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Abbreviations
CAD Coronary artery disease

CT Computed tomography

CZT Cadmium zinc telluride

FBP Filtered backprojection

FFR Fractional flow reserve

MBF Myocardial blood flow

MPI Myocardial perfusion imaging

OSEM Ordered subset expectation

maximization

PET Positron emission tomography

SPECT Single Photon Emission Computed

Tomography

INTRODUCTION

Myocardial perfusion imaging (MPI) performed

using Single Photon Emission Computed Tomography

(SPECT) remains the most common procedure in

nuclear cardiology, owing to a robust database of

clinical studies demonstrating invaluable efficacy and

utility in the evaluation and risk stratification of patients

with known or suspected cardiovascular disease. While

cardiac SPECT technology has been in widespread use

clinically for the past three decades, recent advances in

equipment and protocols aimed at optimizing image

quality, improving diagnostic accuracy, and reducing

radiation exposure have not been widely incorporated

into existing practice.1,2

The American Society of Nuclear Cardiology

(ASNC) recently published updates to two SPECT

Imaging Guidelines, one addressing ‘‘Instrumentation,

Acquisition, Processing, and Interpretation’’3 and the

other addressing ‘‘Stress, Protocols, and Tracers’’.4

These documents apprise providers of nuclear cardiol-

ogy procedures of standards for their optimal

performance. This document highlights the use of new

technology and protocols addressed in these recommen-

dations. Given recent advances in Cardiac SPECT

imaging, the aim of the current document is to both

highlight these innovations and also provide guidance on

best practices for performing high quality imaging,

employing a patient-centered approach, to achieve

optimal results that will have a meaningful impact on

patient management and outcomes.

HARDWARE

Most SPECT systems in use today are based on

technology that has been in use for more than 25 years.

These are dual-detector systems, with parallel-hole

collimation and sodium-iodide (NaI) scintillation

cameras mounted at 90� to each other. This configura-

tion allows acquisition greater than 180� (45� left-

anterior- oblique to 45� left-posterior oblique) with a

gantry rotation of only 90�. Two configurations are

available: The first have detectors fixed at 90� and are

dedicated to nuclear cardiology. The second have large

field-of-view detectors that may be used in a 90�
configuration for cardiac imaging or with the detectors

at 180� (or other angles) for general nuclear medicine.

While outwardly the systems may not have changed

much since their introduction, advances in reconstruc-

tion algorithms and processing techniques have greatly

improved performance, as discussed later in this

document.

More recently introduced systems have increased

photon sensitivity through the use of high-sensitivity

collimation and multiple detectors to perform a cardio-

centric or heart-centered acquisitions (See Figure 1).

Regardless of the collimation used, each system also

takes advantage of advanced SPECT reconstruction

algorithms to further improve the sensitivity of the

system.5,6

New Technology for High-Sensitivity SPECT

Two such systems utilize direct-conversion, solid-

state detectors made of cadmium zinc telluride (CZT)

but very different collimation schemes. The main

advantage of CZT as a detector is that it has much

better energy resolution than NaI scintillation and can be

used to construct compact pixelated detector modules,

where each pixel (a single CZT crystal 2.46 mm on each

side) is smaller than the intrinsic resolution of a NaI

scintillation camera. Clinical CZT systems achieve

energy resolution of better than 7%, compared to about

11% for a conventional scintillation camera. Both

systems use detectors based on modular units of 16-x-

16 CZT pixels but in different arrangements.

The first CZT system uses nine rectangular detec-

tors with very high sensitivity parallel-hole collimation

that sweep across the heart of the patient (D-SPECT�,

Spectrum Dynamics Medical). Each rectangular detector

is constructed of four modules arranged in a column (16-

x-64 pixels). Collimators are made of tungsten, with

square holes designed to match the detector pixels.

During acquisition, each of the nine detectors simulta-

neously sweeps across the patients thorax. Counts from

the heart are maximized by confining the sweep of each

detector to the region of the heart. An initial clinical trial

of the system with Tc-99m radiopharmaceuticals con-

cluded that D-SPECT acquisitions of 4 and 2 minutes

for MPI stress and rest studies yielded studies that

correlated well with 16- and 12-minutes studies acquired
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with conventional SPECT and had equivalent diagnostic

performance.7

The second CZT system uses 19 square CZT

detectors, each equipped with a single tungsten pinhole

collimator (Discovery 530c, GE Healthcare). Each

detector is comprised of four modules (32-x-32 pixels).

The detector are arranged in three rows, with the center

row of nine detectors perpendicular to the patients

Figure 1. SPECT System Configurations. (A) Conventional dual-detector SPECT with parallel-
hole collimation. (B) IQ�SPECT utilizes unique collimation on a conventional dual-detector SPECT
system to maximize sensitivity over the heart while avoiding collimation of the body. (C) Cardius-3
SPECT system with three CsI pixelated scintillation cameras. The patient rotates for acquisition,
while the detectors remain stationary. (D) D-SPECT with nine columnar CZT detectors that
simultaneously sweep across the heart during acquisition. (E) Discovery 530c with 19 pinhole
detectors all directed at the heart. Two rows of five detectors; each are adjacent to the row of nine
detectors in the diagram and provide views of the heart from above and below the transaxial plane.
The detectors and the patient are stationary during acquisition.
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thorax. Two adjacent rows of detectors (five each) are

oriented so they image from above and below the center

line (giving a three-dimensional acquisition). The center

line of each of the 19 pin-hole collimators passes

through the same point in space. With this system, the

detectors and the patient remain stationary during

acquisition, and the heart of a properly positioned

patient is centered on the point where the center lines of

all the pin-hole collimators meet. A multicenter trial of

the system with a 1 day technetium-99m tetrofosmin

rest/stress MPI of 4 and 2 minutes compared well with

14- and 12-minutes acquisitions with conventional

SPECT systems.8

The Cardius SPECT systems (Digirad Corp.) use

pixelated scintillation detectors. Each cesium-iodide

(CsI) scintillation detector is matched to a silicon

photodiode that detects scintillation in the crystal.

Eliminating the photomultiplier tubes used in traditional

systems allows the camera to be considered a solid-state

device and the design of more compact detectors. In this

system, the patient sits upright in a chair that rotates.

When equipped with two detectors and parallel-hole

collimation, system sensitivity should be comparable to

a traditional dual-detector SPECT system. A multicenter

trial of another configuration, using three detectors to

increase sensitivity and resolution recovery reconstruc-

tion, demonstrated that a 5-minutes rest acquisition and

a 4-minutes stress acquisition could yield perfusion and

function information from gated SPECT myocardial

perfusion imaging studies that were diagnostically

equivalent to full-time acquisition and standard recon-

struction.9 Further improvements in sensitivity can be

had by replacing the parallel-hole collimators with fan-

beam collimators, maximizing counts from the heart.10

One system, IQ�SPECT, achieves high sensitivity

by using a unique collimator design on a standard, large

field-of-view, dual-detector SPECT or SPECT/CT sys-

tem (IQ�SPECT, Siemens Healthineers).11 The confocal

collimators used in IQ�SPECT have a central area with

converging collimation designed to focus on the heart

and transition to parallel-hole collimation around the

periphery of the camera. This design allows increased

sensitivity over the heart where it is most needed but

avoids truncation of the body.11 The use of IQ�SPECT to

reduce imaging time and/or radiopharmaceutical dose

has been demonstrated in phantoms and in patients.11,12

Lyon et al compared AC stress SPECT to IQ�SPECT

using a dose of 925–1100 MBq (25–30 mCi) Tc-99m

sestamibi. Several different count levels were simulated

for IQ�SPECT and evaluated using system and count-

level specific normal files. The study concluded that

IQ�SPECT could be used to reduce both the dose and the

time by half compared to conventional SPECT. Thus the

standard dose could be reduced to below 550 MBq

(15 mCi), and the imaging time reduced from 13 min-

utes (standard SPECT) to 7 minutes (IQ�SPECT).12

Only when the confocal collimator is mounted is the

system restricted to nuclear cardiology. When equipped

with other collimators, the system is a general purpose

SPECT or SPECT/CT, a factor that may appeal to

clinics that also perform general nuclear medicine

imaging studies.

SOFTWARE

SPECT Processing Techniques

Many of the perceived shortcomings of myocardial

perfusion SPECT imaging can be traced to the use of

outdated image processing software. Because these

solutions can be implemented without a large capital

investment, every laboratory should review their pro-

cessing software and identify the opportunities to

modernize.

Optimal Reconstruction

In the early days of SPECT imaging, limitations on

computing power, memory, and disk space left few

options for reconstructing the tomographic slices. Fil-

tered backprojection (FBP) reconstruction had been the

primary reconstruction algorithm since the beginning of

SPECT imaging. This approach, though common, is

prone to image artifacts, such as the ramp filter

artifact,13 noise amplification 14,15 and cannot be used

for non-uniform attenuation correcting or improving

resolution.16,17 This has a direct impact on the accuracy

of SPECT interpretation. It also requires the use of

radiation doses much higher than what is used in other

modalities for similar procedures.18,19

Iterative reconstruction algorithms utilize a step-

wise approach to determine the source distribution; the

most common of these is the maximum likelihood/ex-

pectation maximization (MLEM) algorithm.20 This

algorithm uses a model for the statistics of the image

to iteratively improve the source activity estimate. The

primary advantage of iterative reconstruction algorithms

is that they use a model of the entire imaging process to

create the tomographic slices. This model can be

customized to include compensation for almost any

physical process: attenuation, scatter, collimator blur,

noise, etc.21–23

Though this algorithm is robust, adaptable, and

produces good-quality images, it can be computationally

intensive when applied to gated and dynamic data. More

recently, the ordered subsets, expectation maximization

algorithm has been used to accelerate the reconstruction

times of the MLEM algorithm.24 This acceleration
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technique reduces reconstruction times by more than ten

times, making iterative reconstruction practical on

modern personal computers.

Use of iterative reconstruction and resolution

recovery can improve the signal to noise and reduce

common reconstruction artifacts. Comparisons of

ordered subset expectation maximization with resolution

recovery (OSEM-RR) reconstructions with FBP demon-

strate that up to an 8-fold improvement in signal to noise

can be obtained when OSEM-RR is used.15 In addition,

ramp filter artifacts from gut activity can also be reduced

(see Figure 2).13

Because of the improvements to signal to noise and

reduction of artifacts, such as the ramp filter and the

widespread availability of upgrade paths for legacy

processing workstations, clinical practices should iden-

tify pathways for implementing iterative reconstruction.

Advanced Iterative Reconstruction
for Reducing Patient dose and Acquisition
Time

Many commercial software solutions are available

for improving the resolution of the reconstructed

images.25–28 These technologies are easily integrated

on existing Anger Camera SPECT imaging systems.

This improvement in resolution has the effect of

boosting the signal coming from the myocardium. This

boost in signal can be used to reduce the required dose

and or acquisition time of the study. Given the wide-

spread availability of these solutions and the advantages

to patient comfort and reducing patient dose, nuclear

cardiology labortories should investigate pathways to

include resolution recovery into daily practice.

Advanced Iterative Reconstruction
for Implementing Attenuation Correction

Correction for soft-tissue attenuation has been

shown to improve specificity, improve reader confi-

dence, and reduce the need for rest imaging in stress-

only protocols.29 To implement attenuation correction,

the iterative reconstruction algorithm can be adapted to

include compensation for attenuation based on a patient-

specific attenuation map.

When implementing attenuation correction, soft-

ware should allow for the assessment of the quality of

both the attenuation map and transmission/emission

registration. In addition, attenuation correction performs

best when combined with other corrections, such as

resolution recovery and scatter correction. SPECT

attenuation is combined with other corrections, such as

scatter and collimator resolution correction, and the final

image quality is similar to positron emission tomogra-

phy (PET) (see Figure 3).30 Because of the potential to

improve test accuracy and image quality, practices

should consider attenuation correction hardware when

replacing legacy SPECT instrumentation.

ATTENUATION COMPENSATION

The interpretation and quantification of myocardial

perfusion SPECT are hampered by photon attenuation,

Compton scatter, and collimator resolution effects.

These factors preclude a linear relationship between

the counts in the image and the true tracer distribution.

The application of attenuation correction has been

demonstrated to improve overall test accuracy, reduce

difference between male and female studies, improve

the assessment of large body-mass-index (BMI) patients

Figure 2. The ramp-filter artifact can reduce the counts in regions near high uptake. Iterative
reconstruction approaches, such as OSEM and OSEM with resolution recovery (OSEM w RR) can
reduce or eliminate this artifact.
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and improving the usefulness of stress only

imaging.31–36

Attenuation correction may be performed when a

patient-specific map of anatomical attenuation is avail-

able. This is typically acquired using a transmission

scan, either from scanning radionuclide sources or CT).

Alternately, it is often possible to determine if an

apparent myocardial defect is an artifact by performing a

second SPECT scan with the body in a different

position, altering the attenuation pattern.37–39

Attenuation affects cardiac SPECT images in both

easily identifiable and subtle ways. Artifacts associated

with breast attenuation in women and diaphragmatic

attenuation in men are familiar to those proficient with

conventional SPECT systems.40,41 Recognition of these

artifacts is complicated because association with gender

is not exclusive, and the position and extent may vary

greatly. Exaggerated diaphragmatic attenuation can

occur in women, and significant pectoral musculature

or gynecomastia can yield artifacts in men similar to

those that are more expected in women. Images pro-

duced by new, high-sensitivity SPECT systems are also

subject to attenuation artifacts. The artifacts may not

follow the familiar patterns, however, because of the

position of the patient during imaging (particularly if the

images are acquired with the patient in a sitting position)

or the geometry of the SPECT system (particularly if the

system uses multiple cameras to surround the patient).

Attenuation correction for myocardial perfusion

SPECT has been recommended by ASNC for several

years but has not been universally adopted by the

nuclear cardiology community.42,43 Reasons for this

include the added expense and complexity of the

transmission scan, the sizable investment needed for

SPECT/CT, and lack of reimbursement. There is also a

lack of general awareness of the improved diagnostic

accuracy and interpretive confidence afforded by the

addition of attenuation correction. Computed tomogra-

phy scanner-based attenuation also has the added value

of assessing for the presence of coronary artery calci-

fication on the transmission of CT images to detect

subclinical coronary artery disease (CAD).44

If attenuation correction hardware is not available,

sequential scans with the body in two different positions

can be used to distinguish attenuation artifacts from

perfusion defects, and thereby compensate for attenua-

tion artifacts. For example, when the body’s position is

moved to prone from supine, the heart’s position within

the body changes, and attenuators—such as the breasts

and diaphragm—shift. The pattern of attenuation is

Figure 3. Comparison of two different SPECT reconstruction algorithms of a 9-mCi Tc-99m-
sestamibi study at rest: Top row is FBP; middle row is OSEM with attenuation, scatter, and
collimator resolution correction. Bottom row is a myocardial perfusion PET study with 25 mCi of
Rb-82 at rest in the same patient.
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different and a defect that is present with the body in one

position, but not the other, is unlikely to be due to an

actual defect and can be considered artifact.37,38 Acquir-

ing the prone images in addition to supine images adds

complexity and increases the time required to acquire

each patient’s images. Two-position imaging has

become more practical as new reconstruction techniques

have allowed the use of shorter scan times.

When nuclear cardiology laboratories are upgrading

nuclear instrumentation, SPECT/CT should be consid-

ered given its importance in reducing image artifacts,

stress-only imaging and coronary calcium assessment

when SPECT/CT. If attenuation correction is not avail-

able, 2-position imaging is encouraged to reduce

equivocal and false-positive results. Regardless of the

attenuation-compensation method used, reducing the

uncertainly of attenuation in clinical images improved

the confidence of the clinician in the images and is of

particular importance when stress-only protocols are

used because, by eliminating attenuation artifacts, they

reduce the need for resting images.36,39,45,46

Equipment for Attenuation Correction

Application of attenuation correction requires a

patient-specific map of the attenuating media, the

attenuation map. The most practical way of measuring

the attenuation map is through a transmission scan,

either made with a radionuclide sealed source or through

CT. Many early attenuation correction methods were

based on transmission scans made with sealed sources of

activity. Several different methods have been commer-

cially released, with the most common being a line

source that scanned across the camera field of view in

each planar projection. This allows the same camera that

acquires the emission scan to acquire the transmission

scan. Use of Gd-153 with an apparent energy peak at

100 keV as the source allowed discrimination between

the transmission photons and the emission photons from

the heart (140 keV for Tc-99m based radiopharmaceu-

ticals). Reconstruction of the transmission scan uses the

same algorithms as used in CT imaging.

In the last ten years, the availability of SPECT/CT

systems has made the use of radionuclide-based trans-

mission systems less common. Hybrid SPECT/CT

systems incorporate a CT scanner into the SPECT

gantry. Two types of systems have been released. Slow-

rotation, low-power systems utilize the SPECT gantry to

rotate both the gamma cameras and the CT assembly.47

The first SPECT/CT system released incorporated this

type of system and produced 1-cm thick slices with a

typical transmission scan for attenuation correction

taking about 5 minutes. Improvements of this system

cut the slice thickness to 0.5 cm and the imaging time

for attenuation correction to about 2.5 minutes. More

recently a system using a flat-panel detector has been

introduced. This allows a CT scan of the thorax

containing the myocardium to be acquired with one

spin of the gantry (about 20 seconds). The second

configuration for SPECT/CT incorporates a standard-

design CT system in tandem with the SPECT in a

similar design to most PET/CT systems. In all of the

SPECT/CT configurations, the SPECT and CT are

acquired sequentially and care must be taken to avoid

movement of the body that would cause misregistration

of the SPECT/CT (see Figure 4). All, SPECT/CT

studies should be inspected for misregistration and

corrected when necessary.

It should be noted that all of the methods discussed

above increase the radiation dose to the patient. This is

minimal (1–2 lSv) for the sealed source systems due to

the low photon flux.48 Tandem SPECT/CT systems

often incorporate clinical CT systems and are capable of

delivering a relatively high radiation dose.49 If the sole

use of the CT scan is attenuation correction, the CT

parameters (tube current [mA], tube potential [kV or

kVp], rotation speed, and pitch) should be chosen to

minimize the radiation dose. Doses below 1 mSv can

produce acceptable attenuation correction and can be

visually assessed for coronary calcifications.44

Ideally the patient’s body should be in the exact

same position in the SPECT and CT scans. In practice,

the duration of the CT scan is much shorter than the

SPECT, and the patient’s breathing pattern can impact

the registration of the SPECT and CT. The standard

practice for a chest CT might be an inspiration breath-

hold, but this guarantees that the shape of the body is

very different between the two scans. ASNC guidelines

recommend the patient be instructed to breath shallowly

(free tidal breathing) or to hold their breath after

exhaling,50 either of which will produce a better match

than inspiration. After acquisition of SPECT and CT, the

registration should be checked and corrected if neces-

sary (see Figure 4).

Just as extra-cardiac uptake of the radiopharmaceu-

tical should be reported if the clinician believes that it

may indicate a problem, the CT scan should be

examined for abnormalities and, if found, reported.

With CT scanner-based attenuation, however, there is

the added value of assessing for the presence of coronary

artery calcification on the transmission CT images to

detect subclinical CAD.44

Attenuation Compensation with New
Technology

In the case of the high-sensitivity SPECT systems,

attenuation compensation is available either through use
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of attenuation compensation with SPECT/CT or by two-

position imaging.

The D-SPECT system (Spectrum Dynamics) does

not have the capability of attenuation correction, but it

does allow the patient to be imaged in two positions. In

this system, the patient sits in a chair and is nearly

upright in standard imaging. The patient may also be

reclined to a supine position and a second image

acquired. As with supine/prone imaging, a defect that is

evident with the body in one position but not seen with a

body in another position is likely to be artifact.51,52

The GE Discovery 530c (GE Healthcare) was

initially available in a SPECT/CT configuration utilizing

a 64-slice CT scanner. The system also has an option to

import a CT from a separate scanner for use in

attenuation correction. Regardless of the source, the

SPECT and the CT scans are registered prior to

attenuation correction. Attenuation correction with this

system may help improve the quantitative specificity

without a loss in sensitivity.53 Prone imaging is also

available and has been shown to help identify patient’s

at low risk for death or myocardial infarction.54

Figure 4. Accurate alignment of SPECT and CT is required for accurate CT-based attenuation
correction. (A) Tc-99m-tetrofosmin stress study (6 mCi) acquired on a Discovery 530c SPECT
system and reconstructed without attenuation correction. (B) Poor registration where SPECT
myocardial tissue is overlaid on CT lung, resulting in under correction of attenuation in the lateral
wall. (C) When properly aligned, the attenuation correction produces myocardial uptake that
appears uniform.
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X-ACT (Digirad Corp.) is a novel CT system where

a target rod is bombarded with X-rays from a tube.

Characteristic X-rays produced after photoelectric

absorption in the target rod are used for the transmission

scan instead of the output of the X-ray tube. This results

in mono-energetic photons for the transmission imaging,

which can be more accurately transformed into attenu-

ation coefficients for attenuation correction than the

Hounsfield units produced by the broad-spectrum pho-

tons produced directly from the X-ray tube. The

transmission scan is acquired using the same detectors

as the emission scan.10

IQ�SPECT (Siemens Medical Solutions) is based on

a conventional dual-detector SPECT scanner and is

available as a SPECT/CT. Some reports have indicated

that the system performs best if attenuation correction is

used.55 Other investigators have shown that a combined

supine/prone imaging protocol can also identify atten-

uation artifacts in supine images.56

OPTIMIZING STRESS TESTING PROTOCOLS
WITH SPECT

A same-day, low-dose stress first followed by

optional rest-imaging protocol yields the lowest radia-

tion-dose exposure—as low as 1 mSv with the stress

only protocol on a high-sensitivity (solid-state) sys-

tem.57 Patient comfort is improved along with radiation

dose savings to laboratory staff and cost savings to the

practice when using unit dose radiotracers. The use of

attenuation correction or 2-position imaging (additional

prone or upright imaging) is helpful to decrease atten-

uation artifacts and decrease the need for rest acquisition

in many cases. The findings of a recent study suggest

that stress first protocol also may minimize shine

through of rest activity and improve the detection of

ischemia.58 A normal stress first imaging has been

shown to portend excellent prognosis, comparable to

prognostic value of normal rest/stress imaging. Stress

first has prognostic proven value in several subsets of

patients, including men and women, patients with or

without diabetes, obese vs non obese patients.59 Further

evaluation with angiography (CT or invasive) may be

considered despite normal stress first imaging, if the

stress test shows high risk features, left ventricular

ejection fraction is reduced, or patient has ongoing

symptoms.3 The use of low-dose stress-first protocol is

important and essential to perform low radiation dose

MPI to minimize the radiation-dose exposure to the

patient, especially if the patient has no history of prior

myocardial infarction or reduced left ventricular systolic

function.

The improved resolution and count sensitivity of

newer camera hardware technology for SPECT MPI, as

well as novel iterative reconstruction software for

processing, has translated into lower radiotracer dose

requirements for stress testing, with the development of

low-dose protocols. This has resulted in significantly

reduced radiation exposure with studies achieving less

than 7 mSv of effective radiation dose.60 The new

technology also permits shorter acquisition times, which

can significantly reduce the potential for motion arti-

facts, particularly in patients with orthopedic and/or

musculoskeletal limitations. As such, individualized or

‘‘patient-centered’’ protocols rather than a ‘‘one-size-

fits-all’’ approach are recommended, including 2-posi-

tion imaging to reduce the rates of equivocal studies due

to attenuation from the diaphragm or breast/anterior

chest wall adipose tissue.

Weight-based radiotracer dosing and/or increased

acquisition time should be routinely considered for

SPECT imaging studies, tailored to the patient so as to

optimize radiation dose given the patient’s habitus,

while minimizing the likelihood of poor image quality

due to insufficient cardiac counts or to patient motion. In

addition to the single-day or two-day standard dose

protocols with either stress first, followed by optional

rest-image acquisition, or rest first followed by stress-

image acquisition, there have been newer protocols that

have been recommended with low-dose imaging (see

Figure 5). With the shorter scan times associated with

newer technology, the use of 2-position imaging to shift

attenuators has become more practical.

It is recommended that low-dose imaging be con-

sidered for most patients presenting for stress testing in

laboratories that have newer software or hardware

technology available. For patients with a high body

mass index, low-dose imaging may be limited due to

poor count statistics resulting in poor image quality, and

a longer acquisition time (with newer software/hard-

ware, and cooperative patients) or two-day equal dose

protocol (conventional hardware/software) may be con-

sidered to lower radiation dose.

New software and hardware technology also allows

for faster scan times, such as half-time imaging, with

acquisition times as short as 5 to 7.5 minutes (see

Figure 5), and should be considered for patients unable

to tolerate standard time imaging.

BEST PRACTICE RECOMMENDATIONS

Among choices of SPECT technologies (see Fig-

ure 6), while iterative reconstruction is generally

preferable to FBP, reconstruction software adding noise

reduction and resolution recovery to iterative recon-

struction is preferable to iterative reconstruction alone,

and use of a solid-state high-efficiency camera incorpo-

rating this software is an ideal choice for many patients.
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Use of single-position uncorrected images, while most

common for SPECT MPI, is not ideal, but rather use of

attenuation compensation, by means of attenuation

correction technology or attenuation shifting with two-

position imaging (e.g., supine/prone or sitting/semire-

cumbent), is a preferred practice. Computed

tomography-based attenuation correction is the ideal

approach to address attenuation for many patients.

Among SPECT protocol options, no one choice is right

for all patients; however, dual isotope imaging is not

recommended, whereas single-day low- or ultra-low-

dose stress-first/optional rest protocols offer the oppor-

tunity to minimize radiation exposure.

Thus, for many patients, the combined use of novel

SPECT software and hardware, low-dose stress first

(optional rest) with 2-position imaging serves as an ideal

combination of technology and protocol to achieve the

best diagnostic images and improved sensitivity while

minimizing the radiation dose. For other patients, use of

a hybrid SPECT/CT camera with CT-based attenuation

correction and estimation of calcium score, often com-

bined with a low-dose stress-first imaging protocol, is

the optimal choice. No one protocol is optimal for all

patients and practice settings.

INTERPRETATION STRATEGIES

The interpretation of images acquired on any of the

high-sensitivity SPECT systems requires special con-

siderations.3,55,61–64 Familiar clues to attenuation and

motion artifacts may not be available on systems

without standard collimator or projection images. Fre-

quently encountered attenuation patterns may produce

myocardial perfusion images significantly different from

standard SPECT systems, particularly with upright

imaging. The resolution of the system, the collimator

geometry, and proprietary reconstruction algorithms

may produce differences as well. Thus, a ‘‘recalibra-

tion’’ of the interpretive eye is required, and can be

achieved with experience. Furthermore, both attenuation

correction and the 2-position approach to attenuation

artifact recognition require that the interpreter integrate

two images for comparison (attenuation correction/Non-

attenuation correction, supine/prone, upright/supine).

Each of the software packages available for interpreta-

tion has facilities that support these comparisons.

FUTURE DIRECTIONS: MYOCARDIAL BLOOD
FLOW QUANTIFICATION WITH SPECT

The traditional approach to myocardial perfusion

assessment by SPECT is limited in fundamental ways:

First, it is relative, in that regional tracer uptake is

normalized to the myocardial segment with the highest

uptake; therefore, global flow reduction may not be

recognized, and although the technique is highly accu-

rate to detect obstructive CAD, the extent of CAD is

generally underestimated. Second, performance of the

Tc-99m-based flow tracers—and to a lesser extent Tl-

201—is limited by a low myocardial extraction fraction

resulting in a roll-off of tracer uptake at higher flow rates

in the range encountered during vasodilator stress

Figure 5. Case example of half-time, wide-beam reconstruction acquisition.3
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testing, which reduces contrast between ischemic and

normal myocardium.65 Absolute myocardial blood flow

(MBF) quantification using dynamic imaging can obvi-

ate these limitations. This has been easier to implement

in PET due to high count statistics, high temporal

resolution tomographic imaging and robust attenuation

correction combined with the availability of PET

perfusion tracers with excellent extraction- characteris-

tics, like N-13 ammonia, O-15 water. Flow

quantification with myocardial perfusion SPECT using

a traditional Anger scintillation camera has been diffi-

cult due to the challenge of obtaining very rapid,

tomographic images of the inflow and outflow of tracer

activity during the first pass. In addition, accurate

Figure 6. Venn diagram showing innovative software and hardware technology, study protocols,
and attenuation compensation methods available for SPECT. Number of stars reflects relative
overall levels of innovation within a category; nevertheless, for an individual patient, an option with
fewer stars may be preferable or more practical. CZT denotes cadmium-zinc-telluride. CAC denotes
coronary artery calcium. Ultra-low Dose here refers to Newer technology reduced-dose protocols,
specified in the bottom half of Table 5 of ASNC Stress, Protocols, and Tracers.4 Ultra-fast here
refers to reduced-acquisition-time protocols for Newer technology. For lower risk, younger
patients, a combination of an ultra-low dose protocol on a CZT camera with two-position imaging,
shown circled in red in the center, may represent the approach best optimizing the use of innovative
approaches. For patients with high BMI, or complicated coronary disease, optimization may favor
attenuation correction and iterative reconstruction software incorporating noise reduction and
resolution recovery.
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estimation of myocardial blood flow in SPECT is

complicated by the low first-pass extraction fraction of

Tc-99m perfusion tracers. The introduction of cardiac

cameras based on solid-state detector technology and

new tomographic acquisition approaches have made

rapid dynamic acquisition of the input bolus possi-

ble.63,66–68 However, the lack of attenuation correction

with contemporary solid-state SPECT systems, and the

relatively poor extraction fraction of current SPECT

flow tracers, continue to pose challenges.

Although data on MBF measurement using SPECT

in humans are limited at present, SPECT MBF with Tc-

99m sestamibi has been shown to correlate with disease

severity measured with relative perfusion imaging and to

differentiate non-obstructive from obstructive disease

measured with fractional flow reserve (FFR).69 Studies

of SPECT MBF with Tc-99m tetrofosmin70 and Tl-

20171 have also shown good correlation with the

presence of multi-vessel disease measured with FFR

and invasive coronary angiography. Other studies have

demonstrated good correlations (r C 0.83) between

SPECT MBF and PET MBF measured with ammonia

or rubidium, and water.63,68,72 Further studies are

needed, however, to demonstrate the incremental diag-

nostic and prognostic benefit of SPECT MBF over

relative perfusion imaging alone. At the current time,

more than 95% of radionuclide perfusion studies are still

performed with SPECT; therefore, the ability to perform

dynamic SPECT could be a significant enhancement to

the field of nuclear cardiology.

Summary

Myocardial perfusion imaging performed with

SPECT remains an invaluable tool in the evaluation

and management in patients with known or suspected

CAD. Incorporating recent advances in stress imaging

protocols, camera technology, and processing software

can enhance diagnostic accuracy, as well as reduce

radiation exposure. Providers of nuclear cardiology

procedures should strive to integrate as many of these

innovations in their laboratories as possible to achieve

optimal imaging results.
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