12 h, 24 h, and 5 days after MCAO, and applied it up to
three times with variable time intervals to investigate very
delayed post-conditioning.”> Two studies tested consecu-
tive RIPostC; one initiated the protocol for 90 min and
applied RIC for a total of four sessions during the

Details of Method

Number of studies (N) and
references

Intervention  Type of RIC tested RIPerC (6)311.16.17.29,30
RIPostC (16)1,2,10,‘\1,18—28,31
Combination of RIPerC and RIPostC @e
Equipment Tourniquet (13)1:3.11,15-17.22-25.29-31

Rubber bands
Gauze ropes

(7)2,‘\8, 19,21,26-28

(1)10

Limb

Initiation of RIPostC protocols*

Evaluation of appropriate ischemia

by. ..

Undisclosed, but non-invasive

Unilateral hindlimb

Bilateral hindlimb

Tested both unilateral, bilateral, and multiple
limbs

Not indicated

Immediately after MCAO

30/90/120 min after MCAO
12/24/48/120 h after MCAO

Pulse monitoring/Doppler

Clinical evaluation

Not published

(1)20
(8)1,3,1 1,17,19,22,25,30

(1 2)2 10,15,16,18,20,23,24,26-29

(1)31

(1)21

(»I »I)Z,WOJ 1,18-20,25-28,31

(N*4(1)*2
(1),23 for 48 h (1)

)
)1,2,25—29

(7)3,‘\ 1,17-19,21,30
(8)10,1 5,16,20,22-24,31

*Describes only RIPostC protocols. RIPerC protocols are all initiated under MCAQ,3'"15717:2% except one study using a fibrinogen clot; here RIPerC
is initiated 2 h after clot induction.3° The combinatory (RIPerC + RIPostC) protocols all initiated RIC after 24 h.'>"6

© 2021 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association
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Table 3. RIC protocols used in the included preclinical studies.

Inflation/
Number deflation Number of studies (N)
Protocol of cycles (minutes) and references
Single 3 5/5 (2)"2°
session 10/10 (8)210.18.20,26-29
RIPerC/ 15/15 "
RIPostC 4 5/5 (331117
10/10 (1)%°
5 5/5 (1?*?
10 5/5 (1
Repeated 3 5/5 (2)21%4
RIPostC 3 10/10 (1?3
Combination 3 10/10 (2)1>16

following 72 h** and another initiated RIC at 48 h after
reperfusion and applied it daily for 21 consecutive days.*'
In two studies testing the combination of RIPerC and
RIPostC for 7 or 14 days, the RIPostC regime started
24 h after the MCAO.'>'®

Most RIPostC protocols investigated
RIPostC, but the application and number of cycles varied

immediate

so the extent of the ischemic response elicited varied
across the experiments.

RIC was mainly applied on hindlimbs, either on one
limb!"?1b1719222530 o more  commonly  bilater-
ally,>101>1618:2023,2426-29 Ope study did not reveal the
number of limbs subjected to RIC.*' Effects of RIC
applied on unilateral, bilateral, and multiple limbs were
also compared to explore differences in the efficacy of
RICs based on the number of RIC-affected limbs.”'

RIC was accomplished using custom-made tourni-
quets, LIS 1722-252931 pber o g 2IBI9212628 g
gauze ropes.'’ In one study, the authors only stated that
RIC was performed non-invasively.”* Complete limb
ischemia was confirmed using monitoring or Doppler
ultrasound equipment to detect the loss of pulse or
flow"*?>?* or clinical evaluation.>'"'”'%2%% More than
one-third of the studies omitted how adequate ischemia
was ensured,1015:16:20.22-24,31

The number of cycles and the occlusion/reperfusion
time in RIC sessions differed between studies (Table 3).
The most commonly applied protocol (N = 9) comprised
three cycles of 10 min of occlusion interspersed with
10 min of deflation.'®'#2%2>2¢2% Most studies adminis-
tered RIC as a single session; only five studies applied
multiple RIC sessions.'>'®*"**?* Studies testing multiple
RIC applications or combinations of RIPerC and RIPostC
differed in RIC application protocol and follow-up
periods.

Most studies were performed in rats,
studies used mice™'®'>**?** and one study included

1,3,15-21,25-29
S15 > seven

L.F. Hansen et al.

prirnates3 I (Table S1). Most studies used males,>>'*1115~

17:19-21,23-25,2931 four studies used females,?* %% and one
study included both sexes.”* Two studies did not disclose
the sex of the investigated animals.”'® Only two studies
investigated RIC in non-healthy animals, one in ovariec-
tomized female mice,”® and one in diabetic rats."®

Trial designs were challenged by several important
issues such as information on randomization; only one of
the 22 studies described randomization procedures,29
some claimed randomization but gave no further
details,>'®'*?*2%28 and others described randomization
as groups formed by randomly selecting animals from
cages.”””*" Nine studies did not inform on randomiza-
tion to groups.'®!HITI7202L3L Moot studies reported
blinding was applied for parts of the data analy-

:o 1,3,10,11,15-24,26-31
S1S.

Methods applied in human trials

Eight stroke patient trials were eligible for this review. In
four studies, the effect of RIC was investigated in patients
who were not eligible for revascularization therapies.’* >
In three studies, RIC was applied as an add-on for treat-
ments of thrombolysis by intravenous alteplase®™” or
thrombectomy.® One study included patients receiving
additional medical treatment and patients not eligible for
thrombolysis or thrombectomy.”> None of the included
studies used a comparable study protocol and/or follow-
up period, so the results of the individual studies remain
unconfirmed.

Of three studies including patients who received revas-
cularization therapy, only one tested single-session RIC
on patients during transport to the stroke unit for throm-
bolysis.>” The second study administered RIPerC within
2 h after the administration of thrombolysis, followed by
twice-a-day RIC sessions for a total of 7 days.”® The third
study combined RIPerC followed by RIPostC for 7 days
to patients who received endovascular thrombectomy
treatment within 6 h of the onset of stroke.*®

Studies of patients who did not undergo additional
revascularization initiated RIC within 24 h from stroke
onset®® or 24-72 h (with subsequent daily sessions up to
14 days™). Two studies did not indicate when RIC was
initiated,”*** revealing only that one inclusion criterion
was a symptom onset between 4.5 h and 14 days prior to
the initiation of RIC.”> The study that included patients
with and without additional medical revascularization
included patients within 6 h from disease onset and had
three groups. Each group received one RIC session, two
RIC sessions 1 h apart, or RIC sessions twice daily for
4 days from ictus.”

In two studies, protocols comprised five cycles of
5 min of inflation and 5 min of deflation of a tourniquet,
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5 days a week for 8 weeks in total,”* or one daily RIC for
6 months.”” These protocols are in contrast to remaining
studies in which each RIC session comprised only four
cycles with 5 min of inflation and 5 min of defla-
tion,32:33:36-39

The clinical trials mainly applied RIC to a single upper
extremity; five studies performed RIC on the non-paretic
arm> >>* and two studies did not specify on which arm
the intervention occurred.””*® One study performed RIC
bilaterally on upper limbs but due to the administration
of intravenous fluids or blood pressure cuffs, not all
cycles were performed bilaterally. No information was
disclosed regarding the number of patients who did not
receive all cycles of bilateral RIC or the impact on data
analysis.”®

Overall, RIC protocols of clinical studies differed in the
type of RIC, number of affected limbs, initiation, repeti-
tion, time periods, and completing all intended cycles.
Studies offering data on completion showed rate ranges
of 40%-97%.°>**" One study described that not all
cycles were completed, but did not include data on the
number of completed cycles.”” Two studies also failed to
report the number of completed cycles, but had the most
extensive testing and follow-up periods of 8 weeks™ and
6 months,”* respectively. The RIPerC study performed in
the ambulance discontinued the intervention upon arrival
to the stroke unit, leading to the lowest published com-
pletion rate of included studies, with only 33 of 81
patients receiving the intended number of cycles.”” None
of the studies reported a possible bias of non-completed
cycles in their data analysis.****

There was a male preponderance of 52%—-80% in seven
studies.”**** One study did not disclose the gender dis-
tribution.®® Unlike preclinical studies, clinical studies
commonly had an intervention group with multiple
known stroke risk factors like smoking, hypertension, and
obesity.*>°

Randomization was applied in seven of the eight clini-
cal trials,”* > three of which were placebo con-
trolled.’®»*7° All studies were open-labeled, but five
studies used outcome observer blinding.*******”** One
study did not inform on blinding,”® and the remaining
study did not include controls, randomization, or blind-

ing.*®

Discussion

Based on the preclinical data in animals and clinical data
in humans identified in our review, we found multiple
important discrepancies in the design and performance of
the RIC protocols that could be barriers in the translation
of results. Important differences were (1) preclinical stud-
ies applied RIC on hindlimbs representing a larger muscle

Translational Challenges of RIC in Stroke

mass than that of forearm occlusion applied in humans,
(2) the need for the use of anesthetics in animal studies,
(3) lack of relevant comorbidities in animals used for
testing, and (4) no homogeneity of timing, number, dura-
tion, or repetition of RIC in animal or human studies.
These significant differences in methodology may account
for the poor translation of otherwise promising preclinical
data on using RIC in acute stroke into positive results in
clinical trials of which four are now completed.

Failing to translate positive results from animals to
human clinical trials is a well-known phenomenon. To
reduce the risk of pitfalls in the process of translation, the
Stroke Treatment Academic Industry Roundtable (STAIR)
recommendations® on preclinical trials were formulated.
STAIR recommendations describe the importance of con-
sidering the choice of species and gender, proposed mech-
anism of action of treatment, and how to incorporate
human comorbid conditions into preclinical trials. In
research on cardioprotection, a four-step process was
identified by Rossello and Yellon to improve the transla-
tion of data.*® Similar steps could be applicable in neuro-
science translational research to help identify gaps in
current knowledge, which may improve outcomes in
future clinical trials (Fig. 3).

Studies included in this review suffer from pitfalls
addressed in both the STAIR recommendations and in
identified steps on translational studies in cardioprotec-
tion.

In preclinical studies, transient filament MCAQO with
variable occlusion time was the most frequently applied
method for stroke induction, with only two exceptions
that applied the embolic MCAO model.’>! In contrast to
clinical stroke, the MCAO filament model used in animal
experiments offers immediate brain ischemia and com-
plete reperfusion of blood flow when terminated.'>'®*
This fast return of perfusion resembles the clinical situa-
tion of patients receiving endovascular thrombectomy
treatment or thrombolysis. However, the method bears
little resemblance to the clinical situation of patients who
experience ischemic stroke with spontaneous dissolving
clots and reperfusion. Furthermore, introducing the fila-
ment through the arteries may induce significant mechan-
ical endothelial damage not equivalent to human stroke.
An animal model that mimics focal cerebral ischemia
with gradual reperfusion, as is expected to occur in
human ischemic stroke, has yet to be found. Although
normal filament MCAO may be the best preclinical
method to investigate conditions resembling those in
patients receiving reperfusion therapy, animal models that
apply a modified blood clot’®' may be preferred when
exploring conditions similar to stroke patients not eligible
for revascularization procedures, but not to those with
minor strokes.
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Figure 3. Investigations of RIC effects in stroke partly omit the essential intermediate steps 2 and 3 in the process of translation suggested by

Rossello and Yellon.*®

Most preclinical trials administered RIPostC immedi-
ately after reperfusion, primarily mimicking the small
group of patients undergoing abrupt reperfusion therapies
in acute stroke. Testing effects of delayed conditioning is
perhaps more interesting for future treatment because not
all arrive in a timely fashion or are eligible for revascular-
ization therapy. Unfortunately, the few studies that tested
a delayed application of RIC all applied different RIC
protocols, leaving their conclusions unconfirmed."'>!'**!~
** Studies testing and confirming the effect of delayed
RIC from animal studies, could have huge translational
potential and become important in clinical treatment.

Another important challenge of the animal models is
using isoflurane or enflurane as anesthetics during MCAO
and while administering RIPostC. Isoflurane is a potential
confounder as decreases excitotoxicity and improves func-
tional and histological outcomes*'** in stroke. One study
investigated a possible difference in outcome after using
RIC on animals subjected to isoflurane anesthesia under
MCAO and under RIC compared to halothane MCAO
and ketamine-xylazine RIC and concluded that both anes-
thetics might have influenced the results.** Thus, even
though volatile anesthetics are easy to handle and have
rapid effects, they should be avoided in experimental
stroke research. An alternative could be the use of choral
hydrate.17-21:25-28

Common to many studies is a discrepancy in the extent
of remote ischemia induced by the RIC protocol in terms
of the amount of afflicted tissue subjected to ischemia
and length of RIC number of repeated cycles. All human
studies performed RIC on upper limbs and, with only

one exception,”’ all animal trials applied RIC unilaterally
or bilaterally on hindlimbs. The hindlimb of any animal
(mouse, rat, or primate), represents a larger muscle mass
than that of an arm in a human, thereby increasing the
relative amount of induced ischemia. In primates, the
optimal number of limbs subjected to RIC was a two-
limb protocol, which elicited a greater effect than a one-
limb protocol; a four-limb protocol had no additional
effect.” This is an interesting and important finding, but
all human trials except one conducted RIC on only one
upper extremity. The study that intended to provide RIC
bilaterally failed and did not disclose the level of fulfill-
ment or how it may have affected the results.

The number and length of RIC cycles varied greatly in
animal studies (Table 3), whereas the preferred protocol
in humans consisted of four cycles of 5 min of occlusion
interspersed by 5 min of reperfusion. None of the human
trials succeeded in applying the intended RIC protocol;
trials had low completion rates that were not taken into
account in the data analysis and interpretation of
results.’>?>”* A recent study published following the
completion of our final search reported to complete all
intended cycles but reported no clinical effect of RIC.**

There are currently no animal or human studies that
have aimed to define the optimal number of cycles of
occlusion/deflation time and still have a translatable RIC
protocol. Although RIC was achieved non-invasively by
tightening a rubber band, gauze rope, or a tourniquet,
only a few preclinical trials assured complete ischemia of
the limb (e.g., by using pulse monitoring) to confirm a
uniform ischemic response in the subjects.
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It is evident that the ischemic response induced in pre-
clinical studies is larger than those induced in human tri-
als. This finding warrants new experiments in which the
amount of administered RIC is more comparable. This
approach could be achieved if RIC was induced on the
upper limbs in preclinical trials or if RIC was adminis-
tered on legs or bilaterally on arms in clinical trials, and
by considering the number and length of obtained RIC
sessions in data analysis.

Another pitfall was to include animals that are not
comparable to relevant patient populations. Studies are
needed that test RIC in animals with known risk fac-
tors that are characteristic for stroke patients (i.e.,
hypertension, diabetes, atrial fibrillation) to properly
estimate the effect of RIC in stroke. Few studies tested
non-invasive RIC in animals with risk factors,'™ but
data from both pre-conditioning protocols and invasive
RIC experiments suggest that risk factors impact the
effectiveness of RIC.* This translational gap under-
scores the need for animal studies to investigate possi-
ble confounders when evaluating a beneficial effect of
RIC in stroke patients. Preclinical RIC experiments
should also include multiple species, including gyren-
cephalic species in which anatomy and physiology show
stronger resemblance to humans, which has only been
performed in one study.”!

Rigor, reproducibility, and clinical feasibility, the main
pillars of translational research, decrease the risk of bias
and confounders and increase translational potential. In
the animal experiments reviewed, the use of randomiza-
tion and a thorough description of how randomization
was performed was only included in one of 22 studies.”
The inconsistency in using true randomization greatly
increases the risk of bias and false-positive results,
decreasing the rigor and reproducibility of the studies.
Similar pitfalls apply in human studies reviewed, in which
only three of the eight studies used placebo in the control
group and all were open-labeled. Importantly, both ran-
domization and blinding of evaluators were common in
the human trials.

In addition to the RIC methods applied, which is the
scope of the current review, major pitfalls may also lie in
the selection of endpoints, like infarct size and neurologi-
cal scores. Both infarct size and behavioral scoring were
often evaluated only 24 h from stroke induction; thus,
long-term effects could not be determined. More work
needs to be performed to harmonize the use of preclinical
and clinical outcome measures.

Conclusion

A translational gap exists in understanding the effects of
RIC in stroke. Most preclinical studies use methods that

Translational Challenges of RIC in Stroke

are not applicable in acute stroke treatment in humans.
We found only 22 studies that investigated RIC for acute
treatment. Major methodological differences that decrease
the translational potential of preclinical studies (e.g., use
of healthy male rats and undergoing MCAO under the
influence of confounding anesthesia) were revealed in
diverse RIC protocols. There were no studies that deter-
mined optimal RIC protocol on the length, number of
cycles, repetition, or time of initiation. Human trials were
challenged by the non-completion of intended protocols
and by not addressing this problem in data analysis.

Future animal studies on RIC should incorporate
STAIR recommendations when planning and executing
preclinical trials and determine clinically relevant end-
points. Human trials should strive to apply intended
cycles of RIC and consider optimal RIC protocols and
applications resembling those performed in positive pre-
clinical trials.
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