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Abstract

Objectives: To evaluate myocardial damage during coronary artery bypass grafting using three different intermittent cardioplegia and

then measuring cTnI and CKMBm release.

Design and methods: Forty-two patients belonging to the hypothermic crystalloid (n = 16), hypothermic (n = 13), and normothermic

blood (n = 13) groups were collected when removing the aortic cross-clamp (t = 0) and after 4, 12, 24 and 48 h. For each patient, cumulative

cTnI and CKMBm release was calculated as the five measurement mean. There were no significant preoperative and operative differences in

the three groups.

Results: In the normothermic group, cTnI mean values at 4, 12, and 24 h were significantly lower than those in both hypothermic groups;

moreover, CKMBm mean values were higher at 4, 12, and 24 h in the hypothermic crystalloid group and at 4 and 12 h in the hypothermic

blood group than in the normothermic group. In the normothermic group, the area under the curve of the release of both markers was

significantly lower than in the hypothermic groups. No significant difference was reported in the release of both markers in hypothermic

groups.

Conclusions: A strategy of normothermic cardioplegia seems to preserve myocardium better than hypothermic cardioplegia.

D 2005 The Canadian Society of Clinical Chemists. All rights reserved.
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Introduction

Blood cardioplegia [1] is a consolidated technique for

myocardial protection during cardiac operations, with its

validity confirmed by several clinical trials [2]. Many

controversial opinions still abound regarding the question

as to whether cold, tepid or warm, antegrade or retrograde,

intermittent or continuous, and crystalloid or blood cardi-

oplegia are preferable. Hypothermia has been routinely used
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as it reduces oxygen demand by decreasing the basal

metabolic rate. However, hypothermia may have adverse

effects like ‘‘cold contracture’’ of microcirculation in

coronary arteries to cause additional ischemia and reperfu-

sion injury [3], inhibiting the sodium pump to cause edema,

and shifting the oxygen–hemoglobin dissociation curve

leftward [4]. It is not surprising, therefore, that the optimal

temperature of cardioplegia remains controversial [5].

Continuous blood cardioplegia has been widely advocated

as a more physiological approach, but perfusion is often

interrupted to allow adequate visualization of the operative

field [5]. For this reason, intermittent delivery has been

proposed as an equally effective and more practical
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technique [6]. Many surgeons believe that blood cardiople-

gia is superior to crystalloid, but benefits appear to be only

of marginal clinical consequence [7] or may not be present

at all [8,9].

The aim of this study was to compare the degree of

myocardial protective effect during coronary artery bypass

grafting (CABG) using three different intermittent cardio-

plegia: hypothermic crystalloid [10], hypothermic blood

[11], and normothermic blood [12]. To assess the damage of

cardiac tissue, the concentrations of cTnI and CKMBm

released postoperatively in peripheral blood were measured.
Materials and methods

This study was approved by the Human Research Ethics

Committee of the institution and the involved patients gave

their informed consent.

Patients

Forty-two patients (27 men, 15 women, mean age 65

years, range 50 to 78) were prospectively randomized to

hypothermic crystalloid (n = 16), hypothermic blood (n =

13), or normothermic blood (n = 13) intermittent cardio-

plegia. Preoperative and operative clinical parameters are

shown in Table 1. All patients were affected by three-vessel

coronary artery disease with normal left ventricle function

and underwent isolated elective coronary artery bypass

operation. Exclusion criteria were: previous cardiac surgery,

recent myocardial infarction (<2 months), diabetes mellitus,

and renal failure.
Table 1

Preoperative and operative characteristics of the three groups of patients

(median and range)

Variables Hypothermic

crystalloid

Hypothermic

blood

Normothermic

blood

Number of

patients

16 13 13

Age (years) 67 (51–73) 64 (50–78) 66 (53–75)

Women/men 6/10 5/8 4/9

Height (cm) 163 (151–188) 165 (150–175) 167 (152–190)

Weight (kg) 75 (58–95) 74 (62–102) 73 (58–95)

Graft number 3 3 3

Clamp time (min) 62 (43–80) 65 (45–81) 63 (37–79)

CPBa time (min) 93 (53–107) 99 (54–156) 94 (60–120)

LVEFb (%) 61 (42–85) 55 (44–73) 60 (41–79)

Total amount of

cardioplegic

solution, mL

1649

(650–2324)

1825

(590–2867)

1710

(625–2189)

Patients

requiring

EDc, n

5 4 4

All the variables are not significantly (P < 0.05) different in the three

groups.
a CPB: cardiopulmonary bypass.
b LVEF: left ventricle ejection fraction.
c ED: electrical defibrillation.
Surgery

All patients underwent standard elective coronary artery

bypass operations through full-length median sternotomy,

with cardiopulmonary bypass (CPB) and aortic cross-clamp.

The routine procedures for CPB were followed with

ascending aorta and right atrium cannulation and the venting

was through the aortic root. The proximal vein graft

anastomoses were performed after the distal ones under

tangential aortic clamp. The left internal thoracic artery was

used in all cases to bypass the left anterior descending

coronary artery, while other coronary arteries received

saphenous vein grafts.

Cardioplegia

Intermittent hypothermic crystalloid

St. Thomas cardioplegia was administered at a temper-

ature of 4-C. The induction dose before commencement of

CPB consisted of a 3-min infusion in the aortic root at 150

mL/m2 bsa/min (bsa: body surface area). The subsequent

doses were administered every 20 min for a period of 2 min

with the same infusion rate. The patients were cooled at

28-C.

Intermittent hypothermic blood. Cold blood cardioplegia

was administered at a temperature of 4-C. The induction

dose before commencement of CPB was 600 mL over 2 min

with a potassium content of 18 to 20 mEq/L. Every 20 min,

a maintenance dose of 400 mL over 2 min was adminis-

tered. The potassium content of these subsequent doses was

10 mEq/L. The patients were cooled at 28-C.

Intermittent normothermic blood. The cardioplegia was

similar to the cold blood group except for a temperature of

37-C for all doses. The patients were maintained at 37-C
throughout the entire CPB period.

Perioperative myocardial infarction was diagnosed if the

patient met at least one of the following criteria: (1) new Q

waves � 40 ms in two consecutive leads on at least two

post-CABG ECGs; (2) new R waves � 40/50 ms in V1/V2

on at least two post-CABG ECSs; (3) new, persistent,

complete bundle-branch block compared to the pre-CABG

ECG [13]. Enzyme criteria have been considered unreliable

because of frequent unspecific elevation due to surgical

tissue trauma, cardiopulmonary bypass, and transient

ischemia during aortic cross-clamping [14].

Laboratory assays

Serum cTnI concentration was measured on a Dimension

RxL analyzer (Dade Behring, Milano, Italy) using the

second-generation assay. cTnI assay’s detection limit was

<0.03 Ag/L; the assay range was 0–50 Ag/L and the reference

range was up to 0.07 Ag/L (99th percentile). The total

imprecision was 4% at a cTnI concentration of 0.344 Ag/L
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and 3.5% at 3.29 Ag/L. Serum CKMBm concentration was

measured with the same Dimension RxL. The minimum

detectable concentration was 0.3 Ag/L. CKMBm assay’s

range was 0–150 Ag/L and the lower and upper limits of the

reference range were 0.6–3.5 Ag/L (central, 95th percentile).

The total imprecision was 4% at a CKMBm concentration of

3.7 Ag/L and 4.1% at 18.3 Ag/L.

Statistical analysis

Comparisons among the three groups were analyzed using

the summary measures to calculate the area under the curve

(AUC) of cTnI and CKMB release [15]. Once the summary

measure was calculated for each patient, the AUC values

were treated as raw data. The arithmetic means of the AUC

values of the three groups were compared using a t test and P

values < 0.05 were considered statistically significant.

Appendix A gives the method used for calculating the AUC.
Fig. 1. Serum cTnI (a) and CKMBm (b) concentration at different time

points after CABG surgery, using three different forms of myocardial

protection. t = 0, aortic declamping time. Values are expressed as mean T
standard error. Intermittent cardioplegic solutions: hypothermic crystalloid

(˝), hypothermic blood (&), normothermic blood (4). cTnI levels of the

normothermic blood group are lower (P < 0.05) than levels of both

hypothermic groups at 4, 12, and 24 h; CKMBm levels of the

normothermic blood group are lower (P < 0.006) than levels of the

hypothermic crystalloid group at 4, 12, and 24 h and lower (P < 0.007) than

levels of the hypothermic blood group at 4 and 12 h; cTnI and CKMBm

levels in hypothermic groups are not significantly different at 4, 12, 24, and

48 h.
Results

No significant preoperative and operative differences

were present in the three groups (Table 1). There were no

perioperative myocardial infarctions or in-hospital deaths.

No differences were observed in groups with regard to

postoperative incidences of renal, respiratory, and neuro-

logical complications. Fig. 1 shows the kinetics of the

appearance of cTnI and CKMBm in the three groups,

respectively. When aortic declamping (t = 0) was per-

formed, no significant difference (P > 0.35) was found in

the cTnI and CKMBm average values in each of the three

groups considered.

In particular, in the three groups, the number of patients

with cTnI or with CKMBm levels higher than the decision

limit used in our laboratory for AMI (0.18 Ag/L for cTnI

and 0.45 Ag/L for CKMBm) was similar (80%, 85%, 83%

and 60%, 70%, 68%, respectively). Following aortic

declamping, the curves of cTnI and of CKMBm from

hypothermic crystalloid and normothermic blood patients

reached average peaks at 4 h, respectively, while the curve

from hypothermic blood patients reached a similar peak (at

4 h) but instead of decreasing immediately, as was the case

for the other two groups, it remained relatively stable for

20 h for cTnI and for 8 h for CKMBm. Finally, at 48 h,

the concentrations of cTnI remained higher than those at

the declamping time in the case of the two hypothermic

groups whereas the concentrations of CKMBm of the three

groups were the same at declamping time. In the

normothermic blood group, cTnI mean values at 4, 12,

and 24 h were significantly lower than those in hypo-

thermic crystalloid (P = 0.006, P = 0.001, P = 0.003,

respectively) and hypothermic blood (P = 0.05, P = 0.016,

P = 0.001, respectively) groups; moreover, CKMBm mean

values in the normothermic blood group were also lower at

4, 12, and 24 h in comparison with the hypothermic
crystalloid group (P = 0.003, P = 0.003, P = 0.006) and at

4 and 12 h in comparison with the hypothermic blood

group (P = 0.005, P = 0.007). The mean values of both

markers in the hypothermic groups were not significantly

different at 4, 12, 24, and 48 h (P > 0.35 for cTnI and P > 0.26

for CKMBm).

Table 2 gives statistics of the AUC of cTnI and

CKMBm release for comparing the three groups and the

difference among the groups is expressed as the ratio of

the arithmetic means. The arithmetic mean (TSEM) of

both cTnI and CKMBm AUCs in the three groups were

6.619 (T1.06) Ag/L and 31.775 (T4.09) Ag/L in the

hypothermic crystalloid protocol, 5.615 (T0.63) Ag/L and

23.161 (T2.77) Ag/L in the hypothermic blood protocol,

and 1.899 (T0.25) Ag/L and 12.077 (T2.47) Ag/L in the

normothermic blood protocol, respectively. The AUC

means of cTnI and CKMBm release in patients treated

with the normothermic protocol resulted in significantly

lower values than those of patients treated with the

hypothermic crystalloid (P < 0.05) and with the hypo-



Table 2

Statistical analysis of cTnI and CKMBm release during the first 48 h after

CABG surgery using three different forms of myocardial protection.

Hypothermic

crystalloid (a)

Hypothermic

blood (b)

Normothermic

blood (c)

cTnI

AUC (arithmetic

mean, Ag/L)
6.619 5.615 1.899

95% Confidence

interval

4.55–8.71 4.38–6.84 1.40–2.38

(a) vs. (b) (b) vs. (c) (a) vs. (c)

Ratio of

arithmetic mean

1.17 2.95 3.48

t Test t = 0.77 t = 5.50 t = 3.92

(P value) P > 0.05 P < 0.001 P < 0.001

CKMBm

AUC (arithmetic

mean, Ag/L)
31.775 23.161 12.077

95% Confidence

interval

23.12–39.16 17.73–28.59 7.23–16.91

(a) vs. (b) (b) vs. (c) (a) vs. (c)

Ratio of arithmetic

mean

1.37 1.92 2.63

t Test t = 1.53 t = 2.98 t = 3.76

(P value) P > 0.05 P < 0.05 P < 0.001

AUC: area under the curve.
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thermic blood (P < 0.05) protocol. No statistically

significant difference resulted in the AUC means of cTnI

or of CKMBm in the hypothermic groups (P > 0.05).
Discussion

Our results indicate that the use of a blood normothermic

cardioplegic solution is more protective than hypothermic

solutions (crystalloid or blood). The use of cardioplegic

solution in cardiac surgery is necessary to protect the cardiac

muscle during ischemic arrest [16]. The heightened sensi-

tivity and specificity of cTnI and of CKMBm have rendered

such markers ideal in revealing a cardiac injury following an

ischemic insult of a different nature. In the present study, by

using these simple biochemical markers, we were able to

detect small differences in myocardial protection at a sub-

clinical level that would have otherwise been impossible to

ascertain.

The aim of our study was to compare three different

strategies of myocardial protection on a homogeneous

population undergoing the same kind of surgery. The

patients studied were subdivided into three groups on the

basis of the kind of cardioplegic solution used and were

selected in such a way so as to eliminate the preanalytical

variables in order to attenuate systematic errors. All patients

in this study underwent the same anesthetic and operative

procedure, CABG procedure, and intensive care unit

management. The clinical background of the three groups

was almost identical: age, weight, height, cross-clamp time,

CPB time, and left ventricle ejection fraction.
The homogeneity of the subjects and of the surgery

typology is confirmed by the absence of statistically

significant differences in the average values of the three

groups (P > 0.35), both in cTnI as well as in CKMBm at the

time of aortic declamping. The kinetics of release are

different: in the case of hypothermic crystalloid and

normothermic blood cardioplegia, both cTnI and CKMBm

increase sharply and rapidly decrease after the peak at 4 h

from aortic declamping. A similar kinetic of cTnI with a

peak after 6 h was found by Giuliani et al. [17]. We have no

explanation for the prolonged release of TnI (20 h) and

CKMB (8 h) 4 h after cross-clamp only in the case of

hypothermic blood cardioplegia.

Our data do not show a significant higher grade of

myocardic protection exerted by hypothermic blood in

comparison to hypothermic crystalloid cardioplegia. This

finding does not support the hypothesis of a high protective

effect of hypothermic blood putatively attributed to a better

oxygenation through hemoglobin. The average raised

concentration of ischemic markers in the hypothermic blood

could refer to the lower availability of oxygen caused by

displacement towards the left of the saturation curve of

hemoglobin due to the lower temperature [18]. In vitro

studies [19] have shown that at 20-C, only 50% of the total

oxygen content of blood cardioplegia is available to the

tissue and this drops an additional 30% when the temper-

ature is lowered to 10-C. Regarding the use of both

hypothermic cardioplegia, a further cause of low myocardial

protection could be due to intermittent administration; the

oxygen supply would not, in fact, be adequate at a low

temperature for the needs of the heart, forcing the cardiac

muscle to derive energy only from glycolysis, a metabolic

pathway insufficient to supply adequate energy [20].

Preservation of perioperative myocardial metabolism was

demonstrated by Yau et al. [21] using normothermic blood

cardioplegia. Warm cardioplegia maximized myocardial

oxygen extraction and resulted in less lactate production

compared with that seen with cold blood cardioplegia,

implying relative preservation of aerobic metabolism.

Mezzetti et al. have found that oxidative stress is completely

prevented in hearts protected by warm blood cardioplegia

compared with those protected by cold blood cardioplegia

[22]. Utilizing a canine model of acute global myocardial

ischemia followed by a cardioplegic arrest interval, Guy-

ton’s research group demonstrated that the warm blood

technique, compared with both the cold blood and the cold

crystalloid cardioplegia, led to a better systolic function,

better overall left ventricular function, and better restoration

of high energy phosphate levels [23].

Regarding these considerations, Liecthenstein has pro-

posed the use of normothermic solutions via a continual

flow [1,24] obtaining extremely encouraging results, of

which one that is particularly notable is a significant

reduction in perioperative myocardial infarction, a lower

mortality rate in 30 successive days and better cardiopro-

tection in patients with reduced cardiac reserve [25].
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Overall, an important limitation in continued administration

was of a surgical nature, because the visualization of the

operative field was made difficult by the blood flow, as well

as by the abundant volume of the cardioplegic solution [25].

To avoid this problem, the intermittent administration of

normothermic blood cardioplegia was proposed [12].

Tian studied the effects of the solution administered at 10-

min intervals on pig hearts [26]. The results showed only

reduced ischemic damage and between them, non-cumula-

tive. The author concluded that the administration of a

sanguineous normothermic solution could be interrupted for

limited periods without causing myocardial injury. Our

results confirm this hypothesis: the release of cTnI and

CKMBm, indices of myocardial damage, are significantly

lower in patients treated with normothermic cardioplegia than

in those receiving cold solutions. Whether the higher release

of cTnI and CKMBm in the cold groups might be predictive

of an adverse clinical outcome in a larger patient population

or in higher-risk patients remains to be investigated.
Appendix A. Calculation of area under the curve [15]

The area under the curve (AUC) was calculated by

adding the areas under the graph between each pair of

consecutive observations.

If we have n + 1 measurements yi at times (i = 0, . . ., n),
then the AUC is calculated as:

AUC ¼ 1=2
Xn � 1

i ¼ 0

ti þ 1 � tið Þ yi þ yi þ 1ð Þ

Example: consider the cTnI data for a hypothermic

crystalloid cardioplegia patient. At time zero (aortic declamp-

ing), at 4, 12, 24, 48 h, the cTnI concentrations were 0.3, 11.4,

8.0, 6.3, and 4.5 Ag/L, respectively. Thus, we have:

AUC ¼ 4� 0:3þ 11:4ð Þ=2þ 12� 4ð Þ � 11:4þ 8:0ð Þ=2
þ 24� 12ð Þ � 8:0þ 6:3ð Þ=2þ 48� 24ð Þ
� 6:3þ 4:5ð Þ ¼ 292:8 lg h=L

If we standardize by the length of the study, 48 h, we get

292.8/48 = 6.1 Ag/L.
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