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Most efficacy studies of cardiac PET in demonstrating myocar-
dial ischemia and viability have been performed using one or
more transversal static images of the heart. In contrast, in this
paper we describe a method of functional imaging of the com-
plete left ventricular myocardium for perfusion with nitrogen-13-
ammonia, both at rest and during a dipyridamol stress test, and
of glucose metabolism with '®F-fluorodeoxyglucose ('®FDG).
Methods: This was performed by using the data of each of 48
radial segments of 10 short-axis images as tissue data and LV
cavity data of three basal planes as blood pool data. The study
describes the results of 19 normal volunteers and 36 patients
with coronary artery disease. From the data of the normal vol-
unteers a 95% normal confidence interval was calculated for
each imaging modality. These intervals were then used to de-
scribe the patient data as normal, ischemic or infarcted. Results:
The results of analysis of the parametric images was compared
with the results of static analysis of the same patient data and
found to be less dependant on the detection threshold used.
Conclusion: The described method enables the routine appli-
cation of functional PET imaging of the total myocardium by the
semi-automatic construction of parametric flow and metabolism
polar maps. It thus provides an increased performance in the
diagnosis, quantification and localization of myocardial ischemia
and viability over conventional PET imaging.
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r.[;le use of PET for imaging myocardial perfusion and
metabolism has been proven to be an accurate method for
the study of myocardial ischemia and viability. It accu-
rately predicts reversibility of myocardial function after
revascularisation (1-3). Also, sensitivity and specificity of
PET have been proven to be superior over thallium scin-
tigraphy in assessing the presence, extent and localization
of myocardial ischemia. However, it has not yet been
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proven that the cost benefit ratio of the use of PET in
patients with coronary artery disease is better than of that
of 2'T1 or ®™Tc-sestamibi. The use of 2°'Tl reinjection
techniques has recently been challenging PET as a method
to demonstrate myocardial viability (4). Unfortunately,
most of the older studies have been performed by PET
cameras with 1 to 3 planes, using transversal PET images
obtained in a static study (/) (one fixed frame). However,
the main advantage of PET is its capability to quantitate
metabolic processes by measuring the time course of blood
and tissue data. In general, myocardial perfusion or glu-
cose consumption is calculated by manual selection of a
region of interest (ROI) in transversal images, which is not
only time consuming but also discards the majority of the
data. Therefore, an automatic routine by which quantita-
tive dynamic images (parametric polar maps) can be ob-
tained with complete three-dimensional imaging of the
heart was developed. By comparing the results with 95%
confidence limits of a normal population an objective mea-
sure of ischemic and infarcted myocardial regions is pro-
vided. We compared the results of our analysis method
with an analysis of static data obtained in the same study.

METHODS

PET Data Acquisition

Myocardial perfusion was studied with the help of '*NH; and
dynamic imaging of the heart according to the methods described
by Schelbert and Phelps (5-7), and Bellina (8), in healthy volun-
teers and in patients with coronary artery disease. Subjects were
positioned in a 951 Siemens positron camera imaging 31 planes
simultaneously over 10.8 cm. Measured resolution of the system
is 6 mm FWHM. Data was corrected for accidental coincidence
and dead time automatically. Subjects were positioned with the
help of a rectilinear scan. Photon attenuation was measured using
a retractable external ring source filled with %®Ge/%Ga. Dynamic
imaging was started at the time of *NH, injection (370 MBq) and
was continued for 15 min (frames: 12 X 10 sec, 1 X 2 min, 1 X 4
min, 1 X 7 min). A control study was made, followed after 20 min
by a provocation study with dipyridamol (DST). It was performed
by injecting 0.56 mg dipyridamol/kg body weight over a 4-min
interval. Nitrogen-13-ammonia-3 was injected 2 to 3 min after the
end of the dipyridamol injection. During the procedure, heart rate
and blood pressure were monitored continuously. After this, myo-
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FIGURE 1. Parametric polar maps of myo-
cardial perfusion (A) and glucose consump-
tion (B). The color scales pertinent to the
maps are displayed to the right. In the bottom
panel at left (C) the mismatch map is dis-
played as the ratio of B and A. In the map, the
regions exceeding the 95% confidence inter-
val are displayed in light green (increased
8FDG uptake related to perfusion), the re-
mainder in blue. At right, in the bottom panel
(D) the match map is displayed. This is ob-
tained by multiplying A and B and normalizing
for mean flow (see text). The match defect is
the region below the 95% confidence interval
(concomitant low perfusion and '®FDG up-
take) and is displayed in black, the remainder
in blue. At the right of the bottom maps the
percentages of the myocardium in, below and
above the 95% confidence interval and their
values are indicated. This example is from a
patient with extensive myocardial infarction in
the anteroseptal region and ischemia in the
posterolateral and inferior region.

nismatch defect I

cardial glucose uptake was studied using '*FDG, using the meth-
ods of Krivokapich et al. (9) and Ratib et al. (10). Patients were
studied after glucose loading with 50 g glucose orally adminis-
tered, using a 17 frame protocol (8 x 15 sec, 4 x 30sec, 1 X 1 min,
1 x Smin, 1 X 10 min, 1 X 15 min, 1 X 20 min). The study was
started 50 min after the last 1*NH, study, when count rate had
decreased below 2000 cps.

PET Data Analysis

The data of the *NH, provocation study was corrected for
remaining activity, by subtracting the last frame of the preceding
study. The last frame of the preceding study was corrected to
compensate for the decay between the two studies and then sub-
tracted from all frames in the next study pixel by pixel. From
previous studies the time-activity curves over a period of 40 min
were available. These were used to estimate the maximum error
due to this procedure, which was found to be less then 4% of the
flow values. To further test the validity of this procedure, five
volunteers were studied three times in succession without any
intervention, with intervals of 20 min. The results were analyzed
using the below mentioned method and compared. After this
subtraction procedure, data for each study were reoriented to
short-axis images using a manually drawn long-axis in the left
ventricle. The myocardium in the different slices was divided into
48 segments (7.5° each). Using the maximum activity, time activ-
ity curves were established in all segments of all slices (17). A
blood pool was defined in three slices near the base, the average
of which was used to calculate a single blood-pool time-activity
curve. For each segment the apparent myocardial flow was cal-
culated as a function of time for a period of 120 sec. As this
apparent flow time curve is noisy, an exponential fit was calcu-
lated and the flow was established at 90 sec. To compensate for
flow-mediated extraction a correction was applied as given by
Shah et al. (7):

E =E)-(1-0.607- ¢~ 5/Flow)

For calculation of glucose consumption, myocardial and blood-
pool time-activity curves were used to perform a Patlak analysis
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(9,10). Data obtained after S min postinjection were used to cal-
culate the slope of the Patlak curve. So, for each individual seg-
ment myocardial perfusion and glucose consumption was calcu-
lated. From these data a parametric polar map was constructed,
for the *NH, perfusion studies using the perfusion model and for
the '8F-FDG studies using the Patlak analysis. From the perfusion
maps of the control situation and from the provocated situation,
perfusion ratio polar maps were constructed by calculating the
ratio of the corresponding segments. To assess ischemia at rest,
i.e., of hibernating myocardium, a ratio map was calculated of the
18FDG study and the resting perfusion study. For demonstrating
provocable ischemia, the same was done for the '*F-FDG study
and the DST perfusion study. To allow further statistical analysis,
the total myocardium was divided into nine regions (Fig. 1). Re-
gional values were calculated for perfusion, perfusion ratio and
glucose consumption. Each region was assumed to represent an
equal part of the total myocardium, irrespective the number of
segments in it.

For comparison with static imaging, the last frames of the
13NH, studies and the '8FDG studies were used. These data were
normalized to a mean of 100%. After that, data analysis was
performed in exactly the same way as for the parametric data.

From the normal volunteers data, we defined 95% confidence
intervals of the normal values for each imaging modality for each
myocardial segment (from mean —2 X the s.d. to mean +2 X the
s.d. (10). Patients data then were compared to these intervals in
each imaging modality, resulting in a 95% confidence map for each
imaging modality. This indicates which myocardial segment is
within, above or below the corresponding 95% confidence inter-
val. In this way, per region calculations could be made of the
percentage of myocardium above and below the 95% confidence
interval, e.g., of the resting or provocable ischemic and infarct
area. To quantify provocable ischemic myocardium, from the
ratio map of '8FDG to dipyridamol stress test perfusion, the
percentage myocardium above the 95% interval was calculated
(mismatch defect calculation). To quantify infarcted, nonviable
myocardium (match defect calculation) the *®FDG map was nor-
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FIGURE 2. Regions of contrast ventriculography in the right an-
terior oblique 30° and left anterior oblique 60° projection.

malized for flow (viability = glucose uptake x Fi/Fmean (Fi =
segmental flow; Fmean = mean flow). From this match map the
percentage myocardium below the 95% confidence interval was
calculated (Fig. 1). The regional results were expressed as a per-
centage of the total myocardium, assuming that each region con-
tained an equal part of the total myocardium.

Angiography

Left ventricular angiography was done in the right anterior
oblique position (35° RAO) and left anterior oblique position (60°
LAO). Coronary angiography was performed according to stan-
dard procedures in order to obtain projections of each major
vascular segment in two perpendicular directions. The myocar-
dium was divided in 5 regions in each projection (Fig. 2). A
myocardial segment was considered to be infarcted if akinesia or
dyskinesia was present. A myocardial segment was considered to
be ischemic if the nutritive vessel showed a diameter narrowing of
250%.

VOLUNTEER STUDIES

Nineteen healthy volunteers were studied with '*°NH,. Data of
five volunteers was used to assess both the short-term reproduc-
ibility as well as the feasibility of the correction for remaining
activity. Ten volunteers underwent a control study and a dipy-
ridamol stress test and seven volunteers underwent a study with
18FDG. From the perfusion maps of the volunteers, regional val-
ues were calculated to study inhomogeneities, as reported by
others (10). Short-term reproducibility was calculated by the s.d.
of the percentage difference of the results of study number 1 and
2 and number 2 and 3. The systematic error produced by the
subtraction of remaining activity was calculated from the percent-
age difference of the measurements. Finally, for all imaging mo-
dalities a 95% confidence interval was established from two s.d.
below the mean value, found in the normal volunteers up to two
s.d. above the mean.

PATIENT STUDIES

In a group of 36 consecutive patients (9 female and 27 male)
with sustained myocardial infarction who were referred to estab-
lish the severity and localization of coronary artery disease and of
myocardial viability, 40 studies were performed as described
above. Mean age was 61.6 yr (ranging from 37 to 79 yr) In 4
patients the study was repeated after bypass surgery or balloon
angioplasty. The results were compared with those of coronary
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TABLE 1
Comparison of the Numbering of Myocardial Regions with
PET and Angiography

i
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:

in the angiography column, the numbers of the myocardial regions
are given which are compared to the PET regions.

angiography (n = 32). Based on the anatomic localization of the
myocardial regions of the different imaging techniques, these were
considered to be corresponding regions according to Table 1. A
per region comparison was made of ischemia and infarction sep-
arately. Angiographic infarction was assumed if the nutritive ves-
sel was significantly (>50%) narrowed and the LV wall was aki-
netic or dyskinetic. Angiographic ischemia was assumed if the
nutritive vessel was significantly narrowed and the LV wall was
hypo- or normokinetic. PET infarction was assumed if in the
region more than x % of the total myocardium showed a matched
defect, and PET ischemia was assumed if more than x % showed
a mismatch defect. The value of x was used as a parameter of a
ROC analysis, resulting in a predictive value for each percentage.
Accordance of PET and angiography was assumed if both meth-
ods gave equal results in terms of normality, ischemia or infarc-
tion.

STATISTICS

For comparison of the results in PET and angiography a re-
ceiver operating characteristic (ROC) analysis was performed
with the threshold myocardial percentage as parameter. For com-
parison of regional values of myocardial perfusion and glucose
consumption a paired t-test was used. A probability value of 0.05
was considered to be significant.

RESULTS

Normal Volunteers

The results of the regional values of '®FDG and *NH,
measurements are presented in Table 2. Control mean per-
fusion was 95.8 + 5.0 ml/min/100 g, DST perfusion was
191.3 £ 15.3 ml/min/100 g, DST ratio was 196.0% + 16.3%.
Fluorine-18-FDG uptake was 54.8 + 3.3 umole/min/100 g.
Small but significant differences were found between the
myocardial regions. In the perfusion measurements, a ten-
dency towards higher values was found in the inferior
region, and a lower value in the apical region. In the '®FDG
measurements a tendency towards higher values was
found in the lateral regions.

The results of the control study for the subtraction tech-
nique and reproducibility study of the '*NH, measure-
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TABLE 2
Data of Regional Myocardial Perfusion at Rest and During a DST and Regional *°F-FDG Uptake in Healthy Volunteers

contr perf DST perf DST ratio FDG
(mVmin/100 g) (mUmin/100 g) (%) (umole/min/100/g)
mean std.dev. mean std.dev. Mean std.dev. mean std.dev.

antbas 94.5 218 180.3 50.9 184.1 221 53.2 124
sepbas 96.9 184 1799 465 173.1 16.4* 54.0 9.6
infbas 94.7 155 174.0 449 185.0 304 53.0 130
latbas 99.0 20.2 183.4 53.7 178.3 246 59.0 14.1*
ant 94.0 17.2 1975 775 199.6 448 54.8 15.0
sept 975 19.3 195.8 60.1 207.2 313 56.2 135
inf 103.5 20.0* 223 713 220.8 46.2* 55.4 16.1
lat 96.8 168 204.7 67.4 2071 420 59.3 19.2
api 85.0 18.5* 183.8 68.6 208.6 435 485 19.0
mean 95.8 18.6 191.3 60.1 196.0 335 54.8 147
std.dev. 5.0 19 163 117 163 11.0 33 3.1

*p < 0.05 vs. mean value.

ments are shown in Table 3. The mean percentual differ-
ence of the first and the second measurement was 5.9% +
5.4%, of the second and the third measurement 3.5% +
3.7%. This difference was not statistically significant. No
systematic difference was found of the second and third
subtracted and the first nonsubtracted studies and the ran-
dom error was small.

Patients

The results of the ROC analysis of the static and the
dynamic data of the patients are given in Figures 3 and 4.
The optimal position of the predictive value was at a
threshold of 2% to 3% of the myocardium for the static data
and at 3% to 4% for the dynamic data and was 0.64 for both
methods. When higher detection thresholds are used, static
data have a lower predictive value than dynamic data.

DISCUSSION

The method of parametric imaging of myocardial perfu-
sion measured with >’NH, PET and of myocardial glucose
uptake measured with "*FDG PET described in this paper,
provides an accurate and quantitative way to study the

TABLE 3
Reproducibility Results in Five Normals Studied Three
ive Times

% Difference % Difference

Patient for studies  for studies

no. Study1 Study2 Study3 12 23

1 87.7 922 974 49 53

2 95.2 927 93.0 =27 03

3 789 83.6 85.8 5.6 26

4 73 86.2 93.8 103 8.1

5 90.0 98.6 98.6 8.7 0.0

mean 858 90.7 93.7 54 33

std.dev. 76 59 5.0 5.0 34
156

condition of the myocardium in patients with coronary
artery disease, both with and without previous infarction.
The optimal predictive value of the dynamic data is equal
to that of the static data, but it is less dependant on the
threshold. This predictive value is relatively low (0.64), but
it must be kept in mind that the test by which static and
dynamic data were compared was a deliberately difficult
one: the prediction of the presence of coronary artery
disease was not tested, but the regional prediction of isch-
emia and infarction in patients with sustained myocardial
infarction. Furthermore, angiography, although the de
facto gold standard, is not an ideal method for discrimina-
tion of ischemia and infarction and PET has been shown to
be superior in the past (-3). The test was performed only
to compare static and dynamic data.

The method to compare the results in patients with the

Predictive Value
08 dynamic PET
04 + + —+ +
0 2 4 6 8 10
% of total myocardium

FIGURE 3. Piot of the predictive value of dynamic parametric
PET as a function of the detection threshold. The predictive value is
optimal for 3% to 4% of the total myocardium, but is relatively
independent of it.
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95% confidence intervals obtained in normal individuals
provides a method to quantify the extent of myocardial
ischemia and previous infarction as a percentage of the
total myocardium. Consequently, this method enables us
also to study quantitatively the influence of interventions
on myocardial ischemia and infarct size.

The advantages of parametric imaging of perfusion over
imaging of perfusion distribution from a static PET imaging
are as follows:

1. Since an absolute value of myocardial perfusion is
visualized in the image, instead of perfusion distribu-
tion, our methods allows direct identification of re-
gions with increased as well as with decreased flow,
as compared to normal. Patients with coronary artery
disease, but also with other myocardial disorders
(valvular disease, cardiomyopathy), often show an
increased perfusion in normal myocardial areas,
which can be interpreted as a sign of increased oxy-
gen consumption due to myocardial overload. This
provides extra information concerning the condition
of the myocardium.

2. Perfusion distribution obtained from a static '*NH,
image, which is usually acquired after a period of at
least 4 min after tracer injection, does not only show
13NH, distribution, but also distribution of its metab-
olites, e.g., glutamate and urea which constitutes
over 80% of N activity in the plasma at this time
(12). Consequently, static images acquired at this
time do not necessarily reflect myocardial perfusion.
As a matter of fact, an unexplained uneven distribu-
tion in static *NH, studies in normal volunteers has
been reported. A defect has been demonstrated in the
posterolateral region in many healthy volunteers, im-
peding a proper interpretation of posterolateral de-
fects in ten patients (10,13). In contrast, all defects
found in normal volunteers could be explained from
residual spillover effect of the liver (inferior region)
and partial volume effects in the apical region. These
effects may possibly be abolished by improvements
of contour detection and myocardial recovery.

3. A major advantage over conventional PET is that
parametric perfusion imaging obviates tedious ROI
selection and separates perfusion calculations from
PET studies and combines the advantages of PET
imaging and perfusion calculations. Our method en-
ables the detection of smaller regions of decreased as
well as increased perfusion with the combination of
static imaging and the calculation of separate ROI’s.

The advantages of parametric imaging of '8FDG uptake
have been described previously by Choi et al. (14). Be-
cause in regions with no active '*FDG uptake some activity
is always present due to interstitial diffusion, contrast be-
tween viable and nonviable regions is diminished in static
images. Because an increase of activity over the time of the
study due to intracellular accumulation is accounted for
only in parametric imaging, the signal is zero in infarcted
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FIGURE 4. Piot of the predictive value of static PET as a function
of the detection threshold. The value is optimal for a threshold of
2%-4% of the total myocardium and decreases rapidly from 5%
upwards to 0.45.

regions (Fig. 1). This greatly enhances the diagnosis of
previous infarction. Non-transmurally infarcted regions
can be more easily discriminated from transmural infarc-
tions with the help of parametric imaging.

Compared to previous reports on parametric imaging in
PET, the advantages of displaying the results in a polar
map are obvious (10). A more detailed and complete over-
view is obtained in a polar map of the myocardium than
from transversal images. Also, the comparison with other
imaging techniques (angiography, echocardiography) is
easier and enables delineation of the complete flow region
of the major coronary artery branches.

In conclusion, parametric display of myocardial perfu-
sion with '*NH; and of glucose uptake with '8FDG is a new
data analysis method in PET which is applicable with new
high-resolution PET cameras. It provides a simple, sensi-
tive and reliable method for the diagnosis, quantification
and localization of myocardial regions with abnormally
increased and decreased myocardial perfusion and viabil-
ity, enabling an increased diagnostic power of PET in cor-
onary artery disease and other myocardial diseases. Fur-
thermore, the semi-automatic construction of parametric
flow and metabolism polar maps of the total myocardium
now enables the routine application of this technique in the
clinical setting. The impact of the described method on the
cost benefit ratio of clinical cardiac PET has yet to be
established in prospective randomized studies.
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