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For interpretation of myocardial perfusion studies, tissue seg-
ments are usually assigned to coronary vascular territories based
on general assumptions about the most frequent vascular distri-
bution pattern. These assumptions may be inaccurate because
of interindividual variability of coronary anatomy. This limitation
may be overcome by hybrid imaging through the individual inte-
gration of coronary anatomy with myocardial tissue regions.
Methods: We studied 71 consecutive patients who underwent
82Rb perfusion PET/CT, including CT angiography, for work-up
of coronary artery disease on a 64-slice PET/CT scanner. Coro-
nary vessels as defined by CT were assigned to each of 17 myo-
cardial segments for PET analysis using fusion images.
Reassigned segmental maps were compared with standard as-
signment as proposed by the American Heart Association model,
without knowledge of individual anatomy. The validity of seg-
mental assignment was tested in 6 dogs by comparison of
PET/CT with ex vivo dye staining of coronary territories. Results:
Dog studies showed excellent agreement between PET/CT-
defined segments and ex vivo-stained territories (k, 0.80). In pa-
tients, 72% (51/71) demonstrated differences from the standard
assignment in at least 1 myocardial segment; 112 of 1,207 seg-
ments were reassigned to nonstandard vascular territories.
Most frequently, standard right coronary segments were re-
assigned to the left circumflex territory (39% of reassigned seg-
ments), standard circumflex segments were reassigned to the
left anterior descending territory (30%), and standard left anterior
descending segments were reassigned to either circumflex or
right coronary (12% and 11%, respectively). In 27 studies with
amyocardial perfusion defect, relative uptake in the vascular ter-
ritory with the defect was significantly lower after CT-based re-
assignment and was higher in remote territories, resulting in
better separation (ratio of defect to remote, 0.75 = 0.13 vs.
0.81 = 0.12 before reassignment; P = 0.0014). Conclusion:
Standard assumptions about vascular territory distribution in
myocardial perfusion analysis are frequently inaccurate be-
cause of morphologic variability of the coronary tree. If hybrid
imaging has been used to study coronary anatomy and myo-
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cardial tissue perfusion, then localization of perfusion abnormal-
ities should be based on CT-derived anatomy. This may bring
about more accurate assignment to culprit vessels and thus im-
proved guidance and monitoring of targeted therapy.
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For structured and standardized visual analysis of non-
invasive myocardial imaging studies, a 17-segment model of
the left ventricle has been established (7). Although it is well
recognized that the anatomy of the coronary tree can be
variable, this 17-segment model proposes a fixed assignment
of segments to 1 of the 3 major vascular territories: the
territory of the left anterior descending coronary artery
(LAD), left circumflex (LCX) coronary artery, or right
coronary artery (RCA).

Myocardial perfusion imaging is typically used as
a gatekeeper before invasive work-up, and the detection
of ischemia is used to guide targeted intervention (2).
Misassignment of myocardial segments because of a de-
viation of true coronary anatomy from the standard model
could alter the identification of the involved coronary vessel
or the location of the culprit lesion.

The advent of noninvasive coronary angiography and
hybrid imaging may provide a solution to this problem.
Hybrid SPECT/CT and PET/CT allow for the integrated
analysis of coronary anatomy and myocardial perfusion or
function (3). Several studies have suggested that morphol-
ogy and function are complementary for the diagnosis and
prognosis of coronary artery disease (CAD) (4-9). Addi-
tionally, fusion of the coronary tree with myocardial
imaging facilitates the assignment of perfusion defects to
a respective culprit vessel (10,11).

An individual, accurate assignment of myocardial seg-
ments to coronary territories may be another advantage of
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a combined functional and morphologic imaging approach to
CAD. We speculated that the standard assignment of vascular
territories as defined by the American Heart Association
(AHA) segmental model would frequently change when the
true coronary anatomy is known, and we tested this hypoth-
esis using state-of-the-art hybrid PET/CT methodology.

MATERIALS AND METHODS

Patients

Seventy-one consecutive patients (41 women, 30 men; mean
age = SD, 56 = 14 y; mean body mass index * SD, 32 * 8) with
an intermediate pretest likelihood of CAD were referred for
morphologic and functional evaluation of chest pain. Coronary
morphology and myocardial perfusion were assessed using
a 64-slice Discovery Rx VCT PET/CT scanner (GE Healthcare).
Patients with arrhythmia, contraindications to radiographic con-
trast, or contraindications to dipyridamole stress were excluded.
Retrospective analysis for this project was granted exempt status
by the Johns Hopkins Institutional Review Board.

PET/CT Acquisition Protocol

PET. All patients fasted for more than 4 h before testing.
Abstinence from caffeine for more than 12 h and from theophyl-
line-containing medications or vasodilators for more than 24 h
was required. Perfusion PET constituted the first part of the PET/
CT session. In all patients, an appropriate history and informed
consent were secured, and a large intravenous line (>20 gauge)
was placed in an antecubital vein before imaging. Individuals
were positioned with the help of a CT topogram, and a low-dose
CT scan (120 kV, 50-100 mA) for attenuation correction of PET
emission data was acquired during shallow breathing. Then, 82Rb-
chloride (1,480-1,850 MBq [40-50 mCi]) was infused intrave-
nously from a strontium/rubidium generator as a slow bolus over
30 s, and a list-mode 2-dimensional PET image was acquired over
8 min. After the rest acquisition, infusion of dipyridamole was
started (0.56 mg/kg, 4 min), and a second dose of 8?Rb-chloride
(1,480-1,850 MBq [40-50 mCi]) was infused at 4 min after the
end of dipyridamole infusion, followed by an 8-min list-mode
acquisition. The rest and stress PET data were checked for
accurate alignment with the low-dose CT data for attenuation
correction, and software-based realignment was performed if
necessary (/2). List-mode data were resampled to static images
for perfusion analysis (90-s prescan delay, individually increased

in cases of slow 82Rb blood clearance). To counteract the effects
of dipyridamole, aminophylline (100-150 mg) was given at the
end of the PET scan.

CT Angiography (CTA). The CT acquisition protocol was
initiated immediately after the end of the PET acquisition. To
reduce heart rate, patients were premedicated with oral metoprolol
(50-100 mg, 1 h before the CT scan). Once heart rate dropped
below the target of 65/min, CT acquisition was started with a scout
scan to determine start and end positions. To determine the
optimal timing of contrast delivery, we gave a test bolus injection
of 20 mL of intravenous contrast (Visipaque; GE Healthcare)
(5 mL/s, followed by 20 mL of saline), with repeated imaging of
the aortic root afterward. Then, 0.2 g of nitroglycerin was given
sublingually for coronary vasodilation, and CTA was performed
with 70 mL of contrast injected at 5 mL/s, followed by a 50-mL
saline chaser at the same speed. In the first 37 patients, a helical
acquisition protocol was used with the following settings: pitch,
0.2-0.24 (dependent on heart rate); 120 kV; milliamperage
modulated (maximum of 600-800 MA during the 60%—85%
phase, minimum of 400 mA); rotation time, 0.35 s; retrospective
gating; and segmented reconstruction of multiple phases through-
out the R-R cycle. In the subsequent 34 patients, a new low-dose
protocol (/3) was applied using step-and-shoot mode, to cover the
area from below the tracheal bifurcation to the diaphragm
(rotation time, 0.35 s; prospective gating; center of acquisition
at 75% of the R-R interval; 3—4 scan blocks, 1 block acquired
every 2 heartbeats; z-axis coverage of 40 mm per block; in-
crement, 35 mm; slice thickness, 0.625 mm; 120 keV; 600-800
mA, dependent on weight).

Data Analysis

Coronary Anatomy. The single-best phase of helical CTA or the
single phase of step-and-shoot CTA was used for the analysis of
coronary anatomy and assignment of myocardial vascular supply.
Three-dimensional volumetric rendering was used to determine
gross coronary anatomy. The coronary tree was assessed for vessel
dominance (based on the supply of the posterior descending
artery), the presence of large side branches, and other nonstandard
features (Fig. 1).

Assignment of Myocardial Segments to Coronary Vessels. From
CTA datasets, maximum-intensity-projection images perpendicu-
lar to the cardiac long axis were created for direct comparison
with the AHA segmental model used for myocardial perfusion
analysis (Fig. 2). The territory of 1 of 3 coronary arteries (LAD,

FIGURE 1. Three-dimensional, vol-
ume-rendered inferior and posterior CT
angiographic images showing different
coronary anatomy variants. (A) Stan-
dard, right-dominant circulation. Right
coronary artery (green arrows) supplies
posterior descending branch. Left cir-
cumflex (blue arrows) supplies only
inferolateral left ventricular myocardium.
(B) Codominant circulation. No clear
posterior descending artery is ob-
served. Inferior myocardium is supplied
by both right and left circumflex ar-

teries. (C) Left-dominant circulation. Left circumflex supplies posterior descending branch. Right coronary artery supplies only
right ventricular myocardium. LA = left atrium; RA = right atrium; LV = left ventricle; RV = right ventricle.
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FIGURE 2. CT-based individual as-
signment of myocardial segments to
vascular territories. Short-axis maxi-
mume-intensity-projection (MIP) images
of CTA are reviewed for localization of
coronary arteries (top). Each of 17
myocardial segments is assigned to
closest coronary artery (middle; LAD in
blue, LCX in pink, and RCA in yellow).
Bottom shows standard AHA model on
left and model after individual reassign-
ment on right. In this case, segment 16
(distal lateral wall) was reassigned to
LAD, which supplied diagonal branch.

LCX, or RCA) was assigned to each of 17 myocardial segments
(I). A ramus intermedius was generally treated like a large-caliber
diagonal branch and was assigned to the LAD territory. When
a segment was deemed to have a dual supply, both vascular
territories were assigned and the segment was considered to have
a nonstandard supply. This assignment was performed by 2
experienced readers blinded to each other and the PET images.
Discrepancy was resolved by consensus after the initial read.

Effect on Semiquantitative Tracer Uptake. From studies with
a regional perfusion defect on visual analysis, polar maps of static
myocardial tracer uptake were created using volumetric sampling
(14). Maps were normalized to the individual left ventricular
maximum. Percentage uptake in vascular territories was compared
using both the standardized 17 segment model and the CT-defined
individualized segmental model, for territories with and without
defect.

Data from 6 mongrel dogs with experimental coronary stenosis
were available from a previous study (/5) and were reanalyzed for
the purpose of this study. Animals had undergone PET/CT,
including CTA, as previously described (/5). After imaging, 1
coronary vessel (LAD, n = 3; LCX, n = 3) was totally occluded
and monastral blue (0.5 mL/kg) was injected into the left atrium to
stain myocardium remote to the stenotic vessel territory. The
animal was then euthanized, the heart was excised, the left
ventricle was surgically isolated, macroscopic short-axis slices
of approximately 1-cm thickness were created, and photographs of
the dye-stained slices were obtained.

Because dogs are characterized by a left-dominant circulation,
the human segmental model does not apply. But to validate
segmental assignment, CT data were used to assign 17 segments
to either LAD or LCX, using the same approach as that applied in
humans. These segments were then compared with the presence or
absence of dye staining ex vivo (Fig. 3).
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Results are reported as mean * SD. Statistical analysis was
performed with MedCalc software. k-statistics were calculated to
determine interobserver agreement for coronary tree analysis and
assignment of myocardial segments to vascular territories and to
determine agreement between in vivo and ex vivo segmental
distribution in dogs. PET parameters in vascular territories before
and after CT-based segmental reassignment were compared by
2-tailed paired Student ¢ test. A P value less than 0.05 was
considered statistically significant.
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FIGURE 3. Experimental validation of CT-based visual
assignment of myocardial segments. Dog model was used,
which generally shows left-dominant distribution, as shown
on 3-dimensional volume-rendered surface images of CT
(left). Representative midventricular short-axis maximum-
intensity-projection (MIP) slice of CTA in dog is shown
(middle left), along with respective assignment of myocardial
segments to vascular territories (middle right; blue and pink
arrows indicate LAD and LCX). Ex vivo images of dye-
stained heart (right) show excellent agreement with true
vessel distribution (nonoccluded LAD is stained in blue, and
occluded LCX is not stained).
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RESULTS

The analysis of gross coronary morphology showed the
standard pattern of right dominance in 80% (57/71) of
patients. Left dominance was found in 11 (16%), codomi-
nance in 2 (3%), and a single coronary artery in 1
individual (because of a rare condition, this subject was
removed from further segmental analysis). A trifurcation of
the left coronary artery with a ramus intermedius was
identified in 15 patients (21%), and 7 patients (10%) were
judged to have a balanced contribution of LAD diagonal
branches and LCX marginal branches to supply the lateral
wall. Coronary atherosclerosis was reported in 50 of 71
patients (71%; judged to be nonobstructive in 39 and
obstructive in 11; no total occlusions).

For individual CT-based assignment of the vascular
supply of myocardial segments, interobserver agreement
was good, with a k-value of 0.64 for nonstandard LAD
segments, 0.79 for nonstandard LCX segments, and 0.66
for nonstandard RCA segments. The validity of CT-based
segmental assignment was supported by excellent agree-
ment with ex vivo staining of coronary territories in dogs,
in which the assignment was identical in 91% of segments
(k-value of 0.80).

Although most patients had the typical right-dominant
pattern, at least 1 segment differed from the standard AHA
model in 72% of patients (51/71). On average, 2.0 = 1.7
myocardial segments per patient demonstrated a nonstan-
dard vascular supply. One hundred twelve of 1,207 in-
cluded segments were assigned to nonstandard territories
based on segmental remapping. Only 9 segments were
judged to have a balanced, dual supply by 2 vascular
territories. Figure 4 summarizes the changes. The reassign-
ment of segments occurred most frequently in the inferior
wall (RCA territory), although all territories were affected.

12%
to LCX

(——

\

Qa LCX

FIGURE 4. Distribution of 112 segments, which were
reassigned after individual review of CT. Original segmental
assignment to vascular territories is shown by color, along
with percentage of overall segments that were reassigned
and their new vascular territory.
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No segment in patients had to be rejected from vascular
assignment because the supplying vessel could not be seen.

Twenty-seven studies showed perfusion defects on visual
analysis (5 of those in the lateral wall). In those 27 studies,
CT-based reassignment of segments resulted in a signifi-
cantly lower average uptake in the territory supplied by the
culprit vessel (55% = 11% of maximum vs. 58% = 10%
using the standard segmental model; P = 0.0016) and
significantly higher uptake in vascular territories without
perfusion defects (74% = 7% vs. 71% = 8% before
reassignment; P = 0.0086). Overall, the reassignment of
segments resulted in a better separation of the defect
territory from normal territories (ratio of defect territory
to remote territories, 0.75 = 0.13 vs. 0.81 = 0.12 before
reassignment; P = 0.0014). Figure 5 shows an example of
the effect of individual CT-based segmental reassignment
on semiquantitative perfusion in hypoperfused territories
versus normal territories.

DISCUSSION

Our integrated PET/CT analysis reveals that the standard
assignment of myocardial segments to vascular territories
proposed by the AHA 17-segmental model is frequently
inaccurate. Our analysis also shows that the individual
assignment of vascular supply by visual analysis of
contrast-enhanced CTA is feasible, reproducible, and valid.
A large fraction of individuals in our study (72%) showed
deviation of at least 1 segment when myocardial perfusion
was integrated with true, CTA-derived coronary morphol-
ogy. Accordingly, semiquantitative perfusion was lower in
vascular territories with a perfusion defect and higher in
those without when individual CT-driven assignment of
segments was used. This result suggests that ischemia and
infarcts in the territory of a culprit vessel are better
distinguished from remote territories. The resulting im-
provement of precision may have implications for clinical
decision making and for monitoring of targeted interven-
tions.

Our study highlights that individual anatomy-driven
assignment of myocardial segments for perfusion studies
may be another advantage of integrated radionuclide and
CT of the heart. Several prior studies already suggested
a variety of benefits from combined imaging of physiology
and morphology: First, in hybrid systems, the CT may be
used for attenuation correction of nuclear data, to improve
accuracy and accelerate acquisition protocols (12,16,17).
Second, nuclear and CT data seem to be complementary for
diagnostic (4—8) and prognostic (9,18) work-ups of CAD.
And finally, fusion imaging may be helpful in determining
the hemodynamic relevance of coronary artery stenoses
(11,19). Taken together, all these studies support a com-
bined approach of using noninvasive angiography along
with perfusion studies.

Using separately acquired invasive angiography and
functional noninvasive imaging, other recent studies have
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FIGURE 5. Polar map of stress myo-
cardial perfusion from 8Rb PET, show-
ing perfusion defects in distal anterior
wall and apex and in basal inferior wall.
CTA shows codominant circulation with
obstructive atherosclerosis of mid LAD
and mid LCX artery. With standard AHA
segment assignment (top right), inferior
wall defect contributes to reduced
perfusion mostly in RCA territory. After
CT-based individual assignment (bot- sl
tom right), inferior wall defect contrib- 0
utes mostly to LCX territory. Average
perfusion tracer uptake per vascular
territory changes significantly for RCA
and LCX (right).

suggested that a generalized application of the AHA
segmental model for vascular territory assignment may
have limitations. Pereztol-Valdes et al. studied 50 patients
scheduled for percutaneous intervention and injected
99mTc-sestamibi during balloon inflation (20). The sub-
sequent comparison of defects on SPECT images with the
standard segmental assignment by the AHA model showed
that only 9 of the 17 segments could be unanimously
assigned to a single coronary artery in all patients. Eight of
those were segments from the LAD territory, and 1 was
from the LCX territory. All other segments showed a wide
variety of vascular supply. More recently, Ortiz-Perez et al.
compared delayed segmental gadolinium hyperenhance-
ment at MRI with invasive angiography in 93 patients after
myocardial infarction (27). They showed discordance
between hyperenhancing segments and empirically as-
signed coronary distribution according to the AHA model,
which was most pronounced in the RCA and LCX regions.
Concordantly with these prior studies, the inferior wall
demonstrated the largest variability of vascular supply in
our study, with nonstandard assignments to both the LAD
and the LCX territories. This was usually a result of either
left-dominant or codominant circulations. Several patients
also demonstrated a large-caliber LAD, which extended to
supply the distal inferior wall of the heart, which is
normally assigned to distal branches of the RCA. Notably,
however, there was also variability in the LAD or LCX
border zone, mostly related to the presence of larger LAD
diagonal branches, a ramus intermedius, or larger LCX
obtuse marginal branches. This variability resulted in the
nonstandard reassignment of segments in the anterior and
lateral walls.

Dedicated software for a more automated fusion of CTA
and myocardial perfusion studies was not included in our
analysis. Some software approaches have been introduced,
initially for the fusion of invasive angiography and SPECT
(22) and more recently also for the fusion of noninvasive
angiography and nuclear studies (//,79). Individual assign-
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ment of myocardial segments to vascular territories is not
yet a routine feature of this software, but our results suggest
that such an implementation may be useful. Some potential
limitations of CT-based assignment of vascular territories
should be emphasized. First, myocardial flow patterns in
the case of occluded and collateralized vessels may not
necessarily match the angiogram. In patients with advanced
disease, the situation may thus be more complex. Second,
diffuse disease and occlusion and a dense supply caused by
competing vessels such as LAD diagonal and LCX mar-
ginal branches in the lateral wall may complicate individual
vessel assignment and reduce accuracy. In our study,
however, no segment needed to be rejected from vascular
assignment, and less than 1% of segments could not be
assigned to a single dominant supplying vessel, suggesting
that quality of vessel visualization on CT is rarely a limiting
factor. In this regard, it should be considered that pure
visualization of the course of a vessel is less demanding
than is assessment of the vessel wall for plaque and
stenosis, which is the dominant purpose of angiography.
Additionally, calcified plaque may allow for tracking of
vessels, even in the case of poor contrast opacification.
Although additive radiation exposure has been a concern
for the widespread combination of CTA and radionuclide
myocardial perfusion studies, new approaches to reduce
exposure time for CT (/3) and injected dose for SPECT and
PET (23,24) are expected to reduce effective dose signif-
icantly. Those, together with the increasing evidence of
clinical usefulness, will likely result in a broader imple-
mentation of integrated functional and anatomic imaging in
the future. There are several clinical scenarios in which an
individual assignment of myocardial segments may be
valuable. First, it may help in distinguishing single- and
multivessel disease. Second, it may also help in guiding
targeted revascularization, especially in the setting of
multivessel disease. Third, it may help to more accurately
assess the severity of ischemic damage in a given vascular
territory. The accurate assessment of ischemic damage may
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not only facilitate the decision for or against targeted
therapy but also improve the accuracy of follow-up studies
to determine the effect of any therapy on ischemic burden.
None of those scenarios was tested specifically in our study,
but our results should be seen as a stimulus for subsequent
larger trials.

CONCLUSION

The integration of myocardial perfusion imaging with
concomitant CTA provides a more accurate assignment of
vascular distribution. Thus, if hybrid imaging has been used
to study coronary anatomy and myocardial tissue in an
individual, then perfusion defect localization should be
based on CT-defined individual anatomy rather than the
general assumptions of the AHA model. Localizing perfu-
sion defects on this basis will aid in the identification of
culprit vessels for improved localization before targeted
therapy.
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