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Aims Remote ischaemic preconditioning (RIPC) is a robust cardioprotective intervention in preclinical studies. To establish a working and 
efficacious RIPC protocol in our laboratories, we performed randomized, blinded in vivo studies in three study centres in rats, with 
various RIPC protocols. To verify that our experimental settings are in good alignment with in vivo rat studies showing cardiopro
tection by limb RIPC, we performed a systematic review and meta-analysis. In addition, we investigated the importance of different 
study parameters.

Methods 
and results

Male Wistar rats were subjected to 20–45 min cardiac ischaemia followed by 120 min reperfusion with or without preceding RIPC 
by 3 or 4 × 5−5 min occlusion/reperfusion of one or two femoral vessels by clamping, tourniquet, or pressure cuff. RIPC did not 
reduce infarct size (IS), microvascular obstruction, or arrhythmias at any study centres. Systematic review and meta-analysis focus
ing on in vivo rat models of myocardial ischaemia/reperfusion injury with limb RIPC showed that RIPC reduces IS by 21.28% on 
average. In addition, the systematic review showed methodological heterogeneity and insufficient reporting of study parameters 
in a high proportion of studies.

Conclusion We report for the first time the lack of cardioprotection by RIPC in rats, assessed in individually randomized, blinded in vivo studies, 
involving three study centres, using different RIPC protocols. These results are in discrepancy with the meta-analysis of similar in 
vivo rat studies; however, no specific methodological reason could be identified by the systematic review, probably due to the over
all insufficient reporting of several study parameters that did not improve over the past two decades. These results urge for pub
lication of more well-designed and well-reported studies, irrespective of the outcome, which are required for preclinical 
reproducibility, and the development of clinically translatable cardioprotective interventions.
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Graphical Abstract

We tested the cardioprotective efficacy of various RIPC protocols in three study centres in Hungary and the Netherlands. Neither of the applied meth
odologies resulted in cardioprotection. To verify that our in vivo methodological settings are in accordance with those reported in the literature, a system
atic review and meta-analysis was performed. A discrepancy between meta-analysis and our in vivo results was found, despite that major methodological 
settings were similar to the publications analysed. Systematic review identifies insufficient and highly heterogeneous reporting of the investigated data items 
that did not improve over time, which could contribute to the discrepancy. RIPC: remote ischaemic preconditioning; I/R: ischaemia/reperfusion; IPC: in situ 
ischaemic preconditioning; MI: myocardial infarction; IS: infarct size; IQR: inter-quartile range. The figure was created with BioRender.com.

Keywords Limb remote ischaemic preconditioning • Myocardial ischaemia/reperfusion injury • Three-centre study • Systematic review • 
Meta-analysis

1. Introduction
Despite the continuous improvement in therapeutic strategies for acute 
myocardial infarction (AMI), i.e. primary percutaneous coronary interven
tion and auxiliary pharmacotherapies such as double antiplatelet therapy, 
the global burden of AMI remains significant.1 Thus, there is still an unmet 
need for developing novel strategies to reduce myocardial ischaemia/re
perfusion (I/R) injury and its long-term consequences to improve the 
standard of care.2–4

Remote ischaemic conditioning (RIC) is a cardioprotective method that 
is elicited by short-term, non-lethal cycles of ischaemia and reperfusion to 
an organ or tissue other than the heart.5–9 RIC can be applied before [re
mote ischaemic preconditioning (RIPC)], or during myocardial ischaemia 
[remote ischaemic perconditioning (RIPerC)], or at the beginning of coron
ary reperfusion (remote ischaemic postconditioning (RIPostC)], showing 
potential clinical applicability, for example, by cyclic inflation and deflation 
of a pressure cuff placed on an extremity of the patient.2

There is substantial evidence for the I/R injury-limiting effect of RIC in 
experimental models, as well as in several, but not all, single-centre clinical 
studies.10–12 However, RIC techniques were found to be ineffective in ro
bust multicentre trials.13–17 The neutral results seen in these multicentre 
studies led to the publication of position papers and preclinical guidelines 
and also the formation of a consortium aiming to increase the translation 
of cardioprotective therapies from a preclinical perspective.18–22 These 
studies also provide a basis for critique and a possible explanation of trans
lational problems from the clinical perspective.23,24 Additionally, Rosello 
and Yellon, as well as the most recent IMPACT COST guideline, described 
key steps of the optimal translational process, where the very first step is to 
establish optimal reductionist preclinical models, followed by further ex
perimental investigations to identify novel targets for cardioprotection.25,26

Therefore, to investigate the cardioprotective mechanisms of RIPC, our 
aim was to establish an efficacious and reliable RIPC protocol in an in vivo 
rat model of acute myocardial I/R injury in our laboratories. We tested the 
cardioprotective efficacy of various RIPC protocols by assessing the effect 

of the number of conditioning cycles, the method of occlusion of femoral 
vessels, the effector organ mass, and the duration of myocardial ischaemia 
on the cardioprotective efficacy of RIPC. To reduce systematic or subject
ive bias in our studies, we performed the in vivo experiments in three study 
centres in Hungary and the Netherlands, in an individually designed, rando
mized, and blinded manner.

To verify that our in vivo methodological settings are in accordance with 
those reported in the literature, and to be able to compare the infarct size 
(IS)-limiting effect of the current in vivo studies to findings of previous pub
lications, we also performed a systematic review and meta-analysis focusing 
on studies investigating the cardioprotective efficacy of RIPC in in vivo rat 
models of acute myocardial I/R injury. In addition, we aimed to investigate 
the importance of study parameters and methodological settings on out
come and reproducibility.

2. Methods
2.1 Animals and materials
Experiments were performed at three different study centres: 
Semmelweis University, Budapest (Hungary); University of Szeged 
(Hungary); and Academic Medical Centre, University of Amsterdam 
(The Netherlands). At all three study centres, experiments were designed 
and conducted independently. In all study centres, young (8–10 weeks old) 
healthy male Wistar rats weighing 250–370 g were kept for 5–21 days of 
acclimatization in the animal facility of each study centre. In the Budapest 
and Szeged study centres, animals were obtained from Toxi-Coop Zrt. 
(Budapest, Hungary). In the Amsterdam study centre, animals were ob
tained from Charles River, Germany. Rats were housed under controlled 
temperature (25 ± 2°C) and constant light cycle (12 h light/dark) and al
lowed free access to a standard rat chow diet and water. Animals were 
not fasted before surgery.

This investigation complies with the Guide for the Care and Use of 
Laboratory Animals published by the US National Institutes of Health 
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(NIH Publication No. 85–23, revised 1996) and with the guidelines from 
Directive 2010/63/EU of the European Parliament on the protection of an
imals used for scientific purposes. In the Budapest and Szeged study cen
tres, investigations were compliant with local directives and approved by 
The Animal Ethics Committees at Semmelweis University, Budapest, and 
the University of Szeged, Szeged. For the Amsterdam study centre, the 
study was approved by the Animal Ethics Committee of the Academic 
Medical Centre, Amsterdam. Unless otherwise noted, all chemicals were 
purchased from Sigma (St. Louis, MO, USA).

2.2 Study design
Methodological settings regarding RIPC timing, RIPC occlusion/reperfusion 
protocol, involved limbs, and techniques of RIPC occlusions, as well as 
methods of anaesthesia, and length of cardiac index ischaemia were estab
lished based on a non-systematic review of the literature performed in 
April 2018. Animals were randomized sequentially into experimental 
groups at each individual centre. Coronary ligation and RIPC/sham man
oeuvres were performed by independent operators, leading to a blinded 
application of RIPC, and results were evaluated in a blinded manner at all 
three study centres. The study design and protocols are illustrated in 
Figure 1.

At the Budapest study centre (Figure 1A), a total of 67 animals were sub
jected to 30 min index myocardial ischaemia followed by 120 min reperfu
sion. The control group (CON-C, n = 15) did not receive ischaemic 
conditioning. The positive control group (IPC-C, n = 19) was subjected 
to cardiac ischaemic preconditioning (IPC), elicited by 3 cycles of 5 min 
left anterior descending coronary artery (LAD) occlusion followed by 
5 min reperfusion prior to index myocardial ischaemia. The UNIRIC-C 
group (n = 16) received 3 cycles of unilateral RIC, and the BIRIC-C group 
(n = 17) received 4 cycles of bilateral RIC by 5 min clamping of femoral ar
tery and vein followed by 5 min hind-limb reperfusion before index myo
cardial ischaemia (indicated as ‘-C’ in group name).

At the Szeged study centre (Figure 1B), a total of 29 animals were sub
jected to 30 min myocardial ischaemia followed by 120 min reperfusion. 
Similar to the study centre of Budapest, the control group (CON-T, 
n = 6) did not receive ischaemic conditioning, and the positive control 
group (IPC-T, n = 8) was subjected to IPC according to the same protocol. 
BIRIC-T group (n = 15) received 4 cycles of bilateral RIC before index myo
cardial ischaemia by 5 min tightening of a tourniquet on the proximal part of 
both hind limbs followed by 5 min reperfusion induced by loosening of the 
tourniquet (indicated as ‘-T’ in group names).

At the Amsterdam study centre (Figure 1C–E), a total of 50 animals were 
subjected to 20, 25, or 45 min of myocardial index ischaemia (indicated as 
‘-20’ or ‘-25’ or ‘-45’ in group names) followed by 120 min reperfusion. 
Control groups (CON-P-20, n = 5; CON-P-25, n = 9; and CON-P-45, 
n = 5) did not receive ischaemic conditioning. UNIRIC-P-25 group (n = 
7) was subjected to unilateral RIC, whereas BIRIC-P-20 (n = 5), 
BIRIC-P-25 (n = 13), and BIRIC-P-45 (n = 6) groups were subjected to bi
lateral RIC by 4 cycles of 5 min inflation of pressure cuffs to 240 mmHg, ap
plied on the proximal part of one or both hind limbs, followed by 5 min 
reperfusion by deflating pressure cuffs (indicated as ‘–P’ in group names).

At the Budapest and Szeged study centres, stabilization before applying 
myocardial ischaemia was 40 min, whereas at the Amsterdam study centre, 
stabilization time was 60 min. The time between the end of the last RIPC or 
local IPC stimulus and the myocardial index ischaemia was 5 min at all study 
centres. At all study centres, the presence of hind-limb ischaemia was veri
fied by apparent pallor during ischaemia and pronounced hyperaemia after 
reperfusion. Following the 120 min myocardial reperfusion, animals were 
sacrificed humanely under anaesthesia, and hearts were excised for further 
analysis. The primary endpoint was myocardial infarct size as a percentage 
of area at risk (IS/AAR) and secondary endpoints were microvascular ob
struction (MVO) and I/R-induced arrhythmias.

2.3 Surgical preparation
At the Budapest and Szeged study centres, experimental animals were an
esthetized by intraperitoneal (i.p.) injection of pentobarbital sodium 

(60 mg/kg body weight; Euthasol 20%, Produlab Pharma, 
Raamsdonksveer, The Netherlands), and anaesthesia was maintained by 
supplying half dose pentobarbital i.p. as required when the plantar reflex 
could be elicited through regular paw pinch monitoring. After orotracheal 
intubation, rats were ventilated with a rodent ventilator (Ugo-Basile, 
Gemonio, Italy) with room air at a volume of 6.2 mL/kg and frequency 
of 69 ± 3 breaths/min.

In the Amsterdam study centre, anaesthesia was induced by i.p. injection 
of pentobarbital sodium (80 mg/kg body weight; Euthasol 20%, Produlab 
Pharma, Raamsdonksveer, The Netherlands) and maintained by continu
ous tail vein i.v. infusion at a rate of 30 mg/kg body weight/h. Following in
tubation, animals were pressure-control ventilated with 35% oxygen in 
room air at a frequency of 65 breaths/min. The plantar reflex was moni
tored regularly for depth of anaesthesia.

The following vital parameters were monitored throughout the whole 
protocol in each study centre: surface electrocardiogram (ECG) was re
corded using standard needle limb electrodes (AD Instruments, Bella 
Vista, Australia); mean arterial blood pressure (MAP) was measured direct
ly by carotid artery cannulation; core body temperature was recorded and 
maintained by rectal thermometer and heating pad (Harvard Apparatus, 
Holliston, MA) in Hungary, and by heating pad plus heating lamp in 
Amsterdam. Body temperature was maintained at physiological tempera
ture (range 37.0–37.5°C). At the Amsterdam study centre, the right jugular 
vein was cannulated for administration of saline with 20 mM sodium bicar
bonate at a rate of 10 mL/kg/h.

Myocardial I/R injury was induced after left minimally invasive thoracot
omy. Hearts were exposed and 5–0 Prolene sutures (Ethicon, Johnson & 
Johnson, Budapest, Hungary) were placed around the proximal part of 
the LAD, and reversible myocardial ischaemia was induced by tightening 
a snare around the LAD. At all study centres, the presence of myocardial 
ischaemia was confirmed by the appearance of ST-segment changes, I/ 
R-induced arrhythmias, and visible pallor of the myocardial regions distal 
to the occlusion.

After various durations of LAD occlusion, 120 min of reperfusion was 
induced by relieving the snare. Reperfusion was confirmed by 
ST-segment normalization, occurrence of early reperfusion arrhythmias, 
and conspicuous hyperaemia of the reperfused cardiac region. To prevent 
coagulation, heparin (Budapest study centre: i.p. 100 U/kg; Szeged study 
centre: i.v. 100 U/kg; Amsterdam study centre: i.v. 25 U/animal) was admi
nistered either within 5 min before the beginning of limb ischaemia, at the 
end of LAD ischaemia, and at the end of reperfusion (centres in Hungary) 
or at the start of operation only (centre in Amsterdam).

2.4 IS measurement
After 120 min of reperfusion, euthanasia was performed by the excision of 
the heart under deep anaesthesia. Hearts were immediately perfused 
retrogradely through the ascending aorta with oxygenated Krebs– 
Henseleit solution at 37°C on a Langendorff apparatus. After 2 min of 
equilibration time, the LAD was reoccluded and the area at risk (AAR) 
was negatively stained by retrogradely perfusing Evans Blue dye through 
the ascending aorta. Hearts were beating during dye injection. Hearts 
were then sliced in a standard slice block, giving 2 mm thick contiguous car
diac slices in all study centres, resulting in a total of 6–11 cardiac slices per 
animal. Viable myocardial tissue was assessed by incubation of cardiac slices 
in 1% triphenyl tetrazolium chloride (TTC) at 37°C. Hearts were not fro
zen prior to TTC staining. In the Amsterdam study centre, the basal sides 
and, in the Budapest and Szeged study centres, both sides of the contiguous 
cardiac slices were scanned and the area of the necrotic tissue, i.e. the ISs 
(as proportions of AARs in %) and AARs (as proportions of total left ven
tricular areas in %), was measured with computer planimetry by independ
ent and blinded investigators using InfarctSize software (version 2.4b, 
Pharmahungary Group, Szeged, Hungary) in the Budapest and Szeged 
study centres, or SigmaScan Pro 5 (Systat software, San Jose, CA) in the 
Amsterdam study centre, as described in previous publications of the 
workgroups.27–35
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2.5 LDH measurement
At the Amsterdam study centre, after 120 min reperfusion, 1 mL blood 
was obtained from the carotid artery, followed by immediate centrifuga
tion (3 min at 13 400 rpm), and the supernatant plasma was stored at 
−80°C for further analysis. Lactate dehydrogenase (LDH) activity was de
termined spectrophotometrically at 25°C, with pyruvate and nicotinamide 
adenine dinucleotide hydrogen (NADH). The formation of NAD+ from 
NADH was determined over 3 min to obtain LDH activity.

2.6 MVO measurement
MVO was measured in the Budapest and Szeged study centres. 
Retrogradely perfused hearts were stained with Thioflavin-S Fluorescent 
dye immediately prior to the administration of Evans Blue dye. Heart slices 
were put into a dark chamber and high-resolution photos were taken un
der ultraviolet light. The size of MVO was estimated by computer planim
etry using ImageJ software (version 1.51j8, NIH, USA) and expressed as the 
proportion of the total left ventricular area.

2.7 Arrhythmia analysis
The severity and duration of I/R-induced arrhythmias were analysed by in
dependent investigators in a blinded fashion. Continuous ECG records of 
each animal were scored according to the Lambeth conventions and 

quantified as previously described by Curtis et al.36,37 To increase the 
time resolution of the occurrence of arrhythmias, each of the ECG records 
was divided into 5 min intervals and every interval was individually scored 
according to the most severe arrhythmia type using the above-mentioned 
scoring system.

2.8 Mean arterial pressure and heart rate 
measurement
Blood pressures and heart rates (HRs) were averaged in 5 min intervals 
throughout the whole protocol.

2.9 Mortality analysis
The cause of death was classified as irreversible ventricular fibrillation (VF), 
pulseless electrical activity, or bradycardia (<150 BPM), accompanied by 
hypotension (MAP < 15 mmHg). After suspecting life-threatening events 
during monitoring, attempts were made to resuscitate animals by tapping 
or flicking the chest, followed by chest compressions at a regular, near- 
physiological frequency. If the life-threatening event was irreversible within 
5 min, the animal was considered to be dead and excluded from further 
analysis (see Results for exclusion criteria).

Figure 1 Experimental protocols of myocardial I/R injury and various ischaemic conditioning methods in rats. (A) Budapest study centre—hind-limb ischae
mia and reperfusion by clamping femoral artery and vein. (B) Szeged study centre—hind-limb ischaemia and reperfusion by tightening and loosening of a tour
niquet. (C–E) Experimental protocol with various durations of myocardial ischaemia in the Amsterdam study centre—hind-limb ischaemia and reperfusion by 
using pressure cuff. Initial group sizes (n) as the number of animals are shown under the corresponding groups. LAD: left anterior descending coronary artery; 
RIC: remote ischaemic conditioning; CON: control; IPC: ischaemic preconditioning; UNIRIC: unilateral RIC; BIRIC: bilateral RIC; IS: infarct size; MVO: micro
vascular obstruction; BP: blood pressure; HR: heart rate.
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2.10 Systematic review
We performed a systematic review aiming to verify that the study parameters 
of the current in vivo studies are in good alignment with previously published 
in vivo rat studies of acute myocardial I/R injury showing cardioprotection by 
limb RIPC. We assessed the reporting frequency of methodological para
meters and their values. The systematic review was not registered.

The systematic literature search was performed in accordance with the 
PRISMA guidelines38 and was conducted on 23 April 2021 by N.V.S., H.T., 
and V.Z. Two different search terms were used to identify articles of inter
est in PubMed, details of which are available in the Supplementary material 
online, in the Search Strategy section. Further studies were identified by 
consulting with experts in the field.

The Population, Intervention, Comparison, Outcomes and Study 
(PICOS) approach was used to define study eligibility criteria,38 aiming 
to find original research articles investigating cardioprotection by limb 
RIPC compared with control (sham procedure or no treatment) in in 
vivo rat models of acute myocardial I/R injury, measuring IS/AAR by TTC 
staining. A detailed breakdown of the PICOS approach can be found in 
the Supplementary material online, in the Search Strategy section.

Articles were excluded according to the following criteria: in vivo myo
cardial I/R injury was not performed; RIPC was not performed; RIPC 
was not elicited by limb I/R; RIPC and myocardial I/R injury were performed 
in separate animals; no IS/AAR measurement was performed by TTC stain
ing; the article was not available in English; the article was published before 
1993, the year of first publication on RIPC. Reviews and editorial letters 
were also excluded.

After excluding duplicates, titles and abstracts were screened for eligibil
ity criteria, followed by full-text analysis. The study selection process is 
summarized in Figure 2. Assessment of eligibility was performed independ
ently in a standardized, unblinded fashion by H.T. and V.Z., and was peer 
reviewed by N.V.S. Disagreements between reviewers were resolved by 
consensus or by consulting with senior authors.

Using a predefined datasheet, data extraction was performed by H.T. 
and V.Z., and was peer reviewed by N.V.S. Disagreements between re
viewers were resolved by consensus or by consulting with senior authors. 
A total of 56 data items were collated, containing items derived from the 
ARRIVE guidelines,39 and an extensive list of methodological parameters, 
i.e. animal and housing characteristics, perioperative measures and moni
toring, interventional details regarding RIPC and MI, and endpoints add
itional to IS/AAR. Forty-eight of these data items were additionally 
investigated as follows: for every included study, each data item was scored 
individually in a binary manner by giving either 0 if not reported or 1 if re
ported. The sum of the individual reported data items per study divided by 
the total number of reportable data items and the number of studies re
porting on each individual data item divided by the total number of studies 
were calculated. The full list of data items and corresponding data collec
tion principles are available in the Supplementary material online, in the 
Data items section (see Supplementary material online, Table S1). A full 
breakdown of the scored and non-scored data items is available in 
Supplementary material online, Table S2.

2.11 Meta-analysis and risk of bias 
measurement
The aim of the meta-analysis was to determine the overall cardioprotective 
efficacy of RIPC and its correlation with the number of reported data 
items, as well as to assess publication bias. The primary outcome of the cur
rent meta-analysis was defined as the unstandardized, weighted mean dif
ferences (MDs) between IS/AAR% of the RIPC and control groups. MD 
was used as all data extracted from the included studies were presented 
in the same units (IS/AAR%) and measured in a similar manner, i.e. by 
TTC staining. Articles not describing the exact IS/AAR% as mean ± stand
ard error of the mean (SEM) or mean ± standard deviation (SD), or lacking 
exact description of group sizes were excluded from the meta-analysis.

For the independent comparisons, effect sizes as MDs, and the 95% con
fidence intervals (CI) were used. Heterogeneity was assessed by the I2, τ2 

statistics and test of heterogeneity. As the included studies were found to 
be highly heterogeneous, random-effects DerSimonian–Laird model was 
used for the analysis. To test the robustness of the current meta-analysis, 
sensitivity was analysed by re-performing the meta-analysis using normal
ized mean difference (NMD, the MD divided by the mean value in the con
trol group).

To assess whether the number of reported data items influences the ef
fect size, a random-effects meta-regression was performed. Publication 
bias was assessed by visual interpretation of the funnel plot for asymmetry, 
the use of Egger’s regression test for assessing small study effects, and non- 
parametric trim-and-fill analysis.

2.12 Statistical analysis
Continuous data (i.e. IS/AAR, MVO, 5 min arrhythmia scores, mean arterial 
pressure, and HR values) are shown as mean ± SEM, and differences be
tween ≥3 groups were evaluated using one-way analysis of variance fol
lowed by Fisher’s least significant difference (LSD) post hoc test for 
multiple comparisons, whereas in the case of 2 groups, differences were 
evaluated using unpaired Student’s t-test. Discrete values of arrhythmia 
scores are shown as median (25 and 75% inter-quartile range) and differ
ences between ≥3 groups were evaluated using the Kruskal–Wallis test, fol
lowed by Dunn’s post hoc test with multiple comparisons, and in the case of 
2 groups, differences were evaluated using the Mann–Whitney test. 
Statistical analysis was performed using GraphPad Prism software (version 
6.01, San Diego, USA). For all the statistical tests, the level of significance was 
set at P < 0.05. For the meta-analysis, Egger’s regression test, and the non- 
parametric trim-and-fill analysis, STATA 16.1 software was used.

3. Results
3.1 Limb RIPC does not affect myocardial IS 
in the current in vivo rat studies
We aimed to establish a limb RIPC protocol in an in vivo rat model of myo
cardial I/R injury with an IS-limiting efficacy similar to that of the literature, 
as a first step of further studies in our laboratories. Studies were conducted 
in three study centres and were designed and performed independently in 
an individually blinded and randomized fashion, with local variations in ex
perimental parameters and techniques in the three study centres consist
ent with the range of approaches and variations recorded in the published 
literature.

In the in vivo experiments, animals were excluded from further evalu
ation either due to death during the experiment, unsuccessful recording 
of ECG during the whole protocol, lack of ST-segment elevation or depres
sion during myocardial ischaemia, or technical failure at Evans Blue staining 
(1 animal in the CON-C group; 7 animals in the IPC-C group; 1 animal in 
the BIRIC-C group; 1 animal from CON-P-25; 1 animal from the 
CON-P-45 group). Animals were excluded from the IS/AAR measure
ment, but not from the arrhythmia analysis due to death after randomiza
tion (1 animal in the CON-C group; 2 animals in the IPC-C group; 2 animals 
in the UNIRIC-C group; 2 animals in the BIRIC-C group; 1 animal in the 
CON-T group; 1 animal in the BIRIC-T group; 1 animal in the 
BIRIC-P-45 group). Mortality rates (as % of group sizes after exclusion) 
did not differ significantly between experimental groups or study centres 
(Table 1).

IS/AAR was measured to explore the cardioprotective effects of differ
ent ischaemic conditioning protocols. Sizes of the area distal to LAD occlu
sion (i.e. AAR) did not differ significantly between corresponding groups, 
except for the IPC-C group, where AAR showed a significant decrease 
compared with the CON-C group (Table 2).

At the Budapest study centre, RIPC performed by cyclic clamping and 
releasing of femoral vessels either uni- or bilaterally did not reduce IS/ 
AAR (53.12 ± 4.11% and 55.41 ± 3.60% in UNIRIC-C and BIRIC-C groups, 
respectively), whereas, in the positive control IPC-C group, IS/AAR 
showed a significant reduction compared with the CON-C group (23.45 
± 1.48% and 58.15 ± 2.14%, respectively) (Figure 3A, Table 2).

http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad024#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad024#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad024#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad024#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad024#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad024#supplementary-data
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At the Szeged study centre, RIPC affected by cyclic tightening and loos
ening of bilateral tourniquets (in the BIRIC-T group) did not decrease IS/ 
AAR, whereas, in the positive control IPC-T group, ∼53% relative decrease 
in IS/AAR was shown when compared with CON-T (44.87 ± 5.84%, 20.56 
± 3.91%, and 43.43 ± 5.08% in the BIRIC-T, IPC-T, and CON-T groups, re
spectively) (Figure 3B, Table 2).

At the Amsterdam study centre, RIC was elicited by cyclic inflation and 
deflation of unilateral or bilateral pressure cuffs applied on hind limbs. 
Neither unilateral RIC (in UNIRIC-P-20, UNIRIC-P-25, and 
UNIRIC-P-45 groups) nor bilateral RIC (in the BIRIC-P-25 group) influ
enced IS/AAR when performed before 20, 25, or 45 min of myocardial is
chaemia compared with corresponding controls (CON-P-20, CON-P-25, 

and CON-P-45, respectively) (Figure 3C–E, Table 2). Further, RIPC did not 
decrease cardiac necroenzyme levels compared with CON at the 
Amsterdam study centre (see Supplementary material online, Figure S1). 
IS/LV data of all studies show similar results to that of IS/AAR data (Table 2).

3.2 Limb RIPC does not affect MVO and 
arrhythmia scores in the current in vivo rat 
studies
To further examine the severity of myocardial I/R injury, the extent of 
MVO was measured at the Budapest and Szeged study centres. While 

Figure 2 Flow chart of the study selection process. A total of 348 studies were identified by systematic literature search. After excluding 90 duplicates, a total 
of 225 studies were excluded after title and abstract and full-text screening, resulting in 33 studies included in the systematic review and 22 articles in the 
meta-analysis.

http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad024#supplementary-data
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the positive control IPC-C significantly decreased the extent of MVO 
and in IPC-T MVO tended to be lower than in control groups, none of 
the different RIC protocols used in any of the study centres showed a re
duction in MVO when compared with corresponding control groups 
(Figure 4A and B).

To measure the effect of different ischaemic conditioning protocols on 
cardiac I/R-induced arrhythmias during myocardial ischaemia and early re
perfusion, arrhythmia analysis was performed according to the Lambeth 
conventions. At the Budapest study centre, cardiac arrhythmias were 
not significantly reduced in UNIRIC-C and BIRIC-C groups compared 
with the CON-C group. In the positive control IPC-C group, arrhythmia 

scores were significantly lower when compared with UNIRIC-C and 
BIRIC-C groups and tended to be lower when compared with CON-C 
(Figure 4C). At the Szeged study centre, the occurrence, severity, and dur
ation of cardiac arrhythmias of the BIRIC-T group did not differ signifi
cantly from that of the CON-T group, whereas in the positive control 
IPC-T group, arrhythmia scores showed a significant reduction when 
compared with CON-T (Figure 4D). In Amsterdam, arrhythmia scores 
of UNIRIC-P-20, UNIRIC-P-25, BIRIC-P-25, and UNIRIC-P-45 groups 
showed no significant difference in comparison with corresponding con
trol groups (CON-P-20, CON-P-25, and CON-P-45, respectively) 
(Figure 4E–G).

To increase the time resolution of arrhythmias, arrhythmia scores were 
calculated in each 5 min interval of the entire ischaemic period and the first 
15 min of reperfusion. None of the RIC protocols at any study centre 
showed a significant difference in arrhythmia scores in any 5-min interval 
when either median or mean values were compared with corresponding 
control groups. However, cardiac arrhythmias in the IPC-C group were 
significantly lower in several intervals when compared with CON-C, 
UNIRIC-C, or BIRIC-C (see Supplementary material online, Figure S2
and Tables S3–S7).

MAP and HR data throughout the whole protocol can be found in 
Supplementary material online, Figures S3 and S4, and Tables S8–S12.

3.3 Systematic review evidences no 
difference between the most often reported 
methodological settings in the literature and 
the methods used in our in vivo study
In order to identify methodological differences and possible methodologic
al confounding factors underlying the neutral cardioprotective results of 
limb RIPC seen in the current in vivo experiments, we performed a system
atic review of the literature and evaluated the reporting frequencies of key 
methodological settings. Accordingly, a total of 348 articles were identified 
by the two search algorithms on PubMed and by consulting with experts, 
followed by the removal of 90 duplicates. A sum of 258 articles was inves
tigated for eligibility criteria; 161 articles were excluded by title and ab
stract screening, and an additional 64 articles were excluded by full-text 
screening, resulting in a total of 33 articles included in the systematic re
view. The causes of exclusion at each level of eligibility investigation are 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Mortality rates shown as % of initial group sizes

Experimental 
group

Initial group 
sizes (n)

Mortality (% of initial 
group sizes)

CON-C 15 7.14%
IPC-C 19 16.67%

UNIRIC-C 16 12.5%

BIRIC-C 17 12.5%
CON-T 6 16.67%

IPC-T 8 0%

BIRIC-T 15 6.67%
CON-P-20 5 0%

BIRIC-P-20 5 0%

CON-P-25 9 0%
UNIRIC-P-25 7 0%

BIRIC-P-25 13 0%

CON-P-45 5 0%
BIRIC-P-45 6 16.67%

Neither IPC nor RIPC affected mortality rates in any setting. χ2 test was applied for each 
experimental group. 
CON: control; IPC: ischaemic preconditioning; UNIRIC: unilateral RIC; BIRIC: bilateral RIC; 
RIC: remote ischaemic conditioning. Group sizes (n) as the number of animals are shown 
under the corresponding column.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2 AAR as % of LV areas, and ISs as % of AARs and ISs as % of LV areas

Experimental group Group sizes (n) AAR (% of LV area) IS/AAR (%) IS/LV (%)

CON-C 13 42.99 ± 2.0 58.15 ± 2.14 25.03 ± 1.56

IPC-C 10 35.68 ± 2.8*# 23.45 ± 1.48*¤# 8.24 ± 0.55*¤#

UNIRIC-C 14 40.07 ± 1.9 53.12 ± 4.11 21.78 ± 2.63
BIRIC-C 14 43.80 ± 1.9 55.41 ± 3.60 24.31 ± 1.79

CON-T 5 37.43 ± 3.8 43.43 ± 5.08 17.60 ± 2.16

IPC-T 8 39.17 ± 8.1 20.56 ± 3.91*# 8.25 ± 2.05*#

BIRIC-T 14 42.37 ± 4.1 44.87 ± 5.84 23.17 ± 2.61

CON-P-20 5 31.59 ± 6.1 48.31 ± 10.46 16.40 ± 4.93

BIRIC-P-20 5 32.09 ± 4.5 56.27 ± 7.07 17.60 ± 3.23
CON-P-25 8 30.48 ± 3.7 59.60 ± 7.25 17.13 ± 3.28

UNIRIC-P-25 7 34.97 ± 4.3 55.10 ± 6.60 17.96 ± 1.82

BIRIC-P-25 13 31.00 ± 2.2 61.84 ± 3.71 19.83 ± 1.58
CON-P-45 4 34.93 ± 3.4 80.34 ± 5.33 26.72 ± 3.13

BIRIC-P-45 5 36.90 ± 3.8 72.29 ± 2.70 27.03 ± 2.89

Results are presented as mean ± SEM. In cases of ≥3 groups, one-way ANOVA and uncorrected Fisher’s LSD post hoc tests were used. *P < 0.05 vs. CON, ¤P < 0.05 vs. UNIRIC, #P < 0.05 vs. 
BIRIC. In cases of 2 groups, unpaired t-tests were used. 
AAR: area at risk; LV: left ventricle; CON: control; IPC: ischaemic preconditioning; UNIRIC: unilateral RIC; BIRIC: bilateral RIC; RIC: remote ischaemic conditioning. Group sizes (n) as the number 
of animals are shown under the corresponding column.

http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad024#supplementary-data
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Figure 3 Myocardial ISs as % of the area at risk (IS/AAR). Results are presented as mean ± SEM. (A) Budapest study centre—one-way analysis of variance 
(ANOVA) and uncorrected Fisher’s LSD post hoc test. (B) Szeged study centre—one-way ANOVA and uncorrected Fisher’s LSD post hoc test. (C–E) 
Amsterdam study centre—experimental protocol with various durations of myocardial ischaemia, and in cases of C and E, unpaired t-test. In the case of 
D, one-way ANOVA, uncorrected Fisher’s LSD post hoc test, *P < 0.05 vs. CON, ¤P < 0.05 vs. UNIRIC, #P < 0.05 vs. BIRIC. LAD: left anterior descending 
coronary artery; CON: control; IPC: ischaemic preconditioning; UNIRIC: unilateral RIC; BIRIC: bilateral RIC; RIC: remote ischaemic conditioning. Group sizes 
(n) as the number of animals are shown under the corresponding groups.
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Figure 4 MVO and arrhythmia scores. In the case of MVO, results are presented as mean ± SEM; in the case of arrhythmia scores, results are presented as 
median. (A) MVO at the study centre of Budapest—one-way ANOVA and uncorrected Fisher’s LSD post hoc test. (B) MVO at the study centre of Szeged—one- 
way ANOVA, uncorrected Fisher’s LSD post hoc test, *P < 0.05 vs. CON, ¤P < 0.05 vs. UNIRIC, #P < 0.05 vs. BIRIC. (C) Arrhythmia scores at the study centre of 
Budapest—the Kruskal–Wallis test, multiple comparisons, and Dunn’s post hoc test. (D) Arrhythmia scores at the study centre of Szeged—the Kruskal–Wallis test, 
multiple comparisons, and Dunn’s post hoc test. (E–G) Arrhythmia scores at the study centre of Amsterdam with various durations of myocardial ischaemia. In cases 
of E and G, the Mann–Whitney test; in the case of F, the Kruskal–Wallis test, multiple comparisons, and Dunn’s post hoc test. MVO: microvascular obstruction; LV: 
left ventricle; LAD: left anterior descending coronary artery; CON: control; IPC: ischaemic preconditioning; UNIRIC: unilateral RIC; BIRIC: bilateral RIC; RIC: re
mote ischaemic conditioning. Group sizes (n) as the number of animals are shown under the corresponding groups.
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summarized in Figure 2. Included studies are referenced in the 
Supplementary material online.

Out of 33 studies investigating the cardioprotective effect of limb RIPC 
in in vivo rat models of myocardial I/R injury, all studies used male animals, as 
in our experiments. Fifteen studies used Wistar, 17 studies used 
Sprague-Dawley, and 1 study used Zucker strain. Since no clear preference 
for animal strain was seen in the reviewed studies, the use of Wistar rats in 
our experiments may not be considered as a significant methodological 
variation.

Rat models of comorbidity were used in 12% of studies: acute or chronic 
hyperglycaemia, hypercholesterolaemia, or uraemia was modelled in 6%, 
3%, and 3% of publications, respectively; 64% of studies investigated the ef
fects of different drugs on the cardioprotective effect of RIPC, either given 
to interrogate signal transduction or to investigate cardioprotective effects 
additive to RIPC. Cardioprotective effects of different ischaemic condition
ing protocols were compared in 27% of studies. In our in vivo model, we 
used healthy and young rats without any comorbidities or comedications 
to avoid their known confounding effect, and at the Budapest and 
Szeged study centres, IPC was used as a positive control.

In total, 67% of studies used pentobarbital as anaesthetic, 9% used chlor
al hydrate, 9% used volatile agents (isoflurane or sevoflurane), and 18% 
used other types of anaesthetic; 6% of studies used either mixed anaesthe
sia or compared the effect of different anaesthetics (for details, see 
Supplementary material online, Table S2). In our in vivo experiments, we 
used pentobarbital anaesthesia in all three centres, as reported by the ma
jority of the reviewed studies. However, high heterogeneity of the induc
tion or maintenance doses and administration sites was found (for details, 
see Supplementary material online, Table S2).

Out of 33 studies, 15 publications reported on the use of room air ven
tilation, and 5 described the use of supplementary oxygen; however, the 
remaining 13 studies did not report on the type of respiratory gas. At 
the Budapest and Szeged study centres, room air ventilation was used, 
and in the Amsterdam study centre, oxygen supplementation was applied, 
with a respiratory rate and volume similar to published studies.

All studies induced myocardial I/R injury by occluding and releasing the 
LAD (sometimes named as left coronary artery in the rat). In 45.5% of 
studies, durations of myocardial index ischaemia and reperfusion were 
30 and 120 min, respectively, and 6% of studies used recovery models of 
myocardial I/R injury using a 24 h reperfusion model. Details on durations 
of corresponding ischaemia and reperfusion are available in Supplementary 
material online, Table S13. As at the Amsterdam study centre, the experi
ments were designed to assess the effect of myocardial ischaemia duration 
on RIPC efficacy, short (20 min), commonly reported (25 min), and long 
(45 min) durations were used, whereas at the Budapest and Szeged study 
centres, the most commonly applied, 30 min myocardial ischaemia was 
performed. All study groups were subjected to 120 min reperfusion in 
our experiments, as reported in 82% of the reviewed studies.

The following methodological characteristics of limb RIPC were investi
gated by our systematic review: number of RIPC cycles, number of limbs 
involved, limb ischaemia duration, limb reperfusion duration, and the tech
nique of establishing limb ischaemia. Twenty-one per cent of studies used 1 
cycle, 42% used 3 cycles, 33% used 4 cycles, and 6% used 3 times daily 3 
cycles of limb RIPC; 45.5% of studies used unilateral limb ischaemia, 
45.5% used bilateral limb ischaemia, but 9% did not report on the number 
of limbs involved in RIPC. Eighty-two per cent of studies used 5 min limb 
ischaemia followed by 5 min limb reperfusion, 3% used 10 min limb ischae
mia followed by 10 min limb reperfusion, and 15% used 15 min limb ischae
mia followed by 10 min limb reperfusion; 52% of studies established limb 
ischaemia by invasive surgical methods; 30% used non-invasive methods 
of which 12% were conducted by uncontrolled tightening of the limb using 
tourniquet, and the remaining 18% used external pressure cuffs. However, 
18% of studies did not give precise information on the technique of RIPC. A 
summary of the corresponding number of ischaemic hind limbs and the 
number of RIPC cycles is available in Supplementary material online, 
Table S14.

For the assessment of IS/AAR%, 9 of the 33 studies reported on ex vivo 
retrograde perfusion of the hearts with the AAR-staining dye, 19 studies 

stained the hearts in vivo, and 5 studies did not exactly describe the staining 
method of AAR. As the Langendorff method is frequently used for staining 
the AAR, here we also used the ex vivo retrograde perfusion method.

During the data collection process, other study parameters were found 
to be reported with a lower frequency, but if reported, a remarkable het
erogeneity between the studies was identified (see Supplementary material 
online, Table S2). Therefore, we decided to assess the reporting frequen
cies of study parameters, based on whether a given data item was reported 
or not.

3.4 Systematic review identifies insufficient 
reporting in a high proportion of in vivo rat 
studies on cardioprotective effects of limb 
RIPC
To enable measurement of the overall reporting of the reviewed studies, 
the number of reported items of each study was assessed as described 
in Section 2.10.

All study characteristics collected according to the data items, as well as 
the number of reported data items in each included study, are available in 
Supplementary material online, Table S2. The median of the number of re
ported items was 28 out of 48 (inter-quartile range: 24–31), and the num
ber of reported data items did not increase in correlation with the 
publication date (see Supplementary material online, Figure S5A).

Reporting frequencies on each parameter are shown in Figure 5, result
ing in a notable lack of reporting on animal housing; use of quality control 
measures, e.g. anaesthetic reflex surveillance and AAR/LV data; and meas
uring other consequences of myocardial I/R injury such as arrhythmias or 
MVO. We also measured the distribution of studies with different levels of 
reported data items (shown in Supplementary material online, Figure S5B), 
demonstrating that only 30% of the included studies reported 60–70%, but 
none of them reported more than 70% of the investigated study para
meters. These data suggest that the number of reported items in the ma
jority of the reviewed studies is insufficient or inadequate for full evaluation 
and reproduction.

The number of reported data items of 44 was achieved in the Budapest, 
Szeged, and Amsterdam study centres, resulting in 92% of the scored data 
items. As no prospective sample size calculation was done in the three 
study centres, no clear adherence to the ARRIVE guidelines could be sta
ted,39 resulting in the loss of 2 points out of 48. In the Budapest and Szeged 
study centres, no blood gas analysis and no cardiac necroenzyme measure
ment were performed, whereas in the Amsterdam study centre, no IPC 
positive control group was used, and no MVO measurement was 
conducted.

3.5 Meta-analysis shows an overall 
IS-limiting effect independently from the 
number of reported items and showed no 
significant publication bias in in vivo rat 
studies on cardioprotective effects of limb 
RIPC
To be able to compare the IS-limiting effect of RIPC in the current in vivo 
studies to the findings of previous publications, we conducted a 
meta-analysis of the reviewed studies. In addition, we assessed the relation 
between the number of reported data items and effect size using 
meta-regression. Furthermore, since we could not identify differences be
tween the methodological parameters of our neutral in vivo studies and 
those of the studies in the literature, the question was raised whether there 
may be studies with smaller IS-limiting or neutral outcomes regarding limb 
RIPC withheld from publication. To assess the possibility of this phenom
enon, we conducted a publication bias assessment.

From the 33 studies included in the systematic review, only 22 were in
cluded in the meta-analysis, as the remaining 11 articles did not describe 
exact IS/AAR values as a mean ± SEM or SD, or did not give exact 
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Figure 5 Frequencies of reporting a parameter by category. A number of studies reporting on certain parameters are expressed as a percentage of all in
cluded studies.
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Figure 6 (A) Forest plot of the meta-analysis on cardioprotective efficacy (defined as a reduction in IS/AAR%) of RIPC in in vivo rat models of acute myo
cardial I/R injury, using random-effects DerSimonian–Laird method. A total of 22 controlled comparisons were made, with a total of 194 and 195 animals 
included in the control and RIPC groups, respectively. (B) Funnel plot for the assessment of publication bias. The vertical line represents the estimated overall 
mean effect size, and the diagonal lines represent the pseudo-95% CI accordingly. Publication bias was assessed visually, followed by Egger’s regression test and 
non-parametric trim-and-fill analysis.
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information on group sizes (Figure 2), necessary for meta-analysis. Of these 
22 articles, data on 23 controlled comparisons of RIPC in rat models of 
acute myocardial I/R injury without any comorbidity or comedication 
were extracted, including a total of 189 animals in the control groups 
and 188 animals in the RIPC groups. In the case of studies where the effect 
of different anaesthetics on RIPC efficacy was investigated, only the groups 
with the reference anaesthetic were included.

Heterogeneity of the studies was found to be significant (I2 = 75.51% 
and τ2 = 42.87; P < 0.001). RIPC reduced IS/AAR by 21.28% (95% CI 
18.07–24.49) compared with the control group (df = 22; P < 0.00001), as 
summarized in Figure 6A. By re-performing the analysis using NMD, similar 
results were obtained, as heterogeneity was observed to be significant (I2 = 
49.21% and τ2 = 74.15; P < 0.001), and the overall effect was 34.68 favour
ing RIPC towards control (95% CI 29.37–39.99). The forest plot using 
NMD is shown in Supplementary material online, Figure S6.

We investigated the impact of the number of reported data items on the 
outcomes by performing meta-regression using the number of reported 
items as the independent variable and MD as the dependent variable, 
and found no significant relationship between them [estimated 
meta-regression coefficient: −0.666 (95% CI: −1.395–0.063); P = 0.07]. 
The forest plot of the studies ordered by the number of reported items 
is shown in Supplementary material online, Figure S7.

Publication bias was assessed by visual interpretation of the funnel plot 
(Figure 6B), suggesting that small studies with small or no cardioprotective 
efficacy of RIPC may be underrepresented among published results; how
ever, Egger’s regression test showed no significant publication bias (P = 
0.07), and the non-parametric trim-and-fill method did not indicate missing 
studies which would compensate the asymmetry of the funnel plot. The 
funnel plot using NMD and the result of Egger’s test (P = 0.07) were similar 
to the analysis using MD. In this case, the trim-and-fill analysis indicated 
three missing studies to compensate for the asymmetry of the funnel 
plot (see Supplementary material online, Figure S8).

4. Discussion
Here we performed in vivo rat experiments in an individually designed, 
blinded, and randomized fashion in three study centres in Hungary and 
the Netherlands, with methodological settings corresponding to the 
most commonly reported features of published studies. We demonstrate 
for the first time no cardioprotective effect of limb RIPC in in vivo rat mod
els of acute myocardial I/R injury, which is in discrepancy with the 
meta-analysis of similar in vivo rat studies showing robust cardioprotection 
by RIPC. This discrepancy may be due to the insufficiently reported meth
odological details and design parameters in the majority of studies, and the 
high heterogeneity in a number of experimental settings, as identified by 
the current systematic review. In addition, publications reporting on con
ditions when RIPC did not work (other than the well-known confounders 
of comorbidities and comedications) or on methodological details that are 
crucial for RIPC to be cardioprotective are lacking. Together, these factors 
hinder reproducibility, which is necessary for successful translation.

To enable the investigation of cardioprotection by RIPC in accordance 
with Step 1 of the latest IMPACT COST guidelines,26 we aimed to establish 
a robust and efficacious RIPC protocol in our laboratories with a reduc
tionist study design, as a basis for further investigations in more complex 
models. The current experiments were conducted independently in three 
study centres in an individually and independently designed, blinded, and 
randomized fashion under rigorous quality control, with methodological 
settings within the boundaries of the published literature. We tested the 
cardioprotective efficacy of various RIPC protocols by (i) assessing the ef
fect of the number of conditioning cycles, i.e. 3 or 4; (ii) the method of oc
clusion of femoral vessels, i.e. either surgical clamping of the femoral 
vessels, or applying uncontrolled pressure on the limbs by tightening a 
tourniquet around them, or applying controlled pressure on the limbs by 
using pressure cuffs; (iii) the effector organ mass, i.e. involving 1 or 2 
hind limbs; and (iv) the myocardial ischaemia duration, ranging between 
20 and 45 min. Surprisingly, our current experiments with RIPC resulted 

in a neutral outcome, as no reduction in IS, MVO, or I/R-induced arrhyth
mias could be achieved at any study centre by any RIPC protocol, although 
the positive control IPC was significantly cardioprotective. It should be 
mentioned here that in a previous study in the Budapest study centre, car
dioprotection by RIPerC had previously been achieved,28 and also that 
studies with a neutral outcome on RIPerC either combined with 
RIPostC or alone,40 or in ex vivo RIPC models have already been pub
lished;41 however, our present studies are the first to report a neutral ef
fect of limb RIPC on IS in rats in vivo. As our experimental results are in 
contrast to similar studies, we hypothesized that this discrepancy may be 
attributed to differences in methodological settings between our present 
experiments and the previously published ones. To investigate the possible 
underlying methodological reasons for the observed neutral outcome, as a 
next step, we reviewed the literature systematically and collated methodo
logical settings in a detailed fashion.

Systematic reviews are of great importance to highlight factors that are 
likely to influence the outcomes of cardioprotective therapies. The first 
comprehensive systematic review and meta-analysis was published in 
2017 by Bromage et al., who analysed preclinical experiments investigating 
remote ischaemic pre-, per-, and postconditioning, conducted in both small 
and large animal models, providing a general overview of the quality of pre
clinical studies.42 In our systematic review, we focused on in vivo rat studies 
of RIPC and incorporated an additional 13 studies published after 2017, 
and significantly extended the range of methodological and design para
meters. Here we analysed parameters regarding animal husbandry charac
teristics, quality control measures and study design, perioperative 
measures and monitoring, and intraoperative procedures, all of which 
are pertinent to experimental reproducibility that potentially could influ
ence study outcomes in RIPC experiments. We found that (i) our meth
odological settings were in line with the reviewed studies, (ii) the 
majority of the reviewed studies reported 50–60% of the data items, (iii) 
even when reported, there is significant methodological heterogeneity in 
the majority of in vivo rat studies, and (iv) the number of reported items 
did not increase with time despite the preclinical guidelines and recommen
dations published regularly. Based on these findings, we could not identify 
any methodological or design factor that potentially explains our neutral 
experimental results.

Our finding that methodological descriptions lack necessary details, and 
the lack of standardized parameters in the published papers, may suggest 
that the reproduction of experiments is compromised.

The omission of the precise and detailed description of methodological 
settings and results does not reflect the low quality of a study per se, and 
does not influence the effect size, as shown by our meta-regression. 
However, the omission of such detail forces laboratories to independently 
optimize protocols for cardioprotective interventions. This procedure is 
often challenging, since only final protocols, resulting in positive outcomes, 
are published, whereas the preliminary studies on the optimization of pro
tocols are not, apart from dose-ranging studies, in which the number of 
RIPC cycles and the number of involved limbs are investigated. It may 
also contribute to high methodological heterogeneity and potentially hin
der reproducibility of preclinical RIPC studies. As the current systematic 
review contains major methodological and design parameters of all the 
in vivo rat experiments assessing cardioprotection by RIPC published so 
far, our systematic review may be useful for planning preclinical studies 
in the future, e.g. in terms of identifying commonly used practices, identi
fying experimental setups that have not been investigated so far, highlight
ing key criteria to be reported when publishing, as well as sample size 
calculation.

Our current meta-analysis showed a robust and unanimous IS-limiting 
effect of RIPC in in vivo rat studies of myocardial I/R injury, and it provided 
no evidence on risk for publication bias. The discrepancy between the cur
rent neutral in vivo results and the overall positive result of the 
meta-analysis may be due to (i) overall insufficient reporting, especially 
on methodological details that are crucial for RIPC to be cardioprotective, 
(ii) high heterogeneity among reported methods, and (iii) the overall lack of 
adherence to preclinical guidelines that did not improve over time. These 
factors hinder preclinical reproducibility and the identification of causes 

http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad024#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad024#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad024#supplementary-data
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underlying neutral results that are in discrepancy with the majority of pub
lications. Therefore, although meta-analyses are considered to represent 
the highest level of evidence, and their results are key drivers of future 
studies from bench to bedside, results of the current and previous42 pre
clinical meta-analyses on RIPC should be interpreted with caution, since 
they are based on preclinical studies with heterogeneous methodological 
settings, which are often unreported in sufficient detail.

Based on the findings of our systematic review and meta-analysis, and 
assuming that similarly to us, other laboratories have also faced difficulties 
while establishing cardioprotective protocols relying on previous reports, 
we emphasize that experimental interventional studies in the field of car
dioprotection should be published irrespective of outcome (positive or 
neutral), if they fulfil the criteria of scientific coherence, sufficient quality 
control in experimental design and execution, and transparent reporting 
of all detail required to support independent replication. These studies 
serve as the solid basis for future more complex preclinical studies, as 
well as for clinical translatability.

Position papers and preclinical guidelines20,26,19 in the field of cardio
protection give recommendations on how to improve preclinical studies, 
with an aim to increase reproducibility and translatability. Here, we pro
vide data on the current state of reporting, showing no improvement 
over time in the last decades, despite the guidelines and recommenda
tions being published regularly. In addition, we also provide a novel con
cept that needs to be considered in the future, i.e. reporting conditions 
when a cardioprotective intervention does not work, or methodological 
details that are crucial for an intervention to be cardioprotective is also 
needed for improving reproducibility and translatability. We emphasize 
the importance of adhering to these recommendations, i.e. the para
mount need for a clear and detailed reporting of methodologies and re
sults; otherwise, the establishment and optimization of a cardioprotective 
intervention in a laboratory remains challenging, and the underlying rea
sons for neutral results cannot be identified. To underscore that the ma
jority of study parameters need to be reported in detail, we now provide 
a review of the data items we collated systematically and assess their po
tential influence on the outcome (see Supplementary material online,
Discussion on the data items section).

4.1 Limitations
A limitation of the present in vivo experiments is the lack of a positive con
trol IPC group at the Amsterdam study centre; however, previously pub
lished studies indicate that cardioprotection can be achieved in the model 
systems at this centre as well. Another limitation is the lack of a prospective 
power analysis; nevertheless, using the estimate of the effect sizes and 
standard deviations derived from the literature of the current systematic 
review, the sample size results in n = 4, suggesting that the current in vivo 
studies may not be underpowered. However, this approach should be in
terpreted with caution.43,44 In addition, a considerable variability in the IS/ 
AAR data of the control groups can be observed between the three study 
sites, despite the similar or same duration of myocardial ischaemia and the 
consistency of AAR/LV. IS/AAR depends on the individual response of the 
animals to myocardial I/R injury. This variability in IS/AAR may also be ex
plained by the limitations of a multicentre preclinical study, i.e. the different 
sources of animals, and procedural differences that cannot be specified in a 
study protocol. Other possible factors, e.g. circadian rhythm,45 as shown in 
a mice model of myocardial infarction (MI),46 may also contribute to the 
variability in IS/AAR. The current in vivo studies were not designed to inves
tigate the possible confounding effect of the circadian rhythm. Of note, 
none of the studies included in the present systematic review has described 
the exact time of the induction of MI; thus, this could be another important 
parameter to analyse in the future.

Regarding the systematic review, a criticism could be raised on the 
chosen data items. As key methodological parameters that influence 
the outcome of RIPC studies are so far unknown, the current collection 
of data items may inherently be incomplete and subjective. However, our 
set of data items contains those of previous publications,39,42 with a sig
nificant extension on the methodological parameters, which we strongly 

believe, increased the possibility that the key methodological parameters 
with a potential to influence the efficacy of RIPC are among the ones ana
lysed here.

Regarding the meta-analysis, the lack of subgroup analyses based on 
each key methodological factor could be interpreted as incompleteness 
or a limitation. However, since our main goal with the current 
meta-analysis was to compare the current in vivo results with that of 
the literature in a quantified fashion, subgroup analyses would reach be
yond the scope of our study. Moreover, although it is common practice 
to approach authors when there is a question regarding missing data or 
protocols, it is not obligatory according to the PRISMA guidelines, and 
additionally, obtaining information on individual basis by personal cor
respondence greatly undermines transparency and reproducibility in it
self; therefore, we did not follow this practice in this paper. In addition, it 
has to be emphasized that Egger’s regression test showed no statistically 
significant publication bias towards positive results (P = 0.07); however, 
one cannot exclude the possibility of withholding neutral or negative 
results from publications, as seen in many other fields of medical 
science.47–50

A discrepancy may be noted between the current study where RIPC 
was neutral and our previous study where RIPerC was shown to be cardi
oprotective.28 This may be due to the difference in timing of the remote 
stimuli; however, this statement is speculative, since, to the best of our 
knowledge, no original research article has investigated the differences be
tween the cardioprotective signalling mechanisms of RIPC and RIPerC yet. 
Nevertheless, RIPC and RIPostC were proved to show differential cardio
protective pathways,51 also emphasizing the presence of time dependence 
among different RIC protocols. Of note, our previous RIPerC study re
ported 30 data items of total 48, where missing data items include power 
analysis, report on AAR sizes, photos on heart slices, and type of respira
tory gas, among others.

As an amendment to the Supplementary material online, Discussion on 
the data items section, the experience level of the investigator also may in
fluence the outcome of the in vivo cardioprotection studies; however, un
fortunately, the definition of ‘experienced investigator’ in terms of 
cardioprotection has never been defined and studied in any of the papers 
published so far. Of note, the investigators performing LAD ligation for the 
current study could be considered to be highly experienced.

4.2. Conclusion
In conclusion, we report here for the first time the lack of cardioprotection 
by RIPC against IS, MVO, and arrhythmias in rats in vivo applying the most 
commonly used experimental protocols. We assessed the potential of 
hind-limb RIPC in three, individually randomized and individually analysed, 
blinded studies, replicating a range of previously reported RIPC protocols 
and methodologies, supported by a systematic review and meta-analysis of 
the published literature. The neutral outcome of our study, despite all key 
methodological factors were in line with that of the reviewed studies, sug
gests that the current level of reporting rigour may hinder reproduction 
and the identification of causes leading to neutral results. Therefore, we 
emphasize the importance of rigorous control measures, and full reporting 
in a transparent manner, and the publishing of studies even with small 
IS-limiting, neutral or negative outcomes, as well as the publishing of opti
mization processes to reach an efficacious protocol. In addition, we em
phasize the need for multicentre preclinical studies on investigating 
cardioprotective therapies, as suggested by the IMPACT COST guidelines 
and by the CAESAR consortium. Enacting these aspects of preclinical re
search will support a more comprehensive preclinical assessment of the 
cardioprotective efficacy of RIPC (and other potential cardioprotective in
terventions) by enabling systematic review, meta-analysis, and unequivocal 
experimental replication. All are essential for successful clinical trial design 
and translation.
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Translational perspective
Remote ischaemic preconditioning (RIPC) is cardioprotective in preclinical studies; however, its clinical translation has failed, the reasons for which 
need to be elucidated. Our three-centre rat study shows no cardioprotection by RIPC, which is in discrepancy with our meta-analysis of similar studies. 
Our systematic review could not identify factors underlying this discrepancy suggesting insufficient reporting and that rat studies on RIPC with the 
neutral outcome may be missing. We emphasize that the publication of multicentre preclinical studies with rigorous quality control in conducting 
and reporting, irrespective of their outcome, is essential for preclinical reproducibility, which is necessary for clinical translation.
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