
he integrity and function ofthe autonomic nervous
system is disturbed in a generalized pattern by a number
ofdiseases (1-3). Abnormalities in this nervous system
may be regional, and the adrenergic nerves ofthe heart
appear to be particularly vulnerable to effects of disease.
Heart failure is associated with diminished adrenergic
activity in the myocardium (4,5), infarction can disrupt
regions of neurons within the heart (6,7), and an im
balance of innervation may predispose to arrhythmias

(8).
However, integrity and function of the sympathetic

nervous system are difficult to determine in vivo. In
creased function of adrenergic neurons can be related
to an increased rate ofsecretion ofnorepinephrine (NE)
by the neurons that, in turn, is reflected in elevated
plasma concentrations of NE (2,3,9). Nevertheless, the
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circulating levels of NE are several steps removed from
the adrenergic neurons and, therefore, probably lack
sensitivity as measurements of adrenergic function.
Moreover, plasma NE is derived from adrenergic activ
ity throughout the body, and a circulating concentra
tion of this neunotransmitter cannot be an accurate
index of localized or regional changes in neuron secre
tions.

Radiolabeled metaiodobenzylguanidine (MIBO), an
analog of NE, concentrates in adrenergic neurons (10),
and, in this position, should enable scintigraphic display
of the adrenergic nervous system, and especially the
neurons of the heart. In fact, Kline et al. were able to
portray the heart in normal subjects after administering
MIBG labeled with iodine-123 (1231)(11).

We now give evidence that concentrations of [12311
MIBG can be quantified in the heart of man. From
pharmacologic perturbations of the sympathetic nerv
ous system, and from observations of patients with
autonomic neuropathies, it appears that [â€˜231]MIBG
resides largely in the adrenergic neurons of the heart,
and changes in [â€˜231]MIBGconcentrations reflect neu
ron integrity and/or function.
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Metaiodobenzylguanidine(MIBG)localizesin adrenergicneurons;MIBGlabeledwith 1@lthen
serves as an analog of norepinephrine, and concentrations of [1@lJMlBGreflect sftes of
adrenergic neurons in organs. Movements of [â€˜@I]MIBGinto and out of organs were
measured by quantitative scintigraphy in man. We perturbed adrenergic neuron function in
severalways,and[â€˜@l]MlBGconcentrationsin the heartweresubsequentlyalteredin
patterns consistent with th concept that [1@I]MlBGresides mostly in adrenergic neurons.
Uptakeof [â€˜@lJMlBGinto the heartwas inhibitedby the tricydic drug, imiprarnine,andthis
agentalsoacceleratedthe rateof lossof [1@l]MlBG.Phenyipropanolamine,a
sympathomimeticdrug that acts by displadngnorepnephrinefrom neurons,increasedthe
ratesof lossof [1@I]MlBGfromthe heart.Exercisewas followedby a movementof [@I]MlBG
intobbod andurine.Generalizedautonomicneuropathieswereassociatedwfthmarked
diminutionsof [1@I]MIBGuptakeinto the heart.Weconcludethat quantitativesdntigraphyin
patients will enable determinations of regional disturbances in integrity (by measuring uptake
of [@l]MIBG) and function (by measuring rates of loss of [1@l]MlBG)of the adrenergic
nervous system in the heart.

J Nucl Med 28:1625â€”1636,1987



Bloodpressure(mmofPlasmanorepinephnneEtiology

of
Patient neuropathy SexAge (yr)Hg)(pg/ml)tSupine StandingSupineStanding1

DIabetes M35135/93 82/62871122
Diabetes M55130/70 80/401 191043
Idiopathic M69143/60 80/5891884
Idiopathic F72125/70 80/4047535
Shy-Drager M62130/70 98/701 15228.

Blood pressure recorded after standing 1mm.t

Blood samples obtained by 10 mm of standing orin Patient4,sithng.To obtainvaluesin pmol/1,multIplyby 5.92.

METhODS 5 was taking fludrocortisone acetate (FlorinefAcetate) 0.1 mg
bid.

Methods
In vitro techniques. [â€˜231]sodiumiodide' was prepared by

the 1271(p. Sn) â€˜23Xemethod; 1231prepared in this manner
contained 0.12% Â±0.25% 1251and possibly a trace of â€˜21Te
(0.004%),but no 124J@Iodine-123MIBO was synthesizedas
described before (10,16) giving a specific activity of 5.0 mCi!
mg (59 GBqJmmol). A radioenzymatic @ytwas used to
measure plasma concentrations of NE (1 7).

Scintigraphicstudies.To block thyroid uptake of any dis
sociated [â€˜231]iodide,all subjects and patients were treated with
a saturated solution of potassium iodide for 5 days beginning
the day beforeinjectionof['231]MIBG.Subjectswereinjected
intravenously with 3 to 10 mCi (111 to 370 MBq) of [123!]
MIBG over several minutes. The first seven normal subjects
received a relatively larger dose (7â€”10mCi or 260â€”370MBq)
of [123I]MIBGthan the other normal subjects to enable corn
panison with the patients with neuropathy. The timing of their
scintigraphic studies also varied slightly from that ofthe other
normal subjects. Thirteen normal subjects received 3-5 mCi
of [â€˜231]MIBG.Ofthese normal subjects, four were randomly
chosen to receive imipramine, and three to receive phenylpro
panolamine in a second scintigraphic study. The remainder
served as additional control subjects.

Sets of scintigraphic images were made at four times after
injection of['231]MIBG. The times for the sets ofimages were
limited by the availability of['231]MIBG(injected in afternoon
after a morning synthesis),the physicalhalf-lifeof 123!(13.3
hr), and the time requiredto attain a set ofimages (over 1hr).
Within these restraints the times were somewhat arbitrarily
selected: for the first seven normal subjects and the patients
with neuropathy, the times for the sets were: 2 to 4, 16.8to
23.8, 24.3 to 27.0 and 42.8 to 45.5 hr. For the remaining
normal subjects who received a smaller dose and, in some
cases,two dosesof [1231]MIBG,the times for the setswere:2
to 4, 17 to 20, 24 to 28, and 42 to 47 hr. The major difference
in the two protocols was a longer interval between the second
and third set ofscintigraphic images in the latter patients, 6.8
Â± 0.6 hr versus 3.7 Â± 1.7 hr. The longer interval enabled the

recording of pharmacologic effects induced by phenylpropa
nolamine in selected patients during this time. Six ofthe seven
normal subjects in the former group (shorter interval between

Both normal subjects and patients with autonomic neurop
athy were studied using quantified scintigraphy after injections
of [â€˜231]MIBG.

Subjects
Each subject signed a consent form approved by The Corn

mittee to Review Grants for Clinical Research and Investiga
tion involvingHuman Beingsof the Universityof Michigan
Medical Center.

Normal subjects. Twenty men, 20 to 62 yr of age, were paid
volunteers; they were deemed healthy after an interview and
a physicalexamination.Sevensubjectswereselectedto make
up a group that spanned a broad age range, 22â€”62yr. each
gave a normal response in an exerciseECG test and had a
normal echocardiogram. Thirteen ofthe normal subjects were
selected for experiments designed to demonstrate by phar
macologic means that [â€˜231]MIBGresided in adrenergic neu
rons of tissues.

Patients with neuropathy. Five patients exhibited signs of
generalizedautonomic neuropathy.Table 1denotesthe char
actenistics of these patients. Each had postural hypotension
without compensatory rise in heart rate, lack of heart rate
variation during deep breathing, failure of diastolic blood
pressure to rise with isometric exercise and abnormal heart
rate response to a Valsalva maneuver(12-14). Pupil responses
to dark adaptation were (15) abnormal in each of these
patients except for Patient 1whose pupils responded normally.
Scintigraphic studies using radiolabeled meals were previously
performed on Patients 1 and 2 and showed delayed emptying
of their stomachs. In Patient 4, cystoscopy and cystomano
metry had demonstrateda neurogenicbladder.Two of these
patients had diabetes mellitus, one manifested a central nerv
ous system disorder typical ofthe Shy-Drager Syndrome, and
two had no known cause for their neuropathy.

Patient 2 gave a history of a myocardial infarction. No
otherpatienthad knownheartdiseaseorgaveclinicalevidence
for heart failure,and none, exceptPatient 2, had evidenceof
disease on ECG tracings. Patients I and 2 were taking insulin
but neither experienced episodes of hypoglycemia during or
in the several days prior to the study. Patient I was taking
pentazocine intermittently for painful neuropathy. Patient 2
wastakingdigoxin0.25 mg daily. Patient 4 was taking meto
clopramide, 10 mg bid and 1-thyroxine 0.1 mg daily. Patient

TABLE 1
Characteristicsof Patientswith GeneralizedNeuropathy
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second and third set ofimages) exercised during this time (see
below).

Anterior and posterior (180Â°opposed) planar images of the
chest were obtained using a Searle LFOV gamma camera with
a parallel hole, high-energy collimator that produced better
defined images than the low-energy collimator. Better images
were probably consequent to resolvingbetter the higher energy
(0.529 MeV) photons that make up 1.4% of the distintegra
tions of 1231Data for each image were collected over pre-set
time intervals as follows: for doses of [â€˜23I]MIBGof over 7
mCi, 10 mm up to 28 hr and 15 mm after 28 hr, for doses of
<7 mCi, 15 mm up to 28 hr and 20 mm after 28 hr. Both
analog and computer (64 x 64 pixel matrix) images were
obtained, the latter for quantitative analysis.

Just before the second set of planar images were made,
tomographic images of the heart were obtained by means of
single photon emission computed tomography (SPECT) using
a rotating gamma camera fitted with a low-energy collimator
and connected to a STAR computer system in all subjects and
patients who received more than 7 mCi (270 MBq) of [1231]
MIBG. Data were obtained in a 180Â°rotation about the thorax
from the 45Â°right anterior oblique to the 45Â°left posterior
oblique position. The data were stored in a computer and
subsequently reconstructed in short axis, horizontal long axis,
and vertical long axis views.

Using the computer data, uptakes in the heart and lung
were measured in 75 pixel regions ofinterest (ROIs) drawn to
be approximately an equal distance above the left and right
diaphragms respectively on the anterior(Fig. lA)and posterior
chest images, and liver uptake was obtained from anterior and

posterior 25 pixel ROIs in the upper right lobe, a region that
was approximately the same distance below the diaphragm
for each subject (Fig. 1A). Uptake refers to radioactivity in
counts per minute (cpm) calculated for the geometric mean
of the 180Â°opposed ROIs at the earliest imaging time, 2 to 4
hr. Uptakes were normalized to a 10 mCi (370 MBq) dose
and to a body surface area of 1.73 m2. For rates ofloss of
radioactivity, only the anterior regions of interest were used
after the camera position was fixed; rates of disappearance
were corrected for physical decay of $23!.Rates of loss were
calculated for the three periods that were separated by the
time of scintigraphic images.

The reproducibilityof quanitifying data from the same
image by different operators and the reproducibility of data
acquired from the same subject were evaluated. In processing
data from ten separate studies, two operators independently
recordedthe uptakes of [â€˜231]MIBGin the heart that, in the
individual studies, had a mean difference of 2.6% with a
standard deviation of 3.1%; the two operators also recorded
rates of loss of [â€˜231]MIBGfrom the heart (during the first
period) that, in individual studies, had a mean difference of
2.7% with a standard and deviation of 2.2%. Seven subjects
underwent two separate basal studies that were analyzed by a
single operator. For the group of seven as a whole, the mean
of the uptakes of [1231]MIBGin the heart in the first study
(1 1,412 cpm/75 pixels) differed from the mean ofthe second
study (1 1,943 cpm/75 pixels) by 1.9%. Individual differences
in uptake between the two studies gave a mean of 6.8% with
a standard deviation of 3.9%. For the group as a whole, the
mean ofrates ofloss of[WI]MIBG from the heart (during the

FIGURE 1
A: Computer enhanced image of an anterior view of the chest and abdomen of a control subject obtained 2.5 hr after
injection of the tracer dose; regions of interest are inscribed for the heart, lung, and liver for quantification of radioactivity.
B: Analog image of subject from which data shown in A were derived.
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Age
Subject (y)Surface

area
(m2)Dose

[â€˜@l]MIBG
(mCi)Time

after
dose(hr)RadioactMtyin

organs
@X@IS@(cpm/25HeartLungUver

first period) in the first study (0.0252 as a fraction per hour)
differed from the mean ofthe second study (0.0239) by 5.4%.
Individual differences in rates ofloss between the two studies
gavea mean of 17.6%with an s.d. of 13.2%.

Radioactivity in the spleen and adrenal glands was assessed
in a semiquantitative manner from the final posterior analog
images because these organs were not visualized 2 to 4 hr after
injection of [â€˜23I]MIBG.Urine excretion data are included
only for the subjects in the phenylpropanolamine experiment
because in the other groups an occasional subject gave an
incompletecollection.

Except for Patient 4, the patients with generalized auto
nomic neuropathy were also injected with 3 mCi (I 11 MBq)
of thallium-201 (@â€œTl)thallous chloride to portraythe myo
cardium in a separatestudy afterthe collection of['231]MIBG
data. Planar and tomographic images ofthe hearts were made
within 3 hr of injection of @11.The patients were not exer
cised for any study.

Imipramine. A tricycic antidepressant, imipramine, was
given to four normal subjects in an oral dose of25 mg tid for
7 days before a second scintigraphic study to inhibit selectively
the uptake ofNE by adrenergicneurons (18,19).

Phenyipropanolamine. An indirectly acting, sympathomi
metic, phenylpropanolamine, was ingested by three normal
subjects in a single dose of 75 mg 4 hr before the third set of
scintigraphicimages (during the third period) of a second
scintigraphicstudy to displaceNE and [â€˜23I]MIBGfrom ad
renergic neurons (20). (The time ofpeak action of oral phen
ylpropanolamine is uncertain, but the effects begin after 30
mm and persist for longer than 1 hr.)

Exercise. Six ofthe seven normal subjects who received 7â€”
10 mCi of [â€˜@I]MIBGand who had shorter intervals (3.7 hr
mean)between the second and third set ofscintigraphic images
exercised to give a brief physiologic stimulus to adrenergic

B. Subjects receMng 3-5 mCi of [1@3l]MlBG
(13)Mean 24.8 2.04

s.d. 4.4 0.31

neuron activity (21). In a supine position, they peddled a
bicycle ergometer for 15 mm to a peak work load of 200 W.

Statistical analysis. Comparisons were by the Student's t
test

RESULTS

Normal Subjects
Basaldata. Scintigraphic images made 2 to 4 hr after

injection of [â€˜23I]MIBGportrayed myocardial walls;
ventricle cavities were relatively deficient in radioactiv
ity (Fig. lB), indicating a low blood concentration of
[â€˜23I]MIBGwhen the first images were made. Since
<16% of radiolabeled MIBG was metabolized over
several days (22), it was assumed that the detected
radioactivity in these subjects represented [â€˜23I]MIBG.

Uptakes of [â€˜231]MIBGat 2 to 4 hr are tabulated for
heart, lung, and liver of 20 control subjects in Table 2,
A and B. The times of earliest measurements could not
be made more uniform, but there was no appreciable
variation in uptake related to differences in time of
measurement (between 2 and 4 hr) after injection of
[â€˜231]MIBG.Similarly, when the uptake values were
adjusted to a 10-mCi dose and to a surface area of 1.73
m2, they did not appear to be affected by the different
doses actually given to the subject. The uptake values
did not correlate with the ages of the subjects (Table
2A).

The appropriate background radioactivity for each
ROI was uncertain, given the variation in background
about different regions. Some portion of lung radioac

TABLE 2
Uptake of [â€˜@lJMlBGat 2 to 4 hr in Normal Subjects

A. Subjectsspan@ngyearsInage and receMng7-10 mCiof [â€˜@3l]MlBG
1 22 2.05 10.0
2 22 1.87 10.0
3 31 1.80 7.6
4 33 1.99 8.7
5 38 1.91 â€˜ 10.0
6 47 1.98 7.25
7 62 1.91 10.0

(7)Mean 1.93
s.d. 0.08

2.5
2.5
2.5
3.0
4.0
3.5
2.5

2.93
0.61

2.5
0.59

3,542
4,162
3,852
3,334
2,517
4,811
3,894

3730
714

2,927
3,110
3,197
3,072
2,355
3.586
3,485

3105
404

9,098
9,936
8,670
9,418
9,312
8,557
9,296

9184
468

9,148
1,137

9.08
1.23

4.83
0.63

3.784 3,158
587 621

. Adjusted to [â€˜@3lJMIBG dose of 10 mCi and body surface area of 1 .73 nI; expressed as geometric mean of anterior and posterior

ROls.
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TABLE 3
Rates of Loss of [1@l]MlBGin NormalSubjects
(Fractionof Residual RadioactivityLost per hr)

17to27
hr0.0240.009

24 to
47 hr

0.017
0.005

2 to
20 hr

0.042
0.006

17 to
24 hr

0.030
0.014

24 to
47 hr

0.021
0.006

A. SubjectsspanningyearsinageQ.1%i@,',
2to l7to 24to 2to24 l7to 24to 2to l7to 24to

â€œJu'- 24 hr 27 hr 46 hr hr 27 hr 46 hr 24 hr 27 hr 46hr1

0.027 0.021 0.017 0.031 0.047 0.015 0.031 0.0500.0212
0.017 0.039 0.011 0.025 0.046 0.013 0.039 0.0690.0203
0.025 0.055 0.023 0.030 0.044 0.023 0.034 0.0310.0254
0.030 0.023 0.019 0.033 0.031 0.016 0.037 0.0100.0235
0.026 0.018 0.021 0.032 0.019 0.018 0.035 0.0440.0196
0.014 0.021 0.018 0.035 0.010 0.019 0.034 0.0200.0197
0.025 0.024 0.016 0.032 0.004 0.017 0.036 0.0050.020(7)

Mean 0.023 0.029 0.018 0.031k 0.029 0.017 0.035 0.0330.021s.d.
0.006 0.014 0.004 0.003 0.018 0.003 0.003 0.0230.002B.

Subjects receiving 3-5 mCi of [â€˜@3l]MlBG:Data from controlstud@s2to
l7to 24to2to202Ohr
27hr 47hrhr(13)

Mean 0.027' 0.027 0.0190.0035's.d.
0.005 0.006 0.0030.003.

Anterior @ew of ROl; values corrected for physical decay of@t

P&@ differed somewhat for Subjects wiGroup A, particularly the middle period which was 3.74 Â±1.71 hr for Group 1 and6.83Â±
0.61 hr for GroupB.Statistical

compailsonsforlargerGroupsA andB:Firstperiod(2to 20or2 to 24h)comparedwithlastperiod(24to 46or24to47
hr):*

p <0.01;I

p < 0.001.

tivity could serve as background for the heart (Fig. 1A),
but, since background could not be calculated accu
rately, it was decided not to subtract background but to
make note ofdifferences in change ofradioactivity over
time between heart and lung (see below).

Tomographic images ofthe heart demonstrated both
right and left ventricle walls (Fig. 2). Lesser concentra
tions of [â€˜231]MIBGwere found at the apex than in the
middle and basal region of the heart.

Fractional rates of loss of radioactivity from the
regions of the heart, lung, and liver are tabulated in
Table 3, A and B. The heart exhibited a greater rate of

loss of['23I]MIBG, 2.3% per hour in subjects in Group
A and 2.7% per hour in subjects in Group B, during
the first period than during the third period, 1.8 to 1.9%
per hour, respectively. The patterns of loss from lung
and liver resembled those ofthe heart, but the loss from
the lung was more rapid than from the heart during the
first period while the rates of loss were similar for the
two organs during the third period.

Imipramine. Administration of imipramine reduced
the uptake of [â€˜23I]MIBG,measured 2 to 4 hr after
injection, in the region ofthe heart to 50%, a statistically
significant inhibition ofuptake (Table 4A). Imipramine

FIGURE 2
Single photon emission tomography
of theheartof a controlsubject.Data
for the tomographs were acquired 18
hr after injectionof 10 mCi of [â€˜al]
MIBG slices are @1.2 cm thick.
Shown are contiguous tomographic
slices parallel to the short axis and
at about the middle of the heart.
Rightventricle(on the left in the im
age)and left ventricle walls are seen.
RadiOaCtivityin the liver appears be
icw the heart.
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Control Imipraminel/C*Imiprammnel/C*C@flI0IImipraminel/C@(4)

Mean 4,032 2,001@ 0.503,0771828'0.598,8867,452'0.84s.d.
3211956684144821,135B.Rate

of lossof [â€˜@l]MlBG(fraction/hr)HeartLungUverIncrementIncrementIncrementInininimipramineImipramineimipramineControl

ImipraminestudyControlImipraminestudyControlImipraminestudyPeriod

2 to 2hr(4)
Mean 0.022 0.039@0.0170.0330.038'0.0050.0430.0470.004s.d.

0.0030.0030.0030.0040.0040.007Period
24 to 47hr(4)

Mean 0.017 0.0200.0030.0130.0230.0100.0220.027'0.005s.d.
0.002 0.0100.0040.0110.0030.003.

lmiprammne given 25 mg orally tid x 7d.t

[â€˜@l]MlBGgiven @@-5mCii.v.*
I/C:Imlprammne/control.Statistics:

Controlversusimipraminevalues.*
p <0.05.I

p <0.01...

p < 0.001.

TABLE4
Effects of lmipramine on Uptake and Rate of Loss of [@l]MlBGt

A. Uptakeof [â€˜@lJMlBGat 2 to 4 hr (cpm/25pixels)
Heart

inhibited uptake of [â€˜23I]MIBGinto lung and liver to
lesser extents, 56 and 84%, respectively.

Imipramine also increased the rate of loss of [123!]
MIBG from the heart. In the first period of measure
ment (2 to 20 hr), the rate of loss was significantly
greater after imipramine when compared with values
before treatment (Table 4B). This response to imipra
mine was consistent with inhibition ofon-going uptake
and re-uptake of the [â€˜23I]MIBGby neurons in this
period. Rates of loss of [â€˜231]MIBGfrom the heart
during the third period (24 to 47 hr) was also increased,
but not to the point of statistical significance.

Phenyipropanolamine. A single dose of phenylpro
panolamine produced dramatic changes in the distri
bution of [â€˜23I]MIBGin three normal subjects (Table
5, A, B, and C). Four hours after the ingestion of
phenyipropanolamine, given during the second period,
the rate ofloss of['23I]MIBG from the heart was signif@
icantly increased (Table 5A). The concentration of['231]
MIBG virtually disappeared from the heart so that the
radioactivity in this region was then less than that in
the surrounding lung, and the rate of loss during the
third period (24 to 47 1w) was the same as that of the
lung.

As the [â€˜23I]MIBGwas depleted from the heart by
phenyipropanolamine, the 1231(assumed to be [123!]
MIBG) increased significantly in the blood to a maxi
mum of 1.15 times the baseline value 2 hr after the

phenylpropanolamine (Table SB). In addition, the
quantity of['231]MIBG in the urines ofthe three subjects
increased significantly during the 12-hr period following
phenyipropanolamine (Table SC). Although there was
a rise in the mean plasma level of NE 2 hr after
phenylpropanolamine, the change was not significant,
probably because the natural variability in plasma con
centrations approached the expected modest rise in NE.

Exercise. To demonstrate simultaneous movements
of['23IJMIBG and endogenous NE, six normal subjects
were exercised. Immediately following a moderate de
gree of exercise, blood concentrations of both [123!]
MIBG and of NE were significantly elevated, and 30
mm after exercise levels ofboth had returned to baseline
values (Table 6). This level of physical activity did not
appreciably diminish tissue concentrations of [123!]
MIBG which were quantified within a halfhour follow
ing exercise.

Patients with Neuropathy: Neuron Injury
Heart. Uptakes of [â€˜231]MIBGmeasured 2 to 4 hr

after injection are shown for ROIs in the patients with
neuropathy in Table 7A. The uptake of the radiophar
maceutical by the heart ofeach ofthe five patients with
generalized neuropathy was too low to be accurately
measured. Nevertheless, there were detectable concen
trations of radioactivity in the region of the anterior
wall ofthe left ventricle in Patients 1, (Fig. 3) 2, and 3.
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Effectsof Phenylpropanolamineon [@l]MlBGt inHeart2to20hr
l7to27hr24to47hrIncrement

Incrementki
inphen@lpro-

phen@1pro
Phenyipro- panolan*ie Phenyipro- panolammnePhenyipro

Periods COntrO1@panolamlne Study Controls@ 5@Jy(@on@J*panolamineRate

of loss perhr(3)
Mean 0.030 0.030 0.000 0.026 0.0711 0.0450.020â€”s.d.

0.003 0.006 0.008 0.0070.002Rate
of lossper entireperiod(3)

Mean 0.470 0.480 0.010 0.191 0.553' 0.3620.375â€”s.d.
0.069 0.112 0.065 0.0980.045B.

Concentrations@iicirculation:[â€˜@31JMIBG@ bloodandendogenousNE In plasma(sithngposition)
Fractionalchanges(2hr after/beforephenyipropanolarnlne@

r@3I]MIBGNoreplnephtineControl

study(3)
Mean 0.98125s.d.

0.040.32Phenyipropanolamme
study(3)Mean

1.1511.31s.d.
0.040.33C.

Lklneconcentrations:Ratesof excretionof [â€˜@1]MIBG(fractionofdose)l2hrprlortodrug
l2hrafterdrug

TABLE 5

Controlstudy

Phenyipropanolammne

0.110
0.051

0.114
0.019

0.069
0.055

0.183'
0.049

. Phenyipropanolamine (Dexatrim) 75 mg orally 3 hr before third sdntlgraphic study (during 17 to 24 hr period).

t 1231-MIBGgwen i.v., â€˜@-5mCi. No heart racioactMty was discernible; on scintigrams, heart region activity was less than in kings.
* No drug was given ki Control Study; 1@I-MIBG was measured as radlo&@tivIty i@ whole blood and NE as pg Wi plasma; two samples

weremeasuredineachassaybeforethetimeof phenylprOpanOlamineadIT*iIStratIOnexceptWonesubjectforwhomtherewasonly
onesample.

Com@sons with respectiveControlStudyValue.
I p < .05.

I p < .01.

(3) Mean
s.d.

(3) Mean
s.d.

That the impairment of['23IJMIBG uptake in the heart
did not relate to perfusion of the myocardium was
shown in images made with @Â°â€˜11,an agent which
concentrates in myocardial fibers. Thallium-201 images
ofPatients 1, 3, and 5 were normal. The old myocardial
infarct in Patient 3 produced a relatively minor defect
in the image made with @Â°â€˜11,and, even allowing for
disruption of neuronal axons on the apical side of this
defect, the infarct was not a likely cause of the marked
diminution in [â€˜23I]MIBGuptake by this man's heart.
Tomographic images of the [â€˜23I]MIBGin the heart of
Patient 1 showed the residual radioactivity in the region
of the anterior wall of the left ventricle and will be
shown elsewhere.

Lungand liver.Uptakesof [â€˜23IJMIBGin the lungs
ofthe patients with neuropathy were the same or higher
than those of the control subjects. However, early con
centrations in the liver were abnormal for each patient,
and abnormal in an unexpected pattern: Patients 1, 2,
and 3 exhibited high uptakes, and Patients 4, 5, and 6
had low uptakes. A search for correlations between
uptakes and rates ofloss of['231]MIBG from the regions
ofinterest was then sought in these patients (Table 7B).
Of note were the abnormally slow rates ofloss from the
lung, and liver of Patient 4, who had severe clinical
manifestations of neuropathy and low uptakes of [123!]
MIBG. Patient 3, who had a high uptake in his liver,
exhibited a rapid rate of loss of [â€˜231]MIBGfrom his
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Norepinephnne(pg/mI)'[1@IJMIBG(dpm/ml)1

mm30 mmimm30mmBeforet%

of% ofBeforet% of%ofSubject
pg/mIpg/mIbefore pg/mi beforedpm/mIdpm/mIbefore dpm/mI before

MuItiplypg/miby 5.92to obtainpmol/I.
t Before exercise value @ismean of Specimens Obtained 30 to 60 mm after recumbency; these two values varied for norepinephnne

< 44%, and for [1@I]MIBG < 5.6%. Exercise graded to 200 W in recumbent position.

1Percentatl mindiffersfrom%at3Ominp<0.05.
â€˜Percentatlmindiffersfrom%at3ominp<0.01.

TABLE6
Effect of Exercise on Plasma Levels of Norepinephrineand BlOOdLevels of [123l]MIBGin Control Subjects

11754042311751008,94410,8581219,10610222616142352077914,18418,04712715,13310733411,66548849714612,02616,30313611,82498412232927014812110,77512,00511110,6269951171,3441,14914911513,60916,59612214,30199612957144313710617,71122,60412818,375104Mean469*111*128'104's.d.3512284

liver and lung during the third period. Thus, for these
two patients, low uptakes were associated with slow
rates ofloss, and high uptakes with fast rates ofloss of
[â€˜23IJMIBG.Moreover, Patients 1 and 2 also had high
uptakes in their livers, and the rates of loss from their
livers were either high or borderline high.

Other organs. Scintigraphic images ofthe spleen and
adrenal medullas were also examined. Neither spleen
nor adrenal glands were visible on the images made 2
to 4 hr after injection of [â€˜23I]MIBG.Probably the total
quantities of [â€˜23IJMIBGin these adrenergic structures
were modest in early images but declined much less
rapidly than did background radioactivity. Thus, both
spleen and adrenal medullas were best visualized on the
last images, 43 to 46 hr after injection ofthe radiophar
maceutical (Table 8). By semiquantitative assessment,
[â€˜23I]MIBGin the spleens and adrenal glands of Patients
1, 3, and 5 appeared normal, but Patients 2 and 4 had
diminished or absent levels of [â€˜231]MIBGin these
organs. In fact, the adrenal glands were never visualized
in these two patients with generalized autonomic neu
ropathy. Uptake of [â€˜23I]MIBGin salivary glands may
be into nonneuronal sites to a large extent and is the
subject of another communication (24).

DISCUSSION

Normal Subjects
Basal data. The scintigraphic images and the quan

tified data recorded above demonstrate localization of
[â€˜23I]MIBGin the heart, an organ known to be inner
vated by adrenergic fibers. In addition, [â€˜23I]MIBGwas
concentrated in the myocardial walls but less in the
apex than in the base of the human heart giving a

pattern that was similar to the concentrations of nor
epinephrine in mammalian myocardium (24-26).
Therefore, the anatomic distribution of [â€˜231]MIBGin
the heart corresponds to that ofthe adrenergic nervous
system.

In the current studies, an emphasis was placed on
the quantification of [â€˜231]MIBGin terms of uptake
into, and rates of loss from the heart because such
measurements may indicate the status of adrenergic
nervous system within that organ. Data from the first
period of observation (â€”.-2to 24 hr after injection of
[â€˜23I]MIBG)will probably reflect the integrity of neuron
function and, with further experience, the maximum
uptake reached in this period may become an index of
neuron density within the heart. The net rate ofloss of
[â€˜23I]MIBGfrom a tissue was the result ofseveral forces
acting on the radiopharmaceutical: neuronal uptake,
neuronal release, neuronal re-uptake, and probably a
small contribution in the form of a net loss from non
neuronal sites. However, the overall net rate of loss of
[â€˜23I]MIBGduring the third period (-@.-25to 47 hr after
injection and when the contributions of uptake and
non-neuronal loss are minimized) should best reflect
neuronal release or secretion. The small decrease in net
rate of loss during the third period may have been the
consequence of a decreasing exit of [â€˜231]MIBGfrom
non-neuronal sites over time. The rate of loss of nor
epinephrine from tissues, particularly the heart, has
been shown to correlate with adrenergic activity (27),
and, although [â€˜23I]MIBGis an imperfect analog of
norepinephrine, it would still seem reasonable to con
dude that rates of loss during the third period gave an
index of neuron activity.

Imipramine. The relatively brief second period must
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TABLE 7
Patients with Neuropathy

A. LJptakeof[1@lJMlBGat2to4hr

Patient

Radioactivityki organi (cpm/25pixels)

Lung UverHeart

PatientswithGeneralizedNeuropathy
1 3,173 10,659
2 2,308 10,763
3@ 10,161
4@ 5,983
5 @L@Z 6,318

Rangeofvaluesfromsevencontrolsubjects'(Ta- 2,517- 2,355- 8,557-
ble2GroupA) 4,811 2,586 9,936

B. Ratesof lossof r@31JMlBGfor firstandthirdperiods(fractbn/hr)t
Heart Lung Liver

Patient 2â€”24hr 24â€”46hr 2â€”24hr 24â€”46hr 2â€”24hr 21â€”46hr

Patientswithgeneralizedneuropathy1â€”0.0310.0340.0262â€”0.0310.0230.0380.0233â€”0.0329@?@0.0349:@a@4-0018-@Q-5â€”0.0270.0140.0260.022Range

of valuesfromseven0.014â€”0.01 1-0.025-.0.013â€”0.031â€”0.019â€”control
subjects@(Table3)0.0270.0230.0350.0230.0370.025

. Given 9.3-10 mCi of [â€˜@1JMIBG; body surface areas 1 .69-2.1 8 m@. Values adjusted to [1@I]MIBG dose of I 0 mCI and body surface

areaof 1.73m@;expressedasgeometricmeanof anteriorandposteriorregionsof interest.
t Anterior view region of Interest; corrected for physical decay of @I.
S Com@@ed with values of seven subjects spanning year E@age (Tables 2 and 3; Group A) patient values outside this range are

undermned.

represent a transition in the kinetics of [â€˜231]MIBG.
However, since changes in rates of loss were not nor
mally abrupt, this period offered an opportunity to
measure alterations in the rates ofloss when adrenergic
neuron function was perturbed. In the doses given to
the normal subjects, imipramine should have produced
a substantial inhibition of the uptake of NE by the
neurons; uptake of [â€˜23I]MIBGwas reduced to @-50%
in the heart.

Two types of uptake systems for NE and MIBG have
been identified in adrenergic tissues: an uptake-l system
that dominates at low concentrations of the substrates
and is inhibited by tricycic antidepressants; and a see
ond diffusion-type system that dominates at higher
concentrations of norepinephrine and especially of
MIBG. This diffusion pathway is little inhibited by
tricycic agents (28,29). The neurons of the heart may
sequester [â€˜23I]MIBG by the diffusion pathway, but in

the studies carried out, at least half of the radiophar
maceutical appeared to enter through the uptake-l
pathway.

Phenylpropanolamine. [3H]NE has been displaced
from the hearts of mice (20) and rats (10) by phenyl
propanolamine. The relative safety ofthis nonprescrip
tion sympathomimetic drug and its effects in rats (10)
led to the study in normal subjects. Within 4 1w,a single
dose of phenylpropanolamine abolished all measurable
[â€˜23IJMIBGin the heart. Such a response to a sympa
thomimetic drug is consistent with the concept that
[â€˜23I]MIBGin the heart largely resides in adrenergic
neurons. Moreover, the [â€˜23I]MIBGappeared to move
in the expected pattern after phenylpropanolamine: to
blood and to urine.

Exercise. The autonomic nervous system provides
for almost immediate responses to stimuli. Yet, the
system must also be capable of sustaining its nervous
control of organs over many minutes to hours. Thus,
even a potent stimulus to adrenergic system, if brief,
would not be expected to deplete markedly the pool of
norepinephrine in neuron terminals. Such would ap
pear to be the case for physical exercise of 15 mm
duration. If['23IJMIBG acts as an analog ofNE, exercise
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TABLE8Semiquantitative
Assessment of [1@l]MIBGActivityinSpleen

and Adrenal Medulla at 43 to 46 hr: Patients with
GeneralizedNeuropathyAdrenalPatient

Spleent medullat

I 3+

expected if the quantity of [1231]MIBG in tissues had
become low (being unreplenished) relative to the quan
tity in blood.

The difference between the effect of phenyipropanol
amine and exercise on [â€˜23I]MIBGand NE in tissues
may derive from the duration of the respective activi
ties. Phenylpropanolamine taken orally probably acted
on neurons over several hours. The consequences of
phenylpropanolamine were a marked but gradual dis
placement of [â€˜23I]MIBG(and probably NE) from tis
sues; the changes in blood concentrations of['23I]MIBG
and NE at any one time would be expected to be
modest, and, in the case of the NE, the changes were
not significant. Such a gradual action of phenyipropa
nolamine assures its safety and has led to its non
prescription status. In contrast, exercise produced a
more potent stimulus to the adrenergic neurons but the
action was too brief to deplete measurably the tissue
[â€˜231]MIBG(and NE). A more sustained increase in
adrenergic activity in the heart should be detected in
measurements ofrates ofloss of [â€˜23I]MIBG.

Patients with Neuropathy: Neuron Injury
Heart. If [â€˜23I]MIBGis concentrated by adrenergic

neurons, then diseases of these neurons should be as
sociated with distinct alterations in [â€˜231]MIBGuptake
into innervated tissues. In fact, the difference between
the patients with generalized autonomic neuropathy
and the control subjects was striking: there was little or
no uptake of['23I]MIBG observable in the hearts of the
patients. This abnormality is not only derived from
injury to postganglionic fibers, but also, as demon
strated by the patient with Shy-Drager Syndrome, from
disorders affecting the preganglionic components of the
sympathetic nervous system. In some instances, im
paired uptake of [â€˜231]MIBGmay reflect only a func
tional abnormality and not necessarily a destruction of
postgangiionic neurons.

The small, localized concentrations of [â€˜23I]MIBGin
the hearts of some of the patients with generalized
autonomic neuropathies suggest that all neurons of the
heart are not equally impaired, and a consequential
imbalance of adrenergic stimulation may be the cause
of fatal arrhythmias (Kahn JK, Sisson JC, Vinik Al:
unpublished data). Sudden death is reported to be Un
usually frequent in patients with the generalized auto
nomic neuropathy ofdiabetes mellitus (30,31).

Other organs. The generalized neuropathies, as cx
pected, reduced uptake of [â€˜23I]MIBGinto organs in
addition to the heart in some patients. Less than normal
concentrations of [â€˜23I]MIBGwere found in the spleen
and adrenal glandsâ€”almost certainly the adrenal me
dullas (32)â€”of Patient 4 and Patient 2 (diabetic neu
ropathy).

No conclusion can now be made about the associa
tions ofuptake and rates ofloss in the regions of interest
within the patients with neuropathies. It is impossible

FIGURE 3
Analogimageofthe anteriorchestandabdomenof Patient
1 obtained 2.5 hr after injection of the tracer dose. Only a
smallconcentrationof radioactivityis seenin the regionof
the heart. The appearance is distinctly different from that
of the control subject shown in Figure 1B, particularly
whenheart-to-lungactivityis compared.

of magnitude should not, and did not cause a substan
tial release of the radiopharmaceutical from the heart.
Yet, as there were measurable increments in the endog
enous NE concentration in plasma, so simultaneously
there were significant rises in the levels of [â€˜231]MIBG
in the circulation. These results are consistent with a
common site of origin of [â€˜231]MIBGand NE. The
increase in the blood level of [â€˜23I]MIBGwas not the
same magnitude as that of NE, but differences may be

2
3
4

1+
2+
0

5 3+
Rangeof valuesfromseven +2-+3

controlsubjectsspanning
yearsin ageS

. Patients and control subjects who received more than 7 mCi

of [1@1]MlBG.
t@ code: 0â€”No visible activity; 2+â€”Easily visible; 1+â€”

Justvisible;3+â€”Intense.

2+
0
1+
0
1+
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to know the sizes ofthe catecholamine pools into which
[â€˜23I]MIBGenters, and, therefore, if an increased rate
of loss of [â€˜23IJMIBGreflected a normal quantity of
catecholamine leaving a small pool or a large release of
catecholamine from a pool of normal or increased size.
The relatively rapid rates of initial loss of [â€˜23I]MIBG
from lung and liver may reflect large non-neuronal
pools ofthe radiopharmaceutical. If['231]MIBG follows
the path of norepinephrine, probably substantial quan
tities will enter the hepatic cells which metabolize nor
epinephrine to normetanephrine (33); however, the
hepatic cells would probably subsequently release [1231]
MIBG largely unchanged (22). The influence of con
centration of['231]MIBG in organs such as the liver and
lung on the uptake of MIBG by the heart is undeter
mined; patterns will evolve as experience is gained with
the scintigraphic method. Unless there are marked
changes in the uptake of [â€˜23I]MIBGby other organs,
or in excretion by the kidney, probably the extracardiac
influences will be modest.

SUMMARY

Radiolabeled MIBG enters adrenergic neurons, and
the quantitative uptake of the radiopharmaceutical is
an index of the functional integrity of the neurons in
the heart. Iodine-i 23 MIBG appears to be released from
human adrenergic neurons along with the neurotrans
mitter, NE. Beginning @@â€”24hr after injection, rates of
loss of [â€˜231]MIBGfrom heart may give an index of
adrenergic function in this organ.

Unusual patterns of innervation of the heart may
predispose to arrhythmias. Indeed, one of the patients
with diabetic neuropathy and an imbalance in inner
vation described above was found to have died unex
pectedly. Because the adrenergic nervous system plays
an important role in the adaptation ofthe normal heart
to stress (34) and is much altered by heart failure (4,5)
and myocardial infarction (6,7), scintigraphic mapping
with [â€˜@IJMIBGshould be a valuable tool to investigate
physiology and disease of the heart.

NOTES

S Crocker Nuclear Laboratories; Davis, CA.

t Cat-A-Kit, Upjohn Company, Kalamazoo, MI.
* (General Electric 400AT) General Electric, Milwaukee,

@(Tofranil)Geigy Pharmaceuticals, Ardsley, NY.
I (Dexatrim, caffeine-free) Thompson Medical Company,

Inc., NewYork, NY.
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