SPECIAL CONTRIBUTION

Position Statement: Clinical Use of Cardiac
Positron Emission Tomography

Position Paper of the Cardiovascular Council of the
Society of Nuclear Medicine

Heinrich Schelbert, Principal Author, and members of the Subcommittee on Positron Emission Tomography of
the Cardiovascular Council: Robert O. Bonow, Edward Geltman, Jamshid Maddahi and Markus Schwaiger

J Nucl Med 1385-1388

Since its inception almost 20 yr ago, positron emission
tomography (PET) has matured and has moved from the
research laboratory into the clinical environment. Im-
provements in imaging instrumentation, simplification of
image acquisition, processing and analysis as well as
streamlining and automation of tracer production and syn-
thesis have facilitated its use for routine diagnostic studies.
Development of new tracer technologies have expanded
the scope of investigations that are now possible with PET,
whereas clinical investigations have demonstrated the util-
ity for detection and characterization of cardiac disease.
PET has become accepted at numerous institutions as a
clinically relevant diagnostic modality. Current estimates
indicate that there are about 60 PET facilities in North
America (U.S. and Canada), 45 in Europe, 20 in Japan and
9 in other countries, including three in Australia. PET
currently represents the most advanced imaging modality
in nuclear medicine, is likely to accelerate the clinical ap-
plication of tracer kinetic principles to various disease en-
tities and represents a unique and powerful research tool
for the study of human physiology and pathophysiology.

TECHNOLOGICAL AND OPERATIONAL ASPECTS OF
PET

PET possesses several unique features:

¢ Quantitative imaging ability, because of appropriate
corrections for emission images by measured rather
than estimated photon attenuation and the depth-inde-
pendent spatial resolution.
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o Availability of an almost unlimited number of radiop-
harmaceuticals or “true tracers” labeled with short-
lived positron-emitting isotopes, for example, !'C,
BN, 10, '®F and ®2Rb.

¢ High temporal resolution with sampling rates of sev-
eral seconds, which permits in vivo measurements of
regional functional processes (blood flow, metabolism,
receptors) in the human heart.

Static or dynamic transaxial tomographic images of the
uptake, retention and clearance of positron-emitting trac-
ers in myocardium are obtained with PET. These transax-
ial images can be reoriented into short-axis and long-axis
sections of the left ventricular myocardium. Static images
depict the relative distribution of radiotracers in the myo-
cardium and provide qualitative information on the relative
distribution of functional processes in the myocardium.
Their spatial distribution throughout the left ventricular
myocardium can be displayed in the form of polar maps.
Rapid serial image acquisition permits the measurement of
the arterial input function of a radiotracer and the myocar-
dial tissue response to it. Use of appropriate and biochem-
ically validated tracer kinetic models allows the noninva-
sive quantification of regional functional processes such as
myocardial blood flow, glucose utilization, oxidative me-
tabolism or fatty acid metabolism. More recently devel-
oped tracers offer opportunities for characterizing myocar-
dial tissue hypoxia, adrenergic neurons and adrenergic and
cholinergic cardiac receptors.

To take full advantage of the unique capabilities of PET,
on-site cyclotrons for in-house production of positron-
emitting isotopes and synthesis of positron-emitting ra-
diopharmaceuticals are required. Successful development
of dedicated medical cyclotrons together with automated
tracer production and synthesis have made PET more con-
venient; yet the start-up and operational costs remain high.
As an alternative, generator-produced radiopharmaceuti-
cals such as ®2Rb can be used. They obviate the need for
on-site cyclotrons but limit studies with PET to the evalu-
ation of myocardial blood flow and, possibly, myocardial
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viability. A second alternative is the regional production
and distribution of positron-emitting isotopes or radiophar-
maceuticals to institutions with scanners but without cy-
clotrons. Tracers available through regional distribution
centers are currently limited to ®F-labeled compounds
with a near 2-hr physical half-life. Such tracers can be used
alone or in conjunction with generator-produced PET flow
tracers such as #’Rb or with SPECT flow agents.

CLINICAL USES OF CARDIAC PET

Cardiac PET is clinically used for: (a) detection and
characterization of coronary artery disease and (b) identi-
fication of myocardial viability.

Detection of Coronary Artery Disease

Results of studies with rest and pharmacologic stress
perfusion imaging have been reported in peer reviewed
journals in more than 500 subjects. Either the generator-
produced ®2Rb or the cyclotron-produced *N-ammonia
were employed as tracers of blood flow. Characteristically,
myocardial perfusion is initially evaluated at baseline and
subsequently during pharmacologically induced myocar-
dial hyperemia. Given the short physical half-life of *’Rb of
only 75 sec, a study comprising a set of transmission (pho-
ton attenuation) and two sets of emission images can be
completed within about 1 hr. Due to the longer physical
half-life of "*N-ammonia (9.9 min), more time is required
for physical decay of tracer between studies so that a
complete rest-stress study with >N-ammonia requires ap-
proximately 1-2 hr.

Both tracers yield comparable diagnostic accuracies.
Reported sensitivities for the detection of coronary artery
disease range from 87% to 97% and specificities range from
78% to 100% (1-5). Appropriate correction for photon at-
tenuation together with the high contrast and spatial reso-
lution of PET account for the high diagnostic performance.

One study in 203 patients, performed with near simulta-
neous injection of 2Rb and *'Tl, reports similar specific-
ities of 78% and 80% for PET and SPECT. The sensitivity
was 93% for PET as compared to only 76% for SPECT (4).
As ®?Rb was injected at 4 min but °'T1 at about 9 min after
the dipyridamole infusion, a possible decline of the hyper-
emic response during the interval period has been invoked
as an explanation for the lower sensitivity of 2°'Tl. How-
ever, based on coronary sinus flow measurements, the
decline in myocardial blood flow during this interval
amounts to only about 10% and thus is unlikely to account
fully for the observed difference between the PET and
SPECT findings (6). A second study, comparing exercise
or dipyridamole stress 2'T1 SPECT to %Rb rest and dipyr-
idamole stress PET in 81 patients, reported similar sensi-
tivities for both approaches but a significant gain in speci-
ficity with PET from 53% to 88% (5). Although patient
selection might explain the low specificity of thallium test-
ing in the latter study, such “false-positive” results were
not obtained when the same patients were studied with
82Rb. The results of both studies differ from those of an
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earlier study which employed supine bicycle exercise
stress and failed to demonstrate a significant difference
between both approaches (3). Overall sensitivities were
88% (PET) and 81% (SPECT) and specificities were 90%
(PET) and 94% (SPECT).

Identification of Myocardial Viabllity

Several studies have demonstrated the utility of com-
bined perfusion and glucose utilization (with '*F-deoxyglu-
cose) imaging for identifying viable myocardium or poten-
tially reversible segmental contractile dysfunction (7-13).
The operational terms ‘‘blood flow metabolism match”
and ““mismatch’’ refer to concordant reductions in both,
blood flow and glucose utilization, or reduced blood flow
with preserved or enhanced glucose utilization relative to
blood flow. This qualitative tissue characterization as-
sesses average transmural blood flow and glucose utiliza-
tion because the current image resolution precludes the
differentiation between endocardial and epicardial layers.
Therefore, the term ‘“mismatch’” does not necessarily im-
ply the potential for full recovery of contractile function, as
scar tissue and ischemically injured but potentially viable
myocardium frequently coexist. Conversely, the term
“match” does not imply complete transmural scar tissue
formation as normal myocardium may coexist with scar tis-
sue. Rather, it implies that contractile function is unlikely to
improve following interventional revascularization (7).

Tested against the outcome of regional contractile func-
tion after interventional revascularization, a blood flow
metabolism mismatch was found to be 68%-95% accurate
for predicting a postrevascularization improvement in re-
gional wall motion, whereas a ““match” was found to be
75%-100% accurate in predicting that segmental wall mo-
tion would not improve (7-13). The overall predictive ac-
curacy in these studies, which included a total of 117 pa-
tients with 384 dysfunctional segments, averaged 82%.
Additionally, some of these studies have suggested that the
extent of a mismatch may be of value in predicting the
improvement of global left ventricular function after suc-
cessful revascularization.

Although the above findings pertain primarily to patients
with chronic coronary artery disease, blood flow metabo-
lism mismatches have also been reported to occur during
the early postinfarction period (14-17). Whether these
“match’ and ‘““mismatch’’ patterns are as predictive as has
been noted in chronic coronary artery disease remains
uncertain. In other words, whether blood flow and metab-
olism patterns in acute infarct patients distinguish between
persistent ischemia and completed infarction and thus pro-
vide a rationale for interventional revascularization or in-
dicate successful reperfusion has not been fully deter-
mined. Thus, further investigations in this area are
required.

Alternate approaches for the assessment of myocardial
viability are widely available. Recent modifications of the
standard 2'T1 stress-redistribution protocol in terms of
delayed redistribution imaging or imaging after tracer rein-
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jection have largely overcome the shortcomings of initial
4-hr redistribution 2°'T1 scintigraphy and have resulted in a
statistically significant enhancement of the diagnostic ac-
curacy with which viable myocardium can be identified
and distinguished from scar tissue (18,19). Two more re-
cent comparative studies in relatively small patient popu-
lations have revealed disparities between the two methods.
In the first study, '8F-deoxyglucose uptake was increased
relative to blood flow in 52 (63%) of 88 myocardial seg-
ments that appeared as fixed defects with thallium reinjec-
tion techniques (20). However, in a subgroup of segments
with severe (greater than 50%) nonredistributing thallium
defects, '8F-deoxyglucose was present in 51%; the same
percentage of segments revealed increased thallium uptake
after thallium reinjection, suggesting that the PET and 2°'T1
SPECT approaches offered comparable diagnostic accura-
cies. On the other hand, a second study revealed preserved
18F.deoxyglucose uptake in 7 (25%) of 28 segments show-
ing fixed defects with the thallium reinjection technique (9).
Furthermore, the enhanced FDG uptake in 25% of seg-
ments with a fixed thallium defect after reinjection was
shown to be predictive of postrevascularization improve-
ment in regional wall motion.

The available data indicate a gain in accuracy for assess-
ment of myocardial viability with PET. This gain applies
especially to patients with poor left ventricular function or
end stage coronary artery disease in whom the “‘positive”’
signal of enhanced FDG localization on PET can be iden-
tified with greater diagnostic confidence than the “‘nega-
tive” signal of depressed *°'Tl uptake on SPECT. The
ability to perform correction for photon attenuation with
PET also represents a major advantage, since regions with
““irreversibly”’ reduced tracer activity on SPECT images
could represent either necrotic and/or fibrotic tissue or
normal tissue with attenuated activity. It is recognized that
protocols for studies with PET aiming at the detection of
coronary artery disease as well as for the identification of
myocardial viability differ between institutions in terms of
dietary study conditions, criteria for matches and mis-
matches between blood flow and metabolism and for image
analysis. Therefore, there is a need for greater standard-
ization of these PET procedures and their analyses.

POTENTIAL FOR CARDIOVASCULAR RESEARCH

Given its unique features and the large number of al-
ready existing or potentially available positron-emitting
tracers, PET offers new opportunities for exploring and
defining cardiovascular physiology and pathophysiology in
humans. Continuation of current research efforts as well as
development of new quantitative tracer techniques are
likely to offer new and clinically relevant insights into hu-
man cardiac disease. Several approaches for the quantifi-
cation of regional blood flow in human myocardium have
been introduced (21-27). Tracer kinetic models have been
developed to correct for the nonlinear relationship of tracer
retention and blood flow and for the effects of resolution
distortion (partial volume effect; activity spillover). Mea-
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surements of blood flow at rest and during pharmacologic
vasodilation have been employed for the quantification of
myocardial perfusion reserve. Validated experimentally
and clinically, both the '*O-water and '*N-ammonia meth-
ods are currently employed for characterization of myo-
cardial blood flow in coronary and noncoronary heart dis-
ease (28-32). The noninvasive quantification of myocardial
blood flow is likely to contribute further to defining the
hemodynamic significance of coronary artery disease,
monitoring the progression or regression of disease and
monitoring effects of invasive therapeutic interventions.
Such quantitative studies may prove equally useful in the
study or management of such noncoronary disease as, for
example, left ventricular hypertrophy.

Besides '®F-deoxyglucose (FDG), ''C-acetate has
emerged as the metabolic tracer most commonly used in
the research laboratory. This tracer assesses TCA-cycle
flux and thus provides estimates of myocardial oxygen
consumption (33-35). Such measurements appear to be
useful in assessing tissue viability as shown in patients with
acute infarction and chronic coronary artery disease
(13,17). Larger studies are required to further compare
C-acetate kinetics and FDG uptake in patients undergo-
ing revascularization in order to define the relative advan-
tages of each approach. In noncoronary heart disease,
11C-acetate may provide measurement of cardiac efficiency
and be useful for monitoring therapy. Preliminary data
suggest that longitudinal studies with markers of blood flow
and metabolism are likely to identify high risk patients and
to offer algorithms for stratifying patients to the most ap-
propriate therapeutic management. Additional approaches
for the assessment of myocardial viability, such as pro-
vided by 82Rb alone or the water technique, need further
assessment to define their value in the clinical setting
(36,37). Equally promising are the potential uses of newly
evolving tracers for characterizing cardiac presynaptic and
postsynaptic neuronal activity (38-40). In addition to of-
fering opportunities for exploring the relationship between
neuronal control, substrate metabolism, and its regulation
and contractile function and electrical activity, these ap-
proaches may prove clinically useful for monitoring and
optimizing drug therapy.

CONCLUSIONS AND RECOMMENDATIONS

The Society of Nuclear Medicine acknowledges that
currently available data have demonstrated the high diag-
nostic accuracy of PET for the noninvasive diagnosis of
coronary artery disease and for the identification of myo-
cardial viability. It is therefore recommended that both
diagnostic approaches of PET be reimbursed by public and
private health care insurance carriers.

ACKNOWLEDGMENTS

The Subcommittee on Positron Emission Tomography was
appointed by the Board of Directors of the Cardiovascular Coun-
cil, The Society of Nuclear Medicine: Frans J. Th. Wackers, MD,
President; E. Gordon DePuey, MD, President-elect; Lynne L.

1387



Johnson, MD, Secretary-Treasurer; Timothy M. Bateman, MD;
Steven R. Bergmann, MD; Jeffrey S. Borer, MD; Kenneth A.
Brown, MD; Raymond J. Gibbons, MD; Robert C. Hendel, MD;
Jonathan Links, PhD; Steven C. Port, MD; Aldo Serafini, MD; H.
William Strauss, MD; Jennifer Mattera, CNMT.

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Schelbert HR, Wisenberg G, Phelps ME, et al. Noninvasive assessment of
coronary stenoses by myocardial imaging during pharmacologic coronary
vasodilation. V1. Detection of coronary artery disease in man with intrave-
nous N-13 ammonia and positron computed tomography. Am J Cardiol
1982;49:1197-1207.

. Demer LL, Gould KL, Goldstein RA, et al. Assessment of coronary artery

disease severity by positron emission tomography. Comparison with quan-
titative arteriography in 193 patients. Circulation 1989;79:825-835.

. Tamaki N, Yonekura Y, Senda M, et al. Value and limitation of stress thalli-

um-201 single photon emission computed tomography: comparison with nitro-
gen-13 ammonia positron tomography. J Nucl Med 1988;29:1181-1188.

. Go R, Marwick T, Maclntyrcw et al. A prospective comparison of rubid-

ium-82 PET and thallium-201 SPECT myocardial perfusion imaging utilizing
a single dipyridamole stress in the diagnosis of coronary artery disease. J
Nucl Med 1990;31:1899-1905.

. Stewart R, Schwaiger M, Molina E, et al. Comparison of rubidium-82

positron emission tomography and thallium-201 SPECT imaging for detec-
tion of coronary artery disease. Am J Cardiol 1991;67:1303-1310.

. Brown BG, Josephson MA, Peterson RB, et al. Intravenous dipyridamole

combined with isometric handgrip for near maximal acute increase in cor-
onary flow in patients with coronary artery disease. Am J Cardiol 1981;48:
1077-1085.

. Tillisch J, Brunken R, Marshall R, et al. Reversibility of cardiac wall motion

abnormalities predicted by positron tomography. N Engl J Med 1986;314:
884-888

. Tamaki 1;1, Yonekura Y, Yamashita K, et al. Positron emission tomography

using fluorine-18 deoxyglucose in evaluation of coronary artery bypass
grafting. Am J Cardiol 1989;64:860-865.

. Tamaki N, Ohtani H, Yamashita K, et al. Metabolic activity in the areas of

new fill-in after thallium-201 reinjection: comparison with positron emission
tomography using fluorine-18-deoxyglucose. J Nucl Med 1991;32:673-678.
Marwick T, Nemec J, Lafont A, Salcedo E, MacIntyre W. Prediction by
postexercise fluoro-18-deoxyglucose positron emission tomography of im-
provement in exercise capacity after revascularization. Am J Cardiol 1992;
69:854-859.

Carrel T, Jenni R, Haubold-Reuter S, Von Schulthess G, Pasic M, Turina
M. Improvement of severely reduced left ventricular function after surgical
revascularization in patients with preoperative myocardial infarction. EurJ
Cardiothorac Surg 1992;6:479-484.

Lucignani G, Paolini G, Landoni C, et al. Presurgical identification of
hibernating myocardium by combined use of technetium-99m hexakis
2-methoxyisobutylisonitrile single photon emission tomography and fluo-
rine-18 fluoro-2-deoxy-D-glucose positron emission tomography in patients
with coronary artery disease. Eur J Nucl Med 1992;19:874-881.

Gropler R, Geltman E, Sampathkumaran K, et al. Functional recovery after
coronary revascularization for chronic coronary artery disease is dependent on
maintenance of oxidative metabolism. J Am Coll Cardiol 1992;20:569-577.
Schwaiger M, Brunken R, Grover-McKay M, et al. Regional myocardial
metabolism in patients with acute myocardial infarction assessed by
positron emission tomography. J Am Coll Cardiol 1986;8:800-808.
Schwaiger M, Brunken R, Krivokapich J, et al. Beneficial effect of residual
antegrade flow on tissue viability as assessed by positron emission tomog-
raphy in patients with myocardial infarction. Eur Heart J 1987;8:981-988.
Pierard L, De Landsheere C, Berthe C, Rigo P, Kulbertus H. Identification
of viable myocardium by echocardiography during dobutamine infusion in
patients with myocardml infarction after thrombolytic therapy: comparison
with positron emission tomography. J Am Coll Cardiol 1990'15 1021-1031.
Gropler R, Siegel B, Sampathkumaran K, et al. Dependence of recovery of
contractile function on maintenance of oxidative metabolism after myocar-
dial infarction. J Am Coll Cardiol 1992;19:989-997.

Kiat H, Berman DS, Maddahi J, et al. Late reversibility of tomographic
myocardial thallium-201 defects: an accurate marker of myocardial viabil-
ity. J Am Coll Cardiol 1988;12:1456-1463.

Dilsizian V, Rocco T, Freedman N, Leon M, Bonow R. Enhanced detection
of ischemic but viable myocardium by the reinjection of thallium after
stress-redistribution imaging. N Engl J Med 1990;323:141-146.

1388

21.

31

32

33.

3.

37.

39.

. Bonow R, Dilsizian V, Cuocolo A, Bacharach S. Identification of viable

myocardium in patients with chronic coronary artery disease and left ven-
tricular dysfunction: comparison of thallium scintigraphy with reinjection
and PET imaging with F-18-fluorodeoxyglucose. Circulation 1991;83:26-37.
Bergmann SR, Herrero P, Markham J, Weinheimer CJ, Walsh MN. Non-
invasive quantitation of myocardial blood flow in human subjects with
oxygen-15-labeled water and positron emission tomography. J Am Coll
Cardiol 1989;14:639-652.

. Araujo L, Lammertsma A, Rhodes C, et al. Noninvasive quantification of

regional myocardial blood flow in coronary artery disease with oxygen-15-
labeled carbon dioxide inhalation and positron emission tomography. Cir-
culation 1991;83:875-885.

. Hutchins G, Schwaiger M, Rosenspire K, Krivokapich J, Schelbert H, Kuhl

D. Noninvasive quantification of regional blood flow in the human heart
using N-13 ammonia and dynamic positron emission tomographic imaging.
J Am Coll Cardiol 1990;15:1032-1042.

. Bellina C, Parodi O, Camici P, et al. Simultaneous in vitro and in vivo

validation of nitrogen-13-ammonia for the assessment of regional myocar-
dial blood flow. J Nucl Med 1990;31:1335-1343.

. Krivokapich J, Smith GT, Huang SC, et al. Nitrogen-13 ammonia myocar-

dial imaging at rest and with exercise in normal volunteers. Quantification of
absolute myocardial perfusion with dynamic positron emission tomography.
Circulation 1989;80:1328-1337.

. Kuhle W, Porenta G, Huang S-C, et al. Quantification of regional myocar-

dial blood flow using '*N-ammonia and reoriented dynamic positron emis-
sion tomographic imaging. Circulation 1992;86:1004-1017.

. Chan S, Brunken R, Czemnin J, et al. Comparison of maximal myocardial

blood flow during adenosine infusion with that of intravenous dipyridamole
in normal men. J Am Coll Cardiol 1992;20:979-985.

. Walsh MN, Geltman EM, Brown MA, et al. Noninvasive estimation of

regional myocardial oxygen consumption by positron emission tomography
with carbon-11-acetate in patients with myocardial infarction. J Nucl Med
1989;30:1798-1808.

. Senneff M, Geltman E, Bergmann S, Hartman J. Noninvasive delineation of

the effects of moderate aging on myocardial perfusion. J Nucl Med 1991;
32:2037-2042.

. Camici P, Chiriatti G, Oorenzoni R, et al. Coronary vasodilation is impaired

in both hypertrophied and nonhypertrophied myocardium of patients with
hypertrophic cardiomyopathy: a study with nitrogen-13 ammonia and
positron emission tomography. J Am Coll Cardiol 1991;17:879-886.
Krivokapich J, Stevenson L, Kobashigawa J, Huang S-C, Schelbert H.
Quantification of absolute myocardial perfusion at rest and during exercise
with positron emission tomography after human cardiac transplantation. J
Am Coll Cardiol 1991;18:512-517.

Geltman E, Henes C, Senneff M, Sobel B, Bergmann S. Increased myo-
cardial perfusion at rest and diminished perfusion reserve in patients with
angina and angiographically normal coronary arteries. J Am Coll Cardiol
1990;16:586-595.

Armbrecht JJ, Buxton DB, Brunken RC, Phelps ME, Schelbert HR. Re-
gional myocardial oxygen consumption determined noninvasively in hu-
mans with [1-''Clacetate and dynamic positron tomography. Circulation
1989;80:863-872.

. Henes CG, Bergmann SR, Walsh MN, Sobel BE, Geltman EM. Assess-

ment of myocardial oxidative metabolic reserve with positron emission
tomography and carbon-11-acetate. J Nucl Med 1989;30:1489-1499.
Kotzerke J, Hicks R, Wolfe E, et al. Three-dimensional assessment of myo-
cardial oxidative metabolism: a new approach for regional determination of
PET-derived carbon-11-acetate kinetics. J Nuc Med 1990;31:1876-1883.

. Gould L, Yoshida K, Hess M, Haynie M, Mullani N, Smalling R. Myocar-

dial metabolism of fluorodeoxyglucose compared to cell membrane integrity
for the potassium analogue rubidium-82 for assessing infarct size in many by
PET. J Nucl Med 1991;32:1-9.

lida H, Rhodes C, de Silva R, et al. Myocardial tissue fraction—correction
for partial volume effects and measure of tissue viability. J Nucl Med
1991;32:2169-2175.

. Delforge J, Janier M, Syrota A, et al. Noninvasive quantification of mus-

carinic receptors in vivo with positron emission tomography in the dog
heart. Circulation 1990;82:1494-1504.
Delforge J, Syrota A, Langon J, et al. Cardiac beta-adrenergic receptor
density measured in vivo using PET, CGP 12177, and a new graphical
method. J Nucl Med 1991;32:739-748.

. Schwaiger M, Kalff V, Rosenspire K, et al. Noninvasive evaluation of

sympathetic nervous system in human heart by positron emission tomog-
raphy. Circulation 1990;82:457-464.

The Joumnal of Nuclear Medicine * Vol. 34 ¢ No. 8 * August 1933





