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Although b-oxidation of fatty acids is suppressed rapidly during
ischemia, the behavior of fatty acid extraction at different flow
rates is incompletely understood. This study assessed the re-
lationship between flow and extraction of 123I-iodophenylpenta-
decanoic acid (IPPA) in the isolated heart model, especially at
low flow. Methods: Isolated hearts from male Wistar rats (n 5
15) were subjected to retrograde perfusion with constant flow
(Krebs Henseleit solution containing 10 mmol/L glucose). A
latex balloon in the left ventricle allowed isovolumetric contrac-
tions and ventricular pressure measurements. The extraction of
123I-IPPA was assessed with the indicator dilution technique and
99mTc-albumin as the intravascular reference. The flow was ei-
ther increased from the control flow (8 mL/min) until 300% or
reduced until 10%. 123I-IPPA extraction was measured three
times before and 10 min after flow alteration. The tracer uptake
was estimated from the product of net extraction and flow.
Results: The mean 123I-IPPA extraction at the control flow (third
measurement) was 51.6% 6 2.8%. Between flow rates of ap-
proximately 25% and 300%, 123I-IPPA extraction increased ex-
ponentially at decreasing flow rates. At flow rates #25% of the
control flow, 123I-IPPA extraction was exponentially higher than
predicted. 123I-IPPA uptake and flow changed largely in parallel.
During low flow, the rate–pressure product showed the ex-
pected decline (perfusion–contraction matching). Conclusion:
The extraction of 123I-IPPA is preserved and slightly increased
(relative to flow) during acute low-flow ischemia.
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A sufficient amount of high-energy phosphates is a
prerequisite for contractile function of the heart. In contrast
to other organs, the heart can use all available substrates for
energy production. In this regard, fatty acids are of special
importance, because they are the substrate used primarily
for oxidative metabolism (1).

The heart possesses only a limited capacity for the de
novo synthesis of fatty acids. Therefore, the heart relies on
the blood for the supply of fatty acids. The amount of fatty
acids taken up by myocardial cells depends on fatty acid

extraction and on regional myocardial blood flow. Informa-
tion about fatty acid extraction in different pathophysiologic
situations is limited, because most experimental studies
assessedb-oxidation and not extraction. Furthermore, con-
flicting results have been obtained in different studies,
showing both decreased and increased fatty acid uptake
relative to flow (1–4). Therefore, this study analyzed in the
isolated heart model the relationship between myocardial
flow and the extraction of the long-chain fatty acid analog
123I-iodophenylpentadecanoic acid (IPPA), especially at low
flow, and obtained an estimate of123I-IPPA uptake at dif-
ferent flow rates.

MATERIALS AND METHODS

Preparation and Study Protocol
Male Wistar rats (weight range, 250–350 g) were anesthetized

with sodium thiopental (15 mg/100 g of body weight intraperito-
neally). The thorax was opened, and the heart was excised quickly,
placed on ice-cold saline, and perfused retrogradely according to
Langendorff after cannulation of the ascending aorta. Hearts were
perfused at a constant flow with a nonrecirculating, modified
Krebs–Henseleit solution containing (in mmol/L) NaCl (118),
KCl (4.7), CaCl2 (2.52), MgSO4 (1.64), NaHCO3 (24.88),
KH2PO4 (1.18), and glucose (10) equilibrated with 5% CO2/
95% O2 at 37°C. All chemicals and reagents were purchased
from Sigma-Aldrich (Deisenhofen, Germany). Perfusate was
filtered (0.2mm) to prevent particulate matter from entering the
coronary circulation. A latex balloon filled with water was
introduced into the left ventricle and permitted continuous
pressure measurements. The balloon volume was adjusted to
obtain a left ventricular end-diastolic pressure of approximately
5 mm Hg.

The roller pump used for retrograde perfusion of the hearts was
calibrated before each experiment by determining the pumped
volume at different flow levels. During the experiments, the flow
was altered by adjusting the roller pump, and the flow rates were
controlled by collecting venous outflow from the heart. Measured
flow rates and predetermined pumping rates were virtually identi-
cal (60.1 mL).

After preparation, all hearts were perfused at a flow rate of 8
mL/min for 20 min without intervention (stabilization phase), and
then123I-IPPA extraction was measured 3 times at 15-min intervals
(baseline extraction). The flow rate of 8 mL/min resulted in a mean
aortic pressure of approximately 40 mm Hg. Fifteen minutes after
the third measurement, the flow was either reduced or increased,
and123I-IPPA extraction was measured 10 min later at the altered
flow rate.123I-IPPA extraction at the third baseline measurement
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was used as the reference for the assessment of effects during
intervention. Hearts were beating spontaneously during the whole
experiment. At the end of the measurements, the hearts were cut
into 4 or 5 coronal slices and stained with 2,3,5-triphenyltetrazo-
lium chloride (tetrazolium red) (5,6). No heart showed macrosopic
evidence of severe myocardial damage (unstained segments).

Analysis of Capillary 123I-IPPA Exchange
123I-IPPA extraction was measured according to the indicator

dilution technique described elsewhere (7–10). A tracer bolus
consisting of 100 kBq123I-IPPA (diffusible tracer) and 100 kBq
99mTc-albumin (vascular reference) was dissolved in 300mL per-
fusate and added to the arterial inflow just above the heart. A
special aortic cannula consisting of two parallel glass tubes was
used for the bolus injection. By switching from one tube to the
other, radiolabeled substances could be added to the perfusate
without a change of flow rate (Fig. 1). To avoid adhesion of
radiopharmaceuticals to the perfusion apparatus, any part coming
into direct contact with123I-IPPA or 99mTc-albumin was made of
glass and pretreated with a silicone solution (Sigmacote; Sigma-
Aldrich, Deisenhofen, Germany).

Venous outflow was collected for a total of 5 min. At the flow
rate of 8 mL/min, venous samples were obtained at 3, 6, 9, 12, 15,
20, 25, 30, 45, 60, 90, 120, 150, 200, 250, and 300 s. Sampling
intervals were adapted to the flow rate during measurements at
lower flow to guarantee a size of venous samples.200 mL (e.g.,
samples were obtained at 10, 20, 30, 45, 60, 90, 120, 150, 200,
250, and 300 s at a flow rate of 2 mL/min). Because multiple
consecutive measurements were performed on each heart, one
venous sample was obtained immediately before injection of every
activity bolus, and subsequent samples were corrected for residual
activity. Venous samples were counted on an automatedg-counter
(1282 CompuGamma; Wallac, Turku, Finland). For discrimination
of 99mTc and123I, energy windows were centered manually on the
peaks of both isotopes, and results were corrected for energy

crossover (6.5% downscatter of123I into the 99mTc window), time,
background, and physical decay during the counting process. Each
100-mL sample was measured for 60 s, and the mean activity at the
time of bolus passage was around 150,000 and 60,000 counts/min
in the 99mTc and123I windows, respectively.

Normalized transport functions h(t) were calculated for123I-
IPPA and99mTc-albumin as follows:

h~t! 5 FSA ~t!

A0
D , Eq. 1

where F is the flow in milliliters per minute, A(t) is the radioac-
tivity in disintegrations per minute (dpm) per milliliter at time t,
and A0 is the total injected activity in dpm. From the h(t) curves,
an instantaneous extraction E(t) was obtained for each point:

E~t! 5 1 2
h~t! ippa

h~t!alb
, Eq. 2

where h(t)ippa and h(t)alb are the normalized transport functions for
123I-IPPA and99mTc-albumin, respectively.

The Renkin–Crone equation (11–13) can be used to determine
the capillary permeability–surface area product PSc, given that PSc
represents a unidirectional flux:

PSc 5 2F ln~1 2 Emax!, Eq. 3

where Emax is the peak instantaneous extraction E(t) occurring up
to the peak of h(t)alb.

The net extraction Enet(t), which reflects bidirectional tracer
exchange, was calculated from the outflow curves as a time inte-
gral:

Enet~t! 5

E
0

t

@h~t!alb 2 h~t! ippa#dl

E
0

t

h~t!albdl

, Eq. 4

wherel is a dummy variable for integration and t is the time at
which 99% of the injected albumin activity had emerged in the
venous effluent. From the outflow curves, residue fractions R(t)
were calculated for123I-IPPA:

R~t! 5 1 2 E
0

t

h~l!dl. Eq. 5

Net tissue tracer uptake, which is a function of tracer delivery
and Enet, was determined from the product of flow and Enet:

Uptakenet 5 F 3 Enet. Eq. 6

For further analysis of tracer exchange over the capillary wall,
time curves of the log ratio for99mTc-albumin and123I-IPPA were
generated: ln[(Calb(t)/Cippa(t)], where Calb(t) and Cippa(t) are the
concentrations in the venous outflow of99mTc-albumin and123I-
IPPA, respectively.

Radiopharmaceuticals
123I-IPPA was obtained from Cygne bv (Eindhoven, The Neth-

erlands). According to the manufacturer’s information, the specific
activity of 123I-IPPA at calibration was.0.17 GBq/mg, and the
total amount of IPPA injected with each activity bolus was,2 ng

FIGURE 1. For application of tracer bolus at constant flow,
special aortic cannula was used, which consisted of two parallel
tubes. Arrows represent direction of flow. Tracer bolus of 300
mL was added to tube on left-hand side. By switching perfusion
from one tube to the other, bolus was administered to heart at
constant flow.
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(radiochemical purity.95%). Before this study, we were able to
ascertain in separate experiments that the saturation of myocardial
123I-IPPA uptake does not occur at the doses and volumes used in
this study. 99mTc-albumin was prepared from a commercially
available kit (albumoscint; duPont Pharmaceuticals, Bad Hom-
burg, Germany), and labeling efficiency was.98% in all prepa-
rations.

Left Ventricular Performance
The analog-to-digital conversion of signals from the pressure

transducer connected to the latex balloon in the left ventricle was
performed using a data acquisition card compatible with a personal
computer (PCL-818HD; Advantech Co. Ltd., Cincinnati, OH) and
a conversion rate of 1,000 Hz. Data were processed using dedi-
cated software (DaisyLab; Datalog GmbH, Mönchengladbach,
Germany). The left ventricular end-diastolic pressure (LVEDP),
left ventricular end-systolic pressure (LVESP), and heart rate were
obtained from the left ventricular pressure curve, and the differ-
ence between LVEDP and LVESP was calculated (left ventricular
developed pressure [LVDP]). The product of the heart rate and
LVDP served as an index of myocardial work (rate–pressure
product). The measurements of the heart rate and LVDP were
performed immediately before injection of every activity bolus.

Statistics
Data are given as the arithmetic mean6 SE. The differences

between the groups were examined using the nonparametric
Mann-Whitney test. Statistical significance was assumed forP ,
0.05.

RESULTS

Fifteen hearts were examined. The number of hearts
studied at specific flow rates during intervention is summa-
rized in Table 1. The mean heart weight at the end of the
experiments was 1.86 0.06 g.

Measurements at Baseline
The net extraction of123I-IPPA did not change signifi-

cantly during the baseline phase and was 50.8%6 3.1%
(first measurement), 48.8%6 3.7% (second measurement),
and 51.6%6 2.8% (third measurement). At the time of the
third measurement, the rate–pressure product was 12,0006
1,500 mm Hg/min, the PSc product was 3.76 0.24 mL/gz
min, and the LVEDP was 7.26 0.7 mm Hg.

Interventions
As predicted by the principles of perfusion–contraction

matching (14), the rate–pressure product declined during
low flow and remained constant at high flow (Fig. 2). The
LVEDP did not change significantly during alteration of the
flow. The PSc product increased with increasing flow (Fig. 3).

123I-IPPA net extraction increased during flow reduction
and decreased at flow rates above the control flow. The
relationship between flow and123I-IPPA extraction was
exponential for flow rates between approximately 25% and
300% (flow percentages relative to the baseline flow). At
flow rates#25% of the baseline, the increase in123I-IPPA
extraction was greater than predicted by an exponential
relationship in all hearts. Figure 4 shows a semilogarithmic

TABLE 1
Number of Hearts Examined at Specific

Flow Rates During Intervention

Flow rate during intervention* n

10%–20% 2
20%–30% 8
50% 1
200% 2
300% 2

*Percentage baseline flow (8 mL/min).

FIGURE 2. During flow reduction, rate–pressure product
showed expected decline (perfusion–contraction matching).

FIGURE 3. PSc product increased with higher flows (recruit-
ment of capillary surface).
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plot of 123I-IPPA extraction versus flow. The solid line
represents the regression for flow rates from approximately
25% to 300%.

The calculation of residue functions revealed higher123I-
IPPA retention at low flows. An example is shown in Figure
5 for flows at the baseline and at 25% of the baseline.

Log ratio–time plots showed clear differences with vary-
ing flows (Fig. 6). In the log ratio–time plot, the early rising
slope corresponds to material reaching outflow without
transversing capillary walls, whereas the later downward
deviation corresponds to the return to vasculature of the

tracer that previously left capillaries (15). In Figure 6, a
downward-sloping second component can be detected eas-
ily at the baseline flow, whereas the log ratio remained
largely stable over time at a flow of 25% of the baseline.

The uptake of123I-IPPA increased with increasing flow.
Figure 7 shows individual values together with the line
representing the relationship between uptake and flow for an
optimal perfusion tracer. At flow rates below the baseline,

FIGURE 4. Semilogarithmic plot of net extraction and flow.
Relationship between Enet and flow was exponential at flow
rates between approximately 25% and 300% (inserted line). At
lower flow rates, extraction was higher than predicted by expo-
nential relationship.

FIGURE 5. Residue fraction of 123I-IPPA at baseline flow and
at reduced flow (25% of baseline), calculated according to
Equation 5. 123I-IPPA retention increased at low flows.

FIGURE 6. Log ratio–time plot for 123I-IPPA at baseline flow (8
mL/min) and during flow reduction to 2 mL/min. First upward-
sloping component reflects tracer that reaches outflow without
transversing capillary walls. Second downward-sloping compo-
nent is caused by return of label to intravascular space. Return
of label from extravascular space was encountered only at
baseline flow and could not be documented at flows #25%
baseline. Inference is that tracer washout (backdiffusion) was
limited at very low flows.

FIGURE 7. Plot of calculated 123I-IPPA uptake (Eq. 6) vs. flow.
Inserted line represents relationship between uptake and flow
for optimal flow tracer (slope 5 1). 123I-IPPA uptake and flow
changed largely in parallel.
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all individual uptake values lie above this line; that is,
123I-IPPA uptake was (slightly) higher than the flow. Con-
versely, the relative123I-IPPA uptake was less than the
relative flow at high flow rates.

DISCUSSION
123I-IPPA was developed by Machulla et al. (16,17) and

used subsequently as an effective tracer of myocardial fatty
acid metabolism. Its myocardial uptake depends on coro-
nary perfusion (among other factors), and it undergoes
b-oxidation (18). The myocardial kinetics of123I-IPPA are
similar to the kinetics of the physiologic substrate palmitic
acid (19). The advantages of123I-IPPA over labeled alkyl
fatty acids are its rapid myocardial extraction, its stability
against deiodination, and its rapid clearance of metabolites.

From 123I-IPPA SPECT, the segmental tracer uptake and
the half-lives of the biexponential myocardial clearance can
be assessed.123I-IPPA uptake depends on regional myocar-
dial blood flow and extraction. Detailed information about
fatty acid extraction in different pathophysiologic situations
is scarce. Instead of extraction, most studies dealing with
myocardial metabolism examine the oxidation of different
energy-yielding substrates and their contribution to adeno-
sine triphosphate production. These studies showed that
b-oxidation of fatty acids is rapidly inhibited during isch-
emia (20). In a canine open-chest model with flow reduction
to 25% of the control flow, the consumption of nonesterified
fatty acids dropped to 17% of the control conditions,
whereas the oxidative and anaerobic metabolism of glucose
more than tripled (1).

This study examined the relationship between flow and
123I-IPPA net extraction. It was of special interest to assess
whether the inhibition ofb-oxidation during ischemia, as
observed in previous studies, is associated with a decrease
of fatty acid extraction. This study showed that the net
extraction of 123I-IPPA is preserved in myocardium sub-
jected to global low flow and that extraction is even in-
creased disproportionally at flows#25% of the control
flow. The uptake of123I-IPPA increased slightly in compar-
ison with an ideal flow tracer at low flow and seemed to
plateau at high flow rates (.200% of the control flow).

Tracer extraction and regional blood flow are coupled.
During low flow, the contact time of the labeled tracer with
the capillary wall increases and extraction rises. The rela-
tionship between flow, permeability, and extraction is de-
scribed by the Renkin–Crone equation, E5 1 2 e2PS/F,
where E is extraction and F is flow. From the Renkin–Crone
equation, an exponential relationship between flow and ex-
traction can be assumed, at least in situations where the
saturation of specific mechanisms for tracer transport does
not occur.

Experimental results regarding the relationship between
regional myocardial blood flow and the extraction of long-
chain fatty acids are controversial. In an open-chest dog
preparation, Myears et al. (1) measured the steady-state

extraction fraction of nonesterified fatty acids (NEFA) in
myocardium from the arteriovenous difference of plasma
concentrations. They found a virtual identical (P 5 not
significant) extraction fraction of NEFA at control condi-
tions (41.2%6 6.0%), during flow reduction to 25% of the
control flow (36.6%6 2.7%), and at reflow (42.6%6
5.6%). In contrast, the extraction fraction of glucose in-
creased significantly during ischemia from 2.2%6 2.0% to
25.0%6 2.0% and remained enhanced during reperfusion
(15.4%6 2.2%;P , 0.05 compared with control conditions
and with ischemia).

Similarly, Schwaiger et al. (2), using a canine open-chest
model with intracoronary injection of11C-palmitate and
measurement of the retention fraction with a scintillation
probe, found no change of palmitate retention during reduc-
tion of the epicardial flow to 29.4% of the control flow with
simultaneous reduction of the endocardial flow to 10.7%.

At variance with the experimental findings of Myears et
al. (1) and Schwaiger et al. (2) is the study of Vyska et al.
(3), who determined123I-IPPA kinetics in 15 healthy pa-
tients and 30 patients with coronary artery disease. They
calculated that k1*, the rate constant for123I-IPPA influx
into myocardial tissue, increased in a nonlinear fashion with
reduction of the relative plasma flow rate. Likewise, Marie
et al. (4) found an exponential increase of early123I-16-iodo-
3-methylhexadecanoic acid (MIHA) retention with decreas-
ing coronary flow rate in the isolated rabbit heart perfused
with red cell–enhanced perfusate.

Also in this study, the net extraction of123I-IPPA in-
creased with decreasing flow and even showed a more than
proportional increase at flow rates#25% of the control
flow. The findings of this study support the assumption that
the extraction of123I-IPPA largely follows the principles of
the Renkin–Crone equation. The apparent differences be-
tween this study and the results of Myears et al. (1) and
Schwaiger et al. (2) may be explained by four factors. First,
Myears et al. (1) calculated the extraction fraction of NEFA
from arteriovenous differences in a steady-state situation. In
contrast, in most other studies, a tracer bolus is injected
(pulse-labeling technique). The distribution of the label in
the intracellular lipid pools may be different with both
techniques, and the calculated extraction fractions may
vary. Second, Myears et al. (1) obtained venous blood from
the vein draining the ischemic territory. Venous effluent
may be diluted by blood from nonischemic regions, thus
masking discrete alterations of NEFA extraction. Third,
123I-IPPA and glucose (without insulin) were the only en-
ergy substrates in the Langendorff preparation used in this
study. In the open-chest models used by Myears et al. (1)
and Schwaiger et al. (2), competing substrates may have
influenced fatty acid extraction. Fourth, Myears et al. (1),
Schwaiger et al. (2), Vyska et al. (3), and Marie et al. (4)
measured the extraction of different substrates (NEFA,
11C-palmitate,123I-IPPA, and123I-MIHA). The studies ex-
amining 123I-IPPA and 123I-MIHA documented a flow de-
pendency of influx/extraction. The different results may
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therefore be caused by tracer-specific uptake and retention/
metabolism. Tracer-specific differences of extraction have
been documented for18F-fluoro-6-thiaheptadecanoic acid
(FTHA) and125I-b-methyl-p-iodophenylpentadecanoic acid
(125I-BMIPP) in the hypoxic state (21). Similar information
about123I-IPPA is lacking.

The calculation of residue functions and the analysis of
log ratio–time plots can give insight into the mechanisms
responsible for the more than proportional increase of net
extraction at very low flow rates in this study. At flows
#25% of the baseline, the residue functions showed an
increased retention of123I-IPPA, whereas the log ratio–time
plots showed almost no net washout (backdiffusion). The
inference is that a limitation of tracer washout constitutes an
important factor in the more than proportional increase of
123I-IPPA net extraction at low flows. A partial limitation of
tracer washout must be expected when the flow is lower
than the PSc product of the substance under investigation
(22), which is clearly the case at the low flows produced in
this study. Alternatively, the observed increase of123I-IPPA
retention at low flows may also be caused by a more avid
cellular extraction; however, the data of this study do not
allow (but also do not rule out) this conclusion.

The calculated PSc product of 3.76 0.24 mL/g z min is
in the range of published PSc products for labeled palmitate
(1.6 and 7.0 mL/gz min) (15,23) and higher than values for
201Tl (between 0.76 0.3 and 1.226 0.4 mL/g z min)
(22,24,25) and99mTc-sestamibi (approximately 0.48 mL/
g z min) (24). The increase of PSc with flow can be ex-
plained theoretically by an increase in capillary permeabil-
ity or capillary surface area (or both). This increase most
likely reflects a recruitment of the capillary surface at higher
flows, which has also been described for K1 and Tl1

(22,25).
In this study,123I-IPPA uptake was calculated from the

product of flow and net extraction (Eq. 6). The calculated
123I-IPPA uptake and flow changed largely in parallel. How-
ever, at low flow rates, the uptake of123I-IPPA increased
slightly in comparison with flow and showed a tendency to
plateau at high flow rates (.200% of the control flow).
These results concerning uptake are in accordance with
former studies. Schwaiger et al. (26) studied11C-palmitate
uptake in a canine model with 3-h balloon occlusion of the
left anterior descending coronary artery (LAD). Although
the flow was reduced to 31.8%6 10.6%, 11C-palmitate
uptake was reduced to 36.0%6 11.0%. The relative de-
crease of11C-palmitate was paralleled by blood flow reduc-
tion (r 5 0.75). Van der Vusse et al. (27) reported a reduced
uptake of NEFA in ischemic canine myocardium produced
by partial occlusion of the LAD for 120 min. Comparable
with this study, NEFA uptake was slightly higher than flow.
Renstrom et al. (21) studied125I-BMIPP and 18F-FTHA
uptake in 19 swine. During flow reduction to 40% of the
control flow, the uptake of both tracers was reduced to
approximately 60%.

Comans et al. (28) examined the uptake of125I-iodophe-
nyl-3,3-dimethylpentadecanoic acid (DMIPP) in dogs with
an extracorporally perfused LAD at different flow rates. The
flow was determined with46Sc-labeled microspheres, and
125I-DMIPP uptake was assessed as the percentage injected
dose per gram. In their study, the relationship between
normalized blood flow and normalized125I-DMIPP uptake
could be best described by an exponential relationship with
higher 125I-DMIPP uptake than flow at lower flow rates
(comparable with the results of this study).

Using the same model, Sloof et al. (29) studied the
heterogeneity of blood flow and125I-DMIPP uptake at dif-
ferent flow rates. During flow reduction, the heterogeneity
increased significantly for both myocardial blood flow and
125I-DMIPP uptake, whereas the agreement between both
parameters decreased. Sloof et al. (29) concluded that seri-
ous uncoupling occurs between fatty acid metabolism and
myocardial blood flow during flow reduction. This study
also showed a greater variability of rate–pressure products
and net extraction at low flows (Figs. 2 and 4).

The clinical interpretation of myocardial SPECT depends
mainly on the analysis of tracer uptake. In this regard, the
uptake of fatty acids and flow tracers must be compared. It
can be deduced from this study that during acute low-flow
ischemia, the uptake of fatty acids and flow tracers will be
reduced to a similar extent (probably slightly in favor of
fatty acids). A similar situation may exist in chronic isch-
emia. In patient studies, a preserved (increased) uptake of
fatty acids in chronically ischemic segments and chronically
dysfunctional but viable myocardium could indeed be
shown (30,31).

A different situation exists in myocardium studied after
an ischemic event (acute coronary syndrome with reperfu-
sion, exercise-induced ischemia). Different clinical studies
have shown a reduced fatty acid uptake in comparison with
flow in stunned myocardium (32,33).

Kudoh et al. (34) studied123I-BMIPP and201Tl uptake in
15 patients with chronic coronary artery disease and corre-
lated tracer uptake with histologic findings of biopsy spec-
imens obtained during cardiac surgery. Although early201Tl
uptake (5–10 min after injection) showed a strong correla-
tion with the degree of fibrosis,123I-BMIPP uptake was
reduced disproportionally in segments with mild fibrosis
(,15%) only. The findings of Kudoh et al. (34) most likely
reflect a reduced fatty acid uptake in postischemic viable
myocardium.

There were several limitations to this study. In this study,
the whole heart was made ischemic. In contrast, myocardial
perfusion in patients with coronary artery disease is char-
acterized by regional inhomogeneities. The hemodynamic
and metabolic consequences of global versus regional isch-
emia are probably different, and the results of this study are
not directly transferable to the clinical situation.

The supply of energy-yielding substrates was controlled
completely in the Langendorff model used. This is an ad-
vantage in one regard, because the effect of flow alterations
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on fatty acid extraction could be studied separately. On the
other hand, the use of energy substrates is balanced pre-
cisely in the physiologic situation, and, in previous studies,
the uptake of fatty acids depended also on the availability of
competing substrates (35–38). The effects of competing
substrates in the low-flow situation were not examined here.

The perfusate in this study did not contain albumin or any
oxygen carrier (e.g., red blood cells). To guarantee suffi-
cient oxygen delivery to myocardial tissue, the flow rate was
increased to 8 mL/min at the baseline. The combined effects
of low oncotic pressure and low viscosity, compared with
blood, together with the supraphysiologic flow rate, resulted
in an aortic pressure of approximately 40 mm Hg at the
baseline, which is in the range of published values for this
model (39). The supraphysiologic flow rates may have
affected individual measurements; however, the values ob-
tained for Enet and PSc at the baseline are comparable with
results from other, more physiologic models. Furthermore,
the relationship between flow and123I-IPPA extraction stud-
ied at different flow rates should be less prone to adverse
effects from experimental conditions than the sole determi-
nation of individual data points.

The low oncotic pressure of the perfusate may have
resulted in tissue edema with a concomitant increase in
interstitial space, despite a relatively low perfusion pressure.
The influence of tissue edema on the calculated parameters
cannot be excluded, even if in separate experiments using
the same model with a constant flow for.2 h, no time-
dependent change of123I-IPPA extraction or PSc could be
detected.

This study examined adaptations to acute low-flow isch-
emia. Consequently, the results cannot be transferred di-
rectly to chronic low-flow ischemia (hibernation).

CONCLUSION

Fatty acid uptake is preserved and increased slightly,
relative to flow, in low-flow ischemia. The analysis of
123I-IPPA uptake gives insight into the subtle changes of
cardiac energy metabolism, which may be of value for
differential diagnosis and therapy monitoring in patients
suffering from coronary artery disease.
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funding of Charité Medical School.

REFERENCES

1. Myears DW, Sobel BE, Bergmann SR. Substrate use in ischemic and reperfused
canine myocardium: quantitative considerations.Am J Physiol.1987;253:H107–
H114.

2. Schwaiger M, Schelbert HR, Keen R, et al. Retention and clearance of C-11
palmitic acid in ischemic and reperfused canine myocardium.J Am Coll Cardiol.
1985;6:311–320.

3. Vyska K, Machulla HJ, Stremmel W, et al. Regional myocardial free fatty acid
extraction in normal and ischemic myocardium.Circulation. 1988;78:1218–
1233.

4. Marie PY, Menu P, Angioı̈ M, et al. The kinetics ofb-methyl-substituted labelled
fatty acids in ischaemic myocardium: an analysis in man and with a blood-
perfused isolated heart model.Eur J Nucl Med.1999;26:474–482.

5. Kloner RA, Darsee JR, deBoer LW, Carlson N. Early pathologic detection of
acute myocardial infarction.Arch Pathol Lab Med.1981;105:403–406.

6. Greve G, Saetersdal T. Problems related to infarct size measurements in the rat
heart.Acta Anat Basel.1991;142:366–373.

7. Bassingthwaighte JB, Goresky CA. Modeling in the analysis of solute and water
exchange in the microvasculature. In: Renkin EM, Michel CC, Geifer SR, eds.
Handbook of Physiology, Section 2: The Cardiovascular System. Bethesda, MD:
American Physiological Society; 1984:549–626.

8. Rose CP, Goresky CA. Interactions between capillary exchange, cellular entry,
and metabolic sequestration processes in the heart. In: Renkin EM, Michel CC,
Geifer SR, eds.Handbook of Physiology, Section 2: The Cardiovascular System.
Bethesda, MD: American Physiological Society; 1984:781–798.

9. Bassingthwaighte JB, Chinard FP, Crone C, et al. Terminology for mass transport
and exchange.Am J Physiol.1986;250:H539–H545.

10. Meerdink DJ, Leppo JA. Experimental studies of the physiologic properties of
technetium-99m agents: myocardial transport of perfusion agents.Am J Cardiol.
1990;66:9E–15E.

11. Crone C. The permeability of capillaries in various organs as determined by use
of indicator diffusion method.Acta Physiol Scand. 1963;58:292–305.

12. Renkin EM. Transport of potassium-42 from blood to tissue in isolated mamma-
lian skeletal muscles.Am J Physiol. 1959;197:1205–1210.

13. Renkin EM. Exchangeability of tissue potassium in skeletal muscle.Am J
Physiol.1959;197:1211–1215.

14. Ross JR Jr. Myocardial perfusion-contraction matching: implications for coro-
nary heart disease and hibernation.Circulation. 1991;83:1076–1083.

15. Rose CP, Goresky CA. Constraints on the uptake of labeled palmitate by the
heart: the barriers at the capillary and sarcolemmal surfaces and the control of
intracellular sequestration.Circ Res. 1977;41:534–545.
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