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Regional wall thickening was assessed by electrocardiograph-
ically gated positron emission tomography (ECG-gated PET)
in 26 patients with coronary artery disease. The standardized
percent count increase from end-diastole to end-systole (S-
percent Cl) was calculated as an index of wall thickening. The
S-percent Cl was 77.8% + 28.9% in the segments with
normal perfusion at rest, 51.9% + 29.5% in those with mild
hypoperfusion, and 32.8% + 30.9% in those with severe
hypoperfusion (p < 0.001, each). Among the segments with
resting hypoperfusion, the S-percent Cl was 38.9% + 31.5%
in those without stress-induced ischemia and 48.7% + 30.9%
in those with ischemia (p < 0.05). Furthermore, among resting
severe hypoperfusion, the S-percent Cl was 23.0% + 23.9%
in the segments without fluorine-18-fluorodeoxyglucose
(FDG) uptake and 37.8 + 32.9% in those with FDG uptake (p
< 0.05). These results suggest that stress-induced ischemia
and FDG accumulation correlated with wall thickening. Thus,
quantitative analysis of regional wall thickening seems to be
useful for combined analysis of regional function, perfusion
and metabolism in coronary patients.
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I)ositron emission tomography (PET) is an excellent
means for assessing regional blood flow and metabolism
in vivo. In heart studies, PET has been used for the
detection of myocardial ischemia (/-8), identification of
tissue viability (7,5,9-12), and pathophysiologic assess-
ment of various myocardial diseases (/3). Recently, elec-
trocardiographically (ECG) gated acquisition has become
available (14).

We previously reported that the percent count increase
of the left ventricle (LV) by ECG-gated PET could be used
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as an index of regional wall thickening in normal persons
and patients with coronary artery disease (CAD) (15).

In this study we have analyzed the correlation of wall
thickening, resting and stress myocardial perfusion, and
myocardial metabolism of fluorine-18-fluorodeoxyglucose
(FDG) using ECG-gated PET.

SUBJECTS AND METHODS

Normal Control and Patient Population

Nine healthy volunteers were selected as normal controls. They
were all men (age range: 31-70 yr, mean 52.3) with normal blood
pressure, no abnormality on ECG, no cardiac symptoms, nor
other medical problems.

Twenty-six clinically stable patients with CAD (all men), aged
48-64 yr (mean 58.0) were selected for this study. Twenty-three
patients had myocardial infarction (MI) and three patients had
angina pectoris. Location of MI was documented with ECG
findings (Table 1). Electrocardiographic location of infarction
was based on the development of significant Q-waves (>0.03 ms)
in leads V-V, (anteroseptal), Vs-V, (anterior), V-V, (anterola-
teral), I, aVL and V,-V, (extensive anterior), II, IIl and aVF
(inferior), 11, III, aVF and V, (inferoposterior), and V, and Vs—¢
(posterolateral) (/6). Eight patients had anterior wall MI, four
had anteroseptal wall M1, six had extensive anterior wall MI, four
had inferior wall MI, one had an inferoposterior wall MI, and
one had anterolateral wall infarctions (MI was seen at two regions
in one patient). One patient had non-Q wave infarction with
significant evolution of ST segment or T-wave changes. The
interval from the onset of MI ranged from 1 mo to 10 yr (mean
20.8 mo). All of the patients gave written informed consent.
Twenty-five patients had significant coronary artery stenosis
(=75% stenosis) on coronary arteriography but one patient had
no significant stenosis. Those with marked LV hypertrophy on
ECG or echocardiography were excluded in this analysis.

ECG-gated and Static PET with *N-ammonia and FDG

As reported previously (15), PET was performed using a whole-
body, multi-slice PET scanner (Positologicalll; Hitachi Medical
Corp., Tokyo) (17). The effective resolution on a reconstructed
image (128 X 128 matrix) with a Shepp-Logan filter convoluted
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TABLE 1

Patient List
Interval Coronary artery
Age Site from stenosis Wall motion* Stress ['®F]FDG
Patient (y-0) Sex of M Mi (Z75%) abnormality ischemia accumulation

1 64 M AP — 3vD Sep — Lat

2 56 M AP — 3vD Sep, Ant, Lat  Ant, Sep, Lat —

3 64 M AP — 3vD — Ant, Lat —

4 60 M Ant 8yr 3vD Sep, Ant, Lat — Ant, Lat

5 55 M Ant 5mo LAD, CX Sep, Ant, Lat  Sep, Ant Ant

6 55 M Ant 2mo LAD, CX Sep, Ant Sep, Ant Ant

7 59 M Ant 9 mo LAD Sep, Ant Sep, Ant Sep, Ant, Lat

8 60 M Ant 8yr 3vD Sep, Ant, Lat — Ant, Lat

9 60 M Ant 2mo LAD Ant, Lat —_ Ant, Lat
10 62 M Ant 8 mo LAD, CX Sep, Ant Sep, Ant Sep, Ant, Lat
1 53 M Ant-Sep 5mo LAD, CX — Ant Sep, Lat
12 59 M Ant-Sep 6 mo LAD Sep, Ant Sep, Ant Sep, Ant
13 58 M Ant-Sep 9 mo LAD, CX Ant, Lat Ant, Lat Ant, Lat
14 58 M Ant-Sep 5 mo LAD, CX Sep, Ant, Lat Ant, Lat Sep, Ant, Lat
15 60 M Ant, Inf 1yr no significant Ant — —

stenosis

16 55 M ext-Ant 2mo LAD Sep, Ant, Lat — —
17 58 M ext-Ant 1yr 3vD Sep, Ant, Lat Lat Sep, Lat
18 48 M ext-Ant 10yr 3vD Sep, Ant, Lat Ant, Lat Ant, Lat
19 58 M ext-Ant 14yr 3vD Sep, Ant, Lat Sep, Ant Sep, Ant
20 61 M ext-Ant 2.7yr 3vD Sep, Ant, Lat  Ant, Lat Ant, Lat
21 61 M ext-Ant 2yr 3vD Sep, Ant, Lat Ant, Lat Ant, Lat
22 58 M Inf 4 mo 3vD Sep Lat Lat
23 56 M Inf 15yr RCA, LAD Ant, Lat Sep, Ant, Lat Lat
24 56 M Inf 1.7 yr RCA, LAD Sep, Ant Ant, Lat Ant, Lat
25 58 M Inf-Post 12yr RCA, CX Lat Sep, Lat Lat
26 55 M Ant-Lat (non-Q) 1 mo CX Sep, Lat Ant, Lat Lat

M! = myocardial infarction; AP = angina pectoris; Ant = anterior wall; Sep = septal wall; Inf = inferior wall; ext = extensive; Post-posterior
wall; Lat = lateral wall; non-Q = non-Q wave infarction; 3VD = three vessels disease; LAD = left anterior descending artery; CX = circumfiex

artery; RCA = right coronary artery

* Evaluated by ECG-gated PET; the S-percent count increase <60% was regarded as wall motion abnormality. Inferior and posterior wall

were excluded for evaluation

with 2 mm sigma Gaussian was approximately 9 mm in FWHM
17).

A small cyclotron (SYPRIS 325; Sumitomo Heavy Industry,
Tokyo) was used for production of '*N-ammonia and FDG.
Nitrogen-13-ammonia was produced by '°O(p, «) '*N nuclear
reaction with water irradiation, followed by a reduction to '>N-
ammonia with titanous hydroxide (6,7). The '®F was produced
by *Ne(d, a) '*F nuclear reaction and '*F-labeled 2-fluoro-2-
deoxy-D-glucose (FDG) was synthesized by the acetyl hypofluor-
ite method.

Following a 15-min transmission scan for accurate correction
of attenuation, a resting perfusion scan was recorded for 3-5 min
beginning 3 min after i.v. injection of 370-740 MBq (10-20 mCi)
of '*N-ammonia. An ECG-gated scan was recorded immediately
after the static scan for 1000-1200 beats (15-20 min). Seven
transverse slices of the left ventricle at end-diastole (ED) and end-
systole (ES) were obtained with a slice spacing of 16 mm. Two
hours later, graded exercise was performed using a supine ergom-
eter attached to the PET camera bed (7,18,/9). The exercise
continued until the patient had fatigue, severe chest pain, dysp-
nea, more than 0.2 mV of ST-segment depression, or 85% of the
age-predicted maximal heart rate (7,/9). Another dose of '>N-
ammonia was injected at peak exercise and the exercise was
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continued another 30-60 sec. The exercise perfusion scan was
performed 3 min after tracer injection. Two scans were performed
to obtain interpolated positron images (consequently 14 contig-
uous slices of the myocardium with an 8-mm interval).

The FDG scan was performed separately within a week after
the '*N-ammonia perfusion study. All patients fasted for at least
S hr before the study. Seventy-four to 254 MBq (2 to 7 mCi) of
FDG were injected at rest. Two emission scans were recorded 60
min after injection for 8 min each and 14 contiguous slices were
obtained with 8-mm intervals (20).

Analysis of ECG-gated PET

Two experienced observers analyzed ECG-gated PET twice.
As reported previously (15), three slices were selected for analysis
from seven transverse sections of LV myocardium with 16-mm
intervals using '’N-ammonia. When the LV lumen was not seen
clearly, such slices were excluded (in normal controls, 3 of 9
upper slices were excluded; in patients with CAD, 3 of 26 upper
slices and 9 of 26 lower slices were excluded). The matrices of
these images were reduced from 128 X 128 into 64 X 64 matrices
(matrix size was 5 X 5 mm). The LV wall was divided into 12
segments at every 30°. Eight segments from septal, anterior to
lateral wall (numbered in order) were analyzed (/5). The ED and
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TABLE 2
The Percent Count Increase in Normal Controls (%)

Slice/Segment 1 2 3

4 5 6 7 8

Upper slice 398+101 41575

Middle slice 398+ 129 424+114 496+ 16.1
Lower slice 329+72 447196
Posterior wall Post-1 Post-2

51.4+109 58.9+20.2

495+ 13.7 51.7+126 455+ 18.1
62.1+136 509+139 533+16.1
479+119 726x+214 560165 48.7+150 447170 572x167

462+104 593+161 728265
613+ 150 66.1+17.2

Segments are numbered in order from septal (1, 2), anterior (4, 5) to lateral wall (7, 8). When posterior wall is clearly seen, it is also

analyzed (numbered P1, P2). Values are mean + s.d.

ES count in each segment was calculated using five-point aver-
aging circumferential profile analysis (/5).

In the normal controls, the percent count increase (percent CI)
was calculated in each segment as follows:

ES count — ED count
ED count

percent CI = X 100(%)
(Normal values of the percent CI are given by Table 2).

In patients with CAD, the standardized percent count increase
(S-percent CI) was calculated as follows:

percent CI
normal value of each seg.

S-percent CI = X 10(%).
Analysis of Perfusion Images

Regional myocardial perfusion was semiquantitatively assessed
by circumferential profile analysis of '*N-ammonia. The circum-
ferential profile curve of each segment was compared with the
lower limit of normal value at each segment which was deter-
mined as mean minus two standard deviations of the 12 normal
subjects (/8,21). The segments with perfusion below the lower
limit were considered as hypoperfusion. Among hypoperfusion,
those below the lower limit minus 10% on the profile curve at
each slice were defined as severe hypoperfusion and those equal
or over the lower limit minus 10% on the profile curve were
defined as mild hypoperfusion.

Resting and stress perfusion were compared on the circumfer-
ential profile curves (maximum of 100% each). The segments
with the stress perfusion < 10% below the resting perfusion were
defined as those with stress-induced ischemia. Those with the
stress perfusion > 10% below the resting perfusion were defined
as no ischemia (/8,19).

Analysis of FDG Accumulation

Among the segments with hypoperfusion, FDG accumulation
at rest was evaluated. The hypoperfused segments with FDG
uptake more than the normal range of FDG, were defined as
those with FDG uptake. The hypoperfused segments with FDG
uptake less or within normal range of FDG, were defined as no
FDG uptake. The normal range of FDG uptake was calculated
as mean *+ 2 s.d. of regional FDG uptake from five normal
subjects in a fasting condition.

Statistical Analysis

Each value was expressed as mean + standard deviation. The
differences of the S-percent CI were analyzed using the student’s
paired t-test. The relation between stress-induced ischemia and
FDG accumulation was analyzed using the Chi-square test. P
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values of less than 0.05 was considered the significant level in
both tests.

RESULTS

Inter- and Intraobserver Variability in Analysis of the
S-percent Cl in ECG-gated PET

In normal control, inter- and intraobserver variability
was 3.5% and 2.7%, respectively. In patients with CAD,
inter- and intraobserver variability was 7.3% and 5.8%,
respectively.

ECG-gated PET in Normal Controls

Table 2 shows the values of the percent CI in normal
controls. Since the percent CI in various segments was
different even in normal controls (/5), the S-percent CI
was calculated as an universal index of systolic wall thick-
ening. The S-percent CI in 192 segments of 9 normal cases
was 100.0% + 26.5%.
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FIGURE 1. Correlation between the standardized percent
count increase (S-Cl) and resting perfusion are shown. The S-
percent count increase decreased as decrease in resting
perfusion. Note significant decrease of the S-Cl in normal
perfusion of coronary patients in comparison with that in normal
control. Statistical probabilities were determined by the Student’s
paired t-test: ***: p < 0.001.
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FIGURE 2. Among the segments with normal resting perfusion
in coronary patients, the standardized percent count increase (S-
Cl) in those without stress-induced ischemia was significantly
better than that in those with ischemia (A). Among the segments
with resting hypoperfusion in coronary patients, the S-Cl in those
without stress-induced ischemia (=persistent hypoperfusion) was
significantly less than that in those with stress-induced ischemia
(=transient hypoperfusion) (B). Statistical probabilities were
determined by the paired t-test: *: p < 0.05.

The S-percent Cl Versus the Resting Perfusion

The S-percent CI was compared with resting perfusion
in the patients with CAD (Fig. 1). The S-percent CI was
77.8% + 28.9% in normal perfusion, 51.9% + 29.5% in
mild hypoperfusion, and 32.8% + 30.9% in severe hypo-
perfusion. Regional wall thickening significantly decreased
as resting myocardial perfusion decreased (p < 0.001). In
addition, the S-percent CI in normal resting perfusion in
the patients with CAD was lower than that in normal
control (p < 0.001).

The S-percent Cl Versus Stress-Induced Ischemia

The S-percent CI was compared with stress-induced
ischemia among the segments with resting normal perfu-
sion (Fig. 2A). The S-percent CI was significantly higher
in the segments without stress-induced ischemia (80.7% +
30.2%) than those with ischemia (72.3% + 24.9%) (p <
0.05).

On the other hand, among the segments with resting
hypoperfusion (Fig. 2B), the S-percent CI was significantly
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lower in the segments without stress-induced ischemia
(38.9% + 31.5%) (Fig. 3A-B) than those with ischemia
(48.7% + 30.9%) (Fig. 4A-B) (p < 0.05).

The S-percent Cl Versus FDG Accumulation

The S-percent CI was compared with FDG accumula-
tion among the segments with resting hypoperfusion. The
S-percent CI was 38.9% + 29.9% in the segments without
FDG uptake and 46.5% * 32.3% in those with FDG
uptake (p < 0.2, not significant).

When the segments with resting severe hypoperfusion
were selected for analysis, the S-percent CI was signifi-
cantly lower in the segments without FDG uptake (23.0%
+ 23.9%) than those with FDG uptake (37.8% + 32.9%)
(p < 0.05) (Fig. 5).

Stress Ischemia Versus FDG Accumulation

Table 3 shows the correlation between stress-induced
ischemia and FDG accumulation among the segments
with resting hypoperfusion. FDG uptake was observed in
78 of the 87 segments with stress-induced ischemia (89.7%)
(Fig. 4A) but only in 37 of the 115 segments without
ischemia (32.2%) (p < 0.001) (Fig. 3B).

DISCUSSION

Our data indicate that regional wall thickening de-
creased as resting myocardial perfusion decreased and that
this was related to the presence of stress-induced ischemia
and FDG uptake.

Technical Considerations

Recently, we reported on a method for the geometrical
quantitative analysis of regional wall thickening by ECG-
gated PET using '’N-ammonia in normal persons and
patients with CAD (15). Based on the principle of partial
volume effect on PET images (22,23), segments with
normal wall thickening are expected to have a count
increase from ED to ES, while those with decreased or no
wall thickening should have decreased or no count in-
crease. Since the values of the percent CI were significantly
different among the segments in normal control, we used
the S-percent CI (corrected by normal value of each seg-
ment of three slices) as an index of regional wall thicken-
ing.

We found a good correlation between the percent CI

r‘
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FIGURE 3. Patient 4 of Table 1 (anterior
myocardial infarction). In ECG-gated PET
image (A), the count increased well from
end-diastole to end-systole in septum and
lateral walls but did not increase in anterior
wall. In the resting (RE) and exercise (EX)
N-ammonia PET image (B), persistent
defect was seen in anterior wall. In the
FDG image (B), FDG uptake was not seen.

‘S
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FIGURE 4. Patient 18 of Table 1 A
(extensive anterior myocardial infarction).

In the ECG-gated PET image (A), the count
increased well from end-diastole to end-
systole in septum and lateral wall and
mildly increased in anterior wall. In the
resting (RE) and exercise (EX) '°N-
ammonia PET image (B), the segments of
anterior to lateral wall were all severe
hypoperfusion with stress-induced
ischemia. In the FDG image (B), FDG ne
uptake was seen in anterior to lateral wall
especially in lateral wall.

-

and regional wall thickening assessed by MRI and wall
motion assessed by contrast left ventriculography (15).
The major advantage of this technique is the ability to
assess regional wall thickening in relation to perfusion and
metabolism on exactly the same area.

Relation to Myocardial Perfusion

The S-percent CI significantly decreased as resting per-
fusion decreased. In the previous study, wall motion am-
plitude by two-dimensional echocardiography decreased
as the wall motion score by contrast ventriculography
decreased in the area of acute myocardial infarction, which
seemed to reflect myocardial damage (24).

Interestingly, the S-percent CI in the segments with
normal resting perfusion in the patients with CAD was
significantly smaller than that in normal controls, suggest-
ing that regional wall thickening may decrease in the
patients with CAD in spite of normal resting perfusion
(15). This supports our previous study in which the percent
ClI in the segments with normal wall motion in patients
with CAD was less than that in normal controls (15). In
our study, most of the patients had two- or three-vessel
coronary stenosis. Therefore, segments showing decreased
wall thickening in spite of normal resting perfusion may
contain ischemic myocardium. This was supported by our

data showing decrease in the S-percent CI in the segments
with normal resting perfusion but with stress-induced is-
chemia in patients with CAD. In addition this may be
partly explained by the prolonged postischemic ventricular
dysfunction, the so called “stunned” myocardium (25,26).

In contrast, among the segments with resting hypoper-
fusion, the S-percent CI in the segments with stress-in-
duced ischemia was significantly greater than that with no
stress-induced ischemia. This supports the previous study
by Tamaki (27) showing that wall motion in areas of a
reversible perfusion defect was significantly greater than
that in an area of non-reversible defect on stress thallium-
201 scans. The segments with resting hypoperfusion but
with stress-induced ischemia may contain ischemic but
viable myocardium, whereas those with hypoperfusion
without stress-induced ischemia may contain mostly in-
farcted tissues without viable myocardium. These data
suggest that preserved wall thickening in MI may reflect
residual myocardial viability.

Relation to FDG Uptake

The segments with increased FDG uptake as a marker
of exogeneous glucose utilization (7,5,28) reflected is-
chemic but viable myocardium (/,5,/0). Since FDG was
administered to patients in the fasting condition, FDG
uptake was augmented in the ischemic myocardium com-
pounds to the normal myocardium. This should not cause
a significant difference of the S-percent CI between the
segments with and without FDG uptake, since no FDG

%
2wl uptake indicates either normal or infarcted myocardium.
¥ oo} However, when the segments with severe hypoperfusion
ol —.— at rest were selected for analysis, the S-percent CI in the
i
FIGURE 5. Among the < eof
segments with resting severe a sof- TABLE 3
g;?;m" usug‘ne ':tangoa:g?zag sof Correlation Between FDG and Stress Ischemia Among
percent count increase in § ’: Segments with Resting Hypoperfusion
those without FDG uptake was * Stress Stress
significantly less than that in or ischemia (+) ischemia (~)
those with FDG uptake. o O Neae s
Statistical probabilities were 18_FDG un+5x ) iDG (+) 8 37
determined by the student’'s RESTING SEVERE DG () ° p < 0.001 64

paired t-test: *: p < 0.05.
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segments with FDG uptake was significantly greater than
that without FDG uptake suggesting that those with FDG
uptake may reflect ischemic but viable myocardium.

Stress-induced ischemia and FDG uptake correlated
well with each other. This may support our previous report
showing the close correlation between stress-induced is-
chemia and FDG accumulation (29,30).

Limitation of This Method

The normal value of S-percent CI of each segment may
be different in the dilated heart and in subjects where no
LV dilatation is observed. In addition, the hypertrophic
heart should not be analyzed without correction (15).

A major limitation of this method is slice sequence: it
uses transverse slices. Therefore, changes in the orientation
of the LV wall relative to imaging plane from ED to ES
may influence the analysis of systolic count increase (31).
A true three-dimensional assessment using cardiac short-
and long-axis sections (32) may be needed in the future.
In addition, we performed our FDG study on a separate
day from the '*N-ammonia perfusion study (20,27), which
might be a problem in the study of out-patients. In some
other institutions, however, perfusion and FDG studies
have been performed on the same day (/0-13).

Clinical Implications

PET is useful for the analysis of myocardial perfusion
and metabolism (/-14). Previously, we reported the ca-
pability of ECG-gated PET for quantitative analysis of
regional wall thickening (15). This ECG-gated acquisition
PET study permits combined analysis of regional wall
thickening with myocardial perfusion and metabolism on
the same basis. This study documents the close relationship
between regional wall thickening, myocardial perfusion,
and glucose metabolism. The present study suggests that
regional wall thickening decreased significantly in patients
with IHD, even if the perfusion is normal, and decreased
as resting myocardial perfusion decreased. In addition,
regional wall thickening was significantly preserved in
stress-induced ischemia and FDG accumulation zones in
the segments with hypoperfusion.
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SELF-STUDY TEST
Gastrointestinal Nuclear Medicine
Questions are taken from the Nuclear Medicine Self-Study Program |,
published by The Society of Nuclear Medicine
DIRECTIONS
The following items consist of a heading followed by lettered options related to that heading. Select the one
lettered option that is best for each item. Answers may be found on page 718.
1. You are shown the gastric emptying time-activity curve D. therapeutic trial with nonabsorbable antibiotics
(Fig. 1) of a 4-month-old child obtained after ingestion of E. therapeutic trial of a gluten-free diet
120 ml of milk containing 100 xCi of *"Tc-sulfur colloid.
The child had frequent episodes of spitting up and poor This 1-year-old boy has right upper quadrant fuliness on
weight gain. There was no history of surgery. Which one physical examination. An anterior static view obtained with
of the following is the best interpretation of this study? %mTe-sulfur colloid (Fig. 2A), an anterior view of a *"Tc-
. . labeled red cell study (Fig. 2B), and an image from a study
A. delayed gastric emptying , with ®~Tc-disofenin (Fig. 2C) are shown. Which one of
B. abnormally rapid gastric emptying the following is the most likely diagnosis?
C. incoordinated gastric contractions .
D. artifactual abnormality A. cavernous hemangioma
E. normal study B. focal nqdularhyperplasna .
C. congenital biliary ductal ectasia
D. metastatic neuroblastoma
E. hepatoblastoma
R Ant L R Ant L
A
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2. A 59-year-old man with a past history of treatment for
tuberculosis developed muscle wasting, diarrhea, exer-
tional dyspnea, abdominal swelling, and edema. A chest
radiograph shows a normal size heart and a gated car-
diac blood-pool study demonstrates a normal ejection
fraction. There is no evidence for proteinuria. Because
of hypoproteinemia, a $'Cr-albumin study was ordered,
which shows 15% of the administered dose excreted in
the feces over a 4-day period. A barium study shows only
mild edema of the small intestinal mucosa. Which one
of the following is most likely to establish the diagnosis?

A. small bowel biopsy
B. cardiac catheterization
C. therapeutic trial of steroids

50 min
(continued on p. 718)
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