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PREAMBLE

The Society of Nuclear Medicine and Molecular Imaging
(SNMMI) is an international scientific and professional organiza-
tion founded in 1954 to promote the science, technology, and
practical application of nuclear medicine. Its 16,000 members are
physicians, technologists, and scientists specializing in the re-
search and practice of nuclear medicine. In addition to publishing
journals, newsletters, and books, the SNMMI also sponsors
international meetings and workshops designed to increase the
competencies of nuclear medicine practitioners and to promote
new advances in the science of nuclear medicine.

The SNMMI will periodically define new guidelines for nuclear
medicine practice to help advance the science of nuclear medicine
and to improve the quality of service to patients throughout the
United States. Existing practice guidelines will be reviewed for
revision or renewal, as appropriate, on their fifth anniversary or
sooner, if indicated.

Each practice guideline, representing a policy statement by the
SNMMI, has undergone a thorough consensus process in which it
has been subjected to extensive review, requiring the approval of
the Committee on Guidelines and SNMMI Board of Directors.
The SNMMI recognizes that the safe and effective use of diag-
nostic nuclear medicine imaging requires specific training, skills,
and techniques, as described in each document. Reproduction or
modification of the published practice guideline by those entities
not providing these services is not authorized.

These guidelines are an educational tool designed to assist
practitioners in providing appropriate care for patients. They are
not inflexible rules or requirements of practice and are not
intended, nor should they be used, to establish a legal standard
of care. For these reasons and those set forth below, the SNMMI
cautions against the use of these guidelines in litigation in which
the clinical decisions of a practitioner are called into question.

The ultimate judgment regarding the propriety of any specific
procedure or course of action must be made by the physician
or medical physicist in light of all the circumstances presented.
Thus, there is no implication that an approach differing from the
guidelines, standing alone, was below the standard of care. To the
contrary, a conscientious practitioner may responsibly adopt a
course of action different from that set forth in the guidelines
when, in the reasonable judgment of the practitioner, such course
of action is indicated by the condition of the patient, limitations of
available resources, or advances in knowledge or technology
subsequent to publication of the guidelines.

The practice of medicine involves not only the science, but
also the art, of dealing with the prevention, diagnosis, alleviation,
and treatment of disease. The variety and complexity of human
conditions make it impossible to always reach the most appro-
priate diagnosis or to predict with certainty a particular response

to treatment. Therefore, it should be recognized that adherence
to these guidelines will not ensure an accurate diagnosis or a

successful outcome. All that should be expected is that the

practitioner will follow a reasonable course of action based on

current knowledge, available resources, and the needs of the

patient to deliver effective and safe medical care. The sole purpose

of these guidelines is to assist practitioners in achieving this

objective.

I. INTRODUCTION

This guideline was developed collaboratively by the SNMMI

with the American Society of Nuclear Cardiology (ASNC) and the

Society of Cardiovascular CT (SCCT).
Since 2002, there has been a rapid evolution of hybrid

imaging technology incorporating high-quality multidetector-

row CT technology, along with the latest SPECT and PET

detector systems. The increasing clinical use of these hybrid

systems for cardiovascular radionuclide studies necessitates the

establishment of guidelines to ensure reliable use and practice

of this technology. The purpose of this document is to assist

physicians in the proper performance (acquisition, processing,

interpretation, and reporting) of cardiovascular imaging proce-

dures using hybrid-imaging devices and in the use of post-

processing software techniques to fuse cardiovascular images

obtained on dedicated CT and radionuclide scanners. This

document assumes a basic knowledge of cardiac SPECT (1–

5) and PET (1,4,6). For further details, the readers are referred

to the previously published guideline documents. The current

document will focus on the use of hybrid imaging procedures

and cardiac CT.

II. GOALS

Hybrid imaging is the term frequently used to describe imaging

approaches that combine radionuclide imaging with CT. This

could be achieved with both CT and radionuclide scanners

mounted on the same gantry or with separate imaging systems.

The radionuclide component of hybrid imaging could include ei-

ther SPECT or PET. The CT component of the original hybrid

systems was designed primarily for attenuation correction and

not for diagnostic anatomic imaging. However, the more recent

SPECT/CT and PET/CT scanners incorporate multidetector CT

scanners that provide diagnostic-quality CT, including coronary

artery calcium scoring and coronary CT angiography (CTA).
Hybrid SPECT/CT and PET/CT enable us to assess cardiac

physiology along with cardiac and coronary anatomy (7–9). The

use of CT-based transmission imaging and attenuation correction

improves the diagnostic accuracy of myocardial perfusion imaging

(MPI), compared with non–attenuation-corrected MPI (10). Atten-

uation correction facilitates quantitative imaging of myocardial

perfusion and metabolism. The assessment of anatomic coronary

atherosclerotic burden may amplify the diagnostic and prognostic

value of rest and stress MPI. Lastly, the fusion of cardiac and

coronary anatomy with functional imaging holds potential for re-

search applications in molecular imaging. Data to support the

clinical utility of hybrid imaging continue to accrue (11). This

document provides a consensus recommendation for how best

to perform, interpret, and report clinical hybrid cardiac imaging

studies.

1486 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 54 • No. 8 • August 2013



III. DEFINITIONS

A hybrid SPECT/CT scanner is an integrated device wherein
the gantry includes both a SPECT scanner and a CT scanner,
which use a common bed to move the patient sequentially through
both scanners. A hybrid PET/CT scanner is an integrated device
wherein the gantry includes both a PET scanner and a CT scanner,
also using a common bed to move the patient sequentially through
both scanners. A dedicated SPECT scanner is a SPECT scanner
with or without a radionuclide source for transmission imaging
and attenuation correction. A dedicated PET scanner is one
containing a radionuclide source for transmission imaging and
attenuation correction. CTAC refers to a CT transmission scan
used for attenuation correction of the radionuclide images. Mis-
registration refers to the misalignment of SPECT or PET emission
images with their corresponding CT scans. SPECT/CT or PET/CT
image fusion refers to the process of registration and display of the
radionuclide and CT images. The term MPI is used in this
document to refer to MPI with either SPECT or PET unless
otherwise specified.

IV. COMMON CLINICAL APPLICATIONS

The clinical applications of hybrid cardiac imaging include but
are not limited to attenuation-corrected MPI, coronary artery
calcium scoring, coronary CTA, fusion imaging and localization,
cardiac viability, and imaging of inflammatory cardiac conditions.

Attenuation correction is routinely performed for MPI studies
on hybrid devices and on some dedicated scanners, whereas
coronary artery calcium scoring and coronary CTA are performed
for specific clinical indications. Appropriate use criteria for
cardiovascular CT (12) and for radionuclide cardiac imaging (4)
have been addressed by the American College of Cardiology and
the American College of Radiology, in collaboration with other
organizations, including the SNMMI.

See also part F of section VI, “Integrating Diagnostic In-
formation from Radionuclide and CT Images,” and supporting
references.

V. QUALIFICATIONS AND RESPONSIBILITIES OF PERSONNEL

(IN THE UNITED STATES)

A. Physicians

Presently, there is no specific credentialing or qualifica-
tion requirement for the performance and interpretation of
hybrid imaging. Physicians with documented training in
PET or SPECT and cardiac CT are generally qualified to
perform and interpret hybrid-imaging procedures. These
physicians should be listed as an authorized user on the
radioactive materials license of their institution. When
required by the Nuclear Regulatory Commission or by the
state, at least one physician member of the facility must be
a participating member of the committee that deals with
radiation safety. Physicians trained in nuclear cardiology,
and nuclear medicine physicians who are not radiologists,
will require additional training in CT detector physics and
instrumentation, as well as training in performing and
interpreting cardiac CT (13), except when solely interpret-
ing imaging from scanners with extremely low-dose CT and
interpretable CT images (XACT [Digirad], Brightview
XCT [Philips], and possibly Hawkeye [GE Healthcare]).
Physicians trained primarily in CT will require additional

time to learn the physics and instrumentation of radionu-
clide imaging, as well as training to perform and interpret
radionuclide images and to understand radionuclide physi-
ology, radionuclide handling, and radiation safety for
patients and personnel (14). Physicians supervising and per-
forming stress testing must be experienced in exercise and
pharmacologic stress testing with vasodilator agents and
dobutamine (15). In addition to being a qualified physician
with a license to practice medicine, physicians should have
the specific qualifications listed below for performing and
interpreting hybrid imaging.
1. SPECT/CT cardiac radionuclide imaging

The credentialing requirements for physicians to per-
form and interpret SPECT and SPECT/CT cardiac radio-
nuclide imaging include training and certification. There
are 3 groups of professional organizations that have rec-
ommendations for training in cardiac SPECT, PET, and/
or CT: nuclear medicine, radiology, and cardiology.
SNMMI recommends that all nuclear medicine exami-
nations should be performed under the supervision of,
and interpreted by, a physician certified in nuclear med-
icine or nuclear radiology by the American Board of
Nuclear Medicine, the American Board of Radiology,
the Royal College of Physicians or Surgeons of Canada,
Le College des Medecins du Quebec, or the equivalent
(16). ASNC endorsed the training in nuclear cardiology
published by the American College of Cardiology Foun-
dation (ACCF). Level 1 (2 mo) training makes the
trainee conversant with the field of nuclear cardiology
for application in general clinical management of car-
diovascular patients. Level 2 (4 mo) training provides
the trainee with special expertise to practice clinical nu-
clear cardiology. Level 2 training requires a minimum of
4 mo of training or experience in cardiovascular nuclear
medicine, with interpretation of 300 cases under the su-
pervision of a qualified physician. For 35 of these cases
(25 MPI and 10 radionuclide angiocardiography/gated
blood pool imaging/ventriculography), the physician be-
ing trained must be present and involved in the acquisi-
tion of the studies. A minimum of 30 cases with catheter
or CT coronary angiographic correlation must be docu-
mented (17). Alternatively, training can meet the
requirements of the American College of Radiology
(ACR)/SNMMI Technical Standard for Diagnostic Pro-
cedures Using Radiopharmaceuticals (18).

Certification can be by any of the following specialty
boards or certifying bodies: the American Board of Nu-
clear Medicine; the American Board of Radiology; the
American Board of Radiology with subspecialty certifica-
tion in nuclear radiology; the American Board of Internal
Medicine, including certification in cardiovascular dis-
ease; and the Certification Board of Nuclear Cardiology.

2. PET/CT cardiac radionuclide imaging
The credentialing requirements for physicians for

PET/CT cardiac radionuclide imaging include meeting
the qualifications stated above for SPECT and SPECT/
CT cardiac radionuclide imaging, with additional spe-
cific experience in cardiac PET studies.

A minimum of 4 mo of training or experience is re-
quired in cardiovascular nuclear medicine, with interpre-
tation of 300 cases under the supervision of a qualified
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physician. For 35 of these cases, the physician being
trained must be present and involved in the acquisition
of the studies, which must include a reasonable distri-
bution of cardiac PET studies (14). Evidence of par-
ticipation and maintenance of certification is as re-
quired by the specialty board (14). Demonstration of
continuing competence is required through interpreta-
tion and reporting of at least 50 cardiac PET/CT
examinations per year (14).

3. Cardiovascular stress testing
The physician supervising the stress portion of the

study and interpreting stress radionuclide cardiac imaging
must acquire the necessary cognitive skills as defined by
the clinical competence statement on stress testing by the
American College of Cardiology/American Heart Asso-
ciation (15). The skills necessary for supervision or in-
terpretation of stress testing can be acquired through mul-
tiple pathways, including residency training in nuclear
medicine (19), a fellowship in cardiovascular disease, or
electives during internal medicine or family practice res-
idency (15). Trainees should devote at least 4 wk to this
training and should participate in at least 50 procedures to
achieve competence in supervision and interpretation
(15). For physicians who did not receive formal training
for the supervision or interpretation of stress testing dur-
ing a residency or fellowship but who have performed
stress testing on a regular and substantial basis for more
than 3 y (minimum, 150 procedures), experience may be
considered individually in lieu of formal training and
should meet the criteria as described by the clinical com-
petence statement on stress testing (15).

It is recommended that physicians perform at least
25 exercise tests per year to maintain their competence,
with a quality assurance program and successful comple-
tion of a course in advanced cardiovascular life support
that is renewed on a regular basis (15).

4. Cardiac CT
Physicians must have substantial knowledge of radia-

tion biology; the physics of CT; the principles of CT
image acquisition and postprocessing; the design of
CT protocols, including the rate and timing of contrast
administration; and education and competency in all
aspects of cardiac imaging such as cardiac anatomy,
physiology, pathology, or cardiac CT (13,20). Physicians
involved in coronary CTA must be familiar with the
potential hazards associated with CT and the intravenous
administration of iodinated contrast media (13,20).
For cardiologists, the minimum requirement to inde-

pendently perform and interpret cardiac CT is level 2
training (20,21). This includes interpretation of at least
50 unenhanced and 150 contrast-enhanced studies (in
which the physician is physically present and involved
in image acquisition and interpretation for 35 CT studies
if a fellow in training and 50 cases if a physician in
practice) and completion of didactic studies dedicated
to cardiac CT (21,22). Radiologists should meet the
requirements of the ACR Practice Guideline for the Per-
formance and Interpretation of Cardiac CT. Nonradiolo-
gist nuclear medicine physicians should meet either the
requirements for cardiologists or the requirements for
radiologists.

Physicians will be responsible for all aspects of hybrid
imaging, including reviewing the clinical indications for
the study, specifying the study protocol and themethods of
image reconstruction, interpreting the images, and gener-
ating a report (13). The physician is responsible for the
completeness of the interpretation of coronary, cardiac,
and noncardiac findings (normal or abnormal) observed
during the examination.

Physicians should interpret a sufficient number of stud-
ies to maintain competence, participate in CME activities
relevant to their practice, and participate in a quality pro-
gram to assess interpretation accuracy.

B. Technologists

Nuclear medicine technologists are board-certified by the
Nuclear Medicine Technology Certification Board or the
American Registry of Radiologic Technologists to perform
conventional imaging procedures in nuclear medicine and
PET. The credentialing requirements for nuclear medicine
technologists to perform hybrid imaging vary from state to
state and may be regulated by the Nuclear Regulatory
Commission. There is a growing emphasis on credentialing
in CT for technologists involved in SPECT/CT or PET/CT.
The Society of Nuclear Medicine and Molecular Imaging
Technologist Section completed a document in 2008 detail-
ing the scope of practice for the nuclear medicine technol-
ogist, which includes transmission scanning with CT in
hybrid systems (SPECT/CT and PET/CT (23)). The present
requirements in general are as follows:
1. SPECT/CT cardiac radionuclide imaging

A registered nuclear medicine technologist with the
credentials RT (N) or CNMT (CertifiedNuclear Medicine
Technologist) may operate the SPECT scanner. For
SPECT/CT, technologists involvedmust bewell educated
and trained in SPECT/CT procedures and radiation pro-
tection principles (24). Depending on state and federal
regulations, a technologist with one of these credentials
may operate hybrid equipment after obtaining appropriate
additional education and training and demonstrating
competency. Nuclear medicine technologists can obtain
additional credentialing in nuclear cardiology through a
specialty examination offered by the Nuclear Medicine
Technology Certification Board.

2. PET/CT cardiac radionuclide imaging
A registered nuclear medicine technologist with the

credentials RT (N) or CNMT may operate the PET scan-
ner. For PET/CT, technologists involved must be well
educated and trained in PET/CT procedures and radia-
tion protection principles (25). Depending on state and
federal regulations, a technologist with one of these
credentials may operate hybrid equipment after obtain-
ing appropriate additional education and training and
demonstrating competency. Nuclear medicine technol-
ogists can obtain additional credentialing in PET
through a specialty examination offered by the Nu-
clear Medicine Technology Certification Board.

3. Cardiac CT
A technologist for cardiac CT must be a registered

radiographer with the credentials RT (T), RT (R), expe-
rienced at operating the CT scanner and with experience
in cardiac imaging (13).
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There are at least 2 technologist issues related to hybrid
SPECT/CT and PET/CT (Table 1). The first is training of
the nuclear medicine technologists on these hybrid scan-
ners. The next is education of the technologists in cardiac
physiology and anatomy. Training related to the technical
aspects of radionuclide imaging on the hybrid devices, CT,
and processing for attenuation correction, calcium scor-
ing, and coronary CTA studies is necessary. Since hybrid
imaging devices capture exquisite anatomic detail of the
heart and chest, comparedwith radionuclide imaging, car-
diovascular anatomy and physiology training is also
required. For example, the technologist would need to
identify the anatomic landmarks of the carina and the heart
borders on the CT scan to position patients for emission
scans. Identification of the origin of the left main coronary
artery is important for positioning the start and end loca-
tions for coronaryCTAstudies. Therefore, with the above-
mentioned training and an additional credential in CT
through a specialty examination offered by the American
Registry of Radiologic Technologists, nuclear medicine
technologists are qualified to perform cardiac CT on hy-
brid scanners provided the state licensing boards recog-
nize this credential (26).

C. Physicists

A medical physicist for SPECT/CT, PET/CT, and CT
must show competence to practice independently in one
or more of the subcategories in medical physics through
previous experience or education (13). The appropriate sub-
fields for medical physics include therapeutic radiologic,
medical nuclear, and radiologic physics (13).

The recommended certification for CT is that by the
American Board of Radiology, in Radiologic Physics or
Diagnostic Radiology Physics; the American Board of
Medical Physics, in Diagnostic Imaging Physics; or the
Canadian College of Physicists in Medicine, in Diagnos-
tic Radiologic Physics (13).

The recommended certification for nuclear medicine
and PET is that by the American Board of Radiology, in
Radiologic Physics or Medical Nuclear Physics; the Amer-
ican Board of Medical Physics, in Nuclear Medicine
Physics; the Canadian College of Physicists in Medicine,
in Nuclear Medicine Physics; or the American Board of
Science in Nuclear Medicine, in Nuclear Medicine Physics
and Instrumentation.

D. The institution and equipment

Per the Medicare Improvements for Patients and Pro-
viders Act of 2008 (27), outpatient imaging facilities (not
hospitals) should meet the standards of accreditation set
forth by the applicable societies, Intersocietal Commission
for the Accreditation of Nuclear Medicine Laboratories,
Intersocietal Commission for the Accreditation of CT Lab-
oratories, ACR, or Joint Commission.

For SPECT/CT, conventional scanners with sodium
iodide detectors or newer SPECT scanners with solid-state
detectors (cadmium zinc telluride, CZT, or cesium iodide
thallium, CsI [Tl]) may be used. For PET/CT devices (6),
cardiac imaging may be performed in the 2-dimensional
(septa in) or 3-dimensional (septa out) mode. Scanners with
any of the available crystals—bismuth germanate, gadoli-
nium oxyorthosilicate, lutetium oxyorthosilicate, or lute-
tium yttrium orthosilicate—can be used successfully for
cardiac imaging (6).

For hybrid imaging systems, the CT configuration can
be low-resolution CT (nondiagnostic CT) or 2-slice to$64-
slice multidetector-row CT. Any of these systems can be
used for attenuation correction of MPI. For coronary ar-
tery calcium scoring, at least 4-slice CT is required ($6-
slice recommended). For coronary CTA, at least a 16-slice
scanner is required ($64-slice multidetector-row CT rec-
ommended), with imaging capability for slice width of
0.4–0.6 mm and temporal resolution of 500 ms or less
(#350 ms is preferred) (13,28,29).

TABLE 1
Technologist Training Considerations for Hybrid Cardiac SPECT/CT and PET/CT

Technical aspects: hands-on training for cardiac CT and MPI Education: didactic learning

Scan patient from console room and communicate with patient using
intercom in scanner

Cardiovascular anatomy and physiology

Learn acquisition and processing protocols for attenuation correction,

coronary artery calcium scoring, and coronary CTA

Basics of pharmacology

Understand concepts of prospective ECG-triggered axial or helical scans

vs. retrospective ECG-gated coronary CTA

Radiation safety

Learn operation of power injector and remote operation of dual-chamber

contrast and saline injector system for coronary CTA studies
Understand interference from metallic objects and CT-based attenuation

correction algorithms

Learn to minimize radiation dose from CT scans
Recognize that CTAC for MPI is of low dose without need to increase dose

on basis of body mass index
Learn to prepare, position, perform, and reconstruct MPI on hybrid scanners

(SPECT/CT and PET/CT)

Learn to register MPI and CTAC images

CTA 5 CT angiogram; MPI 5 myocardial perfusion imaging; CTAC 5 CT for attenuation correction.
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A dual power injector for administration of iodinated
contrast material and normal saline chaser is required for
coronary CTA studies (28,29).

Dedicated workstations for reviewing the respective
MPI and CT images are required. Dedicated software for
fusion of the MPI and CT images is also needed. Systems
that can archive large imaging datasets, and networks capa-
ble of transferring large imaging datasets (list-mode data
and cardiac CT data), are recommended.

VI. PROCEDURE/SPECIFICATIONS OF THE EXAMINATION

A. Patient screening

Patient screening should be performed by or under the
supervision of a qualified physician. The test indications
must be carefully scrutinized and the test deemed necessary
for patient management. The indications for the radionu-
clide and for the cardiac CT studies should be reviewed
separately. In female patients of child-bearing potential,
whether a urine or serum pregnancy test is needed is based
on individual institutional policies. Contraindications for
rest and stress MPI, coronary artery calcium scoring, and
coronary CTA are listed in Table 2.

B. Patient preparation and precautions

Patient preparation for MPI using hybrid devices is the
same as that for dedicated nuclear scanners and has been
previously outlined (2,3,5,6).
1. NPO: Typically, patients need to fast and take nothing

by mouth (NPO) for at least 4 h.

2. Exercise: For MPI studies, patients must have no contra-
indications to the performance of exercise or pharmaco-
logic stress testing.

3. Caffeine: For MPI and coronary CTA studies, caffeine-
containing products (coffee, tea, soda, caffeine-containing
medications, diet medications, and energy drinks) must
not be consumed for at least 12 h before the procedure.

4. Contrast allergy: For coronary CTA studies, patients
with a history of mild allergy to iodinated contrast ma-
terial may be pretreated. For example, one may use
prednisone, 50 mg by mouth, 13, 7, and 1 h before
contrast injection, along with diphenhydramine, 50 mg
by mouth, 1 h before contrast administration (28,30).
For patients with a history of anaphylaxis to iodinated
contrast material, alternative tests should be considered.

5. Intravenous access: For coronary CTA studies, a large-
gauge peripheral intravenous access line (at least 20-
gauge, but ideally 18-gauge) is placed, preferably in
a right antecubital vein. For MPI and coronary artery
calcium scoring, a small-gauge intravenous line suffices.

6. Breathing instructions: Patients should be able to coop-
erate with the breathing instructions for the coronary
artery calcium score and coronary CTA studies. Practice
breath-holds are advisable to ensure that patients are
following the instructions appropriately and that respi-
ratory motion artifacts will be avoided.

7. Medications: A list of current medications is obtained
for determining any potential interactions. If possible, it
is preferable to have patients withhold b-blockers at the
time of MPI (31,32). Phosphodiesterase use within 24 h

TABLE 2
Relative Contraindications and Limitations to Performance of Hybrid PET/CT and SPECT/CT Studies

Modality and contraindications Consequences

Coronary artery calcium scoring, coronary CTA or MPI
Pregnancy* Unknown effects of radiation to fetus; consider alternative tests

Clinical instability (acute myocardial infarction,

decompensated heart failure, severe hypotension)*

Potentially unsafe for patient

Patient unable to cooperate with imaging (motion artifacts)

Body habitus too large for scanner Imaging not possible

Suboptimal image quality

Inability to obtain adequate intravenous access Imaging not possible
Coronary artery calcium scoring, coronary CTA

Atrial fibrillation or frequent atrial or ventricular ectopy* Motion artifacts on images

Inability to hold breath or follow breath-hold instructions Motion artifacts on images

Coronary artery calcium scoring

Metallic implants (pacemaker, implantable cardioverter
defibrillator)

Calcium score potentially less reliable

Known coronary artery disease (prior myocardial infarction,

prior revascularization)

Not indicated clinically

Coronary CTA
Known severe allergic reaction or anaphylaxis to iodinated

contrast material*

Allergic reaction; consider alternative tests

Renal insufficiency Renal insufficiency worsened with iodinated contrast material

Contraindications for b-blocker use (active bronchospasm,
severe aortic stenosis)

Limited image quality from motion artifacts

*Absolute contraindications.
CTA 5 CT angiogram; MPI 5 myocardial perfusion imaging; CTAC 5 CT for attenuation correction.

Adapted from (1–3,5,15,28,29).
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(sildenafil, vardenafil) to 48 h (tadalafil) is a contraindi-
cation for nitroglycerin administration (33). Dipyrida-
mole-containing medications must be withheld for
48 h before pharmacologic stress with adenosine, rega-
denoson, or dipyridamole. Use of caffeine-containing
medications (including antimigraine medications) can
limit vasodilation from vasodilator stress agents and
potentially reduce test sensitivity for ischemia. Metfor-
min is withheld for 48 h after coronary CTA and
restarted after renal function has been assessed. For cor-
onary CTA studies, patients should have no contraindi-
cation to administration of b-blockers or nitroglycerin.

8. Electrocardiogram (ECG) leads: Patients should be pre-
pared for the stress test using radiotranslucent ECG leads
whenever feasible. For MPI, coronary artery calcium
scoring, and coronary CTA, the ECG tracing should be
evaluated with the patient’s arms raised above the head.

9. Position: Patients should be positioned in a comfortable
manner appropriate for the imaging device used. For
patients positioned on a horizontal bed, arms should
be above the head, if tolerated by the patient. For
MPI, supine (standard) or prone (optional) positioning
can be used depending on local preferences (5). With
some of the newer heart-specific scanners, MPI may be
performed in an upright position. For cardiac CT, supine
positioning is standard. Appropriate table centering
within the gantry is important to allow for proper func-
tion of angular z-axis tube current modulation.

10. Breast feeding: See section X for information on MPI in
the breast-feeding patient, including recommendations
on the interruption of breast feeding for various radio-
pharmaceutical agents.

C. Information pertinent to the procedure

Detailed information pertinent to the procedures has
been previously described (2,3,5,6,13,28,29).
1. History: A focused history should be obtained about po-

tential contraindications (Table 2), including the presence
of any metallic implants or devices, claustrophobia, body
mass index, chest circumference, bra cup size, ability to
lie still for the duration of the scan, and ability to raise
arms above head.

2. Scan time: Patients should come prepared to spend 2.5–4
h for a SPECT/CT MPI study, 1–2 h for a PET/CT MPI
study, and an additional hour for the coronary CTA ex-
amination (if performed the same day).

3. Breath-hold: For a coronary artery calcium score or cor-
onary CTA study, breath-hold techniques and shallow
tidal breathing instructions should be provided. Patients
should be instructed to not move during the MPI or CT
procedure. Practice of breath-holdingwill decrease the risk
of motion blurring.

4. Informed consent: Informed consent should be obtained
in accordance with local institutional policies.

D. Radiopharmaceuticals

The most commonly used SPECT radiopharmaceuticals
include 99mTc-sestamibi, 99mTc-tetrofosmin, and 201Tl-
chloride (201Tl). 99mTc-based agents have superior image
quality (lower scatter) and lower radiation dose per unit
administered activity. 201Tl was more commonly used be-

fore the development of 99mTc agents but continues to be
used, particularly when 99mTc agents are in short supply.
Details of radiopharmaceuticals, dosages, and specific im-
age acquisition parameters for SPECT have been previously
outlined (2,3,5). The most common clinically used PET
radiopharmaceuticals include 82Rb, 13N-ammonia for
MPI, and 18F-fluorodeoxyglucose (18F-FDG) for metabolic
imaging. 82Rb is generator-produced and widely available
for clinical use. 13N-ammonia is a cyclotron-produced radio-
tracer available in hospitals with an onsite cyclotron. Details
of radiopharmaceuticals, dosages, and specific image acqui-
sition parameters for PET have been previously outlined (6).

E. Acquisition protocols

This section describes the acquisition protocols for
SPECT/CT MPI, PET/CT MPI, 18F-FDG PET/CT, cardiac
CT, and fusion of radionuclide and CT images.
1. SPECT/CT MPI

Perfusion imaging can be performed with 99mTc agents
or 201Tl using previously described protocols (5). SPECT
is standard, with planar imaging limited to the imaging of
claustrophobic patients and patients with a large body
habitus (patients above the weight limit of the imaging
table or not able to fit within the scanner gantry). Gated
SPECT is recommended whenever feasible.
For 99mTc, the most commonly used protocols are a

1-d, low-dose rest and high-dose stress protocol (Table
3) or a 2-d protocol (for patients with a high body mass
index) with equal radiotracer injection (925–1,110 MBq
[25–30 mCi] of 99mTc) (5). A protocol using 201Tl at rest
and 99mTc perfusion tracers during stress, the so-called
dual-isotope technique, allows for a shorter study but at
the expense of higher radiation dose.201Tl MPI with 4-
and 24-h redistribution imaging is also used for assessment
of myocardial viability. If 99mTc isotope is not available,
201Tl is an alternate agent for rest and stress MPI.
Stress-only imaging with 99mTc may reduce test dura-

tion, radiation dose, and costs. Preliminary evidence sug-
gests normal stress-only SPECT to be equivalent to normal
rest and stress MPI for risk stratification in low-risk patients
(34,35). Stress-only MPI can be considered as an option by
experienced and well-qualified physicians in highly se-
lected patients with low risk or very low risk in whom
the stress images are anticipated to be normal (36).
A typical SPECT protocol is shown in Table 3 (5).

Patients are scanned supine (standard), prone (optional),
or upright depending on local preferences and scanner type.
SPECT/CT frequently uses an acquisition protocol that has
a 128 · 128 matrix with a zoom factor of 1.0. The CT
protocols for SPECT/CT and PET/CT are described in part
E4 of this section (5).

2. PET/CT MPI
MPI (13N-ammonia or 82Rb) and myocardial metabolic

imaging (18F-FDG) can be performed using PET (6).
Details of 13N-ammonia imaging protocols have been
previously published (6).

82Rb is the most commonly used radiotracer for PET
MPI. Patients are typically scanned supine with the arms
raised above the shoulders. The heart position is localized
using a scout CT image (10 mA, 120 keV) followed by
CTAC (10–20 mA, 120 keV) for attenuation correction
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and emission imaging. For 82Rb imaging, 1,480–2,040
MBq (40–60 mCi) (2-dimensional), 370–740 MBq (10–
20 mCi) (3-dimensional, bismuth germanate systems), or
1,110–1,480 MBq (30–40 mCi) (3-dimensional, lute-
tium oxyorthosilicate systems) are injected, followed
by image acquisition for 7 min without a prescan delay
using list mode (preferred), or in gated or static mode
using a prescan delay (70–90 s for left ventricular ejec-
tion fraction . 50%, and 91–130 s for left ventricular
ejection fraction , 50%).
Stress testing (predominantly pharmacologic stress) is

performed using standard protocols and radiotracer
injected at maximal hyperemia followed by the same
imaging steps as described for rest MPI. Exercise stress
is not frequently used but is possible with 13N-ammonia
and challenging with 82Rb.
Typically, the patient position is not changed on the

scanner table between the rest and stress images, and
a single CTAC study is adequate for attenuation correc-
tion of the rest and stress images. If the patient is moved
after rest MPI, CTAC after stress MPI may be preferable
to CTAC during peak hyperemia, particularly when vaso-
dilator stress is used, because of respiratory stimulation
caused by vasodilator agents.
List-mode emission data are unlisted into gated, static,

and dynamic image sets for analysis. The images are

reconstructed using filtered backprojection or iterative
expectation maximization (e.g., ordered-subsets expecta-
tion maximization). The protocols for cardiac PET have
been described in great detail previously (Table 4) (6).

3. 18F-FDG PET/CT
Cardiac 18F-FDG imaging is performed for assessment

of myocardial viability and for identifying cardiac inflam-
mation (e.g., sarcoidosis).

For myocardial viability assessment, the following
steps can be followed: Perform rest MPI using 82Rb
or 13N-ammonia as described above for PET/CT MPI.
Some facilities use the SPECT/CT attenuation-corrected
MPI or a gated SPECT MPI study for comparison with
the 18F-FDG study. Follow this with glucose loading and
insulin administration for viability assessment using
standard protocols (6). Check baseline blood sugar, and
perform oral glucose or intravenous glucose loading
protocols as shown in Tables 5 and 6 (6). Perform18F-
FDG imaging as a gated study (whenever possible) for 15–
30 min using previously described parameters (Table 7). In
case of high blood-pool activity on the 18F-FDG images
(typically seen with insulin resistance), more intravenous
insulin may be administered and images reacquired (6).

18F-FDG imaging is performed for assessment of myo-
cardial inflammation in patients with suspected or known
cardiac sarcoidosis (37–40). Preliminary retrospective

TABLE 3
Sample Protocol for Single-Day Rest–Stress 99mTc-Labeled Scans with SPECT MPI

Feature Rest study Stress study Technique

Dose 296–444 MBq (8–12 mCi*) 890–1,330 MBq (24–36 mCi*) Standard
Position Supine Supine Standard

Prone Prone Optional

Upright/semiupright Upright/semiupright Optional

Delay time (intervals)
Injection to imaging 30–60 min 15–60 min Standard

Rest to stress 30 min to 4 h Standard

Energy window 15%–20% symmetric Same Standard
Collimator Low energy high resolution Same Preferred

Orbit 180� (45� RAO to 45� LPO) Same Preferred

Orbit type Circular Same Standard

Noncircular Same Standard
Pixel size

64 by 64 matrix 6.4 6 0.4 mm Same Standard

128 by 128 matrix 8–9 mm Same Optional

Acquisition type Step and shoot Same Standard

Continuous Same Optional
Number of projections 60–64† Same Standard

Matrix 60 · 64 Same Standard

Time/projection 25 s 20 s Standard
ECG gated Optional Standard Preferred

Frames/cycle 8 8 Standard

16 16 Optional

R-to-R window (for ejection fraction) 100% 100% Preferred
Attenuation correction Measured attenuation correction

before or after SPECT scan

Measured attenuation correction

before or after SPECT scan

Optional

*Lower stress and rest doses may be used with new scanners with solid-state detectors and new software reconstruction.
†64 projections are preferable for 201Tl.

RAO 5 right anterior oblique; LPO 5 left posterior oblique.

Adapted and reproduced with permission from (5).
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studies suggest high accuracy and superiority compared
with 67Ga imaging (38). Fasting 18F-FDG imaging may
result in variable physiologic myocardial glucose uptake.
Hence, to ensure uptake by inflamed tissue but optimize
suppression of 18F-FDG uptake by normal myocytes (re-
duce nonspecific uptake), patients are instructed to take a
diet rich in fats with no carbohydrates for 12–24 h before
the test or fast for 12–18 h and/or use intravenous heparin,
15–50 units/kg, about 15 min before the injection of 18F-
FDG (40,41). A rest MPI study (SPECT or PET, prefera-

bly a gated scan) is first performed. This is followed by the
intravenous administration of 18F-FDG (370–555MBq [10–
15 mCi]), a 90-min uptake period, and subsequent image
acquisition in a static mode using parameters described in
Table 7. Whole-body 18F-FDG imaging is performed from
the cerebellum to the upper thigh to be able to assess 18F-
FDG uptake in extracardiac regions (neck, mediastinum,
lungs, and abdominal lymph nodes). The rest myocardial
perfusion and cardiac 18F-FDG images are reconstructed
and reoriented into standard cardiac planes (short axis,

TABLE 4
Imaging Protocol for 82Rb PET MPI

Feature Technique

Stress testing Pharmacologic agents Standard
Tracer dose Standard

2-dimensional scanner 1,480–2,220 MBq (40–60 mCi) Standard

3-dimensional scanner 370–740 MBq (10–20 mCi) Standard

2,220–1,480 MBq (30–40 mCi) for lutetium oxyorthosilicate systems
Injection rate Bolus of #30 s Standard
Imaging delay after injection LVEF . 50%: 70–90 s Acceptable

LVEF # 50% or unknown: 90–130 s
List mode: acquire immediately

Patient positioning Standard

PET Scout scan: 370–740 MBq (10–20 mCi) 82Rb
Transmission scan Optional

PET/CT CT scout Standard

Imaging mode List mode/gated/dynamic (no delay after injection) Preferred

Gated (delay after injection) Optional

Imaging duration 3–6 min Standard
3–10 min Optional

Attenuation correction Measured attenuation correction, before or after Standard

Reconstruction method FBP or iterative expectation maximization (OSEM) Standard
Reconstruction filter Sufficient to achieve desired resolution/smoothing, matched stress to rest Standard

Reconstructed pixel size 2–3 mm Preferred

LVEF 5 left ventricular ejection fraction; FBP 5 filtered backprojection; OSEM 5 ordered-subsets expectation maximization.

Reproduced with permission from (6).

TABLE 5
Cardiac 18F-FDG Preparation Guidelines

Step Procedure Technique

Fasting period Instruct patient to fast 6–12 h (preferred) or ,6 h (suboptimal)
Check blood glucose

Oral glucose loading IF: fasting blood glucose , 110 mg/dL (6.11 mmol/L) Standard

AND: no known diabetes
THEN:
Administer oral glucose load (typically 25–100 g; Table 6)
Monitor blood glucose (Table 6)

IF: fasting blood glucose . 110–130 mg/dL (6.11–7.22 mmol/L) Standard
OR: known diabetes
THEN: see Table 6

OR:
Intravenous dextrose infusion See reference (6) Optional

Acipimox 250 mg orally (not available in United States)
18F-FDG intravenous injection Timing is dependent on which option was selected (Table 7, item 1) Standard

PET 45–90 min after 18F-FDG injection, start imaging (Table 7)

Reproduced with permission from (6).
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vertical long axis, and horizontal long axis) for interpre-
tation. The whole-body 18F-FDG images should be
interpreted by trained nuclear medicine physicians or
physicians credentialed to supervise and interpret body
PET/CT (42,43).

4. Attenuation-correction CT scan (CTAC)
Three types of CT protocols are used for hybrid imag-

ing procedures: an unenhanced, nongated, free tidal
breathing CT scan (5-mm slice thickness) for attenuation
correction; an unenhanced, gated, breath-hold CT scan
(2- to 3-mm slice thickness) for coronary artery calcium
scoring; and a contrast-enhanced, gated, breath-hold CT
scan (0.5- to 0.75-mm slice thickness) for coronary
CTA.

Several years ago, CT was incorporated into hybrid
devices solely for the purposes of attenuation correction
(44). The main advantage of these initial devices was that
the CT image was of low temporal and spatial resolution
and more comparable with the resolution of the
radionuclide scans, and may result in fewer misregistra-
tion artifacts. However, the scan duration was prolonged
and the limited CT was not helpful for anatomic disease

localization, particularly for general nuclear medicine
applications. Subsequently, diagnostic CT scanners (2-,
4-, 6-, 8-, and 64-slice multidetector-row CT) were in-
tegrated with SPECT or PET scanners, allowing the
acquisition of standard multidetector CT scans for atten-
uation correction, coronary artery calcium scoring, and
coronary CTA, at a fast pace. These scanners produce
high-resolution CT scans in approximately 10 s. Because
of the faster imaging in relation to the emission scans, the
heart position is averaged over a few breathing cycles,
compared with SPECT or PET, for which the heart posi-
tion is averaged over 5–12 min (6). This has resulted in
a relatively higher frequency of misregistration artifacts
and the need to consider various protocols to coregister
the PET (or SPECT) and the CT images.

Investigators experimented with various breathing
techniques such as free tidal breathing, breath-hold at
end inspiration, or breath-hold at end expiration (45).
Currently, free tidal breathing with averaging of respira-
tory movement appears to be the best technique (6). Low-
dose or ultra-low-dose CT (46,47), as well as slow CT
(48,49) and ultra-fast CT, have been tried to match the
image resolution to that of the MPI in an attempt to
improve registration of the MPI and CT images, but with
no distinct advantages. Dual gated PET/CT with ECG
gating and gating for respiratory motion are feasible and
are being tested (50–52). Some of the newer-generation
fast SPECT scanners have low-dose CT–based attenuation
correction (53). General guidelines for CT-based transmis-
sion imaging are listed in Table 8.

Transmission scanning with shallow tidal breathing is
the best protocol. Tube current and voltage of approxi-
mately 10–20 mA and 80–140 kVp are recommended.
For PET MPI, a single CTAC is standard (since the
patient can undergo stress agent infusion in the PET gan-
try). However, because of frequent patient motion be-
tween the separately acquired MPI and CTAC studies,
which can be difficult to detect by patient observation,
or if the patient is moved between the rest and stress MPI,
a separate CTAC for the rest and stress MPI study may be
used (optional). Some scanners will not allow the use of
CTAC for attenuation correction if the patient or table
position has shifted by more than 5 mm between trans-

TABLE 6
Guidelines for Blood Glucose Maintenance (e.g., After Oral

Glucose Administration)

Blood glucose at 45–90

min after administration Possible restorative measure

130–140 mg/dL
(7.22–7.78 mmol/L)

1 U regular insulin intravenously*

140–160 mg/dL

(7.78–8.89 mmol/L)

2 U regular insulin intravenously

1602180 mg/dL
(8.89210 mmol/L)

3 U regular insulin intravenously

180–200 mg/dL

(10–11.11 mmol/L)

5 U regular insulin intravenously

.200 mg/dL
(.11.11 mmol/L)

Notify physician

*Optional; may be considered if total amount of insulin

administered is low.

Reproduced with permission from (6).

TABLE 7
18F-FDG Cardiac PET Acquisition Parameters

Parameter Recommendation

Tracer dose 185–370 MBq (5–10 mCi), 3-dimensional mode

370–555 MBq (10–15 mCi), 2-dimensional mode
Delay after injection 45–60 min (nondiabetic patients)

60–90 min (diabetic patients)

Patient positioning Supine (arms-up preferred)

Imaging mode 2-dimensional or 3-dimensional; list, gated, or static
Image duration 10–30 min (depending on counting rate and dose)

Attenuation correction Before or immediately after emission scan using radionuclide or CT transmission imaging

Reconstruction method Filtered backprojection or ordered-subsets expectation maximization (iterative reconstruction)
Reconstructed pixel size 2–5 mm

Adapted with permission from (6).
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mission and emission imaging. For SPECT MPI, a sepa-
rate CT scan is typically necessary for the rest and stress
MPI studies.

The use of the transmission CT scan to assess for
coronary artery calcium can approximate the extent of
coronary calcification (54). This approach, however, does
not provide an accurate measure of coronary artery cal-
cium, since it is a nongated study that has artifacts due to
coronary artery motion. Also, the attenuation scan is
obtained with a much lower photon density than the calcium
score scans. Frequently, the use of CTAC for visual assess-
ment of coronary artery calcium may fail to detect small
amounts of calcium in approximately 8% of patients (54).

The use of the coronary artery calcium score CT scan
for attenuation correction (55,56) has been explored.
However, the calcium score is an end-diastolic image
obtained typically during an inspiratory breath-hold and
may not register adequately with the MPI, which is an
averaged image of the heart over several cardiac cycles
obtained during shallow tidal breathing.

5. Coronary artery calcium scan
The coronary artery calcium score CT scan is per-

formed per standard protocols as described previously
(28). Scanners with excellent spatial and temporal reso-
lution must be used to ensure good image quality (see
section VIII, Equipment Specification) (13,28).

An unenhanced, prospectively ECG-triggered axial
acquisition is reconstructed at a slice thickness of 2.5
or 3 mm at 65%–80% of the R-R cycle during an inspi-
ratory breath-hold. To reduce radiation dose, it may be
beneficial to use prospective triggering (depending on the
scanner type) (56,57), wherein the x-ray tube is activated
only during a prespecified phase of the cardiac cycle (as
opposed to retrospective gating), thereby reducing dose
delivered to the patient.

Although, theoretically, the imaging parameters might
be adjusted on the basis of body habitus to lower radiation
dose (lower tube current or voltage in patients with

a smaller body mass index), only the standard tube po-
tential (kVp) and current (mA) settings are currently rec-
ommended for accurate coronary artery calcium scoring.
Preliminary data suggest that a tube potential of 100 kVp
can reliably measure the coronary artery calcium score;
however, the approach requires a different calcium
threshold from the 130 HU used with standard calcium
scoring algorithms and may vary with scanners. Although
of potential use in reducing radiation dose, the use of
lower tube potential has not yet been validated, and no
standard threshold has been established for coronary ar-
tery calcium scoring (58).

Retrospective gating with helical imaging is not sug-
gested, because of increased radiation burden to the
patient. A prospectively triggered mode without over-
lapping slices (step-and-shoot acquisition) has been
shown to reduce radiation dose significantly, when com-
pared with a helical mode with overlapping images
(29,59). High heart rates may degrade image quality.
However, b-blockers are not routinely used before cor-
onary artery calcium scans.

6. Coronary CTA
Listed below are suggested guidelines for the perfor-

mance of coronary CTA; however, these parameters and
guidelines may vary with patient cardiac output, heart
rate, and rhythm, as well as the type of scanner, vendor,
and platform). Certain technical considerations need to be
considered for hybrid coronary CTA and MPI studies.
The scanners used must have an excellent spatial and
temporal resolution to ensure image quality (see section
VIII, Equipment Specifications) (13,28,29).

Patient preparation. A large-bore intravenous needle
is required for the coronary CTA study (to rapidly inject
iodinated contrast material at 4–7 mL/min), ideally in the
anticubital fossa. The wrist is to be avoided because of
the risk of extravasation. If the study is scheduled as
a combined study with rest and stress MPI, it is preferable
to perform the MPI scan before the CT scan (to minimize

TABLE 8
Guidelines for CT-Based Transmission Imaging

CT parameter General principle Effect on patient dose

Slice collimation Collimation should approximate slice thickness
of PET (e.g., 4–5 mm)

No effect

Gantry rotation speed Slower rotation helps blur cardiac motion (e.g.,

1 s/revolution or slower)

Increased radiation with slower

gantry rotation

Table feed per gantry rotation (pitch) Pitch should be relatively high (e.g., 1:1) Inversely related to pitch

ECG gating ECG gating is not recommended Decreases without ECG gating

Tube potential 80–140 kVp is used, depending on manufacturer
specification

Increases with higher kVp

Tube current Because scan is acquired only for attenuation

correction, low tube current is preferred

(10220 mA)

Increases with higher mA

Breathing instructions End-expiration breath-hold or shallow free

breathing is preferred

No effect

Reconstructed slice thickness Thickness should approximate slice thickness

of SPECT or PET (e.g., 4–7 mm)

No effect

Reproduced with permission from (6).
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any potential interference in attenuation correction from
the iodinated contrast material). For pharmacologic stud-
ies, vasodilator stress is preferred to dobutamine stress
because of the increased heart rate from dobutamine in-
fusion.

Oral or intravenous b-blockers are routinely used before
coronary CTA to bring the heart rate to the target of 50–60
bpm. Because the temporal resolution of the scanners is
limited, motion artifacts are minimized at heart rates of less
than 60 bpm. b-blocker administration may less frequently
be necessary when dual-source CT technology of a higher
temporal resolution becomes incorporated into hybrid scan-
ners. Nitroglycerin (0.4 mg sublingually or 1 spray) is fre-
quently used immediately before the coronary CTA study to
improve visualization of smaller-caliber coronary vessels
through vasodilation).

Iodinated contrast material with maximal iodine con-
centration vasodilation ($300 mg I/mL) is preferred.
Whether isoosmolar contrast agents are superior to
higher-osmolar contrast material for the prevention of
nephrotoxicity is still a matter of debate. Contrast mate-
rial is administered intravenously at a rate of 4–7 mL/s.
The amount of contrast material used varies (50–120 mL)
on the basis of the selected flow rate, the scan length in
the z-dimension, the type of scanner, and the selected
scan mode (retrospectively ECG-gated, prospectively
triggered axial, or prospectively triggered high-pitch spi-
ral-scan mode).

Technical details. The coronary CTA scan on hybrid
devices is acquired using standard protocols (13,28,29).
To reduce radiation dose, it is important to adjust the dose
on the basis of body habitus. Reducing tube potential
from 120 kV to 100 kV should be considered in individ-
uals who weigh less than 85 kg or have a body mass index
less than 30 kg/m2, and reduction to 80 kV can be con-
sidered in thinner patients (60). A higher tube current and
voltage may be considered in obese individuals to im-
prove signal-to-noise ratio. If retrospective gating is used,
ECG dose modulation with a low tube current during
systolic phases is recommended (28,29,60).

Prospective triggering techniques reduce radiation
dose (59,61,62). Instead of a low-pitch helical mode with
overlapping images, a prospectively ECG-triggered scan
using an axial (step-and-shoot) acquisition may reduce
dose significantly while maintaining image quality
(62,63). This approach is applicable only when the
patient’s heart rate is sufficiently slow (,60 bpm) and
there is no arrhythmia. Widening of the acquisition win-
dow (padding) (the interval when the x-ray tube is acti-
vated) must be minimized to keep radiation dose low
(64). Prospective triggering obviates the possibility of
evaluating LV function with gated CT.

Novel techniques to further minimize the radiation
dose from coronary CTA using prospective ECG-trig-
gered high-pitch spiral acquisition (65) or adaptive statis-
tical iterative reconstruction algorithms (66,67) are evolv-
ing. To optimize the scan duration with hybrid 82Rb PET/
CTA, a stress-first protocol with vasodilator stress may be
considered. b-blockers can be administered intravenously
(metoprolol, 5 mg, repeated at 5-min intervals) after the
stress 82Rb MPI is completed.

Coronary CTA steps (13,28,29). Each step in coronary
CTA is performed using breath-hold instructions to train
the patient. A scout scan of the chest is performed to
localize the heart position. This scan may be used to de-
fine the start and end locations for the coronary CTA
study.

The coronary CTA scan length ranges from 2.5 to 5.0
cm (1–2 in) above the aortic root/left main takeoff and
from 2.5 to 5.0 cm (1–2 in) below the bottom of the heart
silhouette as determined by the scout image. Since the
scan length determines the duration of breath-hold and
radiation dose to patients, the minimal required scan
length should be used. However, if the scan length is
too tight, there is a risk of not including the take-off of
the left main coronary artery or the distal posterior
descending artery. Frequently, the carina is used as a cra-
nial landmark because it is readily identifiable on the
topographic scout image and avoids the risk of exclusion
of the left main or left anterior descending coronary
arteries.

The arrival of contrast material in the ascending aorta
is timed using either a timing bolus scan or a bolus track-
ing acquisition for automatic scan triggering. For a timing
bolus scan, 10–20 mL of iodinated contrast material are
injected at 4–6 mL/s using the power injector, followed
by approximately 20 mL of normal saline chaser. Scan-
ning is started (10 s later) as a single CT slice at 2 cm
above the aortic root, 1 image every 2 s. The aorta is
observed for contrast opacification, and the acquisition
is stopped when a decrease in opacification is observed.
The images are reviewed visually (optional) or using
a program (standard) to identify the slice with maximal
contrast and to calculate the time to peak opacification
(including the 10-s delay). Once the time to peak contrast
opacification in the aorta is determined, an additional
3–4 s is added to allow for opacification of the coronary
arteries. This procedure offers the advantages of testing
the intravenous line, avoids the risk of a delayed or early
start of the imaging, and provides a chance to observe
patient cooperation with instructions and breath-holding
(28).

A bolus tracking acquisition for automatic scan trig-
gering is based on a prespecified intensity of contrast
enhancement in the ascending or descending aorta (e.g.,
100 HU). In this mode, the gantry is stationary and per-
forms repeated axial scans through the aorta. The CTA
acquisition is triggered when a region of interest over the
aorta reaches the predetermined contrast enhancement
threshhold.

A dual-head power injector is loaded with contrast in
one syringe and normal saline in the other. Typical contrast
injection rates range from 4 to 7 mL/s, dependent on body
habitus and cardiac output. Higher rates of 7–8 mL may
occasionally be used in individuals with a high cardiac
output.

Typically, 50–120 mL of contrast material is adminis-
tered, followed by an approximately 40-mL normal-saline
flush during an inspiratory breath-hold. The precise
amount of contrast material is based on scan duration
(which is based on the prescribed start and end locations
of the scan) and other parameters as described previously.
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The saline chaser is used to keep a tight bolus of contrast
material and to clear the material out of the right heart to
avoid streak artifacts on the right coronary artery.

Images are reconstructed using standard parameters to
the thinnest possible slice (0.5–0.75 mm, determined by
the scanner detector configuration), with an increment
resulting in an overlap of approximately one-third slice
(enhances resolution in the z-dimension). In patients with
a high body mass index, a slightly thicker slice (1 mm)
may be used to avoid images with poor signal-to-noise
ratio. Scanners with editing capabilities may use ECG
editing to improve cardiac motion from an occasional
ectopic beat during the acquisition. Images may be
reconstructed in a larger field of view to study and in-
terpret extracardiac findings.

7. Fusion of radionuclide and CT images
The radionuclide and CT images are acquired sequen-

tially and can be displayed separately or as fused images
(overlay of radionuclide and CT images) using hardware
or software coregistration techniques. Images are not
acquired in a fused mode. Management decisions are
typically made using the integrated diagnostic infor-
mation from radionuclide (SPECT or PET) and CT
without actual image fusion, along with the fused
images.

F. Integrating diagnostic information from radionuclide

and CT images

Integration of the radionuclide and CT information
and image fusion are new techniques whose clinical role
is evolving. Literature to support their clinical utility is
growing, but definitive studies are limited. Literature is
evolving to support the diagnostic and prognostic role of
calcium scoring in patients without known coronary artery
disease (68–83). Likewise, several studies support the com-
plementary roles of the diagnostic and prognostic informa-
tion provided by CTA and MPI in symptomatic individuals
(84–97). A joint position statement on hybrid cardiac imag-
ing was published by the European Association of Nuclear
Medicine, the European Society of Cardiac Radiology, and
the European Council of Nuclear Cardiology (11).
1. Coronary artery calcium scoring and MPI

Several studies (68–73) have shown that coronary ar-
tery calcium scoring has incremental diagnostic value
over MPI because of its ability to quantify overall athero-
sclerotic burden. Depending on the population studied,
about 21%–47% of patients with normal MPI results have
a high coronary artery calcium score (Agatston score
. 400) (68,70,74). Preliminary data suggest that when
available, the combined information of MPI and coronary
artery calcium score may be used to manage the aggres-
siveness of coronary risk factor modification (69,73,82).
Studies have reported that from 15% to 40% of patients
with an Agatston score of more than 400 demonstrate
stress-induced ischemia on MPI (68,70,71). A normal
MPI study is associated with a low event rate for 2–3 y
even in the presence of extensive coronary artery calcifi-
cation (79). However, a high calcium score may identify
a higher risk in symptomatic subjects and during long-
term follow-up (81,98,99). These findings suggest the
safety of an aggressive medical management strategy

with repeated MPI in 2–3 y, as well as caution regarding
referral to invasive coronary angiography.

Acquisition protocols for coronary artery calcium scor-
ing andMPI are described in part E of this section. Coronary
artery calcium scoring and MPI images are interpreted sep-
arately and do not require a fusion display of the images. Of
note, coronary artery calcium scoring does not assess the
severity of coronary artery stenosis (100). Also, calcium
scoring may be unreliable when used alone for risk assess-
ment of patients with acute symptoms, especially women
and younger patients (101), probably because noncalcified
plaque (often the culprit lesion in acute coronary syndromes)
is not identified.

2. Coronary CTA and MPI
The combined diagnostic information from CTAwith

MPI can be complementary in specific clinical scenarios
(84–97,102). Multivessel and subclinical atherosclerosis
can be diagnosed accurately with CTA and add to the
diagnostic value of MPI. The negative predictive value
of CTA to exclude obstructive epicardial CAD is excel-
lent (103). However, the positive predictive value of
CTA for identifying hemodynamically significant is-
chemia territories is only modest (103). Also, stenosis
severity can be overestimated by CTA (104), especially
in patients with beam-hardening artifacts from calcified
coronaries. The magnitude of ischemic burden on rest
and stress MPI determines the hemodynamic signifi-
cance of coronary artery stenoses (1) and predicts bene-
fits from revascularization (105,106). Also, the distal
coronary segments or coronary segments obscured by
multidetector-row CT artifacts can be well studied with
MPI. In one study with hybrid PET MPI and concom-
itant CTA (85), only 47% of significant angiographic
stenoses were associated with ischemia and about half
the patients with normal MPI results had evidence of
non–flow-limiting CAD. Discordant findings on MPI
and CTA can result from microvascular dysfunction (ab-
normal blood flow without obstructive epicardial CAD),
calcified and nonobstructive CAD with normal perfusion
or obstructive CAD that is not flow-limiting (due to
hemodynamic or collateral changes), and imaging arti-
facts (7,107–110). These findings should be interpreted
and reported in the context of the combined imaging data
(see section VII). Reduced left ventricular ejection frac-
tion, an important predictor of outcomes after revascular-
ization (111), can be determined by MPI (112–114).
Therefore, combined MPI and CTA can provide better
characterization of the extent and severity of underly-
ing CAD and potential benefit from revascularization
than does either technique alone. However, although
there are several studies showing the complementary
value of combined MPI and CTA, this is an evolving
field with ongoing studies (115) and definitive data are
awaited.

3. Indications and appropriate use criteria for hybrid imaging
Addressing the indications and appropriate use criteria

for imaging with hybrid devices is not the primary focus of
this document. The indications and appropriate use criteria
for MPI using hybrid devices are the same as for dedicated
SPECT or PET scanners and have been previously
addressed (1,4). Hybrid imaging is a relatively novel field,
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and there are no well-accepted indications for combined
MPI and coronary artery calcium scoring or coronary
CTA. In asymptomatic patients with an abnormal coronary
artery calcium score, MPI may be appropriate for further
evaluation if the Agatston score is more than 400 or, in
patients with a high CHD risk, is more than 100 but not
higher than 400 (4). Patients with an uninterpretable or
equivocal MPI study may be candidates for CTA and vice
versa (4). The indications must be closely scrutinized on
a case-by-case basis.

Because of the additional radiation burden and multi-
ple testing, the results of the first test (CTA or MPI) must
be reviewed to assess the need for the second test. If the
first test is normal, the second test is typically not indi-
cated. Therefore, combined MPI and coronary CTAwould
be the approach best suited presently for research labora-
tories or for laboratories with a low volume of studies,
permitting careful scrutiny of the first test results and de-
termination of the need for the subsequent test. When both
tests are performed, the SPECT or PET MPI and coronary
CTA images should be viewed independently and, using
image fusion techniques, as an integrated image.

4. Fusion of radionuclide and CT images
Presently, fusion of radionuclide and CT images can

be performed using images obtained from hybrid scan-
ners (SPECT/CT or PET/CT) or using software to co-
register images obtained on separate scanners. Fusion
display of images typically includes fusion of CTAC and
radionuclide images and fusion of CTA and radionuclide
images. The CT images are typically displayed in gray
scale, and the radionuclide images are displayed in
a color scale. Software-based automated registration
of the CT and emission images is accurate and rapid
(in a few seconds) (116). The automated registration
of CT and emission images is reviewed and manu-
ally adjusted as needed. Correct registration in 3-di-
mensional voxels is important to accurately localize
the region of radiotracer uptake and to accurately
generate attenuation maps. Automated coregistration
of cardiac images is more challenging than that of
other images because of cardiac motion, cardiac tor-
sion, cardiac phases (gating), and breathing motion
(117). The combination of MPI and CTA studies
may improve the accuracy of each of the methods;
CTA can improve MPI by better defining the con-
tours of the myocardium, and MPI can aid in de-
termining the significance of uninterpretable segments
on CTA due to dense calcification, coronary artery mo-
tion, and other reasons (118).

5. CTAC and emission images
Attenuation correction is typically performed with

CTAC obtained from hybrid scanners. Use of a CT scan
obtained on a separate scanner for attenuation correction
of the emission images is possible with software (119).
However, the accuracyof this technique is notwell studied
and not widely used. Most vendors offer software to dis-
play the CTAC images along with the emission images in
the 3 standard radiologic planes (transaxial, corona, and
sagittal), and some vendors offer the ability to view these
images in the standard cardiac imaging planes (short-axis,
horizontal long-axis, and vertical long-axis images). It is

recommended that registration be checked in multiple
planes to ensure good registration.

If the images are misregistered, mere realignment of
the CT and emission images using the fusion software is
not adequate for correcting the errors in attenuation cor-
rection. The emission images need to be realigned to the
transmission images and a new attenuationmap generated
(typically at the scanner acquisition console). The emis-
sion images then need to be reconstructed using the new
attenuation map.

6. CTA and emission images
Radionuclide and coronary CTA imaging can be per-

formed sequentially on a hybrid scanner or on separate
dedicated SPECT, PET, and CT scanners (119). Although
the CTAC and emission images are typically acquired
sequentially as a part of the same study using hybrid
devices, emission and CTA images are more commonly
obtained as separate studies. The second test is performed
if needed after a review of the results of the first study.

For fusion of the coronary CTA images, software pro-
grams are available that can segment the coronary CTA
images and overlay them on the volume-rendered rest or
stress myocardial perfusion images (86,88) or coronary
flow reserve images (quantitative PET images) (120). In
clinical practice, the fusion images are typically used to
map or localize the abnormal territory on emission images
to the diseased vessel on coronary CTA (121). For research
applications, hybrid imaging of radionuclide and CTA
images is obtained for localization of radionuclide uptake
(122,123). The fused images can be helpful to localize
diseased regions but should not be the sole images used
for diagnostic interpretation. The respective MPI and CTA
images should be reviewed for a diagnostic interpretation.
Preliminary studies suggest that fused CTA and MPI
images may help improve identification of obstructive dis-
ease, compared with separate review of CTA andMPI data
(119).

Fusion of parametric images of coronary flow reserve
with coronary CTA is possible (120,124). A recent study
demonstrated that CTA and quantitative 15O-water PET
have high diagnostic accuracy in independently diagnosing
flow limitation from CAD, when compared with fractional
flow reserve measurements by invasive coronary angiogra-
phy (sensitivity, specificity, and accuracy of multidetector-
row CTand 15O-water PETwas 95%, 87%, 90%, and 95%,
91%, and 92%, respectively). However, diagnostic accu-
racy increased significantly when the information was com-
bined (sensitivity, specificity, and accuracy of hybrid imag-
ing were 95%, 100%, and 98%, respectively). Also, fused
images allowed identification of patients with stenosed ves-
sels on CTA without flow limitations and identification of
patients with microvascular dysfunction who did not have
obstructive epicardial CAD.

VII. DOCUMENTATION/REPORTING

The interpretation and reporting of the MPI studies is a complex
topic that has been well described previously (6,110,125–127).
The coronary CTA report should include the indication for the
study, imaging technique, description of findings, and limitations
of the examination as previously suggested (Table 9) (28,110,128).
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Further, for a comprehensive hybrid myocardial perfusion and
cardiac CT report, the methods, findings, and interpretation of
the MPI and coronary CT studies should be integrated (Table

10). The tables in this section are not as comprehensive as some
of the prior publications on this topic but highlight some of the
most important elements.

TABLE 10
Reporting of Hybrid Cardiac SPECT/CT and PET/CT Studies

Report parameter Details

Indication for test For both the MPI and the CT studies
History Prior coronary artery disease or coronary procedures

Current medications Listing of all

Methods Technique for the MPI study, stress study, and CT study
MPI Type and dose of injected radiotracer; type of imaging technique (SPECT or PET); type of

attenuation correction, if performed; details of stress testing modality; hemodynamic and

electrocardiographic changes

CT Technique for attenuation correction CT, coronary artery calcium score, and coronary CTA,

if applicable

Doses of b-blocker/nitroglycerin for coronary CTA, if used
Coronary CTA methods (Table 9)

Findings Nongated MPI findings

Gated MPI findings
Coronary artery calcium score (overall Agatston score and percentile ranking based

on age and sex)

Coronary CTA details (Table 9)
Ancillary findings (for MPI, CTAC, coronary artery calcium score, and coronary CTA,

if applicable)

Summary Impression of MPI findings
Impression of CT findings (especially for coronary artery calcium score and coronary CTA)

Integration of MPI and CT findings (especially for coronary artery calcium score and coronary CTA)

Explanations for discordant findings
Localization of disease to vascular territory

CTA 5 CT angiogram; MPI 5 myocardial perfusion imaging; CTAC 5 CT for attenuation correction.

TABLE 9
Reporting of Coronary CTA Findings

Report parameter Details

Indication for examination
Imaging technique Scanner type (number of detectors, rotation time)

Acquisition type (gating method; tube voltage; dose modulation, if used; estimated radiation dose)

Administration of contrast agents (type, dose, route)

Medications used (vasodilator, nitroglycerin, or b-blocker)

Workstation methods for image reconstruction (slice thickness, phases of cardiac cycle)
Complications, if present

Description of findings Overall description of image quality/diagnostic confidence

Anomalies of coronary origin
Right- or left-dominant system

Location and size of any coronary artery aneurysm or dilatation

Description of atherosclerotic narrowing for vessels $ 2 mm in diameter (coronary CTA)

Location of atherosclerotic narrowing by anatomic landmarks
Diffuse or focal disease description

Description using 18-segment model of Society of Cardiovascular Computed Tomography

Noncardiac findings (e.g., adjacent lung fields, aorta)

Ventricular size and function when requested, if appropriate software available
Limitations of examination Heavy calcification (coronary CTA)

Motion abnormalities, arrhythmia

Difficulties with contrast injection
Summary Impression and recommendation

Adapted with permission from (128).
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The methods section should incorporate not only the stress and
MPI parameters but also the acquisition parameters for the cardiac
CT scan (attenuation correction, coronary artery calcium scoring,
and coronary CTA). The study findings of MPI, coronary artery
calcium scoring, coronary CTA, and ancillary findings should be
reported in distinct sections. MPI findings should be reported,
including the elements listed in Table 10 and as suggested pre-
viously. CT findings should be reported, including the elements
listed in Tables 9 and 10 and as suggested previously, using stan-
dard terminology (60). The final-interpretation section must in-
clude both the MPI results and the coronary artery calcium score
or coronary CTA results when applicable in an integrated compre-
hensive statement.

Incidental findings are frequent (129) in the low-dose CTAC
scans and coronary CTA studies. Although most such findings
are of no relevance, clinically important findings that may affect
patient management and are otherwise unknown are detected in up
to 5% of patients (130). However, there is presently no consensus
on reporting findings seen incidentally on cardiac CT studies.
Some guidelines recommend that the CTAC, coronary artery cal-
cium score, and coronary CTA studies be reviewed and reported by
an experienced physician with appropriate training in chest CT
interpretation (13), whereas others report no consensus on this
matter (29). It is the consensus of this writing group that the CT
scans from hybrid SPECT or PET be reviewed and reported for
ancillary findings.

VIII. EQUIPMENT SPECIFICATION

The image processing and display for the MPI images from
hybrid devices are similar to those for stand-alone scanners and
should be performed using previously described standards (5,6).
Dedicated workstations with cardiac display software for MPI
should be used. For PET MPI, only attenuation-corrected scans
should be interpreted. With SPECT, both noncorrected and
attenuation-corrected images should be reviewed when both are
acquired. Dedicated software should be available to review the
registration of the myocardial perfusion and CTAC images. Ded-
icated workstations should be used to compute the coronary artery
calcium score and to review the coronary CTA studies. It is im-
portant to review the axial source images and multiplanar re-
formatted coronary CTA images, as well as maximum-intensity
images, when doing such would be useful. Volume-rendered and
fusion images may be helpful for disease localization but should
not be used for primary diagnostic purposes. Several vendors offer
unified platforms for the review and interpretation of myocardial
perfusion, coronary artery calcium score, and coronary CTA images.

IX. QUALITY CONTROL (QC) AND IMPROVEMENT, SAFETY,

INFECTION CONTROL, AND PATIENT EDUCATION CONCERNS

A. Hardware QC

The standard QC steps for SPECT, PET, and CT
scanners apply to hybrid devices (5). Separate QC proce-
dures are required for the CT scanner and the SPECT or
PET scanner in a hybrid device. The QC procedures for
SPECT and PET scanners minimally include daily, weekly,
monthly, and quarterly camera QC as per manufacturer
recommendations. In addition, the requirements of accred-
iting organizations, that is, the ACR and the Intersocietal
Commission for the Accreditation of Nuclear Medicine

Laboratories, must be met for an accredited facility. This
means that more frequent QC and testing will be required.
To specify in this document what should be done will be
difficult since each manufacturer requires slightly different
tests at different frequencies.

SPECT scanners need daily energy peaking, uniformity
testing, and weekly resolution and linearity testing as
described previously (5). Center-of-rotation and uniformity
corrections are recommended depending on the specific
scanner manufacturer guidelines.

The QC procedures for PET scanners have been pre-
viously described (6). PET scanners need QC testing at the
time of delivery and after any major upgrades. Daily testing
of the PET system is as recommended by the manufacturer.
Detector gains and coincidence-timing checks or adjustments
should be performed at least weekly. Detector normalization
should be performed at least quarterly, and PET scanners
should also be calibrated or tested for absolute-activity-
measurement accuracy and overall system performance (in-
cluding spatial registration between the PET and CT images)
at least quarterly. It is also recommended that the accuracy of
attenuation and scatter compensation be evaluated at least
annually.

CT scanners need to be checked for CT number
calibration and field uniformity, with periodic checks of
spatial resolution (131).

B. Imaging QC

1. MPI
MPI images are checked routinely for several QC

steps (5). Raw projection SPECT images are reviewed
for patient motion, attenuation patterns, extracardiac ac-
tivity, subdiaphragmatic activity, and position of the arms.
Reconstructed SPECT and PET images are reviewed for
count density, appropriate alignment between the stress
and rest images, hot spots, and contours for calculation of
transient cavity dilation ratio. Gated images are reviewed
for count density, the beat histogram is checked for arrhyth-
mias, and the contours of the gated files are checked to
measure the accuracy of left ventricular volumes.

2. CT
CT images are checked for motion artifacts and for

hardware and software artifacts. Coronary artery calcium
score and coronary CTA images need to be reviewed for
motion artifacts (13,28,29). Multiple datasets in different
cardiac phases may need to be reconstructed until the
dataset with fewest artifacts is identified.

3. Imaging QC unique to hybrid devices
Misregistration of emission and transmission images

can result in artifacts (132–134). Therefore, registration
of the CT and MPI images must be routinely verified
before image reconstruction and interpretation. This QC
also involves ensuring that the MPI image is of adequate
quality (count density and without excessive motion) and
that the CT images are of adequate quality. If the trans-
mission and emission images are determined to be of
adequate quality, then the registration of these images is
checked.

4. Fusion software
Several commercial software programs are available

for fusion of CT and MPI images acquired from the same
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scanner or separate scanners. A fusion software package
can also be provided by the hardware vendors. The results
of the fusion should always be checked for accuracy be-
fore image interpretations.

5. Sources of error
Common sources of error for SPECT (5) and PET (6)

radionuclide imaging are patient motion, poor signal-to-
noise ratio, attenuation artifacts, and reconstruction arti-
facts. In addition, the primary sources of error in hybrid
imaging are related to artifacts from misregistration of
the transmission and emission scans and from motion
during CTAC, coronary artery calcium scoring, or coro-
nary CTA.

Misregistration is the most common source of arti-
facts on PET or SPECT/CT. This can result from several
factors. Patient motion can occur between the transmis-
sion and emission images. In addition, the position of the
heart on MPI relative to that on CT can change because
of the effects of vasodilator stress, or because imaging
for CTAC occurs during a phase of the respiratory cycle
that results in the myocardium not being positioned at the

average heart position, as is represented by the PET
image.

Software reregistration may be used to correct for mis-
registration of the transmission and emission images when
the source emission and transmission images are motion-
free and of good quality. However, if either transmission or
emission images are degraded by motion, software solu-
tions may not be able to adequately correct the degradation
and the scan may have to be repeated.

Patients should be instructed not to move, and the
operators should make note of involuntary movements
(e.g., coughing or sneezing during image acquisition).
Patient motion during PET MPI is difficult to discern,
and motion during either the MPI or the CT scan limits
the use of those data. The MPI scan can be reacquired
with SPECT radiotracers. With PET, the dynamic image
file can be unlisted, the frames with motion discarded,
and the remaining frames summed; however, this option
may not be optimal with short–half-life radiotracers (es-
pecially if motion occurs during the initial 1–3 min of an
82Rb image acquisition). The 75-s half-life of 82Rb

TABLE 11
Possible Approaches to Reduce Radiation Dose from MPI, CT, and Hybrid Procedures

Procedure Approach Notes

MPI (136) Weight-based radiotracer use Smaller subjects may receive lower radiotracer dose.

Single-isotope protocols Dual-isotope imaging with 201Tl rest and 99mTc stress protocols
have higher dose estimates than single-isotope protocols.

Lower-dose radiotracer High sensitivity of newer scanners with solid-state detectors

allows for rapid scanning or lower-dose injection, reducing
estimated dose by almost a third compared with conventional

SPECT (139); new software reconstructions (140–142,152) allow

for half-time or quarter-time image acquisition, which can be
used to perform reduced-dose imaging at full-time acquisition.

Stress-only MPI* Rest imaging can be avoided, and throughput is faster.

PET MPI PET perfusion radiotracers (13N-ammonia and 82Rb) result in lower
effective radiation dose than do SPECT radiotracers (Table 12).

Compared with 2-dimensional PET, 3-dimensional imaging uses

lower radiotracer dose and consequently has lower radiation
dose to patients.

CT (144) Prospective ECG-triggered
imaging

When available, prospective ECG-triggered imaging or high-pitch
acquisition is preferred over retrospective gating to reduce dose

(63); reduce padding to minimize dose (64).

ECG dose modulation Reducing tube current during systolic phases reduces dose by
;25%–40%, depending on heart rate and settings (143,144).

Low-kV imaging There is 53% reduction in median dose estimates for 100-kV scan,

compared with 120 kV scan (144); this is particularly helpful in
patients with low body mass index or for specific indications (65).

Low-mA imaging with iterative
reconstruction algorithms

Technique uses low tube current combined with adaptive statistical
iterative reconstruction (instead of filtered backprojection) of images

to minimize image noise level and maintain image quality (66).

SPECT/CTA and
PET/CTA

Personalized protocol For example, use of prospective ECG-triggered axial coronary CTA
and low-dose stress-only cardiac SPECT (97) or PET may reduce

collective radiation dose by approximately 40%.

*Stress-only imaging can be considered in highly selected cohorts with very low likelihood of coronary artery disease and when

attenuation correction is available.
CTA 5 CT angiogram; MPI 5 myocardial perfusion imaging.
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allows for repeating the study if excessive motion or
other uncorrectable artifacts are observed.

Patient motion during a CT scan may cause enough
streak artifacts to require a repeated CT scan. Coronary
artery motion can be minimized for dated cardiac CT
scans (coronary artery calcium scoring and coronary
CTA) using b-blockers as needed to reduce the patient

heart rate at the time of image acquisition. However,
b-blockers are generally not used with coronary artery
calcium scoring. Additionally, it has been shown that
the extent and severity of MPI abnormalities are re-
duced in patients under the effects of b-blockers
(31,32). Stair-step artifacts are eliminated on 320-slice
scanners wherein the entire heart volume is covered in

TABLE 13
Radiation Dosimetry in Children (5 Years old)

Largest radiation dose Effective dose

Radiopharmaceutical Organ mGy/MBq rad/mCi mSv/MBq rem/mCi

99mTc-sestamibi, rest* Gallbladder 0.10 0.37 0.028 0.10
99mTc-sestamibi, stress* Gallbladder 0.086 0.32 0.023 0.085
99mTc-tetrofosmin, rest† Gallbladder 0.073 0.27 0.021 0.078
99mTc-tetrofosmin, exercise† Gallbladder 0.073 0.27 0.021 0.078
201Tl† Testes 3.6 13 0.79 2.9
82Rb‡ Thyroid 0.050 0.18 0.0063 0.023
13N-ammonia Urinary bladder 0.024 0.089 0.0077 0.028
18F-FDG† Urinary bladder 0.34 1.3 0.056 0.21

*ICRP 80 (146).
†ICRP 106, page 218 (147).
‡Stabin (148).

Estimated dose (mSv) can be calculated as effective dose · administered activity.

TABLE 12
Radiation Dosimetry: Adults*

Largest radiation dose Effective dose

Administered

activity
Relative

radiation levelRadiopharmaceutical Organ mGy/MBq rad/mCi mSv/MBq rem/mCi MBq mCi

99mTc-sestamibi, rest* Gallbladder 0.039 0.14 0.009 0.033 296–444 8–12

99mTc-sestamibi, stress* Gallbladder 0.033 0.12 0.0079 0.029 888–1,332 24–36

99mTc-tetrofosmin, rest† Gallbladder 0.027 0.10 0.0069 0.026 296–444 8–12

99mTc-tetrofosmin, exercise† Gallbladder 0.027 0.10 0.0069 0.026 888–1,332 24–36

201Tl† Kidneys 0.48 1.8 0.14 0.52 111–185 3–5

82Rb‡ Kidneys 0.0093 0.034 0.0017 0.0063 370–2,220 10–60

13N-ammonia§ Urinary bladder 0.0081 0.030 0.0027 0.010 370–925 10–25

18F-FDG† Urinary bladder 0.13 0.48 0.019 0.070 185–555 5–15

Scout CT — — —

CTAC — — —

Coronary artery calcium score — — —

Coronary CTA — — —

*ICRP 80 (146).
†ICRP 106 (147).
‡Stabin (148).
§ICRP 53 (149).

Relative radiation level is as defined by ACR: 5 0.1–1.0 mSv; 5 1–10 mSv; 510–30 mSv.
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1–2 heartbeats (13,28), as well as with the prospec-
tively triggered high-pitch acquisition (FLASH mode
[fast-pitch spiral CT]), which requires a fraction of 1
heart beat (approximately 250 ms) for the CTA acqui-
sition (135).

X. RADIATION SAFETY AND ALARA ISSUES

Patient exposure to ionizing radiation should be at
the minimum dose consistent with obtaining a diagnostic exam-
ination in accordance with ALARA (as low as reasonably
achievable) principles. Patient radiation exposure may be reduced
by administering less radiopharmaceutical when the technique or
equipment used for imaging can support such an action. Each
patient procedure is unique, and the methodology to
achieve minimum exposure while maintaining diagnostic accu-
racy needs to be viewed in this light. Dose ranges outlined in this
document should be considered a guide, and it is expected that, at
a minimum, dose reduction techniques will be considered for
each patient procedure and used when appropriate (Tables 3, 11,
and 12). Dose reduction is important not only for patients but also
for the technologists and health professionals who perform these
procedures. The lowest radiation dose required to obtain a diag-
nostic-quality image should be used.

The 2 options for hybrid imaging include dose reduction from
CT studies or MPI procedures. Several factors influence radiation
dose, and hence dose estimates are variable and their precise es-
timation is challenging (136,137). Possible approaches to reduce
radiation dose from MPI (138), CT (28,29), and hybrid procedures
are shown in Table 11 (139–145).

A. MPI Dosimetry

For MPI dosimetry data, see Tables 12219 (146–151)

B. MPI in the Pregnant or Potentially Pregnant Patient

Hybrid imaging is not recommended in the pregnant
or the potentially pregnant patient, for whom imaging
modalities without radiation risk are instead recommen-
ded.

C. MPI in the Breast-Feeding Patient

Radionuclide imaging is not recommended for the
breast-feeding patient. Alternate imaging modalities with-

out radiation risk are instead recommended. If radionuclide
imaging is considered, the International Commission on
Radiation Protection publication 106 (147) suggests a 48-h
interruption of breast feeding for subjects receiving 201Tl
but does not provide a recommendation about interruption
of breast feeding for 82Rb. The authors recommend that no
interruption is needed for breast-feeding patients adminis-
tered 99mTc agents, 13N-ammonia, or 18F-FDG. Close and
prolonged contact (.2 min) should be avoided for a few
hours after 18F-FDG administration. However, for 99mTc-
radiopharmaceuticals, consideration should be given to
postponing the procedure in a lactating woman. A 4-h in-

TABLE 14
Radiation Dosimetry in Fetus/Embryo: 99mTc-Sestamibi

99mTc-sestamibi

study Stage of gestation

Fetal dose

mGy/MBq rad/mCi

Rest Early 0.015 0.055

3 mo 0.012 0.044

6 mo 0.0084 0.031
9 mo 0.0054 0.020

Stress Early 0.012 0.044

3 mo 0.0095 0.035

6 mo 0.0069 0.026
9 mo 0.0044 0.016

Data are from Russell et al. (150). No information about possible
placental crossover of this compound was available for use in

estimating fetal doses.

TABLE 15
Radiation Dosimetry in Fetus/Embryo: 99Tc-Tetrofosmin

Fetal dose

Stage of gestation mGy/MBq rad/mCi

Early 0.0096 0.036

3 mo 0.0070 0.026
6 mo 0.0054 0.020

9 mo 0.0036 0.013

Data are from Russell et al. (150). No information about possible

placental crossover of this compound was available for use in

estimating fetal doses. Separate estimates were not given for rest
and exercise subjects.

TABLE 16
Radiation Dosimetry in Fetus/Embryo: 201Tl

Fetal dose

Stage of gestation mGy/MBq rad/mCi

Early 0.097 0.36

3 mo 0.058 0.21

6 mo 0.047 0.17
9 mo 0.027 0.10

Data are from Russell et al. (150). No information about possible
placental crossover of this compound was available for use in

estimating fetal doses.

TABLE 17
Radiation Dosimetry in Fetus/Embryo: 82Rb

Fetal dose

Stage of gestation mGy/MBq rad/mCi

Early 0.00028 0.0010

3 mo 0.00025 0.00092
6 mo 0.00023 0.00085

9 mo 0.00021 0.00078

Data are from Russell et al. (150) but were estimated from the

model of Stabin (148). No information about possible placental

crossover of this compound was available for use in estimating
fetal doses.
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terruption during which 1 meal is discarded can be consid-
ered to be on the safe side.

D. Coronary CTA

Coronary CTA can now be performed with effective
doses of less than 1 mSv in some patients. The typical
radiation doses from cardiac CT are listed in Table 12.

XI. CONCLUSION

Advances in hybrid imaging technologies over the past several
years have resulted in the ability to improve image quality and the
diagnostic accuracy of MPI and identify calcified atherosclerosis
(coronary artery calcium scoring) and coronary artery stenoses
noninvasively using coronary CTA. For successful and appropriate
use of this new technology, a clear understanding of the capabilities
and limitations of the technology and appropriate patient selection,
preparation, scan acquisition, and image reconstruction is
required. This document attempts to provide some guidance
on the performance of hybrid cardiac procedures using PET/CT
and SPECT/CT. For more details, readers are referred to other
documents detailing the protocols and procedures for each of
these tests. The proper performance of hybrid imaging requires
clinical knowledge and appropriate training and expertise at all
steps of the process from screening to the performance, interpretation,
and reporting of these procedures, so that each procedure may be
tailored to the patient and the clinical question to be answered.
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