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Objective: This study was undertaken to compare the efficacy of retrograde cardioplegia for myocardial perfusion with that of antegrade cardioplegia at the same flow rate.
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Methods: Colored microspheres were used in rat hearts to assess the
capillary flow of cardioplegia solution. Myocardial perfusion was evaluated with magnetic resonance imaging in pig hearts. Phosphorus 31
magnetic resonance spectroscopy was used to determine the efficacies of
the cardioplegic techniques in sustaining myocardial energy metabolism.
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Results: At the same flow rate, the number of colored microspheres
delivered to the capillaries by retrograde cardioplegia (15 ⫾ 1 microspheres/mm2) was significantly lower than that delivered by antegrade
cardioplegia (29 ⫾ 2 microspheres/mm2). Furthermore, only 19% ⫾ 3%
of the colored microspheres delivered to the capillaries by retrograde
cardioplegia were found in the arteriolar portions of the capillaries,
whereas most (80% ⫾ 3%) remained in the venular portions. Moreover,
magnetic resonance images showed that contrast-enhanced signal-time
courses obtained from different regions of the myocardium during retrograde cardioplegia varied significantly. Localized phosphorus 31 spectra
showed that retrograde cardioplegia required a higher flow rate than did
antegrade cardioplegia to sustain normal myocardial energy metabolism.

Conclusions: We conclude that retrograde cardioplegia provides significantly less
capillary flow than does antegrade cardioplegia. Its microvascular perfusion varies
significantly among the various small areas of the myocardium. As a result, its
efficacy in sustaining normal myocardial energy metabolism is lower than that of
antegrade cardioplegia.
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erfusion of the heart through the coronary sinus, so-called retrograde
perfusion, was originally proposed by Pratt1 in 1898. He used this
approach to perfuse isolated feline hearts and was able to maintain
heart contraction. His work suggested that venous perfusion had a
certain degree of nutritional function. In 1956, this technique was first
used by Lillehei et al2 during cardiac surgery for the protection of
jeopardized myocardium because coronary atherosclerosis does not occur in the
coronary venous system.3,4 Unlike antegrade cardioplegia (AC), retrograde cardioplegia (RC) avoids potential damage to the coronary arterial ostia and interferes less
with surgical procedure than does AC. As a result, RC has become an alternative for
heart protection during cardiac surgery.5,6
Although RC has been used clinically, its capillary flow, regional myocardial
perfusion, and efficacy in sustaining myocardial energy metabolism have not been
fully established, in particular relative to AC. With radioactive microspheres in dog
hearts, Partington et al7 showed that at a perfusion pressure of 50 mm Hg the
capillary flow of RC was 65% of the total cardioplegic flow. With the same
approach under similar conditions, other investigators have reported quite different
capillary flow ratios (from 10% to 93%).8-10 We believe that one reason for the
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disparity may be the different sizes of microspheres used in
these studies. Obviously, microspheres With different sizes
could be trapped at the different sites in the microvasculature, such as the venules, draining venous capillaries, capillaries, and the Thebesian vessels. Consequently, the total
numbers of microspheres trapped in various sites of the
microvasculature do not provide a good measurement of
capillary flow.
Colored microspheres have been used for assessment of
capillary flow, flow direction, and coronary anastomoses.11-14 Because colored microspheres can be visualized
under a light microscope, their distribution in the microvasculature can be readily determined in a tissue section. In this
study colored microspheres in the capillaries were counted
under a light microscope to assess the capillary flows of RC
and AC. In addition, a capillary was divided into two
anatomic segments (arteriolar and venular portions).11,12
These two portions of the capillaries were distinguished by
means of histochemical techniques.11,12 Only colored microspheres distributed to the arteriolar portions of the capillaries during RC are expected to be associated With capillary flow. Those found in the venular portions of the
capillaries during RC might not necessarily flow through the
capillaries. Colored microspheres in the arteriolar and venular portions of the capillaries were therefore determined
individually.
Most studies have used a higher perfusion pressure for
AC than for RC when comparing them for capillary flow,
ability to prevent ischemic injury, and myocardial cooling
efficacy.7,15,16 Because the impedance of the coronary venous system is higher than that of the coronary artery
system, RC would provide a significantly lower blood flow
than AC even at the same perfusion pressure.17,18 As a
result, capillary flow and ability to sustain myocardial energy metabolism of RC have been found to be lower than
those of AC. Apparently the efficacies of RC and AC in
myocardial perfusion cannot be properly evaluated at different cardioplegic flows. In this study, cardioplegia flow
rate was therefore kept at the same level for both RC and
AC.
It has been demonstrated that the levels of inorganic
phosphate and phosphocreatine are significantly more sensitive to ischemic insult than are the levels of adenosine
triphosphate.19,20 The ratio of inorganic phosphate to phosphocreatine is directly associated With cellular phosphorylation potential.19,20 The efficacies of RC and AC in sustaining myocardial energy metabolism were therefore
evaluated in this study by measuring the levels of inorganic
phosphate and phosphocreatine.

Material and Methods
Animal Preparations
All animals received humane care in compliance With the Guide to
the Care and Use of Experimental Animals formulated by the

Canadian Council on Animal Care. The protocols used in this
study were approved by the Animal Care Committee of National
Research Council of Canada.
Isolated rat hearts were obtained from 250- to 350-g male rats
of the Sprague-Dawley strain. Animals were anesthetized With an
intraperitoneal injection of sodium pentobarbital (65 mg/kg) and
sodium heparin (0.1 mL). The abdominal cavity was opened by
making a transverse incision With scissors. The diaphragm was
transected, and lateral incisions were made along both sides of the
rib cage. The hearts were rapidly excised and placed in cold
cardioplegic solution.
Standard procedures for preparing isolated pig hearts have been
described.21 The following is an outline of a few key procedures
used in this study. Domestic pigs weighing 40 to 50 kg were
sedated With an intramuscular injection of atropine (0.5 mg/kg
body weight), diazepam (0.4 mg/kg body weight), and ketamine
(20 mg/kg body weight). Anesthesia was maintained With 1.5% to
2.0% isoflurane in a mixture of oxygen and medical air. A sternotomy was performed, and the great arteries and veins were
dissected and clamped. Heparinized cold (approximately 4°C)
cardioplegic solution was delivered into the aortic root to arrest the
hearts. After removal, the pig hearts were immersed into the cold
cardioplegic solution for instrument implantation.
Both the aorta and the left anterior descending coronary artery
(LAD) were cannulated for AC. The anterior ascending cardiac
vein (AACV) and coronary sinus were cannulated for RC. The
LAD and the AACV were ligated proximally to prevent leakage of
cardioplegic solution. The coronary sinus was cannulated With a
15F retrograde cannula (DLP Inc, Grand Rapids, Mich) With a
manually inflated balloon at the tip positioned approximately 1 cm
into the coronary sinus. We did not place a purse-string suture
around the coronary sinus.

Protocols
Protocol 1: Assessment of Capillary Flows of Retrograde and
Antegrade Cardioplegia After removal from animals, 4 rat hearts
were cannulated through the aorta and another 4 were cannulated
through the coronary sinus. All hearts were then perfused With 4
mL of a mixture of autogenous blood and Krebs-Henseleit solution
containing 6 ⫻ 106 colored microspheres With a diameter of 3.5
m. The colored microspheres were expected to flow freely
through the capillaries because of their relatively small diameter.
Infusion rates were similar (1 mL/min) for RC and AC. After
infusion of microspheres, the hearts were not subjected to any
further perfusion but were dissected immediately into 2-mm thick
blocks along the base-apex axis and frozen in liquid nitrogen. The
tissue blocks were then cut into 16-m thick sections. The tissue
sections underwent a two-step histochemical procedure to distinguish the arteriolar and venular portions of the capillaries. The
endothelia in the arteriolar portion of the capillaries contain alkaline phosphatase and are stained blue.11,12 The endothelia in the
venular portion have dipeptidyl peptidase IV and are stained
red.11,12 With this technique, the capillaries can readily be separated into two anatomic portions. The numbers of colored microspheres located in the two portions of the capillaries were then
determined under a light microscope. Rat hearts were used in this
part of the study because they have relatively higher concentrations of the two enzymes than do pig hearts.11,12,22 It should be
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mentioned that the absolute value of the capillary flow could not be
obtained With the approach used in this study. The capillary flows
of RC and AC were assessed in a relative manner according to the
numbers of colored microspheres found in the capillaries.
Protocol 2: Assessment of Regional Myocardial Perfusions of
Retrograde and Antegrade Cardioplegia Six isolated pig hearts
were perfused With a mixture of autogenous blood and KrebsHenseleit solution With 16-mmol/L potassium chloride and 16mmol/L magnesium chloride. AC was performed through the LAD
and the aorta simultaneously. Flow rate at the LAD was 30
mL/min. The head pressure at the aorta and LAD was set at the
same level to minimize collateral flow between the LAD and
non-LAD vessels. RC was carried out through the AACV and the
coronary sinus simultaneously. Cardioplegic flow at the AACV
was set at 30 mL/min to keep it at the same level as that at the LAD
during AC. Perfusion pressures at the AACV and the coronary
sinus were kept similar to diminish collateral flow between the
AACV and adjacent cardiac veins. Perfusion pressures at the aorta,
the LAD, the coronary sinus, and the AACV were monitored With
a Polygraph Data Recording System (model 79E; Grass Instrument
Co, Quincy, Mass) equipped With a pressure transducer connected
distally to the perfusion catheters. Pressure calibration was performed before each experiment to ensure that there were no
differences between pressure readings and actual perfusion pressure.
One milliliter of a blood-pool magnetic resonance (MR) contrast agent (gadolinium diethylenetriamine pentaacetic acid polylysine) was injected into the AACV and the LAD catheter during
RC and AC, respectively. Its first pass was monitored With T2*
MR imaging. Perfusion medium containing the contrast agent was
discarded and not allowed to recirculate into the perfusion system.
Once the contrast agent was completely washed out, 1 mL of an
extracellular type MR contrast agent (gadolinium diethylenetriamine pentaacetic acid) was given at the same sites. Its first pass
was followed With MR imaging. It has been shown that T2* MR
imaging in combination With a blood-pool contrast agent is more
sensitive to microvascular perfusion, whereas T1 MR imaging in
conjunction With an extracellular MR contrast agent is more
sensitive to diffusion of the perfusion medium.23 Use of these two
imaging techniques together is expected to provide a more complete picture of myocardial perfusion of RC and AC than use of
either alone.
MR imaging was performed in a 7-T, 40-cm horizontal-bore
magnet equipped With a Biospec spectrometer (Bruker Inc,
Karlsruhe, Germany) and a Helmholtz probe surrounding the
whole heart. Each image covered a 12 ⫻ 12-cm2 field of view
With a 128 ⫻ 128 matrix, leading to a pixel size of 0.93 ⫻ 0.93
mm2. All images were acquired from a 3-mm slice parallel to the
short cardiac axis.
After MR imaging studies, the pig hearts were perfused retrogradely through the coronary sinus and the AACV simultaneously
at a perfusion pressure of 40 mm Hg. Effluents at the coronary
arteries and both ventricles were measured to determine the draining percentage of the outlets and to estimate the capillary flow of
RC, because most of the effluent collected at the coronary arteries
had flowed through the capillaries. The arterial catheters were open
to air during RC and positioned at the same level of the midpoint
874
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of the heart. In this way arterial catheters would not impose
significant resistance to the efflux of RC.
Protocol 3: Assessment of Abilities of Retrograde and Antegrade Cardioplegia to Sustain Myocardial Energy Homeostasis
Six isolated pig hearts were perfused With the hyperkalemic
mixture of pig blood and Krebs-Henseleit solution used in protocol
2. The hearts were cannulated in the same way as described in
protocol 2. RC was performed through the AACV and the coronary sinus simultaneously. Perfusion pressures at the AACV and
the coronary sinus during RC were the same. AC was carried out
through the LAD and the aorta simultaneously. Likewise, head
pressures at the LAD and the aorta during AC were comparable.
Four flow rates were used at the AACV during RC and at the LAD
during AC. These flow rates were 20 mL/min, 10 mL/min, 5
mL/min, and 3 mL/min. Each flow rate was carried out for 20
minutes to allow its effects on myocardial energy metabolism to be
assessed. RC and AC were alternated in each heart. Between each
20-minute period at one of the four flow rates, a 5-minute highflow perfusion was carried out through the aorta and the LAD at a
total flow rate of 300 mL/min to resuscitate the heart. Complete
recovery of myocardial high-energy phosphates was a prerequisite
for subsequent RC and AC. Changes in myocardial high-energy
phosphates in the LAD region were monitored with localized
phosphorus 31 MR spectroscopy.
Localized phosphorus 31 MR spectroscopy was performed in
the same magnet used for the MR imaging studies. A 1.0-cm
diameter surface coil was positioned over the LAD region of
myocardium. Each phosphorus 31 spectrum was averaged across a
2-minute sample period. The observed phosphorus compounds
included inorganic phosphate, phosphocreatine, and three peaks of
adenosine triphosphate (␣, ␤, and ␥ peaks). Peak areas were used
to assess metabolite levels.

Data Analysis
Statistical analyses were performed with STATISTICA software
(StatSoft Inc, Tulsa, Okla). All numeric results are expressed as the
mean ⫾ SD of the mean. Significant decreases in phosphocreatine
and increases in inorganic phosphate during each 20-minute RC
and AC were determined with 1-way analysis of variance. The
Student t test was used to compare the numbers of total colored
microspheres in the capillaries between the hearts subjected to RC
and to AC. This test was also used to compare the distributions of
colored microspheres in the arteriolar and venular portions of the
capillaries between the two groups of hearts.
To compare the regional myocardial perfusions of RC and AC,
we measured the overall amount of the intercorrelation between
each signal-time course of T2* and T1 images obtained from the
left ventricular wall during RC and AC. The overall amount of the
intercorrelation was determined by the method of Gleason and
Staelin.24 It ranged from 0 (when no signal-time courses were
associated with any other) to 1 (when they were perfectly correlated with each other).

Results
As shown in Figure 1, RC delivered significantly fewer
colored microspheres (15 ⫾ 1 microspheres/mm2) to the
capillaries than did AC (29 ⫾ 2 microspheres/mm2). This
indicates that RC provided significantly less capillary flow
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Figure 1. Numbers of colored microspheres found in capillaries of
hearts subjected to RC and to AC. Bars represent mean; error bars
represent SD.

than did AC at the same cardioplegic flow. In addition, the
infusion rate of 1 mL/min gave rise to perfusion pressures of
35 ⫾ 4 mm Hg and 12 ⫾ 2 mm Hg for RC and AC,
respectively. Furthermore, it was noted that colored microspheres were evenly distributed between the arteriolar
(51.3% ⫾ 2.4% of total colored microspheres) and venular
portions (48.6% ⫾ 2.4%) of the capillaries when they were
given with AC (Figure 2). In contrast, when colored microspheres were given with RC, 80.2% ⫾ 3.2% were located in
the venular portions of the capillaries. Only 19.1% ⫾ 3.4%
of the colored microspheres were found in the arteriolar
portion of the capillaries. This indicates that some of the RC
solution reaching the capillaries did not flow through the
capillaries.
The percentages of effluents collected at various sites of
the pig hearts during RC and their Po2 values are shown in
Figure 3. As expected, most (58.7% ⫾ 6.8%) of the RC
solution drained directly into the right ventricle. The left
ventricle collected only 6.8% ⫾ 2.4% of RC solution. The
LAD, the left circumflex coronary artery, and the right
coronary artery drained 17.8% ⫾ 4.2%, 15.2% ⫾ 2.6%, and
3.8% ⫾ 4.8% of RC solution, respectively. As such, approximately 36% of RC solution drained from the three
coronary arteries under our experimental conditions. Po2
values of the effluents recovered from the right and left
ventricles were 198 ⫾ 123 mm Hg and 109 ⫾ 127 mm Hg,
respectively. The levels of Po2 were considerably higher
than those measured from the effluents recovered at the
LAD (41 ⫾ 15 mm Hg), the left circumflex coronary artery
(41 ⫾ 21 mm Hg), and the right coronary artery (28 ⫾ 5
mm Hg).
Representative signal-time courses of T2* images obtained from the anterior wall of the left ventricle during RC

Figure 2. Distributions of colored microspheres in arteriolar and
venular portions of capillaries in RC (A) and AC (B). In hearts
subjected to AC, percentages of colored microspheres in both
arteriolar and venular portions of capillaries were not significantly different (P > .05). Difference in percentage of colored
microspheres in portions of capillaries was statistically significant for RC. Bars represent mean; error bars represent SD.

and AC are shown in Figure 4, A and B, respectively. The
profiles of the signal-time courses acquired during RC differed significantly from each other, whereas those obtained
during AC were quite similar. The intercorrelation of the
T2* signal-time courses obtained during RC (0.515 ⫾ 0.15)
was significantly (P ⫽ .0016) weaker than that of the
signal-time courses acquired during AC (0.839 ⫾ 0.07).
This suggests that microvascular perfusion of RC varied
significantly among the various small areas of the myocardium relative to that of AC. Signal-time courses of T1
images obtained during RC and AC are shown in Figure 5,
A and B, respectively. Likewise, the overall intercorrelation
of the signal-time courses obtained during RC (0.489 ⫾
0.09) was significantly weaker than that of those during AC
(0.86 ⫾ 0.12). This finding demonstrates that diffusion of
RC solution into the interstitial space was also uneven
among the various small areas of the myocardium. In addition, a flow rate of 30 mL/min at the LAD during AC gave
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Figure 3. A, Drainage percentages of RC solution at various sites.
B, Po2 values measured at various locations during RC. Bars
represent mean; error bars represent SD. RV, Right ventricle; LV,
left ventricle; LCX, left circumflex coronary artery; RCA, right
coronary artery.

rise to a perfusion pressure of 29 ⫾ 4 mm Hg, whereas the
same flow rate at the AACV was associated with a significantly higher perfusion pressure at the venous end (55 ⫾ 11
mm Hg).
The levels of myocardial inorganic phosphate and phosphocreatine measured during RC and AC at a flow rate of 20
mL/min are shown in Figure 6. No significant changes in the
energy metabolites were observed during 20 minutes of RC
or AC at this flow rate, indicating that both cardioplegic
techniques at this level of the flow rate were able to sustain
normal myocardial energy metabolism. At a flow rate of 10
mL/min, RC resulted in a gradual and significant decrease in
phosphocreatine and an increase in inorganic phosphate,
which indicates myocardial ischemia (Figure 7). At the
same cardioplegic flow, AC was still able to maintain normal levels of myocardial energy metabolites (Figure 7). AC
resulted in an apparent decline in phosphocreatine and increase in inorganic phosphate at a flow rate of 3 mL/min
(Figure 8). No significant changes were observed in aden876

Figure 4. Signal-time courses of T2* images obtained during RC
(A) and AC (B). It is clear that injection of gadolinium diethylenetriamine pentaacetic acid polylysine during AC resulted in similar
changes in T2* signal intensities, whereas contrast-induced T2*
changes during RC varied significantly among pixels of myocardium.

osine triphosphate level during 20 minutes of RC (at a flow
10 mL/min) and AC (at a flow of 3 mL/min, data not
shown). Perfusion pressures at the arterial end during AC
were 3.7 ⫾ 2.1 mm Hg, 5.4 ⫾ 3.2 mm Hg, 12.3 ⫾ 5.1 mm
Hg, and 20.4 ⫾ 3.5 mm Hg at flow rates of 3 mL/min, 5
mL/min, 10 mL/min, and 20 mL/min, respectively. As
expected, these flow rates gave rise to much higher perfusion pressures at the venous end during RC. The perfusion
pressures were 15.2 ⫾ 8.2 mm Hg, 23.3 ⫾ 10 mm Hg, and
41.5 ⫾ 12.4 mm Hg at flow rates of 5 mL/min, 10 mL/min,
and 20 mL/min, respectively. Obvious ischemic changes
were observed during RC at a flow rate of 10 mL/min.
Therefore, phosphorus 31 MR spectroscopy was not performed at lower flow rates (3 and 5 mL/min) during RC.

Discussion
RC has been widely used for heart protection during cardiac
surgery because of its ability to deliver blood cardioplegia
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Figure 5. Signal-time courses of T1 images obtained during RC (A)
and AC (B).

to the jeopardized myocardium and other advantages. However, its efficacy in myocardial perfusion has not been
adequately demonstrated. This study compared the capillary
flows, regional myocardial perfusions, and abilities to sustain myocardial energy homeostasis of RC and AC at the
same cardioplegic flows. We found that RC provided significantly less capillary flow than did AC. Its regional myocardial perfusion varied significantly at a microscopic level.
As a result, a higher blood flow was needed during RC than
during AC to sustain normal myocardial energy metabolism. The results demonstrate that RC is associated with less
effective myocardial perfusion than is AC.
In the first part of the study, we found that RC delivered
significantly fewer colored microspheres (15.7 ⫾ 1.1 microspheres/mm2) to the capillaries than did AC (29.5 ⫾ 2.1
microspheres/mm2). According to the number of the total
colored microspheres, apparent capillary flow of RC was
estimated to be 53% (15.7/29.5) of that of AC. This suggests
that the capillary flow of RC is significantly lower than that
of AC at the same cardioplegic flow. Blood drainage into
the ventricular chambers through the Thebesian vessels is
believed to be the principal cause of the lower capillary flow

Figure 6. Time courses of phosphocreatine (PCr, A) and inorganic
phosphate (Pi, B) obtained during RC (open circles) and AC
(closed circles) at cardioplegic flow rate of 20 mL/min. There
were no significant changes in energy metabolites throughout
measurements. Data points represent mean; error bars represent
SD.

of RC. Moreover, we also found that distribution of colored
microspheres in the venular and arteriolar portions of the
capillaries was highly uneven during RC. Of 15.7 ⫾ 1.3
microspheres/mm2 in the capillaries, only 3 ⫾ 0.4 microspheres/mm2 were found in the arteriolar portion. Most of
the colored microspheres remained in the venular portions
of the capillaries. In contrast, colored microspheres were
distributed more evenly in the arteriolar (15.2 ⫾ 1.8) and
venular (14.3 ⫾ 1.0) portions of the capillaries during AC.
The results indicate that some of the RC solution was
diverted from the capillaries at the venular end, presumably
through the Thebesian vessels. If only colored microspheres
found in the arteriolar portions of the capillaries (3.0 ⫾ 0.4
microspheres/mm2) during RC were considered to represent
the capillary flow of RC, and those found in the venular
portions (14.3 ⫾ 1.0) during AC reflect the capillary flow of
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Figure 7. Time courses of phosphocreatine (PCr, A) and inorganic
phosphate (Pi, B) obtained during RC (open circles) and AC
(closed circles) at cardioplegic flow rate of 10 mL/min. RC resulted in gradual and significant decrease in phosphocreatine
and increase in inorganic phosphate. Data points represent mean;
error bars represent SD. Asterisk indicates significant difference
from control value.

AC, the capillary flow of RC was estimated to be approximately 20% of that of AC. This level of capillary flow of RC
is considerably smaller than that (53%) calculated according
to the total colored microspheres in the capillaries. This
suggests that use of total colored microspheres in the capillaries may overestimate the capillary flow of RC.
As shown in Figure 3, more than 60% of the RC solution
was diverted from the capillaries and drained directly into
the ventricular chambers. Only approximately 36% of the
RC solution was collected at the coronary arteries. If the
effluents recovered at the coronary arteries flowed through
the capillaries, the ratio of capillary flow to total flow was
approximately 36%. If capillary flow ratio (capillary flow/
total flow) of AC was near 100%, the capillary flow of RC
878

Figure 8. Time courses of phosphocreatine (PCr, A) and inorganic
phosphate (Pi, B) obtained during AC at flow rate of 3 mL/min.
Data points represent mean; error bars represent SD. Asterisk
indicates significant difference from control value.

was about 36% of that of AC in the pig hearts. This ratio is
significantly higher than that (approximately 20%) calculated according to colored microspheres found in the arteriolar and venular portions of the capillaries for RC and AC,
respectively. The discrepancy in capillary flow of RC may
be related to the facts that different animals and approaches
were used in part 1 of the study from those in parts 2 and 3.
On the other hand, this ratio (36%) is significantly lower
than that (53%) obtained by measuring the total colored
microspheres in the capillaries, which also indicates that the
total number of colored microspheres overestimates the
capillary flow.
MR imaging has been used extensively for assessment of
tissue perfusion because of its noninvasive and nondestructive properties. It has been shown that T2* imaging is
sensitive to the heterogeneity of the local magnetic field.25,26
When a blood-pool contrast agent is flushing into the capillaries, the microscopically heterogeneous distribution of
the contrast agent creates local magnetic gradients at the
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boundaries of the capillaries. These local magnetic gradients result in a rapid decrease in T2* signal intensities.26 As
the contrast agent is washed out of the capillaries, the signal
intensities recover gradually. Obviously the rates of T2*
signal decline and recovery are dependent directly on myocardial perfusion at the microvascular level. A region with
a higher blood flow would show a more rapid decline and
recovery in T2* signal intensities relative to a region with a
lower blood flow. As mentioned previously, the intercorrelation of the T2* signal-time courses obtained during RC
was significantly weaker than that obtained during AC. This
suggests that blood flow rate varied significantly among the
various small areas of the myocardium. In contrast, T2*
signal-time courses obtained during AC appeared more uniform, suggesting that microvascular perfusion with AC was
more similar between each pixel of the myocardium in the
same region.
In the third part of the study, we compared the abilities of
RC and AC to sustain normal myocardial energy metabolism. RC could not maintain normal energy level at a flow
of 10 mL/min, whereas AC did not result in any ischemic
changes until its flow rate was reduced to 3 mL/min. This
finding demonstrates that RC has a lower perfusion efficacy
than does AC.
It has been shown that the rate of oxygen consumption in
a pig heart under normothermic conditions is about 6.7
L/(g ⫻ min).27,28 On the basis of the hemoglobin concentration (5.1 ⫾ 0.1 g/dL)and the Po2 (545 ⫾ 27 mm Hg) of
our perfusion medium, the LAD region of myocardium
(myocardium supported by the LAD and presumably
drained by the AACV) is expected to need approximately
6.9 mL blood cardioplegic solution to sustain normal myocardial energy metabolism. At a flow rate of 10 mL/min, RC
is expected to provide approximately 2 to 3.6 mL of capillary flow according to the ratio of capillary flow to total flow
estimated in this study. As such, RC was unable to maintain
normal energy levels at this flow rate. Because most antegradely delivered blood cardioplegia flows through the capillaries, AC was able to sustain normal myocardial energy
metabolism at this flow rate (10 mL/min). There were no
obvious ischemic changes during AC at a flow rate of 5
mL/min, which may have been due to the small difference
between energy supply and demand. Significant ischemic
changes were found during AC when its flow rate was
reduced to 3 mL/min. The large difference in threshold flow
(the flow starting to cause ischemic changes) between RC
(10 mL/min) and AC (3 mL/min) indicates that the efficacy
of myocardial perfusion of RC is lower than that of AC. The
low capillary flow ratio and variation in microvascular
perfusion of RC were believed to be the principal cause for
the low perfusion efficacy. In addition, if the volume of the
myocardium drained by the AACV was significantly larger
than that supported by the LAD, the difference in tissue

volume might also be partially responsible for the disparity
in the threshold flow. In 3 pig hearts, we injected gadolinium diethylenetriamine pentaacetic acid into the AACV
during RC and into the LAD during AC. We then measured
the sizes of the contrast-enhanced areas of the myocardium
on three slices. We found no significant difference between
the sizes of LAD myocardium and AACV myocardium
(data are not presented). This suggests that the difference in
tissue volume was not the main cause of the disparity in the
threshold cardioplegic flow between RC and AC.
It should be pointed out that the results of this study by
no means indicate that RC is unable to sustain normal
myocardial energy metabolism. As demonstrated in this
study and our previous studies,29 RC at an adequate perfusion pressure (approximately 40 mm Hg) is sufficient to
prevent ischemic injury. In addition, the capillary flow and
myocardial perfusion of RC and AC were assessed in this
study with rat and pig hearts, respectively. The anatomic
structures of the coronary microvasculature may differ
somewhat between these animals. The differences may be
partially responsible for the disparity in the capillary flow
observed in the parts 1 and 2 of the study. Moreover, it has
been shown that Thebesian flow of RC may have a certain
degree of nutritional function.30 This suggests that the actual
nutritional flow ratio (flow having nutritional function as a
proportion of total flow) of RC may be higher than the
capillary flow ratio estimated in this study. Nevertheless,
low capillary flow and uneven microvascular perfusion may
lead to ischemia if RC is used for a prolonged period or at
an inadequate perfusion pressure. The combination of RC
with AC may be the optimal approach for myocardial preservation.
In summary, RC provides significantly less capillary
flow than does AC at the same flow rate. Its regional
myocardial perfusion varies significantly among the various
small areas of the myocardium. As a result, efficacy of RC
to sustain normal myocardial energy homeostasis is lower
than that of AC.
We thank Mr Allan Turner, Mrs Lori Gregorash, Mrs Rachelle
Mariash, and Mrs Shelley Germscheid for their technical assistance with animal preparation and heart perfusion.
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