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The posterolateral defect is a common artifact seen when static
13N-ammonia imaging with PET is used to assess myocardial
perfusion. The aim of this study was to compare dynamic and
static '*N-ammonia PET and to obtain more insight into the
cause of the posterolateral defect. Methods: Dynamic '*N-am-
monia PET was performed in 19 healthy nonsmoking volunteers
at rest. Perfusion was assessed in the early phase of the study
using a curve fit method over the first 90 sec. Nitrogen-13 accu-
mulation (static PET) was assessed 4 to 8 min after injection.
Each study was nomalized to a mean of 100. The average
distribution of normalized perfusion and activity was calculated in
24 segments. Heterogeneity of both activity and perfusion distri-
bution were assessed and the activity distribution was compared
with perfusion distribution. Results: Perfusion distribution was
homogeneous, with the exception of the inferior and apical re-
gions. Activity distribution was inhomogeneous, with a lower
activity in the posterolateral and apical regions. In the whole left
ventricle, significant differences in distribution were found be-
tween static and dynamic imaging. Conclusion: Perfusion dis-
tribution was significantly different on dynamic images compared
to static images. The posterolateral defect was not found on
dynamic images. The posterolateral defect and other inhomoge-
neities in activity distribution are caused by tracer-dependent
features, probably a redistribution of metabolites of *>N-ammo-
nia.
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BT has proven to be an accurate technique for studying
myocardial perfusion (I). Although dynamic PET studies
give the opportunity to obtain quantitative information about
myocardial perfusion (ml/min/g tissue), many PET centers
use static PET imaging only. Several positron-emitting trac-
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ers have been used to study myocardial perfusion [e.g., *’Rb
(2), ®*N-ammonia (3,4) and *O-water (5))].

By using *N-ammonia as a perfusion tracer and static
PET imaging, several groups have found inhomogeneities
in 3N activity distribution in the left ventricular myocar-
dium of normal subjects (6—11). Diminished activity in the
posterolateral area, the posterolateral defect, has often
been reported and hampers the interpretation of static PET
images of patients with coronary artery disease of the cir-
cumflex artery. Some investigators have used dynamic N
PET imaging to confirm the presence of diminished perfu-
sion in the posterolateral region (9, 10). Others, however,
have reported homogeneous distribution of activity and
perfusion (12-16). Dynamic perfusion studies using °O-
water (17-20) and static PET studies with 3?Rb (21) did not
show diminished perfusion in the posterolateral area. This
study compares the results of static and dynamic *N-
ammonia PET data analyses to obtain more insight in the
cause of the posterolateral defect. Therefore, the distribu-
tion of ®N activity, as found during static imaging, was
compared with the distribution of myocardial perfusion in
the whole left ventricle of healthy volunteers using dy-
namic '*N-ammonia PET.

METHODS

Population

Nineteen healthy, nonsmoking volunteers (5 female, 14 male),
age 35.3 * 11.7 yr, were studied with *N-ammonia in a resting
condition. No subject ever had symptoms suggestive of coronary
artery disease. All subjects had a normal ECG and none of them
used medication. Smoking volunteers were explicitly excluded
because such volunteers show abnormalities in myocardial perfu-
sion, as proven in separate studies from our institute (22). The
study protocol was approved by the hospital’s Medical Ethics
Committee and volunteers gave written informed consent.

PET

All volunteers were instructed to refrain from caffeinated bev-
erages in the 24 hr prior to testing. Volunteers were positioned in
a 951 Siemens ECAT positron camera. This camera images 31
planes simultaneously over a length of 10.8 cm. Measured reso-
lution of the system is 6 mm FWHM. Data were automatically
corrected for accidental coincidence and deadtime. Volunteers
were positioned with a rectilinear scan. Thereafter, transmission
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scanning with a %¥Ge/**Ga retractable ring source was performed
for 20 min to correct for photon attenuation. The transmission
scan was followed by a '*N-ammonia emission scan, starting with
a rapid bolus injection of 370 MBq *N-ammonia. Dynamic imag-
ing continued for 8 min using a protocol of 14 frames: 12 x 10 sec,
1 x 2min and 1 X 4 min.

Data Analysis

PET data were analyzed using standard ECAT software plus
additional applications written at our institution. Distribution was
assessed using semiquantitative (**N activity) and parametric
(quantified perfusion) polar map display. The 31 contiguous tran-
saxial images were reorientated into ten left ventricular short-axis
slices. In the last frame, a mid left ventricular transaxial plane was
selected for interactive definition of the long-axis as well as the
lateral and septal borders of the left ventricle. A second image
plane perpendicular to the initial transaxial plane was displayed
and the long-axis was interactivily defined for reorientation to
short-axis images consisting of ten planes from apex to base. In
each plane of the short-axis images, inner and outer contours of
the left ventricle were defined with two circles. Subsequently, the
myocardium in the ten different short-axis slices was divided into
48 segments of 7.5 degrees each. Thus, the total heart was divided
in 480 segments. Using the maximum activity, time-activity
curves were assessed in each segment of each slice. Blood pool
was defined in three slices near the base and the average was used
to obtain a single arterial tracer input curve (23). In the 480
segments, absolute myocardial perfusion was determined by the
model described by Bellina et al. (24), which uses a curve fit
method over the first 90 sec. A correction for perfusion-mediated
extraction of the tracer was applied as used by Schelbert et al. (3):

E = Eq. (1 — 0.607¢ ~ 1-5/Flow),

For the static studies, data of the last frame (4 to 8 min) were
used and the maximum activity in each segment was applied.
Because this study was intended to investigate distribution of
perfusion and radioactivity solely, each individual >N-ammonia
study (both static and dynamic) was normalized to a mean of 100;
in each individual study, each segment was divided by the mean of
the 480 segments of that study and multiplied by 100. Average
perfusion distribution was assessed by dividing the sum of the
normalized perfusion studies by the total of studies, and average
distribution of activity was assessed by dividing the sum of the
normalized activity studies by the total of studies. The advantage
of a normalization to the mean is that every *N-ammonia study
contributes the same weight to the final outcome of the average
distribution of the group. Finally, the left ventricle was divided in
24 regions, three rings consisting of eight regions each, in which
normalized perfusion and activity were determined for statistical

analysis (Fig. 1).

Statistical Analysis

The results are presented as means + s.d. To assess homoge-
neity in distribution, an ANOVA test with multiple comparison
and Bonferroni correction was used in both the static and the
dynamic groups. To test differences in global distribution between
BN activity and myocardial perfusion, MANOVA was per-
formed. If a significant difference was found, a paired Student’s
t-test was used for statistical analysis of regional differences be-
tween distribution of !N activity and myocardial perfusion in the
24 regions. A p value of <0.05 was considered significantly dif-
ferent.
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FIGURE 1. Polar map representing the 24 regions in which ac-
tivity and perfusion are determined.
RESULTS
Dynamic Imaging

Mean myocardial perfusion was 95.8 + 18.6 ml/min/100 g
tissue (Fig. 2B). By applying ANOVA, a group of 18 regions
was found which were not significantly different when com-
pared to each other. The six other regions consisted of four
regions in the apical zone which were lower and two regions
in the inferior zone which were higher (Table 1). Hence, the
distribution of myocardial perfusion, as assessed with the
ANOVA test, is homogeneous with the exception of the
inferior and apical region.

Static Imaging

The largest group of regions not significantly different in
comparison consisted of ten regions (Fig. 2A). All other
regions were significantly different compared to this group
(Table 1). Thus, the distribution of *N activity is inhomo-
geneous. The lowest activity was found in the lateral and
posterolateral area, the highest in the anteroseptal and
inferior areas.

Dynamic Versus Static PET

With MANOVA, significant differences in global distribu-
tion were found between static and dynamic *N-ammonia
PET. When comparing the normalized radioactivity (static
images) in the different regions with the normalized perfusion
values (dynamic images) with a paired Student’s t-test, sig-
nificant differences (p < 0.05) were found among 14 regions
(Table 1). The relative homogeneous distribution of myocar-
dial perfusion implies a relative homogeneous distribution of
activity at 90 sec. By dividing the static image by the dynamic
image, a redistribution image of >N activity between 90 sec
and 4 to 8 min after injection was obtained (Fig. 2C).

DISCUSSION

In this study, 90-sec dynamic *N-ammonia PET perfusion
images are compared with the activity distribution in a static
image obtained with the same tracer 4-8 min after injection.
A statistically significant difference was found between the
distribution of myocardial perfusion obtained by dynamic
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analysis and the activity distribution in the static image. The
static images showed lower activity in the posterolateral por-
tion of the left ventricle and an overall inhomogeneous dis-
tribution of N activity accumulation. Dynamic *N-am-
monia PET showed more homogeneous perfusion. Experi-
mental data on the subject of spatial distribution indicate that
perfusion in mammalian hearts is heterogeneous (25, 26), al-
though specific regions of hypo- or hyperperfusion have not
been mentioned. In these studies, the coefficient of variation
(or relative dispersion = s.d./mean) was used as a measure of
heterogeneity which has the disadvantage of being influenced
by the size of myocardial samples employed to analyze per-
fusion. Fractional analysis is one technique that may solve
these problems (27), but the obtained parameters only give
information about global heterogeneity and not an indication
of specific regions that have higher or lower perfusion or
radioactivity.

Inhomogeneous >N activity in the left ventricular myo-
cardium, particularly diminished activity in the posterolat-
eral part of the left ventricle, has been previously reported.
However, homogeneous distribution of activity also has
been reported. Most of these groups did not primarily
focus on the distribution of activity or perfusion which may
influence their results and statements on heterogeneity.
The contradictions in the literature about homogeneity of
radioactivity distribution in the normal human heart can
probably be explained by differences in equipment and
study design, e.g., camera, number and selection of normal
subjects, number and volume of regions investigated and
kind of normalization procedure used. Most of these stud-
ies used older PET cameras that have a limited number of
detector rings and lower resolution, and radioactivity was
only measured in a few transaxial slices. Furthermore,
criteria for heterogeneity are often not clear and statements
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nommalized '3N activity in static images ob-

tained from 4 to 8 min after tracer injection.

Relatively lower activity in the lateral regions

can be seen. (B) Average distribution of nor-

malized myocardial perfusion in the dynamic

images derived from data obtained 0 to 90

sec after tracer injection. Higher perfusion is
found in the inferior region and lower perfu-

sion in the anteroapical region due to spill-
over and partial volume effects. (C) Ratio of
B over A. Redistribution can be noticed from
the posterolateral to the septal regions.

about it are based on different analyses, e.g., visual
(13,14), circumferential profile analysis (14) and different
statistical parameters and tests.

Several hypotheses have been formulated on the cause
of the posterolateral defect and other inhomogeneities in
3N activity in the left ventricular myocardium. Factors
that could explain these inhomogeneities are absolute myo-
cardial perfusion inhomogeneity and technical and tracer-
dependent features.

Absolute Myocardial Perfusion iInhomogeneity

No firm evidence is available to support physiologically
lower perfusion of the posterolateral wall of the left ven-
tricle. In most studies using dynamic PET to assess myo-
cardial perfusion, diminished perfusion of the posterolat-
eral part of the left ventricle has not been observed (15-20).
Moreover, dynamic '*N-ammonia PET did not show di-
minished perfusion in this area. Thus, myocardial perfu-
sion inhomogeneity can be excluded as an explanation for
the posterolateral defect.

Technical Features

Technical features which may influence the results of
13N-ammonia studies are: ungated data acquisition causing
blurring of the myocardial wall, partial volume effect, spill-
over effect, limited scatter correction and effects of reori-
entation of transaxial slices to short-axis slices (28). The
lower perfusion and activity in the apical part of the myo-
cardium can be explained by a partial volume effect. The
higher perfusion and radioactivity encountered in the infe-
rior region is probably an artifact caused by spillover from
the liver. It seems unlikely that technical factors were
responsible for the reduction of *N activity seen in the
posterolateral wall, because this reduction has not been
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TABLE 1
Distribution of '3N activity and Perfusion (Normalized Values)

Dynamic PET Static PET
Region Mean s.d. ANOVA Mean sd. ANOVA p

Basal Ring

Inferolateral 1024 8.2 913 6.9 * i

Lateroinferior 103.0 7.0 88.3 6.6 * s

Lateroanterior 99.0 6.1 933 5.2 * *

Anterolateral 100.0 9.5 99.5 6.6

Anteroseptal 100.7 107 107.7 74 * t

Septoanterior 105.1 9.0 1133 79 *

Septoinferior 1024 9.1 101.5 6.2

Inferoseptal 101.3 109 94.1 8.1 *
Middle Ring

Inferolateral 1142 123 * 1110 8.6 *

Lateroinferior 1083 76 98.5 6.4 s

Lateroanterior 102.7 6.8 95.0 59 *

Anterolateral 107.0 59 106.1 54 *

Anteroseptal 99.6 46 104.5 46 * *

Septoanterior 105.1 54 1146 41 * s

Septoinferior 103.2 6.4 112.0 45 * s

Inferoseptal 110.7 6.2 * 1163 7.0 * t
Apical Ring

Inferolateral 105.9 1141 104.6 83 *

Lateroinferior 101.5 11.2 994 6.4

Lateroanterior 921 6.7 * 915 5.7 *

Anterolateral 923 6.1 * 94.0 43

Anteroseptal 929 54 * 96.5 4.1 A

Septoanterior 923 6.3 * 98.0 44 *

Septoinferior 98.1 76 100.7 7.0

Inferoseptal 1035 76 105.3 6.7 *

*Region significantly different in comparison to the

group, meaning the largest group of regions not significantty different compared

to each other (p < 0.05). <0.05; *<0.005; $<0.0005. Significant differences between dynamic and static normalized values are based on paired

Student's t-test.

described with other perfusion tracers nor was measured in
this study by dynamic *N-ammonia PET. A relatively
homogeneous perfusion was found. Furthermore, previous
research excluded possible artifacts due to wall motion or
partial volume effect (11). Thus, technical features can be
excluded as an explanation for the posterolateral defect.

Tracer-Dependent Features

A real regional variation in the normal myocardial distri-
bution of *N-ammonia and the metabolites formed in the
myocytes may be possible. An explanation may be regional
differences in enzyme concentrations or enzyme activity, as
proposed by Laubenbacher et al. (7). The trapping of °N in
the myocardium involves at least one enzymatic reaction
(29), in which glutamine synthetase is the most important
enzyme (3,30). Further studies of the concentration and ac-
tivity distribution of this enzyme are needed to elucidate the
cause of the posterolateral defect. Regional differences in
13N-ammonia metabolism could be linked to an overall met-
abolic heterogeneity in the human heart as shown in previous
studies with regard to the distribution of '*F-fluorodeoxy-
glucose (19,31).

Another possible explanation for the posterolateral de-
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fect is an inhomogeneous release and/or uptake of metab-
olites of '*N-ammonia. Further investigation of the behav-
ior of '*N-ammonia metabolites is needed to test this
hypothesis. Nitrogen-13-ammonia is the main component
of blood radioactivity during the first 2 min after injection.
The relative contribution of ammonia to total blood radio-
activity, however, declines rapidly (32). This could have
an important impact on static >N-ammonia PET imaging.
Data used for static imaging are obtained from 4 min after
injection and could be affected by metabolites of ammonia,
whereas data applied for assessing perfusion in dynamic
13N-ammonia PET are obtained in the first 90 sec of imag-
ing and will probably be less affected by metabolites. Static
imaging during the first minutes gives an image with little
contrast between radioactivity in the blood in the ventricle
and radioactivity in the myocardial tissue and therefore
cannot be used to assess myocardial perfusion.

CONCLUSION

This study demonstrates a clear and statistically significant
difference between N activity distribution and perfusion
distribution as determined by dynamic *N-ammonia PET
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imaging. These differences in distribution are not only
present in the posterolateral region but are observed in the
whole left ventricular myocardium. The posterolateral defect
and other inhomogeneities in static *N-ammonia PET im-
ages can be explained by tracer-dependent features. Al-
though this study did not directly measure the behavior of
13N-ammonia metabolites, it seems likely that there is redis-
tribution of these metabolites between 90 sec and 4 to 8 min
after injection. Dynamic >N-ammonia PET has major ad-
vantages compared to static "*N-ammonia PET imaging. It
gives a more homogeneous distribution in the normal human
heart and generates absolute figures about myocardial perfu-
sion. Particularly, interpretation of the myocardial region
perfused by the circumflex artery will give less problems with
dynamic *N-ammonia PET compared to static >N-ammo-
nia PET imaging. Moreover, quantitative measurement of
myocardial perfusion can address issues such as absolute
perfusion reserve or the appropriateness of a given level of
perfusion to a particular set of physiological conditions and
thus is advantageous for the study of the myocardium as a
whole (33). Investigation of the behavior of *N-ammonia
metabolites and distribution of glutamine synthetase in the
myocardium is needed to further elucidate the cause of the
posterolateral defect.
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