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This study evaluated the ability of dipyridamole PET myocardial
perfusion imaging to detect coronary collaterals. A previous study
showed an association between dipyridamole-induced coronary
steal on PET imaging and the presence of coronary collaterals on
angiography. Methods: Dipyridamole PET myocardial perfusion
imaging using 82Rb was performed in 45 patients who had recent

coronary angiography. The stress/rest count ratio (rubidium activity
with stress divided by activity at rest) was used to express the
change in regional tracer uptake with dipyridamole and was calcu
lated manually and automatically. The accuracy of the stress/rest
count ratio for detecting coronary collaterals was determined.
Results: A manual stress/rest count ratio <0.80 identified coronary
collaterals with 81% sensitivity, 92% specificity and 90% accuracy
(p < 0.0001). An automated ratio sO.80 had 90% sensitivity, 88%
specificity and 90% accuracy (p < 0.0001). Vascular beds incor
rectly identified by PET as having collaterals had an increased fre
quency of severe stenoses and abnormal wall motion. Conclusion:
PET perfusion imaging using the stress/rest count ratio can serve as
a unique imaging method to identify coronary collaterals noninva-

sively.
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J.he presence of coronary collateral circulation has a signifi
cant influence on the long-term prognosis of patients with
ischemie heart disease and is thus an important factor in clinical
decision making (1,2). Previously, identification of collaterals
has required coronary angiography and has not been achieved
with noninvasive scintigraphic methods (3â€”7).

A recent study suggested that PET, using dipyridamole stress
and x2Rb as a perfusion tracer, can determine the presence or

absence of coronary collaterals (8). In that study, regional tracer
activity was used as an index of myocardial blood flow. Change
in regional tracer uptake with dipyridamole was expressed as a
stress/rest count ratio: activity with stress divided by the activity
at rest was expressed in a manually outlined region of interest
(ROI). Absolute perfusion was not quantified (8-10). Myocar

dial regions supplied on angiography by collaterals showed a
decrease in tracer uptake in response to dipyridamole (analo
gous to coronary steal) and had stress/rest count ratios <1.0
(8,9). Regions supplied by coronaries with moderate or severe
stenoses showed an increase or no change in tracer uptake in
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response to dipyridamole, respectively; stress/rest count ratios
were > 1.0 (S, 9).

A computerized algorithm for comparing cardiac PET studies
is now available which calculates stress/rest count ratios auto
matically. This offers a simple means of assessing the relative
change in regional tracer activity in response to dipyridamole
and noninvasively identifying coronary collaterals.

In the current study, we analyzed a group of patients who had
undergone dipyridamole X2Rb PET and coronary angiography.

We calculated regional myocardial stress/rest count ratios using
both the manual and automated methods and compared the
accuracy of each method for identifying coronary vascular beds
supplied by collaterals. This analysis provides another assess
ment of whether a dipyridamole-induced decrease in regional
myocardial tracer uptake (as assessed by the stress/rest count
ratio) is a specific marker of collateral circulation and coronary
steal.

MATERIALS AND METHODS

Study Population
The study population consisted of 45 patients (25 men, 20

women; mean age 64 yr) who had dipyridamole 82Rb-PET and

coronary angiography separated by an interval of 3 mo or less.
Only 4 of 45 patients had PET imaging performed before angiog
raphy. Neither the presence of collaterals on angiography nor the
findings on PET imaging were factors in selecting patients for the
study. No patient had a cardiac event in the time between the two
tests.

Cardiac Catheterization
Coronary angiography was performed using the Sones' or

Judkins' technique. Left ventriculography in the right anterior

oblique projection was performed in 41 of 45 patients.
Two experienced angiographers (blinded to the PET results)

visually graded the severity of coronary obstructions and the
presence or absence of collateral circulation in each coronary
vascular bed. Coronary stenoses of severity 5:50% were deemed
hemodynamically significant. Stenoses >70% were deemed se
vere. Collaterals were considered present when there was any
angiographie filling of a major coronary artery (or branch vessel),
distal to a significant stenosis or occlusion, by flow originating
from another coronary artery.

Left ventriculograms were graded visually for regional asynergy.
Wall motion abnormalities in the anterior/apical regions were
ascribed to the left anterior descending artery. Abnormalities in the
inferior wall were ascribed to the right or circumflex coronary
artery.
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TABLE 1
Stress/Rest Count Ratio for Detection of Vascular Distributions Supplied by Coronary Collaterals

Vascular
distributions

having a perfusion
defectwith:Man.

S/R s0.75Man.
S/R >0.75Auto.
S/R &0.75Auto.
S/R >0.75Man.
S/R -s0.80Man.

S/R >0.80Auto.
S/R ==0.80Auto.

S/R >0.80Man.
S/R <0.85Man.

S/R >0.85Auto.
S/R s0.85Auto.
S/R >0.85Man.
S/R s0.90Man.
S/R >0.90Auto.
S/R s0.90Auto.
S/R >0.90Man.
S/R <0.95Man.

S/R >0.95Auto.
S/R s0.95Auto.
S/R > 0.95Angiographie

coronary
collateralsPresent138156174141318320141922016192210Absent89012868902861385184158318216822276p

value<0.000001â€¢:

0.000001<0.000001â€¢;0.000001<0.000001<0.000001â€¢cO.000001<0.000001<0.000001<0.000001Sens.627181908695909590100Spec.92889288878685848478(+)

Pred.
value
(%)62566861585956565449(-)

Pred.

value
(%)929396989799989868100Diag.

accur.
(%)87859088878786868582

Man. = manual; auto. = automatic; S/R = stress/rest count ratio; Sens. = sensitivity; Spec. = specificity; +Pred. value = positive predictive value; -Pred.
value = negative predictive value; Diag. accur. = diagnostic accuracy.

Dipyridamole PET Myocardial Perfusion Imaging
PET imaging was performed on the positron posicam, a 21-slice

bismuth germanate oxide system with an 11.5-cm field of view,
5.0-mm inplane intrinsic resolution. A transmission scan for
attenuation corection was performed with a 68Ge line source and

fanbeam rejection method for minimizing random counts (72).
PET myocardial perfusion imaging was performed at rest and

after dipyridamole stress (0.56 mg/kg; with handgrip to minimize
vasodilator effects) as previously described (13). Identical doses of
40-50 mCi (1420-1650 MBq) s2Rb were administered from a

strontium/rubidium generator. A 6-min static acquisition was
started 70 sec after completion of the infusion to allow for
clearance of activity from the blood pool.

Image data were reconstructed into 21 transaxial tomograms
using reconstruction algorithms providing 10-12-mm resolution
for the heart (Butterworth filter, cutoff 0.4, order 5.0, z-axis
smoothing). Transaxial images were rotated into long-axis and
short-axis tomograms. Polar coordinate maps were constructed
from the short-axis data, with counts normalized to peak myocar
dial values, and data were displayed in an isocount color format
(Â¡5).

Two physicians, experienced in PET imaging (and blinded to the
angiographie results) qualitatively reviewed the rest and stress
tomograms and polar maps of each patient and recorded the
presence of perfusion defects.

Calculation of the Stress/Rest Count Ratio with
User-Defined ROIs

Five to six transaxial tomograms encompassing the superior-to-
inferior regions of the heart, including all perfusion defects were
analyzed. The rest slices were matched to the corresponding stress
transaxial tomograms and divided into septal, apical and lateral
wall segments.

ROIs of >20 pixels were manually drawn in each segment of
each pair of matched transaxial slices. To allow for errors due to
partial volume losses or spillover (/5), the ROI included peak

myocardial activity in normal segments and minimal activity in
segments with a perfusion defect. Mean counts per pixel within
each ROI were determined. A stress/rest count ratio was calculated
for each segment of each matched pair of tomograms (Fig. 1).

By using the transaxial tomograms, a manual stress/rest count
ratio was assigned to each coronary vascular bed. The distribution
of the left anterior descending artery included the anterior, septal
and apical regions, right coronary artery, inferior and posterior/
posteroseptal regions and the circumflex artery of the lateral wall
region. Since coronary vascular beds usually extended through
adjacent transaxial tomograms, the lowest stress/rest count ratio
found within a coronary artery territory was the value used for
analysis.

Patients' perfusion defects often overlap more than one coronary

artery territory. To analyze whether individual patients had any
area of abnormally perfused myocardium supplied by collaterals,
the lowest manual stress/rest count ratio found for each patient was
determined.

Calculation of Stress/Rest Count Ratio Using the
Automated Method

With the use of true-count data from the original polar maps, an
automated computerized algorithm calculated the ratio of stress-
to-rest rubidium activity, displaying the stress/rest count ratios in
polar coordinate form (11). A continuous color spectrum is used in
which ratios <0.9 are coded purple/blue to ratios of 1.8-2.0, which
are coded orange/white. The count ratio map is divided into
anterior, septal, apical, lateral and inferior sectors. The algorithm
then determines the stress/rest count ratio 2% of pixels with the
lowest ratios in each sector, which is the minimum count ratio for
that sector (Fig. 2).

By using the count ratio maps, the minimum (automated) count
ratio was determined for each coronary vascular territory. The
distribution of the left anterior descending artery included the
anterior, septal and apical sectors, right coronary artery, inferior,
circumflex artery and lateral sector.
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FIGURE 1. Stress/rest count ratio
(manual method). (A) Midventricular
transaxial rest tomogram showing
ROI in the septal, apical and lateral
wall segments. (B) Matching tomo
gram after dipyridamole stress
showing a severe lateral wall perfu
sion defect.

To analyze whether individual patients had any area of abnor
mally perfused myocardium supplied by collateral circulation, the
lowest automated stress/rest count ratio found for each patient was
determined.

Data Analysis
The clinical characteristics of patients with and without angio

graphie collaterals were compared using the t-test for unpaired
samples or chi square test. The lowest stress/rest count ratios found
in patients with collaterals on angiography were compared to ratios
found in patients without collaterals using a t-test for unpaired
samples.

The diagnostic accuracy of the manual and automated stress/rest
count ratio for identifying individual coronary vascular beds
supplied by collaterals was determined. Accuracy was computed at
cutoff values for the ratio of 0.75-0.95; the value yielding the

highest accuracy for each method was identified. The diagnostic
accuracy of the stress/rest count ratio for identifying individual
patients having any coronary vascular territory supplied by collat
erals was determined in a similar manner. The significance of the
relationship between the stress/rest count ratio and the presence of
collaterals on angiography was tested using the chi square statistic.

To ascertain whether abnormal wall motion alone, in the absence
of collaterals, was associated with stress/rest count ratios <l.O, we
analyzed the count ratios in arteries without collaterals in relation
to the wall motion of the myocardial segments they supply.
Stress/rest count ratios in arteries supplying segments with abnor
mal wall motion were compared to the ratios in arteries supplying
segments with normal wall motion using the Z-test for proportions;
p values <0.05 were considered significant.

RESULTS

Angiographie
Forty-four of the 45 patients in the study group had signifi

cant coronary disease, 32 of whom had multivessel disease. One
patient, with an anterior myocardial infarction and a corre
sponding ventriculographic wall motion abnormality, had no
significant coronary stenoses angiographically. Seventeen of 45
patients had a previous myocardial infarction as determined by
history or ECG. Seventeen patients had abnormal wall motion
on left ventriculography.

FIGURE 2. Stress/rest count ratio (automated method). (A)Short-axis tomo-
grams, (B) polar maps and (C) count ratio maps in the patient shown in Figure
1 (study 1: rest; study 2: dipyridamole stress). There is a lateral/inferoposterior
perfusion defect with count ratio maps suggesting collateral circulation blood
supply. Angiography showed a 90% stenosis of the circumflex artery with
collaterals from the right coronary.

Collaterals were demonstrated by angiogram in one or more
coronary vascular beds in 18 patients, three of whom had two
arteries supplied by collaterals. Twenty-one individual coronary
vascular beds were collateralized: the left anterior descending
artery in 7 patients, circumflex in 5 patients and right coronary
artery in 9 patients; 27 patients had no collaterals.

There were no significant differences between patients with
and without collaterals in age or frequency of three-vessel
coronary disease (15/18 versus 17/27, p = ns). Male gender was
seen more frequently in patients with collaterals than in patients
without collaterals (14/18 versus 11/27, p < 0.01). There were
no differences between patients with and without collaterals in
blood pressure and heart rate at rest or change in blood pressure
and heart rate in response to dipyridamole.

Identification of Collaterals
The lowest stress/rest count ratios found in patients with

collaterals was significantly less than those found in patients
without collaterals (manual method 0.67 Â±0.12 versus 0.93 Â±
0.76, p < 0.0001; automated method 0.67 Â±0.14 versus 0.94 Â±
0.15, p < 0.001).

The diagnostic accuracy of the stress/rest count ratio for
identifying individual coronary vascular beds supplied by
collateral circulation is shown in Table 1 (16 vascular beds
which had no significant coronary stenoses were excluded from
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TABLE 2
Stress/Rest Count Ratio for Detection of Patients Having Coronary Collaterals

Patients having
a perfusion
defectwithMan.

S/R =s0.75Man.
S/R >0.75Auto.
S/R â€¢Â£0.75Auto.

S/R >0.75Man.
S/R 50.80Man.
S/R >0.80Auto.
S/R Â£0.80Auto.
S/R >0.80Man.
S/R 50.85Man.
S/R >0.85Auto.
S/R Â£0.85Auto.
S/R >0.85Man.
S/R s0.90Man.
S/R >0.90Auto.
S/R s0.90Auto.
S/R >0.90Man.
S/R s0.95Man.
S/R >0.95Auto.
S/R s0.95Auto.
S/R > 0.95Angiographie

coronary
collateralsPresent126126153162162171171171171180Absent6218196218191017819101781910171017p

Value<0.004<0.02â€¢

0.0001<0.0001<0.0006â€¢

:0.00007<0.0001â€¢

0.0001â€¢

0.0001â€¢

0.00001Sens.676783898994949494100Spec.78707870637063706363(+)

Pred.
value67606370626863686364(-)

Pred.

value
(%)787688908995949594100Diag.

accur.
(%)73698078738076807678

Man. = manual; Auto. = automatic; S/R = stress/rest count ratio; Sens. = sensitivity; Spec. = specificity; + Pred. value = positive predictive value; -Pred.
value = negative predictive value; Diag. accur. = diagnostic accuracy.

this analysis). For the manual method, maximal diagnostic
accuracy (90%) occurs at a ratio of <0.80: 17 of 21 coronary
vascular beds supplied by collaterals had manual stress/rest
count ratios ^0.80, while 90 of 98 vascular beds without
collaterals had ratios of >0.80 (sensitivity 81%, specificity
92%, p < 0.00001). For the automated method, maximal
accuracy (87%) occurred at a ratio of ^0.80: 19 of 21 vascular
beds supplied by collaterals, and 85/98 without collaterals were
correctly identified (sensitivity 90%, specificity 88%, p <
0.00001 ). There were no differences in accuracy, sensitivity or
specificity between the methods.

The diagnostic accuracy of the stress/rest count ratio for
identifying individual patients with any vascular bed supplied
by collaterals is shown in Table 2. For the manual method,
accuracy is maximal (80%) at a ratio of ^0.80: The perfusion
defects of 15/18 patients with collaterals have manual stress/rest
count ratios <0.80. The ratio is >0.80 in 21/27 patients without
collaterals (sensitivity 83%, specificity 78%, p < 0.0001). For
the automated method, accuracy is maximal (80%) at a ratio
of <0.90, correctly identifying 17/18 patients with collaterals
and 19/27 patients without collaterals (sensitivity 94%, speci
ficity 70%, p < 0.0001). There were no significant differences
in sensitivity, specificity or overall accuracy between the two
methods.

Two factors were associated with vascular territories being
misidentified by PET as being supplied by collaterals: severe
coronary stenoses and regional wall motion abnormalities.
Severe stenoses (>70%) were present in 8/8 vascular beds
misidentified as having collaterals by the manual method versus
47/85 correctly identified by PET as not having collaterals (Z =
8.3, p < 0.0001 ). Of seven myocardial segments with abnormal
wall motion supplied by arteries without collaterals, four (57%)
had automated stress/rest count ratios ^0.8. Of 48 segments
with normal wall motion supplied arteries without collaterals,
only 6 (12%) had ratios <0.8 (Z = 5.7, p < 0.0001).

There were no significant differences in the hemodynamic

response to dipyridamole between patients correctly and incor
rectly identified by PET as having collaterals.

DISCUSSION
The presence of coronary collateral circulation significantly

influences the prognosis and management of coronary disease
(/). In patients with a recent myocardial infarction, collateral
blood supply to the infarcÃ¬vessel results in limitation of infarcÃ¬
size, prevents Ihe formalion of ventricular aneurysms and is
associated with improvement in ventricular function after re-
vascularizalion (16-20). Consequenlly, Ihe presence of collal-
erals has become an important factor influencing the choice of
therapy in patienls wilh coronary disease and has led to an
interest in their noninvasive identificalion (21).

Noninvasive Identification of Coronary Collaterals Using
PET Imaging

Single-photon perfusion imaging have shown thai Ihe pres
ence of coronary collalerals is associaled wilh more exlensive
perfusion defecls bul has noi defined specific scinligraphic
prediclors which idenlify coronary collalerals (4-7).

PET imaging, wilh coincidence counling of high-energy
annhilalion pholons and Ihe abilily lo perform allenualion
correclion (22), may be capable of idenlifying myocardial
regions in which Iracer uplake decreases in response lo di
pyridamole. Such a decrease could serve as a noninvasive
marker of coronary sleal, a pathophysiologyic property unique
to col lateral ized vascular beds (2.9).

The current study confirms lhal quanlificalion of regional
myocardial Iracer uplake on dipyridamole 82Rb PET can be

used lo noninvasively idenlify collaleralized coronary vascular
beds. A slress/resl count ralio <0.8 dislinguishes collaleralized
from noncollaleralized beds wilh a diagnostic accuracy exceed
ing 80%. Bolh manual and aulomaled melhods of compuling
Ihe slress/resl counl ralio yield comparable resulls.

Our dala corroborale the resulls of Demer el al. (8) bul differ
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in that the stress/rest count ratio had a somewhat lower positive
predictive value for collaterals than was reported previously
(69% versus 84%). In the current study, 13 vascular beds
fulfilled the stress/rest count ratio criteria for collaterals but had
no collaterals at angiography. There are several possible expla
nations for this finding.

First, collaterals could exist in these vascular beds but be
smaller than 1.0 mm, the limits of resolution for angiography
(3). Myocardial contrast echocardiography has demonstrated
evidence of collateral circulation in patients with no collaterals
seen on coronary angiography (20). Second, regional wall
motion abnormalities could produce low stress/rest count ratios
in the absence of collaterals. Dipyridamole can induce wall
motion abnormalities or worsen wall motion in regions with
asynergy at rest (23,24). Because of partial volume effects, this
may reduce the recovery of counts from a myocardial segment
by the PET camera (/5), resulting in a low stress/rest count ratio
in the absence of collaterals or coronary steal. In this study,
abnormal wall motion was more frequent in regions misidenti-

fied by PET as being supplied by collaterals. The lower
predictive value of the stress/rest count ratio in this study versus
that of Demer et al. (S) might be due to a higher prevalence of
resting or dipyridamole-induced wall motion abnormalities in
our population.

Study Limitations
Absolute myocardial perfusion was not quantified in this

study. In severely stenotic coronary arteries, without collaterals,
blood flow does not increase in response to dipyridamole, but
peripheral vasodilation may occur thereby reducing arterial
rubidium input function (23,24). Regional rubidium uptake may
decrease (and the stress/rest count ratio be <1.0) without a true
decrease in regional blood flow (9,22). This may have occurred
in this study and could be the mechanism for the association
noted between severe coronary stenoses and false-positive

stress/rest count ratios.
However, quantitation of myocardial perfusion is technically

demanding and requires determination of cardiac output, time
arterial concentration of tracer and correction for partial volume
losses, spillover and isotope extraction fraction (10,22,25). Our
data suggest that simple quantitation of tracer uptake using the
stress/rest count ratio reflects the direction of change in perfu
sion in response to dipyridamole and may be a clinically useful
marker of collaterals.

Patients in this study were not selected for inclusion because
of their coronary angiographie or PET findings, limiting the
influence of post-test referral bias on our results (26). However,
patients with unstable coronary syndromes were excluded
because of our use of dipyridamole stress. Thus, our data
applies only to populations with clinically stable ischemie heart
disease.

CONCLUSION
The stress/rest count ratio on 82Rb dipyridamole PET perfu

sion imaging is a significant predictor of coronary collateral
circulation. By using count ratio maps, which are constructed
automatically by computer algorithm, collateralized vascular
beds can be identified as areas in which rubidium uptake
decreases in response to dipyridamole.

Our data indicate that the stress/rest count ratio has a higher
sensitivity but lower specificity and predictive value for detect
ing collaterals than was previously reported. Because of partial
volume effects or reduced arterial rubidium input function in
response to dipyridamole, severe coronary stenoses or wall

motion abnormalities may cause a low stress/rest count ratio in
the absence of collaterals. Nevertheless, stress/rest count ratios
and automated count ratio maps may serve as unique imaging
descriptors that can noninvasively identify coronary collaterals
without requiring quantitation of regional myocardial blood
flow.
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