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2.1  Introduction

Reperfusion injury is a process well recognised 
and understood by vascular surgeons where 
return of arterialised blood flow to a previously 
ischaemic organ or tissue often results in a com-
plex pathophysiological cascade ending in poten-
tially irreversible cellular damage. The sequelae 
of this process are frequently seen in vascular 
surgery after reperfusion of a previously isch-
aemic lower limb. The resulting profoundly acute 
inflammatory syndrome gives rise to raised com-
partmental pressure within the muscles of the 
lower limb requiring fasciotomy. Reperfusion 
injury however can develop in several other sur-
gical scenarios including coronary artery bypass 
grafting and other cardiac interventions, organ 
transplantation and major vascular surgery, in 
particular aortic aneurysm repair and carotid end-
arterectomy. Obviously in these scenarios, fasci-
otomy is not an option, and since the 1980s, there 
has been research into avoiding or at least miti-
gating reperfusion injury.

The initial focus was on treating reperfusion 
injury in coronary artery bypass grafting for 
myocardial ischaemia. This involved applying 
limited periods of ischaemia alternating with 
reperfusion before completion of a coronary 
artery bypass graft. This technique, known as 
ischaemic postconditioning, has been assessed in 
several clinical trials which have confirmed that 
infarct size can be reduced with this methodology 
[1]. A major drawback of this technique however 
is that it is highly invasive.

Following this discovery the possibility of 
preconditioning before the ischaemia- 
reperfusion insult to a target organ was explored. 
Remote ischaemic preconditioning was first 
shown to have a beneficial effect on other organs 
and tissues in the heart [2]. This finding gener-
ated a great deal of interest and research into the 
possible effects of remote preconditioning par-
ticularly as the methodology was inherently safe 
and non- invasive. There have been various pro-
tocols, but most commonly the remote precondi-
tioning process involves inflation of a tourniquet 
or blood pressure cuff above systolic arterial 
pressure of the upper limb with alternating peri-
ods most commonly of 5 min of ischaemia fol-
lowed by 5  min reperfusion. There have been 
many studies, both experimentally in animals 
and clinically with differing preconditioning 
protocols, indicating that the optimal precondi-
tioning schedules may be different for the indi-
vidual target organs.
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2.2  Current Understanding 
of the Potential Protective 
Effects of Preconditioning

The pathophysiology of reperfusion injury is 
complex and will not be described in detail in this 
chapter. The central pathophysiological process 
is postulated to be an increase in mitochondrial 
permeability transition pore opening. This results 
in profound impairment of mitochondrial activ-
ity, ATP production and cell death. The end result 
of ischaemic preconditioning signalling is inhibi-
tion of this effect [3]. The protective effect of 
remote preconditioning implies that the mole-
cules and mechanisms activated within the skel-
etal muscle of the preconditioned arm are 
transferred systemically to provide a similar pro-
tective effect across the body and its various 
organs. Two waves of effects have been identi-
fied, the first early preconditioning known as the 
early window of protection and the second hap-
pening over the days or weeks following known 
as the second window of protection.

Three major pathways have been confirmed to 
be involved in the early wave of protection, 
namely, the humeral route with release of active 

molecules, the neurogenic pathway with direct 
effects on nerve signalling on end organs and the 
immunological route by alteration of immune 
cells (Fig.  2.1). As a result of activation of the 
humeral and neurogenic pathways, kinase cas-
cades are induced which will mitigate open mito-
chondrial permeability transition pores; the 
immune pathway probably works by modulation 
of gene and receptor expression on immune cells 
modulating the inflammatory response. The sec-
ond window of protection also implicates release 
of iNOS and COX-2 [3].

2.3  Methods of Preconditioning

There are various methods described in clinical 
preconditioning. In cardiothoracic and vascular 
surgery, more invasive preconditioning tech-
niques are possible, for example, temporary 
occlusion of a coronary artery in coronary artery 
bypass grafting or temporary occlusion of the 
iliac artery or other intra-abdominal arteries dur-
ing open abdominal vascular surgery. With spe-
cific regard to the evidence base for vascular 
surgery, the immediate methodologies mostly 
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Fig. 2.1 Remote ischaemic preconditioning stimulates release of ‘humoral’ moieties into the circulation to modulate 
the potentially fatal effects of organs or tissues under prolonged ischaemia. Taken from [4]

G. Hamilton



21

involve clamping of one of the iliac arteries once 
the peritoneal cavity is opened and before the 
reconstructive procedure for either aneurysmal or 
occlusive disease takes place. A typical protocol 
would be clamping of the left common iliac 
artery for a period of 5 min with removal of the 
clamp and reperfusion for a further period of 
5 min, and this cycle is repeated 3–5 times. An 
alternative is clamping of the supra-coeliac aorta 
with a similar schedule—obviously this requires 
more dissection and presents greater haemody-
namic challenge to the vascular patient and the 
associated pathologies.

The preferred methodology involves inducing 
ischaemia-reperfusion cycles on the skeletal 
muscle most commonly of the arm or less com-
monly of the leg. This is achieved by placement 
of a tourniquet with inflation above systolic pres-
sure. Typical schedules involve 5 min periods of 
occlusion followed by 5 min of reperfusion with 
repetition of the cycle between three and five 
times. In common to all of these remote precon-
ditioning methodologies, this is performed before 
the definitive procedure takes place.

2.4  The Evidence for Ischaemic 
Preconditioning

2.4.1  Animal Studies

There is a very extensive literature on ischaemic 
preconditioning in animal models which are 
important in understanding the pathophysiology. 
Furthermore, the positive evidence from these 
animal studies is much more definitive and con-
clusive than that found in clinical studies. With 
specific regard to the effect of ischaemia- 
reperfusion on organs, the intestine is found to be 
more sensitive to the adverse effects than other 
internal organs [5]. Animal studies have focused 
on clarifying the various mechanisms involved in 
ischaemia reperfusion particularly focusing on 
neutrophilic activation of inflammatory  mediators 
and cell apoptosis. Typical of these studies is a 
recent report from Gian Xi’an from China which 
found that ischaemic preconditioning by occlu-
sion of the superior mesenteric artery in rats ame-

liorated intestinal injury. This was by attenuation 
of the neutrophil-endothelial adhesion cascade 
by reduction of ICAM-1 and VCAM-1 expres-
sion and also of the TNF-alpha-induced NF-κB 
signalling pathway [6].

Review of the experimental in vivo data shows 
an almost universal benefit for ischaemic precon-
ditioning in all organs studied. These positive 
results continue to be a major driver for ongoing 
research to further unravel and understand the 
mechanisms involved.

2.4.2  The Clinical Evidence 
for Ischaemic Preconditioning

There is a considerable body of evidence based 
on clinical trials and series reporting looking pri-
marily at its effects on the heart, brain and kidney 
as individual organs. There is also a respectable 
body of evidence with regard to its effects in vas-
cular surgery, primarily focused on abdominal 
aortic aneurysm repair.

2.5  Cardiac Surgery

In common with studies in other organs, the early 
reports were based on measurement of surrogate 
markers. Since 2010 the focus is more on clinical 
outcomes. These primary end points were death, 
acute kidney injury or renal failure, stroke and 
non-fatal myocardial infarction. There have been 
several meta-analyses with the most recent 
reported in 2016 analysing a total of 5652 patients 
in 27 trials. In this meta-analysis, remote isch-
aemic preconditioning was found to reduce the 
risk of myocardial infarction from 12.6% to 
10.2% (OR 0.72, 95% CI 0.52–1.00) and acute 
renal failure from 22.9% to 20.6% (OR 0.73, 
95% CI 0.53–1.00). In addition to a reduction of 
composite all-cause mortality, myocardial infarc-
tion, stroke or acute renal failure from 43.2% to 
39.2% (OR 0.60, 95% CI 0.39–0.90), there was 
also a significantly shorter stay in intensive care 
as well as total hospital stay. No differences were 
found however in mortality (OR 1.10, 95% CI 
0.81–1.51) [7].

2 Ischaemic Preconditioning: The Rationale and Evidence-Based Outcomes
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2.6  The Kidney

A recent review for the Cochrane database on 
“Ischaemic preconditioning for the reduction of 
renal ischaemia reperfusion injury” analyses all 
the up-to-date data. This exhaustive analysis 
looked at outcomes both primary and secondary 
with sub-analysis for the method of remote isch-
aemic preconditioning used and the type of surgi-
cal intervention (open abdominal vascular 
surgery, cardiothoracic surgery and transplanta-
tion) [3]. The outcomes identified were univer-
sally negative in the 28 studies identified. There 
was no protective effect for primary or secondary 
endpoints. In terms of the method for remote 
ischaemic preconditioning used, adverse effects 
were found in one study after invasive vascular 
clamping, but no adverse effects were found with 
cuff inflation to the arm or leg. A possible signifi-
cant benefit was found in this review with a sub-
group of patients who underwent invasive 
clamping of the arteries prior to the procedure 
which seemed to be more effective compared to 
the non-invasive cuff inflation. The review urges 
care in interpretation of this however since this 
finding was based on only three studies with one 
of them having a high degree of heterogeneity. 
This review came to the conclusion that based on 
up-to-date data, the routine use of remote isch-
aemic preconditioning in major surgery at the 
present time cannot be justified. The authors con-
clude however that further randomised controlled 
trials should take place with the recommendation 
that these should focus on surgery involving sig-
nificant kidney ischaemia-reperfusion injury, in 
particular open abdominal aortic or kidney trans-
plant surgery.

2.7  Vascular Surgery

There have been several clinical trials of remote 
ischaemic preconditioning in vascular surgery, 
most of which are randomised and blinded. 
Composite primary endpoints were used in the 
majority, namely, of mortality, myocardial infarc-
tion, stroke and renal and respiratory failure, in 
addition to measurement of troponin-1 values. 

The most recent studies in vascular surgery have 
been on an “all comers” basis including various 
vascular procedures such as open and endovascu-
lar abdominal aortic aneurysm repair, lower limb 
bypass surgery and carotid endarterectomy. A 
possibly important consideration in interpreta-
tion of the outcomes is the heterogeneity in the 
data with regard to general and anaesthetic proto-
cols. In particular the use of propofol may have 
an inhibitory effect on the possible cardioprotec-
tive properties of remote ischaemic precondition-
ing [8].

Table 2.1 Lists of the trials specific to vascular 
surgery

Review of these trials universally shows no 
effect on myocardial injury, renal injury or clini-
cal outcomes based on moderate to high level 
data with 7 out of the 11 trials being blinded pro-
spective randomised comparisons [9–19].

There are a total of four meta-analyses of evi-
dence for remote ischaemic preconditioning in 
vascular surgery [20] (Table 2.2).

The results show no benefit for either clinical 
outcomes or biomarkers, from remote ischaemic 
preconditioning for patients undergoing vascular 
surgery. This is true for patients having abdomi-
nal aortic aneurysm repair, carotid endarterec-
tomy or peripheral revascularisation [21–24].

2.8  Summary

Virtually all of the available clinical evidence 
confirms that there is no clinically relevant bene-
fit from remote ischaemic preconditioning for 
patients undergoing vascular surgery. This lack 
of benefit includes all of the end organs studied, 
namely, the heart, kidney, lungs and brain (the 
data for the lung and brain have not been included 
in this chapter) and specifically regarding any 
beneficial effect on the bowel or the end organs of 
the mesenteric circulation. There is an abundance 
of data however from animal studies showing 
significant beneficial effects of remote ischaemic 
preconditioning. From the animal data, we can 
conclude that there is a clear potential significant 
benefit but that this has not translated to the pres-
ent clinical scenario with current protocols.
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Table 2.1 Trials specific to vascular surgery

Author Numbers Stimulus Blinding Propofol Outcomes
Ali et al. [9] 82 AAA Iliac clamping Yes Yes Reduced 

biomarkers
Walsh et al. [10] 40 AAA Iliac clamping Yes Yes No difference
Murphy et al. [11] 62 AAA Arm cuff Yes Yes No difference
Li et al. [12] 62 AAA Arm cuff Yes Yes Reduced 

inflammatory 
response lung and 
intestines

Walsh et al. [13] 70 CEA Leg cuff No Yes No difference
Walsh et al. [14] 40 EVAR Leg cuff No Yes No difference
Healey et al. [15] 198 AAA open and 

EVAR, CEA, limb 
revascularisation

Arm cuff No Not 
known

No difference

Mouton et al. [16] 69 AAA open or 
EVAR

Arm cuff Surgeons 
blinded

Not 
known

No difference

Garcia et al. [17] 201 AAA open and 
EVAR, CEA, limb 
revascularisation

Arm cuff 12–24 h 
before surgery

Yes Not 
known

No difference

Thomas et al. [18] 85 AAA open and 
EVAR, limb 
revascularisation

Arm cuff 24 h before 
and then following 
anaesthesia

Yes Yes No difference

Coverdale et al. [19] 67 AAA, CEA, limb 
revascularisation, 
other

Arm cuff during GA 
before transfer to OR

Yes Yes No difference

AAA abdominal aortic aneurysm, EVAR endovascular aortic aneurysm repair, CEA carotid endarterectomy

Table 2.2 Meta-analyses of evidence for remote ischaemic preconditioning in vascular surgery

Author Year Trials included

Number of 
studies 
(participantsa)

Type of 
study

Major findings and (OR, 
SMD, and 95% CI)

Risk of bias 
from included 
studies

Desai et al. 
[21]

2011 Vascular and 
endovascular

4 studies (232 
[115:117])

RCT RIPC improved: 
Myocardial infarctionb: 
(OR 0.31 [1.10–0.90] 
p = 0.03)

Low

No improvement: 
Mortality: (OR 1.70 
[0.91–5.92] p = 0.39)
Renal failure: (OR 0.74 
[0.35–1.54] P = 0.42)
Hospital stay: 
(SMD − 0.12 [−2.38–
2.13] p = 0.91)

(continued)

There are several possible explanatory rea-
sons why this translation cannot be demonstrated. 
The first major consideration is that the in vivo 
studies were all performed in healthy younger 
animals, while obviously the human studies were 

in patients with multiple comorbidities. 
Furthermore, hyperlipidaemia and diabetes may 
have an attenuating effect on ischaemic precondi-
tioning, both important comorbidities frequently 
present in vascular patients [25, 26].

2 Ischaemic Preconditioning: The Rationale and Evidence-Based Outcomes
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Table 2.2 (continued)

Author Year Trials included

Number of 
studies 
(participantsa)

Type of 
study

Major findings and (OR, 
SMD, and 95% CI)

Risk of bias 
from included 
studies

Brevoord 
[22]

2012 Vascular, 
endovascular, open 
cardiac surgery, 
percutaneous cardiac 
intervention

23 studies 
(1878 
[954:924])

RCT RIPC improved: 
Myocardial infarctionb: 
(OR 0.50 [0.31–0.82] 
p = 0.005)

Moderate

Peak troponin levels: 
(SMD − 0.28 [−0.47 to 
−0.09] p = 0.003)
No improvement: 
Mortality: (OR 1.22 
[0.48–3.07] p = 0.68)
Renal failure: (SMD 
1.88 [5.10–8.87] 
p > 0.05)
Major cardiac events: 
(OR 0.65 [0.38–1.14] 
p = 0.13)
Length of stay: (SMD 
0.04 [−0.21–0.29} 
p > 0.05)

Li et al. 
[23]

2013 Vascular, 
endovascular, open 
cardiac surgery, 
percutaneous cardiac 
intervention

10 studies (924 
[464:460])

RCT No improvement: 
Mortality: (OR 1.21 
[0.49–2.97] p = 0.68)

Moderate

Renal failure: (OR 0.73 
[0.50–0.64] p = 0.18)
Length of stay: (SMD 
0.07 [−0.50–0.64} 
p = 0.81)

Takagi and 
Umemoto 
[24]

2011 Vascular and open 
cardiac

9 studies (488 
unclear)

RCT RIPC improved: Peak 
troponin levels: (SMD 
−0.74 [–0.97 to −0.52] 
p < 0.00001)

Moderate

No improvement 
Myocardial infarctionb: 
(OR −0.02 [−0.06–
0.02] p = 0.28)
Mortality: (OR 0.01 
[−0.03–0.05] p = 0.65)

RCT randomised controlled trial, RIPC remote ischaemic preconditioning, SMD standardised mean difference
Ref. [20] (Twine CP, Ferguson S, Boyle JR. Review: benefits of remote ischaemic preconditioning in vascular surgery. 
Eur J Vasc Endovasc Surg. 2014; 48(2):215–9)
aPreconditioned—non-preconditioned.
bDefined predominantly by troponin levels

As previously discussed, the anaesthetic pro-
tocols were heterogeneous throughout these 
clinical trials and importantly with particular 
regard to the attenuating effect of propofol. 
Future clinical trials of remote ischaemic pre-
conditioning in vascular surgery must include 
clear anaesthetic protocols designed to either 

exclude or assess the effects of this anaesthetic 
agent.

The method of remote ischaemic precondi-
tioning has also been variable, with a confound-
ing mixture of the predominantly upper limb and 
then lower limb together with less commonly 
intraoperative preconditioning by clamping of 
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major vessels. Of interest there is one trial of 
remote ischaemic preconditioning in vascular 
surgery where there was an improvement in bio-
markers with cross clamping of the iliac artery 
but which also caused four episodes of significant 
damage to the iliac artery [9].

This raises the hypothesis that the extent or 
mass of rendered tissue ischaemia may be of 
importance. Compared to cuffed ischaemia of 
an upper or lower limb, clamping of a common 
iliac artery will result in activation of the isch-
aemic reperfusion cascade throughout a much 
greater mass of tissue. Various authors have fur-
ther postulated that cuff-based preconditioning 
may have an effect which is overwhelmed by 
the attenuation from all of the clinical factors 
described above. However without exception, 
all recent authors conclude that there should be 
further better defined trials of remote ischaemic 
preconditioning given the overwhelmingly posi-
tive evidence in the animal trials and the safety 
of cuffed-based ischaemic protocols. In the 
meantime however there is no basis to recom-
mend the routine use of remote ischaemic pre-
conditioning in vascular surgery outside of 
clinical trials.
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