CONCLUSION

Decreased BMIPP uptake relative to thallium perfusion was
often seen at rest in patients with coronary artery disease without
myocardial infarction. This decreased BMIPP uptake is probably a
result of prolonged and severe myocardial ischemia which is often
associated with regional wall motion abnormality.
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Regional Abnormality of Iodine-123-MIBG in
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Autonomic neuropathy along with cardiac denervation is one of the
prognostic factors of diabetic patients. The aim of this study was to
establish qualitative and quantitative assessment of diabetic cardiac
denervation using ['2*ljmetaiodobenzyiguanidine (MIBG). Methods:
The study population consisted of 31 diabetic patients and 12

control subjects (C). Diabetic patients were classified into the follow-
ing three groups according to their presentation of neuropathy: NO,
without neuropathy; N1, mild neuropathy; N2, severe neuropathy. All
subjects underwent truple-phase MIBG scanning, including dynamic
planar imaging as well as early and delayed planar and SPECT
imaging. Myocardial uptake ratios of MIBG and heart-to-mediasti-
num count ratios (H/M) were calculated as global uptake indices.
Inferior-to-anterior count ratios and coefficients of variation were
calculated as regional distribution indices. The washout rate of the
inferior wall and whole myocardium were also studied. Resuits:
MIBG abnormalities were obvious in the inferior wall, which gradu-
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ally spread to the adjacent segments. All indices of regional uptake
showed a significant difference (p < 0.01) among the groups, while
only the H/M of the late image showed significant differences in the
two global uptake indices (p = 0.02). The washout rate of the inferior
wall was enhanced with neuropathy. Conclusion: Diabetic neuro-
pathy involves an MIBG abnormality in its early stages. Since this
abnormality occurs in the inferior segment, an inferior-to-anterior
count ratio, an index of regional MIBG uptake could be suitable for
the evaluation of this condition because of its superior sensitivity.
Key Words: diabetes; autonomic neuropathy; iodine-123-MIBG
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Autonomic neuropathy is one of the significant prognostic
factors for diabetic patients (/). Among these factors, cardiac
denervation appears to be a major risk factor of sudden death
(2,3). Autonomic neuropathy is usually assessed by physical
examination (3-5) or spectral analysis of heart rate varia-
bility (6,7).
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Recently, ['**IJmetaiodobenzylguanidine (MIBG), a radiola-
beled analog of norepinephrine (&), was introduced to visualize
denervation of the heart. Previous studies using this radiotracer
have reported cardiac denervation in advanced diabetes with
autonomic neuropathy (9-11). However, it still remains unclear
whether diabetic neuropathy involves cardiac denervation in its
early stages and how cardiac denervation progresses with the
diabetes. The aim of the present study was to establish quali-
tative and quantitative assessments of diabetic cardiac denerva-
tion using ['*I)MIBG.

MATERIALS AND METHODS
Study

We studied 48 diabetic patients. To exclude coronary artery
disease and cardiac dysfunction other than diabetic cardiac dam-
age, every patient underwent stress ECG, cardiac ultrasonography,
first-pass radionuclide angiography and perfusion SPECT imaging
with ®™Tc-tetrofosmin within 1 wk of the MIBG test. To investi-
gate the effects of diabetic damage alone, we excluded patients
with cardiac failure, tuberculosis, ischemic heart disease, arterial
fibrillation with hypertensive cardiomyopathy and adult T-cell
leukemia from the study. We also excluded insulin-dependent
diabetes mellitus (IDDM) patients and patients under 30 or over 70
yr old to exclude age-related MIBG reduction (/2,13). After
excluding 17 patients, the study population consisted of 31 patients
with noninsulin-dependent diabetes mellitus (NIDDM), 17 men
and 14 women, aged 35-69 yr (mean age = 54.3 yr), as
summarized in Table 1. A control group of 12 age-matched normal
subjects, including 8 men and 4 women (mean age = 53.5 yr), were
studied in an identical fashion.

Patient Classification

Diabetic patients were classified into three groups according to
their presentation of diabetic neuropathy (/4) based on Achilles
tendon reflex, vibratory sensation and orthostatic hypotension with
head-up tilt of 60°: NO = diabetic patients without neuropathy;
N1 = diabetic patients with mild neuropathy, manifesting abnor-
mality in one or two of the tests above; N2 = diabetic patients with
severe neuropathy, manifesting abnormality in all the tests. The
control group was classified as Group C (Table 1).

imaging Protocol

SPECT and planar imaging were performed with a triple-head
gamma camera system equipped with low-energy, general, all-
purpose, parallel-hole collimators. Subjects underwent triple-phase
MIBG imaging, including dynamic, early and late scanning. Each
patient remained in the resting state throughout the study. Approx-
imately 120 MBq MIBG were injected. At the time of injection,
dynamic planar images (0.5 sec per frame) were obtained in the
anterior view for 45 sec (dynamic phase). Twenty minutes (early
phase) and 4 hr (late phase) after injection, a 3-min planar scan in
the anterior view was obtained, after which a 20-min SPECT image
was obtained .

During SPECT acquisition, 60 projection images (20 steps X 3)
were obtained as 64 X 64 matrices using a step-and-shoot
acquisition over 360°. Images were acquired for 40 sec per
projection for a total imaging time of approximately 20 min.
SPECT images were reconstructed using a filtered backprojection
algorithm with a ramp filter after prefiltering with a Butterworth
filter (cutoff frequency of 0.25 and order 8.0). A polar map was
created using a series of short-axis SPECT images, in which the left
ventricle was divided into five segments including the apex,
anterior, lateral, inferior and septal walls. Mean counts and
washout rates were calculated for each segment and for the entire
left ventricle. Physical decay of '2’I was not corrected in this study.

Table 1
Subject Data
Subject Age Type of Duraton FBS HbAlc
no. () Sex Diabetes Neuropathy (1) (mg/d) (%)

1 47 F  Nomal o] 88 49

2 66 F  Nomal C .

3 58 F  Nomal C 84 43

4 4 F  Nomal o] 99 4.7

5 41 M Nomal Cc . .

6 58 M Nomal Cc . .

7 65 M Nomal C 95 49

8 65 M Nomal Cc . .

9 4 M Nomal o] . .
10 47 M Nomal C 78 43
1 59 M Nomal C . .
12 47 M Nomal C . 97 4.1
13 58 F  NIDDM NO 0.1 115 5.9
14 48 F NIDDM NO 1 256 115
15 46 F NIDDM NO 10 150 11
16 4 F NIDDM NO 6 7 5.6
17 58 F  NIDDM NO 3 132 6.7
18 58 F  NIDDM NO 2 103 85
19 48 F  NIDDM NO 4 223 113
20 53 M NIDDM NO 2 98 7
21 57 M NIDDM NO 5 101 6
22 66 M NIDDM NO 1 107 8.7
23 48 M NIDDM NO 0.25 167 125
24 45 M NIDDM NO 5 253 113
25 61 F  NIDDM N1 9 105 8.6
26 67 F NIDDM N1 12 96 55
27 41 F NIDDM N1 0.2 156 9.1
28 58 F  NIDDM N1 16 135 9.5
29 4 M NIDDM N1 5 237 10.1
30 69 M NIDDM N1 27 127 84
31 57 M NIDDM N1 23 194 79
32 61 M NIDDM N1 10 144 6.5
33 61 F  NIDDM N2 12 158 85
34 58 F NIDDM N2 25 143 8.8
35 69 F NIDDM N2 19 147 141
36 60 M NIDDM N2 23 198 10.7
37 57 M NIDDM N2 22 140 7.7
38 3 M NIDDM N2 19 258 74
39 64 M NIDDM N2 15 74 4.8
40 47 M NIDDM N2 " 97 9
41 66 M NIDDM N2 20 142 6.4
4?2 51 M NIDDM N2 1 144 8.4
43 3 M NIDDM N2 15 148 94

*C = without diabetes; NO = without neuropathy; N1 = mild neuropathy;
N2 = severe neuropathy; FBS = fasting blood sugar.

Data Processing

Quantitative indices of MIBG can be divided into three catego-
ries: (a) global uptake, (b) washout rates and (c) regional distribu-
tion. For global uptake indices, we evaluated as the myocardial
uptake ratio of MIBG and the heart-to-mediastinum count ratio.
For washout indices, we evaluated the washout rate in the inferior
wall (WR(inferior)) and the entire left ventricle (WR(total)). For
indices of regional distribution, we evaluated the inferior-to-
anterior count ratio and the coefficient of variation of MIBG
uptake.

Global MIBG Uptake

The myocardial uptake ratio of MIBG was calculated using
dynamic planar as well as planar image data as previously reported
(15,16). The concept of the uptake ratio (UR) is expressed as:

UR = count of the heart/total injected dose of MIBG. Eq. 1
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The total injected dose was obtained from the peak counts of the
entire field of view during dynamic planar imaging.

We also used another method to quantify global cardiac MIBG
uptake by obtaining the heart-to-mediastinum ratio from early and
late planar images, placing the regions of interest (ROIs) over the
heart and upper mediastinum, respectively (/7).

Regional MIBG Uptake and Washout Rate

As an index of regional MIBG uptake, the inferior-to-anterior
count ratio was calculated as the mean counts of the inferior
segment divided by those of the anterior segment. The coefficient
of variation was calculated as the standard deviation of the entire
left ventricle divided by the mean value, as a marker of heteroge-
neity of MIBG distribution. The washout rates were calculated as:

WR = (early count —

Statistical Analysis

All data are expressed as mean *1 s.d. The difference among
groups (C, NO-N2) were analyzed for variance by calculating the
F-ratio from ANOVA tables followed by intergroup comparisons
with Scheffe’s F-test. A value of p < 0.05 was considered
significant.

late count)/early count X 100 (%).  Eq.2

RESULTS

Detection of Diabetes by MIBG Imaging

In the detection of diabetes in the three groups (NO, N1 and
N2), both the planar and SPECT images of the late phase data
showed higher sensitivity and specificity than the early phase
data. SPECT images showed better sensitivity, although spec-
ificity was almost the same for both types of imaging studies.
Overall sensitivity/specificity of the planar images was 20%/
80% for early image data and 37%/100% for late image data.
Sensitivity/specificity values for the SPECT images were 60%/
92% for early image data and 80%/92% for late image data.

Pattern of MIBG Abnormality

MIBG abnormalities were observed to be heterogeneous. In
Group NO, a slight reduction was seen only in the inferior wall.
It spread to the adjacent segments and became more severe
along with clinical presentation of diabetic neuropathy (Fig. 1).

Quantitative Analysis

Radiopharmaceutical data and the result of one-factor
ANOVA are summarized in Table 2. In the early phase data,
significant differences were observed in the inferior-to-anterior
ratios and the coefficient of variation. In the late phase data,
significant differences were observed in heart-to-mediastinum
and inferior-to-anterior ratios and in the coefficient of variation.
Heart-to-mediastinum ratios (early image), MIBG uptake ratios
(early, late images) and washout rates (total, inferior) did not
show significant differences.

The heart-to-mediastinum (late) values for Groups N1 and
N2 were smaller than those for Groups C and N0, but intergroup
comparison using Scheffe’s F-test showed no significant differ-
ence between any pair of groups.

Washout rates tended to be higher with progression of
diabetic neuropathy from Groups NO to N2, particularly in the
inferior wall. However, intergroup comparison revealed no
significant difference, even between Groups C and N2 (Fig. 2).

All regional indices showed significant differences by
ANOVA. Inferior-to-anterior ratios (early image) decreased
with diabetic neuropathy. Intergroup comparison showed sig-
nificant differences between Groups C-N1 and N1-N2 (p <
0.05). Inferior-to-anterior ratios (late image) also decreased
with the progression of diabetic neuropathy: significant differ-

Early Late Washout
. 5
Group C
4 X
Group NO ° o ’
Group N1 | n @

FIGURE 1. Polar map displays of typical subject in each group. First row:
control group (C). Second row: diabetes without neuropathy (Group NO).
Third row: diabetes with mild neuropathy (Group N1). Fourth row: diabetes
with severe neuropathy (Group N2). MIBG abnormality was obvious in the
inferior segment and became more severe, spreading to the adjacent
segments with diabetic neuropathy (left and middle columns). Washout rate
was enhanced in the inferior wall (right column).

ences were observed between Groups C-N1 (p < 0.01) and
NI1-N2 (p < 0.05) (Fig. 3).

The coefficient of variation values (early, late images) as a
marker of regional heterogeneity of MIBG uptake increased
with diabetic neuropathy. Intergroup comparison showed that
the coefficient of variation (early image) for Group N2 was
significantly greater than those of the other groups. Due to the
greater standard deviation, the coefficient of variation (late
image) showed a significant difference only between Groups C
and N2 (p < 0.05).

DISCUSSION

The results of the present study indicate that diabetic neu-
ropathy involves an MIBG abnormality even in its early stages.
The abnormality initially appears in the inferior wall and then
gradually spreads to the adjacent segments as it advances. Thus,
in the early stages of diabetic neuropathy, only regional
distribution indices of MIBG showed abnormal values, while
global uptake indices remained within the normal ranges. Of the
regional indices, the inferior-to-anterior count ratio is consid-
ered to be suitable for evaluating cardiac denervation because of
its superior sensitivity and clearer relationship with the severity
of diabetic neuropathy. Our study also clarified that washout of
MIBG was enhanced in the inferior wall where cardiac dener-
vation was observed.

Regional Denervation Precedes Global Denervation
Although diabetes is a metabolic disorder affecting every
system in the human body, the present study proves that the
cardiac MIBG abnormality occurrs heterogeneously, starting in
the inferior segment and spreading to the adjacent segments
with the progression of neuropathy. Thus, cardiac denervation
was present only in the inferior segment during early stages.
Previous studies demonstrated significant MIBG abnormalities
r ''C-hydroxyephedrine uptake in patients with advanced
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Table 2

Summary of the Results
Without diabetes Diabetic patients ANOVA
Category MIBG C NO N1 N2 F-ratio p value

Global uptake HM (earty) 2.61 = 0.46 2.74 + 0.36 245 *0.19 242 + 044 1.63 ns (p = 0.21)
H/M (ate) 2.82 £ 0.59 292 + 045 2.30 = 0.36 2.39 + 0.56 3.69 p =0.02
n=43
UR (early) 0.54 = 0.19 0.70 = 0.23 0.78 = 0.14 0.54 + 0.24 194 ns (p = 0.15)
UR (late) 0.52 +0.17 0.64 +0.18 0.34 * 0.17 0.47 + 0.34 1.77 ns(p = 0.17)
n=233

Washout rate WR (total) 25.4 + 863 28.7 = 9.62 35.7 £ 8.01 35.6 + 184 195 ns (p = 0.14)
WR (inferior) 279 £ 927 31.7 + 9.85 37.5 £ 9.35 424 +20.2 2.68 ns (p = 0.06)
n=43

Regional distribution VA (earty) 091 +0.11 0.85 = 0.10 0.75 = 0.12 0.58 + 0.10 20.8 p < 0.0001
VA (ate) 0.84 +0.10 0.79 = 0.12 0.66 = 0.13 0.47 = 0.11 22.8 p < 0.0001
n =43
CV (early) 0.11 +0.02 0.12 = 0.04 0.17 + 0.05 0.29 + 0.07 34.1 p < 0.0001
CV (iate) 0.13 = 0.03 0.33 + 0.34 0.44 = 0.34 0.52 + 0.24 4.76 p <0.01
n =43

Data are expressed as mean * s.d.

C = without diabetes; NO = without neuropathy; N1 = mild neuropathy; N2 = severe neuropathy; H/M = heart-to-mediastinum count ratio; UR = uptake
ratio; WR = washout ratio; /A = inferior-to-anterior count ratio; CV = coefficient of variation; ns = not significant.

diabetic neuropathy. These studies, however, failed to detect the
minimal denervation seen only in the early stages (9,/8). The
most likely reason for this is that the conventional quantitative
indices were not sensitive enough to detect the slight reduction
of MIBG. In our study, the widely used index, heart-to-
mediastinum ratio, actually showed less sensitivity compared
with the indices of regional uptake. This ratio may be helpful in
detecting severe neuropathy. However, it may not be useful for
evaluating the severity of denervation due to diabetes. Given
that diabetic neuropathy is reversible if treated in the early
stages (/9,20), early detection is very important to achieve a
better prognosis.

Possible Mechanism of Regional

The pathophysiology of this condition still remains unclear.
Proposed mechanisms of neural damage include metabolic
abnormalities, neuronal ischemia and immune-mediated injury.
Previous studies demonstrated that the anterior and inferior
walls each have a different supply of sympathetic and parasym-

pathetic innervation (2/,22), and this may account for the
regional heterogeneity.

The characteristic pattern of diabetic neuropathy may also
account for this condition. In diabetic patients, peripheral
neuronal damage starts in the most distal sites. A similar
length-dependent pattern may be seen in cardiac sympathetic
nerve terminals, and denervation starts from the most distal site
(apex), spreading to the proximal site (base). The inferior wall
may be relatively distal to the anterior wall in sympathetic
supply. The anatomical distribution of sympathetic nerve sup-
ply is still unclear as is the mechanism of denervation. Further
study is warranted to explain these findings.

Artifacts resulting from relatively high hepatic activity
should also be considered. Kobayashi et al. (23) reported that
relatively low cardiac activity to the liver caused count reduc-
tion in the inferior cardiac wall. However, our phantom study
confirmed the effect only in the 180° data collection method
with high hepatic positioning. The effect was not seen in the
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FIGURE 2. MIBG washout rate (WR) increased as diabetic neuropathy progressed. Inferior wall (WR (inferior); right) had greater washout, in which regional

MIBG distribution showed an obvious abnomality.
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FIGURE 3. Inferior-to-anterior count ratio (VA). Data were obtained from early and late SPECT images. /A values decreased with diabetic neuropathy.
Intergroup comparison demonstrated significant differences (*p < 0.05, "p < 0.001).

360° data collection method used in our study. Our findings
correlated with Kobayashi et al., in that 360° data collection is
more desirable to avoid this artifact.

MIBG Washout

Although the difference was not significant among groups
(C, NO-N2), MIBG washout of the inferior segment tended to
increase with the progression of neuropathy. In diabetic cardio-
myopathy, an increase in sympathetic activity was reported by
Ganguly et al. (20) in pharmacologically-induced diabetes in
rats. These observations may explain the mechanism of en-
hanced washout rate in the inferior segment. In the inferior
segment with reduced sympathetic nerve terminals, the remain-
ing nerves may be activated to compensate for the loss of
quantity. This explanation is compatible with published reports
indicating that sympathetic denervation was seen even in hearts
without left ventricular dysfunction at rest (10,24). In the
resting condition, denervation may be well compensated for
increased sympathetic tone, resulting in normal ventricular
function. However, the compensation capacity may be de-
creased in such hearts and may show dysfunction with exercise
stress. This phenomenon was reported by Kreiner et al. (/1)
who demonstrated paradoxical decrease of left ventricular
ejection fraction (LVEF) during exercise in IDDM patients with
reduced MIBG uptake.

Future Implications

Cardiac denervation occurs heterogeneously in diabetic pa-
tients. From this point of view, cardiac function and metabolism
should be studied on a regional basis. Even if global cardiac
function is normal, diabetic hearts may show regional dysfunc-
tion, particularly in the inferior region, because the quantity of
norepinephrine released by sympathetic nerve endings in the
heart is the most important factor regulating myocardial con-
tractility under physiological conditions. Further studies should
be conducted to assess cardiac function and metabolsim region-
ally to better understand the pathophysiology of diabetic auto-
nomic neuropathy.

CONCLUSION

Diabetic neuropathy involves an MIBG abnormality in its
early stages. The abnormality first occurred in the inferior wall
and became more severe with neuropathic progression. The
inferior-to-anterior count ratio may be a suitable index for
evaluating diabetic neuropathy because of its superior sensitiv-

ity.
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Simultaneous Evaluation of Fatty Acid Metabolism
and Myocardial Flow in an Explanted Heart

Margot Jonas, Wolfgang Brandau, Bernhard Vollet, Michael Weyand, Anke Fahrenkamp, Franz-Josef Gildehaus,

Joachim Sciuk, Hans H. Scheld and Otmar Schober
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Miinster, Germany

The biodistribution of the fatty acid analog ['3'[[PHIPA 3-10, was
compared to the flow tracer c-sestamibi by quantitative analy-
sis in a dual-isotope study performed during a heart transplantation.
Methods: lodine-131-PHIPA 3-10 and ®®™Tc-sestamibi were in-
jected simultaneously approximately 20 min prior to the start of
surgical procedure. Scintigraphic images of the sliced explanted
heart were com to the preoperative in vivo scans using
['2*PHIPA 3-10, 2°'T1 and ®®™Tc-sestamibi. In 14 tissue samples of
the explanted heart, the radioactive contents from ['3'[|PHIPA 3-10
and ®®*™Tc-sestamibi were calculated as %ID/g-values and corre-
lated with the corresponding histology. Results: In the preoperative
scans, a mismatch of fatty acid uptake and perfusion ["2°[JPHIPA
3-10 > flow) was observed which indicated residual viable myocar-
dium, while a matched defect was associated with scar. In viable
m:yocardium, there was a significantly higher accumulation of
["*'PHIPA 3-10 compared to -sestamibi (mean 5.9 x 1073
versus 2.7 X 1073 %ID/g), whereas in scars the uptake of both
tracers was comparable (1.2 X 1072 versus 1.4 X 1072 %ID/g).
Conclusion: Myocardial viability can be defined more accurately
with radioiodinated PHIPA 3-10 than with ®*™Tc-sestamibi. The
differences of biodistribution in viable myocardium and scars indi-
cate that not only perfusion but also the metabolic state of the
myocardium can be evaluated with radioiodinated PHIPA 3-10.
Key Words: myocardial viability; iodine-123 fatty acid; dual-isotope
study; pathology; heart transplantation
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']]1e detection of residual viable myocardium is an important
factor in deciding whether to perform percutaneous translumi-
nal coronary angioplasty (PTCA) or coronary bypass graft
surgery (CABG). In many experimental and clinical trials, the
use of radioiodinated free fatty acids (FFA) for assessment of
myocardial viability has been elucidated (/-4). For enhance-
ment of myocardial retention, various FFA analogs have been
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developed to inhibit rapid fatty acid catabolism by beta-
oxidation (5). Most experience has been obtained with p-'2I-
phenylpentadecanoic acid (p-IPPA) and p-'?*I-8-methyl-IPPA
(BMIPP) recently available in Japan (1,2).

Phenylene-bridged long-chain fatty acid analogs offer an
alternative approach to methyl-branching to delay myocardial
clearance and were first described by Liefhold and Eisenhut in
1987 and 1988 (6,7). In contrast to many other fatty acid
analogs, ['**I)-PHIPA 3-10 (13-(p-['*I}iodophenyl]-3-(p-phe-
nylene)-tridecanoic acid) (Fig. 1) has a prolonged biological
half-life in human myocardium (>15 hr), indicating metabolic
trapping and is therefore more suited for SPECT investigations
than unmodified phenyl fatty acids (8-10).

The aim of this study was to simultaneously examine
['*'IJPHIPA 3-10 biodistribution compared to perfusion in the
human myocardium. Myocardial accumulation of ['*'IJPHIPA
3-10 and **™Tc-sestamibi was thus quantified in a dual-isotope
study performed during heart transplantation. Distribution pat-
terns and scintigraphic images of the heart in vivo and ex vivo
were correlated to histological examination of the explanted
heart.

MATERIALS AND METHODS
Radiopharmaceuticals

Iodine-123 and ['*'I]JPHIPA 3-10 were labeled by a non-carrier-
added Cu(I)-assisted, nonisotopic halogen exchange (//). Briefly,
'231 or *'I-sodium iodide were evaporated to dryness followed by
the addition of the bromo-precursor and 5 ul of a CuCl solution (1
mg/ml acetic acid). After heating for 10 min at 180°C, the residue
was dissolved in 200 ul absolute ethanol and purified by means of
HPLC. The eluate was evaporated to dryness, dissolved in 150 ul
ethanol, added dropwise to 10 ml of a solution of 5% human serum
albumin and then filtered (0.22 wm). Thallium-201 and %™Tc-
sestamibi were both commercially obtained.
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