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Abstract

Background: Remote ischemic conditioning is gaining interest as potential method to induce resistance against ischemia
reperfusion injury in a variety of clinical settings. We performed a systematic review and meta-analysis to investigate
whether remote ischemic conditioning reduces mortality, major adverse cardiovascular events, length of stay in hospital
and in the intensive care unit and biomarker release in patients who suffer from or are at risk for ischemia reperfusion injury.

Methods and Results: Medline, EMBASE and Cochrane databases were searched for randomized clinical trials comparing
remote ischemic conditioning, regardless of timing, with no conditioning. Two investigators independently selected
suitable trials, assessed trial quality and extracted data. 23 studies in patients undergoing cardiac surgery (15 studies),
percutaneous coronary intervention (four studies) and vascular surgery (four studies), comprising in total 1878 patients,
were included in this review. Compared to no conditioning, remote ischemic conditioning did not reduce mortality (odds
ratio 1.22 [95% confidence interval 0.48, 3.07]) or major adverse cardiovascular events (0.65 [0.38, 1.14]). However, the
incidence of myocardial infarction was reduced with remote ischemic conditioning (0.50 [0.31, 0.82]), as was peak troponin
release (standardized mean difference —0.28 [—0.47, —0.09]).

Conclusion: There is no evidence that remote ischemic conditioning reduces mortality associated with ischemic events; nor
does it reduce major adverse cardiovascular events. However, remote ischemic conditioning did reduce the incidence of
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peri-procedural myocardial infarctions, as well as the release of troponin.
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Introduction

Organ ischemia causes tissue damage in a variety of clinical
settings, such as acute infarctions and/or hypoperfusion during
surgery and organ transplantations. Restoration of adequate blood
flow is the main treatment. However, even after restoration of
blood flow tissue damage continues, partly induced by reperfusion
itself. Research into the reduction of ischemia-reperfusion injury
has gained an impulse after the discovery of ischemic precondi-
tioning in 1986 by Murry et al. [1] In ischemic preconditioning, a
series of short non-lethal periods of ischemia interspersed with
reperfusion periods, renders a target organ more resistant against a
subsequent ischemic event. In addition, ischemic postconditioning,
e.g. interrupted reperfusion or low-flow reperfusion, results in a
reduction of damage compared to full-flow reperfusion. [2]

Remote ischemic conditioning is an approach of conditioning in
which not the target organ, such as the heart, but instead a more
accessible tissue is submitted to a conditioning stimulus. First
discovered to offer protection within one organ, [3] remote
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preconditioning has been found to offer protection against
ischemia reperfusion injury also when a different organ, or even
skeletal muscle tissue is used for conditioning. [4] Postconditioning
is also possible with remote conditioning, offering the possibility of
protecting patients suffering from unpredictable ischemic events,
such as acute infarctions. [5]

There is an increasing number of clinical studies investigating
possible protection by remote ischemic conditioning, mostly in
cardiac and major vascular surgery. These studies show a
reduction of the release of biomarkers like serum troponine
values. The release of troponine is related not only to myocardial
infarction, but also to other cardiovascular events in the post-
operative period.

In 2008 Takagi et al. conducted a first meta-analysis of the four
available studies, with a total of 184 patients undergoing
cardiovascular surgery. [6] They found that remote ischemic
preconditioning reduced the release of biomarkers of myocardial
injury, however, no analysis on adverse events was done. We
performed a systematic review of an increased number of
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randomized trials investigating remote ischemic conditioning to
answer the question whether remote ischemic conditioning, either
before or during ischemia, improves the outcome of patients
suffering from acute ischemia or who are at risk of developing
ischemia during surgery.

Methods

Search Strategy and Selection of Papers

Medline, EMBASE and Cochrane databases were searched
independently by two investigators (DB, MK) using the following
terms: “‘remote preconditioning”, ‘“remote postconditioning”,
“remote perconditioning”, “remote conditioning”’, “remote ische-
mic preconditioning”, “remote ischemic postconditioning”, “re-
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mote ischemic perconditioning”, “remote ischemic conditioning”,
“remote ischaemic preconditioning”, “remote ischaemic postcon-
ditioning”, “remote ischaemic perconditioning” and ‘“remote
ischaemic conditioning.” Literature was searched until July
2011, no search limitations were used and all found abstracts
were screened for eligibility. Abstracts of papers identified through
other sources were screened as well. Eligible trials were those in
which patients suffering from, or being at risk for, ischemia were
randomly assigned to receive either remote ischemic conditioning,
regardless of the timing or the way the stimulus was induced, or no
ischemic conditioning. Full paper manuscripts were obtained of all
selected articles based on the assessment of abstracts. Only fully
published trials were included, abstracts and congress presenta-
tions were not included. Primary outcome to be assessed was
mortality; secondary outcome parameter was the combined
endpoint of major adverse cardiovascular events, which was
defined as stroke, myocardial infarction, atrial fibrillation, or
kidney injury. Additional secondary endpoints were length of stay
in the hospital and in the intensive care unit, biomarkers of cardiac
and kidney injury, and kidney function. Trials not reporting any of
these parameters were excluded from the review. When the
independent search led to papers included by only one author, this
was discussed to reach consensus. Two authors independently
reviewed all full reports that could possibly meet inclusion criteria,
guided by the Cochrane Handbook for Systematic Reviews and
the PRISMA statement. [7,8] In case of disagreement, consensus
was sought by discussion with a third author.

Reviewing and Data Extraction

All selected papers were reviewed by two investigators (DB,
MK), who were not blinded for the origin of the paper, nor the
authors. Both investigators independently extracted data to a data
extraction sheet. Data on the study population, in- and exclusion
criteria, control and intervention protocol, randomization, blind-
ing and follow-up were collected, as well as the outcome
parameters mentioned above. Outcome parameters that were
reported in the paper but were not the focus of this review were
not extracted. Concerning the timing of events such as mortality,
we used peri-operative or in-hospital event rate, if reported. For
clinical parameters such as the occurrence of myocardial infarction
or kidney injury, the criteria of the respective paper were used. We
did not extract data on myocardial infarction from studies that
were done in patients suffering from myocardial infarction.

With respect to biomarker data, we used the peak values as
reported in the paper. We renamed both troponin-I and troponin-
T “troponin”, and to compensate for the different types of
troponin as well as the variation induced by different methods of
analysis we used the standardized mean difference for analysis. If
the data was presented in a graph, but not in text, we requested
the corresponding author of the paper to provide these data. If

@ PLoS ONE | www.plosone.org

Remote Ischemic Conditioning: A Systematic Review

these data were not provided we extrapolated it from the graph if
the scale allowed a sufficiently precise estimation, i.e. if the scale
and resolution of the graph allows the extraction of the graph
without ambiguity. Inconsistency of the extracted data was
discussed among the investigators, clarified and accounted for.

After extraction of relevant data to the data sheets by the two
investigators, these were checked for inconsistencies, which were
then resolved by discussion and joint reviewing of the paper. In
case consensus couldn’t be reached, a third investigator would be
consulted (BP).

Papers were assessed for risk of bias by DB and MK on the
following areas: randomization sequence generation, concealment
of randomization sequence, blinding of intervention, blinding of
outcome assessment, incomplete outcome reporting, and were
classified as having low risk, high risk or unclear risk of bias for
each item, as suggested in the Cochrane Handbook. [7]

Data Analysis

The verified data were analyzed using Review Manager
(Version 5.1). [9] DB entered the data, MK verified data entry.
The odds ratio (Mantel-Haenszel), mean difference (inverse
variance) and their corresponding 95% confidence intervals
(95% CI) were calculated for dichotomous or continuous outcome
data, respectively. A fixed-effect model was used in case of no
relevant statistical heterogeneity. Statistical heterogeneity was
assessed with the I’-test and assumed when I? was >25%. A
random-effect model was used in all other cases. A significant
effect of an intervention was assumed if the 95% CI did not
include the value 1.0 for odds ratio or 0 for mean difference. When
the standard error was reported but not the standard deviation,
the standard deviation was calculated. If continuous data was
reported as median and range, we calculated an estimation of the
mean and standard deviation as described by Hozo et al. [10]
When not the range, but the interquartile range was reported, we
assumed this to be 1.35 standard deviations.

Studies containing zero events in both arms are excluded when
calculating an odds-ratio. To avoid over-estimating a possible
effect due to the exclusion of patients in studies with no events, we
recalculated the odds-ratio of dichotomous outcomes after adding
one event in each arm, allowing us to include the patients in those
studies.

Forrest plots were used for graphical presentation, as well as an
I’Abbé plot for dichotomous endpoints. We intended to perform a
sub-group analysis for different patient populations if more than
four studies were available: cardiac surgery, coronary artery
bypass grafting surgery, valve-surgery, pediatric cardiac surgery
and percutaneous coronary intervention (acute and elective).

Results

Description of Studies

Search results. Scarching resulted in 501 hits in Medline
using PubMed, 226 hits in EMBASE and 42 hits in the Cochrane
data base of clinical trials (see Figure 1), as well as one additional
abstract identified through other sources. After checking for
duplicates, 594 unique references remained. All abstracts were
screened and 28 papers were identified for further evaluation,
which were obtained in full print. Reading the full prints resulted
in the direct exclusion of two papers, [11,12] and after discussion
between the three investigators of another two, [13,14] that did
not report any of the outcome parameters, which left 24 papers to
be included for review and analysis (Table 1). One paper [15]
provided additional data on kidney injury in patients of two
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Figure 1. Flow-schedule of search and selection of studies.
doi:10.1371/journal.pone.0042179.g001

previously published studies, [16,17] thus, 23 clinical studies were
finally analyzed.

Included studies. Most studies were done in patients
undergoing cardiac surgery, including 10 studies in coronary
artery bypass grafting surgery surgery, [16-24] and five in other
cardiac surgery. [25-29] Four studies were done in patients
undergoing percutaneous coronary intervention, of which two
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were elective [30,31] and two were acute studies. [32,33] Another
four studies were done in patients undergoing vascular surgery.
[34-37] Median trial size was 66 patients (range 8, 333 patients).
Due to the small number of trials we only performed a sub-group
analysis for the patients undergoing coronary artery bypass
grafting surgery.

Conditioning stimulus. In most studies, remote ischemic
conditioning was induced shortly before an expected period of
ischemia (preconditioning). In two studies preconditioning was
induced 18-24 hours before ischemia (late preconditioning), either
by it self [19] or combined with early preconditioning. [26] One
study [27] included a remote ischemic preconditioning group and
a remote ischemic postconditioning group, as well as one control
group. We treated these two groups as if they were from two
separate studies, thereby including the control patients twice. In
both primary PCI studies conditioning was induced during
ischemia. [32,33]

Remote ischemic conditioning was almost always induced by
inflating a blood-pressure cuff or surgical tourniquet placed at one
of the extremities. Only in two studies ischemia was induced by
mvasively clamping an artery. [34,36] In 14 studies the arm was
used to induce conditioning by three or four series of five minutes
of ischemia and five minutes of reperfusion. [16-22,24,26,30—
33,38] In nine studies the leg was used for conditioning by two or
three series of five or ten minutes of ischemia. [23,25,27-29,34—

37]

Quality of Studies

In one third of the studies the process of sequence generation
and concealment was done properly, in the other studies the
methods were not described in detail (see Figure 2). Adequate
blinding was done in nine out of 23 studies. Six studies are at risk
for performance bias, since the treating surgeon was not blinded
for group allocation. This is in particular the case for the two
studies in which the surgeon performed ischemic conditioning
invasively. Nine studies were described as being blinded, but it was
not specified how blinding of treating physicians was achieved.
These studies were marked as having an unclear risk of bias. In
one study, patients undergoing remote conditioning were sedated,
while control patients were not. [26] Outcome assessment was
blinded in two thirds of the studies, for the other studies it was not
well described. Two studies excluded patients after randomization
and might be at risk for attrition bias. [19,20] One study recruited
extra patients after the planned number of patients did not provide
enough power, although the numbers in the article do not match
the numbers in the flow-schedule. [38] In another study the
patient numbers provided in text do not match those in the
corresponding tables. [33] Finally, one study did not specify a
primary outcome parameter and lacked a power calculation. [25]

Effects of Remote Conditioning

Mortality and major adverse cardiovascular events. In
total, 954 patients were treated with remote ischemic conditioning
and were compared with 924 control patients. Remote ischemic
conditioning did not reduce the primary endpoint of mortality
(Figure 3), which was reported in 16 studies and occurred in nine
(1.3%) patients of 709 treated with remote ischemic conditioning,
compared to seven (1.0%) out of 680 control patients (odds ratio
1.22 [95% confidence interval: 0.48, 3.07]). There was no
evidence for statistical heterogeneity (I?=0%). The incidence of
major adverse cardiovascular events was not reduced by remote
conditioning (odds ratio 0.65 [0.38, 1.14], Figure 4), nor was the
occurrence of atrial fibrillation (odds ratio 1.11 [0.63, 1.95]), or
kidney injury (odds ratio 0.63 [0.28, 1.45]). Stroke was reported in
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Table 1. Overview of included studies.
Patient Number Form of remote
Study population of pat.  Groups conditioning Endpoints Results
Ali 2007 [34] Open AAA* repair 82 Remote ischemic Leg ischemia by Myocardial injury, as Preconditioning reduced
preconditioning VS control clamping of the defined by an increase in  the risk of myocardial
common iliac artery, serum cardiac troponin injury
10 minutes left and  >0,40 ng/ml Sec:
10 minutes right myocardial infarction,
kidney injury, death
Ali 2010 [21] On-pump CABG' 100 Remote ischemic Arm ischemia and CK-MB release Remote ischemic
preconditioning VS control  reperfusion, by conditioning reduced
inflation of a cuff release of CK-MB
at 200 mmHg postoperatively
placed at the arm,
for 3x5 minutes
Batker 2010 [33] Primary PCI® 333 Remote ischemic Arm ischemia and Salvage index at 30 days Remote ischemic
perconditioning VS control reperfusion, by measured by scintigraphy conditioning increased
inflation of a cuff Sec.: Infarct size, troponin salvage index, when
at 200 mmHg levels, death, reinfarction, corrected for ventricle size
placed at the arm, hospitalization for heart-
for 4x5 minutes failure, LVEF®
Cheung 2006 [25] Heart surgery for 37 Remote ischemic Leg ischemia and Troponin levels, mixed Remote ischemic
congenital defects preconditioning VS control  reperfusion, by venous saturation, urine  conditioning reduced
inflation of a cuff output, inotropic myocardial injury
at systolic pressure  demand, lung function,
+15 mmHg placed systemic inflammatory
at the leg, for response
4 x5 minutes
Choi 2011 [29] Complex valve 76 Remote ischemic Leg ischemia and Kidney injury, as Remote ischemic
surgery preconditioning VS control reperfusion, by defined by in increase in  preconditioning did not
inflation of a cuff serum creatinine by reduce kidney or
at 250 mmHg more than 50% or myocardial injury
placed at the leg, 0.3 mg/dl
for 3x10 minutes (26.5 umol/L). Sec:
CK, CK-MB levels
Glinyadin 2000 [18] On-pump CABG 8 Remote ischemic Arm ischemia and CK-MB and LDH release Remote ischemic
preconditioning VS control  reperfusion, by conditioning increased
inflation of a cuff biomarker release
at 300 mmHg
placed at the
upper arm, for 2
cylci of 3 minutes
ischemia and
2 minutes
reperfusion
Hausenloy 2007 [16] On-pump CABG 66 Remote ischemic Arm ischemia and Troponin release Remote ischemic
preconditioning VS control reperfusion, by conditioning reduced
inflation of a cuff troponin release
at 200 mmHg
placed at the arm,
for 3x5 minutes
Hong 2010 [38] Off-pump CABG 133 Remote ischemic Arm ischemia and Troponin release Remote ischemic
preconditioning VS control  reperfusion, by preconditioning did not
inflation of a cuff significantly reduce
at 200 mmHg troponin release
placed at the arm,
for 4x5 minutes
Hoole 2009 [31] Elective PCl 242 Remote ischemic Arm ischemia and Primary: Troponin Remote ischemic
preconditioning VS control  reperfusion, by levels at 24 hours preconditioning reduced
inflation of a cuff Secondary: serum troponin levels
at 200 mmHg creatinine, CRP,
placed at the arm,  estimated GFR. MACE!
for 3x5 minutes rate at 6 months
lliodromitis 2006 [30]  Elective PCI 41 Remote ischemic Arm ischemia and CRP, troponin, CK and Remote ischemic
preconditioning VS control  reperfusion, by CK-MB levels preconditioning increased
inflation of a cuff the release of cardiac
at 200 mmHg enzymes
placed at both
arms, for 3x5
minutes
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Study

Number
of pat.

Patient
population

Groups

Form of remote
conditioning

Endpoints

Results

Karuppasamy 2011 [24]

Li 2010 [27]

Luo 2011 [28]

Rahman 2010 [22]

Rentoukas 2010 [32]

Thielmann 2010 [20]

Venugopal 2009 [17]

Venugopal 2010 [15]

Wagner 2010 [19]

Walsh 2009 [35]

On-pump CABG 54
surgery

Valve surgery 81

VSD** correction. 60

On-pump CABG 162

Primary PCI 96

On-pump CABG 53

On-pump CABG, +/—45
AVR#

On-pump CABG, +/—78
AVR (retrospective
analysis of 2 prior
studies)

On-pump CABG, +/—101
valve surgery

Endovascular AAA 40
repair
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Remote ischemic
preconditioning VS control

Remote ischemic
preconditioning VS
remote ischemic
perconditioning VS
control

Remote ischemic
preconditioning VS direct
postconditioning VS
control

Remote ischemic
preconditioning VS control

Remote ischemic
perconditioning VS remote
ischemic perconditioning
plus morphine VS control

Remote ischemic
preconditioning VS control

Remote ischemic
preconditioning VS control

Remote ischemic
conditioning VS control

Late remote ischemic
preconditioning (18 hours
before surgery) VS control
VS tramadol

Remote ischemic
preconditioning VS control

Arm ischemia and
reperfusion, by
inflation of a cuff
at 200 mmHg
placed at both
arms, for 3x5
minutes

Leg ischemia and
reperfusion, by
inflation of a cuff
at 600 mmHg
placed at the leg,
for 3 x4 minutes

Leg ischemia and
reperfusion, by
inflation of a cuff
at 200-300 mmHg
placed at the leg,
for 3x5 minutes

Arm ischemia and
reperfusion, by
inflation of a cuff
at 200 mmHg
placed at the arm,
for 3x5 minutes

Arm ischemia and
reperfusion, by
inflation of a cuff
at 200 mmHg
placed at the arm,
for 3x5 minutes

Arm ischemia and
reperfusion, by
inflation of a cuff
at 200 mmHg
placed at the arm,
for 3x5 minutes

Arm ischemia and
reperfusion, by
inflation of a cuff at

200 mmHg placed at

the arm, for
3 x5 minutes

Arm ischemia and
reperfusion, by
inflation of a cuff
at 200 mmHg
placed at the arm,
for 3x5 minutes

Arm ischemia and
reperfusion, by
inflation of a cuff
at systolic pressure
plus 40 mmHg
placed at the arm,
for 3x5 minutes

Leg ischemia and
reperfusion, by
inflation of a cuff
placed at the thigh
to a pressure that
ensured absence of
flow by echo
-Doppler, 10
minutes of 1 leg,
then 10 minutes of
the other leg

Troponin and CK-MB

Clinical data and
troponin levels

CK-MB and troponin
levels, clinical data

Primary: troponin
release

Primary endpoint:
achievement of full ST-
segment resolution
Secondary: peak
troponin

Primary: Troponin
levels. Secondary:
Mortality, major adverse
cardiovascular events
and renal function

Troponin levels

Kidney injury, defined
as an increase of
25 umol/L

Troponin release

Primary: kidney injury,
measured by
albumin:creatinin ratio
and retinol binding
protein in urine
Secondary: serum
creatinin and GFR

Remote ischemic
preconditioning did not
significantly reduce
troponin release

Remote perconditioning,
but not preconditioning,
reduced troponin levels

Remote ischemic
conditioning reduced
biomarker release

Remote ischemic
conditioning did not
reduce troponin levels

Remote ischemic
conditioning increased the
achievement of ST-
segment resolution

Remote ischemic
conditioning reduced
troponin release

Remote ischemic
conditioning reduced
troponin release

Remote ischemic
conditioning reduced
kidney injury

Remote ischemic
conditioning reduced
troponin release

Remote ischemic
conditioning did not
significantly reduce kidney
injury
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remote ischemic

Zimmerman 2011 [23] On-pump cardiac 60

surgery

Preconditioning VS no
intervention

preconditioning VS control

Patient Number Form of remote
Study population of pat.  Groups conditioning Endpoints Results
Walsh 2010 [36] Open AAA repair 40 Remote ischemic Leg ischemia by Primary: kidney injury, Remote ischemic
preconditioning VS control  clamping of the measured by conditioning did not
common iliac artery, albumin:creatinin ratio reduce kidney injury
10 minutes left and  and retinol binding
10 minutes right protein in urine
Secondary: serum
creatinin and GFR
Walsh 2010 [37] Carotid 70 Remote ischemic Leg ischemia and Primary: saccadic latency, Remote ischemic
endarteriectomy conditioning VS control reperfusion, by troponin release conditioning did not
inflation of a cuff Secondary: major significantly improve
placed at the thigh  adverse cardiovascular saccadic latency or
to a pressure that events troponin release
ensured absence of
flow by
echo-Doppler,
10 minutes of 1 leg,
then 10 minutes of
the other leg
Zhou 2010 [26] VSD repair 60 Combined late and early Arm ischemia and Heart and lung function,  Remote ischemic

reperfusion, by
inflation of a cuff
at 240 mmHg
placed at the arm,
for 3x5 minutes

inflammatory markers preconditioning had
mixed effects on heart and
lung function and

inflammatory markers

Reduction in incidence of
post-operative kidney
injury by preconditioning

Leg ischemia and
reperfusion, by
inflation of surgical
tourniquet to

200 mmHg placed
at the thigh for
35 minutes

Kidney injury (increase
of serum creatinine by
>26.5 mmol/L)

event; *aortic valve replacement; **ventricular septal defect.
doi:10.1371/journal.pone.0042179.t001

five studies, but no events occurred. Remote ischemic conditioning
reduced the risk of myocardial infarction (0.50 [0.31, 0.82]), with
no statistical heterogeneity (I?=0%) (Figure 5). Including the
studies with no events by adding one event in each study arm
results in a recalculated odds ratio of 0.53 (0.34, 0.85). The ’Abbé
plot shows two outliers: the studies Ali ’07 and Hoole *09, a mid-
size and large trial, both with a rather high incidence of
infarctions. As a sensitivity analysis we recalculated the odds ratio
without these studies, resulting in an odds ratio of 0.68 (0.28, 1.65).
In the subgroup of patients undergoing coronary artery bypass
grafting surgery there were four events in the intervention group
compared to seven in the control group (odds ratio 0.63 [0.21,
1.89]).

Length of stay in hospital and in the intensive care
12 and 10 studies reported the length of stay in the hospital
and in the intensive care unit, respectively, but both outcome
parameters were not affected by remote ischemic conditioning
(mean difference length-of-stay 0.04 days (95% confidence inter-
val: —0.21, 0.29); mean difference intensive care unit stay
—0.16 days (—0.38, 0.06), respectively).

Biomarkers. 'Troponin was the most reported biomarker of
myocardial injury and was significantly reduced by remote
ischemic conditioning (standardized mean difference —0.28
[95% confidence interval: —0.47, —0.09], Figure 6), although
there was significant statistical heterogeneity (I* = 66%). Troponin
release was also reduced in the coronary artery bypass grafting
subgroup by remote ischemic conditioning as compared to control

unit.
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*abdominal aortic aneurysm; Tcoronary artery bypass grafting; *percutaneous coronary intervention; Sleft ventricular ejection fraction; "major adverse cardiovascular

(standardized mean difference —0.29 [95% confidence interval
—0.55, —0.03], Figure 7). Levels of creatine kinase were reported
only in three studies (mean difference 19.54 U/L [—5.60, 44.69]),
and the levels of creatine kinase muscle-brain in seven studies
(mean difference —0.45 ug/L [—6.14, 5.24]), showing no
difference between groups.

Regarding kidney function, creatinine clearance was reported in
five studies and plasma creatinine levels in seven, which were both
not reduced by remote ischemic conditioning (mean difference
creatinine clearance 1.88 ml/min [—5.10, 8.87]; mean difference
creatinine levels —6.50 mmol/L [—17.52, 4.53], respectively).

Discussion

Despite including 23 studies the available evidence on the effect
of remote ischemic conditioning on the clinical outcome of
patients after ischemic events is limited, and strong conclusions can
not be drawn. The present analysis does not support the
hypothesis that remote ischemic conditioning reduces mortality
associated with ischemic events, nor did remote conditioning
reduce the combined endpoint of major adverse cardiovascular
events. However, the secondary endpoint of periprocedural
myocardial infarction was reduced by remote ischemic condition-
ing, as was the post-procedural peak release of troponin, although
there are some limitations to these conclusions.

Most included clinical studies were rather small, and focused on
the effect of remote conditioning on biomarker release and other
surrogate parameters of organ injury. Short or long-term outcome
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Figure 2. Risk of bias table: green =low risk of bias; yellow =-
unclear risk of bias; red =high risk of bias.
doi:10.1371/journal.pone.0042179.9002

was not the primary outcome variable in any study. Some studies
did not report on the occurrence of adverse events, such as death
or myocardial infarction. The overall mortality in studies that
reported on this outcome was 1.2%, and the total number of
events was 14, meaning that the incidence of the relevant event
was quite low. It is debatable whether a reduction in mortality is
possible in these patients. But to demonstrate an effect on
mortality, if there is any, thousands of patients have to be included.
For mortality the required group-size can not be calculated using
our data, since we found no trend towards a reduction in mortality
by remote conditioning. However, based on our data, with an
incidence in the control group of 21%, 760 patients per group will
be needed to detect a relative risk reduction of 27% in major
adverse cardiovascular events, with an alpha of 0.05 and a beta of
0.80. Providing statistical significance would be reached, inevitably
the question of the clinical impact of such findings would appear.
The intervention of remote conditioning might prove to be more
beneficial in high-risk patients; however, these high-risk patients
were generally excluded from the clinical trials that were available
for inclusion in the current meta-analysis.

Our analysis shows that remote conditioning reduces the
incidence of myocardial infarction. When examining the endpoint
of myocardial infarction we used the definition applied by the
investigators of the respective studies. This means that different
events could have been classified as myocardial infarctions, and we
could have wrongly pooled these events in the meta-analysis.
Additionally, the results of the meta-analysis are largely driven by
the study of Ali et al. [34] In this study the control group had a
rather high event rate of approximately 26% and might not
represent the population as a whole. Also, the study intervention
(invasive crossclamping of the iliac artery) was administered by the
operating surgeon, which could have induced bias. In addition to a
reduction in myocardial infarction, we also found that the release
of biomarkers of myocardial injury was reduced after remote
conditioning. In contrast, however, we found no reduction in
mortality, or length of stay in hospital or in the intensive care unit.
As mentioned in the meta-analysis of myocardial infarctions the
studies by Hoole and Ali were assigned a high weight, of 53% and
22% respectively. The Hoole study was performed in low risk
patients undergoing elective percutaneous coronary intervention,
no mortalities occurred and could therefore not have been
improved; length of stay was not reported. Ali et al did find a
significant reduction in length of stay on the intensive care unit, as
well as a non-significant reduction in length of stay in hospital.
However, in the meta-analysis of these parameters their study was
assigned a low weight and the effect was lost. This could explain
why the reduction in myocardial infarctions does not translate into
a reduction in length of stay, or mortality.

Troponin was commonly used as biomarker for myocardial
injury. Quantities reported varied; some studies reported peak
values, some area under the curve, while again other studies
mentioned values at several time-points (which also differed
between studies). We used peak values when reported, and
otherwise approximated them as good as possible. However, this
inevitably leads to variance since the reported time-points differed
between studies and the extracted peak values varied greatly
between studies, even in comparable settings. Therefore, it is
uncertain whether our meta-analysis estimates the true effect of
remote ischemic conditioning by missing the true peak values in
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Experimental Control Odds Ratio Odds Ratio
Study or Subgroup  Events  Total Events Total Weight M-H, Fixed, 95% ClI M-H, Fixed, 95% CI
Ali 2007 2 41 3 41  35.0% 0.65[0.10, 4.11] — &
Ali 2010 0 50 0 50 Not estimable
Botker 2010 3 126 3 125 36.0% 0.99 [0.20, 5.01] N
Cheung 2006 0 17 0 20 Not estimable
Gunaydin 2000 0 4 0 4 Not estimable
Hoole 2009 0 104 0 98 Not estimable
Li 2010 0 28 0 27 Not estimable
Li 2010 0 26 0 27 Not estimable
Luo 2011 0 20 0 20 Not estimable
Rahman 2010 0 80 0 82 Not estimable
Thielmann 2010 0 27 0 26 Not estimable
Venugopal 2009 0 23 0 22 Not estimable
Walsh 2009 1 18 0 22 5.1% 3.86 [0.15, 100.58]
Walsh 2010 3 22 0 18 57% 6.64[0.32, 137.55] .
Walsh 2010(2) 0 34 0 36 Not estimable
Zhou 2010 0 30 0 30 Not estimable
Zimmerman 2011 0 59 1 59 18.2% 0.33[0.01, 8.21] =
Total (95% CI) 709 707 100.0% 1.22 [0.48, 3.07] <>
Total events 9 T
itv: Chi2 = = - = } : - f
Heterogeneity: Chi? = 2.83, df =4 (P = 0.59); I?= 0% 0.01 01 1 10 100

Test for overall effect: Z=0.42 (P = 0.68)

Favours experimental Favours control

Figure 3. Mortality with remote ischemic conditioning and without remote ischemic conditioning.

doi:10.1371/journal.pone.0042179.g003

some studies. In view of a resulting research agenda and as with
other preconditioning studies, it would be advisable that the
international research community establishes standards to measure
organ injury in clinical studies.

An issue that troubles most studies is adequate blinding, which is
probably more difficult to achieve than in trials investigating a

Experimental Control

pharmacological agent. Only in a minority of the trials all care
providers were blinded, leaving the others at risk for bias.

In the present review we included studies with significant
clinical heterogeneity. Studies differed in setting, patient popula-
tion and the extent of ischemia the patients were at risk for.
Patients undergoing cardiac surgery, vascular surgery, elective or

Odds Ratio Odds Ratio

Study or Subgroup  Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Ali 2007 5 41 23 41 10.0% 0.11[0.04, 0.33]

Ali 2010 0 50 0 50 Not estimable

Botker 2010 1 126 1 126 3.2% 0.99 [0.06, 16.04]

Choi 2011 14 38 12 38 11.3% 1.26 [0.49, 3.27] T

Hoole 2009 22 104 31 97 13.9% 0.57 [0.30, 1.08] =l

Li 2010 0 28 0o 27 Not estimable

Li 2010 0 26 0o 27 Not estimable

Rahman 2010 42 80 39 82 141% 1.22 [0.66, 2.26] =
Thielmann 2010 4 27 2 26 61% 2.09[0.35, 12.51] =i
Venugopal 2010 4 38 10 40 9.1% 0.35[0.10, 1.24] =S i

Wagner 2010 0 32 1 34 25% 0.34 [0.01, 8.74]

Walsh 2009 3 18 2 22 56% 2.00 [0.30, 13.51] e
Walsh 2010 7 22 3 18 7.4% 2.33[0.51, 10.78] T
Walsh 2010(2) 1 34 3 36 4.3% 0.33[0.03, 3.37] —_——1
Zimmerman 2011 12 59 28 59 12.4% 0.28 [0.13, 0.64] T

Total (95% CI) 723 722 100.0% 0.65 [0.38, 1.14] <>

Total events 115 155

Heterogeneity: Tau? = 0.47; Chi? = 26.96, df = 11 (P = 0.005); 12 = 59% 0* o1 o= p 1 1}0 3 0*0

Test for overall effect: Z = 1.50 (P = 0.13)

Favours experimental Favours control

Figure 4. Major adverse cardiovascular events with remote ischemic conditioning and without remote ischemic conditioning.

doi:10.1371/journal.pone.0042179.9g004
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Experimental Control Odds Ratio Odds Ratio
Study or Subgroup  Events  Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI
Ali 2007 2 M 11 42 21.7% 0.14 [0.03, 0.70] -
Ali 2010 0 50 0 50 Not estimable
Hoole 2009 22 104 31 97 532% 0.57 [0.30, 1.08] —H
Li 2010 0 28 0 0 Not estimable
Li 2010 0 26 0 el Not estimable
Rahman 2010 4 74 4 73 8.0% 0.99[0.24, 4.10] S B
Thielmann 2010 0 27 1 26 32% 0.31[0.01, 7.94]
Wagner 2010 0 32 1 34 3.0% 0.34 [0.01, 8.74] -
Walsh 2009 ; 18 2 22 3.6% 0.59 [0.05, 7.07]
Walsh 2010 1 22 1 18  22%  0.81[0.05, 13.92]
Walsh 2010(2) 1 34 1 36 2.0% 1.06 [0.06, 17.66]
Zimmerman 2011 0 59 1 59 3.1% 0.33[0.01, 8.21] .-
Total (95% Cl) 515 484 100.0%  0.50 [0.31, 0.82] <>
Total events 31 53
Heterogeneity: Chi? = 4.00, df = 8 (P = 0.86); 1= 0% 0 P of 3 > 1=0 3 06

Test for overall effect: Z = 2.78 (P = 0.005)
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Figure 5. Myocardial infarction with remote ischemic conditioning and without remote ischemic conditioning.

doi:10.1371/journal.pone.0042179.g005

acute percutaneous coronary intervention were all pooled for the
meta-analysis on the chosen outcome parameters. We intended to
perform sub-group analysis on special patient populations, but
while analyzing the data it became obvious that only the group of
studies in patients undergoing coronary artery bypass grafting was
large enough to permit a sub-group analysis.

There is no uniform protocol to induce remote ischemic
conditioning in the included studies. Different limbs are made
ischemic and the duration and number of the ischemic periods
differ. In a prior study Loukogeorgakis et al. [39] compared
different regimes of remote postconditioning, comparing both
arms and legs, and two and three cycles of five minutes ischemia

and reperfusion. Their findings suggest that a threshold stimulus
must be reached in order to achieve protection. Therefore, it
might be that some studies used a form of conditioning which is
not sufficient to achieve the maximal protective effect. Different
kinds of anesthesia have been used in different clinical studies.
From experimental and clinical studies it is known that pre- and
postconditioning are influenced by different anesthetics. It is most
likely that there is an effect of anesthetic regime on conditioning,
and it would be interesting to perform an analysis based on
different anesthetics used within our meta-analysis. However, most
studies do not report the anesthetics used, and unless the
anesthetic regime is specified in the protocol, it is impossible to

Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Ali 2007 0.34 1.5 41 4 139 41 6.4% -0.37 [-0.80, 0.07] I
Botker 2010 38 45 126 3.83 53 126 8.3% 0.01 [-0.24, 0.25] =
Cheung 2006 16.4 15 17 219 18 20 45% -0.32[-0.97, 0.33] T
Hausenloy 2007 037 0.19 27 069 0.48 30 5.4% -0.85[-1.39, -0.30] P
Hong 2010 142 1.68 65 225 4.1 65 7.3% -0.26 [-0.61, 0.08] ==
Hoole 2009 0.06 074 104 0.14 04 98 8.0% -0.13[-0.41, 0.14] 1
lliodromitis 2006 0.804 1.04 20 0.255 0.27 21 4.6% 0.72[0.08, 1.35]
Karuppasamy 2011 T2 3.6 27 6.95 34 27  55% 0.07 [-0.46, 0.60] R
Li 2010 024 0.13 28 04 024 27 5.3% -0.82 [-1.37,-0.27]
Li 2010 0.41 04 26 04 0.24 27  54% 0.03 [-0.51, 0.57] =TI
Luo 2011 0.28 0.09 20 049 0.16 20 4.0% -1.59[-2.31,-087]
Rahman 2010 1.04 0.54 80 1.02 0.51 82 T1.7% 0.04 [-0.27, 0.35] =
Rentoukas 2010 0.166 0.161 33 0.256 0.195 30 57% -0.50 [-1.00, 0.00] e —
Thielmann 2010 89 44 27 137 7.7 26 52% -0.76 [-1.32, -0.20]
Venugopal 2009 06 0.36 23 09 0.79 22 49% -0.48 [-1.08, 0.11] ———h
Wagner 2010 2.54 5 32 29 8.4 34  59% -0.05 [-0.53, 0.43] — T
Zhou 2010 ik | 1.8 30 24 1.8 30 57% -0.16 [-0.67, 0.34] B (T
Total (95% ClI) 726 725 100.0% -0.28 [-0.47, -0.09] <
Heterogeneity: Tau® = 0.10; Chi* = 46.70, df = 16 (P < 0.0001); I* = 66% 2 1 0 1 2

Test for overall effect: Z =2.94 (P = 0.003)

Favours experimental Favours control

Figure 6. Peak troponin release with remote ischemic conditioning and without remote ischemic conditioning.

doi:10.1371/journal.pone.0042179.9g006
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Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Wagner 2010 2.54 5 32 29 84 34 14.0% -0.05 [-0.53, 0.43] =
Venugopal 2010 06 036 23 08 079 22 11.3% -0.48 [-1.08, 0.11] i
Thielmann 2010 89 44 27 137 77 26 121% -0.76 [-1.32, -0.20] — *
Rahman 2010 1.04 054 80 1.02 051 82 19.4% 0.04 [-0.27, 0.35] i i
Karuppasamy 2011 72 36 27 695 34 27 127% 0.07 [-0.46, 0.60] T R
Hong 2010 142 168 65 225 4.1 65 18.2% -0.26 [-0.61, 0.08] T
Hausenloy 2007 037 019 27 069 048 30 124% -0.85 [-1.39, -0.30] T
Total (95% CI) 281 286 100.0% -0.29 [-0.55, -0.03] S
Heterogeneity: Tau? = 0.07; Chi* = 13.76, df = 6 (P = 0.03); I* = 56% '2 _‘1 0 { 2

Test for overall effect: Z=2.16 (P = 0.03)

Favours experimental Favours control

Figure 7. Peak troponin release with remote ischemic conditioning and without remote ischemic conditioning in the CABG-surgery

sub-group.
doi:10.1371/journal.pone.0042179.g007

identify this in retrospect. Therefore we chose not to perform such
an analysis.

We used a random-effect model when statistical heterogeneity
was high, and a fixed-effect model when it was low. Since random-
effect models tend to provide a broader confidence interval than
fixed-effect models, and can therefore be seen as more conserva-
tive, one may argue to use them for all analysis. This is not
necessarily true, however, since random-effect models also put
greater emphasis on small trials, and can be less conservative in
those instances. [40] A comparison of the results of this approach
and those of the respective random-effect model was performed,
which did not alter the results (data not shown).

Recently Takagi and Umemoto published an update of their
previous meta-analysis on remote ischemic preconditioning, [41]
which confirmed their previously determined reduction in
biomarker release. However, they found no reduction in mortality
or peri-operative myocardial infarctions. Our findings are in line
with their study, as we can show an effect on biomarker release,
but no reduction in mortality. However, we did see a reduction in
myocardial infarctions. There are a several differences between the
study by Takagi and the present analysis, which might explain
these different results. We included 23 studies compared to 9
studies with a total of 1878 patients compared to 482 included by
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