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Objective - To test the hypothesis that short periods of
ischemia may increase the myocardial protection obtai-
ned with intermittent crossclamping of the aorta.

Methods - In the control group (18 patients), surgery
was performed with systemic hypothermia at 32ºC and in-
termittent crossclamping of the aorta. Extracorporeal cir-
culation was used. In the preconditioning group (17 pati-
ents), 2 crossclampings of the aorta lasting 3min each we-
re added prior to the intermittent crossclamping of the
conventional technique with an interval of 2min of reper-
fusion between them. Blood samples for analyses of pH,
pCO

2
, pO

2
, sodium, potassium, calcium, and magnesium

were obtained from the coronary sinus at the beginning of
extracorporeal circulation (time 1), at the end of the first
anastomosis (time 2), and at the end of extracorporeal cir-
culation (time 3).

Results - No difference was observed in the results of
the 2 groups, except for a variation in the ionic values in
the different times of blood withdrawal; sodium values,
however, remained stable. All patients had a good clinical
outcome.

Conclusion - The results of intermittent crossclam-
ping of the aorta with moderate hypothermia were not al-
tered by the use of ischemic preconditioning.
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Despite theoretical criticism of the technique of inter-
mittent crossclamping of the aorta with hypothermia at 32ºC,
the simplicity of the procedure and its good clinical results
have led several surgeons to use it, particularly in myocar-
dial revascularization surgery 1,2.

In Brazil, Jatene et al 3 have been using it since 1969, wi-
th good clinical results. A few randomized studies 4,5 compa-
ring the efficacy of intermittent crossclamping of the aorta
with the use of cardioplegic solutions exist, but none of
them conclude that one method is superior to the others.

One question about the technique is that the repetition
of ischemic episodes, which are individually reversible, may
cause cumulative damage resulting in necrosis. Reimer et al 6

disproved this concept by showing experimentally that in-
termittent reperfusion avoids cumulative metabolic deficit
and myocardial ischemia with cell death and that the first
episode of ischemia reduces the consumption of high ener-
gy phosphates in subsequent episodes. Other studies 7

have shown that short periods of ischemia do not induce ir-
reversible cellular damage and that they do not result in cu-
mulative metabolic, structural, and functional deficits. It has
also been reported that, paradoxically, short periods of is-
chemia increase the tolerance of the heart instead of making
it more vulnerable to subsequent ischemic episodes. This
induction of tolerance to ischemia is called ischemic precon-
ditioning 8.

The objective of this study was to assess the influen-
ce of ischemic preconditioning on myocardial protection
obtained with intermittent crossclamping of the aorta in pa-
tients undergoing myocardial revascularization.

Methods

From October 1998 to May 1999, 35 patients with coro-
nary heart disease who had been referred for myocardial re-
vascularization surgery were divided, in a prospective and
randomized way, into 2 groups. The patients in the control
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group were operated upon by 2 surgeons following the con-
ventional myocardial revascularization technique, which
uses systemic hypothermia at 32ºC with intermittent cross-
clamping of the aorta and extracorporeal circulation. In the
other group, called the preconditioning group, 2 short cros-
sclampings of the aorta were added prior to the intermittent
crossclamping of the aorta of the conventional technique
with an interval of reperfusion between them.

The control group comprised 18 patients, and the pre-
conditioning group 17 patients. The inclusion criteria were
as follows: preoperative ejection fraction higher than 30%;
not a reoperation; lesion present in at least 2 coronary arte-
ries; predicted use of extracorporeal circulation; no unstable
angina at the time of surgery; not an acute phase of myocar-
dial infarction; no need for other associated corrections, su-
ch as valvar diseases or left ventricular aneurysm; no need
for ventriculotomies.

Fourteen control group patients and 12 preconditio-
ning group patients were males. Ages ranged from 41 to 76
years (mean of 60.6) in the control group and from 41 to 74
years (mean of 65.2) in the preconditioning group.

Cannulation of the ascending aorta and venae cava
was used in all patients for installation of extracorporeal cir-
culation. Then, a catheter of the 3M brand, which is usually
used for retrograde cardioplegia, was introduced into the co-
ronary sinus, and blood samples were withdrawn through
it. It was only at this time that the surgeon and other mem-
bers of the medical team knew whether the patient belonged
to the control or the preconditioning group.

Crossclampings of the aorta were started after syste-
mic cooling to 32ºC. In the control group, during each cros-
sclamping of the aorta, an anastomosis was performed
between the graft and the coronary artery to be revasculari-
zed. For each 3-4min of aortic crossclamping, we performed
1min of reperfusion. This procedure was used both for distal
and proximal anastomoses. In the ischemic preconditioning
group, 2 aortic crossclampings of 3min of duration each
were performed, with an interval of 2min of reperfusion
between them. After the second interval of reperfusion, the
surgery was performed in an identical method as that in the
control group. During the last anastomosis, patient’s syste-
mic warming was started. By the end of the last anastomo-
sis, the aortic crossclamping was released and extracorpo-
real circulation was disconnected.

Blood samples were withdrawn from the coronary si-
nus at 3 different times: at the beginning of extracorporeal
circulation in normothermic condition (time 1); immediately
after the first anastomosis was performed at 32oC (time 2);
and at the end of the extracorporeal circulation, again in nor-
mothermic condition (time 3). The analysis of these blood
gas samples was performed with a blood gas analyzer, Ra-
diometer model 620. Analysis of sodium and potassium was
performed with the Radiometer device model ML 100, accor-
ding to the selective electrode method; the analysis of cal-
cium was performed using the cresolphthalein method with
the Integra device (Roche); the analysis of magnesium was

performed through the colorimetric method with chloro-
phosphonazo III, with the Integra device (Roche).

The statistical analysis for comparing the homogenei-
ty of proportions of the two groups was performed with Fi-
sher exact test. Student t test, and the Wilcoxon test were
used to compare the quantitative data of the 2 groups.

The significance level established for analysis was
5%, and all calculations were performed using the SAS (Sta-
tistical Analysis System). All laboratory measurements and
the statistical analysis were performed by persons who
were blinded to the groupings.

The study was approved by the scientific committee
and the committee on ethics of the Instituto do Coração of
the Hospital das Clínicas of the Faculdade de Medicina of
the University of São Paulo.

Results

No difference was observed in the preoperative cha-
racteristics age, sex, weight, height, incidence of diabetes
mellitus, presence of previous myocardial infarction, pre-
sence of bundle-branch block on electrocardiography, and
previous unstable angina of the 2 groups, which confirms
the homogeneity between the groups.

We performed an average of 3.3 grafts/patient in the
control group, and 3.2 grafts/patient in the preconditioning
group. In regard to intraoperative characteristics, including
the maximum time of aortic crossclamping, sum of the times
of aortic crossclamping, number of coronary arteries revas-
cularized, duration of extracorporeal circulation, duration of
anesthesia, and the surgeon involved, no difference was
observed between the 2 groups of patients (tab. I). In the
postoperative period, no patient had signs of intraoperative
myocardial infarction, according to assessment with electro-
cardiography and measurements of CKMB and troponin I.

In regard to blood gases, a drop in the pH was obser-
ved in time 2 as compared with times 1 and 3 (p<0.001). A
trend toward reversion in this drop was observed in time 3,
but it did not return to the values of time 1 (p<0.001) (fig. 1).
The drop in pH was accompanied by an elevation in pCO

2
,

also with a trend toward reversion not being reached
(p<0.001) and with more negative base excess values. These
differences occurred in the same way in both groups.

An increase in partial oxygen pressure occurred in time
2 but not in time 1 (p=0.009). In time 3, a return to the values
of time 1 occurred (p=0.438) (fig. 2). These differences took
place in the same way in both groups.

No difference was observed between the 2 groups in
the sodium, potassium, calcium, and magnesium ions analy-
zed in the 3 blood samples collected in the coronary sinus in
the intraoperative period. Differences, however, were ob-
served in the times. Potassium was elevated in time 2 but not
in time 1 (p<0.001), dropped in time 3, but did not reach the
values of time 1 (p<0.001) (fig. 3).

The mean values of the ions throughout the 3 times of
measurement occurred as follows: sodium was maintained;
calcium was elevated in time 2 but not in time 1 (p<0.001); a
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drop in values occurred in time 3, which was similar to the in-
crease from time 1 to 2 (fig. 4); and the mean values of mag-
nesium were elevated in time 2 but not in time 1 (p<0.001);
and time 3 was similar to time 2 (p=0.445) (fig. 5). Complete
data on these variables are shown in table II.

Discussion

Currently, ischemic preconditioning is an endogenous
adaptive mechanism of the myocardium, induced by short
periods of reversible ischemia, which increases heart resis-
tance to a subsequent period of more prolonged ischemia.

Table I – Descriptive measurements of intraoperative data

Variable Group n Minimum Maximum Median Mean Standard deviation P

Duration of ECC 1 18 75.00 215.00 118.50 121.00 29,75 0,389(2)

(min) 2 17 100.00 240.00 130.00 132.88 37,19
Duration of anesthesia 1 18 320.00 555.00 412.50 419.44 55,06 0,542(1)

(min) 2 17 350.00 530.00 420.00 430.59 51,63
Maximum time of 1 18 8.00 19.00 12.50 13.39 3,01 0,150(1)

Crossclamping (min) 2 17 9.00 16.00 11.00 12.06 2,25
Number of 1 18 5.00 8.00 6.50 6.28 1,07 0,854(2)

Crossclampings 2 17 3.00 11.00 6.00 6.53 2,58
Total time of 1 18 36.00 75.00 56.50 56.28 10,81 0,457(1)

Crossclamping (min) 2 17 24.00 79.00 46.00 52.65 17,18

(1) Student t test; Wilcoxon test; ECC- extracorporeal circulation; group 1- control; group 2- preconditioning.

Fig. 1 - Graphic representation of the evolution of the mean values of pH, throughout
the 3 times of measurement.
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Fig. 3 - Graphic representation of the evolution of the mean values of potassium,
throughout the 3 times of measurement.
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Fig. 4 - Graphic representation of the evolution of the mean values of calcium,
throughout the 3 times of measurement.
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This endogenous protection mechanism occurred in all ani-
mal species studied 9, and some authors also suggested its
existence in man 10,11.

In 1986, Murry et al 8 were the first to report this pheno-
menon in a canine model. Since their initial observation,
ischemic preconditioning has proved to be the most po-
werful and reproducible experimental method for delaying
the development of myocardial infarction. The beneficial
effect of ischemic preconditioning on postischemic recove-
ry of myocardial function results more from limitation of the
infarct size than from a reduction in stunning 12.

Because preconditioning has been recognized as one
of the most powerful and reproducible methods for delaying
cellular necrosis, an important question to be answered is
whether ischemic preconditioning may occur in human
beings 13. At least 4 types of published studies report the oc-
currence of preconditioning in human beings 14: 1) studies
on angioplasty show less alteration in the ST segment and
lactate production, when the first episode of angioplasty is
compared with the subsequent one 15; 2) clinical studies
suggest that the occurrence of angina prior to myocardial
infarction provides beneficial acute effects 16; 3) acute tole-
rance to angina may be developed 17; 4) analysis of human
tissues obtained through surgeries shows biochemical and
functional properties that reflect a state of preconditioning.

According to Carrol et al 17, the protection provided
by ischemic preconditioning may be divided into 2 phases,

an earlier phase lasting 1 to 2 hours, and a later one, which
begins 24 hours after the initial ischemic event and lasts up
to 72 hours. These authors also suggest that, even though
these 2 phases of protection are initially determined by simi-
lar receptors and paths of intracellular communication, the
end target for each of the effects observed may be different.
Evidence exists that ionic alterations may take part in the fi-
nal routes of the ischemic preconditioning mechanism.

During the initial episode of ischemic preconditioning,
endogenous substances are formed or secreted, initiating
the protective mechanisms of ischemic preconditioning;
these and other substances may subsequently maintain
protection during the following ischemia. Adenosine, ace-
tylcholine, catecholamines, angiotensin II, bradykinin, and
opioids take part in ischemic preconditioning; their quanti-
tative contribution and their effective participation at the
beginning or as mediators, however, vary from species to
species 18.

Evidence exists that the end target of the late phase of
protection determined by preconditioning is a potassium
channel sensitive to ATP 17. Several studies have shown
that adenosine may activate the potassium channel re-
ducing the duration of the action potential, and, therefore,
decreasing the use of ATP 14. This mechanism promotes
significant myocardial protection in in vivo and in vitro mo-
dels; evidence exists that the basic mechanism of increase
in tolerance to ischemia during intermittent crossclamping
of the aorta is related to the cardioprotective effects of ade-
nosine through stimulation of the A1 receptor 19.

In addition to adenosine, other hyperpolarizing agents
(potassium channel activators) are being studied as alterna-
tives for depolarizing drugs, which are commonly used in
cardioplegic solutions. However, these agents have low
cardioselectivity and may cause systemic vasodilation be-
fore cardioprotective effects are manifested, therefore, hin-
dering their clinical application 20.

Some researchers 21 studied the difference between
the arterial measurement and that in the coronary sinus of
the potassium levels, after release of the aortic crossclam-
ping in a randomized group of 72 patients, who had under-
gone myocardial revascularization in normothermia and dif-
ferent models of hypothermia. A greater difference was
found between the arterial measurement and that in the co-
ronary sinus during the first period of reperfusion than in the
subsequent periods. These findings were observed inclu-

 Table II - Values of the variables measured for the 2 groups

Control (1) Precond. (1) Control (2) Precond.  (2) Control (3) Precond.  (3)

pH 7.34±0.0 7.37±0.0 7.10±0.1 7.09±0.0 7.31±0.0 7.31±0.0 p: 0.906
BE -3.2±2.1 -3.1±1.7 -8.2±3.5 -8.3±2.7 -3.4±2.6 -3.9±3.3 p: 0.751
pCO

2
40.3±6.2 38.0±5.9 74.5±23.2 72.7±7.8 45.5±9.3 44.5±7.3 p: 0.585

pO
2

37.5±7.6 34.5±4.6 43.1±7.9 39.2±11.2 35.8±9.3 34.1±10.7 p: 0.170
Potassium 4.08±0.5 3.98±0.6 5.25±0.8 5.29±0.8 4.9±0.9 4.68±0.7 p: 0.661
Sodium 134±3.0 134±2.9 133±3.2 134±2.7 133±2.1 135±3.1 p: 0.310
Calcium 1.17±0.0 1.17±0.0 1.19±0.0 1.20±0.0 1.17±0.1 1.16±0.1 p: 0.923
Magnesium 1.16±0.1 1.09±0.1 1.24±0.1 1.19±0.1 1.23±0.1 1.23±0.1 p: 0.335

Fig. 5 - Graphic representation of the evolution of the mean values of magnesium,
throughout the 3 times of measurement.
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ding those about potassium levels, and they probably re-
flect the action of a mechanism of ischemic preconditio-
ning. Years later, one of the authors 22, reviewing the results,
drew attention to the existence of a reduction in the washing
of the metabolites after subsequent intervals of ischemia, as
a result of the increase in tolerance to ischemia. Even though
the washing of metabolites was lower in the hypothermic
group than in the normothermic group, the preconditioning
effect remained the same even during hypothermia of 25ºC.
These data were especially significant for our study, be-
cause other authors 23 have reported that the ischemic pre-
conditioning effect might not occur in situations of hypo-
thermia, even in the mild cases (32ºC).

In our study, the potassium level had an elevation
between the beginning of extracorporeal circulation and the
first coronary anastomosis, with a drop after the end of ex-
tracorporeal circulation, even though not reaching its initial
values.

The decrease in the levels of tissular ATP was follo-
wed by a significant increase in intracellular Ca+2 levels 24.
Several authors 19,25,26 suggest that the increase in the intra-
cellular calcium is one of the major determinants of the is-
chemic lesion, through a calcium-dependent mechanism
that activates the catabolic enzymes, leading to irreversible
damage of the plasmatic membrane, and determining cellu-
lar death.

Catecholamines are known to increase intracellular cal-
cium. If a release of catecholamines occurs during precon-
ditioning, a lower concentration of catecholamines will exist
at the end of more prolonged episodes of ischemia. Downey
et al 27 showed that adenosine antagonists block precondi-
tioning. Therefore, the effect of adenosine might be media-
ted by the inhibition of the release of endogenous catecho-
lamine accompanied by a lower concentration of intracellu-
lar calcium.

In addition to the relation between the increase in in-
tracellular calcium and the irreversible lesion of the plasma-
tic membrane, some authors also suggest that this increase
is directly related to a contractile postischemic dysfunction
(stunning).

Steenbergen et al 28 investigated the ionic alterations in
perfused hearts of rats undergoing preconditioning. The 2
study groups underwent 30min of global ischemia, and one
of the groups was treated with 4 periods of 5-min ischemia
with 5-min intervals of reperfusion (preconditioning) at 37oC
between them. The group undergoing preconditioning had
a lower release of intracellular enzymes, a delay in the be-
ginning of the ischemic contracture, and a better functional
performance after the period of global ischemia. The group
of preconditioned hearts had a significant reduction in the
levels of intracellular H+ and Ca+2 at the end of the global is-
chemia period, and a mild but not significant reduction oc-
curred in the increase in intracellular Na+. This last finding
may be explained by the thermodynamic differences
between the Na+-Ca+2 exchanger, which exchanges 3 Na+

ions for every 2 Ca+2 ions.
The use of cardioplegia prior to ischemia proved to be

effective in delaying the increase in intracellular calcium and
consequent cellular death. Murry et al 8 reported that after
40min of ischemia, the production of lactate in precondi-
tioned hearts was 40% lower than that in nontreated hearts.
Steenbergen et al 28 suggest that this reduction in the pro-
duction of lactate may be due to a lower acidification of the
intracellular medium. A lower concentration of hydrogen
may reduce intracellular sodium and calcium increase
through Na+-H+ and Na+-Ca+2 exchangers, respectively.

Walker et al 29 performed an experiment confirming that
right atrial musculature may be preconditioned. These au-
thors showed that the human muscle might be pharmaco-
logically preconditioned with the use of an adenosine A1
agonist. Similarly, Ikonomidis et al 30 showed that isolated
human cardiomyocytes can be preconditioned. Human
ventricular myocytes were obtained during surgery and
maintained in culture; the cells underwent anoxia for 90min,
followed by 30-min exposure to normal levels of oxygen. The
preconditioning of the cells during 20 min of anoxia follo-
wed by 20 min of reoxygenation reduced the cellular lesion
caused by a period of subsequent 90-min ischemia. In addi-
tion, the floating material originating from the precon-
ditioned cells had a lower concentration of hydrogen ions,
lactate, and lactic dehydrogenase. Therefore, these authors
conclude that not only may human myocardial cells be pre-
conditioned, but also this preconditioning occurs indepen-
dently of interactions with other types of cells.

In our study, ischemia produced by aortic crossclam-
ping caused a drop in pH accompanied by an elevation in
pCO

2
 and pO

2
, and also by more negative values of base ex-

cess, with a tendency toward normalization after the anasto-
moses were finished. However, no significant alterations in
these variables were observed in the 2 groups studied.

No evidence existed that preconditioning significantly
reduced the elevation of calcium levels during the periods of
ischemia. A delay occurred in the increase in calcium con-
centration, which was not avoided. The mean values of so-
dium were maintained throughout the 3 times of measure-
ment in both groups studied.

It is important to emphasize that, until now, the atte-
nuation in the increase in intracellular calcium through pre-
conditioning has only been shown in experimental studies
with rats, and its occurrence in other species is uncertain.

Infusion of magnesium sulfate enhances myocardial
recovery after 8-12min of hypoxia in rats. Magnesium sulfa-
te probably causes relaxation of the myocardial fibers du-
ring and after the period of hypoxia, in addition to a decrease
in the incidence of ventricular fibrillation and asystole 31.

Ischemic preconditioning obtained with the use of
adenosine provides myocardial protection similar to that
provided by cardioplegia with potassium supplemented
with magnesium. Both techniques promote an enhancement
in postischemic recovery from the functional point of view,
and they also reduce the extension of the infarct in the aged
myocardium 32.

A study showing the relation between the behavior of
magnesium and the efficiency of ischemic preconditioning
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does not exist in the literature. The levels of magnesium had a
tendency to increase after the beginning of extracorporeal cir-
culation, and no tendency to decrease at the end of surgery.

We may suppose that the intermittent crossclamping
of the aorta, as we and most other surgeons use it, may be
an effective form of preconditioning. Another hypothesis is
that ischemic preconditioning, in the way it was performed in
this study, is either not effective or the protection provided
by the intermittent crossclamping of the aorta is already
enough, and, therefore, it is difficult to enhance it by ische-
mic preconditioning. We emphasize that this study was
conducted in human beings, and, therefore, periods of is-
chemia unnecessarily long were avoided. If this, on the one
hand, may have occasionally promoted preconditioning,
on the other hand, it may have worsened myocardial injury.
In fact, some authors 15,17,18 suggest that ischemic precondi-
tioning in the different protocols did not effectively show a
benefit, when they did not worsen myocardial protection.
Recent studies 20 have raised questions about the panacea
that has been created about the great benefits of ischemic
preconditioning.

One criticism of our study is the inclusion of diabetic
patients using sulfonylureas. This was due, at the begin-
ning, to the fact that we ignored the possibility that these
drugs could interfere with preconditioning. However, the
small number of diabetic patients in our study and their ho-
mogeneous distribution between the control and precondi-
tioning groups make us feel confident that the results were
not influenced by this factor.

In conclusion, even though the 2 methods of protec-
tion cause a certain degree of alteration in the ions and blood
gases, the behavior of these parameters was similar in the 2
groups of patients. This indicates that intermittent cross-
clamping of the aorta with moderate hypothermia was not
altered by the preconditioning protocol used. The study of
ischemic preconditioning in cardiac surgeries is relatively
recent, and its actual benefit is still an open question.

Acknowledgements

We thank Carine Savalli Reoligolo for the statistical
analysis.


