
HUMAN STUDIES

Clinical Evaluation of Carbon-11-Phenylephrine:
MAO-Sensitive Marker of Cardiac
Sympathetic Neurons
David M. Raffel, James R. Corbett, Renato B. del Rosario, David L. Gildersleeve, Ping-Chun Chiao, Markus Schwaiger and

Donald M. Wieland
Division of Nuclear Medicine, Department of Internal Medicine, University of Michigan Medical School, Ann Arbor,
Michigan; Department of Nuclear Medicine, Technical University of Munich, Munich, Germany

The sympathomimetic drug phenylephrine recently has been la
beled with 11C for use in PET studies of cardiac sympathetic

innervation. Previous reports using isolated perfused rat heart
models indicate that phenylephrine is metabolized by intraneuronal
monoamine oxidase (MAO). This report compares the imaging
characteristics, neuronal selectivity and kinetics of (-)-f ^phe
nylephrine (PHEN) to the structurally similar but MAO-resistant
analog (-)-[11C]-mefa-hydroxyephedrine (HED), an established

heart neuronal marker. Methods: Fourteen healthy volunteers were
studied with PET and PHEN. Ten had paired studies with HED; four
of the 10 were scanned a second time with each tracer after oral
administration of desipramine, a selective neuronal transport
blocker. Hemodynamic and electrocardiographic responses were
monitored. Blood levels of intact radiotracer and radiolabeled me
tabolites were determined from venous blood samples taken during
the PET study. Myocardial retention indices for both tracers were
calculated. Results: No hemodynamic or electrocardiographic ef
fects were observed with either tracer. PHEN showed reduced
myocardial retention at 50 min compared to HED; however, image
quality and uniformity of distribution were comparable. PHEN
cleared from myocardium with a mean half-time of 59 Â±5 min, while
myocardial levels of HED remained constant. PHEN metabolites
appeared in the blood approximately three times faster than HED
metabolites. Desipramine pretreatment markedly reduced (>60%)
myocardial retention of both PHEN and HED. Conclusion: PHEN
provides PET images of human heart comparable in quality and
uniformity to HED. Like HED, PHEN localizes in the sympathetic
nerves of the heart. However, the more rapid efflux of PHEN, that is
likely mediated by MAO, may provide information on the functional
status of cardiac sympathetic neurons unobtainable with HED.
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We have reported the use of ( â€”)-[''C]-/weta-hydroxyephed-

rine (HED) and PET to assess sympathetic nerve viability of the
heart in animal models and in humans (1-4). Normal volunteers
(4) and patients with myocardial infarction (5), diabetes melli-

tus (6), congestive heart failure (7), cardiac transplantation (8)
and life-threatening arrhythmias (7, 9) have been studied with
this neuronal mapping agent.

The structural similarity of HED to the endogenous neuro-
transmitter norepinephrine enables it to enter sympathetic
neurons by the neuronal norepinephrine transporter (uptake,),
where it is transported into storage vesicles by the vesicular
monoamine transporter (1, 2, 10). However, unlike norepineph
rine, HED is not a substrate for monoamine oxidase (MAO).
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Removal of the a-methyl group from HED provides a tracer
that retains high neuronal affinity but is metabolized by neuro
nal MAO. This a-normethyl analog of HED is the common
nasal decongestant phenylephrine. The synthesis and prelimi
nary evaluation of (-)-[ C]phenylephrine (PHEN) in animals
have been reported recently (II-14). These preliminary studies

have established that PHEN localizes in cardiac sympathetic
nerve varicosities and that subsequent release of radioactivity
from the heart reflects degradation of PHEN by neuronal MAO.
Because of its susceptibility to neuronal oxidation by MAO,
PHEN potentially can provide insight into several aspects of
neuronal function, including the status of the neuronal and
vesicular norepinephrine transporters, as well as the oxidative
robustness of the neuron. We report here the tandem evaluation
of PHEN and HED in normal volunteers.

MATERIALS AND METHODS

Subjects
Fourteen healthy volunteers (10 women, 4 men) 33.6 Â±10.6 yr

of age (range 22-56 yr) were studied. On the basis of age, gender,
asymptomatic status and normal resting ECG, all volunteers had a
low likelihood of having hemodynamically important coronary
heart disease or prior myocardial infarction, and none of the
subjects had any evidence of diabetes mellitus or hypertension.
None of the volunteers were taking medications known to interfere
with neuronal uptake of norepinephrine (15), including tricyclic
antidepressants and amiodarone. Other noncardiac medications
(specifically birth control medications, n = 10) were continued as
usual. None of the volunteers were hypertensive and there were no
significant differences in heart rate or blood pressure at the times of
the PHEN and HED studies.

Synthesis of Carbon-11-(-)-Phenylephrine

The chemical structures of norepinephrine, HED and PHEN are
shown in Figure 1. The radiochemical synthesis of ["C]PHEN has

recently been described by this laboratory (11)- PHEN (>18.5
TBq/mmol (500 Ci/mmol) 30-60% radiochemical yield, EOS)
was routinely synthesized by direct methylation of (lÃ„)-w-octo-
pamine (12) with ["CJmethyl tritiate (16, 17) and purified by

cation-exchange HPLC (>95% radiochemical purity). For clinical
studies, the product was formulated in 0.9% saline containing 0.02
M monobasic sodium phosphate.

Cardiac PET Studies
The study protocol was approved by the Institutional Review

Board of the University of Michigan Medical Center, and all
volunteers gave written informed consent before participation. All
14 volunteers were studied with PHEN. Ten of the 14 had a paired
HED study. For those subjects who were imaged with both tracers,
the PHEN and HED PET studies were done consecutively on the
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FIGURE 1. Chemical structuresof norepinephrine, [11C]HEDand [11C]PHEN.

same day. All studies were performed at rest without exercise or
pharmacological stress.

PET imaging studies were performed with a 15-slice whole-
body tomograph (Siemens/CTI ECAT 931/08-12). After placing a
22-gauge intravenous cannula in an antecubital vein and position
ing the subject in the tomograph with the aid of an [13N]ammonia

scout image, a 15-min transmission scan was acquired using a
retractable 6liGe ring source for subsequent attenuation correction

of the emission data. Data acquisition was started as approximately
740 MBq (20 mCi) of PHEN were intravenously administered as a
bolus injection. The imaging sequence consisted of a 1-hr dynamic
acquisition comprised of 23 frames (framing rates 12 X 10 sec, 2 X
30 sec, 2 X 60 sec, 2 X 150 sec, 2 X 300 sec, 2 X 600 sec, 1 X
1200 sec). For the HED study, the same imaging protocol was used
after injection of approximately 740 MBq (20 mCi) of HED. A
delay of at least 60 min between the end of the PHEN study and the
start of the HED study was imposed to allow myocardial "C

activity to clear and decay to negligible levels. Blood samples (3 ml
each) were drawn at 1,5, 10, 20, 40 and 60 min after radiotracer
injection for the determination of radiolabeled metabolites in
blood.

Desipramine Studies
Four of the 10 volunteers who had paired PHEN and HED

studies were scanned a second time after desipramine treatment.
Each volunteer took 50 mg desipramine orally 10-12 hr before and

again 1 hr before the repeat PHEN and HED studies. These
comparative studies after desipramine were performed within 5
days of the initial PET imaging studies.

Image Reconstruction
The HED and PHEN emission data were attenuation corrected

and reconstructed using filtered backprojection (Hanning filter
with a cutoff of 0.3 cycles/pixel). Transaxial reconstructed images
were transferred to a SUN workstation (SUN Microsystems,
Mountain View, CA) where they were formatted into three-
dimensional volume data and resliced into 12 short-axis sections
from apex to base of the left ventricle, as well as multiple vertical
and horizontal long-axis sections. Static short-axis images of the
data acquired 40-60 min postinjection were taken from the
dynamic acquisition sequences for visual interpretation.

Polar Map Generation
Polar maps were constructed from eight contiguous planes of the

12-plane short-axis dataset. The apical-most plane was selected
visually as the first plane in which the myocardial activity
resembled a solid disk, and for which the next seven more basal
planes all demonstrated the characteristic donut shape of myocar
dial activity seen in short-axis images of the left ventricle. A
modified version of a previously described circumferential profile,
maximum search algorithm (Iti) was used to generate the polar
maps. The modified algorithm processes each short-axis left
ventricular slice into major and minor sectors. Major sectors are
established by using the circumferential profile, maximum search
scheme to identify large arcs of myocardial tissue automatically;
each of these major sectors is then equally divided into a specified
number of minor sectors. This approach is particularly useful in
patients with large defects in radiotracer retention because it allows
the search algorithm to effectively bridge gaps in the contour of

myocardial activity. For this study, the eight selected short-axis
images were each sectioned into 60 total sectors, typically using
four major sectors and 15 minor sectors. Time-activity curves were
determined for each sector and stored for later analyses, including
construction of polar maps of radiotracer retention.

Homogeneity of Relative Myocardial Tracer Retention
The homogeneity of radiotracer retention in the normal left

ventricle was assessed using polar maps of relative tissue "C

concentrations generated from the final frame of the time-activity
data (40-60 min post-tracer injection). Relative tissue concentra

tions were calculated by dividing the activity in each sector by the
maximum activity in the map. These values were then averaged in
several myocardial regions to assess the uniformity of radiotracer
uptake throughout the left ventricle. Apical values represent the
average of all sectors in the two most apical planes. Distal values
for anterior, septal, inferior and lateral segments were obtained by
averaging the appropriate sectors in the three planes adjacent to the
two apical planes. Similarly, proximal averages for the anterior,
septal, inferior and lateral segments were obtained from the next
three planes adjacent to the distal planes.

Blood Metabolite Studies
A modification of our previously reported solid-phase extraction

method for the separation of "C-labeled metabolites of HED (/)
was used to measure the amounts of " C-labeled metabolites and
intact " C-labeled tracer in blood samples obtained during both the

PHEN and the HED studies. When using the previously reported
method, we observed excessive variability in the recovery of
["C]HED from whole blood. Furthermore, when we attempted to
apply the method to ["C]PHEN, low recoveries of intact tracer

from protein-free extracts were obtained. On closer examination of
the method, we found that the retention of ["C]HED and
["C]PHEN by the C-18 Sep-Pak (Waters, Milford, MA) depends
not only on sample pH (optimum pH 7.2-8.0), but also on the ionic
strength of the sample matrix. The presence of excess 5-sulfosali-
cilic acid (5-SSA) after protein precipitation or phosphate
buffer >20 mM resulted in low recovery of intact tracer. The
modifications to the previous method include replacement of the
5-SSA with perchloric acid and removal of excess perchloric acid
by precipitation with KOH buffered with K,HPO4 (final concen
tration <20 mM) to minimize sample ionic strength. Under the
conditions of the assay described below, when a human blood
sample is spiked with [' 'C]HED or ["C]PHEN, more than 95% of

the radioactivity extracted into the protein-free supernatant is
retained by the Sep-Pak. The current method is as follows. A
1.0-ml aliquot of each blood sample was transferred to a counting
vial for measurement of whole-blood radioactivity. A 2.0-ml
aliquot of each blood sample was transferred to a 12-ml polypro
pylene test tube containing 2.0 ml of deionized water and vortexed
to lyse red blood cells. Two 1.0-ml aliquots of the lysed sample
were drawn; each aliquot was transferred to a 2-ml microfuge tube
containing 200 /il of ice-cold 2.0 N HC1O4(final concentration 0.3
N) and vigorously vortexed to deproteinize the samples. After
centrifugation for 2 min at 12,000 X g, the protein-free superna-
tants from both microfuge tubes were transferred to a 12-ml
polypropylene test tube containing a neutralization solution (40 /u.1
1.0 A/K2HPO4 + 450 fj.11.0 N KOH), vortexed and adjusted to pH
7.2-8.0 with 1.0 N KOH, as necessary. The two protein pellets

were placed together for gamma counting. The neutralized samples
were transferred to a C-18 Sep-Pak (previously activated with 5 ml
of methanol and washed with 20 ml of deionized water), and
labeled metabolites were eluted from the Sep-Pak with two 10-ml
aliquots of deionized water. Finally, the whole-blood sample, the
protein pellets, the two metabolite fractions (A/,, M2) and the
Sep-Pak (SP) were counted for radioactivity in a gamma counter.
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All radioactivity measurements were decay-corrected to the time of
radiotracer injection.

Quantitative Analysis of Blood Metabolite Data
The metabolites fraction (MF) of total blood radioactivity was

estimated as the ratio of the activity measured in the two metabolite
fractions (M, + A/2)divided by the total radioactivity transferred to
the Sep-Pak (A/, + M2 + SP) or MF = (A/, + M2)/(M} + M2 +
SP). The fraction of intact radiotracer (IRF) was estimated as
(1.0 â€”MF). Exponential fitting of the IRF as a function of time
was performed to characterize the disappearance of intact radio-
tracer from the blood.

Retention Index Calculation
To quantify myocardial uptake of PHEN and HED, a retention

index approach was adopted (6). A retention index can be calcu
lated for any image frame in the dynamic acquisition sequence. If
T| is the acquisition start time of the image frame and T2 is the stop
time, the retention index for each sector is calculated as:

Retention index (ml blood/min/ml tissue) =
C,(T,:T2)

Cp(t)dt

where Ct(T[:T2) is the radiotracer tissue concentration in the sector
in the T, to T2 image frame (units: PET counts) and Cp(f) is the
arterial blood concentration as a function of time determined from
the image data (also in PET counts). Arterial blood activity data
were obtained directly from the PET images by placing a region of
interest (ROI; 5 by 5 pixels) over the left ventricular chamber in the
most basal plane of the 12-plane short-axis data set. The arterial
blood data were corrected for metabolites by multiplying the PET
counts measured inside the LV chamber ROI by the estimated
fraction of intact tracer at the midtime for each image frame.
Retention index values were calculated for PHEN and HED using
the last two frames of the dynamic dataset, 30-40 min and 40-60
min postinjection. Retention indices were calculated twice: once
with the arterial blood data as directly measured from the PET
images and the second time with the metabolite-corrected blood
data. This was done to investigate the necessity of blood metabolite
corrections for the retention index calculation. In both cases, the
arterial blood data (with and without metabolite correction) were
linearly interpolated to a 1-sec time grid before integration. As
previously described for the tracer homogeneity analysis, individ
ual sector retention index values were averaged for apical, distal
and proximal LV segments.

For plots of time-activity data, the measured PET counts were
converted to units of MBq/ml by multiplying by the PET scanner
calibration factor, which has units of MBq/ml/PET count. This
calibration factor is determined weekly in our facility by imaging
a 20-cm cylindrical flood phantom filled with an aqueous solution
of I8F at a known concentration.

PHEN Washout Kinetics Analysis
PHEN clears from the heart quickly enough to allow estimation

of a washout half-time. It is not possible to make such a measure
ment for HED because the myocardial concentration of HED
remains constant after initial uptake until the end of the scan. For
each sector of the PHEN polar map, the corresponding time-
activity data between 6 and 60 min post-tracer injection were fit to
a single-exponential decay process. The resultant exponential
decay constants were averaged over all sectors in the polar map to
estimate a global average washout half-time for each normal
volunteer.

StatisticalAnalysis
Data are expressed as mean Â±1 s.d. Statistical comparisons

between measures were made using the two-tailed t-test; a proba
bility value p < 0.05 was considered significant. Correlation
between the retention indices of PHEN and HED was determined
by linear regression analysis using a least squares technique.

RESULTS
Physiological Effects of Carbon-11-PHEN and
Carbon-11-HED

None of the volunteers had any symptoms related to the
injection of either PHEN or HED. Specifically, there were no
pressor effects such as palpitations, chest pain or headache.
There were no significant differences between the heart rates, or
systolic or diastolic blood pressures recorded during either of
the paired studies.

RegionalTracerDistribution
Measures of image quality, including myocardial uptake,

heart-to-lung, heart-to-liver and heart-to-blood activity ratios,
were generally similar for PHEN and HED. Representative
midventricular short-axis images at image frame midtimes of 6,
13, 35 and 50 min post-tracer administration in a normal
volunteer are shown in Figure 2. Myocardial concentrations of
PHEN and HED are comparable a few minutes after injection,
but there is appreciable clearance of PHEN from the myocar
dium during the 60-min imaging period. In contrast, myocardial
levels of HED are constant throughout the study. Representative
short-axis, horizontal long-axis and vertical long-axis slices are
shown in Figure 3.

The relative regional tracer distributions of PHEN and HED
at 40-60 min after injection are shown in Figure 4. The

distributions were each relatively homogeneous; for both trac
ers, however, the retention in the apex was significantly lower
than in all other LV regions (p < 0.004). Excluding the apical
region, there were no significant differences between any of the
other eight regions for either PHEN or HED. Likewise, there
were no significant differences between PHEN and HED
relative tracer distributions in direct region-to-region comparisons.

Blood Metabolites
Analyses of blood metabolites were performed for 12 of the

14 PHEN subjects and 6 of the 10 HED subjects. For PHEN, the
intact radiotracer fraction as a function of time was found to be
well described by a single-exponential decay process plus a
constant background term. HED, on the other hand, required
only the single-exponential decay process; no background term
was necessary. The results of fitting PHEN and HED blood data
to these exponential models are given in Table 1. Metabolites of
PHEN appeared in blood almost three times as quickly as HEDmetabolites (A = 0.070 vs. 0.024 min" ', respectively). For both

PHEN and HED, there were no statistically significant differ
ences in the fitted parameters describing the rate of metabolite
formation in blood between the control and desipramine block
studies.

RetentionIndexValues
The average global and regional retention index (RI) values

from the 40-60-min image frame are presented in Table 2.
Global mean Rl values for the 30-40-min image frame were:
PHEN: 0.0456 Â± 0.0075 using unconnected blood data;

0.0757 Â±0.0153 using metabolite corrected blood data. HED:
0.103 Â±0.015 using uncorrected blood data; 0.131 Â±0.022
using metabolite corrected blood data. Primarily due to the
faster myocardial clearance of PHEN relative to HED, the RI
values of PHEN were significantly lower than those of HED.
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FIGURE 2. Corresponding midventricular
short-axis images PHEN and HED from a
normal volunteer at image frame mid-
times of 6,13, 35 and 50 min post-tracer

injection.

The regional variation of the RI values are, by definition,
identical to those reported for the relative homogeneity of tissue
tracer activity. Apical regions were significantly lower than all
other regions for both PHEN and HED. Correction for blood
metabolites resulted in increased RI values because the metab
olite correction reduces the denominator in the RI calculation.
This effect is more pronounced for PHEN since blood levels of
intact PHEN fall more quickly than blood levels of intact HED.
Correcting for blood metabolites increased the 40-60-min RI
values on average by factors of 2.0 Â±0.2 for PHEN and 1.4 Â±
0.1 for HED.

An analysis of the correlation between the calculated RI
values of PHEN and HED was performed (Fig. 5). For the six
normal volunteers who had both PHEN and HED blood
metabolite assays, the RI values of PHEN and HED for each
heart territory (apical, proximal septal, etc.) were compared.
This was done using the 40-60-min RI values, calculated with
and without blood metabolite corrections. When no corrections
were made for blood metabolites, the correlation between the
regional RI values of PHEN and HED was low, but statistically
significant (p < 0.015). However, when the RI values were
calculated with blood data corrected for metabolites, the corre
lation was stronger and highly significant (p < 0.0001). These

SA HLA VLA

HED

PHEN M, to

results suggest that blood metabolite corrections yield RI values
that more accurately reflect the neuronal retention of the tracers.

Desipramine Studies
In the four normal volunteers studied after oral administration

of desipramine, there was a consistent increase in resting heart
rate at the time of the desipramine PET studies from a mean of
65 Â±15 (control) to 83 Â±11 bpm. There were no significant
changes in either systolic or diastolic blood pressures after
desipramine. Again, there were no changes in either heart rates
or blood pressures induced by the administration of either
PHEN or HED.

After oral desipramine, there were marked decreases in
myocardial levels of radioactivity in both PHEN and HED
images (Fig. 6). Blood metabolite-corrected RI values for the
40-60-min image frame were significantly reduced relative to
control values by -61 Â±18% for PHEN (p < 0.02) and -66 Â±
6% for HED (p < 0.0006) in desipramine-treated volunteers.
Mean PHEN and HED reductions were not significantly differ
ent. Tracer retention was reduced uniformly throughout the
myocardium. In only one volunteer was there a significant
difference between the percent reductions of PHEN and HED(Volunteer 3, p < 10~7). Representative time-activity curves of

PHEN and HED are presented in Figure 7.

PHEN Washout Analysis
The myocardial washout of PHEN in normal volunteers was

found to occur with an average half-time of 58.9 Â±5.2 min
(range 51.7-68.9 min). Again, HED does not significantly clear

TABLE 1
Parameters for Intact Carbon-11 -PHEN and Carbon-11-HED

in Blood

% Intact radiotracer= A, exp (-Ã€t)+ C

A, i A (min~1)
C (%)

PHEN (control, n = 12) 92.2 Â±5.8
PHEN (DMI block, n = 4) 88.6 Â±6.1
HED (control, n = 6) 100.3 Â±1.6
HED (DMI block, n = 4) 99.4 Â±1.2

0.0696 Â±0.0159 10.1 Â±3.7
0.0805 Â±0.0166 11.1 Â±3.1
0.0240 Â±0.0025 0*
0.0203 Â±0.0035 0*

FIGURE 3. Comparison of HED (top) and PHEN (bottom) distributions in a
normal volunteer. Corresponding short-axis (SA), horizontal long-axis (HLA)
and vertical long-axis (VLA) images from the same normal volunteer as in

Figure 2 are shown.

"C was fixed at zero for exponential fitting of HED. p = NS for all

comparisons between control and DMI block.
Values are mean Â±s.d.
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FIGURE 4. Polar maps of relative regional PHEN and HED distribution at
40-60 min in normal volunteers. For each volunteer, the polar map sector
with the highest tissue retention of tracer was defined as 100%, and all other
sectors normalized to this sector. Sectors were then averaged according to
their regional location. These regional values were then averaged across all
volunteers to calculate the population means and s.d. shown in the maps.

from the heart, so it was not possible to estimate a washout
half-time for this tracer.

DISCUSSION
Several studies with [123I]weto-iodobenzylguanidine (MIBG)

have demonstrated important changes in global and regional
sympathetic function in patients with myocardial infarction (19â€”
22), heart failure and cardiomyopathy (23-27) and peripheral

neuropathy (28). A critique of clinical applications of MIBG has
recently been published (29). The successful imaging of cardiac
sympathetic neurons with MIBG using conventional scintigraphic
imaging techniques and SPECT has encouraged the develop
ment of PET tracers of sympathetic neuronal function. The
positron-emitting radionuclides "C and I8F have been used in

the synthesis of several norepinephrine analogs, including
[UC]HED (1), [HC]epinephrine (77), 6-[18F]fluoronorepineph-
rine (JO), and 6-[18F]fluorodopamine (31, 32). Heart image

quality with these PET tracers in baboons (33) and humans
(4-6, 9, 34) has generally been excellent with high specific
neuronal uptake and improved target-to-background ratios.
Studies with HED have demonstrated important changes in
cardiac sympathetic innervation in patients with myocardial
infarction (5), diabetic autonomie neuropathy (6), cardiac trans
plantation (S), and aborted sudden death (7, 9). Like MIBG,
HED is not metabolized by monoamine oxidase (MAO) within
the neuron. A norepinephrine analog such as PHEN which is
susceptible to neuronal MAO metabolism might be an impor-
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FIGURE 5. Correlationbetween PHEN and HED retention index (Rl)values in
normal volunteers. For each volunteer who had both PHEN and HED scans
performed, regional average Rl values for PHEN and HED are plotted against
each other. Rl values for 40-60-min image frame calculated with blood data
unconnected for metabolites (solid triangles) show a weak but significant

correlation. When Rl values are calculated with blood data corrected for
metabolites (open squares) the correlation between PHEN and HED retention
is stronger and highly significant.

tant investigative tool, permitting noninvasive assessments of
autonomie function previously unavailable.

Phenylephrine (m-synephrine, neosynephrine) is a sympatho-
mimetic drug used commonly as an over-the-counter nasal
decongestant. In this study, we report the initial use of "C-

labeled phenylephrine for imaging cardiac sympathetic inner
vation in normal volunteers. Tandem studies with HED were
performed in a large subset of these volunteers. Neither radio-
pharmaceutical produced hemodynamic effects or other symp
toms. The relative myocardial distributions of both tracers were
very similar (Fig. 4). PHEN metabolites appeared in blood at
approximately three times the rate of HED. This finding may be
due to metabolism by MAO in MAO-rich tissues such as the
liver, in addition to the heart. Importantly, PHEN clears from
the normal myocardium with a mean half-time of 59 min, while
HED levels in the heart remain constant. If the enhanced
washout of PHEN from the heart proves to be related to
neuronal MAO activity, regional examination of the washout
half-times of PHEN in patients with various cardiac diseases
may provide new insights into cardiac sympathetic integrity.

The faster clearance of PHEN from the heart leads to

TABLE 2
Regional Cardiac Retention Index (Rl) Values* at 40-60 Minutes

SegmentsApicalDistal

inferiorDistal
lateralDistal
anteriorDistal
septalProximal
inferiorProximal
lateralProximal
anteriorProximal
septalGlobal

averagesUncorrect

edblood
data0.0281

Â±0.00500.0334
Â±0.00710.0330
Â±0.00580.0328
Â±0.00510.0348
Â±0.00540.0351
Â±0.00570.0339
Â±0.00500.0336
Â±0.00480.0348
Â±0.00440.0325
Â±0.0052PHEN

(n = 14)Metabolite-correctedblood

data0.0544

Â±0.01310.0645
Â±0.01700.0635
Â±0.01410.0633
Â±0.01330.0670
Â±0.01380.0677
Â±0.01430.0653
Â±0.01230.0648
Â±0.01300.0669
Â±0.01150.0626
Â±0.0133Uncorrectedblood

data0.070

Â±0.0110.082
Â±0.0120.084

Â±0.0110.083
Â±0.0140.086
Â±0.0120.086
Â±0.0110.087
Â±0.0090.085
Â±0.0140.082

Â±0.0110.081
Â±0.011HED

(n = 10)Metabolite-correctedblood

data0.100

Â±0.0180.1
18Â±0.0220.122

Â±0.0220.121
Â±0.0250.124
Â±0.0210.125
Â±0.0230.126
Â±0.0200.123
Â±0.0240.1

19Â±0.0190.1
17 Â±0.020

â€¢RetentionIndex values have units of (ml blood/min/ml tissue).
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FIGURE 6. Effect of desipramine (DMI) pretreatment on retention of PHEN
and HED. For each of the four volunteers, studied before and after oral
administration of DMI, the mean Rl value for the DMI study divided by the
mean Rl value of the corresponding control study are plotted, expressed as
a percentage of control. Rl values used were from the 40-60-min image

frame, calculated using blood data corrected for metabolites. Error bars
reflect the uncertainty in the percent reduction, calculated using the s.d. of
the mean Rl values. For Volunteer 3 only, PHEN retention was reduced
significantly more than HED retention (p < 10~7).

retention index (Rl) values for PHEN that are approximately
half those of HED. When corrections for blood metabolites
were made, the calculated Rl values for PHEN and HED were
significantly correlated. Clearly, myocardial levels of radio-
tracer are more dependent on the time course of intact tracer in
the blood than on total blood radioactivity. Correcting the
arterial blood data for metabolites is necessary to obtain an
accurate blood-normalized measure of neuronal retention of
tracer.

Apical concentrations of both PHEN and HED were lower
than their respective concentrations in the remaining left ven
tricular regions (Table 2, Fig. 4). In studies in which regional
tissue levels of norepinephrine in the left ventricles of dogs and
primates have been directly measured, apical concentrations of
norepinephrine have consistently been lower than those in the
rest of the left ventricle (35-39). Studies of cardiac retention of

radiolabeled catecholamines in dogs have demonstrated that
apical uptake is significantly lower than other left ventricular
regions (36, 40). Likewise, retention of [Ã¬2*\]-meta-iodobenzy\-

guanidine in normal human volunteers is lower in the apex than
in the rest of the left ventricle (2#). Together, these results
strongly suggest that the density of cardiac sympathetic inner
vation in mammalian heart is significantly lower in the apex
than in distal and proximal left ventricular regions.

The marked reduction in cardiac PHEN localization in the
four normal subjects after oral desipramine (DMI) strongly
suggests that PHEN primarily localizes in the sympathetic
nerves of human heart. Blockade of the neuronal norepineph
rine transporter with DMI has been used in rat (41), dog
(Sherman PS and Wieland DM, personal communication,
1995), baboon (33) and man (42-44) to estimate the extent of
neuronal localization of radiolabeled catecholamine analogs in
the heart. In the same four human volunteers, DMI similarly
decreased HED heart localization. The reduction in neuronal
retention of PHEN and HED was uniform throughout the heart
and occurred very early in the time course of the dynamic PET
study (Fig. 7). The rapid early loss of tracer indicates that initial
retention of PHEN and HED (i.e., tissue levels soon after blood
levels have dropped dramatically, 3-5 min after tracer injection)

is related to the number of available neuronal norepinephrine
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FIGURE 7. Effect of desipramine (DMI) on the myocardial kineticsof (A) HED
and (B) PHEN. Representative time-activity curves from midventricular re
gions before and after oral administration of DMI are shown. Time-activity

curves of intact tracer in blood from the DMI block studies are also plotted.
All data are from the same normal volunteer shown in Figure 2. The
pharmacologically induced reduction of neuronal norepinephrine transport
ers leads to a rapid disappearance of both PHEN and HED from the
myocardium relative to controls.

transporters at the time of tracer administration. After this initial
neuronal uptake, subsequent kinetic behavior of the tracers will
depend on all aspects of neuronal function, including neuronal
transport, vesicular uptake and storage efficiency, neuronal
firing rate and, for PHEN, neuronal MAO activity.

We did not evaluate larger doses of oral DMI, but it seems
unlikely that the doses we used were sufficient to achieve a
complete blockade of neuronal transporters (45). The residual
heart levels of PHEN and HED seen in the DMI-block exper
iments are probably due to unblocked neuronal uptake. In in
vivo rat studies, injection of DMI (10 mg/kg, i.p.) 30 min prior
to intravenous injection of either HED or PHEN resulted in
reductions of myocardial tracer retention at 60 min by 92% (7)
and 77% (72), respectively. These reductions are higher than
the mean percent reductions we observed in our DMI-block
PET experiments. Also, these data suggest that PHEN has a
somewhat lower neuronal selectivity than HED in the rat heart.
Studies in isolated perfused rat hearts have shown that (-)-
[3H]phenylephrine is avidly transported by the extraneuronal

norepinephrine transporter (uptake2) (46), while accumulation
of HED into the extraneuronal compartment is very low (70).
Thus extraneuronal accumulation of PHEN may explain the
lower reduction of PHEN retention relative to HED retention
seen in rat hearts after blockade of neuronal transporters with
DMI. However, these findings probably cannot be extrapolated
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to the human heart. The rat heart is known to have a very active
extraneuronal uptake system (47), while work by Dae and cowork-

ers suggests that human heart, in contrast to rat and cat hearts, does
not have an efficient extraneuronal uptake system (48).

Our usual paradigm has been to extensively evaluate radio-
tracers in animals before proceeding to human studies. Since
phenylephrine is a common over-the-counter medication, we
were able to obtain local permission to conduct PHEN studies
in humans. We reasoned that if PHEN did not provide satisfac
tory images of the human myocardium or failed to efflux from
the heart more rapidly than HED, extensive animal studies
exploring the in vivo fate of PHEN ultimately would be of little
clinical value. Before evaluation in humans, however, screening
studies of PHEN in rats suggested that this tracer was a
promising candidate for mapping heart neuronal MAO activity.
After injection of either [3H]phenylephrine or [nC]phenyleph-

rine, radioactivity selectively localized in the rat heart and
subsequently washed out of the heart with a half-time of
approximately 30 min (12). HED, in contrast, displayed a heart
washout Tl/2 of >75 min. Sequestration of PHEN in the rat
heart was blocked by DMI as well as by the vesicular transport
blocker reserpine (12-14).

The literature on phenylephrine as a substrate for MAO is
sparse, yet sufficient to prove that phenylephrine is deaminated
by MAO. Pharmacokinetic studies of phenylephrine in humans
found that the two deamination metabolites /M-hydroxymandelic
acid (HMA) and m-hydroxyphenylglycol (HOPEG) are major
metabolites excreted in urine (49, 50). The Â¿>-isomerof phen
ylephrine, p-synephrine, has been demonstrated in vitro to be
deaminated by both subtypes of MAO (MAO-A and MAO-B)
using rat brain mitochondria (57). Related studies with m-
octopamine (52) and /7-octopamine (53), and m-tyramine and
p-tyramine (54), indicate that such isomerie pairs have very
similar MAO activity profiles, suggesting that m-synephrine

(phenylephrine) is a substrate for both A and B forms of MAO.
In what is perhaps the most relevant extant study, Rawlow and
coworkers showed that ( â€”)-[3H]phenylephrine is metabolized

by both the neuronal and extraneuronal pools of MAO in the
isolated rat heart (46).

MAO cleaves PHEN at the a-carbon into two by-products: an
unlabeled aldehyde and ["C]methylamine. Methylamine

(CH3NH2) is a freely diffusible molecule that should rapidly
leave the neuron and enter the systemic circulation. Thus, in
principle, the observed efflux rate of "C from the heart after

initial uptake of PHEN contains information about the MAO
activity in cardiac sympathetic neurons. Methylamine is not a
substrate for MAO, but rather is metabolized by semicarbazide-
sensitive amine oxidase (SSAO), which is found predominantly
in vascular tissues and plasma (55, 56). Studies in which
[14C]methylamine was injected intravenously in rabbits indicate
that a large fraction of the 14C label was rapidly incorporated
into 14CO2, some of which was expired from the lungs, but with
most being incorporated into [14C]urea and ['4C]methylurea via

the urea cycle (57).
Substitution of deuterium atoms for the two a-carbon hydro

gen atoms slows the rate at which an MAO substrate is
metabolized by MAO, since the bond energy of a carbon-
deuterium bond is higher than that of a carbon-hydrogen bond
(58). This deuterium isotope effect approach has often been
used to slow the rate of MAO metabolism at the substrate level
(59-67). We recently synthesized ["C]-(-)-a,a-dideutero-

phenylephrine (D2-PHEN) to investigate the influence of MAO
metabolism on the kinetics of PHEN (62). Studies with an
isolated perfused rat heart preparation demonstrated that D2-
PHEN cleared from the heart 1.8 times slower than PHEN (13).

Also, when the isolated rat heart was infused with perfusate
containing 100 Â¡iMof the MAO inhibitor pargyline for 30 min
prior to PHEN administration, the kinetics of PHEN were
identical to those of D2-PHEN. These results indicate that
neuronal MAO activity significantly influences the efflux of
radioactivity from the isolated rat heart after uptake of PHEN.
We are currently performing PET studies of D2-PHEN in
normal volunteers to assess the importance of neuronal MAO
activity on the kinetics of PHEN in human heart.

These findings lay the groundwork for more detailed studies
with PHEN in both humans and animals. The clinical potential
of PHEN has yet to be established. However, since the uptake,
retention and subsequent washout of PHEN depends on three
different energy-requiring processes-neuronal transport, vesic
ular storage, neuronal MAO activity-this tracer may prove to be

a more sensitive marker of overall neuronal function than HED.
Furthermore, diseases may affect these three neuronal processes
differently. For example, it has been suggested that myocardial
ischemia affects principally heart neuronal MAO activity and
vesicular storage (65-65). Heart failure, on the other hand, is
characterized by reduced myocardial catecholamine stores (66-

69). Some studies suggest that this may result from a defect in
neuronal transport or vesicular storage, or both (42, 70-72),
while others have found neuronal reuptake to be normal and
attribute the increased norepinephrine spillover solely to in
creased sympathetic nerve firing (73). The involvement of the
sympathetic nervous system in the progression of heart failure
and the genesis of cardiac arrhythmias suggests the need for a
sensitive, noninvasive metabolic marker of sympathetic neuro
nal function. Further tracer studies of the human heart will be
aimed at determining the extent to which neuronal transport and
vesicular storage, as well as neuronal MAO activity, can be
quantified by the use of a single-injection PET study with
PHEN.

CONCLUSION
PHEN, which can be synthesized with high specific activity

and in tracer amounts sufficient for clinical studies, is com
pletely free of hemodynamic or other side effects. PHEN
images demonstrated excellent myocardial localization with
image quality and uniformity of tracer distribution generally
comparable to that of HED. PHEN clears from the myocardium
with a measurable half-time while myocardial levels of HED
remain constant, consistent with expected differences in the
neuronal handling of these two radiotracers. These findings
suggest that PHEN is a promising radiotracer for noninvasive
assessment of cardiac sympathetic nerve function, using the
same mechanisms of uptake, storage and metabolism that
govern sympathetic neuronal handling of norepinephrine.
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Dopamine D2 Receptor Imaging in Pituitary
Adenomas Using Iodine-123-Epidepride and SPECT
Walter Pirker, Michaela Riedl, Anton Luger, Thomas Czech, Karl RÃ¶ssler,Susanne Asenbaum, Peter Angelberger,
Johannes Kornhuber, LÃ¼derDeecke, Ivo Podreka and Thomas BrÃ¼cke
University Clinics for Neurology and Nuclear Medicine, Internal Medicine III, Neitrosurgery, Vienna; and Forschungszentrum
Seibersdorf, Austria Department of Psychiatry, University of WÃ¼rzburg,Federal Republic of Germany

Epidepride is a novel benzamide derivative with high affinity for D2
receptors. Epidepride, in its 123l-labeled form, can be used for

SPECT imaging of striatal and extrastriatal dopamine D2 receptors.
The present study evaluated the usefulness of epidepride and
SPECT for in vivo imaging of dopamine receptors in pituitary
adenomas. Methods: SPECT imaging was performed in 19 patients
with pituitary adenomas (among them 9 patients had prolactinoma,
4 acromegaly, 4 clinically nonfunctioning pituitary adenoma, 1
Cushing's disease and 1 Nelson's syndrome) and 7 control subjects
180 min after intravenous bolus injection of 3.9 Â±1.1 mCi [123l]epi-

depride. The ratio target/cerebellum minus 1, reflecting specific/
nonspecific binding was used as semiquantitative measure of D2
receptor binding. Results: Eight of nine prolactinoma patients dem
onstrated specific binding within the adenoma. The adenoma/
cerebellum ratio 3 hr p.i. showed a wide variation with values from
2.5-33. In three prolactinomas, binding was higher than in the
striatum. Specific binding within the lower range of prolactinomas
(adenoma/cerebellum ratios 2 and 4.8) could be demonstrated in
two of four GH-secreting adenomas. All four nonfunctioning tumors
showed specific binding. The adenoma/cerebellum ratio was within
the lower range of prolactinomas (5.2-7.5) in three of these patients
but extremely high in one (52.3). No specific tracer uptake could be
demonstrated in patients with Cushing's disease or Nelson's syn

drome. The striatum/cerebellum ratio 3 hr p.i. in pituitary adenoma
patients was not significantly different from control subjects (17.3 Â±
5.5 versus 17.8 Â±6.6; patients versus control subjects). Conclusion:
Epidepride appears to be an excellent ligand for in vivo imaging of
dopamine D2 receptors in pituitary adenomas. Epidepride SPECT
could serve as a predictor for response to dopamine agonist
treatment.

Key Words: dopamine; D2 receptors; epidepride; SPECT; pituitary
adenomas
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iituitary adenomas are relatively common, amounting to
about 5%-10% of all intracranial tumors. The majority of
pituitary adenomas is characterized by hormonal secretion.
Therefore, these tumors result in well-known clinical syn
dromes such as acromegaly or Cushing's disease. About 30% of

Received Nov. 28, 1995; revision accepted Apr. 4, 1996.
For correspondence or reprints contact: Walter Pirker, MD, Neurologische Universi

tÃ¤tsklinik,WÃ¤hrigerGÃ¼rtel18-20, A-1090 Wien, Austria.

pituitary adenomas secrete either none or a relatively low
amount of hormone, or a hormone that does not produce a
recognizable clinical syndrome. The latter adenomas are re
ferred to as "clinically nonfunctioning" pituitary adenomas (7).

Membrane binding studies have identified dopamine recep
tors in normal anterior pituitary (2-4) as well as in prolactino
mas (2-6), GH-secreting pituitary adenomas (2,5,7,8) and

clinically nonfunctioning pituitary adenomas (4,5,8). The dopa
mine receptors in the normal anterior pituitary and in pituitary
adenomas are of D2 subtype (9). The presence of dopamine
receptors in pituitary adenomas is the pharmacological basis for
the treatment of these tumors with dopamine agonists. Ergot-
derived substances like bromocriptine, lisuride and cabergoline
and recently the nonergot dopamine agonist quinagolide (CV
205-502) are widely used for the medical treatment of prolacti
nomas and occasionally tried in GH-secreting adenomas.

Bromocriptine treatment leads to a clear-cut reduction of
tumor size in about 60% of prolactinomas and to a reduction or
normalization of prolactin (PRL) secretion in most but not all
prolactinoma patients (6,10). In acromegaly, dopamine agonist
treatment lowers plasma GH levels in 50% of patients, but
normalization of plasma 1GF-I, which may be a more appro
priate measure of clinical efficacy, is achieved only in 10% of
patients. A reduction of tumor size is observed only in a
minority of patients (//). However, symptomatic improvement
is observed in a large percentage of acromegalie patients during
dopamine agonist treatment, even though GH levels are not
adequately suppressed (11). Until recently, medical treatment
played a minor role in clinically nonfunctioning pituitary
adenomas, but decreased tumor size, as reported by Kwekke-
boom et al. (12), necessitated medical treatment for several
patients undergoing dopamine agonist treatment.

Dopamine agonist sensitive and resistant adenoma patients
are clinically indistinguishable. No reliable laboratory test is
known that may predict response to dopaminergic treatment
(6,11). Using membrane binding techniques it was shown in
prolactinomas that the density of D2 receptors is markedly
reduced in bromocriptine resistant adenomas as compared to
dopamine agonist sensitive adenomas (6).

Muhr et al. (13,14) and BergstrÃ¶m et al. (15) who pioneered
PET imaging of pituitary adenomas used ' 'C-labeled raclopride
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