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The use of positron emission tomography (PET) in radiation therapy (RT) is rapidly increasing in the
areas of staging, segmentation, treatment planning, and response assessment. The most common radio-
tracer is "®F-fluorodeoxyglucose (['*FIFDG), a glucose analog with demonstrated efficacy in cancer diag-
nosis and staging. However, diagnosis and RT planning are different endeavors with unique
requirements, and very little literature is available for guiding physicists and clinicians in the utilization of
['®FIFDG-PET in RT. The two goals of this report are to educate and provide recommendations. The
report provides background and education on current PET imaging systems, PET tracers, intensity quan-
tification, and current utilization in RT (staging, segmentation, image registration, treatment planning,
and therapy response assessment). Recommendations are provided on acceptance testing, annual and
monthly quality assurance, scanning protocols to ensure consistency between interpatient scans and intra-
patient longitudinal scans, reporting of patient and scan parameters in literature, requirements for incorpo-
ration of ["®*F]JFDG-PET in treatment planning systems, and image registration. The recommendations
provided here are minimum requirements and are not meant to cover all aspects of the use of ["*F]FDG-
PET for RT. © 2019 American Association of Physicists in Medicine [https://doi.org/10.1002/mp.13676]
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1. INTRODUCTION

Accurate delivery of Radiation Therapy (RT) is critical for
long-term survival of cancer patients. Central to RT is tumor
segmentation, such that it may be maximally targeted to
achieve local control and limit the irradiation of surrounding
normal tissue. Typically, RT planning is based on computed
tomography (CT)-based anatomical imaging. Due to excel-
lent spatial resolution and ability to provide electron density
information, CT has been the backbone of RT planning.
However, lack of sufficient contrast resolution and functional
information can lead to inadequate information on the tumor
spatial extents. This limitation leads to large variability in
defining the extent of disease, regardless of the specific dis-
ease site.' To address those limitations, other imaging
exams are frequently incorporated to complement CT images.
One such imaging system is Positron emission tomography
(PET), which utilizes radioactive tracers to provide an image
of tissue biological activity. In this way, higher concentra-
tions of activity within actual/suspected neoplastic tissues are
displayed with higher intensities than surrounding normal tis-
sues. In the context of this report, higher intensities of 'F-
fluorodeoxyglucose ([lgF]FDG) are used to identify regions
of higher metabolism, typically associated with cancerous tis-
sue. Recent studies have noted improved sensitivity and
specificity of cancer staging; for example, the sensitivity and
specificity of mediastinal lymph node metastasis
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identification in non-small cell lung cancer was 77% and
86% with PET/CT, respectively, as compared to only 55%
and 81% for CT alone.'® However, it should be noted that
[1SF]Fluorodeoxyglucose-PET ([lgF]FDG-PET) can be taken
up by normal tissues as well, so care in image interpretation
by qualified physicians is essential.

While ["*FJFDG-PET imaging has demonstrated notable
success in visualizing tumor metabolic activity, it is routinely
used in conjunction with CT to render combined anatomic
and functional information. CT additionally provides infor-
mation for attenuation correction of the PET signal.“ ["*F]
FDG-PET/CT has been shown to change the extent of disease
identification and delineation in 15%—-20% of cancer patients
compared to CT alone in a retrospective analysis.'> Conse-
quently, ["®*FJFDG-PET/CT-guided RT planning has seen
increasing use in head and neck camcer,13 lung cancer,m*16
breast cancer,'”'® esophageal cancer,’ non-Hodgkin’s lym-
phoma,*® gynecologic cancer,”' rectal cancer,”” and anal can-
cer.”” The advantages of combined anatomic and functional
imaging have led to widespread adoption of PET/CT in RT
clinics.>* The growth in the number of PET/CT scanners in
the Unites States increased approximately tenfold in a dec-
ade,”® from approximately 200 in 2001 to more than 2500 in
2013.%° Approximately 4% of the PET procedures were for
RT treatment planning.”’ Based on the increasing use of ['°F]
FDG-PET in RT, this percentage contribution is likely to
steadily increase. [ISF]FDG-PET/CT has three major current
applications in RT clinics: (a) to identify and stage disease;
(b) to improve delineation of metabolically active target tissue
(tumor and nodes); and (c) to assess tumor response to RT.

Notwithstanding increased adoption, there is no consensus
on a standard protocol for the clinical use of ["®FIJFDG-PET
in the context of RT, though recommendations have been
made on various aspects™®* [also see special issue — Radio-
therapy and Oncology: PET in Radiotherapy Planning, 96(3),
2010]. A standard protocol is imperative not only for safe
patient treatment but also to ensure intraclinic and interclinic
standardization of implementation. For example, data on the
variances and biases inherent in quantifying ['*F]FDG-PET
tracer uptake are needed to ascertain the significance of any
measured differences, such as in quantifying response to ther-
apy. Cognizant of the lack of consensus, European guidelines
were published in 2010 and provide recommendations for
harmonization of quantitative PET/CT scans.*”

The charge of this task group is as follows:

“To recommend guidelines/protocols for consistent imag-
ing, consistent treatment planning, and consistent treat-
ment assessment using FDG-PET in radiotherapy. This
report is envisioned as laying the foundation for standard-
izing the use of FDG-PET in radiotherapy. The guidelines/
protocols will facilitate interpretability of results and
interinstitutional translatability of radiotherapy techniques
involving FDG-PET. Toward this goal, this task group will
deal with the issues of methods of hypermetabolic target
delineation, quality assurance/assessment of FDG-PET
scans in phantoms, future FDG-PET software tools
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required within radiotherapy treatment planning systems,
and patient preparation and imaging parameters.” Based
on the official charge, the two goals of this report are to
educate and provide recommendations:

e The report provides background and education on cur-
rent PET imaging systems, PET tracers, intensity quan-
tification, and current utilization in RT (staging,
segmentation, image registration, treatment planning,
and therapy response assessment).

e Recommendations are provided on acceptance testing,
annual and monthly quality assurance, scanning proto-
cols to ensure consistency between interpatient scans
and intrapatient longitudinal scans, reporting of patient
and scan parameters in literature, requirements for
incorporation of ["*F]FDG-PET in treatment planning
systems, and image registration. The recommendations
provided here are not meant to replace procedures
established at individual institutions that go above and
beyond the recommendations.

The procedures outlined in this report are meant to be per-
formed by a Qualified Medical Physicist (QMP) (refer to
American Association of Physicists in Medicine (AAPM)
“Definition of a Qualified Medical Physicist™*"), as appropri-
ate, or individuals working under the general supervision of a
QMP (“general supervision” as defined in the AAPM Medi-
cal Physics Practice Guideline’®). The documentation of
work should be signed by all individuals performing the
work, including the supervising QMP.

The quantitative accuracy of PET imaging is governed by:
(a) accurate scanner calibration; (b) image quality; and (c)
processes for ensuring that images are acquired in a consis-
tent manner. This report only addresses item (c). Items (a)
and (b), also crucial to quantitative PET imaging, lie squarely
in the realm of Nuclear Medicine and may only be ensured
by a QMP. Failure of any of the tests outlined in this Task
Group report may only be corrected via remedial actions by a
QMP or individuals working under the supervision of a
QMP.

2. CURRENT USAGE OF ['®F]FDG-PET IN RT

2.A. Current PET imaging systems
2.A.1. PET imaging technology

PET imaging relies on positron-emitting radionuclides that
are tagged to pharmaceutical agents and intravenously
injected, where they bind to receptor sites or become incorpo-
rated into a biological process. PET is therefore inherently a
functional or biological imaging modality. PET imaging is
essentially the time-coincident detection of the two annihila-
tion photons emitted when a positron and electron interact.
Upon radioactive decay, an emitted positron will interact with
a surrounding electron and annihilate, producing two
511 keV photons emitted approximately 180° apart from each
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other. The detection of these photons is typically achieved by
stationary scintillating crystals arranged in a 360° ring around
the patient. Modern commercial PET scanners rely on higher
density crystals such as bismuth germanate (BGO), lutetium
oxyorthsilicate (LSO), and lutetium yttrium oxyorthsilicate
(LYSO).

PET relies on coincident detection of the photons created
from the annihilation of a single positron, a process known as
electronic collimation. However, there may be a finite differ-
ence in the detection time of both photons due to different
photon travel times and different signal processing times.
Thus, there must be a finite timing window (typically ~ 2 to
12 ns) in order to account for these time differences. How-
ever, such a timing window would allow photons produced
from uncorrelated annihilation events to also produce coinci-
dence events, called random events. Such events as well as
events arising from scattered photons contribute to image
noise. Different techniques, including setting an energy win-
dow around 511 KeV and modeling the number of random
and scatter coincident events, are used to reduce the per-
turbing effect of such events.>® To image moving lesions,
which if conventionally imaged would result in a larger
“blurred” avid region with lower signal-to-background ratios,
modern PET scanners are capable of binning the detected sig-
nal into amplitude/phase bins of a patient’s breathing trace.
This allows for visualization of lesion motion and also allows
for accumulation of the PET lesion signals from the different
phases into a single phase.

Many modern scanners now possess scintillators and elec-
tronics fast and stable enough to include a technique known
as time-of-flight (TOF), which works by exploiting the ability
to resolve small differences in the arrival times of two valid
annihilation photons to further isolate where the annihilation
event occurred along a given line of response. TOF imaging
increases the signal-to-noise (SNR) ratio allowing shorter
scan times for the same image quality or less noisy images
for the same scan time. The extent of improvement depends
on the size of the patient, with larger cross-section patients
deriving greater benefit compared to smaller cross-section
patients. This can allow for administration of lower activities
to patients (and thus lower radiation dose to the patient) or
shorter acquisition times, or improved imaging of faster
decaying positron emitting radiopharmaceuticals such as 0.

Resolution modeling™° reconstruction has been added
to PET/CT systems in the recent past. Resolution modeling
essentially deconvolves the blurring of a point source (point
spread function) during image reconstruction. Thus, images
with higher and more uniform spatial resolution can be gener-
ated. Although this may result in increased lesion detectabil-
ity, its quantitative properties are still under debate because
resolution modeling is also known to introduce edge “ring-
ing” or Gibbs-type artifacts.**"” In cases where quantifica-
tion is based on maximum Standardized Uptake Value
(SUV hax), use of resolution modeling may result in large
upward biases under clinically relevant count statistics.*® We
envision that more sophisticated implementations of this
method will be able to mitigate Gibbs artifacts while still



e709 Das et al.: TG 174: FDG-PET in Radiation Therapy

enhancing spatial resolution in the reconstructed images.
Finally, the impact of using resolution modeling on tumor
delineation accuracy and precision still needs to be assessed.

In 2004, PET/CT systems accounted for approximately
65% of all PET systems sold®” and, today, no major manufac-
turer offers a PET system without a combined CT (stand-
alone PET systems in the United States have, for the most
part, disappeared from use). Recently, hybrid PET/MRI has
been clinically available and may also contribute to target vol-
ume delineation and better RT treatment planning.***' One
study*? seems to suggest that PET/MR and PET/CT per-
formed equivalently for cancer assessments when MRI is
used only for anatomic information, that is, not considering
information provided by multiparametric MRI. It is yet early
to clinically compare PET/CT vs PET/MR systems since
PET/MR techniques in oncology are evolving.

Future developments in PET include continuous bed
motion imaging®** and so-called “Total-body” imaging
using very long axial field of view (FOV) scanners, poten-
tially increasing the sensitivity approximately 40-fold in
going from a 20-cm axial FOV to 200-cm axial FOV.*

2.A.2. PET only and PET/CT clinical RT applications

Integrated PET/CT systems have been shown to improve
lesion detectability over PET-alone systems,*® and, addition-
ally, advantages of a PET/CT system include patient conve-
nience and higher clinical throughput because CT images are
typically acquired for RT planning purposes.

Treatment planning using a separate PET scan relies on
accurate image registration with a CT dataset, which can be
difficult to ensure because of the uncertainties associated
with matching landmarks between functional and anatomical
datasets. It is in such scenarios that PET/CT offers several
advantages. First, with no patient motion or repositioning
between scans, the two datasets are inherently registered. Sec-
ond, with the addition of a laser positioning package and flat-
top couch, the CT can be used as a CT simulator and images
can be directly imported into the treatment planning software.
Third, the CT scan provides information for PET attenuation
correction. In the event that a separate CT-sim is used to
acquire the CT for planning purposes (e.g., CT-sim acquired
in RT Department, PET/CT acquired in Radiology Depart-
ment), the generally high accuracy associated with registering
the CT dataset from CT-sim to the CT dataset from PET/CT
(assuming that both systems have a flattop couch and the
same patient immobilization is used) permits the accurate
transfer of information from the PET dataset to the planning
CT dataset.

Given the differences in imaging capabilities, it is natural
that PET and CT technologies have been combined to take
advantage of the complementary information each imaging
modality offers. CT allows the direct measurement of electron
densities essential for RT dose calculations as well as PET
attenuation correction. Coupled with simulation technology,
a CT scan is an essential part of modern RT. Manufacturers
have incorporated (or, are in the process of incorporating)
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several features in the CT portion of PET/CT units to allow
for full RT simulation capabilities:

1. Larger bore CT units allow the patient to be imaged
together with the patient’s immobilization devices in
place, such as stereotactic frames, body conformed cra-
dles, and breast boards. This minimizes the differences in
patient positioning between the planning CT and the treat-
ment position, helping improve patient treatment setup.

2. CT-simulation isocenter placement.

3. Lasers to mark the CT-simulation isocenter on patient’s
skin/immobilization device.

4. Respiratory gating

The addition of these features is essentially analogous to
the changes made to diagnostic Radiology CT scanners to
enable RT CT-simulation. Furthermore, all major manufactur-
ers now offer software that automatically displays PET and CT
information either side by side, or fused to allow the overlay of
the functional PET information on the CT dataset. The latter
technique allows radiation oncologists and nuclear medicine
physicians to distinguish between increased uptake from tumor
vs inflammation or brown fat, for example, based on anatomi-
cal feature matching between the CT and PET images.

2.A.3. PET tracers

The most common radiotracer used in PET is [18F]FDG
(physical half-life: 109.7 min, biological half-life: 6-10 h).
FDG is a glucose analog where the hydroxyl (OH) group on
the second carbon in glucose is replaced with '®F. Normal
glucose undergoes several metabolic steps and can be con-
verted to glycogen, lactate (anaerobic metabolism), pyruvate
(which can then enter the citrate cycle), or enters the pentose
monophosphate pathway. FDG, however, does not undergo
further metabolism after its first phosphorylation stage to
FDG-6-PO4.*” FDG-6-PO4 cannot easily pass across cell
membranes and for practical purposes, remains trapped in the
cell. FDG uptake and retention thus reflect expression and
activity of transmembrane glucose receptors and the first step
of glucose metabolism. Since many cancerous cells are
known to exhibit increased glucose demands, [ISF]FDG isa
versatile radiotracer.

Aside from [18F]FDG, there remains limited commercial
availability of positron emitting radiopharmaceuticals. As of
this writing, ten PET radiotracers have been approved for
clinical use by the US Food and Drug Administration (US
FDA). Not including ["®FIFDG, they are: [''C]Choline (pros-
tate cancer recurrence imaging); ["®F|Florbetaben (brain pla-
que density measurement); ['®F]Florbetapir (brain plaque
density measurement); ['®F]Fluciclovine (prostate cancer
recurrence imaging); ['*F]Flutemetamol (brain plaque den-
sity measurement); [18F]Sodium Fluoride (altered osteopathic
activity imaging); [68Ga]Dotatate (localization of somato-
statin receptor positive neuroendocrine tumors); [13N JAmmo-
nia (myocardial imaging); [**Rb]Chloride (myocardial
imaging).
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2.B. ['®F]FDG-PET quantification using the
Standardized Uptake Value (SUV)

['SF]JFDG-PET has the potential to be used as a quantitative
imaging modality if confounding factors are accounted for.
Two of the largest sources of variation are the amount of
injected ["*F]FDG and the size of the patient. To approxi-
mately normalize for these two effects, the standardized uptake
value (SUV) is a measure of uptake defined as the tissue activ-
ity per unit volume normalized by the decay-corrected injected
activity and body weight. The advantage of the SUV metric is
the ability to compare uptake intensities between patient
images. The most common approach is to normalize activity
concentration using patient body weight (BW):

Activity[21] ¢

ml

——  Zlmll (o 1
(M) ml .

BodyWeight|g]

SUVpw =

where the activities in the numerator and denominator are
calculated for a common time point, typically the start of the
PET scan.

However, using a patient’s weight to normalize the
injected activity can confound the SUVpyy values for obese
patients, since adipose tissue takes up ['*FJFDG far less
avidly than many other tissues. Alternate normalization meth-
ods, including using the body surface area,*® or lean body
mass*’ to make SUV independent of adipose tissue, have
been proposed but are still not commonly used clinically.
Other issues such as the influence of the post-injection time
when the SUV measurement is taken,”*>? plasma glucose
levels,”** object size and the partial volume effect, region of
interest placement,”” PET scanner and reconstruction parame-
ters,”®>® and patient motion®® must be accounted for if the
SUV is to be used as a metric for comparison intrapatient or
interpatients. SUV has been shown to strongly depend on
image noise and image resolution®” since it is computed on
a pixel-basis (as opposed to metrics that are, for example, aver-
aged over a volume), which may hamper the ability to compare
SUVs between images acquired on different scanner makes.
For quantitative analysis, it is important that the patient follows
a strict preparation procedure (an example of such a procedure
is provided in Appendix S2 — discussed in Section 3 (recom-
mendations)). Quantitative analysis can also be hampered by
the presence of PET artifacts because of the presence of metal
implants and dental hardware whose attenuation effects are not
properly accounted for in the attenuation corrected image. In
such cases, radiologists may choose to qualitatively look at the
nonattenuation corrected image for guidance.

Several measures of SUV are commonly used to quantify
tumor metabolism: SUV .., (mean SUV value within the
defined tumor boundary), SUV,,,x (maximum SUV value
within the defined tumor boundary), SUV ., (average SUV
value within a 1 cc region of interest positioned within the
defined tumor boundary so as to achieve the maximum aver-
age value), TLG (total lesion glycolysis — product of
SUV 1can and the volume within the defined tumor bound-
ary). In 2008, the Quantitative Imaging Biomarkers Alliance
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(QIBA) formed by the Radiological Society of North Amer-
ica (RSNA) suggested that averaging over a larger regions of
interest (e.g., SUV,c.) may be more robustly reproducible
than SUV .« and recommended a 1.2-cm diameter sphere (or
1 em® volume) region of interest.®'

SUV has been used in RT to differentiate malignant from
benign tumors, for example, in a retrospective analysis,
SUV = 2.5 in mediastinal tumor staging was deduced as a
threshold above which a lesion is deemed malignanth; over-
all survival was significantly longer in a group of 176 non-
small cell lung cancer patients undergoing surgery with
SUV ax < 15 than those with SUV . > 15.9 Further corre-
lations between increased ['®FJFDG uptake measured by
SUV and poorer prognosis have been reported for many can-
cers, including breast cancer,(’4 metastatic prostate cancer
(prospective study),®> sarcomas (retrospective analysis),*®
and Hiirthle Cell thyroid cancer (retrospective analysis).®’
However, one must be cautious when using an SUV cutoff
value. The 2006-2007 IAEA expert report® notes: ". .. SUV
measurement can be unreliable and can suffer from problems
with accuracy and reproducibility. By itself, an SUV cutoff
may be inadequate for RT planning."

2.C. Utilization of ['®F]FDG-PET in RT
2.C.1. Staging

PET staging is typically carried out by Nuclear Medicine
physicians, with appropriate input from RT physicians on the
patient’s overall presentation. The TNM (T = tumor size,
N = nodal involvement, M = metastatic spread) system is the
current clinical standard for the staging of many cancers. In this
system, a patient’s illness is staged based on tumor size and
spread characteristics unique to the particular disease site (e.g.,
in lung cancer, T2aN2M1 indicates: a tumor greater than 3 cm
but <5 cm in greatest dimension, metastasis in ipsilateral medi-
astinal and/or subcarinal lymph nodes, distant metastasis). Stag-
ing is important for several reasons, the most important being
that the stage of the disease is a strong prognostic indicator and
therefore affects patient management. Typically, a patient pre-
senting with symptoms will undergo one or more diagnostic
tests to determine the stage of the disease. PET has been shown
to aid in more accurately staging individual patients.®” PET has
been used to improve the diagnostic ability, staging accuracy,
and treatment management for a variety of cancers such as head
and neck, colorectal, and malignant melanoma. Specifically,
the use of PET has been shown to change patient management
in several cancers with treatment intent being changed from
curative to palliative’’”" or vice versa.

2.C.2. Segmentation

An important utility of ["*F]JFDG-PET imaging in RT is
accurate segmentation of the PET avid region, so it can be
included in the target. PET typically informs segmentation of
the gross tumor volume (GTV: gross palpable/visible/demon-
strable malignant growth”), which is further expanded to
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create a clinical target volume (CTV: GTV and additional sur-
rounding subclinical microscopic malignant disease, which
has to be eliminated ). PET-guidance has clearly been shown
to influence segmentation by changing manual tumor con-
tours drawn only with CT guidance.”””*” The consequence
of not including some portion of the PET avid region is to
underdose that region, potentially leading to lower tumor
control and higher risk of recurrence.

Segmenting PET avid regions is challenging because of
biological, technical, and physical factors that affect the rela-
tion between the biological uptake of FDG and PET image
values, and thereby PET segmentation.”®”” PET detectors
have an inherent resolution limitation, on the order of several
millimeters, implying that the boundaries of the high uptake
region will appear blurred in the image. If the high uptake
region is very small, this blurring effect will diminish the
overall intensity, making it more difficult to distinguish from
the background. In addition to the blurring effect, image
noise is always present. Motion of the tumor, as in lung or
liver, can blur tumor boundaries and lower SUV. Uptake
intensity in tumors near the bladder may be altered due to
reconstruction artifacts created by the presence of high urine
intensity in the bladder. The time point at which the image is
acquired after injection can influence the appearance of the
high uptake region relative to background.”® Imaging soon
after injection could be compromised by insufficient radio-
tracer extravasation.

Manual segmentation of the PET avid region for RT is
dependent on individual preference and level of experience.
Typically, the CT acquired at the time of PET (PET/CT imag-
ing) is used as an anatomical reference image to guide the
PET segmentation. Modern RT planning systems are capable
of superimposing the PET image on the CT image. The radia-
tion oncologist then adjusts the PET window/level and manu-
ally outlines the FDG-avid region, simultaneously visualizing
the CT image. The PET window/level adjustment is subjec-
tive and hence can be highly variable between institutions
and even between radiation oncologists in the same institu-
tion. Some radiation oncologists use guidelines previously
provided from phantom experiments or patient imaging.
Phantom experiments have suggested setting the lower win-
dow level to various percentages of the maximum intensity in
the FDG-avid region and using this threshold for segmenta-
tion, for example, 42%,” 41%.”° For lung cancer patient
imaging, a prospective study® has suggested an SUV of 2.5
as a threshold for segmentation. However, use of such thresh-
old levels is not reliable,®' as described earlier. The 2006—
2007 TAEA expert report®® notes that "By itself, an SUV cut-
off may be inadequate for RT planning." This report was
updated in 2014%* with the reccomendation that ". .. outside
of a clinical trial context, target volumes generated with the
use of PET should be delineated using visual interpretation
alone or should be visually edited following any automated
target volume delineation.”

As a consequence of the subjective nature of manual seg-
mentation, automatic segmentation methods have been devel-
oped with the aim of producing unbiased or at least
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reproducible estimates of the lesion boundary based on phan-
tom studies or mimicking expert consensus in human cases.’’
These methods are typically developed in phantom experi-
ments where several inserts (usually spherical) filled with
["*FIFDG are placed within a large container filled with some
background concentration. These experiments are typically
carried out with the ratios of insert-to-background concentra-
tions varied over ranges seen in human scans. Since the
ground truth, that is, insert volumes, is known, automatic seg-
mentation methods can be developed and tested on them.
Threshold-based segmentation,”*®* > gradient-based seg-
mentation,***” region-growing segmentation,*® consensus
segmentation,® and combined PET/CT or PET/MR segmen-
tation””" are only a few examples of automatic segmentation
methods. The important point to note with automatic seg-
mentation methods is that they have not been extensively val-
idated in animals or humans. It is our understanding that
there is not a universally accurate automatic segmentation
method at the present time. The reader is referred to the
report of the AAPM Task Group 211 (TG-211: Classification,
Advantages, and Limitations of the Auto-Segmentation
Approaches for PET) for an extensive review of segmentation
methods and guidelines.”’

2.C.3. Image registration

Positron emission tomography imaging information is
transferred via rigid and/or deformable image registration
onto the treatment planning CT. This is generally not an issue
when the treatment planning CT and PET images are
acquired in the same session on a PET/CT system, since
images from the two modalities are inherently registered to
each other (in the absence of motion). However, if the plan-
ning CT dataset and PET/CT dataset are acquired on different
systems, transfer of PET information to the planning CT data-
set occurs via registration between the CT dataset from PET/
CT and planning CT dataset. In this case, CT-CT rigid regis-
tration can usually be achieved with high accuracy, assuming:
a short time interval between the acquisition of the planning
CT and PET/CT datasets (i.e., insignificant changes in patient
anatomy), flattop tables on both systems, and the same
patient immobilization on both systems.

Accurate image registration is crucially important when
used for treatment assessment from two or more longitudi-
nally acquired datasets in the same patient (e.g., before treat-
ment and after/during treatment), where anatomic changes
can be significant. In this case, volumes from the initial data-
set are required to be translated to subsequently acquired
datasets to enable quantification of the PET changes. Typi-
cally, this is achieved by the registration of the initial CT
images to the subsequent CT images. Volumes can then be
transferred from the initial CT images to subsequent CT
images and then to the automatically coregistered PET
images.

In RT, PET image registration is used for the following
purposes among others: (a) better tumor target definition®?;
(b) propagation of contours from one image set to another’;
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(c) adaptive therapy planning/dose painting to selectively
increase dose to more PET-avid target regions”*%; and (d)
incorporation of respiratory-gated PET information in treat-
ment planning.”’ "’ The reader is referred to AAPM Task
Group 132 (TG-132: Use of Image Registration and Fusion
Algorithms and Techniques in Radiotherapy),'® which deals
with the topic of image registration in RT.

Image registration is divided into rigid and deformable
registrations. The former has been used in RT for over two
decades, whereas the latter is still under intensive investiga-
tion and should be used with caution in clinical practice.
Many registration techniques exist in the literature: landmark-
based, surface-based, and intensity-based (e.g., squared error,
cross correlation, mutual information) registrations. Depend-
ing on the mechanism used to model the deformation,
deformable registration methods can usually be categorized
into elastic models,lm’103 viscous fluid models,I04 diffusion
models (dernons),lo5 optical flow models,'°®"'%® finite ele-
ment models (FEM, or biomechanical model),mz‘m9 radial
basis function (RBF) models such as basis spline model,''*"
"2 thin plate spline models,'*~"¢ etc.

Despite years of intensive research, a universally accepted
deformable registration model still does not exist. The inher-
ent complexity of the problem and general lack of ground
truth information on the deformation vector field in test cases
makes it difficult to validate these models. The demand for
deformable registration models will increase in the future as
more molecular imaging modalities are developed and start
being used in clinics or small animal imaging laboratory. It is
thus critically important to develop more robust image regis-
tration techniques to maximally utilize the information pro-
vided by state-of-the-art molecular imaging modalities.

2.C.4. Respiratory gating

Respiration-induced motion within the thoracic and
abdominal cavities results in lesion motion, thereby spreading
the radiotracer activity over an increased volume, distorting
apparent tumor shape and location, and reducing both signal
and signal-to-noise ratio levels. In light of the millimeter-level
precision of modern conformal and intensity-modulated treat-
ment planning, these artifacts are particularly worrisome for
small lesions located in the lung, liver, or pancreas. Gating
the data acquisition either prospectively or retrospectively is
a solution, effectively limiting the image analysis to a single
phase of the respiratory cycle. A major disadvantage of both
retrospectively and prospectively gated PET is that, since only
a fraction of the scan is used during each cycle, the overall
scan time must be proportionally lengthened to obtain signal
levels characteristic of a motionless lesion. This increased
scan time raises practical difficulties related to patient dis-
comfort and immobilization. Increased scan time also results
in lower radioactivity (and hence lower signal) at later time
points during the scan. However, one should also note that,
with increased scan time, while overall signal is decreased,
contrast is increased because of radiopharmaceutical clearing
from the blood stream.
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Positron emission tomography/computed tomography
units with respiratory-gated capability are increasingly
being employed, where the PET signal is binned based on
amplitude/phase of the breathing trace. Amplitude and
phase binning essentially either divide the amplitude range
or temporal range, respectively, into intervals, following
which images from different axial slices corresponding to
the same interval are assembled into full 3D datasets. The
PET datasets corresponding to each individual interval or
bin are noisier because of the lower counts per bin. The use
of internal target volumes (ITVs) defined from respiratory-
gated PET/CT ITVs from amplitude binning has been
shown to be larger and more accurate than those from phase
binning.'"”” Amplitude and phase binning are achieved by
subdividing a respiratory signal that is typically obtained
from external hardware attached to the patient.''® However,
the respiratory signal may also be generated using a data-
driven approach, from motion information contained in the
PET/CT data.""®"'** Yet another approach is to acquire data
only in a single bin, corresponding to either end exhale or
deep inspiration breath-hold.'"®

In a research context, several investigations have looked
at deforming and accumulating the PET signals from differ-
ent bins into one bin (e.g., end exhale) using deformable
registration. A caveat is that the accumulated PET image
could have large variability based on the type of deformable
registration algorithm employed. Dynamic PET, wherein
time-stamped PET data are captured in list mode or sino-
gram formats, may be used for applications such as kinetic
analysis, reconstruction algorithm development, and motion
management. These applications, however, are primarily
research-related and not used yet for clinical patient assess-
ment in oncology.

2.C.5. Treatment planning

['"®FIFDG-PET is typically used in RT planning to guide
segmentation of PET-avid target regions (see Section 2.3.2).
These segmented volumes are then included as part of the lar-
ger target region. The RT prescription usually takes the larger
planning target volume (gross tumor volume plus margin to
account for microscopic disease spread plus margin for setup
error) up to some primary dose level and then boosts the
gross tumor volume (including high uptake regions) to a
higher dose. The primary and boost doses are typically
planned for spatially homogeneous delivery to their respec-
tive target regions.

Of late, there has been increasing clinical interest in deliv-
ering nonhomogeneous dose to the target based on ['°F]
FDG-PET uptake, with the aim of improving local con-
trol.'*"'?? Broadly, the idea is to either selectively increase
dose to FDG-avid subvolumes within the target (subvolume
boosting), or tailor the dose to FDG-uptake on a voxel-by-
voxel (dose painting by numbers).'?' This approach has been
shown to be technically feasible in the past, where high
uptake regions are either uniformly taken to a higher dose or
have a more tailored pattern with higher doses to higher voxel



e713 Das et al.: TG 174: FDG-PET in Radiation Therapy

intensities.'*~'*° However, PET volumes can change during
the course of radiation treatment,'?” implying that a plan gen-
erated on the PET image prior to RT may be less relevant
throughout the course of RT. A study of patients with non-
small cell lung cancer revealed that, while the volumes
themselves may become smaller, areas of low and high
FDG uptake overlapped reasonably well on serial images
acquired at various time points during the course of RT.'*®
This suggests that a plan generated with the initial FDG
image may remain relevant through the course of therapy,
but this has yet to be comprehensively validated. A con-
founding effect is radiation-induced inflammation, leading
to increased tumor PET uptake on images acquired during
the course of RT, making it difficult to assess metabolic
tumor response.

Some clinical studies have instituted the approach of tai-
loring dose to high FDG uptake regions. An example is a
multicenter randomized Phase 2 trial for Stage 2—3 non-small
cell lung cancer,'”"*" with the primary endpoint of local
progression-free survival at 1 y. This trial closed accrual in
November 2017. As of this writing, results of the trial are
forthcoming.

2.C.6. Therapy response assessment

["®F]FDG-PET can be used to assess response to RT with
or without chemotherapy. Response assessment is typically
based on images acquired at one or more time points: pre-
therapy or post-therapy; pre-therapy vs post-therapy; pre-therapy
vs intra-therapy. The reader is recommended to extensive
literature reviews on response assessment for head-and-
neck cancer,'”'"'** esophageal cancer,””*"*° lung can-
cer,l34’137’138 and uterine/cervix cancer.'>’ These reviews
cover response assessment based on image metrics extracted
from segmented tumor volumes in the images, for example,
maximum SUV, mean SUV, metabolic tumor volume (tu-
mor volume above some SUV threshold), total lesion gly-
colysis (integral of SUV in the metabolic tumor volume),
and, more recently, texture features. Both pre-therapy image
metrics and the comparison of pre-therapy to intra-therapy
(preferably at some early time point during RT) image met-
rics seek to prognostically separate responders from nonre-
sponders with a view to potentially altering the therapy
regimen for nonresponders. The comparison of pre-therapy
vs post-therapy image metrics seeks to determine the effec-
tiveness of the entire course of therapy and also determine/
predict patients who are likely to have disease recurrence.

3. RECOMMENDATIONS FOR CONSISTENCY OF
['®F]FDG-PET USAGE IN RT

All recommendations made in this section are intended to
apply to PET or PET/CT systems used to acquire scans on RT
patients, irrespective of whether these systems are located
within or outside a RT Department.

In the event of failure of a test (or tests) outlined below, it
is expected that a QMP, or individuals working under the
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supervision of a QMP, will work with the PET/CT scanner
vendor to resolve the issue.

3.A. Acceptance testing and quality assurance

Many parameters affect the quality and accuracy of a PET/
CT image such as sensitivity, linearity, uniformity, spatial res-
olution, contrast, noise, attenuation, and random and scatter
events subtraction accuracy, calibration, partial volume
effects, etc. Several protocols have been established that
assess scanner performance and recommend quality assur-
ance (QA) procedures, test frequencies, and action levels. For
example, the National Electrical Manufacturers Association
[NEMA; PET-related activities are conducted by a suborgani-
zation called the Medical Imaging Technology Alliance
(MITA)],'* SNMMI (Society of Nuclear Medicine and
Molecular Imaging) clinical trials network scanner validation
program,™' the ACR (American College of Radiology) Tech-
nical Standards for PET/CT,'** and the EARL/EANM (Euro-
pean Association of Nuclear Medicine/EANM Research Ltd)
['"®FIFDG PET/CT accreditation program143 in Europe all
have recommendations to evaluate PET system performance.
AAPM task group 126 (TG-126: PET/CT Acceptance Testing
and Quality Assurance) is charged to establish acceptance
testing and routine QA of PET/CT scanners, with recommen-
dations expected by the time of this publication. The TAEA
published a detailed guide of QA for PET & PET/CT'** that
also describes QA procedures for PET and PET/CT systems
and their recommended frequency. In 2008, the Radiological
Society of North America (RSNA) sponsored the formation
of the Quantitative Imaging Biomarkers Alliance (QIBA),
which includes a program in ["®*FJFDG PET/CT imaging.
The main role of the QIBA Technical Committee is to pro-
duce a new type of document called a “Profile” that provides
a consensus of the measurement accuracy of a quantitative
imaging biomarker for a specific use, and the requirements
and procedures needed to achieve this level of measurement
accuracy. In the case of the [18F]FDG PET/CT Profile, the
“Claim” states:

If Profile criteria are met, then tumor glycolytic activity as
reflected by the maximum standardized uptake value
(SUVmax) should be measurable from FDG-PET/CT with
a within-subject coefficient of variation of 10%—12%.

Note that within-subject coefficient refers to measurement
repeatability. In the creation of the initial QIBA ["*F]FDG-
PET/CT Profile, there were over 100 participants. Review
and feedback from several dozen individuals and organiza-
tions were incorporated in the final version, which was
released in December 2013.%'

Collectively, these recommendations are necessary to
ensure the accuracy and reproducibility of quantitative PET
and PET/CT measurements. This is particularly important in
longitudinal studies as well as studies across multiple centers,
given the differences in design and performance of these sys-
tems. The impact of design/performance differences was
demonstrated by Bergman,'*® who followed the NEMA
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protocol to assess image quality variation between 15 scan-
ners using the International Electrotechnical Commission
(IEC) body phantom containing six spheres of varying diam-
eter and activity concentrations relative to background. They
found considerable differences in image quality, calling into
question the clinical interpretation of images and measure-
ment of quantitative indices such as the standardized uptake
value.

Ultimately, the purchasing specifications sent to a vendor
in the Request for Proposals (RFP) and QA appropriate for
PET/CT in RT are dependent on how the system is to be uti-
lized. For example, in RT, Xing'*® described QA directed
toward PET/CT where, in addition to general system perfor-
mance assessment and QA, issues surrounding data transfer,
consistency of SUV, multimodality image fusion, system
integration, and respiratory motion management were consid-
ered. The frequency and action levels of system testing have
been investigated for many systems,"*’~'*’ with an emerging
philosophical shift being introduced by Task Group 100 of
the AAPM (TG-100: Method for Evaluating QA needs in
RT).""® The TG-100 approach utilizes “Failure Modes and
Effects Analysis” (FMEA) to better implement QA programs
based on institutional procedures.

3.A.1. Acceptance testing

Acceptance testing procedures should always be per-
formed by a QMP, or individuals working under the supervi-
sion of a QMP, to verify that the manufacturer has delivered
and installed a product that meets all the agreed upon pur-
chase specifications.

The QMP and individuals working under the supervi-
sion of the QMP should detail all the desired specifications
of the PET/CT scanner to be utilized in RT as part of the
RFP sent out to the vendors soliciting bids prior to pur-
chase. Along with required specifications, the RFP should
define the procedures to be followed during acceptance
testing. The acceptance testing procedures for the CT por-
tion of the PET/CT machine should at least incorporate the
quality assurance recommendations of AAPM Task Group
66.">! The PET portion of the PET/CT acceptance testing
procedure should include the performance measures from
NEMA NU 2-2012 (http://www.nema.org/stds/nu2.cfm)
with manufacturer specifications for passing criteria.
NEMA NU 2-2012 uses three phantoms to measure spatial
resolution, sensitivity, scatter fraction, count rate perfor-
mance, count rate correction accuracy, and image quality.
The recommended annual QA procedure and monthly QA
procedure (see subsections below) should also be included
in the acceptance testing procedure. The annual QA proce-
dure ensures that absolute SUV values, SUV ratios, and
resolution tests meet required standards as described by
ACR standards or EARL accreditation criteria (EU), and
sets baselines to be compared against during subsequent
QA tests. These standards assure accurate scanner calibra-
tion and consistent and harmonized (quantitative) perfor-
mance of the PET/CT systems. The monthly QA procedure
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also checks the registration of PET and CT images, using
the cylinders and rods (ACR) and/or spheres, lung insert,
and rods (EARL) as landmarks. Offsets or skews will indi-
cate the need for alignment corrections.

Please note that future recommendations from TG-126
could supplement (but not obviate) the recommendations of
this task group report.

3.A.2. Annual QA

It is recommended that PET or PET/CT systems be
compliant with the specifications of the tests detailed in
the ACR Nuclear Medicine & PET accreditation program
(https:///www.acraccreditation.org) or the EARL ['*F]
FDG PET/CT accreditation program in Europe. While it is
recommended that compliance be demonstrated via
accreditation, the tests may alternatively be internally vali-
dated by a QMP or individuals working under the supervi-
sion of a QMP.

A portion of the ACR procedure, that is, pass/fail criteria
for SUV values (Table 1 with the exception of the last three
rows), is recommended to be used as part of the annual QA,
with additional checks for resolvability and PET/CT image
alignment (last three rows of Table 1). The ACR tests for
SUV values consist of scanning an ACR approved PET phan-
tom (Data Spectrum’s ACR flangeless PET phantom (www.
spect.com)) and entering the results in Table 1 to determine
pass/failure. The ACR-approved PET phantom is a 20.4-cm
internal diameter cylindrical phantom with end plates. The
phantom consists of two sections, a bottom section with a set
of acrylic rods for resolution determination, and a top section
with hollow cylinders and a bone equivalent Teflon rod. The
phantom is filled with background activity water, and the hol-
low cylinders are either filled with higher activity water or
water with no activity, for absolute SUV and SUV ratio deter-
mination. It is recommended to follow the procedure as
detailed in the PET accreditation document (PET Phantom
Instructions for Evaluation of PET Image Quality; ACR
Nuclear Medicine Accreditation Program; PET Module)
obtainable from the ACR accreditation site (https://www.ac
raccreditation.org).

Table I documents the results and pass/fail checks (“hot”/
“cold” refers to high/low radioactivity levels). In keeping
with the QIBA claim,® it is recommended that deviations lar-
ger than 10% from the baseline values (acquired at the time
of acceptance) for the mean SUV of the background, maxi-
mum SUV of the 25 mm cylinder, and ratio of maximum
SUVs of the 16-25 mm cylinders be flagged as “fail,” requir-
ing further investigation by the vendor service team. The last
three rows of Table 1 check for resolvability and PET/CT
alignment. Note that the measurements in Table I are not
meant to indicate comprehensive QA of the PET scanner (as
will result from TG-126, mentioned earlier), but rather to
document a minimum level of acceptable imaging repro-
ducibility. Details on the EARL procedures and performance
specifications can be found at http://earl.eanm.org/cms/web
site.php?xml:id=/en/projects/fdg_pet_ct_accreditation.htm.


http://www.nema.org/stds/nu2.cfm
http://www.acraccreditation.org
http://www.spect.com
http://www.spect.com
http://www.acraccreditation.org
http://www.acraccreditation.org
http://earl.eanm.org/cms/website.php?xml:id=/en/projects/fdg_pet_ct_accreditation.htm
http://earl.eanm.org/cms/website.php?xml:id=/en/projects/fdg_pet_ct_accreditation.htm
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TasLE I. Phantom Scan Parameters (data spectrum’s ACR flangeless PET phantom) and results.
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l. Scan Parameters

Transmission Scan Processing

Ler
KV
mAs
pitch
metal/high density artifact correction
truncation correction
[/ Segmentation
[1Segmentation+emission subtraction
[ Other.

PET scan parameters

Number of bed positions
Time/bed position (min)

bed overlap (# slices/mm/%)
Emission start time (hh:mm:ss)
Activity at emission start time (Bq)

Emission mode
[12D
[13D

Matrix size

Zoom/FOV (mm)

[1FBP [JOSEM [1RAMLA [lother

Reconstruction method (FBP, | If OSEM: iterations subsets
OSEM, etc.) PSF/resolution modeling

TOF (yes/no)

Pixel size
Processing Filter Filter type Setting

Slice thickness (mm)

1l. Phantom Scan Results (according to ACR standards)

Mean SUV of background
(central 6 cm diameter region
on axial slice) (slice at
longitudinal center of cylinders)

Pass/Fail (Pass: SUV 0.85 — 1.15)

Baseline value % deviation (Pass: < 10%)

Max SUV of 25 mm cylinder
(slice at longitudinal center of
cylinders)

Pass/Fail (Pass: SUV > 1.8 to < 2.8)

Baseline value % deviation (Pass: < 10%)

Ratio of max SUVs
16mm/25mm (slice at
longitudinal center of cylinders)

Pass/Fail (Pass: ratio > 0.7)

Baseline value % deviation (Pass: < 10%)

PET/CT alignment check:
Visually examine alignment
between CT and PET images for
the cylinders (4 “hot”, 1 “cold”,
1 empty, 1 Teflon rod).
Manually align the PET and CT
images using visual inspection
and report the alignment
distance along X, Y, and Z
direction. Limits: +/- 2mm in
any direction.

Pass/Fail (Pass: within £2 mm in any direction®?.)

These results are also recommended to be included in publi-
cations, as elaborated later.

The annual QA procedure for the CT portion of the PET/
CT machine should at least incorporate the recommendations

Medical Physics, 46 (10), October 2019

of AAPM Task Group 66." In brief, annual QA of the CT
includes CT Dose Index (CTDI) measurement, table indexing
and position, gantry tilt accuracy, scan localization, radiation/
sensitivity profile width, CT number accuracy, electron
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density to CT number conversion, spatial resolution, contrast
resolution, and field uniformity.

The nuclear medicine portion of the annual QA should be
performed by a QMP or individuals working under the super-
vision of a QMP; the corresponding CT portion should be
conducted by the Radiation Oncology Quality Assurance
Committee as recommended in AAPM Task Group 66"

3.A.3. Monthly QA and Daily QA

Monthly QA of the CT portion of the PET/CT machine
should comply with the recommendations of TG-66""" and
includes orientation of the gantry lasers with respect to the
imaging plane, spacing of lateral wall lasers with respect to
lateral gantry lasers and scanning plane, orientation of wall
lasers with respect to the imaging plane, orientation of ceil-
ing laser with respect to the imaging plane, orientation of
CT scanner tabletop with respect to the imaging plane, table
vertical and longitudinal motion, table sag, CT number
accuracy, in-plane spatial integrity, and field uniformity.
The monthly QA for PET ( Appendix S1) is not intended as
comprehensive testing, but rather to provide constancy
checks on uniformity, quantification, scatter and randoms
correction, spatial resolution, and PET/CT alignment. The
nuclear medicine portion of the monthly QA should be per-
formed by a QMP or individuals working under the supervi-
sion of a QMP; the corresponding CT portion should be
conducted by individuals as recommended in AAPM Task
Group 66."'

Daily QA should be performed in accordance with manu-
facturer specifications and local/state regulations.

3.B. Scanning protocol

There are several consensus protocols describing ['*F]
FDG-PET/CT scanning protocols for diagnostic imag-
ing’®’*'>? and quantitative SUV imaging.®’ However, this
committee is not aware of consensus protocols for ["®FIFDG-
PET/CT imaging specifically for RT simulation and planning.
While many scanning requirements are common to diagnos-
tic imaging, quantitative imaging, and RT planning protocols,
it is imperative as a medical physics community to identify
and standardize the unique elements of [lsF]FDG-PET/CT
scans for RT planning.

A patient workup for PET scanning of RT patients takes
about 2 h. These are the typical steps taken during those 2 h:

1. Prior to arrival patient is instructed to fast a minimum
of 4 h.

2. Patient arrives.

. Height and weight measured.

4. Serum glucose level measured (may need to resched-
ule patient if blood glucose level is greater than some
set value, e.g., 150 mg/dL).

. Radiopharmacy notified of patient arrival.

6. Patient radiopharmaceutical prepared in the radio-

pharmacy (activity and assay time noted).

W

9]
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7. Immobilization device fabricated in PET/CT (sched-
ule permitting), or fabricated in RT CT simulator for
transport to PET/CT.

8. Patient radiopharmaceutical transported to injection
area.

9. Patient injected and time of injection noted. Residual
activity and associated assay time noted.

10. Patient waits 5575 min (target time 60 min) in a
quiet shielded room. In many facilities, the patient
drinks (diluted positive or negative) oral contrast for
contrast-enhanced CT imaging, if applicable. Note
that the schedule should be adjusted for certain oral
contrast agents that need to be taken 2—4 h prior to
scanning.

11. Technologist arrives and requests the patient to go to
the bathroom to empty bladder.

12. Immediately before proceeding to the scanner room,
the patient may drink another cup of oral contrast if
this is part of the protocol.

13. Technologist mounts flat carbon fiber indexable table
for RT simulation and planning in place of cushioned
diagnostic couch.

14. Patient goes to the imaging room.

15. Setup on the table, indexing of immobilization, and
patient alignment to external wall-mounted lasers —
~15 min.

16. Patient info entered into the system.

17. Scout view — 1 min.

18. CT scan — 2 min (low dose for attenuation correction
if appropriate).

19. PET scan — this depends on the local protocol, field
of view, and number of bed positions. Each bed posi-
tion should be on “3D mode” if feasible and take
approximately 2—4 min/bed position.

20. Diagnostic CT with/without intravenous contrast.

RT-specific protocols for PET are required due to the
unique challenges that arise when integrating the functional
information PET provides into the diagnostic, treatment plan-
ning, and response monitoring phases of a patient’s care.
While diagnostic PET is used predominantly for the diagno-
sis and staging of disease, it can be used to define target vol-
umes and assess treatment efficacy. Given that there are
several factors that directly affect a PET image (e.g., patient
history, respiratory motion, scan duration, subject position-
ing, time between tracer injection and scan, reconstruction
parameters),'> standard protocols are essential for accurate
and reproducible development and assessment of RT treat-
ments. This consistency allows more accuracy in inter- and
intrapatient comparisons. Stronger conclusions may also be
drawn from larger multi-institutional studies if the same pro-
tocol is followed.

The following categories can influence the PET uptake
distribution, and hence, controllable parameters should be as
consistent as possible between different patients on the same
trial and for repeated imaging in the same patient (e.g.,
response assessment):
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® Patient parameters in the time period (hours/days) prior
to administration of radiopharmaceutical: Food intake,
physical activity, glucose level.

e Activity administration parameters: Radiopharmaceuti-
cal activity administered, patient weight, injection site,
other drugs (muscle relaxants, pain medication, etc.).

e Patient parameters in time period immediately post
administration of radiopharmaceutical: Length of time
period between radiopharmaceutical administration and
scanning, waiting room temperature, physical activity.

e Imaging parameters: Scanner type, attenuation correc-
tion, image acquisition time, motion correction/ respira-
tory  gating, image  processing parameters
(reconstruction algorithm, filtering).

e Parameters in registration of PET images to planning
CT image: Immobilization (preferably same as for RT
treatment), alignment of PET to CT in a PET/CT sys-
tem, alignment of planning CT from CT-sim system to
CT from PET/CT system, alignment of lasers to patient
marks for definition of imaging origin in RT planning
system (PET/CT simulation).

The extent to which the parameters mentioned above affect
the quantitative interpretation of a PET image is incompletely
understood, at least for some parameters, at the present time.
Consequently, it is recommended that these parameters be con-
sistent in inter- and intrapatient scans. Table II is recommended
to be used to ensure that the parameters are consistent, to the
best extent possible, in an actual clinical setting (parameters in
Table II are extracted in part from “ACRIN 922: Patient Prepa-
ration and FDG Administration Procedure for ACRIN FDG
PET Scans” (http://www.acrin.org/Portals/0/Corelabs/
ACRINPatientPrep_SOP%203-17-10.pdf), “ACRIN  923:
Image Acquisition and Processing for ACRIN PET Scans”
(http://www.acrin.org/Portals/0/Corelabs/ACRINImageAcq_
SOP%?203-17-10.pdf), and “QIBA Profile. FDG PET/CT as an
Imaging Biomarker Measuring Response to Cancer Ther-
apy®"”). The first column lists the parameters. The second col-
umn is the template containing the parameter values (or
ranges) to be used for all patients on the trial. The third column
is for the actual parameter values used for a specific patient.
Thus, for a clinical study (inter- and intrapatient), Table II
would serve to maintain consistency of the parameters, while
serving as documentation of the actual parameter values used
for each patient. Table II is recommended to be used irrespec-
tive of whether the PET scans are acquired in a RT department
or as part of a diagnostic procedure in a Radiology department.
Table II is recommended to be used in conjunction with a
PET/CT scanning protocol that is included in the institutional
policies and procedures documentation to ensure internal con-
sistency (an example is given in Appendix S2).

3.C. Reporting in literature

Most RT literature on the use of PET in clinical studies is
not consistent in reporting the actual patient and scanning
parameters used. Also, in many cases, not enough detail is
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given for the same work to be validated/replicated or contin-
ued at a different institution. The physicians (RT, Nuclear
Medicine) and physicists (RT, Nuclear Medicine) constituting
this task group recommend that Table III be used in publica-
tions to document details of the patient and scan parameters.
Refer to Table I for details regarding Section III of the table
(phantom scan parameters). Table III is a minimum list; addi-
tional parameters may be included if deemed important.

3.D. Treatment planning system ['®F]FDG-PET-
specific requirements

Several deficiencies exist with current treatment planning
systems when used in conjunction with PET and PET/CT sys-
tems. These deficiencies and recommendations for rectifying
them are listed below:

1. Conversion of PET image to SUV
Currently, almost none of the treatment planning systems
(TPSs) provides a tool for converting the PET pixel/inten-
sity data to SUV. Treatment planning systems display the
PET data as raw values, while all PET vendors support the
display of PET images as SUV. In this regard, TPSs
should, at a minimum, be user-friendly in terms of allow-
ing the user to modify (or correct) the PET raw values to
SUV through a conversion function. In addition, TPSs
should have the capability of reporting the SUV histogram
within a region of interest (ROI) as well as the region’s
maximum, minimum, mean, and peak SUVs. It is also
recommended that the accuracy of the SUV calculation by
the TPS be tested using the QIBA 18F-FDG-PET/CT Dig-
ital Reference Object,'>* which was specifically designed
for this test.

2. Delineation of tumor using SUV cutoff/thresholding or
robust segmentation algorithms, plotting of variation in
PET tumor volume as a function of cutoff or threshold
value, and mapping PET voxel SUV to nonuniform
radiation dose prescription distributions as part of the
treatment planning objectives.

Both the PET/CT (or PET) simulation programs and TPSs

should have support for plotting variation in PET tumor

volume as a function of cutoff/threshold value (given as
absolute value, % maximum SUV value) and also using
more sophisticated PET tumor segmentation algorithms

(such as in Hatt et al.'’s 5) Additionally, it would be desir-

able for TPSs to have the capability to map individual

PET voxel SUV to prescribed radiotherapy doses that may

then be incorporated into inverse planning objective func-

tions (e.g., dose restrictions based on SUV value).

3. Support for simultaneous fusing of (and contouring
on) multiple [I8F]FDG-PET image datasets (e.g., data-
sets from pre, during, and post-treatment)

Most TPSs support fusing of multiple datasets. However,
they are not PET-specific in that they do not allow voxel-by-
voxel SUV comparison and changes in maximum, mean, and
peak SUV between the image sets for selected regions of


http://www.acrin.org/Portals/0/Corelabs/ACRINPatientPrep_SOP%25203-17-10.pdf
http://www.acrin.org/Portals/0/Corelabs/ACRINPatientPrep_SOP%25203-17-10.pdf
http://www.acrin.org/Portals/0/Corelabs/ACRINImageAcq_SOP%25203-17-10.pdf
http://www.acrin.org/Portals/0/Corelabs/ACRINImageAcq_SOP%25203-17-10.pdf
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TasLE II. Patient Specific Preparation and Imaging Parameters (Template column to be filled out by Radiation Therapy Medical Physicist) Patient specific
parameters should match Template parameters (grey-shaded boxes need only be filled if not in compliance with the corresponding template parameters). In the
event of possible mismatch, the Radiation Therapy Medical Physicist should be consulted prior to scanning.

Template Parameters

Patient-Specific Parameters

Technologist

N/A

Patient name

Date (month/ day/ year)

N/A

Scanner used (relevant for
institutions with multiple
scanners)

Patient weight (Kg)

Patient height (cm)

Exercise in 24 hrs prior to
[*®F]FDG injection

none

Duration of patient fasting
pre-RT imaging (hours)

4 hours

Patient voided bladder prior
to injection of [**F]FDG

yes

[Ino (notes)

Blood glucose in 1- 2 hours
prior to [**F]FDG injection
(mg/dL)

Allowed range:

Pre-injection activity assay
(Ba)

Allowed range:

Time of activity assay
(hh:mm:ss)

N/A

Time of injection (hh:mm:ss)

N/A

Post injection activity assay
(Ba)

N/A

Location of injection site (use
21 gauge needle; injection
should be anatomically
remote to tumor site)

[l right antecubital
[Iright wrist
[ left antecubital
[ left wrist
[Iright foot

left foot

Other

[l right antecubital
[l right wrist

[ left antecubital
[ left wrist

[Iright foot

[ left foot

[ Other

Waiting area parameters

Temperature (°F/°C) > 75°F/ 22°C

Temperature (°F/°C)

Position: Position:
[ sitting [ sitting
[lying [lying
Instruct to minimize talking
Water consumed following
injection (> 500 ml (16 oz)) Range allowed:
Administration of
diuretic/sedative Details, Details

Patient voided bladder
immediately prior to scanning

yes

[Ino (notes)

Immobilization parameters (as
in RT treatment, to best
extent possible)

Head-neck immobilization

Head-neck immobilization

Body immobilization & knee
support

Body immobilization & knee
support

Arm position

Arm position
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Time between [**F]FDG
injection and start of scan

Range allowed:
min

min

Transmission Scan

I low dose CT (for attenuation
correction only)
[l before PET scan
[ after PET scan
[Thelical
14D
Scan direction:
[ craniocaudal
[J caudocranial

[l diagnostic quality planning CT
[ before PET scan
[ after PET scan
[ before low dose CT
[ after low dose CT
[T oral contrast
11V contrast
[ helical
14D
Scan direction:
[ craniocaudal
[J caudocranial

[Ilow dose CT (for attenuation
correction only)
[ before PET scan
[ after PET scan
[T helical
14D
Scan direction:
[l craniocaudal
[ caudocranial

[ diagnostic quality planning CT
[T before PET scan
[ after PET scan
[I before low dose CT
[ after low dose CT
[T oral contrast
71V contrast
[T helical
14D
Scan direction:
[l craniocaudal
['J caudocranial

PET scan/reconstruction
parameters

No. of bed positions
% bed overlap
Time/bed position (min)___

Scan range description

Emission mode
[12D
[13D

Gating

[ Phase #bins

[ Amplitude #bins
[1 Other

[1FBP* [1OSEM* [IRAMLA*
[l other,

Filter type

Filter Setting

If OSEM:

iterations

subsets

Transverse smoothing

Axial smoothing
PSF*/resolution modeling in
reconstruction

TOF* (yes/no)

FOV*
Pixel size

No. of bed positions
% bed overlap
Time/bed position (min)___

Scan range description

Emission mode
02D
03D

Gating

['I Phase #bins

[ Amplitude #bins
[ Other

[1FBP [1OSEM [IRAMLA [
other

Filter type

Filter Setting

If OSEM:

iterations

subsets

Transverse smoothing

Axial smoothing
PSF/resolution modeling in
reconstruction

TOF (yes/no)

FOV

Pixel size

*FBP, filtered back projection; OSEM, ordered subsets expectation maximization; RAMLA, row-action maximum-likelihood algorithm; PSF, point spread function; TOF,

time-of-flight; FOV, field of view.
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TasLE ITI. Patient and scan parameters.

e720

I. Scanner Specifications

Scanner used - Make, Model.

Scanner software version (list updates if
patients were imaged with different
versions)

Protocol for scanner calibration

1l. Patient Specifications

Fasting status

Blood glucose level prior to [**F]FDG
injection

Injected activity (Bq)

Location of injection site (right/left
wrist, right/left antecubital,
right/left foot)

Water consumed after [°F]FDG
injection (ml/oz)

Time between [**F]FDG injection
and start of scan

PET scanning and processing

Gating

PSF

Filter

2D/3D mode
Number of bed positions
Time/bed position

Attenuation correction with CT other
Reconstruction method: FBP__, OSEM__, RAMLA___other___
If OSEM: iterations

TOF (yes/no)

Slice thickness

(phase, amplitude, # bins, etc.)

, subsets

’

’

(cm), pixel size (cm)

I1l. Phantom Scan Parameters
Acquired from scans of Data Spectrum’s ACR flangeless PET phantom

Mean SUV of background (central 6 cm
diameter region on axial slice) (slice at
longitudinal center of cylinders)

Max SUV of 25 mm cylinder (slice at
longitudinal center of cylinders)

Ratio of max SUVs 16 mm/25 mm (slice at
longitudinal center of cylinders)

interest. These comparisons are necessary to assess treat-
ment-induced changes during or after the course of RT.

Vendors should use the PET/CT Digital Reference Object
(DRO) detailed in the QIBA profile document to validate and
document the accuracy of their quantitative outputs and
alignment accuracy.®"

4. USERS WITH TPSS THAT DO NOT HAVE SOME
OF THE FUNCTIONALITIES MENTIONED ABOVE
SHOULD BE AWARE THAT SEVERAL NON-TPS
COMMERCIAL SOFTWARE SYSTEMS ARE
CAPABLE OF SOME OR ALL OF THESE
FUNCTIONALITIES

4.A. Image registration

It is recommended that image registration between a plan-
ning CT image set and a PET image set that is not acquired
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in the same session be conducted via a CT set acquired in the
same session as the PET imaging. Such a CT image set may
even be acquired with low dose (typically used for attenua-
tion correction) and then rigidly registered against the higher
quality planning CT image set. Since the CT and PET image
sets acquired in the same session are inherently registered in
the same frame of reference, this allows registration of the
PET image set to the planning CT image set. Planning CT
images and PET images acquired in the same session do not
require any additional registration. However, it should be vali-
dated that there is no motion between CT and PET imaging
by visually checking the registration. It is recommended that
the CT and PET image sets, whether acquired in the same
session or not, be acquired with immobilization used during
treatment.

An important assumption made in the previous paragraph
is that the PET and CT images acquired in the same session
are spatially registered. This may not be true if the patient
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moves during the relatively longer PET acquisition. In cases
where there is reason to believe that the location of the
tumor and/or immobilization might allow excessive motion,
acquiring a low-dose CT at the beginning and end of the ses-
sion can help determine whether the registration is trustwor-
thy.

In tumors with respiratory motion where the PET images
are not gated, the PET intensity will be blurred over the
motion range. In this case, registration will likely be best if
the CT image set used for registration is the time-weighted
average intensity projection images generated from respira-
tory-gated/correlated CT that incorporate similar motion blur-
ring as the static ungated PET. The spatial variation in PET
image intensity must be interpreted as the motion-convolved
intensity variation, not the true intensity variation. Registra-
tion of individual respiratory-matched CT and PET images
should be verified, particularly if it affects the accuracy of
respiratory-gated PET attenuation correction (it is recom-
mended that the respiratory matched 4D CT image sets be
used for attenuation correction, rather than a phase-nonspeci-
fic 3D CT image set). Verification may be performed by com-
paring the coincidence of PET-avid regions to CT landmarks
in the different phases; the coincidence should be consistent
across phases, allowing for anomalous phase registrations to
be flagged. PET attenuation correction may be especially
affected if misregistration causes some part of the PET-avid
lesion to move from a lower to higher CT density region, or
vice versa, erroneously increasing/decreasing the PET inten-
sity in the affected part of the lesion.

As mentioned earlier, deformable image registration is still
an area of active research. The computed deformations can
differ based on the algorithm used. Comprehensive experi-
ments are required to validate the accuracy of these algo-
rithms, particularly in the context of four-dimensional
treatment planning and treatment response assessment. Con-
sequently, it is recommended at the present time to employ
rigid registration, not deformable registration.

4.B. Radiation dose to patients and staff

The use of PET/CT imaging is associated with increased
radiation exposure to both patients and staff. The PET/CT
facility should be appropriately shielded per the recommen-
dations of AAPM Task Group 108 (TG-108: PET and PET/
CT shielding requirements).”>® The typical effective dose
from a combined PET/CT scan is on the order of 5-—
20 mSv."’ The effective dose will depend on the site and the
type of scan (gated/nongated/4D). When developing the PET/
CT imaging process at an institution, consideration should
not just be given to the requirements for optimal PET/CT
imaging but also those for minimization of patient dose and
staff exposure and following ALARA principles. Radiation
exposure from patients (at patient surface) may be evaluated
prior to beginning the CT simulation procedure in order to
gauge dose to the simulation therapists. A departmental pol-
icy should be developed on the radiation exposure limit above
which certain sensitive workers (e.g., women of child bearing
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age) may not be allowed to work with the patient. For pedi-
atric patients, radiopharmaceutical dose levels should be
carefully considered from the point of view of minimizing
the potential risk of secondary cancers.'”® There are numer-
ous factors that directly and indirectly affect patient/staff radi-
ation dose. For a comprehensive treatment of these factors
and guidelines for dose management and optimization, the
reader is referred to Report No. 58 from the International
Atomic Energy Agency.'” We also note the AAPM Position
Statement on Radiation Risks from Medical Imaging Proce-
dures (PP 25-A, 2013, http://www.aapm.org/org/policies/deta
ils.asp?xml:id=318&type=PP), which holds that the benefits
of imaging should be acknowledged while bearing in mind
that the risks are potentially low.

5. SUMMARY OF RECOMMENDATIONS

1. Acceptance testing for PET portion of PET/CT should
at least: (a) include NEMA NU 2-2012 performance
measures; (b) pass tests on ACR flangeless PET phan-
tom SUV parameters and resolution and/or pass Euro-
pean standards, such as provided by EARL; (c) have
acceptable alignment (no offsets or skews) between the
PET and CT image sets of the ACR flangeless phan-
tom. Where appropriate, tests from TG-126 (PET/CT
Acceptance Testing and Quality Assurance) should be
incorporated that either have more stringent criteria
than those specified in this report, or do not exist in this
report.

2. Compliance with the test specifications used for ACR
accreditation or EARL accreditation (EU) is recom-
mended (for acceptance and for subsequent annual
QA).

3. Annual QA tests should be performed on the ACR
flangeless phantom corresponding to SUV parameters
and resolutions (as in ACR accreditation or as in
EARL accreditation), and PET/CT alignment.

4. Monthly QA tests should be performed for uniformity,
quantification, scatter correction and randoms rejec-
tion, resolution, and PET/CT alignment.

5. All tests in 1-4, above, should be performed by a Qual-
ified Medical Physicist (QMP) (refer to American
Association of Physicists in Medicine (AAPM) “Defi-
nition of a Qualified Medical Physicist”*"), as appropri-
ate, or individuals working under the general
supervision of a QMP (“general supervision” as
defined in the AAPM Medical Physics Practice Guide-
line*?). The Qualified Medical Physicist should review
and approve via countersignature all tests performed by
the individual under their supervision.

6. Patient scanning protocol should ensure consistency of
patient parameters, radiopharmaceutical activity and
administration, immobilization and imaging parame-
ters, as in Table II.

7. Reporting in literature should include key patient and
scanning parameters, as in Table III.


http://www.aapm.org/org/policies/details.asp?xml:id=318&type=PP
http://www.aapm.org/org/policies/details.asp?xml:id=318&type=PP
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8. Treatment planning systems should include: (a) conver-
sion of PET image to SUV and testing of accuracy of
SUV calculation; (b) delineation of tumor using SUV
cutoff/relative (%) thresholding for target definition/
other sophisticated PET segmentation algorithms, as
well as mapping of SUV distribution to radiotherapy
inverse planning objectives for dose painting; and (c)
support for fusing of multiple FDG-PET datasets (pre,
during, posttreatment) and analysis of changes.

9. Rigid registration is recommended when translating
information from PET images to CT images used for
planning purposes.

The recommendations provided here are minimal require-

ments and are not meant to cover all aspects of the use of
['"®F]IFDG-PET for RT. The publicly available IAEA staffing
needs report for Diagnostic Imaging and Radionuclide Ther-

apy

on

190 estimates that annual QA and routine quality controls

a PET/CT system require approximately 0.1 of a full time

equivalent (FTE) clinically qualified medical physicist. We
estimate that the addition of monthly QA will increase the
required effort by approximately 12—15 h per year.
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