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Hypoperfused myocardium with increased uptake of '8F-
fluorodeoxyglucose (FDG) is considered to be ischemic but
viable myocardium. However, the significance of a more severe
defect of FDG than of '*N ammonia (NH3) (i.e., reverse flow—
metabolism mismatch) is not well understood. Methods: To
study a reverse flow—-metabolism mismatch pattern, PET with
NH3 and FDG under glucose loading was performed in 35
patients within 2 wk after onset of first acute myocardial infarction
(AMI) and in 29 patients with old myocardial infarction (OMI). The
left ventricle was divided into nine segments on a bull’s eye polar
map, and the mean counts of NH3 (%NH3) and FDG (%FDG)
were compared for the segment with the least %NH3. Results:
Ten patients in the AMI group demonstrated a marked reverse
flow—metabolism mismatch pattern (greater than 10% difference
between %NH3 and %FDG), whereas only 2 patients in the OMI
group demonstrated the mismatch pattern (P < 0.05). Sixteen
patients with AMI demonstrated %FDG > %NH3 (group 1), and
19 patients with AMI demonstrated %FDG < %NH3 (group 2).
There were no significant differences in age, sex, location of
infarction, diameter of stenosis of infarct-related artery or left
ventricular ejection fraction between groups 1 and 2. Eleven
patients in group 2 and only 3 in group 1 had multivessel disease
(P < 0.02). There was no significant relationship between the
number of diseased vessels and the flow-metabolism pattern in
patients with OMI. Conclusion: The finding of a reverse flow-
metabolism mismatch on PET in the subacute phase of myocar-
dial infarction was closely related to multivessel disease.
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Glucose, lactate and free fatty acids are the major
sources of energy for the heart. In the fasting state, the
myocardium mainly uses free fatty acid, whereas in the fed
state, glucose becomes more important (/,2). Striking changes
occur in substrate utilization during myocardial ischemia.
Because B-oxidation of free fatty acids is very sensitive to
ischemia, the principal fuel-contributing substrate for the
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citric acid cycle during ischemia is glucose (3). Mild to
moderate ischemia increases myocardial glucose uptake (4).

PET permits assessment of regional myocardial perfusion
and metabolism in vivo. Hypoperfused myocardium with
increased uptake of '8F-fluorodeoxyglucose (FDG) as an
indicator of exogenous glucose utilization is considered to
be ischemic but viable myocardium, with the potential for
improvement of regional function after restoration of blood
flow (5-10). Although a flow-metabolism mismatch pattern
has been shown to be indicative of reversibly dysfunctional
myocardium in patients with chronic coronary artery disease
(5-10), this marker has not been as reliable for patients with
recent myocardial infarctions (//-13).

In the course of our experience with '>N-ammonia
(NH3)-FDG PET, patients with myocardial infarctions
occasionally were noted to have more severe defects of FDG
than of NH3 (i.e., a reverse flow—metabolism mismatch
pattern). In most previous reports, more severe defects of
FDG than of NH3 were included in a flow-metabolism
match pattern. No study examining the significance of
reverse flow—metabolism mismatch phenomenon is avail-
able. To study this phenomenon, NH3 and glucose-loaded
FDG PET studies, therefore, were performed in patients
with myocardial infarctions.

MATERIALS AND METHODS

Patients

Thirty-five patients suffering their first acute myocardial infarc-
tions (AMIs) (29 men, 6 women; mean age 64 * 10 y; range 40-79
y) and 29 patients with documented previous, old myocardial
infarction (OMI) (25 men, 4 women; mean age 65 * 6 y; range
50-76 y) underwent myocardial perfusion and metabolism studies
with PET. AMI diagnosis was based on the presence of typical and
prolonged chest pain, ST-segment elevation or depression on
standard 12-lead electrocardiograms and elevation of serum cre-
atine kinase to more than three times the normal upper limit.
Patients who had undergone previous coronary angioplasty of
arteries other than the infarct-related artery or coronary artery
bypass grafting were excluded from this study. Patients who had
suffered more than two myocardial infarctions were excluded from
the group of patients with OMI.

Of the 35 patients with AMI, 17 had anterior infarctions and 18
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had inferior infarctions (including one inferolateral infarction). Of
the 29 patients with OMI, 21 had suffered anterior infarctions and 8
had suffered inferior infarctions. No patient had a pure lateral
infarction. All patients with AMI underwent PET using FDG and
NH3 within 2 wk (range 6-14 d, mean 10 * 3 d) after the onset of
myocardial infarction. For patients with OMI, the interval between
the onset of infarction and the PET study was 33 * 52 mo (range
2-168 mo).

Radiopharmaceuticals

A small cyclotron (NKK Corporation, Kanagawa, Japan) was
used for the production of >N and '8F. NH3 was then produced
using the method described by Mulholland et al. (/4), and FDG
was synthesized using the method described by Hamacher et
al. (15).

PET Imaging

For PET imaging, a Shimadzu-SET 1400 W-10 PET scanner
(HEADTOME 1V; Shimadzu Corp., Kyoto, Japan) was used. This
scanner can obtain 7 slices simultaneously with a 13-mm interval, a
slice thickness of 11-mm full width at half maximum (FWHM) and
spatial resolution of 4.5-mm FWHM. Axial, 6.5-mm-interval
Z-motion of the scanner provided a total of 14 contiguous
transverse slices of the myocardium.

A 10-min transmission scan was obtained using a rotating %Ge
rod source. The acquired data were used to correct emission images
of NH3 and FDG for body attenuation. After completion of the
transmission scan, the patient remained in the supine position and
was injected intravenously with 555-740 MBq NH3. After a 3-min
delay to allow pulmonary background activity to clear, myocardial
perfusion imaging was performed for 10 min.

Three to 4 h after completion of the perfusion scan, FDG PET
imaging was performed postprandially. Identical patient position-
ing for the NH3 and FDG images was achieved by marking the
subject’s chest wall with ink and aligning the marks with a
reference beam of light from the gantry. The patient was injected
intravenously with 259-370 MBq FDG 30-60 min after the patient
ate his or her usual meal, supplemented with a 50-g glucose
solution. Forty to 50 min were allowed for cardiac uptake of FDG.
Static imaging of glucose utilization was then performed for 10
min. In this study, 13 patients had diabetes mellitus: 6 patients were
treated with diet only, 3 with oral hypoglycemic agents and 4 with
insulin. The treatment for their diabetes mellitus was not withheld
during the studies, and no additional treatment was given in
glucose loading for FDG PET imaging.

Images were collected in 256 X 256 matrices and reconstructed
by a computer system (Dr. View; Asahi-Kasei Joho System Co.,
Ltd., Tokyo, Japan) using Butterworth and ramp filters along the
short axis of the heart.

Quantitative Analysis of PET Images

Each short-axis slice was divided into 36 sectors, 10° each, and a
bull’s eye polar map was reconstructed from the short-axis slices
extending from the base to the apex. The maximal count in the left
ventricle was selected, and the value of each pixel was normalized
to a maximal count of 100. The left ventricle was divided into nine
segments as shown in Figure 1, and the mean of normalized counts
of each segment was calculated. The mean counts of NH3 (%NH3)
and FDG (%FDG) were compared for the segment demonstrating
the least %NH3, which was considered to be the center of
infarction.
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FIGURE 1. Schematic diagram of nine segments of left ven-
tricle on bull’s eye polar map.

Coronary Arteriography and Left Ventriculography

Eleven patients with AMI underwent successful coronary angio-
plasty of the infarct-related artery within 24 h after the onset of
myocardial infarction. Twenty-four patients underwent coronary
arteriography during the subacute phase (within 6 wk after onset)
but had undergone no coronary intervention before the PET studies.
All patients with OMI underwent coronary arteriography within 2
wk of PET study. Coronary arteriography was performed in
multiple projections using standard techniques. Quantitative coro-
nary narrowing analysis was performed using a computer-assisted,
automated edge-detection algorithm (QCA-CMS Cardiovascular
Measurement System Ver 3.0; MEDIS Medical Imaging System,
Leiden, The Netherlands), and coronary artery narrowing was
expressed as the maximal percentage narrowing of luminal diam-
eter. Narrowing exceeding 50% in the major epicardial coronary
arteries (right coronary artery 1, 2, 3, main left coronary artery S,
left anterior descending artery 6, 7 and left circumfilex 11, 13 in the
American Heart Association reporting system [/6]) was considered
significant. Infarct-related arteries were considered diseased regard-
less of percentage narrowing of diameter. Left ventriculography
was performed in 31 patients with AMI and in all patients with
OMILI. The ejection fraction of the left ventricle was calculated by
the single plane-area length method.

Peak Creatine Kinase

Venous blood samples for estimation of the peak serum creatine
kinase were drawn every 3 h for the first 24 h and every 6 h for the
next 2448 h after the onset of infarction. All patients demonstrated
significant elevations of serum creatine kinase, but peak values
could be determined for only 27 patients with AMI and were
documented in only 13 with OMI.

Statistics

Continuous variables were expressed as mean * SD. The
unpaired ¢ test was used to compare continuous variables between
two groups. The paired ¢ test was used to compare %NH3 and
%FDG. One-way analysis of variance was used to compare
continuous variables among four groups. Post hoc comparisons
were made by Scheffe’s test. Groups were compared for categorical
data by the x2 test. P > 0.05 was considered significant.
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RESULTS

As shown in Table 1, there was no significant difference in
age, sex, location of infarction, peak creatine kinase, diam-
eter of stenosis of the infarct-related artery, coronary inter-
vention in the infarct-related artery, %NH3 or %FDG
between the AMI and OMI patients. However, the OMI
group included more patients with diabetes mellitus, collat-
eral circulation to infarct-related artery, multivessel disease
and low left ventricular ejection fraction than the AMI
group. The AMI group included 10 patients with a marked
reverse flow—metabolism mismatch pattern (>10% differ-
ence between %NH3 and %FDG), whereas the OMI group
included only 2 patients with a marked reverse flow-
metabolism mismatch pattern (P < 0.05).

Of the 35 patients with AMI, 16 had %FDG > %NH3 in
the segment with the least %NH3 (group 1), and 19 had
%FDG < %NH3 (group 2). Of the 29 patients with OMI, 16
had %FDG > %NH3 in the segment with the least %NH3
(group 3), and 13 had %FDG < %NH3 (group 4).

The differences between %NH3 and %FDG (%FDG —
%NH3) were 9% * 7% (range 0%—26%) in group 1,
—12% * 9% (range —2% to — 34%) in group 2, 9% * 6%
(range 0%—-19%) in group 3 and —6% * 4% (range —1% to

—17%) in group 4. The %FDG-to-%NH3 ratios were 1.22 +
0.23 (range 1.00-1.84) in group 1, 0.78 = 0.13 (range
0.45-0.95) in group 2, 1.23 * 0.18 (range 1.00-1.62) in
group 3 and 0.85 * 0.08 (range 0.74-0.99) in group 4.

Baseline Characteristics and PET Data for Acute
Myocardial Infarction Patients

As shown in Table 1, there were no significant differences
in age, sex, location of infarction, diabetes mellitus, peak
creatine kinase, stenosis diameter of the infarct-related
artery, collateral circulation, coronary intervention to the
infarct-related artery or left ventricular ejection fraction
between groups 1 and 2. However, group 2 included more
patients with multivessel disease (P < 0.02). There was no
significant difference in %NH3 between the two groups,
whereas %FDG was smaller in group 2 than in group 1 (P <
0.003).

Baseline Characteristics and PET Data for Old
Myocardial Infarction Patients

As shown in Table 1, there were no significant differences
in age, sex, location of infarction, diabetes mellitus, peak
creatine kinase, stenosis diameter of the infarct-related
artery, collateral circulation, coronary intervention to the

TABLE 1
Baseline Characteristics and PET Data of 64 Patients
AMI OoMI
% FDG = % FDG < % FDG > % FDG <
NH3 %NH3 NH3 %NH3
Patient characteristics All AMI (group 1) (group 2) P All OMI (group 3) (group 4) P
n 35 16 19 29 16 13
Age (y) 64 = 10 65 + 10 63 = 10 ns 65 *6 64 + 10 657 ns
Sex (male/female) 29/6 13/3 16/3 ns 25/4 15/1 10/3 ns
Location of infarction
(anterior/inferior) 17/18 7/9 10/9 ns 21/8 11/5 10/3 ns
Diabetes mellitus 3 3 0 ns 10* 8 2 ns
Peak CK (IUL) 2885 + 2581 3177 + 3248 2613 + 1848 ns 3876 + 1769 2489 + 1613 4742 + 1284 ns
Stenosis of infarct-related artery
(%) 63 + 33 69 + 34 58 + 33 ns 74 + 30 79 + 28 68 + 33 ns
Collateral flow to infarct-related
artery (absent/present) 27/8 12/4 15/4 ns 14/15* 6/10 8/5 ns
Angioplasty of infarct-related artery 1 5 6 ns 9 4 5 ns
No. of diseased vessels
Single-vessel disease 21 13 8 <0.02 10* 6 4 ns
Multivessel disease 14 3 1 19 10 9
Two-vessel disease 10 2 8 13 7 6
Three-vessel disease 4 1 3 6 3 3
Left ventricular ejection fraction (%) 49 * 12 49 + 15 48+ 9 ns 40 = 14* 43 + 14 37 +13 ns
PET study
%NH3 48 + 13 46 *+ 12 50 + 13 ns 46 * 14 47 + 15 46 + 14 ns
%FDG 46 + 13 55+ 10 39+10 <0.003 48 * 16 55 + 15 39+13 <0.02
Marked reverse flow—metab-
olism mismatch pattern 10 2"

*P < 0.05vs. all AMI.

AMI = acute myocardial infarction; OMI = old myocardial infarction; FDG = '8F-fluorodeoxyglucose; NH3 = 13N-ammonia; ns = not

significant; CK = creatine kinase.
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TABLE 2
Comparison Between Single-Vessel Disease and
Multivessel Disease

AMI OoMmI
Single-vessel Multivessel Single-vessel Multivessel
disease disease disease disease

(group AS) (group AM) (group OS) (group OM) P
n 21 14 10 19
%NH3 48 * 12 50 + 14 50 = 16 44 +13 ns
%FDG 50 = 11 40 + 13* 55 + 18 4*+14 ns

*P < 0.05 versus %NH3.

AMI = acute myocardial infarction; OMI = old myocardial infarc-
tion; NH3 = '3N-ammonia; FDG = fluorodeoxyglucose.

infarct-related artery, number of diseased vessels or left
ventricular ejection fraction between groups 3 and 4. There
was no significant difference in %2NH3 between groups 3
and 4, whereas %FDG was smaller in group 4 than in group
3 (P <0.02).

Reverse Flow-Metabolism Mismatch and Number of
Diseased Vessels

As shown in Table 2, there were no significant differences
in %NH3 or %FDG among patients with AMI and single-
vessel disease (group AS), with AMI and multivessel disease
(group AM), with OMI and single-vessel disease (group OS)
and with OMI and multivessel disease (group OM). In group
AM, %FDG was significantly smaller than %NH3 (P <
0.05), but there were no significant differences between
%NH3 and %FDG in other groups.

As shown in Figure 2, the difference between %NH3 and
%FDG (%FDG — %NH3) was significantly smaller in
group AM than in groups AS and OS. As shown in Figure 3,
the %FDG-to-%NH3 ratio was significantly smaller in

group AM than in group AS. Representative cases are shown
in Figure 4.

DISCUSSION

Hospitalized survivors of AMI with multivessel disease
have an increased risk of late mortality (/7,18). After AMI,
patients can be risk stratified using prognostic indicators
from stress testing in combination with radionuclide myocar-
dial perfusion imaging (/9). Findings have demonstrated the
usefulness of exercise testing in the noninvasive identifica-
tion of multivessel disease (/8,20). However, results of
predischarge submaximal exercise testing in patients with
AMI may contribute to a poor predictive value for multives-
sel disease (21). In this study, we demonstrated that an FDG
defect that was of greater severity than the corresponding
NH3 defect, i.e., reverse flow—metabolism mismatch phenom-
enon, was closely related to multivessel disease in the
subacute phase of myocardial infarction, but not in the
chronic phase.

In the report by Maes et al. (22) on myocardial flow,
metabolism and function in patients with AMI after success-
ful thrombolysis, 13 of 30 patients showed less normalized
uptake of FDG than of NH3 at 5 d after infarction. The
incidence of reverse flow—metabolism mismatch in their
report was comparable with our results. However, their
patients who demonstrated less normalized uptake of FDG
than of NH3 were included in a group without the perfusion-
metabolism mismatch, and the significance of this phenom-
enon was not discussed. Sawada et al. (23) reported that only
1 of 192 dysfunctional myocardial segments in patients with
coronary artery disease had normal perfusion and mildly
reduced FDG uptake, but the significance of this segment
was not interpreted. Bonow et al. (24) reported that 12 of 98
segments demonstrating mild to moderate (50%-84% of
peak activity) irreversible 2! Tl defect in exercise-redistribu-
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FIGURE 4. Representative bull’'s eye po-
lar maps. (A) Images from patient with
inferolateral wall AMI and single-vessel dis-
ease (group AS). In inferolateral segments,
NH3 uptake was severely reduced, and
FDG uptake was moderately reduced. Pa-
tient showed flow-metabolism mismatch
pattern. Coronary arteriography revealed
100% stenosis of right coronary artery. (B)
Images from patient with inferior wall AMI
and three-vessel disease (group AM). In
inferior segments, NH3 uptake was moder-
ately reduced, and FDG uptake was se-
verely reduced. This patient showed re-
verse flow—metabolism mismatch pattem.
Coronary arteriography revealed 100% ste-
nosis of right coronary artery, 62% stenosis

of left anterior descending artery and 68%
stenosis of left circumflex artery. L N H 3 - F DG
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tion 20'T1 scintigraphy in patients with chronic coronary
artery disease and left ventricular dysfunction exhibited no
FDG uptake (<50% of normal reference activity) under
glucose loading. The authors considered these segments to
represent viable myocardium but did not describe the
mechanism of this phenomenon. Grandin et al. (25) identi-
fied absolute myocardial blood flow and normalized glucose
extraction, but not the normalized FDG-to-normalized
NH3 ratio, as the most powerful predictors of the return
of contractile function after coronary revascularization in
patients with ischemic anterior wall dysfunction. Of the 25
patients in the study by Grandin et al., 3 demonstrated
a normalized FDG-to-normalized NH3 ratio < 1.0 and
had single-vessel disease. These findings indicated a low
incidence of reverse flow-metabolism mismatch in pa-
tients with chronic coronary artery disease, comparable with
our results.

Perrone-Filardi et al. (26) reported that regions with
moderately reduced FDG uptake with normal flow occurred
commonly in patients with ischemic left ventricular dysfunc-
tion and that the majority of these segments showed
impaired systolic function at rest and exercise-induced
thallium abnormalities that were only partially reversible.
The authors suggested that such regions represented an
admixture of fibrotic and reversible ischemic myocardium.
We investigated NH3 and FDG uptake in the center of
infarction and observed reverse flow-metabolism mis-
match in the infarcted territory. Although the infarcted
regions showing reverse flow—metabolism mismatch phe-
nomenon were sure to contain infarcted myocardium, we
did not investigate whether such regions contained viable
myocardium.

Myocardial blood flow is reduced at rest in regions
supplied by vessels with >70% area stenosis (27), and
coronary sinus adenosine is increased in patients with
coronary artery stenosis >70% diameter stenosis (28).
Because local myocardial ischemia is associated with re-
lease of endogenous adenosine, a sensitive indicator of
ischemia (29), myocardium without infarction perfused by a
stenotic coronary artery might be exposed to chronic is-
chemia, resulting in increased glucose uptake (4).

After myocardial infarction, there is a severe vasodilator
abnormality, involving not only resistance vessels in in-
farcted myocardium but also those in myocardium perfused
by normal coronary vessels (30). Beyersdorf et al. (31)
determined myocardial blood flow and glucose-6-phosphate
content in canine models of myocardial infarction simulat-
ing single-vessel and multivessel disease. In their study,
hypocontractility, unchanged myocardial blood flow and a
pronounced increase in glucose-6-phosphate content of
remote muscle were observed in dogs with multivessel
disease, whereas compensatory hypercontractility, increased
myocardial blood flow and a mild increase in glucose-6-
phosphate content of remote muscle were observed in dogs
with single-vessel disease. The decrease of NH3 uptake or
the increase of FDG uptake in remote myocardium in

REVERSE FLOW-METABOLISM MISMATCH ON PET ¢ Yamagishi et al.

patients with AMI and multivessel disease could cause a
relative increase of NH3 uptake or a relative decrease of
FDG uptake in infarcted myocardium, resulting in a reverse
flow-metabolism mismatch pattern on PET images.

Study Limitations

The major limitation of this study was the small popula-
tion, which included patients with a history of coronary
interventions of the infarct-related artery. Postintervention
hyperemia may affect the results in this study. However, the
incidence of coronary angioplasty was low and there was no
difference in the incidence of angioplasty among the groups.
Accordingly, we believe that coronary intervention did not
affect our conclusions. However, to confirm these results,
studies should be performed in a large population of patients
who have undergone conservative treatment.

Diabetes mellitus is a coronary risk factor, and impaired
insulin release and insulin resistance affect glucose uptake in
myocardium after glucose loading. In this study, 13 patients
had diabetes mellitus. However, the incidence of diabetes
mellitus was low, and there was no difference in the
incidence of diabetes mellitus between patients with single-
vessel disease and with multivessel disease in this study.
Accordingly, we believe that diabetes mellitus did not affect
the conclusions in this study. Moreover, the diabetic popula-
tion in this study was too small to investigate whether
diabetic patients had different results from the nondiabetic
patients. It must be determined whether the results of this
study are applicable to diabetic patients.

The estimation of relative uptake of tracers on PET
images is simple and widely used. However, quantification
and observation of serial changes in blood flow and glucose
uptake in the myocardium are required to determine the
significance and mechanism of the reverse flow-metabolism
mismatch phenomenon. The quantification of NH3 would
make clear whether the myocardial blood flow was in-
creased in infarct areas or decreased in remote areas, and the
quantification of FDG would make clear whether the
myocardial glucose uptake was decreased in infarct areas or
increased in remote areas in group AM patients.

In this study, the relationship between flow and metabo-
lism was divided into only two categories, %FDG > %NH3
and %FDG < %NH3. As a matter of course, patients should
be divided into three categories, a flow-metabolism match
pattern, a flow-metabolism mismatch pattern and a reverse
flow-metabolism mismatch pattern. The cutoff level of
significant difference between %NH3 and %FDG should be
determined by additional investigations. Analysis of the
reverse mismatch phenomenon on PET can be performed
even in the acute or the subacute phase of myocardial
infarction under resting conditions and is very simple. The
method described herein may thus be useful for the detection
of multivessel disease.

CONCLUSION

The significance of the finding of an FDG defect that was
of greater severity than the corresponding NH3 defect, i.e.,
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reverse flow—metabolism mismatch, on PET in patients with
myocardial infarction was examined. Results demonstrated
that this phenomenon was observed more frequently in
patients with AMI than in those with OMI and was related to
multivessel disease in patients with AMI. PET studies with
glucose loading condition thus yield information about the
number of diseased vessels in patients with AMI.
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