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This study validates perfusion defect extent and severity as
derived by PET polar maps in vivo against measurements de-
rived from radiolabeled microspheres. Methods: In seven open-
chest dogs, either the left anterior descending (n = 11) or left
circumflex coronary artery (n = 13) were ligated sequentially
from distal to proximal. After each occlusion, gated PET images
were acquired with '*N-ammonia (20 mCi) while radiolabeled
microspheres were administered into the left atrium. The tran-
saxial PET images were reoriented into left ventricular short-axis
cuts, including the apex, and polar maps were generated from
circumferential activity profiles. PET polar maps were then com-
pared with polar maps derived from microspheres after normal
databases for '*N-ammonia and for microspheres were estab-
lished. Nitrogen-13 or microsphere activities of less than 1.5 s.d.
below the mean were defined as hypoperfused. Results: The
extent (percent of left ventricular mass) and mean severity of the
hypoperfused myocardium in the postmortem microsphere mea-
surements ranged from 3% to 69% and 3% to 58%, respectively.
The estimated extent by summed PET and by microspheres
correlated by y = 4.95 + 0.95x (r = 0.91, s.e.e. = 0.085, p <
0.001) and mean severity by y = 5.562 + 0.87x (r = 0.85, s.e.e.
= 0.101, p < 0.001). The extent and severity were similar for
summed and gated PET studies. Conclusion: The current
study validated a polar map approach that provides accurate,
quantitative assessment of the extent and severity of myocardial
perfusion defects in vivo. Gating did not yield an improved cor-
relation between PET and microsphere measurements. Thus,
ungated PET images can be used to assess accurately the
extent and severity of perfusion defects.
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tery disease (/-4). Methods for quantifying the size and
severity of perfusion defects are therefore useful for risk
stratification of patients. At present, SPECT with %'Tl or
9™Tc sestamibi is used most commonly to evaluate perfu-
sion abnormalities of the heart. PET offers an improved
image quality because of a higher spatial resolution and
correction for photon attenuation. Both advantages should
improve the accuracy with which regional reductions in
radiotracer concentrations in the human myocardium can
be quantified (5,6).

The two-dimensional polar map display of the three-
dimensional activity distribution throughout the left ven-
tricular myocardium has been validated for SPECT in an-
imals and serves for semiquantitative measurements of
perfusion abnormalities (7,8). Several laboratories have
adopted the polar mapping approach for use with PET
(9-11). However, the approach for estimating the extent
and severity of perfusion defects with PET remains to be
validated. Moreover, it remains uncertain whether polar
maps derived from gated rather than ungated PET images
provide more accurate estimates of the extent and severity
of perfusion abnormalities.

Thus, the aim of this study was to validate measure-
ments of the extent and severity of perfusion abnormalities
derived from PET polar maps. This was done in acute dog
experiments in which the estimates derived noninvasively
with PET were compared with independent measurements
by microspheres and tissue counting.

METHODS
Overall Study Design

In acute, open-chest dog experiments, either the left anterior
descending (LAD) or the left circumflex (LCX) coronary artery
was dissected free at various sites. After positioning the animal in
the PET device, '>N-ammonia was injected intravenously while
radiolabeled microspheres were administered into the left atrium.
Gated transaxial PET images were then acquired. After decay of
13N activity, a perfusion defect was created by occluding the snare
located most distally on a coronary artery, followed by a second
concurrent administration of '>N-ammonia and microspheres and
acquisition of gated PET images. This was followed by sequential,
more proximal coronary occlusions to create consecutively larger
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FIGURE 1. Schematic figure with sites of occlusion on the LAD
artery (1-4) and LCX artery (A-D).

perfusion defects; each occlusion was followed by concurrent
microsphere and *N-ammonia injections and PET imaging. The
extent and severity of perfusion defects were determined post-
mortem by counting myocardial tissue samples for the micro-
sphere activity concentrations and compared with the extent and
severity of perfusion defects as delineated on !*N-ammonia polar
maps generated from reoriented short-axis cross sections of the
left ventricular myocardium.

Animal Preparation

Seven mongrel dogs (14.5-33 kg, mean 22 + 7 kg of body
weight) were anesthetized with intravenous sodium thiomylal (15
mg/kg; Surital, Parke-Davis, Morris Plains, NJ). The dogs were
then intubated and ventilated with a respirator. Anesthesia was
maintained with a mixture of halothane (0.3%-0.4%), room air
and oxygen (2 liter/min). A catheter was advanced through the
femoral artery into the abdominal aorta for continuous blood
pressure monitoring and for withdrawal of arterial blood. After
left thoracotomy through the fifth intercostal space, the pericar-
dium was incised widely and sutured to the chest wall, thus
forming a cradle for suspending the heart. A polyvinyl catheter
was inserted into the left atrium for the administration of radiola-
beled microspheres.

In each dog, short, 0.5- to 1.0-cm segments of either the LAD
(n = 11) or LCX (n = 13) coronary artery were dissected free at
different levels of the vessel (Fig. 1). Snares were placed loosely
around the dissected portions of the coronary artery. They were
tightened later during the imaging protocol. The coronary artery
was thus ligated sequentially from distal to proximal after each
imaging procedure to create progressively larger perfusion defects
for each measurement.

Experimental Protocol

The instrumented, open chest dogs were positioned in the right
lateral decubitus position (““left side up™) in a whole-body PET
instrument (model 931/8, CTI/Siemens, Knoxville, TN), which
acquires simultaneously 15 transaxial planes with an interplane
spacing of 6.75 mm. The tomograph’s gantry was rotated horizon-
tally to —15° to align the tomograph’s axis more closely with the
long-axis of the heart and, thus, to minimize the angle of image
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reorientation. A 2-min rectilinear transmission scan was per-
formed to ascertain adequate positioning of the heart within the
axial field of view. Transaxial transmission images were then
acquired for 20 min with a %®Ga ring source for the correction of
photon attenuation.

Immediately after the injection of approximately 2 x 10° car-
bonized polystyrene microspheres (diameter 15.5 + 0.1 u; labeled
with 3’Co, 3Spn, '®Ru, *Nb and “Sc; DuPont, N. Billerica,
MA), 20 mCi of *N-ammonia diluted in saline were administered
as a 15-sec bolus into the left atrium. Four minutes later, gated
transaxial images with eight phases per RR interval were acquired
for 20 min. After completion of the baseline study, the previously
placed and most distally located coronary artery snare was li-
gated. This was preceded by a bolus injection of lidocaine (1
mg/kg).

Fifteen minutes later, after heart rate and blood pressure had
stabilized, radiolabeled microspheres were administered into the
left atrium, followed immediately by a second *N-ammonia in-
jection and gated image acquisition as described earlier. Electro-
cardiograms and blood pressure were monitored throughout each
study using a strip chart recorder (Brush 200, Gould Inc., Cleve-
land, OH).

About 45 min later (after physical decay of N activity), the
next, more proximal coronary snare was tightened to create a
larger perfusion defect followed 15 min later by near simultaneous
administration of another set of radiolabeled microspheres and
3N-ammonia and by gated PET image acquisition. As many as
five consecutive imaging studies were performed in a given ani-
mal. After completion of the imaging studies, the animals were
killed during deep anesthesia with concentrated KCl solution, and
the hearts were excised.

Analysis of PET Data

Generation of Short-Axis Cuts of the Left Ventricular Myocar-
dium. The image files were reconstructed on a VAX 4000 main-
frame computer (Digital Equipment Corp., Maynard, MA) using a
Shepp-Logan filter with a cutoff frequency of 0.25 cycles/cm,
which resulted in an effective in-plane resolution of 11-mm
FWHM. The summed and the gated transaxial image FWHM sets
of 15 planes each were then transferred to a Macintosh II desktop
computer (Apple Computer, Inc., Cupertino, CA) for further pro-
cessing (12). The orientation of the long-axis of the left ventricle
and the position of the six equidistant short-axis slices were de-
fined by an experienced computer operator (13). As shown in
Figure 2, spherical sampling was applied to the apical portion of
the left ventricle to derive activity profiles in an orientation per-
pendicular to the inner border of the myocardium (Z4). The three
apical cuts (slice numbers 6, 7 and 8 in Fig. 2) were sliced out
around the vertex, which was positioned at one-half of the plane
thickness above the most apical user-defined short-axis plane at
an angle of 15°, 45° and 75° to the long-axis. Thus, the sixth, most
apical ‘“nonapical’ slice was included in the first apical slice.

The reorientation and reslicing parameters that define the ori-
entation of the short-axis images relative to the transaxial images
and the interplane distance were the same for both, the summed
(“‘ungated’’) and diastolic images. Ungated images were obtained
by summing all eight individual frames recorded during the car-
diac cycle.

Generation of Nitrogen-13-Ammonia Polar Maps. Polar maps
were generated from circumferential profiles of the maximal re-
gional myocardial activity along 60 equally spaced sectors (each
six degrees). For each sector, including the three apical slices, the
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Localization of the Planes
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FIGURE 2. Schematic illustration of axes that were used to
reslice the heart. Nonapical slices (axes 1-5) are positioned inter-
actively, whereas apical cuts (axes 6-8) are positioned automatically
by the computer program. Three apical planes are sliced out 360° (8)
around a vertex (R), which is positioned at one half of the plane
thickness above the most apical user-defined short-axis plane at 15°
(ay), 45° () @nd 75° (a).

myocardial wall thickness was calculated using a profile-fitting
algorithm previously developed and validated in this laboratory.

This fitting algorithm, described and validated but reported in
only preliminary form (15), uses five parameters, e.g., the internal
radius of each short-axis slice, the myocardial wall thickness, the
activity in the left ventricular blood pool, the myocardial activity
concentration and the background activity. The algorithm yields
regional recovery coefficients directly from the gated PET images,
which are essential for the correction of partial-volume effects.
Thus, a count activity profile corrected for partial volume can be
obtained along a radial ray extending from the center of the left
ventricular blood pool through the myocardial wall and back-
ground.

The polar maps were normalized subsequently by averaging the
pixel values of the top 5% of the raw polar map to obtain a
normalization factor that served to scale the raw polar map to a
maximal value of 255, thus resulting in a ‘‘normalized polar map.”’
This procedure diminished the influence of outliers on the nor-
malization process.

Generation of a Normal PET Database. To define the criteria
of myocardial perfusion defects, two separate databases were
established for the PET polar maps generated from the summed
and gated images. For the ‘‘gated’’ database of normals, the
images of the frame with the largest diameter (diastole) of the left
ventricle was chosen. Databases of normals were established
from the first five dogs in the current study. Baseline polar maps
of these dogs were obtained as described earlier. Average sector
values (p) and s.d. were calculated from the normalized pixel
values (range 1-255) for all 480 sectors (8 planes with 60 sectors
each) of the polar map. To identify hypoperfused myocardium,
the adequacy of different thresholds ranging from x — 1.0 to 2.0
s.d. at 0.25-s.d. increments was explored. The optimal threshold
to define the normal limits of myocardial blood flow was found to
be u — 1.5 s.d. Values below or above the chosen value of u — 1.5
s.d. resulted in additional perfusion defects outside the vessel of
intervention or, conversely, did not identify perfusion defects that
were clearly present on visual analysis. Although this threshold
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FIGURE 3. Mass of each six-degree sector was calculated by the
product of wall thickness (r, — r;) x mean width (w) x slice thick-
ness () x density of myocardium.

was established largely by careful visual examination, it repre-
sented the optimal compromise between sensitivity and specificity
for the detection of perfusion defects.

Determination of the Weighting Factors. To account for differ-
ences in myocardial mass between individual short-axis slices
with different diameters from the base to the apex, a weighting
factor was assigned to each short-axis and apical slice on the polar
map. This weighting factor corrects for geometric distortions
caused by the compression of the three-dimensional information
into a two-dimensional format (8, 10).

In each short-axis plane, the left ventricular myocardium was
divided into 60 six-degree sectors. The area of each sector was
obtained from the difference between the outer (r,) and the inner
(r,) radii of the left ventricle (distance from the center of the left
ventricular cavity to the endocardial and epicardial border of the
myocardium). Divided by two, this value defines the center of the
left ventricular wall. As shown in Figure 3, this point was then
used to define the axial width (w) in millimeters (in the circum-
ferential direction) of each of the six-degree sectors. The mass of
each short-axis and apical slice was then estimated from the sum
of the areas of all 60 sectors multiplied by the user defined slice
thickness (t) and the density of the myocardium (1.05 g/cm?), as
shown in Table 1. Thus, the total mass of each slice represented
the sum of all 60 sector volumes measured in absolute dimensions
and corrected for density.

The relative contribution of each slice to the total left ventric-
ular mass, as displayed on the polar map, was expressed as a
fraction of 1.0 (defined as the weighting factor). A value of 1 was
assigned to the short-axis cross section with the greatest mass.
The weighting factor declined in proportion to the decrease in the
mass of each cross section relative to the cross section with the
greatest mass. The weighting factors were calculated for the
summed images (Table 2) and gated images.

Calculation of Defect Extent and Severity. To calculate the
extent of a perfusion defect in a specific plane, the number (n) of
sectors (s) in a given plane with activity concentrations less than
1.5 s.d. below the mean multiplied by their individual masses were
divided by the total number of sectors per plane (N), i.e., 60,
where each sector was multiplied again by its corresponding mass

(m;).
n(s - m;)
N(s+m)’

To calculate the extent of a perfusion defect as a fraction of the
entire left ventricular myocardium (LV), the number (n) of sectors

% defect/plane = Eq. 1

2033



TABLE 1
Volumes of Each Short-Axis Slice as Estimated by PET and the True Mass Obtained from the Tissue Samples of the Five Dogs

in the Nomal Database
Plane 1 2 3 4 5 Mean s.d.
1 75 14.7 194 125 129 134 43
2 8.1 149 226 135 148 148 5.2
3 89 15.5 253 143 146 16.7 6.0
4 88 149 213 14.2 148 148 44
5 78 128 18.2 138 139 133 37
6 124 120 120 16.7 16.3 139 24
7 74 6.7 58 10.2 10.2 8.1 20
8 25 18 20 41 39 29 11
Total volume (cm®) 634 934 126.6 99.3 101.4 96.8 226
Estimated mass (g) 66.6 98.1 1329 104.3 106.5 101.7 237
True mass (Q) 70.6 78 125.4 1128 117.8 100.9 248

(s) with activity concentrations less than 1.5 s.d. below the mean
of normal were multiplied by the weighting factors of that plane
(W) and then divided by the sum of all sectors (N) multiplied by
their corresponding weighting factor (f;):

2n(s-W)
N(s-f) "

The average reduction of blood flow (‘‘mean severity”’) in the
hypoperfused mass within the entire left ventricle was calculated

by:
valueww
threshold value used -

The valuey,ypopermusea refers to the sector value of a hypopcrfused
sector (i.e., sector with a count value below the threshold value).
The threshold value was calculated from the mean of all sector
values of the entire heart minus 1.5 s.d., as described earlier, i.e.,
sectors with values above this threshold value are considered to
be normally perfused, whereas sectors with values below this
threshold are hypoperfused. The term Ny popermusea refers to the
total number of hypoperfused sectors.

To investigate whether the use of individual weighting factors
determined for each study or each dog would improve the esti-
mates obtained by an average weighting factor, the following
approach was used: (1) weighting factors were calculated for each
image set; (2) average weighting factors were derived from all
image sets obtained in an individual dog (i.c., the weighting fac-
tors derived from the two to five studies in a given dog were

% defect/LV = Eq.2

Mean severity = 2 (

averaged for each plane and applied to all studies obtained in the
same animal; and (3) a set of mean weighting factors was derived
from the baseline studies in all five dogs.

Analysis of Microsphere Data

Generation of Normal Database. Corresponding to the reslic-
ing procedure of the transaxial PET images, which results in five
user-defined nonapical short-axis slices and the apex, the excised
hearts were sliced into the same number of short-axis cross sec-
tions of equal thickness. After the slices were photographed, the
right ventricular free wall, the nonmuscular structures of the mi-
tral valve (i.e., leaflets, chordae and valvular ring) and epicardial
fat were carefully removed. Each slice was then weighed and cut
into 0.4- to 1.0-g transmural sections. The most apical, cone-
shaped slice was also cut in a radial fashion into transmural sec-
tions. The localization of each section of tissue within a slice was
drawn on the photograph. Each tissue sector was then well-
counted for its microsphere activity concentration (16).

According to the localization and the contribution of each tissue
sample to the total weight of the corresponding slice, each piece of
tissue was assigned a certain position and proportionate number
of sectors in a polar map of the microsphere activity distributions
(Fig. 4). A normalization was then performed analogous to the
13N-ammonia polar map procedure, thus resulting in a normalized
microsphere polar maps. The average sector values (u) and s.d.
were calculated for each sector of the entire polar map. They were
derived from baseline studies in each of the five dogs together with
data from an additional three open chest dogs used for a different
study protocol and were assembled into a normal database. A

TABLE 2
Weighting Factors as Assessed by the Profile-Fitting Algorithm for All Five Dogs of the Normal Database
Plane 1 2 4 5 Mean
1 0.61 0.95 0.77 0.75 0.79 0.85
2 0.66 0.97 0.89 0.81 0.91 0.94
3 0.72 1.00 1.00 0.86 0.90 1.00
4 0.72 0.96 0.84 0.85 0.91 0.94
5 0.63 0.83 0.72 0.83 0.85 0.85
6 1.00 0.78 0.47 1.00 1.00 0.88
7 0.60 0.44 0.23 0.61 0.63 0.51
8 0.20 0.12 0.80 0.24 0.24 0.18
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FIGURE 4. lliustration of method used to generate a normal da-
tabase for the microsphere data. Each piece of tissue was assigned
a certain position and number of sectors in the polar map according
to the localization and the weight contribution to the whole slice.

sector value within 1.5 s.d. of the mean was considered to be
normal.

Analysis of the Intervention Studies. Polar maps were gener-
ated and normalized for each intervention study in the same
manner as described earlier. Tissue samples with pixel values
below u — 1.5 s.d. were then determined, and the percentage of
hypoperfused myocardium was calculated by dividing the weight
of hypoperfused tissue by the total mass of the left ventricle (Eq.
1 and 2). The mean severity of the hypoperfused mass was cal-
culated by Equation 3, as described earlier. Figure 5 depicts polar
maps in one dog at baseline and after four consecutive occlusions
of the LCX coronary artery after a pixel-by-pixel comparison
between normalized polar maps and the database of normals.

Statistical Analysis

Weighted least-squares regression analysis was used to com-
pare the extent and severity of hypoperfused myocardium as
determined by microspheres to those derived from the PET polar
maps. Analysis of variance was used to determine statistical sig-
nificant differences between groups of data. Differences in slope
and intercept of the regression lines were assessed by the F test

PET Polar Mapping ® Sun et al.

Sequential LCX — Occlusions

A00587

FIGURE 5. Normalized '*N-ammonia polar maps of same dog at
baseline and after each sequential occlusion of the LCX artery
(corresponding studies 2731 in Table 2).

(17). A probability value of less than 0.05 was considered statis-
tically significant.

RESULTS

Total counts of 60 to 80 million per study or 7.5 to 10
million per gated image frame were routinely achieved for
the 20 min of image acquisition. These count rates are
about 100% higher than achieved for the last frame (15 min)
in human studies for a "*N-ammonia dose of 20 mCi (18).

Estimates of the left ventricular mass by PET correlated
with the postmortem measurements of the left ventricular
mass for the five dogs that were included in the database.
The true left ventricular mass in the five dogs averaged
100.9 + 24.8 g compared with 101.7 + 23.7 g, as deter-
mined by PET. Although the correlation between esti-
mated and true mass did not achieve statistical significance
(p = 0.06), probably because of the small sample size, the
close agreement between measured and PET estimated left
ventricular masses confirms the accuracy of the profile
fitting algorithm (Fig. 6). Despite the nearly identical mean
values, however, Figure 6 indicates disparities between
measurements by the two approaches in individual dogs.

Tables 3 and 4 list the extent and mean severity of
perfusion defects for all studies. The small defects ob-
served in the baseline studies in the territories of the cor-
onary artery that was subsequently occluded most likely
resulted from alterations caused by dissection and manip-
ulation of that coronary artery prior to the PET imaging.
Similar defects were noted on the microsphere data. Other
possible explanations, although less likely, include the
known heterogeneity of regional myocardial blood flow
(19,20).

The extent of perfusion defects by microspheres ranged
from 3% to 69%, and the mean severity ranged from 3% to
58%. The defect extent averaged 36.7% + 24.3% in dogs
with defects in the territory of the LAD and 24.6% * 9.9%
in dogs with defects in the LCX territory. The average size
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FIGURE 6. Correlation between estimated left ventricular mass
by PET and directly measured values.

did not differ significantly between the two vascular terri-
tories. In one animal, defects were created in both the
LAD and LCX territory with a total defect extent of 54%.
Defects determined by *N-ammonia from ungated images
and using mean weighting factors ranged in extent from 3%
to 63% and in mean severity from 1% to 64%, respectively.
The extent of defects in the LAD territory averaged
33.9% + 25% and in the LCX coronary artery territory
26.8% * 13.7% (p = not significant vs. microspheres).
There was no significant difference in the goodness of
estimation between LAD and LCX territory by PET (F
ratio = 0.58, p = not significant). Moreover, the correla-
tion between the noninvasively and invasively determined
extent and severity of perfusion defects did not differ sig-
nificantly between individual dogs.

Figure 7A depicts the correlation between extent of
defects determined from ungated PET images and from
the microsphere data, using a mean weighting factor for
each of the slices. The defect extent, as derived by

TABLE 3
BExtent of Perfusion Defects as Assessed by Microspheres and by PET for All Studies by Using Individual (for Each Study or
Each Dog) and Mean Weighting Factors

Summed Summed
Extent Gated WF Gated WF Gated WF (Each Summed WF mean
Study Vessel MS (Each study) (Each dog) mean WF study) (Each dog) WF
1 Baseline 4 10 9 10 8 6 5
2 LAD 6 13 14 10 1 14 14
3 LAD 30 39 49 37 39 48 34
4 LAD 35 43 56 45 42 56 43
5 LAD 63 72 79 72 60 7 60
6 Baseline 3 5 5 5 4 5 3
7 LCX 17 33 35 31 32 34 28
8 Baseline 13 4 4 2 9 18 16
9 LCX 22 25 25 21 18 18 17
10 LCX 1 18 30 21 10 18 18
1 LCX 24 34 45 34 34 41 35
12 Baseline 15 6 6 7 4 6 14
13 LAD 32 30 33 27 28 36 29
14 LAD 60 46 51 68 4 54 64
15 LAD 69 58 68 64 60 7 64
16 LAD 67 * . * 55 66 63
17 Baseline 4 0 1 0 1 0 1
18 LAD 8 7 9 6 7 10 8
19 LAD 10 10 1" 1" 12 13 13
20 LAD 24 39 41 36 38 41 36
21 LAD + LCX 54 55 63 57 58 66 63
22 Baseline 14 29 29 24 23 23 22
23 LCX 12 26 25 20 22 21 19
24 LCX 18 27 26 21 22 22 19
25 LCX 34 36 38 27 29 31 25
26 LCX 40 52 54 50 59 58 49
27 Baseline 15 21 21 8 19 19 9
28 LCX 17 30 30 26 31 31 27
29 LCX 32 35 35 37 39 38 42
30 LCX 31 43 43 38 47 47 40
31 LCX 37 50 52 46 53 55 52
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TABLE 4
Mean Severities as Assessed by Microspheres and by PET for All Studies by Using Individual (for Each Study or Each Dog) and

Mean Weighting Factors
Summed Summed
Severity Gated WF Gated WF Gated WF (Each Summed WF mean

Study Vessel MS (Each study) (Each dog) mean WF study) (Each dog) WF
1 Baseline 3 2 3 2 2 1 1
2 LAD 16 23 26 26 28 28 26
3 LAD 40 42 47 41 47 51 50
4 LAD 56 51 56 47 54 57 53
5 LAD 58 57 58 42 63 67 54
6 Baseline 3 6 7 3 6 5 3
7 LCX 50 39 36 45 40 38 47
8 Baseline 10 2 4 1 4 5 3
9 LCX 14 14 12 15 8 10 9
10 LCX 15 1 13 9 8 6 8
11 LCX 41 41 35 39 43 36 39
12 Bassline 8 2 2 2 2 2 2
13 LAD 14 13 14 12 8 9 10
14 LAD 25 27 29 27 26 27 28
15 LAD 44 50 56 57 46 53 56
16 LAD 52 . . . 64 66 63
17 Baseline 9 0 1 0 1 0 0
18 LAD 12 4 5 8 5 5 6
19 LAD 23 17 16 15 16 17 14
20 LAD 20 20 20 21 23 23 23
21 LAD + LCX 44 50 52 48 53 54 50
2 Baseline 16 21 21 25 23 23 27
23 LCX 20 21 20 24 21 20 27
24 LCX 21 25 24 24 25 24 28
25 LCX 22 2 23 28 24 26 30
26 LCX 45 L) 42 42 43 43 45
27 Baseline 16 8 8 3 7 7 4
28 LCX 24 18 18 1" 16 16 1
29 LCX 43 29 7 26 29 28 25
30 LCX 56 48 43 45 45 4 45
31 LCX 54 49 46 47 48 47 47

*Study not analyzed because of low counts.
MS = microspheres; WF = weighting factor.

PET, was closely correlated with the extent measured
with radiolabeled microspheres (y = 4.95 + 0.95x, r =
0.91. p < 0.0001, s.e.e. = 0.085). Figure 8A depicts the
relationship between measured and estimated mean sever-
ities.

Figures 7B and 8B show the defect extent and severity
using gated PET images for the same weighting factors.
Figures 7C and 8C compare the extent and severity of
defects obtained from gated images using individual
weighting factors for each study. One gated intervention
could not be analyzed because of poor image quality as a
result of low counts after the administration of a lower
tracer dose.

As depicted in Figures 7 and 8, different weighting fac-
tors did not affect the relationship between PET and mi-
crosphere measurements. Similarly, ungated and gated
PET studies yielded comparable correlations with micro-
spheres. There were no significant differences for the de-
termination of defect extent in terms of slopes and inter-
cepts between gated and ungated (F ratio = 0.087, p = not

PET Polar Mapping ® Sun et al.

significant) or between mean weighting and individual
weighting factors.

DISCUSSION

Although the polar map approach has already been used
for investigational or clinical purposes, this study validates
for the first time its use for PET measurements of the
extent and severity of perfusion defects. The use of appro-
priate weighting factors that correct for differences in the
slice sizes and the inclusion of the left ventricular apex
account for the accuracy of such measurements, as con-
firmed by independent measurements with microspheres
and postmortem tissue determinations of the regional ac-
tivity concentrations.

Study Limitations

There are several limitations to this study. The current
approach was tested only for the territories of the LAD and
the LCX coronary arteries. It is important to note that
there were no significant territory-specific differences in
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FIGURE 7. Correlation between defect extent obtained by microspheres and summed PET images using a set of
weighting factors derived from all five dogs in the normal database (A), using gated studies and mean weighting factors for each dog (B) and

using gated

studies with individual weighting factors for each study, i.e., calculated individually for each image set (C). Correlations between

measured and PET estimated extents are not significantly different from each other.

the correlation between microsphere-measured and PET-
derived measurements of perfusion defect extent and se-
verity. Although no studies were performed for the terri-
tory of the right coronary artery because of its small size
and the related difficulties in surgical preparation (21), the
absence of systematic differences between the LCX and
the LAD coronary artery territories makes it unlikely that
the application of the polar map approach to the right
coronary artery territory would have yielded different re-
sults.

Weighting factors derived from the calculation of the
myocardial volume of the short-axis and apical slices were

obtained through a profile-fitting algorithm, which depends
on the detection of the highest activity within a given
myocardial region. In larger defects, when there is little or
no tracer activity in the abnormal area, the current ap-
proach might lead to a fitting error. This could result in an
under- or overestimation of the true myocardial mass or
the defect size. However, this limitation plays a role only
when individual weighting factors are used for each study
because the mean weighting factors are derived from base-
line studies without perfusion defects. Such baseline stud-
ies, however, are not available in patients. This necessi-
tates the use of weighting factors from a normal database
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FIGURE 8. Correlation between mean severity obtained by PET images and microsphere data using same sets of weighting factors as

for the calculation of extents (Fig. 7A-C). There are no significant
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derived from a group of normal volunteers. However, the
close agreement between microsphere and PET measure-
ments based on average weighting factors suggests that
valid estimates of perfusion defect can be obtained in such
patients.

Like most other studies that attempted to quantify the
extent and severity of perfusion abnormalities, the present
study was performed in an animal model of acutely in-
farcted myocardium (22, 23). In this model, the thickness of
the myocardium is preserved, and adjacent myocardium is
normal. In the clinical setting, however, hypoperfused (in-
farcted or ischemic) myocardium frequently can be distin-
guished with less certainty from normal myocardium.
Also, the wall thickness in infarcted areas with extensive
scar formation may be reduced (24). Estimation of myo-
cardial activity concentrations in such regions may then be
limited or even impossible because of the partial-volume
effect, which leads to an underestimation of the observed
myocardial activity (25). No appropriate fitting algorithms
are currently available for PET or SPECT that would cor-
rect appropriately for such potential errors in severely hy-
poperfused myocardium. However, this problem can be
solved by direct measurements of wall thickness with MRI
or echocardiography.

Technical Considerations

To account for differences in myocardial mass for each
short-axis cut from base to apex, average and individual
(for each dog and for each study) weighting factors were
used. The results indicate that average weighting factors
yielded estimates that did not differ significantly from those
obtained by individual weighting factors. The most likely
explanations for these observations are the relatively well-
preserved geometric shape of the hearts and the normal
wall thickness in these acute studies.

Ungated images, as used most frequently in the clinical
setting, contain the blurring effect of cardiac motion; this
might cause errors in estimating the extent and severity of
perfusion defects. Gating, therefore, offers a theoretical
advantage of more accurate measurements of perfusion
abnormalities. One of the goals of this study was therefore
to explore this theoretical advantage by comparing esti-
mates obtained from gated and from summed (nongated)
images.

The results demonstrate no clear advantage of gated
image acquisition. This may be a result of the particular
approach used to calculate myocardial mass by PET. The
profile-fitting algorithm currently used in the authors’ com-
puter program is based on the detection of regions with the
highest tracer activity. Thus, profiles from regions with
extremely low activities cannot be obtained. In these
cases, the wall thickness is estimated by extrapolation of
adjacent regions with higher activities and, thus, higher
perfusion. Furthermore, the defect extent derived from the
PET images is expressed as a percentage of the total left
ventricular mass. Thus, the same blurring effect on ungated
images applies to normal and to hypoperfused myocardium

PET Polar Mapping ® Sun et al.

equally. This most likely offsets the advantage of gating
because the ratio between the mass of hypoperfused to the
total mass of the myocardium remains constant.

In addition, the theoretical advantage of gated image
acquisition for measurements of defect sizes would be less
in humans for two reasons. One is the lower heart rate
compared with heart rates of 145 = 20 beats/min in the
current acute dog experiments. A second and even more
important reason is the lower count density of gated images
in humans. For example, in the current study, 20 mCi of
13N-.ammonia was given in 22 + 7-kg dogs. A similar dose
would be administered in humans of weights three or four
times as large so that considerably lower count rates would
be acquired. Therefore, the resulting image noise would
offset any advantage by gating.

In comparison to previously published validation studies
for SPECT polar maps (7,8), a slightly better correlation
was found between the estimated and measured perfusion
defect extent. This difference is most likely due to the
aforementioned absence of a satisfactory method for pho-
ton attenuation correction in SPECT and of the better
spatial resolution of PET and is consistent with previously
published data (5,6).

CONCLUSION

The quantitation of perfusion defect plays an important
role in the clinical setting because it helps to assess the
effect of medical treatment, angioplasty and surgical revas-
cularization.

The current study validated a new polar map approach
that provides accurate, quantitative assessment of the ex-
tent and severity of myocardial perfusion defects in vivo.
Furthermore, gating did not yield an improved correlation
between PET and microsphere measurements. Thus, un-
gated PET images can be used to accurately assess the
extent and severity of perfusion defects in humans, which
should be useful in the clinical management of patients
with acute or chronic coronary artery disease.
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