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Quantitation of Presynaptic Cardiac Sympathetic
Function with Carbon-11-Meta-Hydroxyephedrine
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The purpose of this study was to validate an axially distributed
blood-tissue exchange model for the quantitation of cardiac presyn-
aptic sympathetic nervous system function that could be applied to
PET images. The model accounts for heterogeneity in myocardial
blood flow, differences in transport rates of ''C-meta-hy-
droxyephedrine (MHED) across the capillary endothelium and/or
neuronal membranes, the virtual volumes of distribution in the
interstitial space and neuron and retention of mHED in the neuronal
vesicles. Methods: Multiple indicator outflow dilution and residue
detection methods were used to measure the kinetics of radiola-
beled intravascular space and interstitial space markers and ''C-
mHED in isolated perfused rat heart at baseline and during norepi-
nephrine neuronal transporter blockade with desipramine (DMI). The
outflow dilution and residue detection data were modeled with a
multiple pathway, four-region, axially distributed model of blood-
tissue exchange describing flow in the capillary and exchange
between regions using permeability-surface area products with
units of clearance of milliliters per minute per gram. Meta-hy-
droxyephedrine may enter the nerve terminal via membrane trans-
port, where it may be sequestered by first-order unidirectional
uptake within vesicles. Release of mHED from the vesicles is
modeled via exchange with the interstitial space. Results: After
intracoronary injection, mHED transport across the capillary endo-
thelium and in the interstitial space closely followed that of sucrose.
Subsequently, mHED was retained in the heart, whereas sucrose
washed out rapidly. With DMI the outflow dilution curves more
closely resembled those of sucrose. Model parameters reflecting
capillary-interstitial kinetics and volumes of distribution were un-
changed by DM, whereas parameters reflecting the neuronal trans-
porter process and volumes of distribution in the nerve terminal and
vesicular sequestration were markedly decreased by DMI. Applica-
tion of the model to a pilot set of canine PET images of mHED
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suggests the feasibility of this approach. Conclusion: Meta-hy-
droxyephedrine kinetics in the heart can be quantitated using an
axially distributed, blood-tissue exchange model that accounts for
heterogeneity of flow, reflects changes in neuronal function and is
applicable to PET images.

Key Words: sympathetic nervous system; PET; modeling; meta-
hydroxyephedrine; neuronal transporter
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Substantial and increasing evidence supports the concept that
aberrations in cardiac sympathetic nervous system (SNS) func-
tion contribute to and may be primarily responsible for the
morbidity and mortality associated with cardiac conditions such
as sudden cardiac death (/), congestive heart failure (2—4) and
post-myocardial infarction depression (5,6). A major limitation
to understanding the role of the SNS in these conditions has
been the absence of quantitative methods for noninvasive
examination of global and/or regional pre- and postsynaptic
cardiac SNS function.

The distribution and retention in the myocardium of norepi-
nephrine (NE) analogs (7-9) and the postsynaptic B-adrenergic
receptor density and distribution (/0) can now be imaged using
PET. Several positron-emitting compounds have been devel-
oped to study presynaptic SNS function (//-/4). Among these,
'C-meta-hydroxyephedrine (mHED), a tracer for the norepi-
nephrine transporter (NET) mechanism (/5) that recycles NE
released from the sympathetic nerve terminal, has been shown
to have clinical applicability (7-9). Carbon-11-labeled mHED
has a high affinity for the NET sites. NET and vesicular storage
are similar to that of NE, and ''C-mHED has the advantage of
limited metabolism of the tracer (/6,17). It has low nonspecific
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binding and can be labeled with sufficiently high specific
activity to avoid measurable physiologic effects (/8,19).

Several PET imaging studies in humans have demonstrated
that a semiquantitative analysis method was capable of detect-
ing large differences in the regional retention of mHED (7-9).
However, there has been little attempt to account for physio-
logical variables such as:

1. differences in the delivery of the radiotracer, including
diffusion gradients along the capillary length, and the
effects of flow heterogeneity;

2. differences in transport into the neuroeffector junction;

3. potential retention of local or systemic metabolites; or

4. distribution into various compartments within the neu-
roeffector region.

Accounting for such variables might improve our understanding
of disease processes as well as improve the sensitivity or
specificity for differentiating disease states.

Preliminary attempts at quantitation of mHED images have
been reported by Hutchins et al. (20), in which a three-
compartment model showed, in canine studies, a strong corre-
lation (r = 0.875) between modeled regional NE tissue distri-
bution volumes and measured tissue NE concentrations. The
model parameter representing cellular and vesicular NET, kj,
was reduced (45-60%) in the presence of the NET blocker
desipramine (DMI). Application of this model to human images
has not been reported.

DeGrado et al. (/7) have expanded our understanding of the
transport capacities and volumes of distribution (V) of ''C-
mHED through washout residue detection studies in isolated
perfused rat hearts. However, methodolgical constraints al-
lowed them to calculate only global washin and washout rates
and a single V. Perturbations of the system with the NET
blocker DMI decreased uptake and produced rapid clearance.
Norepinephrine increased the clearance rate and decreased V.
Based on their results and existing knowledge of NE kinetics,
they proposed a model for mHED but did not test it.

To better quantify presynaptic neuronal function in the intact
heart, we have developed an axially distributed blood-tissue
exchange model that accounts for heterogeneity in myocardial
blood flow, the transport rates of mHED across the capillary
endothelium and neuronal membranes, the virtual volumes of
distribution in the interstitial space and neuron, the retention of
mHED in the neuronal vesicles and the release of mHED via
exocytosis. We report here our validation of this model in
isolated perfused hearts and a single feasibility study of model
application to PET images.

MATERIALS AND METHODS

Experimental Preparation: Rat

Male Sprague-Dawley rats, 200-300 g, were heparinized (1000
units) and anesthetized with pentobarbital sodium (150 mg/kg)
intraperitoneally. The chest was opened by making bilateral inci-
sions from the costal margins to the clavicles, and the wall was
folded upward. To prevent ischemia, the aorta was rapidly cannu-
lated, and retrograde perfusion was started with an oxygenated
(37°C) modified Krebs-Henseleit buffer solution containing 123
mM NaCl, 4.8 mM KCl, 1.2 mM NaHCO,, 6.7 mM glucose, 2 mM
CaCl,, 1.2 mM KH,PO,, 2 mM pyruvate, 10 mg/liter EDTA and 20
mg/liter ascorbic acid (Sigma Chemical Co., St. Louis, MO). The
pulmonary artery was incised to allow outflow of the perfusate, the
flow of which was controlled by a calibrated roller pump (Gilson
Co., Middleton, WI). After ligation of the vena cavae, the heart was
removed from the thorax and hung from a stainless steel cannula
mounted on a flexible support arm. To collect coronary sinus

drainage, the pulmonary artery was isolated and cannulated with a
8-cm piece of perforated polyethylene tubing (1.4-mm inside
diamter), its distal end was advanced through the right ventricular
free wall and the tubing was connected to an in-house fabricated
computer-controlled collection device. A latex balloon was in-
serted in the left ventricle through the left atrium and mitral valve
and connected to a pressure transducer (Gould, Inc., Oxnard, CA)
to monitor left ventricular pressure and heart rate and to maintain
left ventricular (LV) end diastolic pressure in a physiologic range
(0-5 mmHg).

For some of the experiments, residue detection of the whole
heart was performed with two 3-inch Nal(T1) detectors (Bicron,
Newbury, OH) used in coincidence mode and positioned to give
maximal recovery of the annihilation events occurring in the heart
(Canberra Co., Meriden, CT). Analog and digital data were
collected on-line using ASYST (Keithley Asyst, Inc., Rochester,
NY), a personal computer-based program. Sampling rates were 1
Hz for the tracer ''C.

Experimental Protocol

Heart rate and LV systolic and diastolic pressure were recorded
continuously, and values were measured immediately before each
of the multiple indicator dilution (MID) runs. Timed coronary sinus
flow and leakage flow (fluid dripping from the epicardial surface of
the heart) were collected in separate graduated cylinders at the time
of the hemodynamic measurements. Injectate solutions were made
by combining aliquots of stock solutions of '*’I-bovine serum
albumin ('?’I-BSA; ICN Biomedical, Irvine, CA) as the marker for
the intravascular space, >H-sucrose (American Radiolabeled
Chemicals, St. Louis, MO) to measure the interstitial space (isf),
and ''C-mHED as the test substance. Tritiated sucrose was used as
the reference isf marker because it has a molecular weight similar
to that of mHED. Carbon-11-labeled meta-hydroxyephedrine was
made according to the method of Rosenspire et al. (/8). The
""C-mHED product was purified by semipreparative high-perfor-
mance liquid chromatography using an Inertsil ODS-2 C,g column
(Metachem, Torrance, CA; 10 mm X 250 mm, S-um particles)
eluted with 0.15 M sodium acetate (pH 6) and ethanol (95:5, v/v)
(19). The retention volume for mHED was 55 ml. Chemical purity
was assayed using an Inertsil ODS-2 C,3 column (4.6 mm X 250
mm) eluted with 0.2 M ammonium formate (pH 6) and acetonitrile
(95:5, v:v) and ultraviolet absorbance detection at 272 nm. Reten-
tion was verified against standards of metaraminol and mHED.
Retention volumes for metaraminol and mHED were 7.4 and 10.7
ml, respectively. The ''C-mHED was >98% pure, with a measured
specific activity >2000 Ci/mmol at the end of production of the
radionuclide.

Injectate (~100 ul) containing 3-5 uCi of '**I-BSA, 2-5 uCi of
3H-sucrose and 10-50 uCi of ''C-mHED was drawn into a hubless
plastic syringe with an integrated 26-gauge needle. The syringe
was weighed after the injectate was drawn into it and again after
injection. The needle of the injectate syringe was passed through a
piece of SILASTIC tubing (Dow Corning, Midland, MI) just
proximal to the cannula, and the radiotracers were injected as a
bolus (~100 ul) into the perfusate line. A 1-ml volume of tubing
plus cannula was present between the injection site and the heart.
Beginning with tracer injection, the total effluent from the coronary
sinus was collected directly into preweighed counting tubes in the
fraction collector. Samples were collected every second for 20 sec,
every 2 sec for 10 sec, every 5 sec for the next 30 sec and every 10
sec during the next 60 sec (total collection period = 2 min). Studies
were performed under basal conditions (n = 5) or during perfusion
with Krebs-Henseleit buffer (as above) containing desipramine (20
pM), which was started 10—15 min before radiotracer injection.
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Residue detection data were collected for 30 min after radiotracer
injection.

Data Preparation

The effluent tubes along with standards taken from the injectate
pool were counted for ''C in a Packard Cobra multiple detector
counter (Packard Instruments, Meriden, CT) with a 20% energy
window centered about the 511-keV gamma peak. Carbon-11
activity was decay corrected and expressed as counts per minute
per milliliter. After completion of the ''C counting, the tubes were
weighed and counted for *H and '*°I in a Packard Tricarb liquid
scintillation counter, corrected for decay and crosstalk between 3H
and '*I and expressed as counts per minute per milliliter (27). All
effluent count data were then expressed as the fraction (h,) of the
injected dose appearing in the outflow sample at that sample time.

Dilution curves for albumin, sucrose and mHED were normal-
ized to injected activity using the expression, h(t) = F X C(t)/q0,
where h(t) is the fraction of injected tracer emerging in the
coronary outflow per second, F is the coronary flow rate (milliliters
per second), C(t) is the tracer activity in the samples of venous
effluent perfusate (counts per minute per milliliter) and q0 is the
activity (counts per minute) injected in the bolus. Residue detection
activity was corrected for background and radioactivity decay, and
the data were transferred to a UNIX-based workstation for model
analysis (Sun Microsystems, Palo Alto, CA).

Modeling

Data from the multiple indicator dilution and the PET experi-
ments were analyzed using a mathematical model that describes the
processes governing the distribution and kinetics of bloodborne
tracers in the heart. The use of the model followed general
principles developed by Bassingthwaighte and Goresky (22) and
Kuikka and coworkers (23). The model accounts for the effects of
regional flow heterogeneity by using multiple flow pathways
arranged in parallel. Each of the pathways consisted of an exchange
unit (Fig. 1) describing capillary, interstitial, nerve terminal and
vesicle regions. Delay and dispersion of the tracers in nonexchang-
ing coronary arterioles and venules were described using a vascular
operator (volume = 0.08 ml/g, relative dispersion = 0.48) (24) in
series with the exchange unit in each of the model flow pathways.
In each pathway, the model describes flow (F,) in the capillary (V)
and radial exchange between regions using permeability-surface
area (PS) products with units of clearance of milliliters per minutes
per gram. To account for the broad range of diffusion distances
between sites in the isf that are close to and far from the capillary
membrane, mathematically the isf is considered as having two
equal volumes, V;, and Vi, with diffusional exchange between
the two parts (PS;y).

After entering the isf from the capillary (PS,), mHED may enter
the nerve terminal (V',,) via membrane transport (PS,,), where it
may be sequestered (G,,) by first-order unidirectional uptake
within vesicles (V',.). Although not physiologically exact, release
of mHED from the vesicles is modeled via exchange with the isf
(PS,)- It is assumed that there is neither irreversible binding nor
metabolism of mHED. The use of a PS function to model the
vesicular exocytosis of mHED was an operational necessity im-
posed by the structure of the model.

The parallel exchange pathways share a common inlet by which
tracers enter the system and a common outlet by which tracers exit.
Only one of these exchange pathways is shown in Figure 1. The
common inlet includes two nonexchanging vascular operators
arranged in series to describe tracer delay and dispersion in large
epicardial coronary vessels (V = 0.15 ml/g, RD = 0.24) and in
tubing of the perfusion apparatus and the sample collecting system
(V = 0.1 ml/g, RD = 0.24) (24). The model solution for the
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residue function included the total tracer quantity in all regions of
the exchange unit and in all the nonexchanging elements.

Multiple Tracer Studies in Rat Hearts

To minimize the number of degrees of freedom during parameter
optimization, certain model parameters were given preassigned
values based on experimental measurements (flow) or a priori
knowledge. The capillary volume (V,) was assigned a value of
0.035 ml/g based on anatomic considerations (25), and the vol-
umes and relative dispersions of the nonexchanging elements were
held constant at the physiological values described above. To
model the nerve terminals and vesicles, virtual volumes (V',, and
V',.s) were used that are larger than the anatomic volumes of these
regions. Enlarged virtual volumes were used to account for the
concentration of mHED in the nerve terminals and vesicles due to
asymmetrical uptake transport mechanisms. Although not neces-
sarily anatomically or physiologically correct, for mathematical
simplicity, it was assumed that V', = V' ... We have not been able
to find information on the anatomic volumes of either the cardiac
nerve terminal or the vesicular volume that would allow us to
constrain either of these values. Modeling analysis using ratios
ranging from 0.4:1 to 1:4, did not demonstrate appreciable effect
on the model solution; therefore, we assumed a 1:1 ratio. Finally,
arelative dispersion of 0.55 was used to describe the distribution of
flow in the multiple pathways of the model to account for flow
heterogeneity (26,27). Flow heterogeneity is distinct from the
relative dispersion, described above, of a tracer as it passes through
a tube (coronary artery).

The vascular input function for all the tracers was obtained using
deconvolution to fit the albumin dilution curve (28,29). The
extracellular parameters [PS,, Vs (=Viin + Vis) and PS;] were
estimated by fitting the sucrose dilution curve using an automated
nonlinear least squares optimizer routine (30).

To fit the mHED data, the values of PS, and PS;;; determined for
sucrose were multiplied by the ratio of the square roots of their
molecular weights, 1.378, to correct for the difference in aqueous
diffusion coefficients between sucrose and mHED (3/). The value
of V; s determined for sucrose was used for the corresponding value
of Vi for mHED in the subsequent modeling of mHED Kkinetics.
The mHED parameters (PS,,, V',,., Gseq and PS, ;) were estimated
via optimization by simultaneously fitting the mHED outflow
dilution curve and the tissue residue curve with the same model
solution. The dilution curves and residue curves for mHED were
given equal weighting in the optimization. The dilution curve h(t)
data were weighted by the factor 1/h(t) 0.7 to improve the fitting
of the tails. Without weighting, solutions did not consistently fit the
tails of the curves because the tail data were four orders of
magnitude below the peak of the curve. Therefore, the tail data
contributed little to the overall sum of squares of the model fit,
which was the objective function that was minimized by the
optimizer routine. On the basis of sensitivity function analysis, it
was determined that fitting the tails of the curves was important for
increasing the accuracy of estimates of the parameters that are
distant from the capillary, such as V', G, and PS,,,. Optimiza-
tion was repeated sequentially until the solutions converged.
Because the indicator dilution curves were collected for only 90
sec, they mainly provided constraints on estimating PS,,, while the
residue curves that extended to 30 min provided adequate con-
straint for estimating Gyeq, V', and PS,.,.

Experimental Preparation: Dog

In a single dog that was undergoing PET studies as part of
another study evaluating methods for quantitating myocardial
oxygen consumption, we injected 7 mCi ''C-mHED with the
anesthesized animal under basal conditions and again during a
steady-state increase in myocardial work with a constant dobu-
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FIGURE 1. Conoeptual model for a single capillary neuroeffector exchange
unit for mHED. F, capillary flow (mVmin/g); PS; = transport capacity
through the endothelial clefts (mUming); V, = volume of capillary exchange
unit (MVg); Viery = volume of interstitial spaoe close to the capillary membrane
(mVg); Vs = volume of interstitial space far from the capillary membrane,
including space between the nerve terminal and the myocyte (neuroeffector
junction) (ml/g); PS, = diffusional exchange between the interstitial space
regions (mVmin/g); PS,, = transport capacity across the nerve terminal
membrane via the norepinephrine transporter mechanism (mi/minvg); V', =
virtual volume to account for storage of mHED within the nerve terminal but
outside the vesicle (ml/g); Vs = virtual volume of vesicle, set equal to V',
for this study (mlg); Geeq = Sequestration of mHED within the vesicle
(mVmin/g); PS, . = transport capacity for release of mHED from the vesicles
(mVmin/g).

tamine infusion that increased myocardial oxygen consumption by
approximately 50%. PET images were acquired with a General
Electric Advance PET scanner (GE Medical Systems, Waukesha,
WI) with 18 detector rings and 35 image planes. For the mHED
images, dynamic acquisition consisted of two 15-sec frames, nine
10-sec frames, six 30-sec frames and 11 300-sec frames. Images
for determination of regional myocardial blood flow were acquired
dynamically as follows beginning with a bolus injection of 7-10
mCi '*O-water: 15 2-sec frames and 25 10-sec frames. The images
were reconstructed and reoriented into short-axis slices. Regions of
interest (ROIs) were placed over the left atrium and midventricular
tomographic slices, and decay-corrected time-activity curves were
generated using a locally developed image display program: 4
view. The time-activity curves were read directly by the respective
models for myocardial blood flow [Bergmann model (32,33)] and
our mHED model (see below).

Meta-Hydroxyephedrine PET Studies in a Dog. An identical
model was used for analyzing ''C-mHED time-activity curves
from multiple ROIs in a dog heart. Additional a priori constraints
were used in the analysis because no reference tracer data were
available. In addition to the constraints described above for
analyzing the rat heart data, it was assumed that PS, = 0.75
ml/min/g and that V; = 0.15 ml/g, based on estlmates of these
parameters from multiple indicator dilution analysis of radiola-
beled albumin and sucrose curves after intracoronary injection in
the anesthetized dog (34). Coronary blood flow and a blood to
tissue spillover coefficient, estimated by analyzing PET data from
each ROI from a '*O-water study, were used in fitting the
corresponding regional mHED curves. The vascular input function
was the measured left atrial blood pool time-activity curve. The
only parameters estimated via optimization of the mHED curves
were PS,, Gy V'y and PS,.. A sequence of five rounds of
optimization was performed for each mHED curve, since it was
found in preliminary trials that five rounds were sufficient to
ensure convergence of the solutions.
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RESULTS
Hemodynamics

For the rat heart, mean * s.d. values for heart rate, left
ventricular systolic and diastolic blood pressures and coronary
blood flow during the baseline and the DMI studies are shown
in Table 1. There was a significant increase in heart rate,
systolic blood pressure and coronary flow during the DMI
perfusion.

Modeling

An example of the indicator dilution curves (symbols) and
the model solutions (lines) for the three radiotracers from one of
the baseline studies is shown in the left panel of Figure 2.
Passage of the radiotracers through the large vessels and
arterioles and into the exchange vessels occurs during the initial
2-3 sec after injection, after which the curves begin to separate.
The BSA curve had the highest peak, reflecting its rapid
appearance in the outflow, because it remains in the intravas-
cular space. Both sucrose and mHED had a slightly lower peak
because they left the intravascular space and entered the
interstitial space. Thus, less appears in the outflow samples.
Soon after the peak, the sucrose curve crosses the other two,
reflecting its rapid appearance in the outflow as it washes back
from the interstitial space. There is no uptake of sucrose by the
myocytes or trapping within the interstitial space. The amount
of mHED appearing in the outflow remains lower than BSA
throughout the period of collection, consistent with its being
taken up in the nerve terminal or otherwise sequestered within
the extravascular space. The right panel shows the simultaneous
residue detection data for mHED for this same experiment.
These MID/residue data were fit simultaneously with the model
described above. Late in the outflow dilution fitting, the very
slow clearance of mHED from the myocardium reflected in the
residue curve becomes the driving force for the model solution,
which causes the late tail of the MID model solution to be
higher than the outflow data. Values for the seven model
parameters describing the transport, volumes of distribution and
retention of mHED that resulted in the lowest sum of squared
errors of the model fit to the data are also shown.

Figure 3 shows the results during perfusion with 20 pM DMI.
There was little effect on the very early portion of the curves;
however, near the peak, both the sucrose and mHED curves
were closer to the BSA curve, consistent with less of the
compounds leaving the intravascular space (shorter transit time)
and thus leaving more for early appearance in the outflow
samples. After the peak of the curve, both sucrose and mHED
appear in the outflow to a greater extent than does BSA. This is
similar to the control situation for sucrose but reflects a major
change in behavior for mHED. The mHED washes out of the
interstitial space similar to sucrose and is consistent with NET
blockade in the nerve terminal by DMI. The residue detection
data provide additional evidence of NET blockade; the washout
slope of the curve is much greater than during control condi-
tions. Optimized values for the seven model parameters describ-
ing the transport, volumes of distribution and retention of
mHED are also shown.

Table 2 shows the results for the calculated optimal param-
eter values for the experiments combining indicator dilution and
residue detection data under control conditions and during DMI
perfusion. PS,, V;;r and PS;;; were constant from experiment to
experiment and were little affected by the addition of DMI to
the perfusion medium. PS,,, V', and G,., were significantly
reduced in the presence of DMI. The mean and the range of
calculated parameter values for individual studies are shown in
Figure 4.
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TABLE 1

Hemodynamic Values
Heart rate SBP DBP Coronary flow
(beats/m) (mmHg) (mmHg) (mVmv/g)
Baseline (n = 5) 193+42 103+40 11*16 93+33
Desipramine (n = 3) 230 +57* 138 +32* 0.0+x0.0 112 =*0.6"

*p < 0.05 vs. baseline.
SBP = systolic blood pressure; DBP = diastolic blood pressure.

We also tested (data not shown) model simplification by
setting a value for G, equal to the average for all the control
studies and then trying to fit the data optimizing on PS, and
V', It was not possible to achieve a satisfactory fit adjusting
only these two parameters.

To evaluate whether our model has potential clinical appli-
cation, we tested it on a time series of PET mHED images from
a dog studied at baseline and during dobutamine infusion,
which increased the heart rate-systolic blood pressure product
by ~twofold. Regions of interest were created on a midven-
tricular short-axis image, and time-activity curves were gener-
ated. Examples of time-activity curves from images acquired at
baseline and during dobutamine infusion are shown in Figures
5 and 6.

To model the PET data, the parameters PS,, V. and PS; for
mHED were fixed to the values for these parameters for sucrose
in the in vivo canine heart (34). This assumption was based on
our observation that in the rat hearts PS,, V; and PS;;; were
relatively constant among different hearts, were little affected
by DMI and were similar to the values for sucrose. Thus, only
four parameters were optimized to find the model solutions. The
model fits and the optimized values for PS,,,, V,, G, and PS,,
for one ROI are shown in Figures 5 (baseline) and 6 (dobut-
amine). As can be appreciated, the fits are remarkably good and
demonstrate a large difference between the normal state and
dobutamine stimulation, suggesting that further evaluation of
the model in in vivo settings is appropriate.

DISCUSSION

These MID results provide the first description of the early
time course of mHED transport and exchange between the
vascular space, the interstitial space and the nerve terminal. The
MID data (Fig. 2) show that mHED rapidly leaves the intra-
vascular space. Presumably, the loss is through the interendo-
thelial clefts, given the similarity of the mHED curves to those
of sucrose. Blocking the neuronal NET mechanism with DMI
(Fig. 3) had little effect on the early sucrose or mHED kinetics,
which are dominated by the transport capacities of the interen-
dothelial gap, the isf transport and the isf volume. None of these
should be sensitive to NET blockade.

Neuronal function is described by the later part of the MID
and residue curves. Under basal conditions, shown in Figure 2,
sucrose rapidly washes out of the isf because there is no
trapping mechanism and it is not metabolized. The mHED, on
the other hand, remains below the albumin curve. This is
consistent with rapid mHED uptake in the nerve terminals and
very little subsequent release, as further substantiated by the flat
slope of the mHED residue curve. Blocking NET function with
DMI markedly changes the appearance of the mHED curves for
both the MID and residue data (Fig. 3). During DMI perfusion,
mHED appears in the outflow at a much greater rate than during
the control period and approaches that of sucrose. That the two
are not superimposable is consistent with incomplete blockade
of the NET mechanism by the relatively low DMI concentration
in the perfusate and the somewhat higher aqueous diffusion
coefficient for mHED compared to sucrose. The greater de-
crease in the slope of the mHED residue curve is also consistent
with more rapid clearance from the heart under the influence of
DMI. When mHED is released from the nerve terminal back
into the neuroeffector junction, it is washed out of the junction
into the isf and, subsequently, the intravascular space so that a
much smaller fraction undergoes the NET process.

Physiologic processes that govern the transport and storage
capacities for mHED across membranes and interstitial spaces,
and uptake and release from the nerve terminal, can be
described in terms of permeability—surface area products and
volumes of distribution. We have constructed an axially distrib-
uted blood-tissue exchange model that describes these pro-
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Indicator Dilution Residue Detection
Residue Data  Model Solution
TR R

2 PSg=4.21

400 Visf = 0.26
FIGURE 2. Outflow dilution and residue de- PSisf = 0.96
tection data acquired simuttaneously under PSnt=3.77
basal conditions after bolus injection of '25|- Vint=29.4
bovine serum albumin, *H-sucrose and ''C- Ggeq = 7.93
mHED (symbols). The solid lines represent PSyes =0.16
the mHED model fit simultaneously to the
respective curves. The final values of each of
the model parameters determined by optimi- 10
zation are also shown. (Left) Emphasis on the " Y Y
early data of the outflow dilution curves. 0 500 1000 15::““2000

(Right) Emphasis on the late data of residue
detection.
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cesses. In this study, we have tested our model against the
MID/residue detection data. Our results demonstrate that it is
possible to quantitate the transport characteristics and the
volumes of distribution for mHED using a model that approx-
imates cardiac sympathetic nerve terminal structure and func-
tion. Furthermore, we have demonstrated that the model param-
eters change appropriately in response to perturbation. The
model is limited, however, by lack of knowledge of certain
anatomic volumes, e.g., neuronal and vesicular volumes and the
structural constraints of representing vesicular exocytosis as a
bidirectional process.

Although the parameters in our model are not directly
comparable to those measures of mHED kinetics reported by
DeGrado et al. (/7), the basal uptake rate (K,) they reported for
isolated perfused rat hearts of 2.7 ml/min/g is similar to the
value for PS,, that we observed, 4.8 ml/min/g. K, from their
study was directly measured from the rate of mHED uptake in
the heart during a 10-min steady-state infusion. As such, K,
reflects the sum of the physiologic processes represented by our
PS,, V. PS;r and PS, but is dominated by the NET process
ané thus most closely corresponds to our PS,,. DeGrado et al.
(17) did not report a value for K, after DMI, but, from the shape
of the curves presented, it would have been markedly de-
creased, similar to the decrease in PS,, that we observed.

Myocardial clearance of mHED from the normal heart is
relatively slow. In the DeGrado et al. study (/7), clearance,
defined as k,, was 0.001 min~' and was assumed to be a
monoexponential process. However, the authors pointed out

that several of the hearts had an early clearance that was
significantly faster, but they did not include these data in the
analysis. DMI increased their clearance rate. Our blood-tissue
exchange model has no directly comparable measurement to
their k,, which lumps vesicular uptake/release and recycling of
mHED at the NET site. In our model, k, is reflected by the
parameters PS,,, V', G,q and PS ., of which only PS,, and
G, were significantly sensitive to DMI blockade. However,
excluding either V', or PS . from the model prevented a
satisfactory fit to the late portion of the residue curve during
both the control period and DMI blockade. The absence of a
change in PS, ., with DMI is consistent with its known minimal
effect on vesicular function (35).

The volume of distribution, V', is a virtual volume; it does
not have an anatomic equivalent because it reflects asymmet-
rical membrane transport into the nerve terminal. It would be
much smaller than the V4 calculated by DeGrado as the ratio of
the total heart mHED concentration to the perfusate concentra-
tion at equilibrium. The directional changes in the two should
be similar; however, the effect of DMI on V4 was not deter-
mined in the DeGrado study.

A potential source of error in our analysis of the rat data
arises from our use of a value for capillary volume in the model
of 0.035 ml/g. This is the value generally accepted for the
canine model, but is less than that reported by Anversa et al.
(36) (0.074 ml/g) for a different breed of rat than the one we
used. If one uses the larger value in our model and repeats the
optimization process, there is less than a 15% change in any of

TABLE 2
Model Parameter Results
PS, Vit PSy PS Ve Gieq PS\es
(mVm/g) (mbg) (mlm/g) (ml/m/g) (mbg) (mlm/g) (mlmv/g)
Baseline (5 hearts) 51+14 0.39 + 0.08 14+04 48+29 19.7 +12.7 78+37 0.21 + 0.07
Desipramine (3 hearts) 58 09 0.36 + 0.13 15+ 06 12+13" 10615 0.60 + 0.68* 0.23 + 0.06

*p = 0.05 vs. baseline.

PS, = transport capacity through the endothelial clefts (ml/m/g); Vi, = volume of interstitial space; PS,, = diffusional exchange between the interstitial
space regions (m/mvg); PS,,, = transport capacity across the nerve terminal membrane via the reuptake 1 mechanism (ml/m/g); V',,, = virtual volume to
account for storage of MGED within the nerve terminal but outside the vesicle. (ml/g); G,., = sequestration of mHED within the vesicle (mV/m/g); PS,, =

transport capacity for release of mHED from the vesicles (ml/m/g).
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FIGURE 4. Model values determined by optimization for each of the
parameters for the individual studies in the control state and during perfusion
with desipramine. Abbreviations for parameter are the given in the legend to
Figure 1.

the values for PS,, Vi, PS¢ or V', during either control or
DMI conditions. The values for PS,, G, and PS,, are
somewhat larger, but they demonstrate the same directional
changes with DMI and do not change our conclusions.

Potential Application to Image Analysis

Functional evaluation of the regional cardiac presynaptic
SNS will be increasingly important as we try to understand the
pathophysiology linking congestive heart failure and sudden
cardiac death or depression and sudden death. Imaging neuro-
receptors with radiolabeled sympathetic effectors or their ana-
logs would seem to have a great potential role. However,
because of the complexities of the system, e.g., norepinephrine
recycling, vesicular storage and release and multiple metabolic
pathways, interpreting the kinetics of radiolabeled norepineph-
rine or its precursors has proven difficult (/2). A qualitative or
semiquantitative approach to image analysis is likely to be
inadequate for more than the most superficial understanding.

Hutchins et al. (20) developed a compartmental model that
demonstrated a positive correlation between model-estimated

Baseline
X
PET Data Model Solution
300 X Lot Atrium
o ROI2 ——ROI2
- x PSnt =2.71
EM[ Vit =4.6
3 x Ggeq =026
S PSyes = 0.31
100+
00O Q o )
X%
0 :x ra— X X, +X
0O 200 400 600 800 1000 1200 1400 1600 1800
Time (sec)

FIGURE 5. Left atrial and myocardial region of interest (ROI) time-activity
curves (symbols) from PET images in a normal dog after intravenous injection
of mHED. The solid lines represent the mHED model simultaneously fit to the
respective curves. The final values of each of the model parameters deter-
mined by optimization are also shown. The very early peak in the model
solution reflects spillover from the blood-pool activity.
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FIGURE 6. Left atrial and myocardial region of interest (ROI) time-activity
curves (symbols) from PET images in a normal dog after intravenous injection
of mHED. The heart rate-systolic blood pressure product had been in-
creased twofold before the mHED injection and was maintained at this level
during the period of image acquisition. Solid lines represent the mHED model
simultaneously fit to the respective curves. The final values of each of the
model parameters determined by optimization are also shown.

regional NE concentration and directly measured tissue concen-
tration. However, this model reflected the anatomy-physiology
of the presynaptic nerve terminal in only general terms and has
not been applied to human studies. As described above, De-
Grado et al. (/7) have expanded understanding of mHED
kinetics in the nerve terminal and proposed a more complete
model, but have not evaluated it.

Our model accounts for the known barriers to uptake and
release, volumes of distribution and sequestration capacities of
the capillary-neuronal-effector unit and describes these in
appropriate terms. The isolated heart studies demonstrate that
presynaptic function can be quantitated from the kinetics of
tracer-labeled mHED. There are, however, two major limita-
tions to applying such a model to PET images. First, it is not
possible to perform simultaneous multiple indicator dilution
studies in humans or to even acquire images of multiple tracers
simultaneously. It would be possible to perform sequential
imaging of an intravascular marker, an interstitial marker and
finally mHED. However, logistically and from a radiation
dosimetry standpoint, this would not be practical. Second, the
larger the number of parameters that must be solved in a model,
the lower the probability that a unique single model solution
would be found.

Our isolated heart studies demonstrate that these limitations
can be overcome. Meta-hydroxyephedrine behaves similarly to
sucrose in terms of transport into isf, and there is little or no
effect of NET blockade on the initial transport or volumes of
distribution. This is convincing evidence that these parameters
can be fixed in the model, using known or separately measured
values for sucrose. Fixing the value for sucrose would over-
come the first limitation described above, and it would reduce
the number of parameters to be fit to four, an acceptable
number. The preliminary application of our model to PET
images in a canine model (Figs. 5 and 6) suggests that such an
approach is feasible. The model should be evaluated in a larger
numbers of animals under a variety of conditions along with
correlation of the model-estimated mHED concentration to
direct tissue measurements of NE content to more completely
validate this approach.
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CONCLUSION

We have developed an axially distributed blood-tissue ex-
change model for the NE analog mHED that accounts for the
known transport capacities and volumes of distribution of the
compound. In isolated perfused working rat hearts, we have
demonstrated that the model solution closely fits the data from
outflow dilution and residue detection experiments under con-
trol conditions and after blockade of the NET mechanism. The
values for transport capacity and volumes of distribution cal-
culated by the model are within the ranges reported by others
using a different approach. Finally, we have shown that appli-
cation of the model to PET images of mHED is feasible.
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