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Clinical Application of Remote Ischemic Preconditioning
Robert A. Kloner, MD, PhD

Ischemic preconditioning1 has been shown to reliably re-
duce ischemic myocardial cell necrosis in a host of animal

models.2 Although preconditioning is one of the most pow-
erful and reproducible phenomena in cardioprotection, it has
not readily translated to routine clinical use. One issue is that
the timing of the long duration of ischemia must be known in
advance and the treatment must be applied before the long
duration of ischemia. Thus, although evidence suggests that
preinfarction ischemia (angina) before an ST-segment eleva-
tion myocardial infarction is associated with smaller infarct
size and better clinical outcome,3 there is no reliable way to
predict when a myocardial infarction will occur and hence no
way to either induce ischemic preconditioning or apply a
preconditioning mimetic agent just before the infarction.
There are, of course, situations in which myocardial ischemia
is planned, eg, during coronary artery balloon angioplasty,
during coronary artery bypass surgery, during excision and
transportation of a donor heart, and before exercise in a
patient with known demand-induced ischemia. Precondition-
ing has been applied to some of these situations. For example,
multiple brief balloon inflations and deflations in the coro-
nary artery reduce the severity of chest pain, ST-segment
elevation, and lactate production on subsequent balloon
inflations compared with an initial balloon inflation without
necessarily recruiting blood flow.4 Intermittent aortic cross
clamping before coronary artery bypass surgery has been
observed to preserve cardiac high-energy phosphate levels.2

These examples of ischemic preconditioning require an inva-
sive procedure to induce ischemia within the heart and the
possibility of showering atherosclerotic emboli either down
the coronaries or into the aorta as a coronary angioplasty
balloon is repeatedly inflated or deflated or the aortic cross
clamp is repeatedly clamped and unclamped.

Article p 820
Another approach exists that has the potential to be entirely

noninvasive: remote ischemic preconditioning (also called
ischemic preconditioning at a distance). The initial study
suggesting that 1 vascular bed could precondition another
vascular bed came from Przyklenk et al5 in 1993. Using
anesthetized dogs, we showed that 4 episodes of 5 minutes of

circumflex coronary artery occlusion interspersed with 5
minutes of reperfusion before a 1-hour sustained left anterior
descending coronary artery occlusion plus 4.5 hours of
reperfusion markedly reduced the size of the myocardial
infarction in the left anterior descending bed (6�2% of the
risk zone) compared with nonpreconditioned controls
(16�5% of the risk zone; P�0.05). In addition, segment
shortening of the left anterior descending region was im-
proved by preconditioning the circumflex bed, reflecting the
smaller infarct size. Preconditioning the circumflex coronary
artery bed did not affect collateral flow within the left anterior
descending coronary bed. Przyklenk et al showed that the
magnitude of infarct size reduction (35%) by preconditioning
the opposite coronary bed was similar to that of standard
preconditioning within the same coronary bed.

This basic concept was followed by additional studies
suggesting that ischemia of remote organs such as the kidney
or mesentery could confer protection to the ischemic myo-
cardium. In 1997, Birnbaum et al6 published the first study
suggesting that transient limb ischemia could remotely pre-
condition the ischemic heart. In that study, anesthetized
rabbits were subjected to 30 minutes of coronary artery
occlusion and 4 hours of reperfusion. Before this long
coronary artery occlusion, rabbits were randomized to a
30-minute waiting period (control group), stenosis of the
femoral artery to reduce femoral artery blood flow by 55% to
65%, rapid electric stimulation of the gastrocnemius muscle,
or a combination of femoral artery stenosis plus rapid electric
stimulation of the gastrocnemius muscle. Myocardial infarct
size, expressed as a percentage of the risk zone, was 26% in
controls, 36% in the femoral stenosis group, and 30% in the
muscle stimulation group but reduced to 9% in the femoral
stenosis plus stimulation group (P�0.0006). Regional myo-
cardial blood flow measurements revealed that all groups had
equal degrees of myocardial ischemia during coronary artery
occlusion. Gastrocnemius muscle stimulation plus femoral
artery stenosis also reduced infarct size in rabbits undergoing
atrial pacing. Thus, the authors showed that by altering the
oxygen supply-demand balance in remote skeletal muscle,
myocardial protection was achieved.6 Subsequently, transient
limb ischemia in humans was shown to protect against
endothelial ischemic reperfusion injury of an opposite limb7

and to reduce ischemic myocardial damage during coronary
artery bypass surgery8 and pediatric cardiac surgery.9

The Present Study
In this issue of Circulation, Hoole et at10 extend the concept
of remote ischemic preconditioning to show that transient
limb ischemia (three 5-minute blood pressure cuff inflations
to 200 mm Hg around the upper arm followed by 5 minutes
of reperfusion) before arrival in the catheterization laboratory
for percutaneous coronary intervention (stenting) signifi-
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cantly decreased median troponin I concentrations at 24 hours
(0.06 ng/mL) compared with nonpreconditioned patients
(0.16 ng/mL; P�0.04). Remote ischemic preconditioning
was associated with less chest pain and fewer ischemic ECG
abnormalities during percutaneous coronary intervention. At
6 months, there were fewer major adverse cardiac events in
the remote ischemic preconditioning group compared with
control subjects (4 versus 13; hazard ratio, 0.28; P�0.018).

The present study was performed as a prospective, ran-
domized controlled trial that included 242 consecutive pa-
tients at a single center. It appears to be a carefully performed
study that adds important new knowledge to the field of
ischemic preconditioning. The data add to the growing
number of studies suggesting that remote ischemic precondi-
tioning is a safe, effective, noninvasive, and cost-effective
strategy for reducing ischemic cardiac damage in settings
where myocardial ischemic damage is expected. One might
argue whether there is any real advantage of remote ischemic
preconditioning involving a limb compared with repetitive
percutaneous coronary angioplasty balloon inflation and de-
flation to condition the ischemic myocardial bed in the setting
of percutaneous coronary intervention. Repetitive balloon
inflation and deflation, although shown to be effective, could
potentially contribute to showering the distal myocardium
with emboli of atherosclerotic and thrombotic debris. Fur-
thermore, repetitive trauma to the underlying vessel might
worsen endothelial dysfunction and contribute to restenosis.
Transient limb ischemia was shown in the present study to
have no adverse effects. The approach of inducing precondi-
tioning by inflating a blood pressure cuff to transiently
occlude the brachial artery is noninvasive and technically
easy. It requires no expensive medicines or equipment—only
a blood pressure cuff and trained healthcare professionals.

Remote ischemic preconditioning by blood pressure cuff
inflation of a limb can also be applied to other situations in
which myocardial ischemia is expected besides planned
percutaneous intervention, as shown by recent cardiac surgi-
cal studies using similar techniques before coronary artery
bypass surgery and pediatric cardiac surgery.

Examples of the Clinical Utility of Remote
Ischemic Preconditioning for

Cardiac/Vascular Surgery
Hausenloy et al8 studied 57 patients who underwent coronary
artery bypass surgery. Patients were randomized to either
control (n�30) or remote ischemic preconditioning (n�27)
induced by three 5-minute episodes of right upper limb
ischemia (with an automated blood pressure cuff inflated to
200 mm Hg) and by 5 minutes of cuff deflation (reperfusion)
after induction of anesthesia. Serum troponin T concentration
was measured before surgery and 6 to 72 hours after surgery.
Remote ischemic preconditioning decreased the total area
under the curve of serum troponin T from 36 �g/L in control
subjects to 21 �g/L in the remote ischemic preconditioning
group (a 43% reduction; P�0.005). Thus, remote ischemic
preconditioning using transient upper arm ischemia reduced
ischemic myocardial damage during elective coronary artery
bypass grafting.

Kharbanda et al7 studied the effect of remote ischemic
preconditioning on endothelial ischemia/reperfusion injury.
Endothelial ischemia/reperfusion injury was induced by 20
minutes of upper limb ischemia by inflating a blood pressure
cuff to 200 mm Hg followed by deflation (reperfusion). The
therapy, remote ischemic preconditioning, was created by
inducing three 5-minute periods of upper limb ischemia to the
contralateral limb. Forearm blood flow was determined with
venous occlusion plethysmography in response to acetylcho-
line both at baseline and 15 minutes after reperfusion. The
vasodilating response to acetylcholine was attenuated in control
patients after 15 minutes of ischemia and 20 minutes of reper-
fusion. Remote ischemic preconditioning of the contralateral
limb prevented the attenuation of the vasodilating effect of
acetylcholine. Kharbanda et al also showed that four 5-minute
cycles of ischemia in the lower limbs of pigs reduced the size of
an experimentally induced myocardial infarct. Of note, the KATP

channel blocker glibenclamide was recently shown to block the
benefit of remote ischemic preconditioning, suggesting that
protection is dependent on KATP channel activation.11

Ali et al12 determined whether remote ischemic precondi-
tioning could reduce both myocardial and renal injury in
patients undergoing major vascular surgery, specifically open
abdominal aortic aneurysm repair. They randomized 82
patients undergoing abdominal aortic aneurysm repair to
remote ischemic preconditioning or to conventional repair. In
their study, remote ischemic preconditioning was induced by
2 episodes of intermittent cross clamping of the common iliac
artery with 10 minutes of ischemia followed by 10 minutes of
reperfusion. Remote preconditioning reduced the incidence of
myocardial injury by 27% (assessed by troponin I level �0.4
ng/mL), reduced the incidence of myocardial infarction by
22%, and decreased renal impairment by 23% (all 3 statisti-
cally significant). Multivariate analysis showed that the
beneficial effect of remote ischemic preconditioning on all 3
of these parameters was independent of other covariables.

Cheung et al9 reported a randomized controlled trial
assessing the effects of remote ischemic preconditioning on
children having cardiac surgery. Pediatric patients (n�37)
undergoing cardiac surgery for repair of congenital heart
defects were randomized to four 5-minute cycles of lower
limb ischemia induced by inflating and deflating a blood
pressure cuff or to control (no remote ischemic precondition-
ing). The primary measures were troponin I and lung me-
chanics carried out both preoperatively and postoperatively.
The average age of the patients was 0.9 to 2.2 years. Troponin
I levels were lower in the remote ischemic preconditioning
group than the control group. Postoperative inotropic require-
ments were lower in the preconditioned patients than control
subjects; the treated patients also demonstrated lower airway
resistance than control subjects.

Thus, there are already quite a few studies in the surgical
literature that support the concept that remote ischemic precon-
ditioning can be used to reduce myocardial ischemic damage.

In addition, remote ischemic preconditioning might benefit
hearts being harvested for transplantation or perhaps patients
with unstable angina (the Table). It is possible that patients
with unstable angina who receive remote ischemic precondi-
tioning might be less likely to progress to myocardial infarction.
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Another possibility is that remote ischemic preconditioning
could be induced in angina patients who consistently develop
angina with certain activities (exercise, sexual activity). Is it
possible that remote ischemic preconditioning might be
applied to protect other organs besides the heart? Perhaps this
type of therapy might benefit patients experiencing ischemia
in other organs such as the brain, kidney, or gut.

The Mechanism of Remote
Ischemic Preconditioning

The mechanism of remote ischemic preconditioning remains
unknown. Theories include the concept that humoral sub-
stance(s) such as adenosine or bradykinin are produced by
preconditioning, are released into the systemic circulation,
and then protect the remote region or organ.6,13 Other mech-
anistic factors proposed include erythropoietin, activation of
the KATP channel,14,15 nitric oxide,16 delta 1-opioid,17,18 and
free radicals.17

Another theory is that ischemic preconditioning of 1 region
or organ induces a generalized catecholamine stimulation or
a sympathomimetic nerve stimulation that then induces car-
dioprotection. Some studies have suggested that certain
catecholamines can mimic the benefit of ischemic precondi-
tioning.6 Gho et al19 reported that the ganglion blocker
hexamethonium abolished the benefit on the heart of remote
ischemic preconditioning–induced mesenteric artery occlu-
sion, supporting the involvement of a neurogenic pathway.
Other studies also have favored a neurogenic pathway.20

Although the exact mechanism for remote ischemic pre-
conditioning is not yet known, additional rigorous clinical
trials using this safe and noninvasive technique are warranted.
Sadly, funding for studies involving blood pressure cuff
inflation will be difficult to obtain, given the fact that no new
pharmacological agent or device is required. Nevertheless,
there are few noninvasive therapies that can effectively
reduce the amount of ischemic myocardial necrosis, and
repetitive brachial artery occlusion and reperfusion with a
blood pressure cuff appears to be one of them.

Disclosures
None.

References
1. Murry CE, Jennings RB, Reimer KA. Preconditioning with ischemia: a

delay of lethal cell injury in ischemic myocardium. Circulation. 1986;
74:1124–1136.

2. Przyklenk K, Kloner RA. Ischemic preconditioning: exploring the
paradox. Prog Cardiovasc Dis. 1998;40:517–547.

3. Kloner RA, Shook T, Antman EM, Cannon CP, Przyklenk K, Yoo K,
McCabe CH, Braunwald E, for the TIMI 9B Investigators. A prospective
temporal analysis of the onset of preinfarction angina versus outcome: a
prospective ancillary study in TIMI-9B. Circulation. 1998;97:1042–1045.

4. Cribier A, Korsatz L, Koning R, Rath P, Garma H, Stix G, Merchant S, Chan
C, Letac B. Improved myocardial ischemic response and enhanced collateral
circulation with long repetitive coronary occlusion during angioplasty: a
prospective study. J Am Coll Cardiol. 1992;20:578–586.

5. Przyklenk K, Bauer B, Ovize M, Kloner RA, Whittaker P. Regional
ischemic “preconditioning” protects remote virgin myocardium from sub-
sequent sustained coronary occlusion. Circulation. 1993;87:893–899.

6. Birnbaum Y, Hale SL, Kloner RA. Ischemic preconditioning at a dis-
tance: reduction of myocardial infarct size by partial reduction of blood
supply combined with rapid stimulation of the gastrocnemius muscle in
the rabbit. Circulation. 1997;96:1641–1646.

7. Kharbanda RK, Mortensen UM, White PA, Kristiansen SB, Schmidt MR,
Hoschtitzky JA, Vogel M, Sorensen K, Redington AN, MacAllister R.
Transient limb ischemia induces remote ischemic preconditioning in vivo.
Circulation. 2002;106:2881–2883.

8. Hausenloy DJ, Mwamure PK, Venugopal V, Harris J, Barnard M, Grundy
E, Ashley E, Vichare S, Di Salvo C, Kolvekar S, Hayward M, Keogh B,
MacAllister RJ, Yellon DM. Effect of remote ischaemic preconditioning
on myocardial injury in patients undergoing coronary artery bypass graft
surgery: a randomised controlled trial. Lancet. 2007;370:575–579.

9. Cheung MM, Kharbanda RK, Konstantinov IE, Shimizu M, Frndova H,
Li J, Holtby HM, Cox PN, Smallhorn JF, Van Arsdell GS, Redington AN.
Randomized controlled trial of the effects of remote ischemic precondi-
tioning on children undergoing cardiac surgery: first clinical applications
in humans. J Am Coll Cardiol. 2006;47:2277–2282.

10. Hoole SP, Heck PM, Sharples L, Khan SN, Duehmke R, Densem CG, Clarke
SC, Shapiro LM, Schofield PM, O’Sullivan M, Dutka DP. Cardiac Remote
Ischemic Preconditioning in Coronary Stenting (CRISP Stent) Study: a pro-
spective, randomized control trial. Circulation. 2009;119:820–827.

11. Loukogeorgakis SP, Williams R, Panagiotidou AT, Kolvekar SK, Donald
A, Cole TJ, Yellon DM, Deanfield JE, MacAllister RJ. Transient limb
ischemia induces remote preconditioning and remote postconditioning in
humans by a K(ATP)-channel dependent mechanism. Circulation. 2007;
116:1386–1395.

12. Ali ZA, Callaghan CJ, Lim E, Ali AA, Nouraei SA, Akthar AM, Boyle
JR, Varty K, Kharbanda RK, Dutka DP, Gaunt ME. Remote ischemic
preconditioning reduces myocardial and renal injury after elective
abdominal aortic aneurysm repair: a randomized controlled trial.
Circulation. 2007;116(suppl):I-98 –I-105.

13. Liem DA, Verdouw PD, Ploeg H, Kazim S, Duncker DJ. Sites of action
of adenosine in interorgan preconditioning of the heart. Am J Physiol
Heart Circ Physiol. 2002;283:H29–H37.

14. Diwan V, Kant R, Jaggi AS, Singh N, Singh D. Signal mechanism activated
by erythropoietin preconditioning and remote renal preconditioning-induced
cardioprotection. Mol Cell Biochem. 2008;315:195–201.

15. Kristiansen SB, Henning O, Kharbanda RK, Nielsen-Kudsk JE, Schmidt
MR, Redington AN, Nielsen TT, Bøtker HE. Remote preconditioning
reduces ischemic injury in the explanted heart by a KATP channel-dependent
mechanism. Am J Physiol Heart Circ Physiol. 2005;288:H1252–H1256.

16. Chen XG, Wu BY, Wang JK, Bai T. Mechanism of the protective effects
of noninvasive limbs preconditioning on myocardial ischemia-
reperfusion injury. Chin Med J. 2005;118:1723–1727.

17. Weinbrenner C, Schulze F, Sàrvàry L, Strasser RH. Remote preconditioning
by infrarenal aortic occlusion is operative via delta 1-opioid receptors and
free radicals in vivo in the rat heart. Cardiovasc Res. 2004;61:591–599.

18. Patel HH, Moore J, Hsu AK, Gross GJ. Cardioprotection at a distance:
mesenteric artery occlusion protects the myocardium via an opioid sen-
sitive mechanism. J Mol Cell Cardiol. 2002;34:1317–1323.

19. Gho BCG, Schoemaker RV, van den Doel MA, Duncker DJ, Verdouw
PD. Myocardial protection by brief ischemia in non-cardiac tissue.
Circulation. 1996;94:2193–2200.

20. Lang SC, Elsässer A, Scheler C, Vetter S, Tiefenbacher CP, Kübler W,
Katus HA, Vogt AM. Myocardial preconditioning and remote renal
preconditioning: identifying a protective factor using proteomic methods?
Basic Res Cardiol. 2006;101:149–158.

KEY WORDS: Editorials � angioplasty � catheterization � coronary disease
� myocardial infarction � stents

Table. Potential Clinical Uses of Remote Ischemic
Preconditioning

Reducing cardiac damage during PCI

Protecting the myocardium during CABG and other cardiac surgical
procedures requiring cardiopulmonary bypass

Protecting the vasculature during vascular surgery procedures

Unstable angina

Before activities that reproducibly cause angina in patients with stable
angina

Protecting donor hearts before excision and transport

Protecting other organs (brain, kidney) during episodes of ischemia

PCI indicates percutaneous coronary intervention; CABG, coronary artery
bypass graft.
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