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Local myocardial blood flow measurements are of great impor-
tance in experimental and clinical settings. However, a lack of
ideal markers is evident. Adenosine is suggested to be a po-
tential candidate because of its high uptake and rapid intracel-
lular sequestration. We specifically tested the hypothesis that
the local deposition density of labeled adenosine within the
heart reflects local myocardial blood flow. Methods: Tracer
microspheres, the recognized standard for local blood flow
measurements, were injected and compared with simulta-
neously injected labeled adenosine (3H/'#C) in tracer concentra-
tion into the left atrium of anesthetized Beagle dogs (n = 7).
Myocardial deposition densities were assessed through 3-scin-
tillation and y-counting measurements in samples (100-128 per
heart) of an average wet mass of 487 = 54 mg. To challenge
local myocardial blood flow distribution, alprostadil was infused
into the left circumflex artery in 3 experiments. In 2 other ex-
periments, erythro-9-hydroxy-nonyl-adenine (EHNA) was in-
fused to inhibit degradation of injected adenosine to inosine.
Results: Tracer adenosine and microspheres did not exert sig-
nificant local or systemic hemodynamic effects. Both were al-
most completely extracted from blood within 2 min and locally
retained in the tissue. Deposition densities of tracer micro-
spheres and labeled adenosine correlated closely in each ex-
periment, independently of the respective protocol (control,
EHNA, or alprostadil), over a wide range of local myocardial
blood flows (0.23-12.9 mL min~' g~'). The mean correlation
coefficient (n = 293) was r = 0.93 (? = 0.86; P < 0.0001),
indicating that the deposition density of 3H-adenosine could
explain local blood flow as measured with the tracer micro-
sphere technique with 86% probability. Conclusion: Adenosine
appears to be a reliable marker of local blood flow in dog
myocardium.
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The narrowing of a coronary artery is traditionally
viewed as a hallmark of coronary heart disease and a pre-
disposition for myocardial ischemia. However, only 50% of
patients in whom severe myocardial ischemia develops ex-
hibit hemodynamically significant epicardial coronary ar-
tery stenoses of >50% of the vessel cross-sectional area. In
syndrome X, patients may report chest pain in the absence
of epicardial coronary congestion, athough coronary flow
reserve may be notably reduced. Furthermore, electrocardi-
ography changes and lactate release observed in these pa-
tients indicate myocardial ischemia (1). Initial reports from
the Women'’s Ischemia Syndrome Evaluation show that the
prognosis of coronary artery disease in women isworse than
suggested by the degree of epicardial artery narrowing (2).
Furthermore, experimental studies on physiologic blood
flow heterogeneity show that the supply/demand balance in
ventricular myocardium differs on the local level and that
this difference may affect the outcome of acute myocardial
ischemia (3,4). Thus, in addition to measurement of coro-
nary artery diameter, the direct assessment of regional myo-
cardial blood flow seems of great importance for risk strat-
ification of myocardial ischemia

Although thereis a considerable demand, alack of useful
flow markers is evident. Generally, a marker of local blood
flow hasto fulfill 3 criteria. First, it must be deposited in the
tissue proportional to flow during the first organ passage
after injection. Second, it must remain at the deposition site
until measurement. Third, it must have no effect on either
the systemic circulation or local organ hemodynamics.
Adenosine has been shown to be extracted from plasma by
different cells and tissues (e.g., endothelium, vascular
smooth muscle cells, and cardiomyocytes). Important char-
acteristics are its facilitated transport across cell mem-
branes, rapid intracellular metabolism because of a high
phosphorylation rate (5), and high degree of cellular com-
partmentalization (6,7). Adenosine is known to be almost
completely extracted from blood under physiologic condi-
tions during a single pass through the coronary circulation
of the dog heart (8). Furthermore, as shown in guinea pig
hearts, most infused adenosine at submicromolar concen-
trations is deposited in the endothelium (9), suggesting that
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tracer amounts of labeled adenosine may serve as a power-
ful flow marker. We specifically tested the hypothesis that
the local deposition density of labeled adenosine within the
heart reflects local myocardia blood flow. To achieve this,
we injected tracer microspheres, the recognized standard for
local blood flow measurements, and compared them with
simultaneously injected labeled adenosine at tracer concen-
trations into the left atrium of anesthetized Beagle dogs.
Deposition densities of tracer microspheres and adenosine
correlated closely over a wide flow range, indicating that
adenosine is a reliable marker of local blood flow in dog
myocardium.

MATERIALS AND METHODS

All experiments were performed according to the animal wel-
fare regulations of the German federal authorities, and the study
protocol was approved by alocal ethical committee. Seven Beagle
dogs (1520 kg in body mass) were anesthetized with piritramide
(3 mg/kg intravenously) and midazolam (2 mg/kg intravenously).
After relaxation with vecuronium bromide (0.2 mg/kg intrave-
nously) and endotracheal intubation, the dogs were ventilated with
a respirator. Anesthesia and analgesia were maintained by a con-
tinuous intravenous infusion of 0.6 mg kg=! h™* piritramide and
0.6 mg kg=! h=! midazolam. Vecuronium bromide was given
intravenously at 0.12 mg kg~! h™%. Blood gas and acid-base
parameters were measured at 30-min intervals and maintained
within physiologic limits. The body temperature was monitored
with a rectal thermistor probe and kept at 37°C-38°C with a
heating pad and an infrared lamp. The right femoral artery and vein
were catheterized with triple-lumen catheters for arterial blood
sampling, measurement of arterial blood pressure (P 23 ID strain
gauge; Statham Instruments Inc., Oxnard, CA), and continuous
intravenous infusion of a modified Tyrode's solution (5 mL kg~*
h=1). Heart rate was obtained from the aortic pressure signal. The
chest was opened through the fourth or fifth intercostal space.
After opening of the pericardium, the left atrium was cannulated
with flexible tubing 1.5 mm in outer diameter, which was ad-
vanced approximately 3 cm through the left atrial appendage, for
subsequent tracer injections. A 7-French Goodale-Lubin catheter
was advanced into the coronary sinus from the right superficial
jugular vein. To challenge the heterogeneity of spatial blood flow
distribution in the left ventricular myocardium, regional ischemia
was induced while the vascular bed of an adjacent coronary artery

was dilated with aprostadil (Prostavasin; SCHWARZ PHARMA
AG, Monheim, Germany) (Table 1). Therefore, in 3 experiments
10 min after the first tracer microsphere injection, a small side
branch (<1 mm in diameter) of the left circumflex coronary artery
(LCx) was occluded and retrogradely cannulated with a thin vinyl
catheter. The dependent myocardium of this occluded side branch
served as an ischemic area in the consecutive experiment. The
catheter was advanced to the LCx to serve as an infusion port for
alprostadil (2 pg/mL). Alprostadil, rather than adenosine or dipy-
ridamole, was used, because it does not interfere with the metab-
olism and transport of the tracer adenosine. A Doppler flow probe
(T206; Transonic Systems Inc., Ithaca, NY), placed around the
LCx proxima to the cannulated side branch, gave an online
measurement of the effectiveness of the pharmacologic vasodila-
tion. Infusion rates were adjusted to induce an approximately
3-fold increase in mean LCx flow. In 2 separate experiments, the
adenosine deaminase blocker erythro-9-hydroxy-nonyl-adenine
(EHNA) was applied (5 wmol EHNA per kilogram, given through
the left atrium, followed by a continuous intravenous infusion of
EHNA at arate of 5 wmol/min) to inhibit degradation of adenosine
to inosine (Table 1). The hemodynamic data were recorded con-
tinuously on a polygraph.

Regional myocardia blood flow was determined with the tracer
microsphere technique using spheres (New England Nuclear, Bos-
ton, MA) with adiameter of 15.2 = 0.1 um labeled with 46Sc, 85,
1133, or 158Gd and suspended in 10% dextran supplemented with
0.01% polysorbate 80 as described previously (10). Microsphere
suspensions were dispersed by repetitive stirring and continuous
sonication for at least 20 min. Approximately 6—9 X 10°% micro-
spheres per injection were aspirated in a5-mL syringe, mixed with
3 mL of atria blood, and immediately infused over 30 s. This
infusion was followed within 30 s by a flush of 2 mL of warm
saline. Local myocardial deposition densities of tracer micro-
spheres and simultaneously applied 100-uL 3H-adenosine (3.7
MB(q; Amersham Biosciences, Piscataway, NJ) were determined.
The methodologic error of the adenosine deposition density was
estimated in 1 experiment in which 3H- and C-labeled adenosine
(2.9 and 7.4 MBq, respectively) were injected simultaneously
(Table 1). Reference organ samples were withdrawn through an
aortic catheter at a rate of 10 mL/min beginning 30 s before the
start and ending 2 min after the end of tracer injection. The entire
reference blood sample was distributed into test tubes and prepared
for counting. In 2 experiments, aortic indicator dilution curves of
3H-adenosine and tracer microspheres were determined (Table 1).

TABLE 1
Scheme of Study Protocol

Experiment no. Intervention

Experimental condition Measurement

1 — Control MS + 3H-label, IDC

2 — Control MS + 3H-label

3 EHNA Inhibition of adenosine deamination MS + 3H-label

4 EHNA Inhibition of adenosine deamination MS + 3H-label, IDC

5 Coronary occlusion + alprostadil Ischemia/hyperemia MS + 3H-label

6 Coronary occlusion + alprostadil Ischemia/hyperemia MS + 3H-label

7 Coronary occlusion + alprostadil Ischemia/hyperemia MS + 3H-label + '#C-label

MS = microsphere deposition density; 3H-label = 3H-label deposition density; IDC = indicator dilution curve; “C-label = “C-label

deposition density.
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In these experiments, whole-blood samples were withdrawn con-
tinuously from the aorta at a rate of 10 mL/min and fractionated
into 15-s samples from O to 60 s and into 30-s samples until the
fifth minute after injection. The percentage fractions of the tracer
in the respective samples were calculated.

According to previously published standardized methods (11),
the myocardial tissue was freeze dried and primarily dissected into
100-128 samples. On the basis of the flow distribution curves, as
obtained from measurement of the tracer microsphere deposition
densities, a similar number of samples (43 = 15) from 6 different
flow classes in each heart was selected and subjected to further
sample processing. The average wet mass used in these analyses
was 487 + 54 mg. Additionally, in 1 experiment, all 120 samples
were analyzed to obtain a complete flow map. For measurement of
the deposition densities of 3H- and “C-labeled adenosine, acid
extracts of each tissue sample were prepared as previously de-
scribed (11). An diquot of the acidic supernatant was used for later
B-scintillation measurements (model 1409 liquid scintillation
counter; Wallac, Turku, Finland). The individual -y-radioactivity in
each tissue sample, along with microsphere standards and blanks,
was determined in a -y-counter (WIZARD 1480; Wallac Oy,
Turku, Finland) at window settings of 84—-104 keV (%3Gd), 430—
470 keV (*'3Sn), 490-530 keV (8Sr), and 850—1,000 keV (*6Sc).
Deposition densities of the different y-emitting isotopes were
corrected for spectral overlap with MultiCalc software (version
1.84; Wallac).

Data in this study are given as mean = SD. Absolute myocar-
dia blood flows determined with the microsphere method were
calibrated (mL min~t g~1) using the reference organ measure-
ments. To facilitate an interindividual comparison of myocardial
blood flow data, relative deposition densities were calculated for
individual myocardial samples from each experiment by dividing
the deposition density of each sample by the average deposition
density of the particular injection of microspheres or adenosine.
Differences between experimental groups were tested with the
Mann-Whitney test. The effects of injection of either tracer mi-
crospheres, adenosine, EHNA, or alprostadil on myocardia blood
flow were assessed by the Wilcoxon signed rank test (2-sided).
Regression analyses were based on individual measurements using
the Spearman rank correlation coefficient. Statistical analyses were
performed using SPSS software (version 6.0.1; SPSS Inc., Chi-
cago, IL) for Windows (Microsoft, Redmond, WA). A value of
P < 0.05 (2-sided) was assumed to indicate a significant differ-
ence.

RESULTS

Hemodynamics

Under resting conditions, mean aortic blood pressure
averaged 90.0 = 5.2 mm Hg; heart rate, 95 = 22 beats
min—1; left ventricular free wall blood flow, 1.49 = 0.49 mL
min~—1g~1; and circumflex blood flow, 25 = 5 mL min~—1. At
the doses applied, injection of neither labeled microspheres,
3H/*C-adenosine, nor EHNA exerted systemic vasoactive
effects, asjudged by the lack of effect on any of the above
hemodynamic parameters. In contrast, intracoronary infu-
sion of alprostadil augmented circumflex blood flow almost
3-fold, to 71 = 11 mL/min, and increased the flow range
(mean flow range control from 0.75 * 0.27 to 5.97 = 5.95
mL min~! g%, mean flow range alprostadil from 0.59 +

0.24 t0 8.35 = 6.43 mL min-! g~1). However, alprostadil
did not change global hemodynamics, including mean left
ventricular blood flow of the entire free wall (1.56 = 0.58
mL min—1 g-1).

Comparison of 3H-Adenosine and Tracer Microspheres
Figure 1 depicts an aortic indicator dilution curve for
3H-adenosine and tracer microspheres under control condi-
tions. The percentage fractions of the respective tracers in
whole blood appearing in the aorta within the first minute
were amost identical, with a peak maximum at 30 s. After
approximately 1 min, the dilution curves started to diverge
(Fig. 1B). Although tracer microspheres almost completely
disappeared from aortic blood within 2 min, asmall fraction
of 3H-adenosine (0.1%) was found until the fourth minute,
indicating a minor fraction of tracer recirculation.

Figure 2 depicts the relationship between the relative
deposition densities of tracer microspheres and ®H-adeno-
sine in the left ventricular free wall during either control
conditions, EHNA infusion, or aprostadil infusion. The
respective correlation coefficient for all data points (n =
293) amounted to r = 0.93 (r2 = 0.86; P < 0.0001),
indicating that the deposition density of 3H-adenosine could
explain, with 86% probability, local blood flow as measured
with the microsphere technique. This highly significant re-
lationship was found in every experiment and over a broad
range of local myocardial blood flows (0.22-12.9 mL min—?1
g%, Table 2). Although intracoronary alprostadil aug-
mented the relative dispersion of local blood flows (0.45 +
0.2 vs. 0.31 = 0.5), the correlation coefficients for tracer
microsphere deposition versus °H-adenosine deposition
were similar to those in the absence of alprostadil (Table 2:
experiments 1 and 2, control; experiments 3 and 4, EHNA;
experiments 5-7, aprostadil). Similarly, the presence of
EHNA did not change the correlation coefficient.

Subendocardial and subepicardial samples from control
and EHNA experiments revealed relative blood flows of
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FIGURE 1. Aortic indicator dilution curves of 3H-adenosine
and tracer microspheres under control conditions. Percentage
fractions of respective tracers in whole blood emerging into
aorta within 5 min after start of tracer application through left
atrium are depicted for representative experiment. Linear scal-
ing (A) and logarithmic scaling (B) of y-axis panel facilitate
comparison between tracers at early and late times.
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FIGURE 2. Relationship between relative deposition densities

of coinjected tracer microspheres and 3H-adenosine in left ven-
tricular free wall during either control conditions, EHNA infusion,
or alprostadil infusion. To facilitate comparison of different ex-
periments, absolute flow values were normalized with respect to
average deposition densities. Linear regression analysis was
performed for all data points (solid line). Dotted line is line of
identity.

1.09 = 0.33 and 0.95 * 0.29 as assessed by the microsphere
technique. Relative flows determined from the tracer aden-
osine distribution were 1.06 = 0.30 and 0.94 = 0.26,
respectively. The endocardial-to-epicardial flow ratios were
1.15 and 1.13 for the microsphere and the tracer adenosine
techniques, respectively, and were not significantly differ-
ent. In ischemic myocardial samples, the subendocardial
and subepicardial relative blood flowswere 0.37 = 0.15 and

0.87 = 0.32 as measured with the tracer microsphere tech-
nique and 0.40 = 0.17 and 0.89 = 0.31 as assessed with the
tracer adenosine technique. The endocardial-to-epicardial
flow ratios were 0.43 and 0.45 for the microsphere and the
tracer adenosine techniques, respectively. This difference
was not statistically significant.

Comparison of 3H- and “C-Adenosine

The relationship between the deposition densities of coin-
jected 2H-adenosine and “C-adenosine is depicted in Figure
3. As expected, atight correlation (r = 0.97;r2 = 0.94; P <
0.0001) was found, indicating that the deposition density of
3H-adenosine could explain, with 94% probability, the local
deposition density of 4C-adenosine. The coefficient of vari-
ation (SD/mean) for the deposition density measurements
with the differentially labeled adenosine amounted to 0.1
for al single data points, indicating a small methodologic
error.

Mapping of Adenosine Deposition

Figure 4A shows a scheme of our experimental setup
during intracoronary alprostadil infusion, along with the
area that was subjected to sample analysis. The correspond-
ing map of the local deposition densities of *H-adenosine
(n = 120) in the left ventricular free wall is depicted in
Figure 4B. Here, the samples along the base to the apex axis
(horizontal) are represented by 5 slices of the left ventricular
free wall starting with slice 1 on the left (base) to slice 5 on
the right (apex). Each dice contains data from 6 sectors
starting with sector 1 and ending with sector 6 as equivalent
to the anterior and lateral free wall of the left ventricle.
Within each dlice, the 4 layers of myocardium are ordered
from left (subendocardium) to right (subepicardium). Al-
though a proper anatomic classification was not intended in
this study, it is evident that areas supplied by the LCx
(sectors 4—6) received a high blood flow because of the
local pharmacologic vasodilation with alprostadil. In con-
trast, areas supplied by the occluded side branch (sectors 1
and 2) showed a lower deposition density, especialy in

TABLE 2
Flow Analysis of Individual Experiments

Experiment Minimal flow Maximal flow

no. n* (mL min~" g7 ") (mL min~" g7 r r? yt Pt

1 12 0.30 0.72 0.82 0.68 1.11x — 0.09 <0.001
2 46 0.23 1.66 0.88 0.78 0.84x + 0.16 <0.0001
3 42 0.30 2.25 0.95 0.90 0.96x + 0.03 <0.0001
4 57 0.54 3.66 0.82 0.68 1.01x — 0.01 <0.0001
5 48 0.76 12.90 0.94 0.87 0.88x + 0.12 <0.0001
6 56 0.42 3.80 0.97 0.94 0.94x + 0.06 <0.0001
7 42 0.22 1.70 0.88 0.77 0.81x + 0.18 <0.0001

*Number of tissue samples per heart analyzed.

fLinear regression analysis was performed according to general equation y = ax + b.

*Error probability.

Experiments 1 and 2 were control, 3 and 4 were EHNA, and 5-7 were alprostadil.
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FIGURE 3. Relationship between relative deposition densities

of coinjected 3H-adenosine and “C-adenosine in left ventricular
free wall. Data are normalized with respect to average deposi-
tion density. Solid line is linear regression line. Dotted line is line
of identity.

slices closer to the base. This analysis suggests that, given
the high correlation of tracer microsphere and tracer aden-
osine deposition, local adenosine uptake can be well trans-
formed into high-resolution flow maps.

DISCUSSION

Adenosine, known as the dephosphorylation product of
adenine nucleotides, mediates multiple biologic actions in
the heart, including coronary dilation, bradycardia, negative
inotropic actions, and preconditioning (12). When exoge-
nous adenosine is applied, these effects are usually associ-
ated with adenosine plasma concentrations in the micro- to
millimolar range. However, significant species differences
seem to exist. In humans, strong vasodilation occurs when
adenosineis applied intravenously at doses ranging from 70
to 500 wg kg=! min~—1 (13). Simultaneously, venous plasma
concentrations are around 2 wmol/L (14). In guinea pig
isolated heart, the threshold adenosine concentration for
coronary vasodilation is around 10 nmol/L (15), whereasin
dog heart, the physiologic adenosine concentration in blood
plasma is 10—60 nmol/L (16,17), and plasma adenosine
concentrations of around 700 nmol/L are required to signif-
icantly augment coronary blood flow (18). In the present
study, ®H-adenosine with a high specific radioactivity of 925
GBag/mmol was used, which was equivalent to a dose of 4
nmol of adenosine per atrial injection. Because this amount
is readily diluted with the venous return to the left atrium

(duration of injection, 30 ), it is to be expected that the
adenosine doses used in the present experiments were too
low to affect coronary dilation or heart rate. This expecta-
tion agrees with our observation of an unchanged heart rate
and unchanged coronary flow during adenosine administra-
tion.

Adenosine is known to be rapidly metabolized in heart
tissue (19). In guinea pig heart, approximately 2.3 nmol of
adenosine per minute and per gram are produced under
well-oxygenated conditions. Estimates for dog myocardium
are in the range of 0.3-1.3 nmol min~! g=* (8,11). In
addition to a predominant intracellular site of production,
adenosine is also formed in the extracellular region under
well-oxygenated conditions because of the catalytic action
of ecto-5'-nucleotidase. Because adenosine is metabolized
quantitatively only in cytosolic regions, the combination of

Cannula in
side branch
Ischemic area
Subend
4 Transmural layers
Subep

Subend

4 Myocardial lay::r%uhw = ,; 4
blood fl L WZ :
Relative blood flow - \
—1 B

Sectors

FIGURE 4. Maps of local deposition densities of 3H-adeno-
sine (n = 120) in left ventricular free wall during intracoronary
alprostadil infusion. (A) Scheme of sample preparation. (B) Sam-
ple groups along base to apex axis represent 5 slices from left
ventricular free wall starting with slice 1 on left (base) to slice 5
on right (apex). Each slice contains data from 6 sectors starting
with sector 1 (bottom) and ending with sector 6 (top). Four layers
of myocardium are ordered from inner (subendocardium) to
outer (subepicardium). Data are from experiment 7. Subend =
subendocardium; subep = subepicardium.
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a certain extracellular production and a high rate of intra-
cellular metabolism creates a concentration gradient across
the cell membranes that is directed from extracellular to
intracellular (20,21). Because cardiovascular tissues arerich
in adenosine membrane transport proteins (22), labeled
adenosine applied to the vascular system may be expected
to be rapidly and effectively taken up into cellular compart-
ments. This concept has previously been shown to be valid
(8). When tracer adenosine was applied through the coro-
nary artery of the dog heart, only a minor fraction (1%) was
recovered from the coronary sinus blood under control
physiologic conditions. The adenosine fraction extracted
from dog blood plasma was most likely taken up into the
endothelial cells, as indicated by autoradiography (9). Only
aminor fraction was probably taken up by red cells, because
the plasma half-life of adenosine in dog blood in vitro is
around 3 min (5), which is considerably longer than the
transit time of blood through the coronary circulation (ap-
proximately 10 s (23)). The missing uptake of adenosine
into canine red cells may be explained by the lack of the
facilitated nucleoside membrane transport in these cdlls (24).

Figure 2 shows that the local deposition densities of
tracer microspheres and adenosine correlated tightly over a
wide range of flows. Even for local myocardial flow rates as
high as 12.9 mL min~* g1, no deviation from the overall
linear relationship between the 2 deposition densities was
observed. Such a tight correlation between adenosine and
microsphere flow requires that the local deposition of aden-
osine be flow limited (i.e., the extraction of adenosine must
be amost complete) and that the label be retained locally.
The arguments for an almost perfect extraction of adenosine
have been addressed above. The high local retention of
first-pass extracted adenosine is most likely brought about
by the high rate of adenosine phosphorylation in conjunc-
tion with the size of the cellular adenine nucleotide pool.
The presence of EHNA did not affect the correlation be-
tween adenosine and microsphere depositions (Table 2).
Thus, deamination of adenosine was not important for the
tissue sequestration of adenosine. Furthermore, the action of
S-adenosylhomocysteine hydrolase is unlikely to be impor-
tant for cellular sequestration under our experimental con-
ditions because no exogenous homocysteine was supplied
(11,16). We therefore conclude that the extracted adenosine
was quantitatively phosphorylated to adenosine monophos-
phate by the action of cytosolic adenosine kinase, which is
largely responsible for the metabolism of cytosolic adeno-
sine in cardiac tissues (19). Because the adenine nucleotide
tissue level is around 6.5 wmol/g in canine heart (16), a
cytosolic concentration of 10 mmol/L is calculated. Because
the cytosolic adenosine concentration in endothelial cells
and cardiomyocytes of the dog heart isin the range of 7-24
nmol/L (11), a ratio of 6.6 X 10° is caculated for the
distribution spaces of the adenosine and adenine nucleotide
fractions. Thus, once adenosine is phosphorylated, it is not
likely to leave the adenine nucleotide pool again because of
the relatively large pool size.

646

Other molecular flow markers that have been used in the
past include potassium and its analogs Rb* and T1* (25,26),
tracer water (27), 3N-ammonia (28), and iododesmethyl-
imipramine (IDMI) (29). A disadvantage of potassium and
its analogs is that their transport in myocardia tissue is
partialy barrier limited (25,26). In addition, the ratio of the
extravascular volume of distribution to the intravascular
volume of distribution is about 4 X 10! and, thus, much
smaller than that calculated for adenosine (6.6 X 10°).
Therefore, adenosine is a much more powerful flow marker
than is potassium and its analogs, which typically exhibit
limited tissue uptake with increasing flow.

Tracer water, athough distributing reasonably well
across myocardial tissue, lacks a mechanism for prolonged
retention. It rapidly redistributes into the vascular region;
hence, its tissue residue requires mathematic interpretation
to allow its use for estimating local myocardial blood flow.
A similar reasoning applies to anmonia, which isfrequently
employed in clinical studies using PET technologies (28).

Another tracer with a high extraction rate and good
retention is IDMI. In this case, local sequestration is prob-
ably brought about by binding the tracer to cell surface
receptors or the extracellular domain of membrane trans-
porters (30). However, a potential problem with IDMI in
blood-perfused settings is its unspecific binding to plasma
proteins and cell membranes. Unspecific plasma binding
may contribute to a more rapid redistribution of IDMI from
the tissue to the blood compartment, as observed in blood-
perfused rabbit heart and in dog heart in situ (29,30). None-
theless, IDMI has been shown in sheep heart and rabbit
heart to be areliable marker of local myocardial blood flow
over short intervals.

The tight correlation between the deposition densities of
tracer adenosine and microspheres suggests that adenosine
is an almost ideal marker of local blood flow in the heart.
Similar to IDMI, small but systematic deviations between
adenosine and the microsphere depositions may occur at
very low and very high flows (Fig. 2). At low flows, the
deposition density of adenosine tends to suggest higher
flows than does microsphere measurement, whereas at high
flows the adenosine deposition tends to suggest slightly
lower flows than does the microsphere method. However,
the dlight imperfection might also have been introduced by
the tracer microsphere method. Because microspheres are
corpuscles with a certain mass, they may be expected to
distribute nonideally at vessel bifurcations. The tendency of
microspheres to preferentially enter higher flow paths, as
well as their tendency to rather enter straighter flow paths,
has previously been considered in detail (31).

The precision of alocal flow estimate depends rather on
the number of labeled particles or molecules per unit tissue
than on the amount of radioactivity. This has been assessed
in detail for the tracer microsphere technique (32,33). A
theoretic number of ~2,000 spheresin the reference sample
and ~475 spheres in tissue samples was calculated from a
statistical model to measure blood flow with 10% accuracy
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at the 95% confidence level. Although this number is well
established for tracer microspheres, the adequate number of
necessary adenosine molecules remains to be determined.
From the specific radioactivity of 3H-adenosine applied in
our experiments and the respective tissue measurement of
deposited radioactivity, an average number of 1.87 X 103
tritiated molecules per myocardial sample is calculated.
Thus, a significant systematic error is unlikely.

It might be argued that tracer adenosine may be areliable
flow marker over short observation periods but may fail
over extended periods because of label redistribution. Be-
cause our observation period was no longer than 5 min after
tracer adenosine injection, we cannot exclude the possibility
of redistribution or recirculation of adenosine. However,
from the above-mentioned characteristics of adenosine me-
tabolism, in particular with respect to the rapid intracellular
phosphorylation and sequestration, it appears that such po-
tential complications are actually of quantitatively minor
importance. Given the cardiac adenosine production rate
and the size of the myocardial adenine nucleotide pooal,
approximately only 0.02% of the adenine nucleotides are
converted to adenosine per minute under physiologic con-
ditions. Furthermore, a previous study on isolated perfused
guinea pig heart indicated that, after prelabeling of the
adenine nuclectide pool, radioactive adenosine was rel eased
at arate of less than 0.01% of the label per minute (7).
Taken together, the present study clearly indicates not only
that the deposition density of adenosine is proportional to
local blood flow but that retention of adenosine is high
enough to allow for a precise loca flow estimate over
intervals of at least several minutes. Because the tracer in
our study was infused into the left atrium, we cannot ex-
clude an extraction in other organs after systemic applica-
tion. Thus, use for noninvasive perfusion imaging has to be
determined in future studies.

Measurement of myocardial blood flow is of increasing
interest in experimental and clinical settings. The finding
that tracer adenosine is areliable marker of local blood flow
may spawn widespread future applications. If adenosine is
labeled with stable isotopes, such as 170, 180, 15N, or 13C, or
if the molecule is substituted with 1°F, it could be detected
by magnetic resonance tomography or mass spectroscopy.
Synthesis of adenosine with a positron label, such as *C or
18F, would alow its use for PET studies. Commonly avail-
able B-emitting radionuclides, such as °H/**C-adenosine,
have a potential for autoradiography experiments. Thus,
adenosine appears to be an attractive candidate for local
blood flow measurements with different in vivo and in vitro
techniques.

CONCLUSION

The key finding of the present study is that tracer aden-
osine is a reliable marker of local blood flow in dog myo-
cardium over awide range of flows. First-pass extraction of

adenosine is nearly complete and, thus, does not require a
sophisticated mathematic-model analysis for assessment of
regional blood flow. Because adenosine may be labeled
with various stable isotopes or radioisotopes, it may repre-
sent a powerful tracer for local flow measurements with
different techniques, such as PET, magnetic resonance to-
mography, or autoradiography, in in vitro and in vivo set-
tings.

REFERENCES

1. Chierchia SL, Fragasso G. Angina with normal coronary arteries: diagnosis,
pathophysiology and treatment. Eur Heart J. 1996;17(suppl G):14-19.

2. Pauly DF, von Mering GO, Humphlett PK, et a. A polymorphism in the
angiotensin |1 type 1 receptor (AT1R) gene is associated with coronary endothe-
lid dysfunction in women with chest pain: areport from the NHLBI WISE study.
In: Abstracts of the AHA meeting “Molecular, Integrative, and Clinical Ap-
proaches to Myocardia Ischemia’; August 9-11, 2001; Seattle, WA. Page 120.

3. Ghaleh B, Shen YT, Vatner SF. Spatial heterogeneity of myocardial blood flow
presages salvage versus necrosis with coronary artery reperfusion in conscious
baboons. Circulation. 1996;94:2210—2215.

4. Loncar R, Flesche CW, Deussen A. Coronary reserve of high- and low-flow
regions in the dog heart left ventricle. Circulation. 1998;98:262—-270.

5. Moser GH, Schrader J, Deussen A. Turnover of adenosine in plasma of human
and dog blood. Am J Physiol. 1989;256:C799—C806.

6. Olsson RA, Saito D, Steinhart CR. Compartmentalization of the adenosine pool
of dog and rat hearts. Circ Res. 1982;50:617—626.

7. Deussen A, Moser G, Schrader J. Contribution of coronary endothelia cells to
cardiac adenosine production. Pflugers Arch. 1986;406:608—614.

8. Kroll K, Stepp DW. Adenosine kinetics in canine coronary circulation. Am J
Physiol. 1996;270:H1469-H1483.

9. Nees S, Herzog V, Becker BF, Bock M, Des Rosiers C, Gerlach E. The coronary
endothelium: a highly active metabolic barrier for adenosine. Basic Res Cardiol.
1985;80:515-529.

10. Sonntag M, Deussen A, Schultz J, Loncar R, Hort W, Schrader J. Spatial
heterogeneity of blood flow in the dog heart. |. Glucose uptake, free adenosine
and oxidative/glycolytic enzyme activity. Pflugers Arch. 1996;432:439—450.

11. Loncar R, Flesche CW, Deussen A. Determinants of the S-adenosylhomocysteine
(SAH) technique for the local assessment of cardiac free cytosolic adenosine. J
Mol Cell Cardiol. 1997;29:1289-1305.

12. Mubagwa K, Mullane K, Flameng W. Role of adenosine in the heart and
circulation. Cardiovasc Res. 1996;32:797—-813.

13. Sollevi A, Ericson K, Eriksson L, Lindqvist C, Lagerkranser M, Stone-Elander S.
Effect of adenosine on human cerebral blood flow as determined by positron
emission tomography. J Cereb Blood Flow Metab. 1987,7:673-678.

14. Sollevi A, Lagerkranser M, lIrestedt L, Gordon E, Lindquist C. Controlled
hypotension with adenosine in cerebral aneurysm surgery. Anesthesiology. 1984,
61:400—405.

15. Bardenheuer H, Schrader J. Supply-to-demand ratio for oxygen determines
formation of adenosine by the heart. Am J Physiol. 1986;250:H173-H180.

16. Deussen A, Borst M, Kroll K, Schrader J. Formation of S-adenosylhomocysteine
in the heart. II: A sensitive index for regional myocardial underperfusion. Circ
Res. 1988;63:250—261.

17. Herrmann SC, Feigl EO. Adrenergic blockade blunts adenosine concentration
and coronary vasodilation during hypoxia Circ Res. 1992;70:1203-1216.

18. Stepp DW, Van Bibber R, Kroll K, Feigl EO. Quantitative relation between
interstitial adenosine concentration and coronary blood flow. Circ Res. 1996;79:
601-610.

19. Deussen A. Metabolic flux rates of adenosinein the heart. Naunyn Schmiedebergs
Arch Pharmacol. 2000;362:351-363.

20. Deussen A, Stappert M, Schafer S, Kelm M. Quantification of extracellular and
intracellular adenosine production: understanding the transmembranous concen-
tration gradient. Circulation. 1999;99:2041-2047.

21. Mattig S, Deussen A. Significance of adenosine metabolism of coronary smooth
muscle cells. Am J Physiol. 2001;280:H117-H124.

22. Parkinson FE, Clanachan AS. Adenosine receptors and nucleoside transport sites
in cardiac cells. Br J Pharmacol. 1991;104:399—-405.

23. Hirche H, Lochner W. Measurement of blood flow and blood volume of the
coronary vascular bed with an indicator dilution technique in anesthetized closed
chest dogs [in German]. Pflugers Arch. 1962;274:624—632.

24. Jarvis SM, Hammond JR, Paterson AR, Clanachan AS. Species differences in

ADENOSINE AS A FLow MARKER ¢ Lauer et al. 647



25.

26.

27.

28.

29.

nucleoside transport: a study of uridine transport and nitrobenzylthioinosine
binding by mammalian erythrocytes. Biochem J. 1982;208:83-88.

Yipintsoi T, Dobbs WA Jr, Scanlon PD, Knopp TJ, Bassingthwaighte JB.
Regional distribution of diffusible tracers and carbonized microspheres in the left
ventricle of isolated dog hearts. Circ Res. 1973;33:573-587.

Poe ND. Rational e and radiopharmaceuticals for myocardial imaging. Semin Nucl
Med. 1977;7:7-14.

Bergmann SR, Fox KA, Rand AL, et a. Quantification of regional myocardial
blood flow in vivo with H,'2O. Circulation. 1984;70:724—733.

Schelbert HR, Phelps ME, Hoffman EJ, Huang SC, Selin CE, Kuhl DE. Regional
myocardial perfusion assessed with N-13 labeled ammonia and positron emission
computerized axial tomography. Am J Cardiol. 1979;43:209-218.

Little SE, Link JM, Krohn KA, Bassingthwaighte JB. Myocardial extraction and

30.

31

32.

33.

retention of 2-iododesmethylimipramine: a novel flow marker. Am J Physiol.
1986;250:H1060-H1070.

Little SE, Bassingthwaighte JB. Plasma-soluble marker for intraorgan regional
flows. Am J Physiol. 1983;245:H707-H712.

Bassingthwaighte JB, Malone MA, Moffett TC, et al. Molecular and particulate
depositions for regional myocardia flows in sheep. Circ Res. 1990;66:1328—
1344.

Buckberg GD, Luck JC, Payne DB, Hoffman JI, Archie JP, Fixler DE. Some
sources of error in measuring regiona blood flow with radioactive microspheres.
J Appl Physiol. 1971;31:598—604.

Dole WP, Jackson DL, Rosenblatt JI, Thompson WL. Relative error and vari-
ability in blood flow measurements with radiolabeled microspheres. Am J
Physiol. 1982;243:H371-H378.

Erratum

Some errors appeared in “Prognostic Value of Normal Exercise and Adenosine *™Tc-Tetrofosmin SPECT Imaging:
Results from the Multicenter Registry of 4,728 Patients,” by Shaw et a. (J Nucl Med. 2003;44:134-139). In the
abstract, the second sentence of the Results should read: “ The observed annualized survival rate for those patients
with anormal %mTc-tetrofosmin study was 99.4%.” In Figure 4, the y-axis should be labeled “ Cardiac survival rate.”
The legend of the same figure should read: “Meta-analysis of annualized cardiac survival ratesin normal or low-risk
200, 99mTc-sestamibi, and *™tetrofosmin SPECT. . . . Meta-analysis revealed that annualized cardiac survival rate

was 99.5%. . .. " The authors regret the errors.
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