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Abstract
The Seattle Cancer Care Alliance (SCCA) is a Pacific Northwest regional network that enables
patients from community cancer centers to participate in multicenter oncology clinical trials where
patients can receive some trial-related procedures at their local center. Results of positron
emission tomography (PET) scans performed at community cancer centers are not currently used
in SCCA Network trials since clinical trials customarily accept results from only trial-accredited
PET imaging centers located at academic and large hospitals. Oncologists would prefer the option
of using standard clinical PET scans from Network sites in multicenter clinical trials to increase
accrual of patients for whom additional travel requirements for imaging is a barrier to recruitment.
In an effort to increase accrual of rural and other underserved populations to Network trials,
researchers and clinicians at the University of Washington, SCCA and its Network are assessing
feasibility of using PET scans from all Network sites in their oncology clinical trials. A feasibility
study is required because the reproducibility of multicenter PET measurements ranges from
approximately 3% to 40% at national academic centers. Early experiences from both national and
local PET phantom imaging trials are discussed and next steps are proposed for including patient
PET scans from the emerging regional quantitative imaging network in clinical trials. There are
feasible methods to determine and characterize PET quantitation errors and improve data quality
by either prospective scanner calibration or retrospective post hoc corrections. These methods
should be developed and implemented in multicenter clinical trials employing quantitative PET
imaging of patients.
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1. Introduction
In the last decade positron emission tomography (PET) imaging using the glucose analogue
(18F)-fluorodeoxyglucose (FDG) has become an important tool for cancer patient care and a
routine part of oncology clinical practice [1–3]. Molecular imaging using PET is also a
useful tool for accelerated and streamlined development of targeted therapies in cancer
therapeutic trials [4]. Quantitative imaging can provide useful biomarker data for clinical
efficacy and underlying molecular mechanisms of therapeutic agents [4–6]. Despite studies
demonstrating the accuracy and predictive power of FDG PET as a measure of therapeutic
effectiveness [3, 7], its use as a biomarker and response endpoints in clinical trials remains
limited. Two factors impeding progress in incorporating PET into clinical trials are
considerable variability in patient imaging methods across centers and inconsistency in
quantitative measures of the same object at different sites. In order to assess and improve the
state of quantitative PET imaging in both nationally recognized and community clinic PET
imaging centers, we have established a regional quantitative imaging network in the Pacific
Northwest for PET/CT clinical trials.

While FDG PET and PET / Computerized Tomography (PET/CT) have become part of the
routine practice of cancer treatment, quantitative analysis of FDG PET imaging is variably
and inconsistently practiced. The majority of oncologic FDG PET/CT studies performed in
current clinical practice are for disease detection and staging [1]. Cancer staging comprises
the vast majority of currently approved indications for FDG PET/CT and has been most
widely investigated in clinical imaging trials [8, 9]. Image quantification is helpful for
cancer diagnosis and staging by FDG PET, but it is non-essential. Quantification has been
helpful in some cases in providing specificity for cancer diagnosis and staging [10];
however, the more recent ability to correlate metabolic and anatomic features directly by
using PET/CT (versus PET only), also improves specificity and accuracy [11, 12], making
PET quantification even less important for clinical cancer diagnosis and staging. Many
centers perform purely qualitative interpretation of PET/CT images. Others make limited
use of static FDG uptake measures, such as the standardized uptake value (SUV), but do so
quite variably and often without consistency in patient preparation and image acquisition
[13].

While participating in cancer clinical trials, non-imaging clinical investigators, often
unfamiliar with the details of PET, assume that approaches used in clinical practice readily
apply to clinical trials. This, however, is far from the truth. While the staging studies used
routinely in clinical practice may not depend upon accurate image quantification,
quantitative measures are essential for the assessment of therapeutic response [14–16].
Multicenter trials are the gold standard for establishing new standards for clinical practice
but comparisons of quantitative PET values between sites can be problematic [17–22].
Systematic efforts are needed to understand and address the issues impeding use of PET
measures from multicenter trials [13, 23–27].

PET calibration procedures and associated phantoms have been developed to regulate the
known sources of PET measure variance and bias including patient specific biology,
imaging protocol (i.e. patient preparation and scan protocol), image generation (e.g.
accuracy of corrections, reconstruction method, and longitudinal calibration drift), and
image analysis (region of interest (ROI) definition and static versus dynamic models).
Potential patient specific sources of PET measure variance and bias include individual
differences in available volume for PET tracer distribution as assessed by body habitus (e.g.
weight, lean body mass, or body surface area), natural patient differences in concentrations
of the biological compound of interest such as glucose levels in patients receiving FDG PET
scans, or natural differences in patient motion (e.g. respiratory patterns). Differences in PET
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measure variability from patient specific sources can be regulated via normalizing the PET
scanner measurement in radioactivity per volume units by dividing by the ratio of PET
tracer injected dose to body habitus measure to yield PET measurements in the commonly
reported standard uptake value (SUV) units [28], defining patient imaging protocols that set
limits on natural concentrations of biological compounds of interest in patients receiving
PET scans [13] and making additional patient motion measurements to allow motion
compensation correction of PET measures [29]. The goal of PET calibration procedures is to
ensure that PET measurement of a phantom region of interest (ROI) has the same
radioactivity per unit volume (plus or minus some tolerance) as expected based on the
known PET radioactivity in the phantom’s known volume. The most basic PET calibration
phantoms are typically cylinders that are either filled with solid epoxy containing 68Ge/68 or
filled with water and then injected with a known PET radioactivity a few minutes before the
calibration procedure. PET calibration procedures in general include scanning the
radioactive emissions of one of these cylinders with a known radioactivity concentration and
then adjusting instrumentation settings in order to measure the correct radioactive
concentration.

A minimum of quarterly cross-calibration between a PET scanner and the associated dose
calibrator is the generally accepted standard. The European Association of Nuclear
Medicine (EANM) in their guidelines for PET/CT tumor imaging recommend cross-
calibration between PET scanners and associated dose calibrators occur at least every 3
months and immediately after any software and hardware revisions in addition to scanner
manufacturer daily quality control procedures [30]. The EANM also recommends every
institution participating in a multicenter trial at least once performs a image quality and
recovery coefficient study using a standardized anthropomorphic phantom containing
spheres of different diameters [30]. In the United States guidelines for PET calibration range
from general statements asserting quantitative integrity and stability should be routinely
tested using standard phantoms [13] to the American College of Radiology (ACR) strongly
recommended quarterly testing with phantoms to the ACRIN certification of NCI Centers of
Quantitative Imaging Excellence requiring yearly testing using a uniform cylinder PET
phantom to the Society of Nuclear Medicine Clinical Trials Network requirement to
annually test using their anthropomorphic chest oncology PET phantom.

Robust PET calibration protocols are expected to limit longitudinal variability in PET
measurements from phantoms between PET calibrations performed quarterly to around 4%
[31]. The minimum reproducibility of serial PET measurements in patients is higher and
around 10% for single site studies [17–20]. Based in part on these PET reproducibility
studies, the American College of Radiology Imaging Network (ACRIN) requires a site to
demonstrate their PET scanner can correctly measure the SUV value within 10% in a
phantom filled with 18F in water before allowing a site to participate in their multicenter
clinical trials. In a single site or multicenter trial, a recent meta-analysis of the repeatability
of FDG uptake measurements in tumors found the minimum threshold of change in SUV to
account for test-retest variability was a combination of 20% change and a minimum absolute
change of 1.2 units of SUV [32]. These PET measurement test-retest findings suggest that
PET measurement changes between calibrations are fine if less than 5% [31], should be
monitored and possibly corrected if between 5 and 10%, and any changes exceeding 10%
should be investigated and corrective action taken including recalibration or improvements
to quality assurance protocols.

Sites often hire outside experts or retain in house physicists to perform this calibration or at
least validate an adequately accurate PET measurement on a regular schedule of every
month, quarter, 6-months, or year. Quality assurance that PET measurements have
acceptable accuracy and reproducibility may be performed as often as daily or only as part
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of regularly scheduled PET calibration. A major advantage of the calibration cylinders
containing 68Ge/68 in solid epoxy is the long nine month half-life of 68Ge, which allows the
same identically filled phantom to be periodically scanned to assess any longitudinal
changes in PET measures without introducing possible variability due to repeated phantom
preparation and requiring additional staff time and expense to order and injected 18F into
liquid-filled phantoms. A disadvantage of many current solid 68Ge/68 cylinders is the
activity concentration in the cylinder is only known with an accuracy of plus or minus 10
percent, which can especially be an issue for multicenter studies relying on a single PET
measure from many scanners. Here we will discuss initial results of multicenter studies
using solid 68Ge/68 epoxy-filled phantoms, which may some day replace or supplement the
current use of water-filled phantoms for PET calibration procedures.

While inconsistent and non-optimized image quantification has a limited impact upon the
interpretation of staging FDG PET/CT scans in clinical practice, improper image
quantification may seriously degrade the utility of FDG PET as a dynamic measure in
cancer therapy trials as shown by results of a multicenter PET phantom experiment by
Takahashi and colleagues [33] that found up to 46% measurement error in SUV across
separate scanners using phantoms filled with FDG in water. A subsequent reproducibility
study of repeat FDG PET scans from 62 patients in a multicenter phase I trial observed 95%
repeatability coefficients ranging from −34% to 52% for local site-measurements of SUVs
with the range decreasing to −28% to 40% after applying quality assurance to initial results
[34]. The lack of progress toward transitioning from qualitative clinical PET imaging to its
unrealized potential for quantitative PET in clinical trials is a point of considerable
frustration for both imagers and oncologists [35].

Oncologists, the targeted community PET clinics, and therapy trial sponsoring
pharmaceutical companies are thus all strongly motivated to establish the use of PET
measures in multicenter therapy trials and be able to include PET measures from other
clinics in single center therapy trials to increase patient accrual rates through increased
access to clinical trials for underserved low income and rural populations. The establishment
of a regional quantitative imaging network will provide a test bed for both assessing the
variation in PET quantitation and patient imaging protocols and for determining the
feasibility of including patient PET scans from the emerging regional quantitative imaging
network in clinical trials. Here we report on early experiences from both national and
regional PET phantom imaging trials and the next steps proposed for including patient PET
scans from the emerging regional quantitative imaging network in academic center clinical
trials.

2. Experience in national multicenter PET phantom trials
2.1 Overview of studies performed by professional organizations and NIH multidisciplinary
research consortiums

There has been some recent progress towards standardization of PET imaging protocols.
Guidelines for standardization of patient preparation and imaging protocols for FDG PET in
clinical therapy trials [13, 24–26, 36] represent important steps towards the consistent and
optimal quantitative PET imaging needed for cancer therapy trials [23]. In addition, support
for quantitative PET imaging clinical trials through programs and initiatives such as the
National Cancer Institute (NCI) Phase I/II Imaging Centers, the American College of
Radiology Imaging Network (ACRIN) certification of NCI Centers of Quantitative Imaging
Excellence program, and Society of Nuclear Medicine (SNM) clinical trials initiative
provide the infrastructure for testing quantitative PET imaging approaches for multicenter
clinical trials at nationally recognized PET centers. However, a feasibility study of including
regional research PET scans in our University of Washington and Fred Hutchinson Cancer
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Research Center oncology trials is still required because data regarding PET reproducibility
and variation in patient imaging protocols at local centers of practice is not available.

2.2 Materials and methods for national multicenter trials at University of Washington
We have participated in three national efforts [21] SNM standards validation task force
[37,38], NCI Reference Image Database to Evaluate Response (RIDER) project [22], and
Pediatric Brain Tumor Consortium (PBTC) [39] that have examined the bias and variance of
PET measures of the long half-life phantoms at multiple national academic centers. The two
multicenter 68Ge epoxy-filled phantoms described below are different from clinic PET
calibration phantoms in that smaller radioactive targets with diameters ranging from 10 to 37
mm were measured within a ¼ lower radioactive background while standard PET clinic
phantoms typically have a uniform radioactive concentration in a cylinder with a diameter
and height of approximately 20 centimeters. These more radioactive targets within a less
radioactive background more closely approximates measurements of lesions within a body
and allowed study of the impact on target size on PET measurements. Both of the two PET
phantoms described below for the multicenter trials have been commonly used for 18F in
water PET experiments with our studies being some of the first to use long half-live epoxy
in place of water injected with PET tracer [21].

The Society of Nuclear Medicine standards validation task force directed Sanders Medical
(Knoxville, TN) to manufacture a phantom to enable study of the systemic biases in serial
PET imaging performed using different vendor scanners in multicenter studies [22]. The
SNM Validation Phantom was based on a NEMA NU-2 IQ phantom (manufactured by Data
Spectrum, Durham NC) with the central 5 cm diameter 'lung' cylinder removed. In addition
the two larger hollow spheres were changed to hot spheres, as opposed to the cold spheres
specified in NEMA NU-2 instructions. Hot sphere diameters were 10, 13, 17, 22, 28, and 37
mm. The target/background ratio was 4:1. Scanner and site dependent bias and variability
between the 8 national academic PET centers was assessed by a single imaging (using
typical clinical imaging parameters) of the same 271 day half-life 68Ge/68 phantom on 11
PET scanners of which 9 were PET/CTs with at least two representative PET/CTs from each
of the three major vendors consisting of General Electric (GE), Philips and Siemens. The
eight participating PET centers were Beth Israel Deaconess Medical Center, Brigham &
Women's Hospital, Children's Hospital of Boston, Dana-Farber Cancer Institute in Boston,
Huntsman Cancer Institute at the University of Utah, Massachusetts General Hospital in
Boston, University of Pennsylvania in Philadelphia, and University of Washington in Seattle
[38]. Maximum and average activity concentrations were centrally measured at the
University of Washington using the PET DICOM files generated at each site from a
single 68Ge PET scan of the phantom using a 10 mm diameter regions of interest (ROIs)
centered on the spheres on the most central axial slice of the sphere centers [22]. The
maximum and mean measurements were reported as maximum and mean recovery
coefficients after normalizing the measured activity concentration by the known 68Ge
activity concentration [22].

The same SNM Validation Phantom filled with 68Ge/68 epoxy was used for study of PET/
CT reproducibility for the National Cancer Institute’s (NCI) Reference Image Database to
Evaluate Response (RIDER) project in addition to the scans required for participation in the
SNM validation task force at the University of Pennsylvania, University of Utah, and
University of Washington. These additional studies investigated the variance in measures
from multiple images of the same subject over a short period with either no movement
between subsequent scans or some event such as removal of the subject from the imaging
device occurring between each scan [22].
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The American Association of Physicists in Medicine (AAPM)/SNM Task Group 145 funded
a third study of PET calibration using the AAPM/SNM TG145 Calibration Phantom based
on the PET phantom used by the American College of Radiology (ACR). This work
migrated from the NEMA NU-2 IQ phantom to the ACR PET phantom because of problems
with filling the small spheres of the NEMA IQ phantom, which resulted in the measurement
confounding air voids within the smaller hot spheres [22]. Sanders Medical (Knoxville, TN)
filled three ACR PET lids from the same 68Ge/68 epoxy batch in order to reduce the overall
data collection time. One of the three modified ACR PET phantom lids attached to an ACR
phantom was imaged at ten sites of the Pediatric Brain Tumor Consortium (PBTC)
comprised of the Children’s Hospital of Boston, Children’s Hospital of Philadelphia,
Children’s Memorial at Northwestern Memorial Hospital, Duke University, Georgetown
University Hospital, National Institutes of Health, St. Jude Children’s Research Hospital,
University of California at San Diego, University of Pittsburgh Children’s Hospital, and
University of Washington. The main chamber of the ACR phantom was filled with water
and sufficient 18F tracer was injected for an approximate 4:1 target-to-background ratio
during imaging. All sites were directed to locally draw an ROI with a diameter or square
side of about 1.2 cm and report maximum and mean values for both activity concentration
and weight-based SUVs (in SUV units of g/mL) [39]. Central analyses of PET scans from
all sites were performed at both Children’s Hospital Boston and the University of
Washington Medical Center in Seattle.

2.3 Summary of national multicenter long half-life PET phantom results
The total time required to complete all PET scans of the one NEMA NU-2 IQ phantom on
11 scanners at eight sites was 18 months while only 5 months was required to complete the
PBTC scans of one of three ACR PET lids. The PET measurement coefficients of variation
(COV) ranged from 2.5% to 9.8% (depending on image reconstruction parameters) from
twenty repeat scans on one scanner after averaging the COVs across all NEMA NU-2 IQ
sphere diameters [22]. A standard deviation range of 3 to 5% was observed for maximum
and mean recovery coefficient measurements from 20 repeat scans on three scanners
distributed among three sites using comparable imaging reconstruction [22]. The PET
measurement coefficients of variation (COV) from mean and maximum ROIs were 10% and
12% after averaging across all sphere diameters from a single PET scan of the same
phantom by all eleven PET scanners [38]. Sample maximum recovery coefficient data from
PET scans of the same 68Ge/68 epoxy-filled phantom from 20 repeat scans at three sites are
in Fig. 1B and from a single scan on eleven PET/CTs distributed over eight sites. The error
bars from PET measurements of the same phantom in Fig. 1 are observed to increase from
Fig. 1B to Fig. 1C as measurements go from repeat acquisitions from one scanner at one site
to a single PET acquisition from 11 scanners at multiple sites. Recovery coefficients (RCs)
shown are based on maximum SUV and illustrate the well-known partial volume error [40],
i.e. where the recovery coefficient (ideally 100% regardless of size) decreases with sphere
size. The difference between the top and bottom RC curves in Fig. 1C for the larger
diameter spheres is approximately 40%. Analyses of the ACR phantom with 68Ge/68 in the
PET lid cylinders yielded a COV range of 8% to 18% for SUV measurements of hot
cylindrical features from all ten PBTC sites performed by the same reviewer (central
analysis), while the COV range for the same scans was 30% to 43% when using local site-
based SUV measures [39].

2.4 Lessons learned from national multicenter PET phantom trials
A long half-life phantom filled with solid 68Ge/68 epoxy allows for direct comparison of
quantitative results from multiple sites using a variety of PET scanners, image processing
methods, and patient imaging protocols. Overall PET measurement error levels for
multicenter PET clinical trials in these early studies ranged from 3% [22] to 40% [39],
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primarily due to local versus central reading and quality assurance and quality control [39]
and differences in instrumentation factors such as PET scanner acquisition methods and
degree of filtering in image reconstruction [22]. One challenge in these early trials was the
need to ship the same phantom across the country where each site must have personnel with
US Department of Transportation Hazmat training in order to ship the radioactive phantom
to the next site. In the future, the time required to complete multicenter cross-calibration
scans of long half-life phantoms can be reduced by producing multiple phantoms using the
same batch of 68Ge epoxy to ensure all phantoms have very similar activity concentrations.

3. Regional quantitative imaging networks (QIN) for local centers of
practice
3.1 Approach

Our approach to establish a regional quantitative imaging network was to recruit regional
imaging sites located in community cancer centers (Fig. 2) participating in the Seattle
Cancer Care Alliance (SCCA) Network, which enables regional cancer center patients to
participate in national oncology trials based at the University of Washington (UW), Fred
Hutchinson Cancer Research Center (FHCRC), and Seattle Children’s Hospital. Twelve
external SCCA Network members currently include Bozeman Deaconess Cancer Center in
Bozeman, MT, Cascade Cancer Center in Kirkland, WA, Clinic Cancer Care in Great Falls,
MT, Columbia Basin Hematology & Oncology in Kennewick, WA, Group Health
Cooperative in Seattle, WA, MultiCare Regional Cancer Center in Tacoma, WA, Olympic
Medical Cancer Center in Sequim, WA, Overlake Hospital Medical Center in Bellevue,
WA, Providence Alaska Medical Center in Anchorage, AK, Sea Mar Community Health
Centers along the I-5 corridor in Washington, Skagit Valley Hospital Regional Cancer
Center in Mount Vernon, WA and Wenatchee Valley Medical Center in Wenatchee, WA.

The published Netherlands protocol for standardization of FDG PET scans in multicenter
trials [36] reported that differences in PET quantification methodology prevents comparing
PET measures from different centers unless every center agrees to some form of protocol
standardization and cross calibration of PET measures through common phantom
experiments. We have observed similar differences in PET quantification between our site
and a SCCA Network hospital for two patients who had their outside baseline PET scan
repeated at our institutions as a condition of enrollment in one of our clinical therapy trials.
Two patients were rescanned at 16 and 37 days after the outside hospital scan with
maximum SUV measurement of their breast tumors increasing by 38% and decreasing by
10%, respectively. It is possible that a portion of the difference between scans is related to
the disease process, however, without standardization of the technical collection of the
measures it is not possible to identify the true change in the PET measures that is related to
the disease alone. This anecdotal evidence points to the need for similar PET measure
standardization as performed in the Netherlands for our SCCA Network sites. In addition we
plan to implement further improvements toward standardization with multicenter measures
using a long half-life phantom that will allow all the centers to image "identical" solid 68Ge
phantoms to eliminate any variance due to differences in preparing a short half-life 18F in a
water-filled phantom at each site.

In addition to studying the bias and variation in PET scanner measurements using 68Ge
sources, we also used a National Institute of Standards and Technology (NIST)-
traceable 68Ge/68 source [41] for evaluating the bias and variation in dose calibrator 18F
measurements. The patented 68Ge/68 epoxy sources [42] for the scanner and dose calibrator
were constructed by RadQual LLC (Weare, NH) from the same batch of 68Ge epoxy as
shown in Figure 3 and consequently had the same radioactivity concentration. Assessment
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of both PET scanner and dose calibrator measurements at each participating site will allow
us to determine the accuracy and precision of the commonly used PET standardized uptake
value (SUV), which is a ratio that incorporates both PET scanner and dose calibrator
measures. SUV calculations also require patient weight measurements, which we do not
quantitatively study beyond confirmation that sites have reliable patient weighing
procedures in place. We also planned to repeat our PET cross-calibration experiments at
sites to determine the frequency of the anecdotal observations of large longitudinal drifts in
repeated SUV measurements and determine if the longitudinal measurement error of
approximately 4% observed at the University of Washington Medical Center [31] is also
observed across the participating sites due in part to calibration drift when months occur
between serial scans.

Our long term goal is to use a combination of quantitative PET measurements of NIST-
traceable PET phantoms and repeated patient scans at University of Washington, SCCA, and
regional imaging centers to enable definition of the requirements for including patient PET
scans from the emerging regional quantitative network in our UW, FHCRC, and SCCA
clinical trials.

3.2 Early steps
We measured radioactivity of the 68Ge/68 scanner and dose calibrator sources in Fig. 3 from
May 2009 through April 2010 at five SCCA Network sites including the SCCA and
University of Washington Medical Center in Seattle and three external SCCA Network sites
located in Mount Vernon and Tacoma in Washington and Anchorage in Alaska [43].
Radioactivity in the dose calibrator source was measured using two Biodex Medical
Systems (Shirley, NY) Atomlab 100 and four Capintec (Ramsey, NJ) CRC dose calibrators.
Two General Electric Healthcare Technologies (Milwaukee, WI) DSTE, two Siemens
Medical Solutions (Knoxville, TN) Biograph, and one Philips Healthcare (Eindhoven, The
Netherlands) Gemini TF TOF PET/CT scanners each imaged the same 68Ge/68 source twice
including a measurement before and after a regularly scheduled PET scanner calibration.
The range of error in dose calibrator measurements was from −50% to 9% with range of 29
to 226 days between repeat measurements. Dose calibrator measures were similar for the
two longitudinal measurements for five of the six dose calibrators with these five observing
a change of less than 3.5% in bias between measurements. The two measurement errors for
the sixth dose calibrator were 9% and −50%, which bracketed the observed range of dose
calibrator error. The range of PET/CT scanner errors was from −26% to 13% with the −26%
error observed at the site with a dose calibrator error of −50%. The range of SUV errors was
from −20% to 49%. The site with an outlying −50% dose calibrator error and −26% PET
scanner error had the highest SUV error of 49% and observed a change in SUV error bias of
60%. The five PET measurement sets at the other four locations had a range of change in
SUV error from −11% to 11%. These preliminary results suggest SUV measurements from
the same scanner and dose calibrator are not stable over time and use of SUV values does
not cancel out any error in the scanner and dose calibrator.

3.3 Next steps
We have now opened the phantom study recruitment to all SCCA Network members located
across the Pacific Northwest including those employing mobile PET scanners in trailers that
are only onsite for as little as one day a week. We will subsequently open a study of repeat
FDG PET scan of patients to sites participating in the phantom study in order of the
Network sites’ rates of patient referral to our University of Washington and SCCA oncology
trials.

Doot et al. Page 8

Magn Reson Imaging. Author manuscript; available in PMC 2013 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Based on lessons learned from previous multicenter trials using long half-life phantoms, we
have redesigned the phantom’s PET scanner source to reduce the size and total activity to a
radioactive cylinder with a radioactive matrix of 4.5 cm in diameter and height. The relative
merits of all discussed 68Ge-filled phantoms are summarized in Table 1. The initial total
activity in the scanner source is now 18.5 MBq (0.5 mCi) and this calibrated activity value is
implicitly traceable to NIST. A pedestal was added between the ACR (Data Spectrum ECT)
phantom mounting plate and the bottom of the scanner source to reduce the probability of
any measured PET values being impacted by attenuation correction artifacts that sometimes
occur near the edges of the ACR phantom depending on the image reconstruction. CT and
PET images of the scanner source mounted inside an ACR phantom are in Fig. 4. The
transaxial and axial linear PET profiles of the scanner source in Fig. 5 suggests a cylindrical
ROI with a diameter and height of ≤ 1.5 cm could be positioned in the center of the scanner
source image to measure the mean activity concentration without partial volume
measurement error [40]. The second source for the dose calibrator has an initial total activity
of approximately 0.90 MBq (25 µCi), which is directly traceable to NIST [41]. A third
small 68Ge/68 point source near the tip of a nonradioactive rod was added to the second-
generation PET cross-calibration kit using epoxy from the same 68Ge/68 epoxy batch used to
construct the dose calibrator and PET scanner sources with an approximate initial activity of
3.85 kBq (0.14 µCi), which is implicitly traceable to NIST. The third solid source is for
evaluation of measurement error by well counter equipment used to determine the activity in
patient blood samples. The three 68Ge/68 epoxy sources with "identical" activity
concentrations (commercially available as X-Cal F-18 (Ge-68/Ga-68) System kit only from
RadQual LLC, Weare, NH) are shown in Fig. 6 and will allow cross-calibration between
PET activity measurements by any scanners, dose calibrators, and the blood activity
measuring well counter equipment available at multicenter PET imaging centers. We now
recommend a PET cross-calibration kit is sent to each site enrolled in a multicenter trial to
ensure regular calibration of each site’s PET scanners and dose calibrators. Future studies
will include cross-calibration studies of PET scanners, dose calibrators, and sampled blood
activity measuring well counters.

Two final important next steps include surveying local patient PET imaging protocols to
evaluate compliance with consensus recommendations [13] and commencement of a
reproducibility studying using repeat patient PET scans at the same SCCA Network site and
at different sites to study PET measurement errors at the same site and between sites
including the error contribution from instrumentation from concurrent measurements of PET
cross-calibration kit sources.

4. Summary and discussion
Our findings show that use of PET scanner and dose calibrator cross-calibration kits is
useful in multicenter imaging trials to both assess bias and enable correction of biases due to
instrumentation factors in serial PET studies. While the site with highest PET SUV error of
49% occurred at a community imaging center, it is too early to determine if PET
measurement calibration is significantly better at national centers of imaging after assessing
PET measurement errors at only three regional imaging centers. A multicenter trial using
PET cross-calibration kits should consider providing a kit for each site to facilitate repeated
local measures as part of the trial’s local quality control and quality assurance procedures
and to enable rapid confirmation that any unusual patient PET result was likely not due to an
instrumentation error. We recommend the frequency of PET cross-calibration measurements
range from every week to every three months for multicenter trials with higher frequency of
cross-calibration for sites with higher patient accrual rates and for trials assessing early
response with serial PET measures. If PET cross-calibration discovers error levels requiring
recalibration, it is estimated recalibration will require at least an hour after arrival of
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qualified PET scanner calibration personnel provided error is due to operator error or
instrumentation measurement drift. However if the error source is due to less common
equipment failure then repair and recalibration may take 2 to 3 days depending on
availability of replacement parts. Methods to determine and characterize PET quantitation
errors and improve data quality by either prospective scanner calibration or retrospective
post hoc corrections should be developed and implemented in multicenter clinical trials
employing PET imaging of patients.
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Figure 1.
Sample PET image and recovery coefficient measurements of the same phantom filled with
long half-life 68Ge epoxy. (A) A sample PET image of the modified NEMA NU-2 Image
Quality (IQ) phantom with hot sphere diameters range from 10 to 37 mm. (B) Average
recovery coefficients (RC) of maximum ROIs (measured / true) based on 20 repeat scans by
3 scanners at 3 sites with each scanner made by a different manufacturer (adapted from Doot
et al. [22]). (C) Recovery coefficients of maximum ROIs from single scans from 11 different
PET scanners with the average value represented by a thick black line (adapted from Doot et
al. [38]. Error bars represent the standard deviation of maximum ROI measurements from 20
scans by a single scanner in (B) and one scan by eleven scanners in (C).
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Figure 2.
Locations of Seattle Cancer Care Alliance (SCCA) Network sites outside Seattle area.
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Figure 3.
PET cross-calibration 68Ge/68 kit sources for a dose calibrator and a PET scanner were
constructed from the same epoxy batch to enable cross-calibration between dose calibrator
and PET scanner measurements [42]. The cylindrical scanner source had a diameter and
height of 6-cm and was mounted to the bottom of a modified ACR PET phantom.
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Figure 4.
Coronal CT (left) and PET (right) images of a second-generation 68Ge/68Ga scanner source
mounted inside an ACR Data Spectrum ECT phantom without the CT rod inserts and
without the optional PET lid of refillable cylinders. The length of the thick horizontal white
lines is 10 cm.
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Figure 5.
Transaxial (A) and axial (B) linear PET profiles of same second-generation scanner source
shown in Fig. 4.
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Figure 6.
The second-generation PET cross-calibration 68Ge/68 kit sources (from left to right) for PET
scanners, dose calibrators, and well counters, which measure activity in blood samples.
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Table 1

Relative merits of PET phantoms filled with nine-month half-life 68Germanium-filled epoxy

PET phantom description: Advantages: Disadvantages:

Generic flangeless 20 cm diameter and height
phantom filled with 68Ge-filled epoxy

• No PET measure partial volume
effect

• Many Siemens PET scanners image
this type of 68Ge phantom as part of
daily quality control and assurance

• Uncertainty in accuracy of
calibration activity +/− 10%

• Can not measure partial
volume effect curve by object
size

SNM Validation Phantom: (NEMA NU-2
Image Quality (IQ) torso phantom) without
lung insert and with hot spheres filled
with 68Ge epoxy in a 4:1 ratio to 68Ge in main
chamber

• Can measure PET partial volume
effect by object size

• Anthropomorphic phantom

• Calibration activities only +/−
10%

• Air voids in smallest spheres
impacted measurements

AAPM/SNM TG145 Calibration Phantom:
flangeless 20 cm phantom with 68Ge epoxy in
PET lid in 4 cylinders of 8 to 25 mm diameters
and scanned with 18F-water with 1/4 the
activity in the 68Ge-filled PET lid cylinders.

• Can measure PET partial volume
effect by object size

• PET lid cylinders filled without air
voids in measurement area

• Calibration activity only +/−
10%

• Use of 9-month half life 68Ge
and 110-min half life 18F in
4:1 ratio required difficult
imaging protocol

• Scanners can’t quantify 68Ge
and 18F simultaneously due to
different half-lives and
branching ratios

RadQual prototype scanner source with 6 cm
diameter and height cylinder filled with 68Ge
epoxy and attached to main chamber bottom of
flangeless 20 cm phantom with water-filled
main chamber

• Calibration activity +/− 2% (95 %
confidence level)

• No partial volume effect for
centered ROI ≤ 40 mm

• Cross-calibrated scanner and dose
calibrator sources provided as kit

• Can not measure PET partial
volume effect by object size

• Scanner source takes several
minutes to attach to bottom of
larger phantom

• Measurement of source
located at phantom bottom
may have more error due to
attenuation correction

RadQual X-CAL 18F (68Ge/68Ga) scanner
source with 4.5 cm diameter and height
cylinder filled with 68Ge epoxy and mounted
on top of Teflon pedestal over 5 cm in height
that attaches to main chamber bottom of
flangeless 20 cm diameter phantom

• Calibration activity +/− 2%

• No partial volume effect for
centered ROI with dimensions ≤ 25
mm

• Cross-calibrated scanner, dose
calibrator, and blood sampler
sources provided as kit

• Connection of PET source inside
phantom in < 1 min minimizes
radiation exposure

• PET source on pedestal to avoid
measure errors from end effects

• Can not measure PET partial
volume effect by object size

The SNM Validation Phantom [22] and AAPM/SNM TG145 Calibration Phantom [39] have been described previously [21].
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