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To assess its potential role as a new metabolic , the relation-
ship between regional uptake of the 15-(p-['2>I}-i 3,3
dimethylpentadecanoic acid (DMIPP) fatty acid analog and myocar-
dial blood flow was studied. Methods: In 14 open-chest dogs, the
left anterior descending coronary artery was cannulated and extra-
corporal at normal (control group; n = 4) and
reduced flow (intervention group; n = 10). Myocardial biood flow
(MBF) was assessed with “Sc-labeled microspheres. Forty minutes
after intravenous injection of DMIPP, the heart was excised and cut
into 120 samples. In each sample, MBF ml- g~ - min~" and DMIPP
uptake (percentage of the injected dose per gram, %ID/g) were
assessed. Resuilts: In normal myocardium, MBF and DMIPP uptake
were 1.10 = 0.18 ml- g~ - min~" and 1.18 * 0.42 X 1072 %ID/g,
respectively. In the extracorporal bypass area, flow was reduced to
0.49 = 0.20mi- g~ ' -min~" (p < 0.0001 compared to normal), and
DMIPP uptake was decreased to 0.75 + 0.26 X 102 %ID/g (p <
0.0001 compared to normal). DMIPP uptake and MBF positively
correlated in normal (DMIPP uptake = 0.77 *+ 0.23 - MBF; r = 0.41;
p < 0.0001) and hypoperfused (DMIPP uptake = 0.35 + 0.70 - MBF;
r = 0.63; p < 0.0001) myocardium. The heterogeneity, indicated by
the coefficient of variation, in normal myocardium was 0.23 + 0.05
for MBF and was lower (p < 0.0001) for DMIPP uptake: 0.13 + 0.05.
During flow reduction, heterogeneity increased significantly (p <
0.0001) for both MBF (0.59 + 0.22) and DMIPP uptake (0.37 + 0.23).
Also heterogeneity of the DMIPP uptake to MBF ratio, as an
indicator of agreement, increased from 0.23 + 0.07 in normal to
0.46 * 0.19 in hypoperfused myocardium (p < 0.0001). Conclu-
sion: DMIPP detects regionally hypoperfused myocardium, in which
agreement between MBF and fatty acid uptake deteriorates. DMIPP
uptake shows a different relationship with MBF in hypoperfused
compared to normal myocardium. These observations suggest that
DMIPP uptake may provide additional, unique information on re-
gional myocardial ischemia.
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Under physiological conditions, long-chain fatty acids are the
main source for oxidative myocardial energy production (/,2).
Despite the complexity of fatty acid homeostasis, scintigraphy
with fatty acid analogs can provide information on discrete
aspects of fatty acid metabolism that involve uptake, oxidation
or lipid incorporation. A variety of radioiodinated fatty acids
(IFAs) have been developed to study cardiac fatty acid metab-
olism noninvasively in man (3,4). In recent years, myocardial
fatty acid imaging has focused on IFAs showing prolonged

Received Oct. 11, 1996; accepted Nov. 23, 1996.

For correspondence or reprints contact: Gerrit W. Sloof, MD, Department of Nuclear
Medicine, Free University Hospital, De Boeiclaan 1117, 1081 HV Amsterdam, The
Netherlands.

myocardial retention, thus permitting regional myocardial dis-
tribution studies by SPECT (5,6). Introduction of methyl-
branching of the aliphatic chain of the fatty acid molecule
appeared to be a successful approach to delay myocardial
clearance by inhibiting myocardial oxidation. The monomethyl-
branched analog 15-(p-iodophenyl)-3-R,S-methylpentadecanoic
acid (BMIPP) has been most intensively studied in animal
models and evaluated in patients (5,6), and it has been demon-
strated that BMIPP uptake patterns correspond well with
[''C]palmitate uptake in patients with coronary artery disease
(7). However, BMIPP showed some myocardial clearance due
to catabolism by initial alpha-oxidation followed by cycles of
beta-oxidation (5,8—12). Therefore, Knapp et al. (9) developed
15-(p-iodophenyl)-3,3-dimethylpentadecanoic acid (DMIPP),
in which beta-dimethyl-substitution leads to more effective
inhibition of catabolism. In dogs, DMIPP showed considerable
myocardial uptake and prolonged retention, reflected by pre-
dominant incorporation into triacylglycerols and high heart to
blood ratios: 12.7 = 3.7:1 (13). These properties make DMIPP
a promising tracer for studying regional fatty acid uptake by
SPECT (/3). Nevertheless, the uptake kinetics of DMIPP in
hypoperfused relative to normal myocardium requires detailed
evaluation.

Myocardial blood flow (MBF) is heterogeneous, both trans-
murally and circumferentially (/4-25). The observed hetero-
geneity is greater than can be accounted for by error due to the
technique of blood flow measurements (/6,19,21) and larger
than temporal variability (/4—16). Causes for this spatial
heterogeneity have not yet been elucidated. Differences in
regional metabolism have been suggested (/8,23-25), although
conflicting results have been observed (26). During ischemia,
heterogeneity in MBF becomes highly pronounced (21,27).
Because of factors such as severity and duration of flow
reduction, this heterogeneity may play an important role in
heterogeneous myocardial damage (focal necrosis).

Knowledge of heterogeneity of myocardial fatty acid uptake
is virtually lacking; however, this might be crucial for the
comprehension of scintigraphic data obtained in patients. The
aim of this study was, therefore, to assess the heterogeneity of
DMIPP uptake in relation to the heterogeneous blood flow, both
in normal and hypoperfused myocardium.

MATERIALS AND METHODS

Fourteen male mongrel dogs (27.5 = 2.9) were studied after
overnight fasting. After premedication with 2.0-4.0 ml of Thalam-
onal intramuscularly (2.5 mg of droperidol/50 ug of fentanyl per
ml), anesthesia was induced by fentanyl (20 ug/kg) through a
cannula in a cephalic vein, immediately followed by administration
of etomidate (0.4 mg/kg). Before thoracotomy, droperidol (0.5
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mg/kg) and fentanyl (40 ug/kg) were administered by bolus
injection, followed by continuous infusion of fentanyl (10-20 ug *
kg~' - hr™'). The dogs were ventilated with N,0:0, (2:1, v/v), and
muscle relaxation was maintained with pancuronium intravenously
(0.2 mg/kg prior intubation, followed by 0.01 mg - kg™' < hr™!).
Arterial blood gas samples were taken every 30 min, and ventila-
tion was adjusted in such a way that proper blood gas levels were
maintained, i.e., PO, of about 13.3 kPa and PC,, of about 5.0 kPa.
The pH was maintained at 7.4 by administering sodium hydrogen
carbonate (NaHCO,, 4.2%) when required.

A catheter was introduced into the carotid artery for blood
sampling and arterial pressure measurements. For measurements of
cardiac output and central body temperature, a pulmonary artery
catheter was introduced into the external jugular vein. A thoracot-
omy was performed through the fifth left intercostal space, and the
heart was suspended in a pericardial cradle. To prevent blood
clotting, heparin 200 units/kg intravenously was given. The elec-
trocardiogram and pressure curves were continuously monitored,
and central body temperature was maintained between 37°C and
38°C using a water-heated pad. Normal saline was infused to match
losses due to respiration and blood sampling.

Experimental Protocols

After thoracotomy, the proximal left anterior descending coro-
nary artery (LAD) was isolated and cannulated with an 18-gauge
polyethylene cannula. Immediately (several seconds) after cannu-
lation, the LAD area was perfused with arterial blood withdrawn
from a catheter in a femoral artery by an extracorporal bypass
(ECB) system; the volume of the system was 18 ml. The LAD
proximal to the site of cannulation was ligated, and a calibrated
roller pump was used to adjust coronary flow. The perfusion
pressure was measured at the proximal entrance of the cannula. The
temperature of the blood was maintained at central body temper-
ature by means of a heat exchanger (countercurrent principle). To
obtain normal flow, the perfusion pressure was adjusted to match
mean aortic pressure.

Two groups of animals were investigated: in a control group
(n = 4), the LAD flow was maintained on a normal level to assess
any effects of the ECB procedure on MBF and DMIPP uptake. In
an intervention group (n = 10), the LAD flow was reduced to
one-third by the ECB.

Twenty-five minutes after adjusting (t = 0 min) the LAD flow
in both groups, MBF was measured by the radiolabeled micro-
sphere technique (28). Scandium-46-labeled microspheres (¢ =
15 = 1 wm; half-life = 83.8 days; gamma-peak energy = 889 and
1121 keV; specific activity = 8 X 10* spheres/kBq) were sus-
pended in normal saline and one drop of Tween 80 and thoroughly
mixed using a vortex shaker. Mixing was continued until injection
through a cannula in the left atrium, and approximately 3 million
microspheres (370 kBq) were injected. Withdrawal of the arterial
reference sample at the site of a carotid artery was initiated just
before the injection of microspheres and was continued for 2 min
at a rate of 18.2 ml/min using a roller pump. At t = 30 min, 34 *
4 MBq DMIPP (half-life = 60.2 days; gamma-peak energy = 35
keV; specific activity = 296 MBq/mg) was injected into the
cephalic vein. At t = 70 min, black Indian ink was administered
into the ECB system to determine the ECB-perfused region,
immediately followed by intracavitary administration of potassium
chloride to induce cardiac arrest.

After cardiac arrest, the heart was rapidly excised and rinsed in
ice-cold saline. After removal of the atria, right ventricle, valves
and subepicardial fat, the left ventricle (LV) (weight = 123.5 *
20.7 g) was cut into five equal-thickness, transverse slices parallel
to the atrioventricular A-V ring. The slices were cut into eight
radial segments, each divided into subepi-, mid- and subendocar-
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dial samples. The samples were classified as being entirely stained,
i.e., ECB region in control and intervention hearts, or not stained at
all, i.e., native perfused myocardium. Partially stained samples
were classified as borderline. After weighing the myocardial
samples (mean * s.d., 1.080 = 0.394 g) and blood reference
samples, the radioactivity was counted for 5 min in a gamma well
counter, with settings appropriate for '?°I (window, 2081 keV,
which includes the coincidence peak in the well counter) and *°Sc
(window, 756-1268 keV). Correction was made for background,
decay and cross-over. Cross-over was 7.7% for **Sc into the '*I
and negligible for the opposite situation. Because countrates for
125] were manyfold of those of “*Sc, the cross-over caused no
serious problem for counting statistics (see Appendix). From the
weights and activity, the MBF (ml - g~' - min~') and DMIPP
uptake (%ID/g) values were calculated for the samples.

Data Analysis

Data from the experiments are presented as absolute values. To
reduce variation between dogs and to allow graphic presentation,
the data were pooled after normalization of the individual samples
to the mean value of the normal myocardium in each individual
dog.

Distributions of MBF, DMIPP uptake and the ratios in the native
and ECB-perfused myocardium appeared Gaussian (p > 0.05,
one-sample Kolomogorov-Smirnov test) in each individual dog as
well as in pooled data. Heterogeneity was expressed as the
coefficient of variation (s.d. mean), and to test statistical signifi-
cance, the t-test for paired or unpaired data was used.

To study the relationship between MBF and DMIPP uptake,
linear regression analysis was applied and significance was tested
with one-way ANOVA. Multiple regression analysis with dummy
variables to denote hypoperfused or normal myocardium was used
to compare regression lines, and significance was tested with the
F-test. The correlation coefficient, as a result of linear regression
analysis, is determined by, among other factors, the slope, range of
values and agreement of the variables. To have a more objective
parameter for the degree of agreement between DMIPP uptake and
MBEF, their ratios in the individual samples were calculated. The
agreement between MBF and DMIPP uptake was expressed by the
coefficient of variation of the ratios; a high value indicates a low
agreement. All statistical differences were considered significant if
the probability was less than 0.05.

RESULTS
Hemodynamics and Substrate Levels

Hemodynamic parameters and arterial substrate levels are
summarized in Table 1. In controls, mean arterial pressure,
heart rate and cardiac output were stable during the entire
procedure. In the intervention group, heart rate increased over
time, and mean arterial pressure was stable until the moment of
DMIPP administration but decreased at the end of the experi-
ment. The cardiac output decreased slightly yet remained within
normal limits. Arterial levels of glucose, lactate and B-hydroxy-
butyrate were in normal ranges and did not change significantly
during the experiment. Concentrations of (unlabeled) fatty acids
were in the upper normal range.

Control Group

Values of MBF, DMIPP uptake and subendo-to-subepicar-
dial ratios for both MBF and DMIPP uptake in the ECB-
perfused myocardium (115 samples) were not significantly
different from values for the native perfused myocardium (365
samples) in controls (n = 4) (Table 2). Neither heterogeneity
nor agreement of MBF and DMIPP uptake were significantly
different between native and ECB-perfused myocardium. Thus,
within normal flow values, application of the ECB technique
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TABLE 1
Hemodynamic Variables and Plasma Levels of Substrates in the
Control and Intervention Group

Time Control Intervention
(min) (n=4) n=10)
Hemodynamics
Mean arterial pressure 0 10=x15 108 = 13
(mmHg) 30 112*14 103+ 11
70 107 =10 86 *+ 20"
Heart rate (beats/min) 0 125*25 121 £ 26
30 122+21 145 = 31*
70 122+*8 156 + 28*
Cardiac output (liters/min) 0 46 +11 50+1.1
30 44 02 4.7 *05
70 43+03 42 +09*
Substrates (mmoliter)
Fatty acids 0.78 050 0.88 +0.33
Glucose 78*05 80+17
Lactate 27 +22 22+18
B-hydroxybutyrate 0.06 + 004 0.05+0.03

‘p<005vs.t=0.
Data are expressed as mean *+ s.d. Arterial substrate levels at time of
DMIPP administration (t = 30 min).

did not alter the characteristics of blood flow and DMIPP
uptake.

The distribution of MBF and DMIPP uptake in the pooled
samples (n = 480) of the four normal LVs, expressed as the
percentage of the LV mass, both show a normal, Gaussian
distribution (Fig. 1). Heterogeneity of MBF and DMIPP uptake
was significantly different: 0.23 * 0.06 and 0.13 * 0.05,
respectively (p < 0.0001; Table 2). The difference in hetero-
geneity is also indicated by the width of the curve of the
distribution profile (Fig. 1); for pooled data, heterogeneity was
0.23 for MBF and 0.15 for DMIPP uptake.

Intervention Group

The number of samples in the intervention area of the 10 dog
hearts ranged from 15 to 30, representing 10.4%—-25.2% of the
LV mass. There was a significant flow reduction in the ECB
area of each of the 10 dog hearts (p < 0.0001 for each
individual experiment).

In native perfused, normal myocardium MBF and DMIPP
uptake were 1.10 = 0.18 ml - g~ ' - min~' and 1.18 + 0.42 X

Fraction of LV-mass (%)
35
— MBF

== DMIPP
30
26
20
16
10
5

—

0.2 04 06 08 10 1.2 14 16 1.8 2.0

Normalized MBF and DMIPP-uptake

FIGURE 1. Frequency histogram (percentage of LV mass) of MBF and
DMIPP uptake, normalized for respective mean values in each dog (480
samples of four normoxic left ventricles; control experiments).

1072 %ID/g, respectively. In the ECB area, flow was signifi-
cantly reduced to 0.49 * 020 ml - g~! - min~' (p < 0.0001
compared to normal), in which DMIPP uptake was significantly
decreased to 0.75 = 0.26 X 1072 %ID/g (p < 0.0001 compared
to normal). Subendo-to-subepicardial ratios for both MBF and
DMIPP uptake decreased significantly in hypoperfused versus
normal myocardium (Table 2).

Linear regression analysis for pooled data (Fig. 2) demon-
strated that DMIPP uptake and MBF positively correlated in
normal myocardium (n = 897 samples): DMIPP uptake =
0.77 + 0.23 - MBF; r = 041, s.e.e. = 0.12, p < 0.0001. This
relationship was significantly different (F-test, p < 0.0001)
from the correlation in hypoperfused myocardium (n = 221

TABLE 2
MBF and DMIPP Uptake in Native and ECB-perfused Myocardium of the Control and Intervention Group

Control (n = 4) Intervention (n = 10)
Native p* ECB Native p* ECB

MBF (ml-g~'-min~") 110+ 0.21 n.s. 1.13+0.18 1.10+0.18 0.0001 0.49 + 0.20
DMIPP uptake (102 %ID/g) 1.87 = 0.55 n.s. 1.75 = 0.52 1.18 = 0.42 0.0001 0.75 + 0.26
Subendo-to-subepicardium ratio

MBF 1.09 + 0.12 ns. 1.06 = 0.19 1.07 = 0.10 0.0001 0.69 + 0.25

DMIPP 122 +0.14 ns. 120 = 0.14 1.09 = 0.04 0.0001 0.77 + 024
Heterogeneity (CV)

MBF 0.23 + 0.06 ns. 0.22 + 0.06 0.23 + 0.05 0.0001 0.59 + 0.22

DMIPP 0.13 = 0.05 ns. 0.12 + 0.05 0.13 £ 0.05 0.0001 0.37 £ 0.23

p' 0.0001 0.0001 0.0001 0.01
Agreement 0.19 = 0.04 n.s. 0.20 + 0.04 0.23 = 0.07 0.0001 0.46 + 0.19

*p-value of native vs. ECB-perfused myocardium.
p-value of MBF vs. DMIPP.

n.s. = not significant.
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FIGURE 2. Relation between regional MBF and DMIPP uptake in the intervention group (10 dogs). All data are pooled and expressed relative to the mean
of normal myocardium. DMIPP uptake and MBF correlated in normal myocardium (n = 897): DMIPP uptake = 0.77 + 0.23 - MBF; r = 0.41; s.e.e. = 0.12;
p < 0.0001. This relationship was significantly different (F-test, p < 0.0001) from the comelation in hypoperfused myocardium (n = 221): DMIPP uptake =

0.35 + 0.70 - MBF; r = 0.63, s.e.e. = 0.25; p < 0.0001.

samples): DMIPP uptake = 0.35 + 0.70 - MBF; r = 0.63, s.c.e.
= 0.25; p < 0.0001.

Heterogeneity of both MBF and DMIPP uptake increased
significantly during hypoperfusion, whereas agreement be-
tween DMIPP uptake and MBF deteriorated significantly (p <
0.0001) from 0.23 = 0.07 to 0.46 = 0.19 (Table 2). For pooled
data, heterogeneity in normal myocardium was 0.25 for MBF
and 0.14 for DMIPP uptake, and in hypoperfused myocardium,
these values were 0.66 and 0.45, respectively. Agreement, for
pooled data, was 0.25 in normal compared to 0.78 in hypoper-
fused myocardium. These differences in heterogeneity between
MBF and DMIPP uptake are illustrated by the distribution
profiles in Figure 3.

Borderline Area

In six dogs, a borderline area was found that ranged from 6
to 18 samples, corresponding with 5.0% to 12.8% of the LV
mass. In these six borderline areas, MBF was 0.94 * 0.26 ml -
g™ ' - min~! and DMIPP uptake 0.83 * 0.10 X 10~2 %ID/g.
Heterogeneity for MBF was 0.42 * 0.08 and DMIPP uptake
was 0.22 *= 0.10 (p < 0.0001).

DISCUSSION

DMIPP can detect hypoperfused myocardium because
DMIPP uptake is reduced over a wide range of reduced MBF
values. In flow-restricted areas, the overall DMIPP uptake was
66% =* 23% relative to normally perfused myocardium,
whereas MBF was 45% = 16%, indicating that reduction in

HEeTerROGENEOUS MYocArRDIAL DMIPP UptakEk « Sloof et al.

DMIPP uptake was less pronounced than reduction of MBF. A
possible explanation could be a compensatory increase in
incorporation of fatty acids into triacylglycerols during isch-
emia (29-31) because DMIPP is preferentially incorporated
into the neutral lipid pool (8,12). This phenomenon has also
been suggested by Nishimura et al. (32), who studied BMIPP
uptake in six dogs after a 3-hr occlusion of the LAD, followed
by a 1-hr reperfusion. They found a mismatch of BMIPP/
thallium uptake, with higher uptake of BMIPP.

In normal myocardium, there was a weak but significant
correlation between MBF and DMIPP uptake. Moreover, linear
regression analysis on a subset of samples with a relative
regional myocardial flow greater than the normalized mean
(469 samples) showed that DMIPP uptake did not correlate with
flow at all. These findings indicate that flow is not the sole
determinant of DMIPP uptake in normoxic myocardium. Al-
though spatial differences in metabolic demand of normal
myocardium have been suggested (/8,23-25). Franzen et al.
(18) showed an absence or only a weak correlation between
regional MBF and metabolic parameters in normal canine
myocardium. In contrast, a close correlation between BMIPP
uptake, the monomethylated analog of DMIPP and intracellular
ATP levels has been found (33). These observations suggest
that regional DMIPP uptake could be more closely related to
ATP content than to regional MBF. Further, in normal myocar-
dium where a steady state prevails, we may assume that fatty
acid uptake is closely related to fatty acid metabolism. There-
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FIGURE 3. Frequency histogram of LV mass) of MBF and
DMIPP uptake in nommal (n = 897 samples) and hypoperfused (n = 221
samples) left ventricular myocardium of 10 dogs (pooled data of intervention
group), nommalized for the mean value of the nommal and hypoperfused
myocardial region of each dog.

fore, the more homogeneous distribution of DMIPP in normal
myocardium than that in flow supports the hypothesis that
heterogeneity in MBF is only partly explained by regional
metabolic differences.

In hypoperfused myocardium, there was a significantly
steeper slope of the relationship between DMIPP uptake and
regional blood flow (DMIPP uptake = 0.70 - MBF + 0.35).
Moreover, if only the samples with a regional MBF below 70%
relative to the normal area (n = 181) were studied, we found an
even steeper slope (DMIPP uptake = 1.06 - MBF + 0.25;r =
0.66, p < 0.0001). Thus, severity of reduction in MBF
corresponds with DMIPP uptake. On the other hand, the level of
reduction of DMIPP uptake on flow restriction varied consid-
erably. The latter was shown by the disagreement between
regional MBF and DMIPP uptake during flow reduction, as
indicated by an increase of the heterogeneity of DMIPP
uptake-to-MBF ratio: 0.23 * 0.07 in normal compared to
0.46 = 0.19 in hypoperfused myocardium. These differences in
DMIPP uptake suggest regional differences in response to
metabolic processes in cardiac tissue toward flow reduction.

Linear correlations between uptake of IFAs and MBF have
been described over a wide range of flow values (34-36).
Caldwell et al. (35) studied the relationship between radioiodi-
nated paraphenylpentadecanoic acid and MBF in dogs during
maximal exercise in combination with coronary occlusion and
also found a significantly higher slope in the ischemic part
compared to the normal part of the myocardium (0.39 compared
to 0.25, respectively), but correlation coefficients were not
different [0.68 and 0.74 (pooled data of absolute results),
respectively]. However, the protocol they used created a wide
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range of MBF (0.05ml-g~' min™'t0 7.58 ml - g~' - min™"),
which largely contributed to the relatively high correlations
compared to the present study. More recently, Reinhardt et al.
(36) studied BMIPP uptake in rabbit hearts with an occlusion of
the left circumflex artery and found linear correlations in both
autoradiographic analysis (BMIPP uptake = 0.449 + 0.537 -
MBF; r = 0.73) and segmental tissue analysis (BMIPP up-
take = 0.058 + 0.881 - MBF; r = 0.94). These studies did not
focus on heterogeneity of MBF or fatty acid uptake.

The heterogeneity we found for MBF in normal myocardium
and the increase of heterogeneity during flow reduction are in
line with previous studies (/6-25,27). In normal myocardium,
we found that DMIPP uptake was less heterogeneously distrib-
uted than MBF. Groeneveld et al. (24) recently also observed a
lower heterogeneity for radioiodinated heptadecanoic acid than
MBF (0.18 * 0.05 compared to 0.23 * 0.02, respectively).
Heterogeneity of myocardial fatty acid uptake on this small
tissue level during flow reduction has not been studied yet. Not
only MBF but also DMIPP uptake became more heteroge-
neous in hypoperfused myocardium. The increase was rela-
tively larger for DMIPP uptake, as it was for MBF; also, the
agreement diminished. The increase of heterogeneity in MBF
during flow reduction at the site of a major coronary artery has
been demonstrated earlier, and this effect has been attributed to
nonuniform loss of coronary flow reserve during underperfu-
sion (21,37). It might be that nonuniform loss of coronary flow
reserve during flow reduction results in regional differences of
fatty acid uptake and even mismatching of flow and fatty acid
uptake, as indicated by the increase of the disagreement
between MBF and DMIPP uptake. Increased acidity, lactate and
intracellular fatty acid levels affect the fatty acid uptake during
flow reduction (2). Because local differences in these foremen-
tioned metabolic alterations in the flow deprived area can be
anticipated, increased heterogeneity of fatty acid uptake might
occur.

Uncoupling of myocardial fatty acid uptake and flow has
been reported, albeit in different models of myocardial flow
reduction; for instance, the 3-hr occlusion-reperfusion study by
Nishimura et al. (32), mentioned above, showed relatively
higher BMIPP uptake compared to flow in reperfused regions.
We recently found that the majority of segments with a
18-fluorodeoxyglucose—perfusion mismatch in patients after
subacute or old myocardial infarction, also showed a higher
BMIPP uptake relative to perfusion (38). In contrast, a rela-
tively lower BMIPP uptake compared to flow has been ob-
served in patients after acute myocardial infarction or unstable
angina. This issue has been reviewed in detail recently by
Knapp et al. (5,6).

Methodological and Technical Considerations

In four control studies, we demonstrated that the ECB
system, despite continuous instead of a more physiologic
pulsatile flow, did not influence the pattern of DMIPP uptake or
the heterogeneity in MBF compared to native perfused myo-
cardium. Earlier, we have demonstrated that also metabolism of
radioiodinated heptadecanoic acid in this particular model was
not altered by the ECB system at normal flow rate (39). The use
of heparin, required as anticoagulant for the ECB system,
probably caused, by activation of lipoprotein kinase, a slight
elevation of unlabeled plasma fatty acid level, as observed in
this study.

By studying a moderate degree of flow reduction, we wanted
to detect discrete changes in fatty acid uptake rather than gross
changes that one could expect from a coronary occlusion model.
A 30-min hypoperfused period was used because the major
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alterations in fatty acid metabolism occur in the first 20-25 min
(2). We waited another 40 min after DMIPP administration to
assess its uptake because maximal DMIPP activity is reached at
20 min in normal myocardium, whereafter a plateau phase is
found (/3) and back-diffusion of small amounts of unmetabo-
lized tracer is likely to occur until approximately 30 min after
tracer administration (40).

The size of the samples are far below the limited resolution of
devices used for in vivo imaging of patients. Nevertheless, a
certain amount of tracer uptake in a particular segment of a
planar or tomographic acquisition is a result of an apparently
underlying heterogeneous tracer uptake. This heterogeneity is
probably larger in perfusion defects or defects with reduced
fatty acid uptake. This study may therefore lead to a better
comprehension of the underlying pathophysiology in coronary
artery disease patients with scintigraphic abnormalities.

The accuracy in the assessment of MBF and DMIPP uptake
is discussed in the Appendix.

CONCLUSION

Because of its reduced uptake, radioiodinated DMIPP can
identify regional hypoperfused myocardium. Yet, during hypo-
perfusion, heterogeneity of MBF and DMIPP uptake increases
while agreement between MBF and DMIPP uptake deteriorates.
The latter phenomenon demonstrates that there is serious
uncoupling between fatty acid uptake and MBF during flow
reduction. The more homogeneous distribution of DMIPP
compared to flow in normal myocardium supports the hypoth-
esis that heterogeneity in MBF is only partly explained by
regional metabolic differences. These observations suggest that
DMIPP uptake may provide additional, unique information on
regional myocardial ischemia.
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APPENDIX

Accuracy in the Assessment of MBF and DMIPP Uptake

Measurements of MBF in this study were performed with the
microsphere technique (28). Buckberg et al. (4/) demonstrated
that at least 400 microspheres must be present in the tissue for
accurate flow measurements. It can be deduced from our data that
the samples from normal myocardium contained approximately
1000 microspheres. The relative method error (ME) can be
assessed according to:

ME = /{1 + (s.d./C)},

where b is the number of microspheres (i.e., approximately 1000),
C is the number of radioactive counts in the tissue sample (which
was always more than 10,000 in normal perfused samples) and s.d.
is the standard deviation in the measurement of counts. Thus, the
relative method error of our 1-g tissue samples was 3.3%. Previous
studies (/6,19) indicated an estimated error of 5.4% in 217-mg and
6%—7% in 170-mg samples. For DMIPP uptake, the relative
method error is not known, but it will be small compared to the
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microsphere technique because the number of counts in the
samples was always over 100,000 in normal samples.

Several studies dealing with regional differences in MBF have
demonstrated that the observed heterogeneity is largely due to
spatial heterogeneity rather than temporal heterogeneity
(10,37,38). Because microspheres of 15 = 1 um are nearly fully
trapped during a single passage through the capillary beds, tempo-
ral variability in the assessment of MBF using microspheres has to
be considered. The observed variance, SD?,,, is the sum of the
contributing variances:

SDcZ) = SDgpanal + Sthcrnporal + SD?nethod'

King et al. (/6) showed that the heterogeneity due to temporal
heterogeneity was 0.09 in 170-mg samples. Assuming this value,
although it is probably less because of a larger sample size, holds
for the present study, it can be demonstrated from the above
equation that the observed heterogeneity of 0.23 in normal myo-
cardium will be close to the spatial heterogeneity of 0.21.

In contrast to the nearly 100% trapping of microspheres, the
myocardial extraction of fatty acids under normal conditions is
about 20%—40%. Comans et al. (42) showed that the extraction
fraction of IHDA in man was 28% = 6.4%, a value that correlated
with the extraction of natural fatty acids. Based on a recent
comparative study of IHDA, IPPA and DMIPP (/3), we may
assume that DMIPP extraction fraction will be lower than that of
IHDA, leading to considerable amounts of circulating DMIPP
during a 10-to-20-min period. Compared to assessment of MBF,
temporal variability would be expected to contribute to a very low
extent to the observed heterogeneity of DMIPP uptake. For these
reasons, we may assume that for both MBF and DMIPP uptake, the
observed heterogeneity will be largely determined by spatial
heterogeneity.
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Down-Regulation of Cardiac Muscarinic Receptors
Induced by Di-Isopropylfluorophosphate

Héric Valette, André Syrota and Chantal Fuseau

Hospital Frédéric Joliot, Medical Research Department, French Atomic Agency, Orsay, France

The feasability of PET determination of myocardial muscarinic
acetyicholine receptor (MAChR) density has been demonstrated in
dogs and humans. The results of the PET method, however, were
not validated by a direct comparison with the in vitro determination
of mAChR density. Methods: Left ventricular mAChR concentra-
tions were studied in beagle dogs at baseline and after a 5- or a
11-day treatment with the irreversible inesterase inhibitor
di-isopropytfiuorophosphate (DFP). The determination of mAChR
densities were performed in vivo using PET, ''C-MQNB, the three-
injection protocol and the compartmental model previously de-
scribed. In a parallel group of dogs, determination of MAChR density
was performed in vitro using *H-(--MQNB. Results: In control dogs
(n = 4), PET left ventricular density of mAChR was 61.1 *+ 8.1
pmol/ml tissue. In the 5-day DFP-treated animals (n = 3), Bmax
decreased to 38.2 + 8.3 pmol/ml tissue (—38%; p = 0.005 versus
control). In the 11-day DFP-treated animals (n = 3), Bmax was
34.7 * 5.5 pmol/ml tissue (—43%; p = 0.003). There was no change
in the affinity constant either at 5 or 11 days. In control dogs, Bmax,
measured in vitro, was 9.53 *+ 0.93 pmol/qg tissue. In the 5-day
DFP-treated animals, Bmax decreased to 6.2 = 0.9 pmol/g tissue
(—35%; p = 0.003). In the 11-day DFP-treated animals, Bmax was
5.1 = 0.6 pmol/g tissue (—47%; p = 0.003 versus control). At that
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time, there was no change in affinity constant. On the fifth and 11th
days, myocardial acetylcholinesterase activity was reduced by 88%
and 90%, respectively. Conclusion: The in vivo and in vitro methods
showed a similar decrease in mAChR density while for both meth-
ods affinity constant remained unchanged. This study validates the
ability of PET and of the compartmental model to in vivo quantify
changes in mAChR density.

Key Words: muscarinic acetyicholine receptor; PET; methyl-quinu-
clidinyl-benzilate; di-isopropylifluorophosphate; down-regulation;
heart
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’]]m neurotransmitter of the postganglionic parasympathetic
system, acetylcholine, interacts with the heart through the
action of the muscarinic acetylcholine receptors (nAChR). The
in vivo myocardial characterization and quantification of these
receptors were greatly facilitated by the development of ''C-
radiolabeled methyl-quinuclidinyl-benzylate (MQNB; /-3) and
by that of compartmental analysis (4—5). The main goal of this
study was to investigate the ability of PET and of compartmen-
tal analysis to assess changes in density of myocardial mAChR.
Therefore, the changes in the PET values of mAChR density
and of those of the in vitro measurements were compared. In
experimental cardiac disease in large animals like dogs, changes
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