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Background: Ischemic preconditioning (IPC) has been found in animals to have a protective effect
against future ischemic injury to muscle tissue. Such injury is unavoidable during some surgical proce-
dures. To determine whether chronic ischemia in the lower extremities would imitate IPC and reduce
ischemic injury during vascular surgery, we designed a controlled clinical study. Patients and methods:
Two groups of patients at a university-affiliated medical centre with chronic lower-extremity ischemia
served as models of IPC: 6 patients awaiting femoral distal bypass (FDB) and 4 scheduled for aorto-
bifemoral (ABF) bypass grafting for aortoiliac occlusive disease. Seven patients undergoing elective open
repair of an infrarenal abdominal aortic aneurysm (AAA) were chosen as non-IPC controls. Three hema-
tologic indicators of skeletal-muscle injury, lactate dehydrogenase (LDH), creatine kinase (CK) and my-
oglobin, were measured before placement of the proximal clamp, during surgical ischemia, immediately
upon reperfusion, 15 minutes after and 1 hour after reperfusion, and during the first, second and third
postoperative days. Results: Baseline markers of skeletal-muscle injury were similar in all groups. In
postreperfusion samples, concentrations of muscle-injury markers were significantly lower in the 2 PC
groups than in the control group. For example, at day 2, LDH levels were increased by about 30% over
baseline measures in the elective AAA (control) group, whereas levels in the FDB and ABF groups re-
mained statistically unchanged from baseline. Myoglobin in controls had increased by 977%, but only
by 160% in the FDB and 528% in the ABF groups. CK levels, in a similar trend, were 1432% higher in
the control group and only 111% (FDB) and 1029% (ABF) in the study groups. Taken together, these
data represent a significant level of protection. Conclusions: Patients with chronic lower-extremity is-
chemia suffered less severe ischemic injury after a period of acute ischemia than those with acute ische-
mia alone. Ischemic preconditioning is one proposed mechanism to help explain this protective effect.

Contexte : On a constaté que le préconditionnement ischémique (PCI) chez les animaux a un effet pro-
tecteur contre de futures lésions ischémiques des tissus musculaires. De telles lésions sont inévitables
pendant certaines interventions chirurgicales. Pour déterminer si l’ischémie chronique des membres in-
férieurs imiterait le PCI et réduirait les lésions ischémiques pendant une chirurgie vasculaire, nous avons
conçu une étude clinique contrôlée. Patients et méthodes : Deux groupes de patients à un centre mé-
dical affilié à une université atteints d’ischémie chronique aux membres inférieurs ont servi de modèles
de PCI : six patients attendaient un pontage fémoral distal (PFD) et quatre devaient subir une greffe de
prothèse aortobiféomorale (ABF) contre une occlusion aorto-ïliaque. Sept patients subissant une répa-
ration ouverte élective d’un anévrisme de l’aorte abdominale (AAA) infrarénale ont été choisis comme
témoins non PCI. On a mesuré trois indicateurs hématologiques de lésion musculosquelettique, soit la
lactate déshydrogénase (LDH), la créatine kinase (CK) et la myoglobine, avant la mise en place de la
pince proximale, pendant l’ischémie chirurgicale, immédiatement après la reperfusion, 15 minutes après
la reperfusion et une heure après la reperfusion, et le premier, le deuxième et le troisième jour après l’in-
tervention. Résultats : Les marqueurs de référence de lésion musculosquelettique étaient semblables
chez les sujets de tous les groupes. Dans les échantillons prélevés après la reperfusion, les concentrations
de marqueurs de lésion musculaire étaient beaucoup moins élevées chez les sujets des deux groupes PCI
que chez ceux du groupe témoin. Le jour 2, par exemple, les concentrations de LDH avaient augmenté
d’environ 30 % par rapport aux mesures de référence chez les sujets du groupe ayant subi une réparation
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Ischemic preconditioning (IPC) is
the phenomenon in which the ex-

posure of living tissue to brief per-
iods of ischemia and reperfusion (IR)
leads to protection from a subse-
quent, more severe ischemic insult.
This phenomenon was first described
in the pioneering works of Murry1

and Reimer2 and their respective col-
leagues, during which exposure of
dog hearts to brief periods of IR re-
sulted in less injury than a single,
longer IR insult and conferred some
myocardial protection.

The protective advantages of IPC
were later shown to occur in 2 tem-
porally distinct phases.3,4 An early,
acute phase, termed classical IPC, in-
volves constitutive protective mecha-
nisms without the synthesis of new
proteins and lasts for a few hours af-
ter the IPC stimulus. Within 24
hours of this acute phase, a “second
window” of protection occurs in-
volving the de novo production of
protective proteins. This second
phase, termed ischemic tolerance,
may persist for several days.3–6

Many of the recent studies of IPC
have focused on the myocardium.6–16

However, animal studies have also
shown that the brain,17 kidney,18,19

intestine,20,21 lungs22 and liver22–26 all
benefit from preconditioning. Our
laboratory has demonstrated that
preconditioning occurs in skeletal
muscle, specifically the extensor digi-
torum longus (EDL) of the rat hind
limb.27 In this previous study, brief
periods of IR partially protected
EDL from the deleterious effects of a
subsequent 2-hour ischemic period.

The study of IPC in humans has
also focused on protection of the
myocardium from surgically induced
or pathologic cardiac myocyte ische-

mia.16,28–31 There is little or no infor-
mation on preconditioning and is-
chemic tolerance in human skeletal
muscle. Patients with chronic lower-
extremity ischemia offer a possible
model of preconditioning, as they
suffer from repeated periods of skel-
etal muscle IR. This study explores
chronic lower-extremity ischemia as a
possible IPC stimulus that may pro-
tect lower-extremity musculature
from IR injury resulting from the
clamp-induced ischemia necessary
during revascularization procedures.

Patients and methods

All procedures received prior approval
from the Research Ethics Office of the
University of Western Ontario and
the London Health Sciences Centre,
and were conducted in accordance
with the Tri-Council Policy Statement
Regarding Ethical Conduct for Re-
search Involving Humans at the Uni-
versity of Western Ontario. All surgical
procedures were performed at the
London Health Sciences Centre, Vic-
toria Campus (London, Ont.). All pa-
tients gave signed, informed consent
before enrolment in this study.

Patient groups

Patients arriving at the vascular sur-
gery division with chronic lower-
extremity ischemia served as our
model of IPC. These preconditioned
patients underwent femoral distal by-
pass (FDB) or aorto-bifemoral (ABF)
bypass grafting for aortoiliac occlu-
sive disease. These 2 groups were
compared with a control group of
people who underwent elective open
repair of infrarenal abdominal aortic
aneurysms (AAAs). Patients in the

control group had no history of
lower-extremity ischemia and were
therefore considered unconditioned.

Description of surgical procedures

All surgical procedures were per-
formed in the operating room under
general anesthesia, with radial arterial
lines and central venous catheters in
place for hemodynamic monitoring.
Epidural catheters were placed for
postoperative pain control in patients
undergoing aortic procedures. The
duration of ischemia (clamp time
~1 h) was similar in all patients with-
in and between groups.

The FDB procedures were per-
formed with complete exposure of
the greater saphenous vein from the
groin to the level of the target out-
flow vessel. After heparinizing the
patient, we applied completely occlu-
ding arterial clamps and performed
end-to-side anastomoses proximally
and distally.

ABF bypass grafts and infrarenal
AAA repairs were performed with a
standard transperitoneal approach.
Once patients were heparinized in-
travenously, a completely occluding
infrarenal aortic clamp was placed.
AAA repairs were made with end-to-
end upper and lower anastomoses
with tube or bifurcated grafts where
appropriate. ABF grafts were placed
such that an upper anastomosis to
the infrarenal aorta and anastomoses
to the common femoral arteries were
both end-to-side.

Hematological indicators of
skeletal muscle injury

To determine the level of muscle in-
jury, a total of 8 blood samples were
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élective de l’AAA (témoins), tandis que les concentrations chez les sujets des groupes PFD et ABF sont
demeurées statistiquement inchangées par rapport au niveau de référence. Les concentrations de myo-
globine chez les sujets témoins ont augmenté de 977 %, mais seulement de 160 % chez ceux du groupe
PFD et de 528 % chez ceux du groupe ABF. Suivant une tendance semblable, les concentrations de CK
avaient grimpé de 1432 % chez les sujets du groupe témoin et de seulement 111 % (PFD) et 1029 %
(ABF) chez les sujets des groupes à l’étude. Dans l’ensemble, ces données représentent un niveau im-
portant de protection. Conclusions : Les patients qui avaient une ischémie chronique des membres in-
férieurs ont subi une lésion ischémique moins grave après une période d’ischémie aiguë que ceux qui
avaient de l’ischémie aiguë seulement. Le préconditionnement ischémique constitue un moyen proposé
qui aide à expliquer cet effet protecteur.



drawn from each patient, as follows:
pre-ischemia (before surgery, to estab-
lish background levels); 10 minutes
into clamp-induced ischemia; imme-
diately upon reperfusion; 15 minutes
and 1 hour postreperfusion; and 1
sample on each of days 1, 2 and 3 of
recovery. This sampling protocol al-
lowed us to differentiate injury caused
by the surgically induced period of is-
chemia and establish the course of re-
perfusion injury, separated into the
early (<1 d) and long-term (>1 d)
phases of reperfusion.

To evaluate muscle injury, serum
concentrations of lactate dehydro-
genase (LDH), creatine kinase (CK)
and myoglobin were measured with
standard clinical procedures by the
clinical biochemistry laboratory at
the London Health Sciences Centre.

Exclusion criteria

All patients were over 18 years of age
and able to give informed consent. If
during the course of surgery there
was an obligatory period of ischemia
to any tissue other than those in the
leg (for example, to the kidney be-
cause of a necessary use of a supra-
renal aortic clamp), data for that pa-
tient was excluded from the study
analysis. Any patients who showed
evidence of myocardial infarction
(elevated troponin-I levels32) intra- or
postoperatively or during the sam-
pling protocol were also excluded.
An absence of elevated troponin-I
made us confident that any increase
in the other biochemical markers was
from injury to muscle tissue other
than myocardium.

Statistical analysis

Differences between groups were
tested with analysis of variance
(ANOVA) followed by Student’s t
test (2-tailed). Data are expressed as
mean (and standard error of the
mean [SEM]). Differences were con-
sidered statistically significant at the
p < 0.05 or p < 0.01 level, as indica-
ted.

Results

Patient demographics, comorbid
conditions and operative indications
are summarized in Table 1. Gender
distributions between the aneurysm
group and the infrainguinal revascu-
larization group were similar, where-
as all patients undergoing ABF by
pass grafting were female. Age distri-
butions were similar in the 3 groups,
as were such atherosclerotic risk fac-
tors as a history of smoking, diabetes
or coronary artery disease (symptoms
or previous coronary bypass). Opera-
tive indications were similar between
the revascularization groups. The
majority of these patients suffered
from limb-threatening ischemia, de-
fined by the presence of pain at rest,
tissue loss or nonhealing ulcers. Only
1 patient in these groups suffered
from functional lower-extremity is-
chemia or claudication.

All blood samples drawn were an-
alyzed for LDH, CK and myoglobin
by the in-house biochemistry labora-
tory at the London Health Sciences
Centre, Victoria Campus. Fig. 1 rep-
resents the results of the LDH analy-
sis. Only on day 2 did LDH concen-
trations in control patients (the
elective AAA group) elevate beyond
the normal range. LDH in FDB and
ABF patients did not elevate and
showed a significant level of protec-
tion compared with control patients

on day 2 (p < 0.05).
The results of the hematological

analysis for CK levels are shown in
Fig. 2. Patients in all groups had pre-
ischemic levels within the normal
range. Likewise, throughout surgery
and during the early phase of reper-
fusion, CK levels were unelevated
and did not differ significantly be-
tween groups. Beginning on postop-
erative day 1 and persisting through
the remainder of the sampling proto-
col, control patients had a signifi-
cantly higher level (p < 0.01) of CK
than either of the other 2 groups.

Likewise, preoperative levels of
myoglobin were within the normal
range and did not differ significantly
between groups (Fig. 3). Differences
between the control group and FDB
and ABF patients began to reach sig-
nificance (p < 0.01) at postoperative
day 1 and remained elevated until
day 3.

Discussion

Our results are consistent with the
hypothesis that chronic lower-
extremity ischemia provides an ap-
propriate stimulus to protect muscle
from clamp-induced ischemia during
revascularization surgery. To our
knowledge, this study provides the
first evidence of a human analogue of
the protection seen in animal models
of ischemic tolerance. This protec-
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Table 1

Patient demographics, comorbid conditions and operative indication

Patient group

Characteristics
AAA repair
(controls)

Femoral distal
bypass (FDB)

Aorto-bifemoral
bypass (ABF)

Patients, no. (and males) 7 (6) 6 (5) 4 (0)

Mean age (and SEM), yr 67 (2) 73 (2) 61 (9)

Risk factors, no. (and %)

Diabetes 1 (14) 2 (33) 0

Coronary artery disease 3 (43) 3 (50) 1 (25)

Smoker* 4 (57) 2 (33) 4 (100)

Indication for surgery, no. (and %)

Limb-threatening ischemia N/A 5 (83) 4 (100)

Functional ischemia N/A 1 (17) 0

*Within 2 weeks prior to surgery.  AAA = abdominal aortic aneurysm;  SEM = standard error of the mean.



tion becomes evident in the long-
term phase of reperfusion (>1 d) as
indicated by our hematological

markers of skeletal muscle injury.
When assessed by LDH levels, pro-

tection to skeletal muscle was seen

only at day 2. LDH is known to be a
ubiquitous intracellular enzyme that is
released into the circulation by severely
injured or dead cells. Since it is un-
likely that the IR insult during these
revascularization procedures is severe
enough to cause myocyte death, a sig-
nificant and sustained increase in LDH
levels was not expected.

In control patients, both CK and
myoglobin levels showed an increase
in skeletal muscle injury throughout
the long-term phase of reperfusion.
This injury was attenuated in both
the FDB and the ABF groups. Levels
of CK and myoglobin were expected
to increase after surgery: these en-
zymes are much more sensitive indi-
cators of muscle damage as they are
found predominantly in the cytosol
of muscle cells and are released into
the general circulation when the
muscle-cell membrane has been
compromised. We have demonstra-
ted that the rise in CK and myoglo-
bin (and to a lesser degree, LDH) is
reduced when skeletal muscle is pre-
viously exposed to intermittent is-
chemia, which suggests that this con-
dition may act as a preconditioning
stimulus.

It may be argued that the reduced
level of muscle injury following the
surgically induced ischemia in pa-
tients suffering chronic ischemia re-
sults as a consequence of the known
increased collateral flow often associ-
ated with this condition. Although
speculative, such collaterals (should
they exist) may result in differences
in the degree or severity of the ische-
mic insult. However, pedal ischemic
pallor appeared similar in all patients,
who also showed comparable pre-
surgical levels of ischemia (Table 1),
suggesting that their distal ischemia
was equal or similar. Given this ob-
servation, the presence of collateral
flow may actually contribute to the
delivery of inflammatory mediators
such as leukocytes and precursors for
the production of reactive oxygen
metabolites, known mediators of IR-
induced injury.

Although this latter possibility
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FIG. 1. Serum concentrations of lactate dehydrogenase (LDH) in the 3 groups: white
columns, elective abdominal aortic aneurism repair (control) group (n = 7); black
columns, femoral distal bypass group (n = 6); grey columns, aorto-bifemoral bypass
group (n = 4). Dotted lines border the range accepted as clinically normal. The 3
groups had similar and normal LDH levels up to the second postoperative day,
when levels in the control group were significantly more elevated than in either
study group. *p < 0.05
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FIG. 2. Serum concentrations of creatine kinase (CK; legend as for Fig. 1). CK levels
remained normal until days 1, 2 and 3 of reperfusion, when levels in the control
group alone became highly elevated. *p < 0.05



has, to our knowledge, never been
directly tested, it may be possible
that the onset or degree of injury to
distal tissue in such conditions would
be worse than in a state of no-flow
ischemia. However, we have shown
that injury to such tissue was less
than in patients who would not have
collateral development. We believe
this lends credence to the hypothesis
that the protection seen in patients
suffering chronic lower-extremity is-
chemia is a result of ischemic precon-
ditioning. The specific mechanisms
involved in this protection remain to
be investigated.

The reintroduction of oxygen to
ischemic tissues can result in a mas-
sive increase in local and systemic re-
active oxygen metabolites (ROMs)
and subsequent inflammatory res-
ponses.33–36 These ROMs can act as a
trigger that increases the overall rate
of cellular apoptosis and necrosis.35,37

If the IR insult is severe enough, it
can overwhelm the body’s natural
defence mechanisms, including anti-
oxidants and other constitutively ex-
pressed cytoprotective agents, there-
by causing damage not only to the
skeletal muscles directly but also to

systemic organs. This type of pathol-
ogy can lead to multiple organ dys-
function or failure, which is the lead-
ing cause of death in intensive care
units in North America.38–40

It is our hypothesis that the chro-
nic lower-extremity ischemia previ-
ously suffered by patients who un-
dergo FDB or ABF procedures is
analogous to animal models of ische-
mic preconditioning. The chronic
yet incomplete ischemia of these pa-
tients mimics the transient IR to
which animals are exposed when IPC
is studied. Our results suggest that
this chronic IR offers protection
from the clamp-induced IR of revas-
cularization. IPC is a known strategy
for ameliorating or even preventing
the deleterious effects of IR and has
been extensively studied in several
animal models, such as rabbits,3,6,41–43

dogs1,2,41–46 and rats.9,21,23,24,27,47,48 These
studies have implicated a number of
cellular mediators that initiate and
maintain the beneficial effects of
IPC. Protective mediators include
potent antioxidants to alleviate the
increase in ROMs associated with
IR, and vasodilators, which offer
protection by improving the postis-

chemic perfusion.49–51 Our laboratory
has demonstrated that nitric oxide
synthases (NOSs) play a role in the
protection seen during IPC to rat
skeletal muscle.27 NOS is known to
catalyze the conversion of L-arginine
to L-citrulline with nitric oxide (NO)
as a byproduct. NO is well accepted,
both as a vasodilator and as an an-
tioxidant.3,21,24,27,47,52,53 Other models of
PC have demonstrated the upregula-
tion of heme oxygenase (HO),
which generates both a vasodilator
(carbon monoxide) and a potent an-
tioxidant (biliverdin) during its catal-
ysis of heme.51,54–58 The model of PC
presented in the present study pro-
vides an opportunity for future ex-
plorations of protective mediators in
human beings.

In summary, our study provides
evidence suggesting that chronic
lower-extremity ischemia may act as
a preconditioning stimulus endowing
skeletal muscle with ischemic toler-
ance. Although the mechanism(s)
underlying this protection remain to
be elucidated, we believe this to be
the first study identifying the pres-
ence of ischemic tolerance in skeletal
muscle in humans. Such ischemic
tolerance attenuates tissue injury af-
ter surgically induced ischemia; thus,
application of a preconditioning sti-
mulus may be clinically advantageous
preceding the revascularization of
skeletal muscle.
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