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Myocardial ischemia is associated with reduced free fatty acid
(FFA) �-oxidation and increased glucose utilization. This study
evaluated the potential of dynamic SPECT imaging of a FFA ana-
log, p-123I-iodophenylpentadecanoic acid (IPPA), for detection of
ischemia and compares retention of IPPA with 18F-FDG accumu-
lation. Methods: In a canine model of regional low-flow ischemia
(n � 9), serial IPPA SPECT images (2 min per image) were acquired
over 52–90 min. In a subset of dogs (n � 6), 18F-FDG was injected
after completing SPECT imaging and allowed to accumulate for 40
min before killing the animals. Flow was assessed with radiola-
beled microspheres. Myocardial metabolism was evaluated inde-
pendently by selective coronary arterial and venous sampling.
Results: Serial IPPA SPECT images showed an initial defect in the
ischemic region (0.70% � 0.03% ischemic-to-nonischemic ratio),
which normalized within 48 min because of the slower IPPA clear-
ance from the ischemic region (t1/2 � 54.2 � 3.3 min) relative to the
nonischemic region (t1/2 � 36.7 � 5.6 min) (P � 0.05). Delayed
myocardial IPPA and 18F-FDG activities were correlated (r � 0.70;
n � 576 segments), and both were maximally increased in seg-
ments with a moderate flow reduction (IPPA, 151% of non-
ischemic; 18F-FDG, 450% of nonischemic; P � 0.05). Conclusion:
Serial SPECT imaging showed delayed myocardial clearance of IPPA
in ischemic regions with moderate flow reduction, which lead to
increased late myocardial retention of IPPA. Retention of IPPA corre-
lated with 18F-FDG accumulation, supporting the potential of IPPA as
a noninvasive marker of ischemic myocardium.
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Noninvasive approaches for the detection of myocardial
ischemia have generally been based on either the detection
of flow heterogeneity or the identification of regional alter-
ations of myocardial metabolism. PET has become a stan-
dard for determination of regional glycolytic metabolism in
evaluation of patients with ischemic heart disease. Ischemic
myocardium can be identified by the accumulation of 18F-
FDG, a marker of exogenous glucose utilization (1,2). Anal-
ysis of 11C-palmitate clearance was also proposed to iden-
tify ischemic myocardium (3–5), although the efficacy of
11C-palmitate may have been partially limited by incorpo-
ration of the tracer into triglyceride pools and backdiffusion
of nonmetabolized tracer (6). Although widespread imple-
mentation of PET imaging for assessment of myocardial
metabolism has also been limited by availability and ex-
pense, analysis of either glucose or fatty acid metabolism
may still have clinical usefulness for the noninvasive as-
sessment of ischemic myocardium.

Efforts have been directed toward the development of
iodinated fatty acids, which can be imaged with standard
SPECT. p-123I-Iodophenylpentadecanoic acid (IPPA) is a
radiolabeled free fatty acid (FFA) analog that has a phenyl
group substituted at the �-carbon of palmitic acid, stabiliz-
ing the iodine on the molecule and inhibiting �-oxidation of
the terminal end of the compound (7,8). This modification
prolongs myocardial clearance, reduces the release of free
iodine by myocardial and hepatic metabolism, and results in
most of the IPPA metabolites being readily excreted by the
kidney. Maximal uptake of IPPA by myocardium is consid-
erably greater than that of palmitic acid (9–11), and IPPA
images show minimal background activity and improved
image quality (9). The initial clearance of IPPA parallels
that of palmitic acid (9–11) and is thought to reflect �-ox-
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idation (9). The late clearance is of IPPA is thought to
reflect clearance of tracer incorporated into triglyceride
pools (9).

In experimental models of reperfused infarctions and
clinical studies, IPPA displays delayed uptake and clearance
from ischemic or infarcted myocardium (12–18). In a recent
study, myocardial IPPA clearance was also evaluated dur-
ing experimental low-flow ischemia using serial planar im-
aging (19). IPPA showed nearly complete redistribution
over 2 h, but this study was limited in that SPECT imaging
was not used, absolute regional IPPA clearance was not
evaluated, and the retention of IPPA was not related to any
other markers of metabolism.

We hypothesized that decreased myocardial FFA oxida-
tion during low-flow ischemia would lead to decreased early
clearance of IPPA and a late increase in relative myocardial
retention. Myocardial ischemia results not only in a reduc-
tion in �-oxidation of fatty acids (20,21) but also acceler-
ated glucose uptake, a substrate for anaerobic metabolism
(20,22). Therefore, we also hypothesized that the late rela-
tive myocardial retention of IPPA under ischemic con-
ditions would correspond to increased accumulation of
18F-FDG.

The goals of this study were to (a) evaluate the potential
of dynamic IPPA SPECT imaging for the detection of

ischemia, using monoexponential fitting of myocardial
clearance curves to estimate IPPA clearance, and (b) com-
pare the late relative myocardial retention of IPPA and
18F-FDG as a function of myocardial blood flow.

MATERIALS AND METHODS

This study was conducted with the approval of the Yale Animal
Care and Use Committee in compliance with the guiding princi-
ples of the American Physiological Society on research animal use.
Experiments were performed on 11 fasting adult mongrel dogs of
either sex. All dogs were anesthetized with sodium thiamylal (20
mg/kg intravenously), intubated, and mechanically ventilated with
a mixture of halothane (0.5%–1.5%), nitrous oxide, and oxygen
(N2O:O2 � 3:1).

Experimental Preparation
The experimental preparation has been reported (23) and is

briefly outlined below. One femoral vein and both femoral arteries
were isolated and cannulated for administration of fluids, radio-
tracers, pressure monitoring, and arterial blood sampling. A left
lateral thoracotomy was performed for cardiac instrumentation
(Fig. 1). A catheter was placed in the left atrium for injection of
radiolabeled microspheres. A micromanometer catheter (Millar
Instruments, Inc., Houston, TX) was passed through the carotid
artery into the left ventricle for measurement of pressure and the
first derivative of pressure (dP/dt). The proximal left anterior

FIGURE 1. Surgical instrumentation of heart.
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descending coronary artery (LAD) was isolated after the first
major diagonal branch for placement of a hydraulic occluder
(model VO-3; Rhodes Medical Instruments, Woodland Hills, CA).
Doppler transducers (10 MHz; Crystal Biotech, Hopkinton, MA)
were attached to the epicardium of the left ventricle for measure-
ment of regional myocardial thickening (24) on the anterior wall
distal to the occluder and on the posterolateral wall.

The distal LAD was cannulated with a specially designed cath-
eter that permits monitoring of distal coronary pressure without
compromise of flow (23). The anterior cardiac and obtuse marginal
veins were cannulated using similar catheters for selective venous
sampling from the central ischemic and nonischemic regions.

Experimental Protocol
The experimental protocol is summarized in Figure 2. Hemo-

dynamics were monitored continuously and recorded every 5 min
using a data acquisition software package (Dataflow; Crystal Bio-
tech). After 30 min of baseline measurements, a partial stenosis of
the LAD was established by adjusting the hydraulic occluder to
maintain the distal LAD mean pressure at approximately 50% of
mean aortic pressure throughout the period of stenosis. After 60
min of steady-state low-flow ischemia, IPPA (185 MBq) was
injected intravenously over 20 s. Serial arterial samples were taken
after the IPPA injection for determination of blood IPPA clear-
ance. Serial 2-min in vivo SPECT images were acquired over
52–90 min to evaluate myocardial clearance of IPPA. After 150
min of ischemia, after completion of the IPPA imaging, approxi-
mately 111 MBq 18F-FDG were injected intravenously in 7 of 11
dogs that were killed 40 min later. Four of the 11 dogs were not
injected with 18F-FDG, although they were killed at the same time
after IPPA injection.

Arterial and venous blood from the ischemic LAD and control
left circumflex artery (LCX) regions was sampled (�3 mL) during
baseline, stenosis, and just before injections of IPPA and 18F-FDG.
At corresponding times, regional blood flow was also assessed
with radiolabeled microspheres.

Measurement of Myocardial Thickening
Myocardial thickening was assessed in the central ischemic and

the nonischemic regions with nontraumatic pulsed single-crystal
Doppler epicardial transducers as reported (24). The thickening
fraction was calculated by dividing the transmural net systolic
thickening by the end-diastolic wall thickness, estimated by the
range depth, and expressed as a percentage.

Measurement of Myocardial Blood Flow
Radiolabeled (113Sn, 103Ru, 95Nb, 46Sc, and 51Cr) microspheres

(11-�m mean diameter; 2–12 million) were injected into the left
atrium at the end of baseline and during the stenosis immediately
before injection of IPPA and 18F-FDG. Paired reference samples of
arterial blood were withdrawn through a roller pump from both
femoral arteries for the calculation of myocardial blood flow
according to standard methods (25).

Measurement of Myocardial Metabolism
Blood oxygen content was measured during the experiment

using a hemoximeter (Osm3; Radiometer Copenhagen, Copenha-
gen, Denmark). Blood lactate was measured using an automated
lactate oxidase method (Yellow Springs Instruments, Yellow
Springs, OH). Oxygen consumption (mL O2/min/100 g) and lac-
tate balance (�mol/min/100 g) were assessed by combining mea-
surements of arterial and venous concentration differences and
average myocardial microsphere blood flow, in the relevant central
ischemic and nonischemic regions. Plasma FFA was measured by
a microfluorometric method (26). Regional coronary plasma flow
was calculated using measures of transmural microsphere flow in
the region of selective sampling and estimated hematocrit. The
myocardial FFA uptake was calculated from the concentration
difference and estimated coronary plasma flow.

IPPA and 18F-FDG
IPPA was supplied by a commercial vendor (Nordion Interna-

tional Inc., Vancouver, Canada) or prepared at our institution using
the precursor phenylpentadecanoic acid provided by the same
vendor. Radioiodination was performed using the organothallium
intermediate according to published methods (27). The radiochem-
ical purity of the preparations as determined by extraction into
diethyl ether was 97.8% � 0.4%; specific activity was approxi-
mately 1,410 � 11.1 MBq/mg.

18F-FDG (specific activity, �185 GBq/mmol) was prepared in
an 11-MeV negative-ion cyclotron (CTI, Knoxville, TN).

Acquisition and Analysis of Serial IPPA SPECT Imaging
Serial IPPA SPECT images were acquired with a triple-head

gamma camera (Prism 3000; Picker International, Cleveland
Heights, OH). Serial SPECT images (2 min each) were acquired
using a high-resolution, low-energy, parallel-hole collimator, 64 	
64 matrix size, and 1.42 zoom. A 20% energy window was
centered at the 159-keV photopeak of 123I. No attenuation or
scatter corrections were made during processing.

Images were reconstructed using standard filtered backprojec-
tion. Reconstructed SPECT short-axis images (5-mm thick) were
generated and quantified using a previously reported and validated
approach (28,29). Circumferential maximal count profiles were
generated. The orientation of the short-axis SPECT images was
visually matched with the postmortem microsphere data, which
was expressed for 8 radial sectors per slice. Regions of interest
were generated semiautomatically from the short-axis slices.
Time–activity curves were generated from 4 regions in each slice,
starting at 4 min after injection and continuing to 52–90 min after
injection. Data acquired during the first 8 min of image acquisition
were discarded from the regional clearance analysis because these
images were contaminated by substantial blood-pool activity and
IPPA was still washing in. Time–activity curves were fit to a
monoexponential (A � A0e
kt). The time required for half of the
activity to wash out was calculated for each region (t1/2 � 0.693/k).
The washout parameters from each region were bilinearly inter-

FIGURE 2. Experimental protocol. After baseline (BASE) mea-
surements, partial coronary stenosis was created and main-
tained throughout protocol. Arterial and venous samples were
obtained for metabolic measurements, and radiolabeled micro-
spheres were injected at times designated. IPPA was injected
60 min after creation of stenosis. 18F-FDG was injected 90 min
later.
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polated into a polar map. Regions of interests were chosen to
delineate the defect region and a normal region on the short-axis
slices. These SPECT regions were selected on the basis of micro-
sphere blood flow in matched postmortem slices.

Postmortem Analysis
After killing the animals, the hearts were divided from base to

apex into 4 slices of equal thickness (1- to 1.5-cm thick). The slices
were incubated in a buffered solution of triphenyltetrazolium chlo-
ride (TTC) for 15 min at 37°C to 39°C to evaluate for myocardial
necrosis.

Myocardial Blood Flow and IPPA and 18F-FDG Activity
Each myocardial slice was cut into 8 radial sectors, which were

subdivided into epicardial, midwall, and endocardial segments,
resulting in a total of 96 segments per heart for quantification of
myocardial IPPA activity, 18F-FDG activity, and blood flow. Myo-
cardial 18F-FDG activity was measured immediately after cutting
the tissue, using a �-well autoscintillation counter (Cobra 5003;
Packard Instrument Co., Downers Grove, IL). Myocardial IPPA
activity was determined by recounting the tissue 24 h later, after
decay of 18F-FDG. The samples were counted a third time for
determination of microsphere flow 5 d after killing, after decay of
IPPA. Separation of isotopes by energy windows was performed
according to standard published methods using decay correction
and spill-up and spill-down correction (23–25).

Myocardial IPPA and 18F-FDG activity in the ischemic region
was expressed as a percentage of the central nonischemic LCX
region to facilitate comparisons between dogs (25). Because of the
heterogeneity of flow within the ischemic region, myocardial IPPA
and 18F-FDG retained activity was related to the extent of flow
reduction as determined by microspheres. Segments were divided
arbitrarily into categories on the basis of the microsphere blood
flow (�20%, 21%–40%, 41%–60%, 61%–80%, 81%–100%, and
�100%).

Statistical Analysis
All data are presented as mean � SEM. Comparisons between

2 groups were made using either a paired or unpaired Student t test.
If multiple comparisons were performed, a Dunnett multiple com-
parison test was used. Differences between groups were consid-
ered significant at P � 0.05 (2-tailed).

RESULTS

The surgical preparation was conducted on 11 dogs (av-
erage weight, 22.3 � 1.1 kg). One animal died of ventric-
ular fibrillation during surgery. One additional dog was
excluded from the analysis because myocardial infarction
was evident from postmortem TTC staining.

Hemodynamics
Hemodynamic data are summarized in Table 1 for the 9

surviving dogs without myocardial infarction. No signifi-
cant change in heart rate occurred during partial stenosis of
the LAD. However, aortic pressure tended to decrease and
was mildly reduced after 150 min of low-flow ischemia. The
coronary stenosis reduced distal mean coronary artery pres-
sure by 53%, resulting in a pressure gradient across the
stenosis of approximately 40–50 mm Hg relative to the
mean aortic pressure.

Regional Myocardial Thickening
Thickening fractions in central ischemic and nonischemic

regions are summarized in Table 2. Partial occlusion of the
LAD led to severe hypokinesis in the central ischemic area,
which persisted throughout the ischemic period. The thick-
ening fraction in the posterior nonischemic region was
lower than that in the anterior region at baseline but did not
change during anterior ischemia.

Regional Myocardial Blood Flow
When myocardial blood flow in the ischemic region was

expressed as a percentage of the nonischemic flow, there
was a consistent reduction in average transmural flow in the
ischemic region at the times of IPPA (60 min, 67.7% �
3.5% of nonischemic) and 18F-FDG (150 min, 70.2% �
3.5% of nonischemic) injections (Fig. 3). This 30% reduc-
tion in relative transmural myocardial flow was associated
with an approximately 55% reduction in endocardial flow in
the ischemic regions during the stenosis.

Changes in absolute myocardial blood flow (mL/min/g)
in the central ischemic and nonischemic regions are sum-
marized in Table 3. During the partial stenosis there was a
significant reduction of flow in the endocardium and a trend

TABLE 1
Hemodynamic Data

Parameter
HR

(bpm)
AOP

(mm Hg)
LADP

(mm Hg)

Baseline 105 � 7 97 � 8 93 � 9
Stenosis 60 min* 107 � 9 89 � 9 49 � 8†

Stenosis 150 min‡ 105 � 9 80 � 8 47 � 7†

*After 60 min of low-flow ischemia.
†P � 0.05 vs. baseline.
‡After 150 min of low-flow ischemia.
HR � heart rate; AOP � mean aortic pressure; LADP � left

anterior descending pressure, distal to stenosis; bpm � beats per
minute.

n � 9 dogs.

TABLE 2
Thickening Fraction in Central Ischemic

and Nonischemic Regions

Parameter

Thickening fraction (%)

Ischemic
(LAD)

Nonischemic
(LCX)

Baseline 19.8 � 2.0 11.8 � 1.3
Stenosis 60 min* 5.5 � 1.9† 12.0 � 1.3
Stenosis 150 min‡ 4.7 � 2.1† 10.5 � 1.9

*After 60 min of low-flow ischemia.
†P � 0.05 vs. baseline.
‡After 150 min of low-flow ischemia.
n � 9 dogs.
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toward lower midwall flows. Epicardial flows were un-
changed. Overall, there was a significant reduction in trans-
mural flow in the ischemic region at 150 min after creation
of the stenosis. Although absolute transmural myocardial
blood flow at the time of IPPA injection tended to be
slightly higher than that during the 18F-FDG injections, this
difference was not statistically significant.

Myocardial Metabolism
The arterial lactate concentration was 0.9 � 0.1 mmol/L

at baseline and remained stable during the stenosis (150
min). Net myocardial lactate uptake was found in LAD and
LCX regions before the stenosis (Fig. 4). Significant net
lactate production from the central ischemic region occurred
after creation of the stenosis (P � 0.05 vs. baseline), con-

firming accelerated anaerobic glycolytic metabolism during
low-flow ischemia.

Myocardial oxygen consumption in the LAD region (ex-
pressed as percentage of the nonischemic region) was re-
duced by 25% at 60 min after stenosis (P � 0.01 vs.
baseline) and by 45% at 120 min after stenosis (P � 0.01 vs.
baseline) (Table 4). Thus, oxygen consumption remained
depressed throughout the period of stenosis.

Arterial FFA concentration was 0.9 � 0.2 mmol/L and
stayed constant. FFA uptake in the ischemic region (ex-
pressed as percentage of the nonischemic region) was re-
duced 39% (P � 0.05 vs. baseline) at the time of IPPA
injection and was reduced 41% (P � 0.05 vs. baseline) at
the time of 18F-FDG injection. Thus, FFA uptake in the

FIGURE 3. Myocardial blood flow in endocardial (ENDO),
midwall (MW), epicardial (EPI), and transmural (TM) layers of
central ischemic region are expressed as percentage of non-
ischemic region. Normalized flows are shown at baseline and at
time of IPPA (stenosis 60 min) and 18F-FDG (stenosis 150 min)
injections.

TABLE 3
Microsphere Flow in Central Ischemic and Nonischemic Regions

Parameter

Flow (mL/min/g)

Endocardial Midwall Epicardial Transmural

Ischemic (LAD)
Baseline 0.75 � 0.11 0.78 � 0.10 0.92 � 0.13 0.82 � 0.11
Stenosis 60 min* 0.34 � 0.07† 0.69 � 0.11 0.99 � 0.14 0.67 � 0.10
Stenosis 150 min‡ 0.29 � 0.05† 0.58 � 0.11 0.83 � 0.13 0.56 � 0.09†

Nonischemic (LCX)
Baseline 0.76 � 0.12 0.75 � 0.11 0.76 � 0.11 0.76 � 0.11
Stenosis 60 min* 0.98 � 0.14 0.97 � 0.14 1.01 � 0.15 0.99 � 0.14
Stenosis 150 min‡ 0.87 � 0.18 0.84 � 0.17 0.83 � 0.13 0.84 � 0.16

*After 60 min of low-flow ischemia.
†P � 0.05 vs. baseline.
‡After 150 min of low-flow ischemia.
n � 9 dogs.

FIGURE 4. Lactate balance for LAD and LCX was measured
during baseline and after 60 min (stenosis 60 min) and 150 min
(stenosis 150 min) of partial coronary occlusion. Time points
correspond to time of IPPA and 18F-FDG injections.
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ischemic region remained uniformly depressed throughout
the period of low-flow ischemia (Table 4).

Arterial Blood IPPA Clearance
IPPA activity cleared rapidly from the arterial blood,

falling below 35% � 2% and 10% � 1% of peak activity at
2 and 10 min after injection, respectively.

Serial IPPA SPECT Image Analysis
Ischemic-to-nonischemic ratios of myocardial IPPA ac-

tivity were obtained from selected SPECT images in all 9
dogs without infarction. These results are summarized in
Figure 5. There was significant normalization of the is-
chemic defect ratio within 16 min of injection and nearly
complete normalization within 48 min.

A complete series of in vivo SPECT images was avail-
able in only 6 of 9 dogs without infarction because of
technical failures in the serial SPECT acquisitions. One of

the 6 dogs was excluded from the analysis of regional
myocardial IPPA clearance because this dog was an ex-
treme outlier, showing markedly delayed clearance from
ischemic and nonischemic regions in association with sig-
nificant hypotension.

Serial short-axis SPECT IPPA images from a represen-
tative dog are shown in Figure 6A. Significant normaliza-
tion of the defect occurred early after IPPA injection. Myo-
cardial time–activity curves derived from ischemic and
nonischemic regions are shown in Figure 6B for this same
dog. The early clearance data for the same dog are also
displayed as a semilogarithmic plot (Fig. 6C). The early
myocardial clearance appears linear on this plot, suggesting
early monoexponential clearance of IPPA. Early (8–36
min) myocardial IPPA clearance from the ischemic region
(t1/2 � 54.2 � 3.3 min) was significantly longer than that
from nonischemic region (t1/2 � 36.7 � 5.6 min; n � 5
dogs, P � 0.05). These results are summarized in Table 5.

Myocardial IPPA and 18F-FDG Activity
The retained IPPA and 18F-FDG activities in all myocar-

dial segments were normalized to activity in the control
nonischemic region. Myocardial segments were segregated
on the basis of normalized flow into 20%-flow intervals
(Fig. 7). The retained myocardial IPPA and 18F-FDG activ-
ities were increased significantly in all regions with mild
(60%–80% of the nonischemic region) to moderate (40%–
60% of the nonischemic region) reductions in flow. How-
ever, the greatest increase in relative myocardial IPPA and
18F-FDG activities occurred in ischemic segments with
moderate reductions of blood flow (40%–60% of the non-
ischemic region). The maximal increase in the ischemic
myocardial IPPA activity was 151% � 9.7% of the non-

TABLE 4
Regional Oxygen Consumption (MVO2) and FFA

Uptake in Central Ischemic Region

Parameter
MVO2* (%

nonischemic)
FFA† (%

nonischemic)

Baseline 101.4 � 12 115.4 � 5.5
Stenosis 60 min‡ 76.4 � 3.3§ 70.0 � 7.9§

Stenosis 150 min� 55.3 � 12.1§ 68.3 � 5.0§

*n � 9 dogs.
†n � 5 dogs.
‡After 60 min of low-flow ischemia.
§P � 0.01 vs. baseline.
�After 150 min of low-flow ischemia.

FIGURE 5. Ischemic-to-nonischemic ra-
tios of myocardial IPPA activity obtained in
9 dogs from selected IPPA SPECT images.
Individual dogs are represented by differ-
ent symbols. Average ratio is represented
by ■ and thickened line. Significant nor-
malization of ischemic defect ratio oc-
curred within 16 min and nearly complete
normalization of defect ratio occurred
within 48 min after injection. Data are ex-
pressed as mean � SEM.
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FIGURE 6. (A) Serial short-axis and ver-
tical long (v-long) axis SPECT IPPA images
from representative dog displayed in stan-
dard format. Time after injection is desig-
nated on left margin. Note perfusion defect
in anteroseptal and anteroapical regions,
which normalizes over time. (B) Myocardial
IPPA clearance curves derived from is-
chemic and nonischemic regions for same
dog. (C) Early clearance data for same dog
are also displayed as semilogarithmic plot.
Early myocardial clearance appears linear
on this semilogarithmic plot, suggesting
early monoexponential clearance of IPPA.
Delayed myocardial IPPA clearance is
seen in ischemic region.
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ischemic activity. A greater increase in the ischemic myo-
cardial 18F-FDG activity was observed for all flow ranges.
The maximal increase in myocardial 18F-FDG activity was
450% � 47% of the nonischemic activity.

Overall, a fair correspondence (r � 0.70, P � 0.0001)
was found between normalized myocardial IPPA and 18F-
FDG activities (n � 576 segments, 6 dogs). The variability
among individual dogs led to a relatively large SEE of 126
in the pooled analysis. A significant correlation was found
between myocardial IPPA and 18F-FDG activities in each
individual dog, although the correlation coefficients were
quite variable, ranging from 0.33 to 0.97. These data are
summarized in Figure 8.

DISCUSSION

Several findings in this study indicate that IPPA SPECT
imaging may be useful for noninvasive detection of myo-
cardial ischemia. Analysis of serial in vivo SPECT IPPA
images showed that low-flow ischemia results in a delay in
early clearance of IPPA from the ischemic myocardium. In
addition, relative myocardial retention of IPPA in the ische-
mic myocardium was increased 130 min after injection,
particularly in regions of mild-to-moderate flow reduction,
secondary to differential clearance between ischemic and
normal regions. Regional differences in myocardial IPPA
clearance were associated with alterations in myocardial
substrate utilization and the increased relative myocardial
IPPA retention. The increased relative myocardial retention
of IPPA in ischemic regions also correlated with 18F-FDG
accumulation.

Although previous studies have evaluated the uptake and
clearance characteristics of IPPA under conditions of myo-
cardial infarction or ischemia (19,30–32), this study repre-
sents the first experimental study to evaluate absolute myo-
cardial IPPA clearance under conditions of sustained low-
flow ischemia in comparison with 18F-FDG accumulation.

We used an acute in vivo canine model of sustained
low-flow myocardial ischemia, which produced a 55% re-
duction of relative endocardial flow and a 30% reduction in
transmural flow in the central ischemic region. This degree
of flow restriction resulted in a profound reduction in re-
gional myocardial thickening. Low-flow ischemia was as-
sociated with a change in substrate utilization. A switch to
anaerobic metabolism occurred, which was verified by lac-

TABLE 5
Myocardial IPPA Clearance Half-Time (t1/2)

for Nonischemic (LCX) and Ischemic (LAD) Regions

Dog no.
LCX t1/2

(min)
LAD t1/2

(min)

1 29.7 57.6
2 54.5 60.0
3 21.9 57.1
4 48.6 57.0
5 28.8 39.4

Mean � SEM* 36.7 � 5.6 54.2 � 3.3†

*n � 5 dogs.
†P � 0.05 vs. LCX.
One dog was excluded from analysis because of abnormal clear-

ance in control region possibly attributed to profound hypotension.

FIGURE 7. Myocardial IPPA and 18F-
FDG retained activities expressed as non-
ischemic percentage for all segments (n �
576). Segments were segregated on basis
of normalized flows in segments into 20%-
flow increments. Numbers within each bar
represent number of segments falling into
each flow range.
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tate production in the central ischemic region, decreased
extraction of FFA, and reduction in oxygen consumption in
the ischemic region.

We observed an initial IPPA SPECT defect reflecting
reduced initial delivery and decreased FFA uptake in the
ischemic region. This finding is consistent with the report by
Reske et al. (31) in which myocardial blood flow and initial
myocardial IPPA uptake were closely related in normal and
in acutely ischemic myocardium. Caldwell et al. (32) also
showed that the initial myocardial distribution of IPPA
tracked flow linearly to high levels during treadmill exercise
in conscious dogs.

However, myocardial retention of IPPA late (130 min)
after injection was significantly increased, relative to that of
the nonischemic control regions, in regions with a moderate
flow reduction. Myocardial IPPA activity in the very-low-
flow regions did not exceed that in the normal regions, prob-
ably because of reduced initial delivery. The observed early
delayed clearance and increase in late myocardial IPPA reten-
tion in ischemic regions may have occurred as a consequence
of several concurrent mechanisms.

First, the initial decreased clearance of IPPA from the
ischemic myocardium is primarily attributed to decreased
�-oxidation of FFAs. Although we did not directly measure
�-oxidation, we found that steady-state FFA uptake and
oxygen consumption were reduced during sustained low-
flow ischemia. Schön et al. (4) reported delayed early clear-
ance of 11C-palmitic acid by ischemic myocardium, which
was also related to oxygen consumption. Reske et al. (9)
found that initial cardiac uptake and clearance of IPPA and
1-14C-palmitic acid paralleled each other in murine tissues,
further supporting the idea that early IPPA clearance reflects
�-oxidation of FFAs.

Second, changes in tissue intermediates associated with
regional ischemia inhibit �-oxidation of long-chain acyl
coenzyme A with an increase in esterification to triacyl-
glycerols (21). Several investigators have shown that fatty
acid esterification to triacylglycerols exceeds lipolysis dur-
ing myocardial ischemia (33,34). The increased late reten-
tion of IPPA probably reflects incorporation of IPPA into
triglyceride pools, with a slow late clearance from this pool
(35,36).

Rellas et al. (30) observed reduced myocardial IPPA
clearance in experimental models of permanent coronary
occlusion and occlusion-reperfusion. This study suggested
that cardiac metabolic imaging with IPPA was useful for
discrimination of postischemic viable myocardium and in-
farcted myocardium. However, their analysis of myocardial
IPPA clearance was restricted to relative regional washout
from a sparse series of images and did not include regional
metabolic measurements as obtained in our study. In our
canine model of acute low-flow ischemia, quantitative anal-
ysis of serial IPPA SPECT imaging was able to discriminate
low-flow ischemic regions from normal regions. In addition
to the analysis of relative myocardial activity or differential
clearance, we showed delayed absolute myocardial IPPA
clearance from the ischemic region relative to that of the
nonischemic region using monoexponential fitting of the
early (8–36 min) phase of myocardial clearance.

In a pilot clinical study of IPPA SPECT imaging for the
evaluation of myocardial viability in patients referred for
coronary revascularization, Hansen et al. (15,16) performed
serial IPPA SPECT imaging before and 8 wk after coronary
revascularization. These investigators assumed monoexpo-
nential clearance of IPPA similar to our analysis. They also
restricted their analysis to the initial early clearance phase

FIGURE 8. Correlation between normal-
ized myocardial IPPA and 18F-FDG re-
tained activity for all dogs (n � 6) injected
with 18F-FDG. Individual dogs are repre-
sented by different symbols.
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(4–36 min after injection), the clearance phase that is
thought to reflect primarily �-oxidation. This clinical study
showed delayed myocardial clearance of IPPA in chroni-
cally ischemic hibernating regions.

18F-FDG is the most widely used tracer for studying
myocardial metabolism and is an established marker of
myocardial viability (1,2). The inverse relationship between
18F-FDG retention and blood flow has been well described
(37,38). Metabolic activity is maintained if the flow is
reduced by 40%–60% of normal but is severely diminished
if blood flow is further reduced by �70%–80% of that in
the normal myocardium (37,38). In our acute low-flow
study, we observed, on average, an approximately 3-fold
increase in 18F-FDG accumulation in the ischemic region.
This increase was similar to the 3-fold increase in transmu-
ral glucose uptake in the ischemic region, which we re-
ported earlier in this model (22). Fallavollita et al. (39)
reported an approximately 2-fold increase in myocardial
18F-FDG uptake, under conditions of chronic ischemia (ap-
proximately 12% reduction in transmural microsphere
flow), produced by implantation of an LAD ameroid oc-
cluder in pigs.

In this study, we directly compared myocardial IPPA
retention at 130 min after injection with 18F-FDG accumu-
lation (40 min after injection) under conditions of sustained
low-flow ischemia and showed a fair (r � 0.70) correlation
of myocardial IPPA and 18F-FDG activities. This finding
further supports the use of IPPA for detection of ischemic
myocardium, although the retention of IPPA was not as high
as that observed for 18F-FDG. It is possible that the retention
may have been higher and the correlation between relative
myocardial IPPA and 18F-FDG activities may have been
better if both tracers were injected simultaneously, at iden-
tical levels of myocardial ischemia.

This study has several limitations that need to be consid-
ered. Our protocol was designed to study the kinetics of
IPPA using serial SPECT imaging and to examine subse-
quent myocardial IPPA retention relative to that of 18F-
FDG. Serial IPPA SPECT images were acquired before
injection of 18F-FDG to evaluate the myocardial clearance
of IPPA in the absence of tracer cross talk. In addition, dogs
were killed 40 min after injection of 18F-FDG to allow
adequate time for myocardial 18F-FDG accumulation.
Therefore, the final myocardial distribution of IPPA as
determined by �-well counting does not correspond with the
final IPPA SPECT imaging data. Under this protocol IPPA
and 18F-FDG were not injected simultaneously, making it
more difficult to compare the myocardial distribution of
these 2 metabolic tracers. However, there was no evidence
of a significant change in regional myocardial flow or me-
tabolism during the 90 min between the 2 injections. He-
modynamic parameters, FFA uptake, and lactate production
all remained stable between the injections of IPPA and
18F-FDG.

We used an acute canine model of sustained low-flow
ischemia, which differs from chronic hibernating myocar-

dium in patients. As with all acute open-chest experimental
preparations, the potential confounding effects of anesthesia
must be considered. The magnitude of the flow reduction in
our study was also more severe than that in experimental
studies of more chronic ischemia (15,16). In fact, 2 of the
dogs deteriorated slightly over time under these ischemic
conditions. One of these dogs showed myocardial necrosis
on postmortem histochemical staining, after 190 min of
low-flow ischemia.

Analysis of IPPA SPECT time–activity curves does not
unambiguously define the metabolic fate of IPPA. The
myocardial clearance rate cannot be used as a direct mea-
sure of �-oxidation because of the potential confounding
effect of clearance of nonmetabolized IPPA (backdiffusion)
and the potential confounding effects of flow. Nonetheless,
serial IPPA SPECT imaging did permit the noninvasive
identification of regional myocardial ischemia.

CONCLUSION

In our acute canine model of low-flow ischemia, we
observed early delayed myocardial clearance of IPPA from
ischemic regions and increased late relative myocardial
retention of IPPA, which paralleled the accumulation of
18F-FDG, supporting the use of serial IPPA SPECT imaging
as a noninvasive approach for rapid detection of resting
myocardial ischemia. We observed a more dramatic in-
crease in relative myocardial 18F-FDG accumulation rela-
tive to that of IPPA retention, suggesting that serial IPPA
SPECT imaging may not be as good as 18F-FDG SPECT
imaging for identification of resting ischemia. However,
IPPA SPECT imaging would not require the availability of
a cyclotron or special high-energy SPECT imaging equip-
ment as required for 18F-FDG SPECT imaging.

Our findings also suggest that serial IPPA SPECT imag-
ing can detect resting ischemic myocardium within 36 min
of radiotracer injection, by analysis of changes in either the
myocardial defect ratio or the regional myocardial clearance
using simple monoexponential curve fitting. Late redistri-
bution imaging, 3-4 h after injection, may not be required
for detection of resting ischemia, as required with rest-
redistribution 201T1 imaging. We speculate that quantitative
estimation of myocardial IPPA clearance from serial IPPA
SPECT images may provide a better estimation of regional
ischemia because this approach may avoid the potential
problem of detecting ischemia in the presence of multives-
sel disease or balanced ischemia. However, clinical trials
evaluating the potential role of serial IPPA SPECT imaging
for the rapid assessment of myocardial ischemia in patients
with multivessel disease seem warranted. The potential con-
founding effects of myocardial necrosis on myocardial
IPPA clearance also warrant further investigation.
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