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Taking the perfect nuclear image: Quality
control, acquisition, and processing techniques
for cardiac SPECT, PET, and hybrid imaging

James A. Case, PhD,*" and Timothy M. Bateman, MD*"<

Nuclear Cardiology for the past 40 years has distinguished itself in its ability to non-invasively
assess regional myocardial blood flow and identify obstructive coronary disease. This has led to
advances in managing the diagnosis, risk stratification, and prognostic assessment of cardiac
patients. These advances have all been predicated on the collection of high quality nuclear
image data. National and international professional societies have established guidelines for
nuclear laboratories to maintain high quality nuclear cardiology services. In addition, labo-
ratory accreditation has further advanced the goal of the establishing high quality standards for
the provision of nuclear cardiology services. This article summarizes the principles of nuclear
cardiology single photon emission computed tomography (SPECT) and positron emission
tomography (PET) imaging and techniques for maintaining quality: from the calibration of
imaging equipment to post processing techniques. It also will explore the quality considerations
of newer technologies such as cadmium zinc telleride (CZT)-based SPECT systems and absolute
blood flow measurement techniques using PET.
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INTRODUCTION

Performance of high quality nuclear cardiac imag-
ing is demanding. Equipment must be up to date and
calibrated. Lab personnel need to be trained on pre-
imaging quality-control steps, the imaging protocol, data
acquisition and processing. In addition, these steps may
need to be optimized for each patient, while avoiding
short-cuts and improvisation. Finally, interpretation of
the images must include quality assessment of instru-
mentation performance and adherence to protocol in
order to differentiate artifact from disease.'”

Perhaps the most significant, intrinsic limitation to
nuclear cardiology is the small amount of radioactive
tracer that may be injected. The combination of low
count data and long acquisition times that are customary
in nuclear cardiology are a direct source of poor
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resolution, motion artifacts, and noise texture when
compared to other modalities. In addition, U.S. and
international standards for acceptable radiation dosage
continue to put downward pressure on what is consid-
ered acceptable tracer dosages.’™

To put in perspective the challenge of nuclear
imaging, consider that a routine nuclear cardiac perfu-
sion study requires an acquisition time 200,000 times
longer than conventional photography, while acquiring
only a fraction of the counts per pixel! These long
acquisition times make nuclear imaging particularly
susceptible to patient motion. Motion artifacts can result
from the external patient movement or by changes in the
position of the patient’s organs: such as diaphragm
relaxation or cardiac motion diaphragm positioning. In a
study of 48 patients, 17% of studies had significant
motion,®® appearing as everything from a small focal
defect to a more significant ‘‘hurricane’” artifact.”
Motion correction programs are ubiquitous in nuclear
cardiology, but often times fail to correct motion-related
artifacts and can even introduce new artifacts.'"'?

Photon attenuation and scatter is another major
source of imaging artifacts and is often cited as the
reason for low specificity when compared to coronary
angiography.'>'> Because of this, nuclear laboratories
have explored the use of attenuation and scatter
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correction in cardiac SPECT to improve interpretive
accuracy. Studies have reported significant improve-
ments in normalcy and reduction in false-positive rates
when attenuation correction is applied.'®® The benefit
of attenuation and scatter correction may be more
profound in targeted populations such as women and
the obese.”' It may also enable other applications such
as stress only imaging.*** Because of this, the
American Society of Nuclear Cardiology and Society
of Nuclear Medicine have issued a joint statement on
attenuation correction recommending it when possi-
ble.?* Despite these advantages and recommendations,
attenuation and scatter correction for SPECT has not
become widely adopted in the clinical setting.”> In
contrast to SPECT, nearly all commercially available
PET imaging systems are equipped with attenuation
correction apparatus, and attenuation and scatter cor-
rection are applied in nearly all cases. The routine
application of attenuation correction in PET has been
cited as a major reason for its higher specificity
compared to SPECT.?®2°

Detector blur and partial volume effects also can
have an impact on the images, reducing sensitivity to
defects and resulting in inaccurate measurements of
quantities, such as LV volumes.***' It has been dem-
onstrated that partial volume artifacts can be reduced
when a reconstruction zoom is employed®® and when
smaller pixel sizes are used.’' In cardiac PET, partial
volume effects can create hot spots in the papillary
muscles and a fixed perfusion defect at the apex,
presumably due to apical thinning along with dynamic
motion.*> Though the impact of PET partial volume
effects are less significant for visual assessment, partial
volume effects can introduce significant errors in abso-
lute quantitative measurements, such as myocardial flow
and flow reserve.****

High quality nuclear cardiology can be obtained
by understanding the sources of artifact, implementing
strategies that minimize their impact and judiciously
correcting for those artifacts when necessary.

SPECT QUALITY CONTROL (QC), ARTIFACTS,
AND CORRECTIONS

Camera Quality Control Artifacts

QC of the imaging system is essential for acquiring
clinically useful image data. As one would never take a
camera with a broken lens on vacation, one should never
use a SPECT or PET camera that is not functioning
properly. To be certain that a SPECT imaging system is
working properly; a minimum of three measurements
must be made™:
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® Uniformity: This verifies that there are a proportional
number of counts recorded at every location on the
scanner.

® Spatial linearity: This verifies that photon events are
recorded digitally in the correct location.

® Center of rotation (COR): This verifies that the
camera rotates around the same point in space
throughout the entire acquisition.

Older SPECT systems may also require energy peaking
to confirm that the energy settings of the system are at
the desired energy for the tracer that is being imaged.

Uniformity. Gamma camera sensitivity should be
uniform across the entire face of the detector. To verify
the uniform response to photon flux, a uniform sheet
source of activity is placed on the detector face with the
collimator on. A planar acquisition is then taken to a
fixed count level and the uniformity of the image is
measured (the extrinsic flood, see Figure 1). Alterna-
tively, a flood can be acquired with the collimator
removed (intrinsic flood) with a point source at a
sufficient distance to create a uniform flooding of the
detector system. The latter technique typically must be
analyzed according to a proprietary analysis program to
account for the geometry of the detector. Daily flood
field extrinsic uniformity measurements should be per-
formed to verify the system daily uniformity is <7%.”
Other limits may be required by the system
manufacturer.

Artifacts caused by detector non-uniformity are
unpredictable, because they depend on the severity of
the discrepancy and where on the detector it is located.
The interpreting physician or a designate should be
charged with reviewing the uniformity data from each
camera daily to confirm it meets the quality require-
ments. It is not sufficient to rely on a user’s ability to see
a uniformity error in the raw rotating planar data
(Figure 2).

Linearity. Spatial linearity measurements use a
bar phantom to verify that counts received by the
detector are recorded in the correct place. Linearity
phantoms are typically constructed out of a set of metal
bars that attenuate the photons from either a point source
or a sheet source. These metal bars appear as a series of
lines on the detector surface. These images should be
inspected to confirm that the bars are straight throughout
the entire field of view. If the linearity phantom
demonstrates nonlinearities, such as jagged lines or a
wavy pattern, the system should not be used until service
can correct the problem (Figure 3). Linearity should be
verified at least weekly unless otherwise recommended
by the manufacturer.’®

Center of rotation. The COR QC measurement
is performed to verify that the camera heads rotate
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around a single point in space (Figure 4). Because most
systems do not rotate around a single point, a COR
correction must be applied to move the projection data

Figure 1. Extrinsic flood with a single tube out of compliance
by 10%.
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to an isocenteric effective rotation. The COR check
verifies both the mechanical integrity of the system and
the accuracy of those corrections. The National Electri-
cal Manufacturers Associations (NEMA) and the
Intersocietal Accreditation Commission recommend that
COR measurements be performed monthly.?>

SPECT Acquisition-Related Artifacts

Motion. Motion artifacts can appear in any region
of the myocardium, and are often visualized in the long
axis views (Figure 5). Careful patient instruction about
the importance of lying still, staff observation during the
acquisition, and ongoing reinforcement of the instruc-
tion is the best strategy for overcoming motion artifacts.
When significant motion is present in an image, repeat
imaging may be required. Motion correction software
should not be relied upon as a substitute for acquiring
motion-free image data.

Post acquisition review of the rotating projection
images for either vertical or horizontal skips in the
rotation is used to identify the presence of patient
motion. At the conclusion of the imaging study, the
rotating projection data should be inspected for motion
and when a large fraction of the frames demonstrate
significant motion, the study should be repeated,'*'*?’
in particular if there is lateral motion.*®

Interference from non-cardiac uptake. The
two commercially available Tc-99m labeled myocardial
perfusion radiotracers, sestamibi and tetrofosmin, are
readily absorbed by the liver, bowel, stomach, and gall
bladder. This non-cardiac uptake can often exceed the
myocardial uptake, making image processing and inter-
pretation difficult. Non-cardiac uptake can introduce two
artifacts: the ramp filter artifact and scatter artifact
(Figure 6)."%* The first of these artifacts, the ramp filter
artifact, is a result of non-uniform attenuation reducing
the brightness in some, but not all angles.** Because of
these inconsistencies in the brightness of the liver in

Figure 2. Displayed is an anterior projection from a SPECT study (leff), the same study with a
10% loss of count in a circular ROI in the anterior wall of the heart (center), and the sensitivity
mask identifying the circular ROIL. A 10% loss of sensitivity is barely visible in the anterior wall of
the center of the image of the patient, and yet it could have a significant impact on the interpretation

of the study.
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Figure 3. The upper left corner of this bar phantom demonstrates a wavy pattern indicating that
the system is not properly tuned. The system should not be used until it has been serviced and the

issue is resolved.

different projections, reconstructions will have dark
patches extending well beyond the bright object, typi-
cally liver or bowel, into adjacent tissue.

True scatter artifacts are a result of photon scatter
off of the electrons in the soft tissue causing the photon
to be recorded at a distance from the point where it was
created. These scatter photons have the effect of
“blurring’’ of the primary image reducing resolution
and blurring organs together. The scatter effect can
render some portions of the image uninterpretable.

Supplemental exercise*'** has been shown to
reduce the non-cardiac uptake of Tc-99m tracers. Some
authors have suggested that drinking warm water or
eating a fatty meal could result in reduced non-cardiac
uptake, although there appears to be limited objective
evidence to support these recommendations.*?

ECG gating. The acquisition of ECG-gated myo-
cardial perfusion images requires the measurement of an
RR interval window to capture the maximal number of

perfusion counts without compromising the functional
assessment. This is ideally accomplished using an
acquisition protocol that acquires the perfusion and
functional data independently and simultaneously. How-
ever, for those systems that derive the perfusion data
from the sum of the ECG-gated data, it is essential to
select a RR window that captures the entire RR cycle.
Generally, the more narrow the RR window, the more
likely the RR interval will be truncated, leaving some of
the ECG frames with low counts (Figure 7). In addition,
frequent PVCs and arrhythmias can lead to a significant
drop in functional measurements and can lead to
changes in the perfusion assessment when the static
data set is derived from the gated data.**

Software approaches to increasing signal
to noise. Software approaches rely on incorporating
the imaging system characteristics, such as attenuation,
scatter, and depth-dependent collimator blur, etc.
into an iterative reconstruction algorithm®** to better
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Figure 4. The COR is checked to verify the camera heads are appearing to rotate around a single
point. This can be done with our or more point sources suspended in the field of view of the system.

concentrate the reconstructed counts spatially. This has
the effect of reducing the blur in the image, effectively
boosting the signal from the wall of the myocardium. It
is important to note that these techniques do not
increase counts, rather they improve the reconstructed
resolution of the system (Figure 8). Because of this,
improvements in signal to noise are most pronounced
when performed in conjunction with attenuation and
scatter correction.*®

Hardware approaches to increasing signal
to noise. Recent efforts to improve the noise charac-
teristics have been made in imaging hardware and
software. Several new imaging systems have been
brought to market that utilize solid state scanning
technologies.*! These hardware-based approaches
utilize focusing camera geometries to increase the
camera sensitivity at the expense of field of view.
Another advantage of these systems for cardiac SPECT

is that they take advantage of newer detector materials
and iterative reconstruction. These not only have
increased system sensitivity but also allow for true
dynamic imaging.

One such system utilizes nine independent scanning
detectors to concentrate the imaging on a small field of
view, centered on the heart (D-SPECT, Spectrum
Dynamics, Haifa, Israel). These systems do not have
the same QC steps as a conventional Anger SPECT
system. Daily QC consists of three QC steps: (1) global
homogeneity, (2) regional homogeneity, and (3) field of
view.”!

Another approach that does not require any rotation
is the uses of multi-pinhole SPECT, allowing for true
dynamic tomographic imaging.”® QC of these systems
requires the use of a square flood source. The software
performs a pass/fail test for: pulse height analysis,
energy peaking, uniformity, and faulty pixels.”
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Figure 5. Effect of motion on a stress sestamibi study: fop row 1 pixel of lateral shift in 25% of the

frames, middle row 1 pixel of shift vertically in 25% of the frames, botfom row motion free.

Figure 6. Non-cardiac uptake and render cardiac SPECT study non-diagnostic. The top image is
an example of cardiac study that has excess liver uptake that spills over into the inferior wall of the
myocardium. The lower study is a ‘‘ramp-filter artifact’’ that is caused by the inconsistent views of
the bowel activity, creating a drop in counts in the surrounding regions.
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Figure 7. A poor ECG gate or heart rate variability can introduce a streaking artifact in the images.
When these artifacts are severe enough, if can also impact the perfusion data. For those systems that
do not allow for a separate non-gate buffer image, ECG gating may not be possible.

One of the major limitations of these systems is that
motion correction programs are typically not available.
Motion artifacts on these systems will have a less
predictable result, not only introducing perfusion arti-
facts but also distorting the shape of the myocardium
(see Figure 9). Acquisition times should be kept low to
avoid patient motion and the technologist should rou-
tinely inspect the post acquisition data for evidence of
patient motion and re-scan the patient when excessive
motion is observed.

Post Acquisition Corrections

SPECT image motion correction algo-
rithms. The most common correction applied in SPECT
is motion correction. These algorithms take advantage of
the correlation between the angles and the time the
projection is acquired. Though it is possible to manually
shift the individual frames of the projection data, most
motion correction algorithms employ an automatic
motion correction algorithm. One such algorithm utilizes
a pattern matching and segmentation algorithm to identify
the motion of the myocardium.>* Another algorithm uses

a projection, reconstruction, reprojection algorithm for
iteratively developing the patient motion model.”
Automatic motion correction algorithms can produce
erroneous results because of non-cardiac uptake, coronary
disease patterns, and complicated patient motion. The
result is incorrectly motion corrected datasets that can
introduce more artifacts than the original dataset. A study
of motion correction algorithms demonstrated the auto-
matic motion correction algorithms can introduce as many
artifacts as they correct,'! and therefore automatic cor-
rection routines should be carefully inspected to confirm
the motion correction is applied correctly.
Attenuation & scatter correction (SPECT).
One of the most significant sources on diagnostic
uncertainty in cardiac SPECT is soft tissue attenuation
and photon scatter. One solution that has been utilized is
to use gender-specific normal files to account for these
gross variations in uniformity, such as breast and
diaphragm attenuation.’®®° However, patient to patient
variability of the attenuation pattern, due to patient size,
breast size, abdominal fat, elevation of the diaphragm,
etc. limit the usefulness of these °‘one-size-fits-all’’
approaches to compensating for attenuation.
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Figure 8. Reconstruction-based resolution recovery can produce an improvement in the resolution
and signal to noise in structures diminished by the partial volume effect.

Figure 9. Rest/stress perfusion study acquired using a DSPECT system on a patient that moved
during the study, distorting the shape of the myocardium.

Tung et al®' proposed a method for using a system
of line sources to obtain a patient-specific attenuation
map for compensating for attenuation. This map is
applied to an iterative reconstruction algorithm to
compensate for photon losses due to attenuation. This
approach has the advantage of obtaining a patient-
specific attenuation map without significantly increasing
radiation dosage and could be acquired simultaneously
to the emission data. The one limitation of this approach
was the transmission data could be of poor quality;

however, iterative reconstruction of the line source data
could significantly improve the quality of the recon-
structed transmissions maps.

Another approach is to acquire transmission data
using a x-ray-based computed tomography.> SPECT-
CT systems can employ a conventional multi-slice CT
system, capable of acquiring high resolution, diagnostic
quality data and/or low dose, attenuation correction-
specific x-ray tubes. Though CT-based transmission
maps can be of high quality, they can be misregistered
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with the emission data and have the same challenges
with patient breath holding observed with PET/CT
imaging.

Photon scatter in SPECT can also impact the final
image by reducing image contrast and creating spillover
from non-cardiac structures into the myocardium. The
most common approach to removing photon scatter is to
acquire a second or third image window near the primary
photo-peak energy window. This scatter image can then
be used to subtract the scatter component from the primary
image.®* These adjacent energy window techniques can
improve overall image contrast; however, they are not
accurate enough to improve edge detection. More sophis-
ticated multi-energy approaches®® and model-based
approaches®” can also be used to improve the scatter
correction model and edge detection.

PET AND PET/CT QC, ARTIFACTS, AND
CORRECTIONS

QC of PET and PET/CT Systems

In contrast to SPECT, PET relies on the recording
of two photon events in a ring of detectors to create a
single true event. This places new requirements on the
QC procedures for these systems. When a detector is
calibrated incorrectly, it affects performance in combi-
nation with every other detector in the camera.
Therefore, the impact of one poorly performing detector
can extend well beyond the location of that detector,
making it imperative that systems are checked daily and
routine maintenance is performed regularly to insure
optimal system performance.

There are four major QC steps that are necessary to
maintain a PET system>®:

(1) Daily Blank Scan: Used for testing the uniformity of
the system and for normalizing attenuation maps
from line source, ‘‘dedicated PET,”’ systems.
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(2) Normalization: This is used to correct to the
inherent differences in sensitivities of the slices, in
particular, the edges of the field of view are less
sensitive than at the center (Figure 10). Artifacts
from a poor normalization can be recognized as
linear streaks horizontally in the images (Figure 11).
The normalization scan can be performed either by
the user or the camera vendor. Any time the
normalization scan is updated, the user should
closely inspect the normalization scan and the blank
scan should also be updated using the new
normalization.

(3) Bucket setup or tube balancing: The sensitivity of
each tube can be influenced by temperature, the time
the system has been on and if there has either been a
power surge or sudden power loss. The daily blank
scan must be inspected each day to identify if the
tubes need re-balancing and a bucket setup should
be run by service regularly. A bucket problem can
be identified as a dark ‘‘block’ in the rotating
sinogram data (Figure 12).

(4) Line source activity (dedicated PET only): For
systems employing line source attenuation, it is
important that line sources have adequate activity. If
the source strength drops below a threshold, the
system will not be able to reconstruct the transmis-
sion map. Users should regularly inspect the quality
of their transmission data and replace rods according
to their manufacturers’ recommendations.

The blank scan is the equivalent of the uniformity scan
for SPECT and also the attenuation reference scan if
attenuation correction is used. This scan is typically
performed overnight using a line sources or a cylindrical
flood to expose the entire system. The daily blank scan
should be inspected daily both visually and quantita-
tively prior to any clinical scanning. If a detector fails
this QC step, the scanner should not be used until the
system is either recalibrated by the user or serviced.
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Figure 10. The normalization for a PET scan accounts for the variability in system sensitivity

between transverse slices.
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Registration

Figure 11. Poor normalization in PET will result in a streaking through the images. Correction of
this can only be accomplished by reacquiring the normalization file.

Hybrid imaging systems that use CT for attenuation
correction have additional QC requirements. Systems
must be checked for high and low contrast resolution,
uniformity, noise, CT number accuracy, and slice
thickness.”® These measurements are typically per-
formed automatically by the system, but the results of
these tests should be checked daily to insure that they
meet manufacturer’s recommendations.

PET and PET/CT Acquisition-Related
Artifacts and Corrections

Misregistration. One of the most significant
sources of artifact in cardiac PET is misregistration of
the transmission and emission datasets in space. This

artifact is a result of the sequential acquisition of the
emission and transmission datasets. Specifically, when a
patient moves between these two scans, the attenuation
correction cannot be properly applied without correcting
for the patient movement (Figure 13).

In a study of 1,177 patients, Loghin et al®® reported
that 21% of all resting cardiac PET studies had detect-
able misregistration artifacts, and in a separate study it
was observed as little as 1 cm can introduce a 10% drop
in lateral wall counts.” Gould et al’® examined the
effect on misregistration on image interpretation and
demonstrated as many as 40% of all PET/CT studies
would have a change in diagnosis after misregistration
correction was applied. Imaging guidelines recom-
mended that all cardiac PET studies be routinely
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Figure 12. Tube failure will result in a dark block in the
rotating images.

examined for misregistration and corrected whenever
possible.”

By far the most common technique for misregistra-
tion correction is a rigid shift of the transmission and
emission datasets.”' The user can interactively visualize
an overlay of the transmission and emission data and
move one of the datasets relative to the other until a
satisfactory positioning is obtained. These offsets can
then be used to re-reconstruct the tomographic data.

Intrascan motion. Another potential source of
interpretive uncertainty is intrascan motion from respi-
ration, coughing, talking, or patient motion.”> This
motion is different than misregistration because all of
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the motion is confined to the emission dataset. Unlike
SPECT imaging, intrascan motion cannot be seen by
reviewing the rotating projection, or sinogram data. To
detect intrascan motion, the clinician must carefully
inspect the reconstructed data for losses in image
fidelity. For those patients with a single movement the
intrascan motion artifact will appear as two matching
image defects, 180° apart (Figure 14). This can be
complicated if a patient moves more than once, as the
resulting image can appear more uniformly blurred.

At this time, there are no commercially available
intrascan motion correction algorithms; however, there
are several investigators exploring approaches that
incorporate dynamic list-mode data.”® Because of this,
care should be taken to insure patients are still and
awake throughout the study.

3D scatter and prompt gamma correc-
tion. Interest in lower patient dosages and higher count
density has increased interest in imaging without septa
(3D only mode). This has the potential of increasing the
sensitivity of the system by a factor of 2-5 times.”* One
of the challenges of 3D imaging is the increased photon
scatter component requires accurate scatter compensa-
tion. The most common approach utilizes a model-based
approach to estimate the scatter component.”””’” These
methods perform well for N-13 and F-18 studies,
however, they must be modified to account for the
additional, 776 keV prompt gamma in 13% of Rb-82
decay events.”®. When these photons are not accounted
for, the over-correction for scatter can reduce specificity
from 90% to 22%."®

PET/CT-specific artifacts. Cardiac PET studies
can be corrected for attenuation either using line source
or a CT-based transmission study using a relatively short
acquisition time, <2 minutes.”**" Despite the fact CT
studies have generally more counts than line source
attenuation maps; CT-specific artifacts can make PET/
CT more challenging than line source attenuation
correction.’® The two major sources of potential artifacts
in PET/CT are: improper patient breath holds during the
CT and metallic implants.

There are three common techniques for the breath
hold for CT attenuation correction:

(1) Cine CT/free breathing: The CT scanner performs
multiple CT scans over the same point to obtain an
average diaphragm position. Tube current is also
reduced to minimize radiation. This creates an
averaging effect similar to dedicated PET.®'

(2) End-expiration breath hold: The patient is instructed
to hold their breath after breathing out to achieve a
best positioning of the diaphragm. This differs from
end-inspiration breathholding, which distort the
shape of the lungs and lowers the diaphragm.®*%3
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Figure 13. The top rows demonstrate a study with 1 cm of misregistration between the emission
and transmission datasets. The bottom row demonstrates the reconstruction with the proper

registration.
-
Nt

Figure 14. Intrascan motion is an un-correctable artifact cause by a patient moving during the
emission phase of cardiac PET image. The top image is an example of the addition of two short axis
studies that have been shifted by 15 mm relative to each other, producing two artifacts, 180° from
each other. Below is a patient example of lateral intrascan motion.
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Figure 15. Two examples of breathing artifacts during a free breathing protocol. The left image is
an example of the patient taking a deep breath during the middle of the scan resulting in the liver
being imaged in two different places. On the right is an example of a smaller breath, leading to a
choppy boundary between the mediastinum and the lung.

(3) Shallow-free breathing: The patient is allowed to
breathe throughout the CT scan; however, they are
instructed to take small breaths.?*

In principle, all of these techniques can obtain good
quality transmission scans; however, some scanners may
be incapable of performing the desired CT scan.

Cine CT/free breathing: This technique is very
straight forward to apply for compatible scanners
because it requires little effort on the part of the patient
to acquire this type of CT map. The drawback is that
leaving the patient in the scanner for up to 1 minute
could potentially deliver an unacceptably high radiation
dosage, unless a very low tube current is possible
(<8 mAs). It may also be necessary to employ a CT
reconstruction algorithm that is specific to the Cine CT/
free breath protocol. Users should consult with their
PET/CT vendor to confirm that their scanners can
deliver correct x-ray tube settings and reconstruction to
perform this protocol.

End-expiration breath hold: This technique relies
on training the patient prior to the study on how to hold
their breath during the end-expiration pause of the
breath cycle. During normal breathing, the diaphragm
spends most of its time in a light expiration phase, with
short cycles between inspiration and expiration move-
ment. This protocol attempts to extend the time of the
expiration pause to allow for the CT scan. For most
multi-slice systems (>16 slices) the duration of the
breath hold is <10 seconds. However, breath holds for 2
and 4 slice systems can exceed 20 seconds, making
them prohibitively long for many cardiac patients.

It is essential in performing the end-expiration
breath hold that the patient practice the breath hold with
the technologist or nurse prior to being placed in the
PET/CT scanner.

Shallow-free breath: The shallow-free breath pro-
tocol can be employed on most systems. The protocol
encourages the patient to maintain a light breathing
respiratory cycle to minimize diaphragm motion. This
technique can produce good quality transmission maps;
however, if the patient cannot maintain shallow

breathing or if they take a breath at the wrong time,
the resulting transmission map can be un-usable (Fig-
ure 15). If the shallow-free breath protocol is used, the
technologist must review the transmission study imme-
diately after the CT scan and repeat the CT scan if
necessary.

Metal artifacts. Patients with implanted metal
devices, surgical clips, wires, etc. can be challenging to
image with PET/CT because of the high efficiency of
metals to absorb x-rays. Metal objects influence the
attenuation of x-rays between 10 keV and 100 keV
because of high attenuation of metal due to the photoelec-
tric effect. However at the energies of positron
annihilations (511 keV), the attenuation due to the photo-
electric effect is small in relation to the more dominant
Compton scatter effects. The presence of these metal
objects near the heart can introduce artifacts in upwards of
50% of patients.*> However, the presence of metallic
objects in the field of view of the heart should not be
considered necessarily a contraindication to cardiac PET/
CT imaging, when appropriate corrections are applied.***

Several approaches have been proposed for remov-
ing the influence of metallic objects from the CT
attenuation maps.*>%® One approach to correcting for
this is a simple replacement or segmentation of the
transmission maps of water attenuation values in regions
with known metallic artifacts is sufficient to correct CT
attenuation maps that are influenced by metal.*® Another
algorithm utilizes a thresholding and reprojection recon-
struction technique which offers a more quantitative
approach to remove the influence of metallic objects.*

QC of absolute blood flow measure-
ments. Absolute blood flow measurements using
myocardial perfusion PET are rapidly gaining accep-
tance because of their ability to assess normality and
identify disease in challenging patients.*”®* These
techniques rely on a dynamic acquisition of the tracer
kinetics and a model for tracer transport from the blood
into the cell. A simplistic, yet complete way of modeling
the transport of radiotracer from the blood pool into the
myocardium is by using a two-compartment model.”® The
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Figure 16. Incorrect positioning of the blood pool ROI can lead to significant changes in the
calculated absolute perfusion (units are in mL/mg/minute).

model is characterized by three parameters describing the
movement of tracer between the various compartments:
(1) K1 represents the initial tracer uptake, (2) k2 repre-
sents the tracer washout from the myocardium, and (3) k3
reflects the retention of the tracer in the myocardium (see
Figure 14). This model can be simplified to a single
compartment model encompassing the blood and the
myocardial partition.”"*

To calculate the absolute blood flow, it is necessary
to obtain a dynamic series of measurements of the blood
pool concentration and the myocardial uptake. This can
be obtained as either a dynamic framed data set or a list-
mode study. Unlike perfusion PET, these dynamic
acquisitions must be started before the infusion of the
PET tracer. Ideally, the first dynamic frame is free of
any counts from the radiotracer. Beginning the acqui-
sition late can lead to an underestimation of the blood
pool concentration and thereby an overestimation of the
myocardial blood flow. To avoid these quantitation
errors, the dynamic data must be inspected for:

(1) Minimal counts in the first frame.

(2) Early blood pool stage clearly visualized.

(3) Sufficient counts in the frames containing the uptake
information.

(4) Adequate blood pool clearance in the later stages of
the dynamic study.

Reconstruction of the dynamic studies requires utilizing
a reconstruction algorithm that maintains the absolute
concentration (or at the very least the relative relation-
ship between reconstructed counts and activity).
Accurate measurement of the myocardial uptake
can be challenging due to the effect of spillover from the
blood pool into the myocardium and blurring. Because
of this, a partial volume correction must be applied to

obtain an accurate estimate of the myocardial
uptake.”*?> These partial volume corrections are very
sensitive to the filtering of the image and therefore
adjustments to the image filtering must always be done
in accordance with the quantitation software used.

In addition to the accurate location of the myocar-
dial boundary, it is essential that the blood pool ROI is
appropriately centered over the target structure (either
the left atrium or left ventricle). Inaccurate positioning
of the blood pool ROI can cause quantitative inaccura-
cies in the flow calculation and potentially mask true
disease (Figure 16).

SUMMARY

Avoidance of imaging artifacts, whenever possible
and correcting for artifacts when necessary is essential
for maintaining the diagnostic accuracy of an imaging
test. The best strategy for avoiding artifacts is:

(1) Establish a quality maintenance program for the
instrumentation.

(2) Create written imaging protocol, train all relevant
personnel on the application of the protocol and
provide feedback as to the adherence to the protocol.

(3) Acquire data with the intention of not using post
acquisition correction algorithms

(4) Staying with the patient to insure patient compliance
with the imaging protocol

(5) Apply post acquisition corrections sparingly.

(6) Obtaining and maintaining laboratory accreditation
to insure the quality improvement program in place
meets national guidelines.

Technologists and clinicians should not feel that there is
a necessary trade-off between quality and laboratory
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efficiency. Poor quality images take significantly more
time to process, interpret, and report than high quality
images. If the shortest distance between two points is a
straight line, the longest distance is the short cut.
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