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To assess the correlation between myocardial perfusion, me-
tabolism and histologic findings in patients with cardiomyop-
athy, we evaluated myocardial perfusion and metabolism
using positron emission tomography (PET) with *NH, (am-
monia) and '®FDG (fluoro-2-deoxy-glucose) in nine patients
prior to undergoing orthotopic cardiac transplantation. Four
patients had ischemic cardiomyopathy (ISCM) and five had
nonischemic cardiomyopathy (NISCM). Normalized circumfer-
ential profile analyses of representative mid-ventricular per-
fusion and metabolism PET images were performed for each
patient. A corresponding mid-ventricular transaxial slice was
obtained from the formalin fixed explanted heart and proc-
essed for routine histology. Hematoxylin-eosin stained and
Masson trichrome stained sections were evaluated and the
percentage of the slice occupied by infarct was determined
planimetrically at 10-degree intervals in a circumferential man-
ner. A significant correlation was found between circumfer-
ential normalized PET count density profile of perfusion and
metabolism in both the ischemic and nonischemic groups
(ISCM range r = 0.65-0.75; NISCM range, r = 0.70-0.87).
Furthermore, there was a correlation in the ISCM group
between the extent of matched perfusion/metabolism defects
and transmural infarct involvement (r = 0.66-0.88). PET per-
fusion and metabolic data closely correlate with pathologic
infarction in human hearts of ischemic cardiomyopathy
patients.
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The ability to distinguish nonviable or infarcted myo-
cardial tissue from either normal or viable ischemic myo-
cardial tissue continues to be a clinical challenge. Accurate
and reliable quantification of irreversibly damaged myo-
cardium has both therapeutic and prognostic importance
(1-6).

Numerous methods of sizing and localizing the extent
of irreversible myocardial injury exist, including enzymatic
(6-14), electrocardiographic (/5-21), scintigraphic (22-
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34), echocardiographic (35-37) and magnetic resonance
imaging (38-40) methods, all of which are fraught with
difficulties which have precluded widespread clinical use.
Positron emission tomography (PET), utilizing a variety
of metabolic and perfusion tracers, is an imaging modality
which shows promise in accurately addressing the impor-
tant question of tissue viability. Marshall et al. (4/) used
18F.2-fluorodeoxyglucose (FDG) and '*N-ammonia in
patients with myocardial infarction to distinguish is-
chemic-viable from infarcted-nonviable tissue by compar-
ing regional count density with a normal population data
base and defined PET infarction as a matched defect in
perfusion and metabolism. This concept has been vali-
dated in animal models (42-44) and has been used pro-
spectively to accurately predict postrevascularization re-
turn of function in reversibly injured, viable tissue and the
lack of functional benefit to infarcted segments (45,46).

Pathologic validation of the PET criteria used for the
identification of infarcted myocardium was performed in
this study using '’NH; for myocardial perfusion and
'8FDG for viability imaging in patients with cardiomyop-
athy who subsequently had orthotopic cardiac transplan-
tation.

METHODS

Patients on the cardiac transplantation list at Duke University
Medical Center underwent PET imaging with '>°NH; and "*FDG
prior to orthotopic cardiac transplantation in order to determine
the extent of myocardial infarction. The study population con-
sisted of nine patients [four with ischemic cardiomyopathy
(ISCM) and five with nonischemic cardiomyopathy (NISCM)]
who had perfusion and metabolic images obtained prior to car-
diac transplantation. ISCM and NISCM are defined pathologi-
cally as the presence or absence respectively of histologic myo-
cardial infarction. The average time between PET imaging and
transplantation was 39 days (range = 7 to 87 days). There were
no clinical events suggestive of myocardial infarction in any
patient between the date of PET scanning and transplantation.
Clinical and demographic characteristics are listed in Table 1.

Imaging Protocol

Patients were positioned in the gantry of the ECAT IIl PET
tomograph (CTI, Knoxville, TN) and a transmission rectilinear
scan was performed utilizing a ®Ga external ring source. This
scan allowed localization of the cardiac silhouette for correct
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TABLE 1
Clinical Characteristics

Patient Age M CABG EF
no. M/FM o (Y/N) (Y/N) (%) # Vess. Dis. EKG GIF
1 F 48 Y Y 18 3 Ant. MI/LVH/RBBB F
2 M 51 Y Y 14 2 Ant. MI G
3 M 46 Y Y 10 3 Ant. MI/RBBB F
4 M 52 Y N 10 3 LVH G
5 M 41 N N 4 1 LVH G
6 F 62 N N 23 0 LBBB F
7 M 34 N N 13 0 Ant. MI G
8 F 33 N N 14 0 Ant./Sept. MI/LVH F
9 F 56 N N 14 1 LBBB G

Ant. = anterior; CABG = coronary artery bypass grafting; EF = ejection fraction; F = fasted; G = glucose loaded; Inf. = inferior; LBBB =
left bundie branch block; LVH = left ventricular hypertrophy; Ml = myocardial infarction, RBBB = right bundle branch block; Sept. = septal;

Vess. Dis. = =275% stenosis in any epicardial coronary artery.

positioning to obtain the tomographic transmission and emission
scans. The collimators were set at 65 mm giving a full width at
half maximum (FWHM) resolution of 16 mm. Three transmis-
sion planes were acquired for 10 min (two direct planes, one
cross-plane) for attenuation correction. Ten millicuries (370
MBq) of '*NH; were administered intravenously and data were
acquired for 10 min after 3 min of equilibration. Immediately
following the perfusion study acquisition, 10 mCi (370 MBq) of
SFDG were injected intravenously. After a 30 min period for
accumulation, emission data were acquired for 10 min. Patients
were studied in the fasting state (=12 hr fasting) (n = 4) or after
receiving 50 g of oral glucose (Glucola) 30 min prior to the
injection of '*FDG (n = 5).

PET Image Analysis

Perfusion and metabolic PET images were reconstructed, at-
tenuation corrected, and transferred onto a SUN III workstation
where a circumferential region of interest (ROI) count density
profile was constructed using an interactive program. The initial
ROI (containing 21 pixels) was assigned to the intersection of the
right ventricular free wall, the interventricular septum and the
left ventricular anterior wall at the mid ventricular level (Fig.
1A). Contiguous ROIs of the same size were then placed in a
clockwise fashion around the circumference of the perfusion and
metabolic PET images. By assigning the first ROI as 0 degrees,
the radial angle was automatically computed by the program for
the line joining the geometric center of the left ventricular cavity
with the center of the ROIL This method of analysis allowed
paired data of mean count density of all pixels within a given
ROI and radial angle to be generated. The circumferential count
density profile for each ROI was then normalized for the ROI
with the highest mean count density. In addition, the PET images
were interpreted by two experienced observers without benefit of
clinical information. The interpretation of either ISCM or
NISCM was based on the uniformity of tracer distribution in the
myocardium.

Pathology

The hearts were removed at the time of transplantation and
placed in phosphate-buffered formalin for approximately 48 hr
to allow fixation. A physician from the PET laboratory with the
study pathologist oriented the heart in its anatomic position.
While viewing the transaxial PET images, they selected a mid-
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ventricular transaxial slice corresponding to a PET imaging level.
This slice was then divided into eight or nine cross sections which
were processed for routine histology. Two paraffin embedded
sections were prepared from each tissue block; one was stained
with hematoxylin and eosin, the other with a Masson trichrome
stain, and the circumferential transmural extent of the infarcted
tissue was determined (Figs. 1B-C). Beginning at the same start-
ing point of 0 degrees established in the PET ROI analysis, the
percent of noninfarcted tissue was determined by planimetry in
each 10-degree sector (Fig. 1B). Histologic myocardial infarction
was defined as dense, confluent areas of fibrosis with loss of
normal myocardial architecture.

Data Analysis

Pair-wise correlation, using Spearman rank order correlation
coefficients (for nonparametric data), was used to correlate nor-
malized '*FDG and '*NH; ROI count density with percent non-
infarcted tissue at similar radial locations (+5 degrees) around
the circumference of the myocardium.

RESULTS

There were four patients in the ISCM group and five
patients in the NISCM group. The average age of the
ISCM group was 49 yr (range 46-52) and for the NISCM
group 45 yr (range 33-62). All patients in the ISCM group
had a history of one or more documented myocardial
infarctions and three of four patients had EKG criteria (Q-
waves) of myocardial damage. The mean EF was 13% for
both the ISCM and NISCM groups (Table 1). No history
of prior myocardial infarctions were present in the patients
with NISCM, although two patients had anterior precor-
dial Q-waves. All patients with ISCM had significant cor-
onary artery disease pathologically (=75% stenosis in at
least one epicardial coronary artery). None of the five
patients with NISCM had angiographic evidence of signif-
icant (>75%) coronary artery disease, but two patients had
pathologic evidence of significant one-vessel coronary ar-
tery disease. Neither of these patients had a totally oc-
cluded vessel.

Pathologic examination of all hearts with NISCM re-
vealed no gross or histologic evidence of myocardial in-
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FIGURE 1. ROI analysis of PET image (A) and pathology (B). Note the assignment of the initial ROI (labeled 0°) at the intersection
of the right ventricular free wall, the interventricular septum, and the left ventricular anterior wall. (C) Quantitative circumferential
histopathological analysis of a midventricular, transaxial slice of myocardium and the extent of transmural involvement by the
infarction process is planimetrically quantitated at 10-degree intervals in a clockwise, circumferential manner to correspond to the

PET ROL.

farction. There was evidence of interstitial and perivascular
fibrosis in most cases. In contrast to this, all hearts in the
ISCM group showed extensive areas of myocardial infarc-
tion with varying degrees of transmural involvement. All
infarcts were old (>6 mo) histologically and characterized
by extensive areas of confluent fibrosis with thinning of
the affected area.

In the NISCM group, the percent of normal tissue
(circumferential pathologic analysis) was uniformly 100%
in all hearts; therefore, a correlation could not be per-
formed between PET and pathologic data. However, the
correlation between the perfusion and metabolism circum-
ferential profile analysis was significant (r = 0.70; p <
0.001) for all hearts, indicating a very close coupling
between perfusion and metabolism. Figure 2 shows an
example of the count density profile for Patient 5
(NISCM). The perfusion and metabolism ROI profiles are
closely coupled in all segments. Of particular interest is
the decline in count density in the infero-lateral, inferior
and infero-septal walls (between 180-270 degrees).

All patients in the ISCM group had perfusion and
metabolic images which could be evaluated, except for
Patient 4 who had an uninterpretable FDG image because
of persistent blood-pool activity. Patients 1, 2 and 3 had
excellent correlation between PET perfusion/metabolism

count density profiles and pathology (Table 2). Figure 3
shows the perfusion and metabolism PET images of Pa-
tient 1 with an arrow pointing to the initial ROI at 0
degrees. Figure 4A shows the schematic representation of
the gross pathology and Figure 4B shows the corresponding
PET pathology correlation for Patient 1. This individual
had an extensive nontransmural anterior infarct with a
total left anterior descending and left circumflex coronary
artery occlusion and anterior Q-waves on EKG. A close
correlation is seen between the extent of transmural path-
ologic involvement with the PET count density profile.

Figures SA and B show the pathology schematic and
the PET pathology correlation of a patient with a lateral
and infero-posterior myocardial infarction. There are two
small areas which are transmurally involved with fibrosis
but probably appear no different on the count profiles
because of partial volume effects.

The location of Q-waves on EKG correlated well with
the pathologic location of myocardial infarction in all
patients with ISCM. In the patients with NISCM however,
two patients had significant Q-waves in the anterior pre-
cordial leads indicative of an anterior myocardial infarc-
tion. These patients had no evidence for significant coro-
nary artery disease by coronary angiography. Furthermore,
these two patients had no evidence of myocardial damage

Pathologic Correlation with PET in Cardiomyopathy ¢ Berry et al. 41



PET/Pathology Correlation
NISCM
Anterior Lateral Inferior Septal
100
-3

£ 80 180 -

> S

;: 60 160 3

2

(o) | ]

= 40 140 3
FIGURE 2. PET ROI pathology corel- a == Pathology a
ative graphical representation of a patient O 20} - Perfusion ; 41 20 g
with nonischemic cardiomyopathy. Dotted = Metabolism ; »
line across the top represents 100% non- 0 ! L | 1 L [ ) 0 g
infarcted tissue by pathology. Circumfer-
ential perfusion and metabolism PET 0 40 80 120 160 200 240 280 320 360
count profile shows the tight coupling be- H

Serfusion and metabolism. Decline . Radial Angle (degrees)

in counts in the inferior wall is discussed Patient 5
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pathologically and had normal PET count density profiles
in the anterior wall.

DISCUSSION

Myocardial viability is a diagnostic problem which has
been studied by a multitude of noninvasive modalities.
Critical decisions regarding patient management depend
on differentiating viable, ischemic, and possibly jeopard-
ized myocardium from nonviable, irreversibly damaged
tissue. Risk stratification and prognostic information (/-
6) are provided by assessing the amount of infarcted tissue
and its impact on regional and global LV function. De-
signing effective means of reducing myocardial infarct size
(47-48) and preserving jeopardized myocardium requires
a method of distinguishing viable from nonviable tissue.
This distinction becomes even more crucial when formu-
lating a revascularization strategy involving myocardial

TABLE 2
PET: Path Correlation
Patient FDG: Path  NHy: Path  FDG: NH,

no. IS/NIS r= r= r=
1 IS 0.82 0.72 0.75
2 IS 0.88 0.60 0.69
3 IS 0.73 0.84 0.65
4 IS - 0.72 -
5 NIS — — 0.74
6 NIS - — 0.86
7 NIS - - 0.70
8 NIS — - 0.87
9 NIS - - 0.70

FDG = fluorodeoxyglucose; IS = ischemic; NIS = nonischemic;
r = Spearman rank order correlation coefficient.
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segments which display contractile dysfunction that may
represent either irreversibly injured tissue or acutely
stunned and/or chronically hibernating (49-52) but re-
versibly dysfunctional tissue.

Scintigraphic methods using %' Tl, ®™Tc-pyrophosphate
(22-34) and '""In-antimyosin antibodies (53-57) have
been used to address the question of viability but each
method has limitations. Further innovations to address
the question of myocardial viability have been described
that combine scintigraphic imaging modalities such as dual
isotope imaging with *™Tc-pyrophosphate and #*'T1 (58-
61) or '"In-antimyosin antibody and %'Tl (53). These
approaches have shown promising results. A fixed #*'Tl
perfusion defect is thought to represent scar, however,
between 20% (62) and 75% (63,64) of persistent 'Tl
defects improve after revascularization. Serial or delayed
imaging (65-67) or 2°' Tl reinjection (68-70) may improve
the sensitivity and specificity of detecting viable myocar-
dium. Brunken et al. ( 7/) and Tamaki et al. (72) showed
8FDG metabolic activity by PET in segments with per-
sistent 2°'T1 perfusion defects, implying that persistent
defects may represent severe ischemia in addition to in-
farction. Thus, persistent defects on 2°'Tl imaging may
overestimate the amount of nonviable tissue. Myocardial
infarct size, assessed pathologically in man, correlates fairly
well with scintigraphic methods utilizing °' Tl (22) and
#»mTc-pyrophosphate (23). Other methods have been used
for detecting the extent of myocardial damage, such as
electrocardiographic QRS scoring (/5-21), intervention
ventriculography (73), echocardiographic assessment of
wall thickening (37), back scatter analysis (74,75), and
magnetic resonance imaging (38-40).

PET is a metabolic imaging modality which shows
promise in differentiating normal from ischemic and in-
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FIGURE 3. PET perfusion (left) and metabolism (right) images of Patient 1 (ISCM). The arrows point to the initial 0-degree ROl
assignment at the intersection of the right ventricular free wall, the interventricular septum, and the left ventricular anterior wall.

farcted myocardium. In a canine model of transient (3 hr)
ischemia followed by reperfusion, Schwaiger et al. (42)
showed that myocardial perfusion using '*’NH; and meta-
bolic activity using ''C-palmitate (CPA) correlated well
with the degree of functional recovery at 4 wk and the
extent of necrosis found at autopsy. Fluorine-18-deoxyglu-
cose uptake correlated less well with functional recovery.
In patients with acute myocardial infarction, studied with
PET utilizing '*NH; and '®FDG within 72 hr after onset
of symptoms, segments with a matched reduction in per-
fusion and metabolism showed no improvement in wall
motion at 12 wk, whereas a significant improvement in
wall motion occurred in 50% of the segments showing
persistent metabolic activity (76). Marshall et al. (41)

utilized PET with '®FDG and '*NH; to differentiate ische-
mia from infarction in man. They compared the circum-
ferential profile analysis of patients with a history of acute
myocardial infarction to that of a normal data base. In-
farction was defined as a matched perfusion and metabolic
defect that fell below two standard deviations over a 60-
degree sector. Histologic confirmation of this definition
has not been shown in humans. Indeed, in a canine model
involving a 2-hr left anterior descending coronary artery
occlusion followed by reperfusion, Melin et al. (77) showed
that '8FDG uptake was associated with viable tissue by
TTC staining, while depressed '*FDG uptake indicated
irreversible injury. Weiss et al. (78) quantified myocardial
infarct size in a chronic canine left anterior descending
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FIGURE 4.

(A) Pathology of Patient 1 showing extensive antero-septal, anterior, and antero-lateral nontransmural myocardial

infarction. (B) PET pathology correlative circumferential ROI analysis for Patient 1 with ischemic cardiomyopathy. Note the close
correlation of PET and pathology corresponding to areas of nontransmural myocardial infarction.
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coronary artery occlusion model by PET using ''C-pal-
mitate and found a high correlation between PET esti-
mated infarct size and both histologic and CPK depletion
estimates. CPA has also been used with PET in patients
with acute myocardial infarction to compare PET derived
myocardial infarct size with CPK release (79). PET, using
"'C-palmitic acid, has been used to distinguish transmural
from non-transmural myocardial infarction (80,8/) and
ischemic from nonischemic cardiomyopathy (82,83).
Ter-Pogossian et al. (79) likewise found a high correla-
tion between PET estimated infarct size and enzymatic
(CK-MB) estimates in patients with acute myocardial
infarction.

In this study, nine patients (four ISCM, five NISCM)
with comparably severe left ventricular dysfunction had
histologic correlation of PET perfusion and metabolic
data. In the group with ISCM, there was excellent corre-
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lation between PET and pathology in all patients.

In the group with NISCM, there was excellent correla-
tion between perfusion and metabolism. In all five hearts,
the inferior wall showed diminished perfusion and metab-
olism. The reason for this apparent decrease is not clear.
When compared to circumferential profile analysis of per-
fusion and metabolism in normal volunteers (unpublished
data), a similar matched decrease in count density was
observed in the inferior wall. A possible explanation for
this finding could be partial volume effect in this segment
because of its tangential orientation with the tomographic
data acquired with our PET tomograph. Newer PET sys-
tems allowing oblique reconstruction (along the short-axis
of the heart) may be helpful in determining the true
significance of these findings. Marshall et al. (41) showed
a similar decrease in perfusion and metabolism using
13NH; and "®FDG in the inferior segments of their normal
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patients. Visual comparison of the perfusion and meta-
bolic PET images of the ISCM group with the NISCM
group reveals a homogeneous pattern in the latter and a
heterogeneous, segmentally abnormal pattern in the for-
mer. Similar findings have been observed in two previous
reports (82,83) using ''C-palmitate and PET and in one
report using '*NH; and '*FDG with PET (84). Our findings
on the visual interpretations agree with these previous
reports, and the patients in our study had pathologic
confirmation.

Because of the limited resolution (FWHM = 16mm) of
the '*FDG and '*NH; studies with our tomograph, deter-
mination of the transmural extent of infarction is difficult
to assess. Three tomographic PET slices were obtained,
but oblique reorientation with the long-axis of the heart is
not possible with only three imaging planes obtained at a
single bed position. Reorientation would permit better
evaluation of the inferior wall. The images were obtained
in an ungated mode and thus regional asynergy could
contribute to apparent differences in regional perfusion
and metabolism by PET (85,86). The raw PET data were
not adjusted for wall thickness. Areas of chronic infarction
exhibit wall thinning which may artifactually diminish
PET count density because of partial volume effects (87).

Patients in this study were imaged in either the fasted
or glucose loaded state. Metabolic preparation of patients
(fasting versus glucose loading) undergoing PET imaging
with '"®)FDG has been shown by Gropler et al. (88) to
critically affect the regional distribution of '®FDG myocar-
dial uptake. These differences could affect both visual
interpretation of the PET images (89) as well as the
quantitative PET/pathology correlation. However, they
demonstrated no effect of glucose loading on regional
myocardial perfusion. The metabolic state of the patients
in this study did not seem to have an effect on the results
because the metabolism and perfusion were congruent in
every patient. In our series only a single study, however,
was compromised by an uninterpretable FDG study.

The '*FDG and '*NH; studies in patients with ISCM
correlated well with pathology. Areas of matched perfusion
and metabolic defects on PET corresponded in location to
areas of pathologically confirmed infarction. In patients
with NISCM, there were no areas of abnormalities on PET
and no pathologic evidence of infarction. Since a good
correlation was found between a matched perfusion and
metabolic defect and irreversible tissue damage patholog-
ically, the matched defects by PET reflect infarcted myo-
cardium.
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