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Abstract: While blood:crystalloid cardioplegia is the clinical
standard for patients undergoing cardiopulmonary bypass
(CPB), it has been postulated that whole blood minicardioplegia
may benefit the severely injured heart by reducing cardioplegic
volume, thereby reducing myocardial edema. To test this hy-
pothesis, we compared the cardioprotection of a popular 4:1
blood:crystalloid cardioplegia to whole blood minicardioplegia
(WB) in a porcine model of acute myocardial ischemia. York-
shire pigs (n = 20) were placed on atriofemoral bypass and
subjected to 30 minutes of global normothermic ischemia. Ani-
mals were randomized to receive either 4:1 cold cardioplegia
(n = 10) or WB cold cardioplegia (n = 10) delivered antegrade
continuously for 90 minutes. Baseline (BL) echocardiographic
determination of left ventricular mass (LVM) was compared

within groups for cardiac edema (%) measured by histologic
morphometrics. All (100%) animals receiving WB were success-
fully weaned off CPB, whereas only 40% of animals receiving 4:1
were successfully weaned off CPB. Cardiac edema percentage
(p <.004) and LVM (p < .05) were significantly decreased in the
WB group compared with 4:1. WB cardioplegia increases the
number of hearts successfully weaned from CPB and decreases
cardiac edema in our porcine model of acute myocardial isch-
emia. This finding implies whole blood cardioplegia may be
more protective in a select group of patients undergoing ex-
tended CPB time by decreasing myocardial edema. Keywords:
myocardial protection, blood cardioplegia, myocardial edema,
minicardioplegia, global normothermic ischemia. JECT. 2006,38:
14-21

Results of contemporary cardiac surgery are excep-
tional. However, changing trends in patient populations
and the number of high-risk candidates for heart surgery
are prompting further advancement in both technique and
technology (1). For instance, more patients present with
previous interventional cardiology procedures, advanced
age, reoperations, and more urgent surgeries. Christakis et
al. (2) noted that, even with the trends to more difficult
cases overall, mortality stayed the same, although morbid-
ity increased. They attributed the increased survival to
contemporary techniques of myocardial preservation but
also postulated that the increasing morbidity may be
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caused by the same. Such findings highlight a few impor-
tant trends. First, cardiac surgery patients are older and
sicker than ever before. Second, improved myocardial
preservation techniques can make a difference in out-
comes for these patients. Further innovations are needed
if mortality is to remain at the current level and morbidity
decreased. One such innovation came a few years ago
when Menasché (3) questioned the need to dilute blood:
crystalloid cardioplegia. He described the use of minicar-
dioplegia, which diverts small volumes of blood from the
arterial port of the oxygenator and supplements it with
arresting agents—in practice, only small volumes of potas-
sium and magnesium (4). This greatly decreases the vol-
ume of saline solution delivered in a typical bypass pro-
cedure and avoids the detrimental consequences of vol-
ume overload and hemodilution.

The minicardioplegia concept has gained several propo-
nents over the last few years and has been tested clinically.
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These clinical observations are supported by laboratory
studies documenting the detrimental effects of myocardial
edema (5-7). Such studies suggest that myocardial edema
can result in postoperative dysfunction and complications.
It is also clear from the clinical reports that whole blood
(WB) cardioplegia may result in improved outcomes in
certain variables and settings. To date, however, no stud-
ies have documented whether WB cardioplegia can in-
deed reduce cardiac edema or whether reduction in car-
diac edema is the reason for the observed improvements
in outcome. With this in mind, we tested the hypothesis
that WB cardioplegia, compared with a standard 4:1
blood:crystalloid cardioplegia, would decrease myocardial
edema and that this would in turn result in more hearts
weaned from bypass after an ischemic insult.

MATERIALS AND METHODS

Surgical Preparation

Healthy Yorkshire hybrid pigs (30-40 kg) were placed
under general anesthesia and instrumented for hemody-
namic monitoring with a pulmonary artery catheter and
femoral arterial line as previously described (1). Initial
ventilator settings were FiO, = 50%, tidal volume = 12
mlL/kg, and a rate of 10 breaths/min. Adjustments were
made in the respiratory rate to obtain a baseline PaCO, =
45-55 mmHg.

Base excesses (BE) less than —3 mEq/L were corrected
with intravenous sodium bicarbonate, and adjustments
were made in ventilatory rate to maintain PaCO, within a
normal range (4045 mmHg). Heating pads and warmed
intravenous fluids were used to maintain a core temperature
between 34 and 38°C. All groups received lactated Ringer
solution (25 mL/kg/h) in addition to bolus infusion of dext-
ran 70 after cardiopulmonary bypass (CPB) termination to
maintain cardiac output (CO) within 10% of baseline.

Cardiopulmonary Bypass

After median sternotomy, the pericardium was opened,
the animals were heparinized, and a SF transducer-tipped
pressure catheter (Mikro-Tip; Millar Instruments, Hous-
ton, TX) was inserted through a purse-string suture and
threaded into the left ventricle. The right femoral artery
was cannulated with a 22F arterial cannula for CPB. The
right atrium was cannulated with a 32F two-stage cannula
for venous return. The CPB circuit included Cobe oxy-
genators (Cobe Duo flat plate membrane) (Cobe Cardio-
vascular Inc., Arvada, CO), tubing pack, an arterial filter
(40 pm), and a Sarns (Terumo Cardiovascular Systems,
Ann Arbor, MI) roller pump. All animals were initially
anticoagulated with 300 units of porcine heparin. During
the bypass, anticoagulation was titrated to an activated
clotting time (ACT) of >480 seconds with Hemochron 801
and FTC510 ACT tubes. The pump prime solution con-

sisted of lactated Ringer (1500 mL), mannitol (5 g), so-
dium bicarbonate (35 mEq), porcine lung heparin (5000
units), and diphenhydramine hydrochloride (Benadryl)
(10 mg). Nonpulsatile CPB was initiated at a flow rate of 80
mlL/kg. Mean arterial blood pressure was maintained (30-70
mmHg) by adjusting blood flow rate. Sweep gas and pump
flow were titrated to maintain physiologic blood gases (pH
7.35-7.45, PCO, 3540 mmHg, and PO, 150-350 mmHg).
The left ventricle was vented by a 20F catheter introduced
into the left ventricle through the apex of the heart. The
hemiazygos vein was ligated at the left hilum proximal to the
confluence with the coronary sinus. The ascending aortic
root was instrumented with a cardioplegia cannula for car-
dioplegia delivery and a 22-gauge needle for monitoring root
pressure after cross-clamp placement. As soon as the animal
was stabilized on CPB, the aorta was cross-clamped, and a
myocardial temperature probe was placed in the ventricular
septum. Antegrade cardioplegia was initiated 30 minutes af-
ter aortic cross-clamping and delivered with a myocardial
protection system (MPS; Quest Medical Inc., Allen, TX).

Experimental Protocol—Myocardial Protection

The protocol (Figure 1) is a modification of models es-
tablished by Ericsson and Takeshima (8) and Catinella et
al. (9). Swine were randomized to continuous 4:1 modified
Buckberg cardioplegia or WB cardioplegia. Baseline he-
modynamic, mechanical, and metabolic data were re-
corded before cannulation for CPB. Totally vented CPB
was started, and the aorta was clamped. After 30 minutes
of “unprotected” global normothermic ischemia, car-
dioplegia was instituted. Cardioplegia delivery was di-
vided into three distinct phases over a 90-minute period.
Animals randomized to the 4:1 group received cardiople-
gia according to the following protocol:

e Phase 1 (induction): Initiated after 30 minutes of unpro-
tected normothermic ischemia. One liter of warm solu-
tion (37°C) containing high potassium chloride (KCI)
(18-20 mEq/L), D51/4 normal saline (NS) 349-360
mOsm, citrate phosphate dextrose (CPD) 0.5-0.6 mM/L,
trishydroxymethyl amino methane (THAM) (pH 7.7-
7.8) was delivered at a constant aortic root pressure of
70-80 mmHg, requiring a flow rate of 200-250 mL/min
before progressing to phase 2.

e Phase 2 (maintenance): This solution was low KCl (8-10
mEq/L), with all other constituents identical to phase 1
and administered cold (10-15°C) continuously until phase
3. The first 1 L of this phase was administered at a constant
aortic root pressure of 70-80 mmHg, which required flows
of 200-250 mL/min. The remainder of the solution deliv-
ered during this phase was delivered at 150 mL/min, which
yielded an aortic root pressure of 30-40 mmHg.

e Phase 3 (hot-shot): After 84 minutes of cardioplegia
delivery (phase 1 and phase 2 delivery), phase 3 was
initiated. This solution (KCl 8-10 mEq/L, DSW 380-400
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Figure 1. Experimental protocol.

mOsm, D50W > 400 mg%, CPD 0.15-1.25 mM/L,
THAM pH 7.5-7.6, aspartate 13 mM/L, glutamate 13
mM/L) was delivered warm (37°C) over a 3-minute pe-
riod. After reperfusate delivery, lidocaine (100 mg) and
MgSO, (1 g) were administered into the CPB reservoir,
the reperfusate solution was discontinued, and an addi-
tional 3 minutes of warm (37°C) whole blood perfusate
was given.

Animals randomized to the WB protocol group were
administered cardioplegia according to the following pro-
tocol:

e Phase 1 (induction): Initiated after 30 minutes of unpro-
tected normothermic ischemia. One liter of warm
(37°C) high KCI (whole blood with 18-20 mEq/L KClI
and 375 mg MgSO, added through the MPS arrest and
additive cassettes) was delivered at a constant aortic
root pressure of 70-80 mmHg, requiring a flow rate of
200-250 mL/min before progressing to phase 2.

e Phase 2 (maintenance): Cold (10-15°C) low KCI (whole
blood with 8-10 mEq/L KCl and 4.7 g MgSO, added
through the MPS arrest and additive cassettes) was ad-
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ministered continuously until phase 3. The first 1 L of
this phase was administered at a constant aortic root
pressure of 70-80 mmHg, which required flows of 200—
250 mL/min. The remainder of the solution delivered
during this phase was delivered at 150 mL/min, which
yielded an aortic root pressure of 30-40 mmHg.

e Phase 3 (hot-shot): After 84 minutes of cardioplegia
administration (phases 1 and 2), phase 3 was initiated.
Normothermic (37°C) low K cardioplegic solution
(whole blood with 8-10 mEq/L KCl and 280 mg MgSO,
added through the MPS arrest and additive cassettes)
was administered for 3 minutes. MgSO, (1 g) and
lidocaine (100 mg) were administered into the CPB res-
ervoir. Potassium infusion through the MPS additive
cassette was discontinued, and 3 additional minutes of
warm whole blood (37°C) perfusion was delivered into
the aortic root.

In both groups, phase 3 was discontinued and cross-
clamp was removed after return of regular myocardial
electrical activity. Cardioversion and active left ventricular
venting was used as necessary to avoid myocardial disten-
sion. Animals were weaned from CPB over a 30-minute
period. Intravenous infusion of isoproterenol (4 g/min)
was initiated with termination of CPB. Five minutes be-
fore discontinuation of CPB, calcium chloride (1 g) was
given, and the left ventricular vent was removed. After
CPB, all blood within the oxygenator was transfused back
into the animal, and heparin was reversed with protamine
(1.3 mg/100 units heparin).

One hundred twenty minutes after termination of CPB,
hemodynamic, mechanical, and metabolic parameters
were measured. The experiment was terminated, and
samples of the left ventricle were placed in 10% buffered
formalin for morphometric analysis. Sections of tissue
(10-18 g) from all three major coronary distributions were
also removed for wet to dry weight analysis.

Left Ventricular Mass (Echocardiography)
Two-dimensional echocardiography was done before
institution of CPB and compared with echocardiograms
repeated 15 minutes after animals were weaned from by-
pass. In those cases where animals were unable to be
weaned, mass measurements were obtained within 15 min-
utes of failure to wean. Echocardiography was selected for
its ability to provide reproducible measurements both be-
fore surgery and during the perioperative period. Images
were obtained from the open chest using a Hewlett-
Packard SONO 5500 ultrasound system with a 5.0/3.7
MHz transesophageal transducer (Phillips Medical Sys-
tems, Andover, MA). The probe was placed in a sterile
protective sheath with the tip of the sheath filled with
ultrasound gel. The tip of the probe was placed within the
open chest at the right ventricular apex, aortic root, and
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right ventricular free wall. From these locations, the probe
could be mechanically steered and electronically rotated
to allow optimal long axis, short axis, four chamber, and
two chamber images to be obtained (10). Instrument set-
tings were optimized for each data set to obtain the best
endocardial and epicardial delineation.

From the data sets collected it was determined that im-
ages were of excellent quality with distinct endocardial
and epicardial border definition. The modified Simpson’s
rule was used to determine left ventricular endocardial
and epicardial volumes (11). The following formula was
used to calculate left ventricular mass (LVM) (12). The
formula takes into account the specific gravity of myocar-
dial tissue (1.05).

LVM = LV,,; ~ LV, x 1.05

endo

All images were stored on VHS tapes and analyzed after
the procedure. The Hewlett Packard SONO 5500 ultra-
sound system was used to analyze each data set. A single
interpreter was chosen to make all measurements to in-
sure consistency in method and analysis. Three to five end
diastolic frames were measured and averaged.

Quantitative Histology and Morphometrics

Tissue blocks (2 x 2 x 1 cm) obtained from the left
ventricle were fixed in formalin and processed for histol-
ogy. Paraffin sections were made at 7 mm and stained with
routine hematoxylin and eosin. One section was randomly
chosen from each pig for evaluation. Histological sampling
of each section was systematic and unbiased, carried out
on photomicrographs obtained at points that were equi-
distant along a random sampling probe. The sampling
points along the probe were located by their x and y co-
ordinates on the microscope stage. Thus, the microscopic
field was seen only after it was chosen as a sample. There
were five sampling points per animal. The photomicro-
graphs were made at high magnification, each covering
320 x 250 mm of myocardium. The photomicrographs
were analyzed with Image Pro Plus (Media Cybernetics,
Silver Spring, MD) to determine the percentage of area
occupied by myocardium, percentage of area occupied by
nuclei, and percentage of area occupied by connective tis-
sue. Variability among pigs subjected to similar treatment
was assessed with ANOVAs, while differences between
treatment conditions were determined with ¢ tests using
the MINITARB statistical package. Significance was set at
the 95% level.

All experiments described in this study were performed
in accordance with the National Institutes of Health guide-
lines for the use of experimental animals in research. The
protocol was approved for the Committee for the Humane
Use of Animals at our institution.

RESULTS

Survival (Wean From CPB, 2 Hours)

Our primary endpoint was to test which hearts came off
bypass and how many of those were viable at 2 hours
(Figure 2). All animals (100%) in the WB group were able
to be weaned from bypass. In comparison, less than one
half of the 4:1 hearts were able to be weaned from bypass
after ischemic injury (40%). However, at 2 hours, survival
was equal in both groups (40%).

Hemodynamic/Metabolic Parameters

Of the animals that survived 2 hours after bypass, there
was no difference in cardiac index or urine output between
the two groups. In addition, there was no difference in
hemoglobin levels or troponin levels between the two
groups at any time-point.

Myocardial Water Content

There were no differences in water content between the
various major coronary distributions in any group—Ieft
anterior descending (LAD), right coronary (RC), and cir-
cumflex (CX) (Figure 3). Likewise, there were no overall
statistical differences between the 4:1 and WB groups
when water content was averaged over all samples (4:1,
732 £ 1.5%; WB, 71.1 + 0.8%).

LVM (Echocardiography)

Baseline LVM in both groups was ~97 g (Figure 4). This
increased to >130 g in the WB group. However, an even
greater increase in LVM was noted in the 4:1 group (168 g).
Thus, postbypass LVM showed statistically significant dif-
ferences between the 4:1 and WB groups (p < .05). This
change represents a 73% increase in LVM in the 4:1 group
compared with a 34% increase in the WB group. Illustra-
tive echocardiographic still frames of pre- and postbypass
hearts for both 4:1 and WB groups are shown in Figure 5.
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Figure 2. Hearts weaned from CPB and survival at 2 hours.
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Figure 4. LVM, measured in grams. BL, baseline measurement before
injury; POST, 15 minutes after weaning from bypass or failure to wean
from bypass.

Histologic Morphometrics

Random sections of myocardium were analyzed as out-
lined in the Materials and Methods section. Percentage of
myocardium was significantly increased in the WB group
(81.2 £ 0.9%) compared with the 4:1 group (75.2 + 1.6%,
p < .002; Table 1). The percentage of interstitial edema was
significantly higher in the 4:1 group (21.6 + 1.7%) compared
with the WB group (15.5 + 0.9%, p < .002). Illustrative his-
tologic sections of both groups are shown in Figure 6.

Cardioplegia Volumes

Total cardioplegia volumes for the 4:1 and WB groups
were similar (16,730 = 1001 and 17,759 + 475, respectively)
and were not statistically significantly different. However,
the crystalloid volume delivered in both groups was sig-
nificantly different (4:1, 2875 + 54; WB, 164 + 8; p < .05).
This represents 95% less crystalloid delivered to the heart
in the WB group compared with the standard 4:1 car-
dioplegia.

DISCUSSION

The main findings of these experiments can be summa-
rized as follows regarding the comparison of WB to 4:1
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blood:crystalloid cardioplegia in our model. First, there
was an increase in the number of hearts that survived to be
weaned off bypass in those receiving WB cardioplegia
(WB, 10/10; 4:1, 4/10). Second, postbypass LVM assessed
by echocardiography was significantly decreased in hearts
receiving WB cardioplegia. Third, myocardial edema, as-
sessed by histologic morphometrics, was significantly de-
creased in hearts receiving WB cardioplegia. Fourth, the
crystalloid volume of delivered cardioplegia was signifi-
cantly decreased in hearts receiving WB cardioplegia.
Taken together, these findings suggest that WB cardiople-
gia may be superior in some instances to 4:1 cardioplegia.
Certainly in our model, there was a demonstration of de-
creased myocardial edema and a correlated increase in the
number of hearts weaned of bypass.

There is wide variability and controversy among sur-
geons regarding cardioplegia and myocardial protection
strategy. The spectrum ranges from those who use cold
intermittent antegrade crystalloid cardioplegia to those
who use warm continuous retrograde blood cardioplegia
and various combinations in between. In general, results
are excellent regardless of myocardial protection strategy
used. There is room for improvement in higher risk pa-
tients, namely those who require more complex cardiac
surgery that necessitates a longer cross-clamp time. There
are clear advantages of blood cardioplegia compared with
crystalloid cardioplegia in terms of improved oxygen de-
livery, decreased rates of infarction, and decreased creat-
inine phosphokinase-MB release (3). Furthermore, evi-
dence from the CABG Patch Trial (Studying Prophylactic
Implantable Cardioverter Defibrillators in Patients Who
Are Having Ventricular Dysfunction and a Positive Sig-
nal-Averaged ECG) suggests that blood cardioplegia and
combined antegrade and retrograde cardioplegia de-
creases postoperative morbidity compared with crystalloid
and antegrade cardioplegia alone in a high-risk group of
patients with an ejection fraction (EF) < 36% (12). At
issue is whether further modifications of the standard 4:1
blood:crystalloid formula would further improve myocar-
dial protection.

Menasché (3) described a method of diverting blood
from the arterial circuit and adding only a small amount of
arresting agents. The result was a dramatic reduction in
the amount of crystalloid given with cardioplegia. He
termed this technique mini-plegia. There are several theo-
retic advantages to this approach. The technique itself is
simple and likely to be cost effective. Using WB cardiople-
gia should avoid volume overload and minimize hemodi-
lution, which may lead to decreased blood product use.
Also, the increased number of blood cells present in WB
cardioplegia should improve oxygen delivery. The combi-
nation of lower crystalloid volume and improved oxygen
delivery should in theory lead to reduced myocardial
edema and improved ventricular function (3). There is
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Figure 5. Representative echocardiograms. Baseline echocardiograms before injury or bypass are designated “Pre,” and echocardiograms of the
same heart taken after injury and plegia are designated “Post.”

Table 1. Histologic morphometric data.

WB 4:1
Myocardium (%) 81.2+0.9 752 +1.6
Edema (%) 15509 21.6+1.7

clear evidence that myocardial edema negatively impacts
both systolic and diastolic ventricular function. Starr et al.
(13) showed that a lower osmolarity cardioplegia solution
is associated with higher myocardial water content and
impaired diastolic filling. One goal of any myocardial pro-
tection strategy should be to minimize myocardial edema.

Our model represents a severe model of global normo-
thermic myocardial ischemia meant to simulate a high-risk
surgical patient requiring a long cross-clamp time. In
lower-risk patients who require a shorter cross-clamp
time, it is unlikely that there would be a significant differ-

WB-Post

ence between cardioplegia strategies. Our central hypoth-
esis was that myocardial edema causes and exacerbates
impaired ventricular function after an ischemic insult.
Given this, we chose an experimental model, as described
by Ericsson and Takeshima (8), which would provide a
strong edemagenic insult. It is clear that a major ischemic
insult will increase microvascular permeability and cause
myocardial edema. The combination of this strong isch-
emic insult and a cardioplegia strategy that minimizes
myocardial edema should, theoretically, accentuate any
difference between WB and 4:1 cardioplegia.

In our model, we found that postbypass LVM and myo-
cardial edema as assessed by histologic morphometrics
were significantly decreased in hearts receiving WB car-
dioplegia. There was no difference in wet to dry ratios
between the two groups, but this apparent contradiction is
not unexpected because there is evidence that the rela-
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Figure 6. Representative histology. Random sections from left ventricle on routine hematoxylin and eosin stain showing differences in myocardial

edema.

tionship between myocardial water content and LVM is
nonlinear. That is, a small potentially insignificant change
in myocardial water content will correspond to a much
larger change in LVM as seen on echocardiography (11).

There is clear evidence that myocardial edema nega-
tively impacts both systolic and diastolic ventricular func-
tion. Excess myocardial fluid impairs both isovolumetric
relaxation and chamber stiffness, the two phases of dia-
stolic function (7). In a model of acute and chronic myo-
cardial edema, Laine and Allen (5) showed that an eleva-
tion of myocardial extravascular fluid led to a 30% reduc-
tion in cardiac output. An important finding of that study
was that the increased cardiac edema levels were not
readily apparent without careful quantification and that
only small changes in myocardial edema led to dramatic
reductions in ventricular function. The edema levels in
their study represented only a 3% change in myocardial
water content and only a 12% change in heart weight.
Furthermore, in a chronic model of pure myocardial
edema, increased interstitial fluid accumulation led to in-
creased myocardial interstitial collagen deposition and
subsequent development of myocardial fibrosis (5). The
postulated mechanism involves displacement and break-
ing of interstitial collagen secondary to increased intersti-
tial volume and pressure that compromises ventricular
function in the short term and leads to fibrosis in the long
term (14).

There is evidence that myocardial edema can occur sec-
ondary to ischemia. There is also evidence that myocardial
edema may exacerbate pre-existing ischemia. With accu-
mulation of interstitial edema, the diffusion distance of
oxygen to myocytes increases. This, coupled with the fact
that the myocardium operates at near maximum oxygen
extraction rates, can lead to an imbalance between oxygen
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supply and demand and resultant ischemia. Laboratory
evidence that myocardial infarctions grow more rapidly in
the presence of myocardial edema and left ventricular hy-
pertrophy supports this proposed mechanism (15).

Limitations of this study relate to the severity of our
experimental model. This is a very severe model of global
ischemia that may in fact be too severe to highlight a
difference between cardioplegia strategies in terms of he-
modynamic function. There was an improvement in wean-
ing in the WB cardioplegia group, but survival between
the two groups was the same at 2 hours. This suggests that
some element of irreversible ischemia occurred that lim-
ited the effectiveness of both cardioplegia strategies. By
using weaning from CPB as a surrogate marker for ven-
tricular function, we can say that WB cardioplegia tran-
siently improved ventricular function, but this effect was
short-lived, likely because of the severity of the ischemic
insult.

In conclusion, despite equal cardioplegic time periods,
WB cardioplegia was associated with a clear decrease in
myocardial edema and improved weaning from CPB com-
pared with standard 4:1 cardioplegia. As outlined, we hy-
pothesize that the combination of reduced crystalloid vol-
ume and improved oxygen delivery caused by increased
red blood cells in WB cardioplegia led to a decrease in
myocardial edema. This in turn improved ventricular func-
tion and minimized the ischemic insult, leading to im-
proved weaning from CPB. Taken together, these findings
suggest that WB cardioplegia may be superior to blood:
crystalloid cardioplegia in procedures where a long cross-
clamp time is anticipated. Future studies involving a less
severe ischemic model and a longer postbypass observa-
tion period could better elucidate differences between the
cardioplegic strategies.
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