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Warm Blood Cardioplegia
for Myocardial Protection:

Concepts and Controversies

Warm blood cardioplegia has been an established cardioplegic method since the 1990s,
yet it remains controversial in regard to myocardial protection. This review will describe the
physiologic and technical concepts behind warm blood cardioplegia, as well as outline the
current basic and clinical research that evaluates its usefulness. Controversies regarding
this technique will also be reviewed. A long history of experimental data indicates that
warm blood cardioplegia is safe and effective and thus suitable myocardial protection dur-
ing cardiopulmonary bypass surgeries. (Tex Heart Inst J 2020;47(2):108-16)

espite a long history and ample evidence in the medical literature, warm

blood cardioplegia remains a complex and controversial topic. Many surgeons

hesitate to adopt this technique because of their perceived ambiguity about
its effectiveness in complex procedures or their uncertainty regarding technique. This
review describes the physiologic basis for warm blood cardioplegia in adult cardiac
surgery and outlines the current basic and clinical research that evaluates the useful-
ness of this technique when compared with cold blood and crystalloid cardioplegia.

Historical Background

One of the most pressing concerns after open heart surgery is perioperative myocar-
dial damage. Surgeons must balance their actions between maintaining a motionless,
bloodless field to facilitate surgical precision and limiting intraoperative myocardial
damage. The optimal temperature for myocardial protection is still debated. Hypo-
thermia was used as the mainstay for myocardial preservation from its discovery in the
1950s until the early 1990s." The concept of myocardial arrest was first introduced in
1955 by Melrose and colleagues® and was traditionally accomplished by using hypo-
thermic potassium-enriched cardioplegic solution. In 1977, terminal warm blood
cardioplegia was reported to limit reperfusion injury after hypothermic cardioplegia,’
and subsequent study results showed accelerated recovery and reduced metabolic de-
rangement with this method.*” In 1983, warm induction followed by cold cardioplegia
was suggested for myocardial protection on the premise that inducing cardioplegia
in the ischemic and energy- and substrate-depleted heart is the first phase of reperfu-
sion and that warm induction could actively resuscitate the heart.® Continuous warm
cardioplegia was introduced by Lichtenstein and colleagues” in 1989 in a single case
report. It was thought that the use of continuous warm cardioplegia would close the
loop, providing continued oxygen delivery and continued metabolism of the heart,
avoiding ischemia altogether. After its introduction, retrograde continuous delivery
became a popular method for warm cardioplegia,® and this practice evolved into alter-
nating antegrade and retrograde delivery” On the basis of animal studies by Tian and
associates,” which showed that warm blood cardioplegia could be safely interrupted
for up to 10 min, Calafiore and Mezzetti’ reported clinical success with intermittent
warm blood cardioplegia, which continues to be used today.

Physiologic Basis of Warm Blood Cardioplegia

Blood cardioplegic solution releases only 50% of its total oxygen content when cooled
to 20 °C, and only 37% to 38% when cooled to 10 °C, because of the leftward shift
of the oxyhemoglobin dissociation curve with hypothermia." In addition, normo-
thermic cardioplegic arrest results in an oxygen requirement of 1.1 mL oxygen/100 g/
min, greater than 90% reduction of baseline values.” If oxygenated blood can reach
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the arrested myocardium, oxygen demand can be met
via warm cardioplegia. Oxygen demand is reduced to
less than 0.3 mL/100 g/min at 20 °C."? However, re-
duction in intracellular concentrations of metabolites
and high-energy phosphates and suboptimal recovery
of contractile function after intermittent hypothermic
cardioplegia suggests that anaerobic metabolism does
not completely meet the substantially reduced meta-
bolic needs of the arrested hypothermic heart.” In fact,
researchers have found that extremely low myocardial
temperatures (<10 °C) may inhibit energy-generating
processes, such as glycolysis, more than they inhibit
energy consumption.” Finally, hypothermia has been
shown to destabilize cell membranes, inhibit sodium-
channel pumps, and cause calcium sequestration, thus
resulting in edema, reperfusion injury, and impaired sar-
coplasmic reticulum function."**

Technical Considerations

Optimal Temperature. Most investigators have reported
using warm cardioplegia at 37 °C, and others, at tempera-
tures above 35 °C. In contrast, cold cardioplegia tempera-
tures range between 4 and 15 °C, most below 10 °C.

Delivery Route. To induce cardiac arrest, warm blood
cardioplegia can be delivered in an antegrade or retro-
grade fashion. In antegrade cardioplegia, the aorta is
clamped and warm blood cardioplegic solution is de-
livered through the aortic root at a rate of 300 mL/min,
along with a high-potassium cardioplegic mixture (tar-
get concentration, 20—25 mmol/L). Once the heart is
arrested, a low-potassium solution (concentration, 7-10
mmol/L) is used at flow rates of 100 to 150 mL/min to
maintain cardiac arrest. Warm blood cardioplegic solu-
tion containing at least 4 to 5 g of hemoglobin per 100
mL carries greater than 10 mL oxygen per 100 mL—
more than enough to adequately oxygenate the arrested
myocardium. In cases where myocardial activity re-
sumes, repeat arrest can be accomplished with use of a
high-potassium cardioplegic solution or lidocaine (50—
100 mg). If myocardial activity continues, cardioplegic
solution may be cooled to tepid or cold temperatures
until the heart stops. To avoid hyperkalemia, ultrafil-
tration is recommended, and when the potassium level
exceeds 5 mEq/L, the potassium concentration in the
cardioplegic solution should be decreased.

Protecting the Right Side of the Heart. Cardiac venous
drainage comprises 2 systems: the greater system drains
approximately 70% of blood into the right atrium, and
the lesser system drains approximately 30% of blood di-
rectly into the cardiac chambers.” The lesser system is
composed of the arteriosinusoidal and Thebesian vessels.

Retrograde cardioplegia delivery enables 70% of blood
to perfuse the arrested myocardium through the coro-
nary sinus and 30% to enter the ventricular chambers
through the Thebesian and arteriosinusoidal vessels.
Arrest is initiated in an antegrade fashion, followed by
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retrograde flow of approximately 100 to 150 mL/min.
Coronary sinus pressure is usually maintained between
30 and 50 mmHg and monitored continuously. It has
been argued that flow to the right ventricle (RV) may be
deficient in the retrograde approach because retrograde
flow to the RV has been estimated to be 20% that of
antegrade flow.* However, during arrest, the RV oxy-
gen demand is lower than the 1.1 mL needed by the left
ventricle (LV). Thus, retrograde delivery is sufficient to
meet the requirements of the arrested right side of the
heart.” In addition, retrograde delivery may provide
more uniform distribution of cardioplegic solution in
advanced coronary artery disease because it is delivered
through the venous system, thus bypassing any coro-
nary artery Stenosis.

Higher flow rates of 250 to 300 mL/min are advisable
for operations involving valves or dilated and hypertro-
phic hearts, which have higher metabolic demands.”**' A
left superior vena cava is not an absolute contraindication
to this technique, but intermittent antegrade cardiople-
gia may be preferable, or cardioplegia can be delivered
through completed vein grafts. As an alternative, the
left superior vena cava can be cannulated. Continuous
warm blood cardioplegia may mask the surgical field
during crucial parts of any operation. However, contin-
uous cardioplegia is not necessary; it can be interrupted
for up to 10 min for adequate exposure.”

Table I summarizes the technical aspects of warm
cardioplegia.

Outcomes of Warm versus Cold Cardioplegia

The Warm Heart Trial, published in 1994, was among
the first randomized trials to compare the results of
warm and cold cardioplegia.”® It included 1,732 pa-
tients randomized to intermittent antegrade warm or
intermittent antegrade cold cardioplegia for coronary
artery bypass grafting (CABG). Investigators found
that myocardial enzyme release (12.3% vs 17.3%; P
<0.001) and postoperative low-output syndrome (6.1%
vs 9.3%; P <0.01) were lower after cardiac surgery in
the warm group. However, there was no difference in
nonfatal Q-wave myocardial infarction (MI), in-hos-
pital mortality rates, or 30-day mortality rates.”” At
84 months, the survival rate was significantly reduced
in patients who had nonfatal perioperative outcomes,
such as low-output syndrome (2 <0.0001).* The origi-
nal trial data showed that these nonfatal perioperative
outcomes were significantly more prevalent among the
cold group. A substudy of this trial by Christakis and
colleagues® stratified patients into high, medium, and
low risk. It showed a significant reduction in morbidity
and mortality rates overall as defined by death, low-
output syndrome, or MI: 15.9% (warm) versus 25.2%
(cold) (P <0.01). The risk reduction was similar in all 3
risk categories, indicating that warm cardioplegia has a
similar effect on outcomes among high-, medium-, and
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TABLE I. The Ten Commandments of
Warm Blood Cardioplegia

1. Maintain coronary sinus pressure >30 mmHg.
Maintain flow >100-150 mL/min in most cases.

Maintain flow >250 mL/min in surgery involving valves, or
dilated or hypertrophic hearts.

Do not interrupt cardioplegia for >10 min.

If the potassium level is >5 mEg/L, reduce potassium
delivery or give warm blood only.

6. If myocardial activity begins, resume high-potassium
solution.

7. If activity continues, add lidocaine 50-100 mg to the
cardioplegic solution.

If there is still activity, cool the cardioplegic solution.
Use ultrafiltration to prevent hyperkalemia.

10.  Maintain systemic blood temperature at 32 °C.

low-risk patients.” A statistically insignificant reduction
of in-hospital death was shown in multiple randomized
trials around the same time.** Figure 1 shows an over-
view of the effect of warm cardioplegia on in-hospital
mortality rates.

Mallidi and associates® conducted a prospective co-
hort study of 6,064 patients from 1989 through 2000
to evaluate the short- and long-term clinical outcomes of
cold versus warm or tepid cardioplegia during CABG.
The large sample size of this study enabled evaluation
of low-frequency events. Cold cardioplegia was found
to be an independent risk factor for early death or MI
(adjusted odds ratio [OR]=1.70; 95% ClI, 1.30-2.21; P
<0.0001). They also reported significantly higher risk
of postoperative intra-aortic balloon pump (IABP) in-
sertion (OR=1.77; 95% CI, 1.31-2.39; P=0.0002) and
low-output syndrome in the cold group (OR=1.71; 95%
CI, 1.42-2.05; P=0.0006), but no significant differ-
ence in stroke risk. Patients were monitored for 6 years
after their initial operation. Cold cardioplegia was not
a significant predictor of late death alone (2=0.09) but
did predict the combined endpoint of late death or MI
(=0.0001). Similar results were reported by investiga-
tors in a retrospective cohort study, which showed signif-
icant decreases in overall and in-hospital death, need for
inotropic support, peak creatine kinase-myocardial band
isoenzyme (CK-MB) levels, and intensive care unit stay
in the warm versus cold group.® Other study results have
not shown such clear benefits. Pelletier and colleagues™
found no significant difference in clinical outcomes be-
tween groups, yet results of a retrospective cohort study
indicated a detrimental effect of warm cardioplegia
when aortic cross-clamp time was 75 min or longer.*
Cardiac-related death was more prevalent in the warm
group (P=0.015); however, this is the only study in the
literature documenting a significantly inferior outcome
of warm cardioplegia in the context of mortality rates.
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Yau and associates* evaluated the effects of cardiople-
gia temperature on ventricular function. The authors
concluded that although warm cardioplegia resulted
in greater lactate production, recovery of oxygen con-
sumption improved during reperfusion. This finding
correlated clinically with increased preload-recruitable
stroke work index and increased early diastolic relax-
ation. Therefore, ventricular recovery was found to be
superior in warm versus cold cardioplegia. Landymore
and colleagues® did not find LV stroke work index to
be significantly different between warm and cold car-
dioplegia and concluded that both methods are suitable.
Investigators in multiple studies have shown improved
electrophysiologic function with the use of normother-
mic cardioplegia, which correlates clinically to fewer
new or permanent conduction disturbances, including
ventricular arthythmia.***

The effects of cardioplegic temperature on clinical
outcomes in aortic valve replacement surgery remain
equivocal. In a prospective randomized study by Ascione
and associates™ in 2002, cold cardioplegia was associ-
ated with decreased myocardial ischemia in compari-
son with warm cardioplegia in patients undergoing
valve replacement surgery. They found increased levels
of lactate and troponin I, as well as a higher alanine/
glutamate ratio, in patients in the warm-blood group.*®
These results were mirrored by those of a recent study in
which warm blood cardioplegia was found to be inferior
to cold crystalloid cardioplegia in patients with severely
hypertrophic LVs who underwent aortic valve surgery.”
These differences in myocardial markers of ischemia,
however, do not appear to translate into inferior clini-
cal outcomes. Calafiore and co-authors® retrospectively
compared patients who underwent intermittent ante-
grade warm or intermittent antegrade cold cardioplegia
for valve surgery and found significantly lower cardiac-
related mortality rates in the warm cardioplegia group
(P<0.01). There was also significantly higher recovery of
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Fig. 1 Forest plot shows the effect of warm cardioplegia on
in-hospital mortality rates after cardiac surgery in 12 studies. The
vertical line indicates a relative risk of 1.
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spontaneous rhythm (2 <0.0001) and a lower incidence
of low-output syndrome and ventricular dysthythmia.
These results have been corroborated by other investiga-
tors who have found higher rates of return of spontane-
ous rhythm, shorter postoperative ventilation times, and
lower postoperative CK-MB levels in patients undergo-
ing warm cardioplegia than in those undergoing cold
blood or cold crystalloid cardioplegia.”** The consensus
is that warm cardioplegia is adequate, if not superior, in
protecting hypertrophied LVs during valve procedures,
provided that flow is adequate.

Caputo and colleagues™ reviewed the history of and
clinical evidence for intermittent warm cardioplegia.
On the basis of results from several animal and human
studies, they concluded that “intermittent warm car-
dioplegia is safe and effective.” Fan and associates*
conducted a meta-analysis of 41 randomized clinical
trials that compared the outcomes of warm and cold
cardioplegia after cardiac surgery. Collectively, the
analysis included 5,879 patients—2,944 in the warm-
blood group, 2,007 in the cold-blood group, and 928
in the cold crystalloid group. The study results showed
no significant difference in all-cause death, MI, length
of stay, postoperative atrial fibrillation, or IABP use,
when comparing warm and cold cardioplegia. The au-
thors, however, documented significant improvement
in postoperative cardiac index (weighted mean differ-
ence [WMD]=0.28; 95% CI, 0.26—0.31; P <0.00001)
with warm versus cold cardioplegia. The day 0 and
peak cardiac troponin levels and peak CK-MB were
all significantly lower in the warm cardioplegia group
(WMD-= -0.61; 95% CI, —-1.04 to —0.17; P=0.006;
WMD-= -1.45; 95% CI, —2.47 t0 —0.42; P=0.006; and
WMD=-8.03; 95% CI, -13.08 to —2.97; P=0.002, re-
spectively). The authors concluded that both warm and
cold cardioplegia were adequate for myocardial protec-
tion and that warm cardioplegia was associated with
improved postoperative hemodynamic performance
and less myocardial injury. The study, however, did not
evaluate long-term outcomes.

Abah and associates” conducted a best-evidence
review to answer whether warm or cold blood car-
dioplegia was superior for myocardial protection. They
summarized the findings of 20 best-evidence studies,
which included meta-analyses as well as prospective co-
hort, retrospective cohort, and randomized trials. The
authors concluded that warm and cold cardioplegia
have similar short-term mortality rates. They also found
that warm cardioplegia reduces adverse postoperative
events. A meta-analysis comparing blood and crystal-
loid cardioplegia included meta-regression analysis,
which showed no relationship between the outcomes
of death, MI, and low-output syndrome, delivery route,
temperature, or timing of delivery.®

Most studies comparing warm and cold cardiople-
gia were done more than a decade ago. Many advances
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have been made in surgical equipment and cardiac care
since that time, so updated studies are needed to pro-
vide a more accurate evaluation of clinical outcomes. In
a more contemporary study, Candilio and colleagues”
compared perioperative myocardial injury in patients
who had antegrade cold-blood cardioplegia, cross-clamp
fibrillation, or antegrade retrograde warm cardioplegia.
They found a significantly lower level of perioperative
high-sensitivity troponin T in the warm group than
in the cold group (P=0.018) or the fibrillation group
(P=0.044).” Results of a prospective observational study
in 2015 showed no difference in perioperative M1 or
spontaneous return of rhythm between intermittent
antegrade warm and cold cardioplegia, but IABP use
and postoperative CK-MB levels were significantly
lower in the warm group. Aortic cross-clamp time was
not significantly different between the groups.* In con-
trast, intermittent warm cardioplegia had no statistically
significant effect on clinical outcomes when compared
with cold cardioplegia in a study by Kuhn and co-au-
thors.” It did, however, result in greater endothelial in-
jury quantified by levels of circulating endothelial cells,
von Willebrand factor, and soluble thrombomodulin.
Zeriouh and coworkers™ analyzed perioperative out
comes and long-term survival after warm versus cold
cardioplegia in emergency and elective CABG situ-
ations. They found no significant difference in peri-
operative results and similar long-term mortality rates
between groups. The authors suggested that intermit
tent warm cardioplegia is more cost-effective than cold
and should be used in both elective and emergency situ-
ations.”
Tables II and III summarize clinical study results.

Issues and Controversies

Delivery Route and Temperature

The ideal delivery technique and temperature for nor-
mothermic cardioplegia are still debated. Hayashida
and colleagues™ compared warm, tepid, and cold car-
dioplegia and antegrade versus retrograde delivery of
each. They concluded that warm retrograde cardiople-
gia results in greater oxygen consumption and lactic acid
release, as well as delayed ventricular recovery. Warm
antegrade cardioplegia similarly increased oxygen con-
sumption and lactic acid release, but it promoted the
immediate restoration of ventricular function in high-
risk patients. The LV stroke work index was signifi-
cantly greater after warm antegrade and tepid antegrade
cardioplegia than after cold antegrade cardioplegia (?
<0.05) after 12 hours. Although cold cardioplegia re-
duced metabolic demand, functional delays in ven-
tricular recovery limited its usefulness in resuscitation,
according to the authors.” Tepid retrograde cardioplegia
resulted in decreased oxygen consumption and metabo-
lite release, yet ventricular recovery was slow. A tepid
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TABLE Il. Summary of Findings in Randomized Studies

Reference

Purpose

Findings

Yau TM, et al.®* (1993)

Warm Heart Trial?® (1994)

Pelletier LC, et al.®? (1994)

Yuan SM, et al.*' (1994)

Rashid A, et al.?® (1994)
Anderson WA, et al.*? (1995)
Maccherini M, et al.?” (1995)

Landymore R, et al.*® (1996)

Gozal Y, et al.®” (1996)

Curtis JJ, et al.2° (1996)

Bouchart F, et al.*® (1997)

Christakis GT, et al.?® (1997)

Fremes SE, et al.?* (2000)

Ascione R, et al.*® (2002)

Kuhn EW, et al.*® (2015)

Effects of cardioplegia temperature on ventricular
function

Risk of myocardial enzyme release, low-output
syndrome, M, death, and stroke in warm vs cold
cardioplegia

Comparison of warm and cold antegrade
intermittent cardioplegia on clinical and
biochemical outcomes

Comparison of cold crystalloid and warm blood
cardioplegia

Comparison of intermittent cold and continuous
warm cardioplegia

Usefulness of retrograde warm cardioplegia for
patients with LV hypertrophy undergoing AVR

Effect of warm vs cold cardioplegia on
diaphragmatic paralysis

Evaluation of cardiac index, LV stroke work index,
and myocardial oxygen consumption after warm
or cold cardioplegia

Evaluation of electrophysiologic recovery after
normothermic or hypothermic cardioplegia

Effect of warm vs cold cardioplegia on clinical
outcomes

Comeparison of continuous warm blood,
intermittent cold blood, and intermittent cold
crystalloid technique to protect hypertrophied
ventricles

Overall prevalence of morbidity and mortality in
Warm Heart Trial, stratified by risk

Late survival and outcomes of Warm Heart Trial

Comparison of markers of myocardial ischemia in
warm vs cold cardioplegia in patients undergoing
AVR

Evaluation of endothelial injury after intermittent
warm or intermittent cold cardioplegia

Increased preload-recruitable stroke work index
and increased early diastolic relaxation in warm

group

No significant difference in mortality, stroke, or Ml
rates; reduction in myocardial enzyme release and
low-output syndrome

No significant difference in clinical outcomes
(death, M), but rates of increase of CK-MB and
troponin T levels lower in warm group

Greater return of spontaneous rhythm in warm
group; significantly shorter postoperative
ventilatory support time in warm group

Comparable myocardial protection in continuous
warm and intermittent cold groups

No significant difference in myocardial ATP,
CK-MB, or lactate production

Warm cardioplegia eliminates diaphragmatic
paralysis

No significant difference in any measure

Greater return of spontaneous rhythm in
normothermic than in hypothermic patients

Longer cross-clamp time per graft with warm
technique; no difference between groups in
postoperative need for inotropic support, cardiac
pacing, incidence of ventricular dysrhythmia,
chest tube drainage, hospital stay, and death

All cardioplegia techniques safe for isolated aortic
stenosis surgery, with continuous warm blood
cardioplegia appearing to be best

Significant reduction in overall morbidity and
mortality in warm group

Nonsignificantly higher 72-mo survival in warm
group; 84-mo survival significantly reduced in
those who had nonfatal perioperative outcomes

Increased levels of lactate and troponin | and
increased alanine/glutamate ratio in warm blood

group

Warm cardioplegia associated with higher extent
of endothelial injury than cold cardioplegia,
without differences in clinical endpoints

ATP = adenosine triphosphate; AVR = aortic valve replacement; CK-MB = creatine kinase-myocardial band enzyme; LV = left
ventricular; M| = myocardial infarction

antegrade technique was suggested to provide the best
myocardial protection, not only in ensuring cardiople-
gic delivery but also in reducing metabolite demands.

Neurologic Complications

Engelman and associates™ analyzed postoperative
neurologic function and fibrinolytic potential among
patients randomized to cold, tepid, and warm perfus-
ate and cardioplegia during coronary revasculariza-
tion surgery. The Mathew scale uniformly decreased

112 Warm Cardioplegia for Myocardial Protection

postoperatively, but no significant distinction occurred
between groups (P >0.5). The cold group had signifi-
cantly more patients with clinically suspected stroke,
but there was no significant difference in computed
tomography—confirmed stroke incidence between
groups (P=0.1). Another trial, by the Emory University
group,” confirmed the similar effectiveness of normo-
thermic and hypothermic cardioplegia for myocardial
preservation but raised the possibility of an increased
incidence of postoperative neurologic events. However,
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TABLE lll. Summary of Findings in Cohort and Observational Studies

Reference

Purpose

Findings

Flack JE 3rd, et al.*¢ (1992)

Calafiore AM, et al.3' (1995)

Calafiore AM, et al.*° (1996)

Mallidi HR, et al.*° (2003)

Sirvinskas E, et al.?® (2005)
Liakopoulos OJ, et al.®®
(2010)

Candilio L, et al.*’” (2014)

Baig MA, et al.*8 (2015)

Zeriouh M, et al.®° (2015)

Nardi P, et al.3° (2018)

Effect of cardioplegia temperature on
postoperative conduction disturbances

Effect of cardioplegia temperature on death,
recovery of spontaneous rhythm, low-output
syndrome, and other clinical outcomes after AVR

Clinical outcomes of patients undergoing AVR
with use of intermittent antegrade warm vs
intermittent antegrade cold cardioplegia

Effect of warm vs cold cardioplegia on early death
or MI, postoperative |ABP, low-output syndrome,
stroke, and survival at 60 mo

Comparison of warm, tepid, and cold crystalloid
cardioplegia

Comparison of death and major adverse cardiac
events between warm and cold cardioplegia for
aortic cross-clamp time >75 min

Comparison of antegrade cold, antegrade
retrograde warm, and cross-clamp fibrillation
technigues

Comparison of intermittent antegrade warm
blood cardioplegia and intermittent antegrade cold
blood cardioplegia for myocardial protection

Evaluation of warm and cold cardioplegia in
emergency vs elective settings

Investigation of myocardial injury and short-term
outcome in patients undergoing cold crystalloid or
warm blood cardioplegia

Fewer conduction disturbances immediately
postoperatively and at late follow-up in warm
group

No significant difference in all-cause death; lower
cardiac-related death, low-output syndrome, and
ventricular dysrhythmia; warm group had higher
recovery of spontaneous rhythm, and shorter
extubation time, intensive care unit stay, and
hospital stay

No significant difference in all-cause death, but
warm group had significant decreases in cardiac-
related death, incidence of low-output syndrome,
dysrhythmia, awaking time, extubation time,
bleeding, and intensive care unit stay

Increased incidence of early death or MI, IABP,
and low-output syndrome in cold group; no
significant difference in stroke or late mortality
rates

Lower postoperative troponin T, as well as shorter
intubation time and length of hospital stay, in
warm group

Increased all-cause and cardiac-related death and
increased major adverse cardiac events in warm

group

Significantly lower levels of high-sensitivity
troponin T in warm group than in cold and
fibrillation groups

Better myocardial protection and less frequent
use of IABP and lower peak CK-MB level in early
postoperative period in warm group than in cold
group

Similar short- and long-term outcomes in cold and
warm cardioplegia across elective and emergency
settings

Lower CK-MB, troponin |, and aspartate
aminotransferase levels at time 0 in cold
crystalloid group than in warm blood group;

no significant difference in perioperative M,
postoperative major complications, or in-hospital
mortality rates

AVR = aortic valve replacement; CK-MB = creatine kinase-myocardial band enzyme; IABP = intra-aortic balloon pump;

MI = myocardial infarction

systemic normothermia is not necessary to administer
warm blood cardioplegia. Moreover, the use of a par-
tially occluding clamp technique for the construction of
the proximal anastomoses and the use of hyperglycemic
crystalloid solutions in the Emory trial may have exacer-
bated intraoperative neurologic injury. In a study where
cardioplegic temperature was altered but cardiopulmo-
nary bypass was performed at normothermia, there
was no difference in stroke rates between cold, tepid, or
warm cardioplegia groups.”* Similarly, in studies where
both warm and cold cardioplegia were performed with
systemic hypothermia, stroke rates were low and did not
differ significantly.” Thus, we recommend that, with

Texas Heart Institute Journal

warm cardioplegia, systemic perfusion be maintained
at 32 to 33 °C to protect the brain.

Duration of Ischemic Intervals

Many surgeons opt not to use warm delivery because
of their misconception that warm cardioplegia should
not be interrupted. Initially, interrupting cardioplegic
flow had been shown experimentally to be deleterious
in porcine heart models.”**” However, many results of
animal studies have since shown that warm cardioplegia
may be safely interrupted for about 10 min without det-
rimental effects.”*** In one animal study, no detrimen-
tal effects were seen after ischemic periods of up to 15
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min.* These findings correlated with those in human
studies. Rousou and co-authors? studied the correlation
between intermittent warm cardioplegia and negative
clinical outcomes and found that repeatedly interrupt-
ing cardioplegic flow for up to 10 min per interruption
and keeping the cumulative interruption time <45% of
the arrest period has no adverse clinical or metabolic
effects on the myocardium. Ali and Kinley® concluded
that intermittent antegrade warm cardioplegia was safe
when cross-clamp time was less than 90 min. Further-
more, Lichtenstein and associates® studied the effects
of the longest single interruption as well as cumulative
ischemic time during interrupted warm cardioplegia
and found that the former has the largest effect on
outcomes. They concluded that a reasonable margin of
safety exists with intermittent antegrade warm blood
cardioplegia, and that repeated interruptions of warm
blood cardioplegia are unlikely to lead to adverse clinical
results if single interruptions are shorter than 13 min.®

Right Ventricular Protection

Preserving the RV is a challenge during cardioplegic ar-
rest, especially in patients who have an occluded right
coronary artery that blocks antegrade flow. Retrograde
flow provides a less robust distribution to the RV but may
mitigate this problem. Honkonen and associates® found
that recovery of RV function after coronary surgery is
improved with warm continuous cardioplegia compared
with intermittent cold cardioplegia. Kulshrestha and
colleagues® studied RV ¢jection fraction (RVEF) pre-
and postoperatively in patients undergoing retrograde
warm cardioplegia and found no difference in post-
operative RVEF but a significantly improved RV sys-
tolic work index (P <0.0001). Furthermore, results of a
similar study showed improved RVEF in patients who
had intermittent warm cardioplegia compared with
those who had cold cardioplegia.® In the CABG Patch
Trial, the rate of RV dysfunction after normothermic
cardioplegia was lower than that after cold, suggesting
that interrupted warm cardioplegia adequately protects
the right side of the heart.”

Conclusion

Along history of experimental data indicates that warm
blood cardioplegia during cardiac surgery is safe and ef-
fective. Care must be taken to maintain coronary sinus
pressure between 30 and 50 mmHg, to maintain flow
between 100 and 150 mL/min in CABG operations
and higher than 250 mL/min in surgeries involving
valves or dilated or hypertrophic hearts, and to ensure
that cardioplegic delivery is not interrupted for longer
than 10 min. Warm cardioplegia and cold cardioplegia
result in similar short-term mortality rates, but warm
cardioplegia may reduce adverse postoperative events
and morbidity. In conclusion, warm cardioplegia pro-
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tects the myocardium adequately during cardiopulmo-
nary bypass operations, and its use should be continued.
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