
Scintigraphic detection of regional disruption of 
adtenergic neurons in the heart 

Experiments were designed to detect regional disruptions of adrenergic neurons in the hearts of 
llvtng dogs. The neuron disruption wea echteved by the epplicatlon of phenol to the epicardium 
of the left ventrkk Evtdence for denervatton was the reduction in endogenoua noreplnephrine 
(NB) concentrations In the myocardiufn beneath the region of phenol treetment and towerd the 
apex. Rediokbeled mefaiodobenzylguenldlne (WBG) acts as an analog of NE and as such is 
concentrated in adrenergic nerve terminals. Following phenol applicatkm, MlBG labeled with jz51 
was found, 20 hours after Injection, to be distributed within myocardium In patterns comparable 
to those of NE. However, left atellectomy did not alter the dlatributlona of NE or ‘*%MIBG in the 
myocardium and apparently did not disrupt adrenergic innervation. YIBG labeled with ? enabled 
aclntigraphic images of heart neurons in the livlng dog 3 and 20 hours after injectton; these 
images portrayed the regions of adrenergic neuron disruption caused by phenol treatment. 
Concentrations of thallium-201 deplcted on acintlgraphlc Image and of triphenyltetraroiium 
observed on in vitro atalnlng demonstrated no myocardlal injury. Thus aclntlgraphy with 12JI-MIBG 
will display regional adrenerglc denervationa in the heart. (AM HEART J lQ88;l l&67.) 
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By a coordinated stimulation of myocardial cells, 
the adrenergic nervous system acts to maintain 
normal function in the heart.’ Disruption of adren- 
ergic innervation to regions of the heart can leave 
the more apical parts of the myocardium also dener- 
vated. Upon denervation, adrenergic receptor den- 
sity increases,3 and an imbalanced response of the 
heart to stimulation by circulating norepinephrine 
(NE) could ensue. Such events may be a cause of 
arrhythmias, including those causing death.4 

However, it has been difficult, if not impossible, to 
detect regional denervations of the heart. For the 
most part, tests of adrenergic activity have mea- 
sured, as in the case of concentrations of catechol- 
amines in the plasma, the sum of the function of 
many components of the system. Even when assays 
record the rate of secretion of NE from the heart,5 
differences in function of adrenergic neurons within 
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regions of this organ go undetected. Yet focal abnor- 
malities in adrenergic innervation within the heart 
are regularly caused by myocardial infarction,6 and 
consequently must occur relatively commonly. We 
therefore sought a method to detect disruptions of 
adrenergic neurons within regions of the heart. 

Meta-iodobenzylguanidine (MIBG) functions as 
an analog of NE, the adrenergic neurotransmitter.7 
As such, MIBG concentrates in adrenergic neuron 
terminals where, when labeled with 7, it can be 
detected and quantified in the heart by scintigra- 
phy.8 Concentrations of radiolabeled MIBG appear 
to record faithfully the integrity of adrenergic inner- 
vation within the many regions of the heart. 

Herein we report that concentrations of radiola- 
beled MIBG will reflect regional disruptions of 
adrenergic neurons produced by phenol application 
to the epicardium of the hearts of dogs. These 
regional disruptions in neuron integrity were por- 
trayed as readily perceived abnormalities on scinti- 
graphic images made with ‘231-MIBG in the living 
animal. 

METHODS 

Materials. Mongrel dogs (14.3 to 22.0 kg) were pur- 
chased from a commercial vendor. “Acute” dogs receiving 
only lz51-MIBG for ex vivo experiments were found to be 
healthy when observed over 5 to 7 days before study. The 
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dogs that received Y-MIBG for in vivo scintigraphy were 
“conditioned” for a period of 30 days; these dogs were 
clinically normal, immunized against diseases, and free of 
parasites. All dogs received water ad libitum and regular 
chow. 

The dogs were divided into two groups for testing. 
Twelve animals had phenol treatment to their hearts; 
seven of these dogs underwent in vivo scintigraphy with 
*=I-MIBG (in five, the phenol was applied to the epicardi- 
um of the anterior wall of the left ventricle, and in two 
application was to the epicardium on the inferior wall). 
Ten animals had sham treatment of their hearts; five of 
these dogs were to undergo in vivo scintigraphy with 
lz31-MIBG (no additional controls were deemed necessary 
for the two dogs in which the area of phenol application 
was small-see below), but one died, leaving four in the 
control scintigraphy group. 

Syntheses of Iz61-MIBG and ‘231-MIBG were carried out 
as previously described7.g to give 21 mCi (777 giga- 
becquerel [GBq])/mmol and 1.6 mCi (59 GBq)/mmol, 
respectively. Less than 2% of each radiopharmaceutical 
was in the form of radiolabeled free iodide. Thallous 201 
chloride (zo’Tl) was purchased from Mallinkrodt Inc., St. 
Louis, MO., and E.I. duPont de Nemours and Company, 
North Billerica, Mass. 

Procedures. For the phenol-treatment experiments, 
dogs were paired and left thoracotomies were carried out 
as reported before. lo In one dog of each pair, phenol was 
applied to the epicardium of the heart to produce an 

To establish a relationship between radiolabeled MIBG 
and endogenous NE, the initial group of 10 dogs in this 
investigation received, as a test agent, only IZ51-MIBG in 
an intravenous dose of 0.2 mCi. The lz51-MIBG was given 5 
or 6 days after the thoracotomy; the dogs were killed 20 
hours after the injection. The next 11 dogs were studied by 
scintigraphy while alive. These dogs were given lz31-MIBG, 
5 mCi intravenously, 5 to 6 days after thoracotomy. Two 
to 3 hours and 18 to 20 hours later, scintigraphy was 
performed with the dogs in the supine position under 
thiamylal anesthesia. Scintigraphic images of the heart, 
both planar and tomographic, were created with a GE 
400AT scintillation camera (GE Medical Systems, Mil- 
waukee, Wis.)* to which was affixed a low-energy collima- 
tor. The camera rotated, in 64 stops, through 180 degrees 
around the anterior chest of the dogs. At each stop, data 
were acquired for 30 seconds in the earlier (2 to 3 hour) 
images and for 60 seconds in the later (18 to 20 hour) 
images; the data were collected in a 64 X 64 word matrix, 
stored, and processed in a computer. The tomographic 
slices were 1 pixel or 6.5 mm in thickness. 

Two days after injection, the lz31-MIBG was almost 
undetectable. Then 20’T1, 2.5 mCi, was injected intrave- 
nously, and planar and tomographic images of this radio- 
pharmaceutical were produced either 15 minutes or 2 
hours later. The tomographic data of 201Tl were acquired 
in 25-second stops. 

At this point ‘%I-MIBG was used because the longer 
half-life of “‘1 (60 days) enabled the radiopharmaceutical 
to be more easily measured in the subsubsequent analyses. 
The distributions of ‘=I-MIBG and *9-MIBG should be 

Three days after injection of 201Tl, i251-MIBG, 0.2 mCi, 
was given intravenously; killing was done 20 hours later. 

ton, Conn.) was applied to the epicardium in strips 0.2 to 

injury sufficient to disrupt adrenergic neurons in the 

0.3 cm in width. This was done to inscribe a 3 by 2 cm 
rectangle in the basal region that extended on the anterior 
wall of the left ventricle from directly below the tip of the 

epicardium. This method is similar to that described by 

left atria1 appendage downward to a point that was at least 

others2~” With a cotton-tipped applicator, phenol (60% 

1 cm above the apex. The left anterior descending artery 
then bisected this rectangle. In two dogs, the phenol- 

in ethanol; International Biotechnologies, Inc., Farming- 

inscribed rectangle was 2 by 2 cm and was further away 
from the apex. In three dogs, phenol was applied to the 
inferior epicardium so that the rectangle was in the basal 
region and distal to the first major branch of the left 
circumflex coronary artery. The second (control) dog of 
each pair received only the thoracotomy, i.e., the heart was 
sham-treated. All dogs received a combination antibiotic, 
trimethoprim, 80 mg, and sulfadiazine, 400 mg orally, each 
day during their post-surgical convalescence. 

In a separate group of seven dogs, the left stellate 
ganglion was excised in an attempt to produce another 
type of regional denervation. This ganglion was isolated, 
then the intact body of the structure was removed while 
severing all pre-ganglionic and postganglionic fibers. In a 
annor-+, ;XX; of 5re dogs, the stellectomy was shown to *m--m--- 
effect a loss of the left ventricular inotropic response to 
electrical stimulation of the left sympathetic chain distal 
to the stellate region. A sham-treated dog was included in 
each experiment. 

identical, and therefore the relative concentrations of 
lz51-MIBG in myocardium at 20 hours served to correlate, 
in ex vivo studies, with the independent evidence of 
neuronal injury obtained from levels of endogenous myo- 
cardial NE (see below). 

The dogs were killed by a method that was designed to 
give minimal stimulus to the adrenergic nervous system. 
Anesthesia was induced by Dial-Urethane solution (10% 
allobarbital, 40 % monoethylurea, 40% urethane), 0.6 
ml/kg, intravenously. The dogs were then ventilated with 
room air by means of a Harvard respirator Harvard 
Apparatus Co., Natick, Mass. After a left thoracotomy, 
the hearts were excised during a supramaximal stimula- 
tion of the right vagus nerve (40 Hz train rate, 4 msec 
pulse duration, 1.5 times threshold voltage) with a Grass 
S48 stimulator (Grass Instruments, Quincy, Mass.) to 
produce a sinus arrest. 

Transverse slices of the heart of approximately 0.5 cm 
thickness were made perpendicular to the apex-base axis 
and parallel to the atrioventricular groove. Of particular 
interest was the basal slice, which contained the region of 
phenol treatment and could be oriented from the positions 
of the anterior and posterior papillary muscles for division 
into 12 reproducible radial segments (Fig. 1). The seg- 
ments of this basal slice served as a reference for deter- 
mining the effects of phenol treatment. Transmural sam- 
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Fig. 1. Schematic drawings of basal slices showing the papillary muscles, anterior (prominence on the 
right) and posterior, and the radial segments of the left ventricle in three dogs. The relative diminutions in 
NE (markedly affected segments are darkly stippled and less affected areas are 1ightZy stippled) and in 
lz51-MIBG concentrations are recorded. A, Heart from dog in which phenol treatment inscribed the 
standard 3 x 2 cm rectangle on the anterior wall of left ventricle. (See Fig. 2, B for scintigraphic portrayal 
of the same heart.) B, Heart from dog in which phenol treatment inscribed a smaller, 2 x 2 cm rectangle on 
the anterior wall of left ventricle. The effects of phenol were more profound and extensive in the 
transverse slice 1 cm toward the apex in which only even-numbered radial segments were assayed for the 
relative 1261-MIBG content: segment No. 6, 0.79; segment No. 6, 0.31; segment No. 10, 0.36; and segment 
No. 12,0.63. Apex samples were also affected: anterior apex NE, 0.09 and ‘%I-MIBG 0.24; posterior apex 
NE 0.37 and 1251-MIBG 0.40. (See Fig. 2, C for scintigraphic portrayal of the same heart.) C, Heart from 
dog in which phenol treatment inscribed a 2 x 2 cm rectangle on the inferior wall of the left ventricle. 
Abnormality appears as extensive as that produced when larger rectangles were inscribed. (See Fig. 2, D 
for scintigraphic portrayal of same heart.) 

ples of myocardium weighing 0.4 to 1.1 gm were obtained 
from each of 12 radial segments of the basal slice of the 
left ventricle (Fig. l), from the anterior and posterior 
aspects of the apex of the left ventricle, from the right 
ventricle at the same level as the basal slice of the left 
ventricle, and from the left and the right atria. 

The samples were quickly frozen; then within 24 hours, 
they were placed in 9 volumes of iced 0.4 M perchloric acid 
and homogenized by a Polytron homogenizer (Brinkmann 
Co., Westbury, N.Y.). Duplicate 0.5 ml aliquots of whole 
homogenates were counted in a gamma counter. Window 
settings of the counter enabled selective detection of 
residual M1Tl in the 120-180 keV window, and then, by 
calculation, separation of ‘%I-MIBG from 20’T1 in the 15-80 

keV window. No residual lZ31-MIBG could be detected. 
Possible metabolism of ‘251-MIBG was assessed by deter- 
mining the fraction of total lZ51 as free iodide with a 
Sep-Pak C-18 cartridge (Waters Associates, Milford, 
Mas~.)~s’~ for at least five samples of each heart; the free 
iodide fraction was always less than 2% of the total 125I in 
samples. The homogenates were centrifuged at 20,090 x g 
for 20 minutes at 5O C, and the supernatants were 
analyzed for endogenous NE by high-performance liquid 
chromatography with a method7 adapted from a published 
technique.3 

Additional samples of myocardium were obtained from 
the even-numbered radial segments of slices obtained 1 
cm above and 1 cm below the basal slice of left ventricle 
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Table I. Concentrations of norepinephrine and Y-MIBG in radial segments of left ventricle 

NE (ndgm) T-MIBG (nCi/gm) * MIBGJNE (nCi/pg) 

Sham-treated hearts (9) 
Left ventricle: basal slice1 
Coefficient of variation for 12 radial 

segments of each dog as percent 

626 f  2385 22.4 -+ 11.0 38.1 + 13.6 

11.9 f  4.4 8.7 f  3.0 7.8 k 4.3 

(6.4-17.9)t (5.9-14.2) ( 5.6-15.5) 

Phenol-treated hearts (12) 
Left ventricle: basal slice, 

unaffected segments1 
688 5 227 26.5 f  8.7 40.8 f  13.6 

“Results adjusted to give a dose of 200 &!i of ‘25I-MIBG to a 15 kg dog; tissues obtained 20 hours later. 
tRange in parentheses. 
fFor each heart, the mean of the radial segments from the basal slice was used in calculation; only unaffected radial segments were used for the 
phenol-treated hearts. 
gMean * SD. 

described above. These samples were assayed only for 
‘“I-MIBG content to give added dimensions to the size of 
the region of neuron injury. 

The basal slices of left ventricle were randomly selected 
from five dogs (three sham-treated and two phenol- 
treated) for incubation in a solution of 0.5% triphenylte- 
traxolium chloride for 15 minutes. This technique,14 along 
with measurement of residual 201T1 in the samples, gave 
evidence of myocardial viability. 

Statistical analysis. Coefficient of variation is the 
standard deviation expressed as a percent of the mean. 
This term is used to relate variability in data among the 
hearts of dogs to the variability of data found within a 
heart. 

Within the sham-treated hearts, the mean concentra- 
tions of NE and of lz51-MIBG in apical segments were 
compared with the respective mean concentrations of NE 
and of ‘%I-MIBG in the left ventricle by the two-tailed 
Student t test in hypotheses that were independently 
developed. Similarly, the mean concentrations of NE and 
of lz61-MIBG in the atria were compared with respective 
values of the left ventricle. The Bonferroni inequalities 
correctioxP is made when segments could be considered in 
pairs, as for example from anterior and posterior apices, 
and from left and right atria. 

By definition, the most affected segment in the phenol- 
treated hearts contained the lowest concentration of NE. 
The mean 1251-MIBG concentration in this most affected 
segment was compared with the mean lz51-MIBG in unaf- 
fected segments of the left ventricle by the two-tailed 
Student t test. 

Comparisons of respective segments in sham-treated 
and phenol-treated hearts were by the two-way analysis of 
variance. 

RESULTS 

Norepinephrine as an index of neuron disruotion and 
correlation with 125~-~~~~. Table I records the concen- 
trations of endogenous NE and 12SI-MIBG in the 
radial segments of the basal slice of the left ventri- 
cle. Variability in both of these indices was moderate 

among the hearts from sham-treated dogs. However, 
within the left ventricle of a given dog, the variabil- 
ity from segment to segment in a the basal slice was 
relatively low: the coefficient of variation was always 
less than 18% for NE, and always less than 15% for 
1251-MIBG. Therefore in spite of the moderate differ- 
ences among dogs, within a heart there was reason- 
able uniformity in both NE and 1251-MIBG concen- 
trations. 

In addition, the levels of NE in the left ventricle 
varied among the hearts of the dogs in patterns that 
were not always the same as those developed from 
the concentrations of ‘%I-MIBG, and thus the 1251- 
MIBG/NE ratios in the left ventricle also exhibited 
moderate variability among dogs (Table I). Never- 
theless, within a given dog’s left ventricle, the 
1251-MIBG/NE ratios were quite stable from segment 
to segment in the slice. Therefore when viewed as a 
pattern within a heart, the ‘251-MIBG/NE ratios in 
the left ventricle were also quite uniform. 

In the phenol-treated hearts, the concentrations 
of NE in the radial segments of the basal slice of left 
ventricle were examined for abrupt changes. 
Although the maximum changes in NE concentra- 
tions in the regions of neuronal disruption were 
substantial and obvious, there were gradations in 
myocardial NE levels toward the edges of the dis- 
ruption. Therefore, a radial segment was designated 
abnormal (and affected by phenol) if it contained 
NE at a concentration 3 standard deviations below 
the mean of what appeared to be a uniform NE 
concentration in “normal and unaffected” contigu- 
ous radial segments. These phenol-affected seg- 
mints a/prp &rays c~-“.@~ous, a& none had an NE 
concentration of more than 81% of the mean of the 
segments designated as unaffected. The unaffected 
segments in these phenol treated hearts had mean 
NE and 1251-MIBG concentrations and 1251-MIBG/ 
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Table II. Relative concentrations of norepinephrine and ‘T-MIBG in samples of myocardium 

Ratios: Concentration-Mean concentration of unaffected radial 
segments left ventricle 

Sample of 

myocardium NE ‘2-‘I-MZBGt MIBGINE 

Phenol-treated hearts (lo)* 
Left ventricle: Most affected 

radial segment 
Left ventricle anterior apex 
Left ventricle posterior apex 

Right ventricle 
Left atrium 
Right atrium 

0.064 f 0.036” 0.339 f 0.131b 1.35 * 5.78 

0.119 k 0.070’ 0.376 f 0.141’ 3.971 k 2.70 
0.162 -t 0.144’ 0.388 2 0.164’ 4.51 + 3.24 

0.886 +- 0.324d 0.926 f 0.214d 1.15 +- 0.447 
2.18 -f 0.71gd 1.57 +- 0.408d 0.742 2 0.169 
2.48 -+ 0.670“ 1.85 f 0.412d 0.755 -t 0.135 

Sham-treated hearts (9) 
Left ventricle anterior apex 

Left ventricle posterior apex 
Right ventricle 
Left atrium 

Right atrium 

Statistical analysis: 
Values are mean + SD. 

0.681 + 0.118’ 0.823 k 0.118’ 1.22 -+ 0.208 

0.629 rfi 0.194’ 0.770 f 0.154’ 1.29 * 0.358 

0.964 f 0.122’ 0.950 f 0.136’ 0.985 k 0.072 
2.88 -t 0.866’ 1.94 f 0.487’ 0.709 k 0.219 

2.73 + 0.797’ 1.75 f 0.460’ 0.664 + 0.163 

1. Comparing the mean of the most affected segment in left ventricle of phenol-treated hearts with mean of unaffected segments in left ventricle of 

phenol-treated hearts: 
*the NE concentration was low by definition. 
bp < 0.001 by two-tailed Student’s t test. 

2. Comparing segments of phenol-treated hearts with respective segments of sham-treated hearts by two-way analysis of variance: 
C<O.ool. 
dnot significantly different @ > 0.05). 

3. Comparing segments of sham-treated hearts with the mean of the respective left ventricle basal segments by two-tailed Student’s t test using Bonferroni 
inequalities correction”: 
enot significantly different (p > 0.05). 
‘p < 0.001. 

4. Statistical comparisons were not made of MIBG/NE ratios. 
*Radial segments from basal slice. In two dogs, phenol was applied to a smaller area of epicardium; results of hearts in these dogs were not included. 
tSame segment as in NE calculation even though another segment may have contained slightly less ‘*sI-MIBG (see text). 

NE ratios comparable to those of radial segments 
from the sham-treated hearts (Table I). 

When phenol was applied to inscribe the larger 
(3 x 2 cm) rectangle on the epicardium, five to eight 
of the radial segments in the basal slice of left 
ventricle were affected according to the above crite- 
ria. One to four of the radial segments were consid- 
ered markedly affected, containing less than 20% of 
the NE in the unaffected segments (Fig. 1 and Table 
II). 

The concentrations of lz51-MIBG were reduced in 
samples to give a pattern of affected samples identi- 
cal to that of NE (Fig. 1, A and Table II). In the 
basic slice, the markedly affected segments (those 
containing less than 20% of the NE found in 
unaffected segments) were also those with lowest 
concentrations of 1251-MIBG. The radial segment 
with the least NE (most affected) was the one 
containing the least 1261-MIBG, except where the 
lowest NE and lowest 1251-MIBG were in adjacent 
segments that were almost equally affected. 

Others“j have found the concentrations of NE to 
be lower in the apex than in the basal regions of the 
heart. Although the mean NE concentrations in the 
apical segments in the sham-treated hearts were 
lower than those in the basal slice, the differences 
were not significant (Table II). The levels of lz61- 
MIBG in these segments exhibited a similar pattern 
(Table II). However, in the apices of the phenol- 
treated hearts, both the NE and 1251-MIBG concen- 
trations were reduced even further, and compared 
with the respective apical NE and 1231-MIBG levels 
in the sham-treated hearts, the values in the phenol- 
treated hearts were significantly lower, p < 0.001 for 
both NE and ‘%I-MIBG concentrations. 

The respective mean levels of NE and 1251-MIBG 
in the right ventricle did not significantly differ in 
the two groups of dog hearts (Table II). Neverthe- 
less, in three dogs, both NE and 1251-MIBG concen- 
trations were more than three standard deviations 
below the reference mean of unaffected segments in 
the left ventricle. Probably the application of phenol 
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reached part of the right ventricle in these three 
dogs. 

In the multiple samples of myocardium from the 
regions of neuron disruption (designated by dimin- 
ished concentrations of NE), the ‘251-MIBG levels 
were also reduced, but these reductions were regu- 
larly less than those of NE. In the most affected 
samples of myocardium, residual 1251-MIBG levels 
averaged 34 % of the mean of unaffected segments of 
left ventricle, while residual NE was 6.4% of the 
respective unaffected segment values (Table II). 
Concentrations of *251-MIBG in segments from a 
slice above the standard basal slice tended to show 
lesser effects, while those from a slice below this 
basal region manifested similar or greater degrees of 
abnormality. 

The atria were examined to include tissues unaf- 
fected by phenol. In the sham-treated hearts, the 
left and right atria contained significantly higher 
concentrations of NE values (2.88 and 2.73 X respec- 
tively; each p < 0.001) than those of the left ventri- 
cle (Table II), a phenomenon previously 
observed.17~18 However, concentrations of NE in the 
atria of the phenol-treated hearts did not differ 
significantly from those in sham-treated hearts. 
Similarly, the lz51-MIBG concentrations in both 
atria of sham-treated hearts were significantly high- 
er than those in the respective left ventricle, but the 
values of lz51-MIBG in the sham-treated hearts were 
not different from those in the phenol-treated hearts 
(Table II). An additional phenomenon was noted. 
Although the 1251-MIBG concentrations in the atria 
were clearly higher than those in the left ventricle, 
the relative elevations of atrial lz51-MIBG were less 
than the relative increases in atrial NE. 

In two dogs, phenol was applied to inscribe a 
rectangle of 2 x 2 cm to determine if in vivo scintig- 
raphy (see below) could detect smaller regions of 
adrenergic neuron disruption, regions that would 
include neuronal injury on the apex side of the area 
of the phenol application. Although the data from 
the hearts of those two dogs were not greatly 
different from those of other phenol-treated ani- 
mals, they are not included in Table II. Such a 
restricted treatment with phenol on the anterior 
wall of the left ventricle produced smaller changes in 
concentrations of NE and of MIBG in the radial 
segments of the basal slice (Fig. 1, B), but the slice of 
left ventricle 1 cm toward the apex showed a higher 
concentration of MIBG (NE was not measured in 
Liiese segments). The apex of this heart was also 
affected. In the other dog, the effects of phenol on 
the inferior wall of the left ventricle appeared no less 
than those produced when phenol was applied to 

give a larger rectangle (Fig. 1, C). Nevertheless, the 
heart of this latter dog served as a model of neuron 
disruption in the inferior wall for scintigraphic 
evaluation. 

Scintigraphy of ‘%MIBG. Variability in the concen- 
tration of 1231-MIBG within the walls of the left basal 
region of the left ventricle in sham-operated hearts 
was modest; in some dogs, the anterior wall on 
short-axis tomographs appeared to contain slightly 
less radioactivity than other myocardial walls. How- 
ever, the radioactivity in the walls of the left ventri- 
cle was always continuous in all sham-treated hearts 
(Fig. 2, A). The effects of phenol treatment were 
readily distinguished as abnormal (Fig. 2, B) and 
predicted faithfully the regions that would be iden- 
tified as affected by ex vivo analysis of myocardial 
samples for NE and lz51-MIBG (Fig. 1, A). Not only 
was the region of phenol treatment abnormal, but 
the concentration of radioactivity was decreased on 
the apical side of the phenol-inscribed rectangle, 
including the apex of the the heart (Fig. 2, B), as was 
found in the excised samples from these regions. 

When the region of phenol treatment was smaller, 
the abnormality in the anterior wall of the scinti- 
graphic image was still easily detected (Fig. 2, C). 
Also, application of phenol to the inferior wall of the 
left ventricle resulted in images portraying dimin- 
ished concentrations of 1231-MIBG in the same 
region (Fig. 2, D). 

The images of lz31-MIBG in Fig. 2, A through D 
were created 18 to 20 hours after the injection of 
lz31-MIBG, a time when a substantial fraction of the 
peak radioactivity (probably reached by 0.5 to 2 
hours) had disappeared by biologic loss of MIBG, 
and physical decay of lz31 (half-life, 13.3 hours). 
Scintigraphic images of hearts made 3 hours after 
the injection of lz31-MIBG were somewhat more 
distinct, probably because of the higher concentra- 
tions of radioactivity, but the configuration of and 
relative concentrations of the portrayed 1231 were 
indistinguishable. Planar images of the heart 
obtained in the anterior view did not demonstrate 
the effects of phenol treatment as vividly. 

Evidence for integrity of myocardium. Scintigraphic 
depictions of “lT1 in the myocardium were identical 
in the sham-treated and phenol-treated hearts. The 
distribution of this radiopharmaceutical appeared 
uniform in the hearts of both groups of animals (Fig. 
3). The residual 201Tl(5 days after administration) in 
myocardium was uniformly distributed throughout 
the samples of left ventricle, and the concentrations 
of *O’Tl in the affected samples were the same as 
those in the unaffected radial segments. 

The triphenyltetrazolium stain was uniform in all 
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Fig. 2, A and B. Scintigraphy of dog’s heart created 18 to 20 hours after injection of 5 mCi of 1281-MIBG. 
All images are tomographic sections of 6.5 mm thickness. A, Sham-treated heart. Left, Tomographic 
section through short axis in region where phenol was be applied to hearts of other dogs. Right, Vertical 
section midway through the heart; note that the radioactivity in apex is diminished compared to other 
regions. B, Phenol-treated heart; 3 X 2 cm rectangle on the anterior wall of the left ventricle. Left, Section 
through short axis in region of phenol treatment; note absence of radioactivity in anterior wall region 
(arrow). This is the same projection of the heart schematically represented in Fig. 1, A. Right, Vertical 
section; note the absence of activity in the anterior wall giving an abnormality that extends into the apex 
(arrows). 

hearts tested, giving no evidence for myocardial 
damage in the regions of phenol application. 

Effects of steilectomy. Although excision of the left 
stellate ganglion interrupted the sympathetic modu- 
lation of left ventricular function, no regional or 
global changes in endogenous NE concentrations 
coud be detected in the hearts of seven dogs evalu- 
ated 5 to 7 days after stellectomy. There were also no 
regions in which levels of 1261-MIBG were dimin- 
ished, so scintigraphy of these dogs was not per- 
formed. 

DISCUSSION 

ing tissue injury of only 0.25 mm in depth” but 
sufficient to disrupt the adrenergic neurons that 
course through the epicardium toward their termi- 
nation in the ventricular myocardium.2* l1 Vagal 
fibers apparently run a deeper course and are unaf- 
fected by the procedure s2, l8 The adrenergic neurons 
are oriented from base to apex so that fibers on the 
apical side of an injury are also disrupted.2 Since NE 
is concentrated in the terminal fibers of adrenergic 
neurons, concentrations of this neurotransmitter 
within myocardium give evidence of neuron integri- 
ty- 16.20 

In our experiments, the application of phenol to 
The application of phenol to the epicardial sur- the epicardium of dogs’ hearts regularly reduced the 

face of the heart is an established method of produc- concentrations of NE in the myocardium in the 
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Fig. 2, C and D. Scintigraphy of dog’s heart created 18 to 20 hours after injection of 5 mCi of lz31-MIBG. 
C, Phenol-treated heart; 2 X 2 cm rectangle on the anterior wall of the left ventricle. Left, Section through 
short axis; diminished lz31-MIBG in anterior wall is easily seen (arrow). This is same projection of the heart 
schematically portrayed in Fig. 1, B. Right, Vertical section; region of low concentration of lz31-MIBG 
extends into the apex (arrow). D, Phenol-treated heart; 2 X 2 cm rectangle on the inferior wall of left 
ventricle. (The area of the rectangle may have been larger.) Left, Section through short axis; note virtual 
absence of radioactivity in inferior wall (arrow). This is the same projection of the heart schematically 
portrayed in Fig. 1, C. Right, Vertical section; the region of diminished radioactivity in the inferior wall 
extends into the apex (arrow). 

region of treatment and in the apex. The NE content 
declined to below 20% and often to below 10% of 
values of control samples of myocardium except in 
the heart of one dog, in which the NE concentration 
was less affected when the rectangle inscribed by 
phenol application was 2 x 2 cm instead of 2 x 3 cm. 
(Even in this heart the injury to neurons was 
evident in the myocardium nearer the apex.) 

We have previously shown7*8 that MIBG acts as an 
analog of NE and therefore regions of adrenergic 
neuron disruption should have reduced uptakes of 
radiolabeled MIBG. Others have reported in 
abstracts that reduced concentrations of myocardial 
lz31-MIBG, from diminished uptake21 or more rapid 
washout,22 reflect regions of neuron injury. 

In the experiments described in this communica- 

tion, the concentrations of 1251-MIBG in myocardi- 
um were reduced in patterns similar to those of the 
NE. However, relatively higher concentrations of 
‘%I-MIBG compared to those of NE were observed 
in the samples that were markedly afFected by 
phenol treatment; the average difference was 28% 
(34 vs 6%) between the radiopharmaceutical and 
the neurotransmitter in these samples. Possibly the 
higher ‘%I-MIBG residual in the region of injured 
adrenergic neurons relates to a non-neuronal com- 
ponent of the radiopharmaceutical in the myocardi- 
urn, On the other hand, 12Y-MIBG is probably taken 
up and concentrated in neurons as is injected 3H- 
NE, and this uptake function differs from the 
synthesis of endogenous NE. Indeed, the neuronal 
uptake function has been shown to recover more 
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Fig. 3. Scintigraphy of phenol-treated dog heart created 15 minutes after injection of 2.5 mCi of 201T1. All 
images are tomographic sections and are comparable to those in Fig. 2. This is the same heart portrayed in 
Figs. 1, A and 2, B. Left, Section through short axis; ZolTl is uniformily distributed in left ventricle walls 
and image does not differ from those obtained in sham-treated hearts. Right, Vertical section; again 20’T1 
distribution is normal. 

quickly than does the synthesis of NE after neuronal 
injury.2o Thus the difference in relative concentra- 
tions of lz51-MIBG and NE may only indicate that 
different functions within adrenergic neurons were 
being tested. Nevertheless, the data support the 
concept that relative concentrations of lz51-MIBG, 
and therefore of any radiolabeled MIBG, are reliable 
indices of adrenergic neuron injury and integrity. 

Since the application of phenol to ventricular 
epicardium reduced concentrations of ‘%I-MIBG, 
both in the region of treatment and in the regions on 
the apex side of treatment, the in vivo distribution 
of ‘=I-MIBG should be similarly affected. In fact, 
the scintigraphic images of dog hearts demonstrated 
diminished ‘%I-MIBG in the predicted regions. This 
was true whether the phenol was applied to the 
anterior or the inferior walls of the left ventricle. 
Areas of phenol treatment as small as 2 x 2 cm 
produced easily visualized abnormalities in the lz31- 
MIBG scintigraphic images. 

Previous experiments8 had suggested that the 
non-neuronal fraction of lz31-MIBG in the heart was 
higher at 2 to 3 hours than at 18 to 20 hours after 
injection; thus the latter time was chosen for acqui- 
sition of most date in the current studies. Neverthe- 
less, the increment in the non-neuronal fraction of 
1231-MIBG at 2 to 3 hours is probably small, and in 
any case the images at this time depicted the same 
abnormalities as seen at 18 to 20 hours. In addition, 
because more radioactivity was present in the heart 
at the earlier time, both the normal and the abnor- 
mal structures were then better resolved and 
appeared more distinct on the images. The heart 

cavity is always seen as a photopenic region, and 
therefore radioactivity in blood is not thought to 
contribute appreciably to measurements of the 
heart. 

It is apparent that the distribution of 1251-MIBG 
in the ex vivo analysis was not identical to that 
observed in images of the lz31-MIBG in vivo, partic- 
ularly in the case of the dog hearts shown in Figs. 1, 
B and 2, C. However, the discrepancies in the ex vivo 
and in vivo patterns are explained by the inherent 
limitations of dissecting the heart to include in its 
totality a small region of prior phenol application in 
the mid-basal slice that served as the reference for 
ex vivo analysis. Despite this impediment to the ex 
vivo reconstruction of phenol effects, the correlation 
between distributions of ‘251-MIBG and 1231-MIBG 
appears to be well established by our data. Thus 
scintigraphy of ‘231-MIBG will detect relatively small 
regions of adrenergic neuron disruption. 

The patterns of 1231-MIBG concentrations within 
the heart should also be specific for the integrity of 
adrenergic neurons, whether or not there are associ- 
ated abnormalities in the myocardium. The evi- 
dence indicates that the phenol injury was selective 
for the epicardium. In the phenol-treated hearts, 
201T1 was disseminated uniformily, and triphenylte- 
trazolium gave a normal staining pattern, demon- 
strating that the myocardium of these hearts was 
normal. Therefore, the disruption of adrenergic neu- 
rons must have occurred in the epicardium. The 
scintigraphic images of 1231-MIBG support these 
previously stated concepts2*11: (1) adrenergic neu- 
rons course through the epicardium; (2) the direc- 
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tion of the fibers is from base to apex (apex concen- 
tration of lz31-MIBG was reduced by a more basal 
injury); and (3) that the neurons penetrate to myo- 
cardium cells from the epicardium (lz31-MIBG was 
lost from the full thickness of myocardial wall after 
the epicardial injury). 

Our surgical procedure to achieve a left stellecto- 
my not only removed neural tissue but has been 
shown to alter the response of the heart to electrical 
stimulation of the left sympathetic chain. Yet the 
excision of the left stellate ganglion did not alter the 
concentration of endogenous NE and lz51-MIBG 
within the left ventricle 1 week later. It is possible 
that only a small number of adrenergic fibers were 
disrupted by the operation, too few to be detected by 
measurements of endogenous NE but sufficient to 
alter the normal response to electrical stimulation of 
the heart. The full effects of left stellectomy on the 
heart are in dispute. 23,24 Nevertheless, we were 
unable to alter the NE concentrations, our index of 
adrenergic innervation, in regions of the heart by 
this type of procedure. 

In summary, the relative distribution of radio- 
labeled MIBG in the heart is similar to that of 
endogenous NE. Disruptions of adrenergic neurons 
alter the levels of 1231-MIBG in myocardium, and 
these changes are portrayed on scintigraphic images. 
Of particular interest is the possibility that interdic- 
tions of adrenergic innervation in different regions 
of the heart-as would be caused, for example, by 
myocardial infarctions-may predispose to arrhyth- 
mias. Thus scintigraphic patterns of 1231-MIBG in 
the hearts of patients may correlate with, and be 
predictive of, arrhythmias. 

We are indebted to Mrs. Annise L. Johnson for expert secre- 
tarial assistance and to Mr. Doug Heady for accurate assays of 
norepinephrine (NE). Mr. Chris Massin at the Phoenix Memorial 
Laboratory of the University of Michigan synthesized the radio- 
labeled MIBG. 
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