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The National Cancer Institute developed the Centers for Quantitative
Imaging Excellence (CQIE) initiative in 2010 to prequalify imaging
facilities at all of the National Cancer Institute-designated compre-
hensive and clinical cancer centers for oncology trials using advanced
imaging techniques, including PET. Here we review the CQIE PET/CT
scanner qualification process and results in detail. Methods: Over a
period of approximately 5 y, sites were requested to submit a variety
of phantoms, including uniform and American College of Radiology-
approved phantoms, PET/CT images, and examples of clinical
images. Submissions were divided into 3 distinct time periods: initial
submission (T0) and 2 requalification submissions (T1 and T2). Images
were analyzed using standardized procedures, and scanners received
a pass or fail designation. Sites had the opportunity to submit new data
for scanners that failed. Quantitative results were compared across
scanners within a given time period and across time periods for a given
scanner. Results: Data from 65 unique PET/CT scanners across 56
sites were submitted for CQIE TO qualification; 64 scanners passed the
qualification. Data from 44 (68%) of those 65 scanners were submitted
for T2. From TO to T2, the percentage of scanners passing the CQIE
qualification on the first attempt rose from 38% for T1 to 67% for T2.
The most common reasons for failure were SUV outside specifications,
incomplete submission, and uniformity issues. Uniform phantom and
American College of Radiology-approved phantom results between
scanner manufacturers were similar. Conclusion: The results of the
CQIE process showed that periodic requalification may decrease the
frequency of deficient data submissions. The CQIE project also high-
lighted the concern within imaging facilities about the burden of
maintaining different qualifications and accreditations. Finally, for
quantitative imaging-based trials, further evaluation of the relationships
between the level of the qualification (e.g., bias or precision) and the
quality of the image data, accrual rates, and study power is needed.
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Increasingly, I8E-FDG and other radiopharmaceuticals are be-
ing used as PET/CT quantitative imaging biomarkers in oncology
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to assess treatment efficacy (/-8). Although many factors, both phys-
iologic and instrumental (9—/2), influence quantitative accuracy, the
ability to determine treatment efficacy on the basis of PET is pred-
icated on the ability of PET scanners to provide stable measurements
of radiotracer concentrations—thus allowing the treatment response
to be tracked over months or years. Short-term scanner variability is
expected to be low, and long-term scanner variability likely can
be minimized with standardized quality control procedures (/3,14).
Recently, however, it was shown that long-term stability cannot be
taken for granted and should be checked (15,16).

An additional complication arises when accrual for research
trials is accelerated by expansion of imaging to multiple centers.
Because of differences in procedures at imaging sites, some PET
studies may not be quantitatively reliable or the data may not be
usable in a pooled analysis. It has been reported that approxi-
mately one-third of PET studies acquired at community-based
imaging facilities may lack the necessary information to obtain
quantitative imaging data (/7). In addition, quantitative variability
in multicenter trials can be expected to be larger than that in
single-center trials (/8,79). In a study at a single institution with
multiple PET scanners, which were clinically accredited and
maintained in accordance with manufacturer standards by quali-
fied staff, the variance of PET measurements was shown to be
greater in clinical practice than under ideal study settings (20).

These reports of PET scanner bias and variability highlight the
need for standardized qualification processes to minimize vari-
ability in multicenter research trials. However, the need to qualify
imaging systems before participation in research trials increases
the time needed to accrue trial data, because it takes time to
acquire qualification data, send it to the study sponsor for analysis,
and obtain approval to participate in the trial. Methods for the
quantitative qualification of PET scanners include testing accuracy
and basic image quality (27), prospectively assessing accuracy and
contrast recovery, and developing scanner-specific reconstruction
parameters to unify contrast recovery coefficients across scanners
(22,23). These efforts have resulted in guidelines for tumor imag-
ing using '®F-FDG PET in research trials (24-26).

On the basis of this understanding of the importance of the
quantitative accuracy of imaging biomarkers in clinical trials, the
National Cancer Institute developed the Centers for Quantitative
Imaging Excellence (CQIE) initiative in 2010 to prequalify imaging
facilities at all of the National Cancer Institute—designated compre-
hensive and clinical cancer centers for oncology trials using CT,
MRI, and PET. The intention of the CQIE project was to establish
a group of “trial-ready” cancer imaging facilities to minimize the
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time between a multicenter research trial being developed and sites
beginning accrual. An overview of the CQIE program for all 3 imag-
ing modalities is provided elsewhere (27). Here we review the CQIE
PET/CT scanner qualification process and results in more detail.

MATERIALS AND METHODS

Study Time Frame

The CQIE data submissions occurred from June 2010 to March
2014. They were divided into 3 time periods: TO, T1, and T2. TO was
the baseline qualification submission and ran from June 2010 to
December 2011. T1 and T2 were subsequent, approximately annual
requalification submissions. T1 ran from January 2012 to December
2012, and T2 ran from January 2013 to March 2014.

PET Qualification Procedure

Sites were provided with detailed instructions and training modules.
If necessary, test phantoms were provided. Sites were required to
submit a series of 7 phantoms and sample patient images for review: a
uniform phantom using a static body protocol, a uniform phantom
using a static brain protocol, a uniform phantom using a dynamic body
protocol, an American College of Radiology (ACR) phantom using a
static body protocol, an ACR-approved phantom using a static brain
protocol, 2 anonymized patient brain scan samples, and 2 anonymized
patient body scan samples. In an effort to remain consistent with
existing ACR Imaging Network (ACRIN) qualification and ACR
accreditation programs, sites were requested to reconstruct all static
body and brain images using their standard clinical reconstruction
protocols.

Each site was requested to select 1 scanner for qualification. For the
initial TO qualification tests, imaging centers were given the option of
an on-site visit by a member of the CQIE qualification team to
facilitate scanning and qualification. Phantoms (if needed) and CQIE
standard operating procedure materials were then forwarded to the site
within 2 wk of the planned site visit. Methods for image transfer via
secure file transfer protocol were also established at this time. Sites
were encouraged to go online to complete a review of learning
modules describing the importance of the program before their site
visit. For the T1 and T2 qualification tests, there were no visits by
members of the CQIE qualification team.

Uniform Phantom Data Acquisition and Analysis

The uniform phantom datasets were based on a standard fillable
cylinder without features, nominally 20 cm in diameter and length.
The uniform phantom was filled with a dilute '8F solution to a con-
centration of approximately 5.00-6.11 kBg/mL (135-165 nCi/mL).
For the brain dataset, the phantom was scanned at 1 bed position using
the site’s standard clinical brain acquisition and reconstruction proto-
cols. For the body dataset, the phantom was scanned at 2 bed positions
using the site’s standard clinical body acquisition and reconstruction
protocols. The sites were asked to measure and report the SUV for a
large central region of interest (ROI).

For the dynamic phantom study, because many sites do not routinely
perform dynamic imaging, the site was required to scan the phantom
using 1 bed position and a specific timing protocol. The data were then
reconstructed with a protocol that likely would be used for dynamic
scanning. The results from this component are reported elsewhere and
are not further discussed here (27,28).

The uniform phantom images were transferred to a central core
laboratory and imported into an OsiriX display platform (29) for analysis.
For each phantom dataset, several fields in the DICOM (Digital Imaging
and Communications in Medicine) headers were compared with the site-
reported data forms to verify the accuracy of the SUV calculations. These
fields included AcquisitionTime, Weight, RadiopharmaceuticalStartTime,
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and RadionuclideTotalDose. If these fields were found to be inconsistent,
then the site was contacted and asked to clarify the discrepancy. Once any
DICOM header discrepancies were resolved, a 200-cm? (approximately
16 cm in diameter) circular ROI was placed on every axial slice in the
phantom, and the mean and SD of the SUV for each voxel within the ROI
were recorded. For the static brain and body phantoms, axial slices up to
1.5 cm from the axial edge of the field of view (FOV) or the edge of the
phantom were excluded from the analysis because of the typical falloff at
the axial edge of the FOV and potential edge effects near the ends of the
phantom.

For the static body and brain protocol phantom acquisitions, a
volume average SUV was computed from the average of the mean
SUVs from each axial slice. The maximum axial deviation also was
calculated by finding the difference between the maximum mean slice
SUV and the minimum mean slice SUV and dividing that value by the
volume average SUV. For a static uniform phantom dataset to pass the
quantitative analysis, the volume average SUV had to be between 0.90
and 1.10 and the maximum axial deviation had to be less than 10%.
If the results were outside these specifications, then the site was
contacted to try to determine the reason for the failure and to resolve
the problem.

ACR-Approved Phantom Data Acquisition and Analysis

The ACR-approved PET phantom (30) contains a series of 4 hot
contrast cylinders with diameters of 8, 13, 17, and 25 mm, a length of
25 mm, and a nominal cylinder-to-background ratio of 4:1. The phan-
tom was filled in accordance with standard instructions (30), assuming
a patient dose of 444 MBq (12 mCi), and scanned using the same body
and brain protocols as those used for the uniform phantom. The ACR-
approved phantom was chosen for this study because it is a common
phantom in use by many clinical centers, thus obviating the purchase
of a more complicated phantom.

In addition to the phantom datasets, sites were required to submit 2
anonymized patient brain scans and 2 anonymized patient body scans.
The patient test cases were acquired with the sites’ standard clinical
protocols. In addition, the image acquisition and reconstruction pa-
rameters used by the sites were recorded.

The ACR-approved phantom data were transferred to a central core
laboratory and imported into OsiriX for analysis. The same compar-
ison of DICOM headers as that done for each uniform phantom
dataset was done for each ACR-approved phantom dataset. The SUV
analysis was done in accordance with ACR instructions. First, image
planes were summed together to form images that were between 9 and
12 mm thick. The slice that best showed the 4 hot cylinders was
selected, and circular background and small cylinder ROIs were
drawn; the background ROI was about 6-7 cm in diameter in the
center of the image, and the small cylinder ROI was drawn just inside
the largest hot cylinder. Copies of the small ROI (<25 mm in dia-
meter) were drawn over the other hot cylinders and over the air, water,
and bone cylinders. As part of the core laboratory analysis, we also
recorded the SUV,,.,x measurement for each hot cylinder. The SUV peqx
was defined as the average SUV in a 1.0-cm-diameter circular ROI
centered on the maximum pixel in each cylinder. The recovery coef-
ficients (ratio of measured SUV to true SUV) for the hot cylinders
were plotted as a function of the cylinder diameters.

Patient Test Case Analysis

For the patient brain and body test cases, the DICOM headers were
reviewed for accuracy and compared with the data forms. Any dis-
crepancies were investigated with the site to determine the source of
the discrepancies. Once any discrepancies were resolved, a qualitative
review of overall image quality was performed. The fusion between
the PET and CT images was checked, the patient positioning in the
FOV was evaluated, and the appropriateness of the acquisition and
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reconstruction settings was
evaluated on the basis of the
overall qualitative smooth-
ness of the PET images.
For the brain test cases,
SUVs were not recorded,
but the ability to measure
SUVs was verified. For the
body test cases, SUV analysis
of the liver was performed.
A large, 2-dimensional, el-
liptic ROI was drawn on 7
consecutive transverse slices
through the middle of the
liver, as shown in Figure 1.
The SUVean for each 2-
dimensional ROI was recorded, and an area-weighted average of the
means was computed to determine the average liver SUV for each
test case.

FIGURE 1. Image of 1 of 7 adjacent
ROls in liver regions used in body test
cases.

Qualification Summary Comparisons of TO and T2

For all of the TO scanners reviewed, we determined how many
scanners passed the qualification review without any failure or
intervention from the core laboratory, with a single failure, or with
multiple failures. A failure was considered any issue that prevented
the scanner from passing the qualification review without involvement
of the CQIE. The reasons for failures also were cataloged. They were
divided into the following categories: uniformity problem, SUV
outside specifications, phantom filling issue, reconstruction prob-
lem, improper acquisition, incomplete submission, and problem with
data forms.

The same analysis of qualification results was performed for T2
scanners that had also submitted data at TO.

RESULTS

Accrual

During the TO period, a total of 65 PET scanners underwent
CQIE testing. Most of the sites opted for on-site visits by the PET
CQIE team.

During the T1 period, sites that participated in the TO period
were sent reminders that requalification was needed. No specific
follow-up was undertaken. In addition, no on-site visits were
provided, and sites were not given access to funds to defray costs
associated with scanner qualification. Site participation decreased
dramatically in year 2 relative to year 1. The year 2 participation

rate dropped to 39 scanners; for some of these, data were not
submitted for the TO time period. The T2 participation rate
increased to 52 scanners; for 44 of these, data were submitted for
the TO time period. Because of poor data accrual during the T1
period, only data from the TO and T2 periods are reported.

Data from 65 unique PET/CT scanners at 56 sites were analyzed
for the TO period. Data for 1 of the 65 scanners could not be reviewed
because the images could not be submitted in the DICOM format. For
the T2 period, data from the 44 PET/CT scanners that had also
submitted data for the TO period were analyzed.

Uniform Phantom Results

An example of a plot of the SUV .., for each image plane is
shown in Figure 2, illustrating the calculation of the maximum axial
deviation (MAD). The MAD is a surrogate for evaluating the quality
of system normalization. In our experience at the University of
Pennsylvania, we have found that renormalization decreases the
MAD and improves the flatness of the “axial” profile. Also shown
are a typical falloff of the SUV ., per image plane at the axial ends
of the FOV and the region included in calculation of the MAD.

For the uniform phantom, the average SUV and MAD results
obtained for static brain and body protocols during the TO time
period are summarized in Tables 1 and 2.

ACR-Approved Phantom Results

Figure 3 shows a typical image of the ACR-approved PET
phantom showing the ROIs used for analysis. The contrast recov-
ery coefficients plotted as a function of the cylinder diameters for
static brain and body acquisitions with each of the 3 PET scanner
manufacturers are shown in Figure 4. The error bars represent the
SD for each data point.

Brain Test Case Results

In some cases, a field in the DICOM header was not properly
populated; this problem prevented SUV calculation. The most
common reasons for this problem were that the anonymization
routine removed a required field, the operator did not enter a
required data field in the acquisition interface, and a required
DICOM field was changed or removed at some point in the
processing.

Body Test Case Liver SUVs
Table 3 shows the liver SUVs for the body test cases during the
TO period; there appeared to be a divergence of average liver
values between manufacturers. Despite careful evaluation of all
aspects of the image acquisition protocols and processing chain,
no systematic cause was found.
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Volume L« Analysis range —*
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. »—
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Image plane number

Comparisons of TO and T2

For the TO period, 25 scanners (38%)
passed without any core laboratory in-
tervention, 30 scanners (46%) passed
after the second submission, and 9 scan-
ners (14%) required more than 2 sub-
missions to pass (Table 4). The most
common problems were SUV outside
specifications and incomplete submis-
sion (Table 5). For the 50 issues that
were cataloged, 21 likely were linked
to system calibration problems (unifor-
mity problem and SUV outside specifica-

60

FIGURE 2.
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(Left) Typical ROI used for uniformity analysis. (Right) Example of typical plot of
mean SUVs per plane in ROl and calculation of maximum (max.) axial deviation (dev.) (MAD).

tions). The remaining 29 issues were
related to operator error. The total number
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TABLE 1
Uniform Phantom Results for Static Brain Protocol During

TO Period
No. of Volume average
Manufacturer  scanners Suv* MAD*
GE 36 1.00 £+ 0.03 2.9% £ 1.2%
Philips 7 0.99 + 0.03 8.5% £ 0.7%
Siemens 21 0.98 + 0.05 3.4% +1.4%
Combined 64 0.99 + 0.04 3.7% £ 2.1%

*Reported as mean + SD.

of issues was not the same as the number of scanner disqual-
ifications because some qualification attempts had multiple
issues.

For the T2 period, data were submitted for 44 scanners that had
also submitted data during the TO period. All 44 scanners eventually
passed the qualification review; 31 passed without any CQIE core
laboratory intervention. Table 6 shows a comparison of TO and T2
results after the initial review in the core laboratory. Eleven of 17
scanners that passed initially during TO passed without any inter-
vention during T2. Twenty of 27 scanners that initially did not pass
during TO passed without any intervention during T2.

DISCUSSION

Our primary finding was that there was a lower frequency of
qualification issues during the T2 period than during the TO
period (Tables 4-6). These data indicate that a consistent scan-
ner qualification process helps to ensure standardized scanner
performance throughout the entirety of a trial. In the TO period,
50 issues were identified with the data submissions for the 65
scanners. Quantification problems, which can be due to system
calibration problems, accounted for 21 of the 50 issues (42%).
The other 29 issues (58%) were attributed to user error, which
should be reduced by training. In the T2 period, only 14 issues
were identified with data submissions for 44 scanners; 3 of the 14
(21%) were due to quantification problems, and the remaining
11 (79%) were attributed to user error. The lower overall rate
of issues with submissions in the T2 period likely indicates that
the sites better understood the submission process and were

TABLE 2
Uniform Phantom Results for Static Body Protocol
During TO Period

No. of Volume average
Manufacturer scanners SuUv* MAD*
GE 36 1.00 + 0.03 51% = 1.8%
Philips 7 0.97 £ 0.04 5.4% + 2.0%
Siemens 21 1.00 £ 0.03 55% +2.1%
Combined 64 1.00 + 0.03 5.3% +1.9%

*Reported as mean + SD.
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more comfortable with the requirements, so that fewer mistakes
and omissions occurred. The lower rate of quantification prob-
lems may also indicate that the sites were more familiar with the
analysis performed in the core laboratory and the passing crite-
ria used, so that they were less likely to submit data that failed
their internal analyses. Understanding the data analysis and
passing criteria may also have made the sites more sensitive
to changes in performance and more likely to address potential
problems with quantitative imaging sooner. However, the fact
that approximately 7% of the scanners (3/44) had quantification
issues that required recalibration suggests the need for periodic
requalification.

The quantitative phantom results were mostly consistent be-
tween manufacturers. The uniform phantom results showed the
average SUVs to be within 1 SD of the expected value of 1. The
MAD for the body FOV cylinders was consistent between manufac-
turers, but for the brain FOV cylinder, the MAD for the Philips
system was higher than that for the other 2 manufacturers. This
finding may have been related to the lack of postprocessing
smoothing, which is used by GE and Siemens but not by Philips.
The ACR-approved phantom results for both brain and body
were consistent between manufacturers. There were some dif-
ferences between manufacturers, as shown in Figure 4, but the
differences were within the error bars. In general, the quantita-
tive differences between manufacturers were small.

For the current project, the inclusion of the ACR-approved
phantom did not appear to add value to the qualification process,
because all scanners that passed the uniform phantom analysis
passed the ACR-approved phantom analysis, unless there was a
phantom filling problem. This finding could have been due to the
relatively wide acceptance criteria currently used for standard
ACR submissions of clinical PET scanners, which were adopted
for CQIE qualification. It may be appropriate to use narrower
acceptance criteria for the ACR-approved phantom to better assess
differences in contrast recovery that may arise from different
reconstruction parameters. This discussion highlights an unre-
solved issue: Although it is clear that some level of qualification
and routine quality assurance/quality control (QA/QC) should be
included in clinical trials using quantitative imaging, the
relationships between the type and degree of the qualification
(and QA/QC procedures)
and the quality (e.g., bias
or precision) of the image
data have not been estab-
lished. Thus, if a higher
O degree of variance or bias
in imaging data could be
tolerated without study
power being affected,
then imaging-based tri-
als might use excess re-
sources for qualification
and QA/QC to improve
data quality unnecessarily
or, alternatively, sites
might be excluded unnec-
essarily—in turn, slowing
down accrual. However,
the opposite scenario is
also possible; less rigor-
ous qualification and

FIGURE 3. Image of ACR-approved
PET phantom. Red ROls are used for
SUVmax, and blue ROIls are used for
SUVpeak- Also shown are large back-
ground ROI (purple) and smaller green
ROIs for cold cylinders. Latter ROIls
were not used in this analysis.
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FIGURE 4. Recovery coefficients (defined as ratio of measured SUV to true SUV) as function of

cylinder diameters for static brain (A) and body (B) acquisitions.

QA/QC policies might allow for increased accrual rates, but at the
cost of underpowering a study because of increased signal variation.
Optimizing QA/QC procedures for imaging trials can, in theory, shift
the power or accrual rate—versus—cost curve substantially toward bet-
ter optimization of imaging trials. More evaluation of these trade-offs
affecting accrual and study power is needed.

The CQIE project was affected by a lack of accrual during the T1
period. This lack of accrual may have been due to some imaging
facilities giving the CQIE qualification a low priority, leading to an
increased number of incomplete or faulty submissions and difficulty
resolving issues. During the T2 period, the CQIE program in-
tensified the requests for qualifications, leading to increased accrual.
These issues also applied to the MRI and CT CQIE qualifications
and are discussed in more detail in the CQIE overview (27).

Some sites also expressed hesitation to commit to another
qualification regimen because of the time required to maintain
other qualifications and accreditations, such as those from the
ACR, Eastern Cooperative Oncology Group (ECOG)-ACRIN,
Society of Nuclear Medicine and Molecular Imaging (SNMMI),
and individual study sponsors. Committing to another qualifica-
tion program was seen as overly burdensome.

TABLE 3
Average Liver SUVs by Manufacturer

phantoms; the ACR uses a cylindric phan-
tom with fillable cylinders attached to the
lid, and the SNMMI uses a chest simulator
phantom that is more anthropomorphic and
has spheres embedded throughout.

Unifying qualification and accreditation criteria between
qualifying agencies and clinical research organizations would
likely require the adoption of different levels of qualification.
Depending on the specific aims of a given trial, more or less
variability might be acceptable and would require more or less
rigorous scanner qualification. Unifying qualification programs
would require the adoption of standard uniformity and contrast
phantoms industry-wide and agreement on filling and scanning
procedures, analysis methodology, and passing criteria. Given
the time and resources already invested into various qualifica-
tion and accreditation programs, it will be difficult to develop a
single qualification methodology acceptable to all organiza-
tions. However, if research organizations were more trans-
parent about their qualification programs, including specifics
about the analyses being performed and passing criteria, other
organizations could more easily evaluate the qualification needs
for their trials, compare the rigorousness of various qualification
programs, and choose to accept specific organizations’ qualification
processes.

CONCLUSION

The results of the CQIE process showed that periodic
requalification may decrease the frequency of deficient data
submissions. The results suggested that, as sites become more

Manufacturer No. of cases Liver SUV SD aware of the qualification process and passing criteria, they will be
more likely to address problems before submitting qualification
GE 62 2.1 0.44 data to a core laboratory or study sponsor.
Philips 14 2.06 0.43 The CQIE project also highlighted the concern within imaging
Siemens 42 2.42 0.51 facilities about the burden of maintaining different qualifications
and accreditations. Discussions with personnel at various facilities
TABLE 4
Differences in Scanner Qualifications for 3 Time Periods
TO T1 T2
Parameter No. Percentage No. Percentage No. Percentage
No. of scanners passing first time 25 38 34 87 35 67
No. of scanners passing eventually 39 60 5 13 13 25
Total no. of scanners passing 64 98 39 100 48 92
Total no. of scanners 65 39 52

QUALIFICATION FOR QUANTITATIVE PET/CT e
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TABLE 5
Frequencies of Specific Issues During Scanner
Qualification*

No. of scanners during:

TO period (65 T2 period (44

Issue scanners) scanners)’
Uniformity problem 7 0
SUV outside 14 3

specifications

Phantom filling issue

Reconstruction 6 5
problem

Improper acquisition 3

Incomplete 11 2
submission

Problem with forms 5

Total 50 14

*Issues are ranked by subjective order of relative importance.
Uniformity problem and SUV outside specifications are consid-
ered to be calibration issues, whereas remainder are attributable
to operator error.

TThese scanners had submitted data for TO period.

TABLE 6
Cross-Comparison of Passing Status on Initial Review for TO
and T2 Periods for 44 Scanners That Had Submitted Data
for Both Qualification Reviews*

Passing status for T2

period
Passing status for TO period Yes No Total
Yes 11 6 17
No 20 7 27
Total 31 13 44

*Data are reported as number of scanners.

emphasized the need to develop a common set of qualification
criteria across various research organizations to reduce the burden
on imaging facilities of participating in many different clinical
trials. Accomplishing this goal may encourage facilities to
participate in a larger number of multicenter clinical trials.

Finally, for quantitative imaging—based trials, further evaluation
of the relationships between the level of the qualification (e.g.,
bias or precision) and the quality of the image data, accrual rates,
and study power is needed.
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