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2,018 HU) measured in the 1.57g/mL rod
when CT default methods were used to
collect imaging data (Fig. 2A). The HU
values measured for the 1.08 g/mL TEM
rod had a mean percentage difference of
90% when default CT protocols were used,
while the greatest mean percentage difter-
ence in the adipose rod was 147% between
scanner 1 and 2. Two scanners showed the
highest discrepancy in the HU comparison
between the 4 mm and 2 mm rods of the

FIGURE 1.

PET Rod. Visual and horizontal profile analysis of the collected
PET rod phantom data are shown in Supplemental Figure 4.
Images reconstructed with the sites’ default reconstruction meth-
ods showed that the highest measured PET image resolution was
1.2 mm, as measured in scanner 3 and 5 (Supplemental Fig. 4A).
When scanner 4 and 5 PET data were reconstructed using the
standardized method, 2.0 and 1.5 mm rods became well resolved
in scanner 4, while scanner 5’s spatial resolution remained essen-
tially unchanged (Supplemental Fig. 4B).

Analysis of CT Acquisitions Using Default and
Standardized Protocols

CT Air/Water. The HU extracted using CT default acquisition
protocols for scanners 2—4 were within a global average range for
air of —989 *+ 13 HU (mean = SD, n = 3) and water 38 = 61 HU
(mean = SD, n = 3). The greatest extracted HU for water was 133
and for air was —967, measured in scanner 1.

When the standardized CT protocols were applied, results for
scanner 1 improved (water HU improved from 133 to —77HU),
while HU water results for scanners 2—4 were all within £30 HU
from O HU (Table 4). The greatest measured HU for air when
using CT standardized protocols was —990 HU.

CT TEM. A 1-way ANOVA revealed significant differences
across all tissue groups (P < 0.0001, n = 3), with the greatest var-
iability (1581 HU, i.e., scanner means ranging between 3,599 and

Recovery coefficients (RCs) for hot rods of 1, 2, 3, 4, and 5 mm of the PET 1Q
phantom extracted for each scanner. (A) Default reconstruction methods for scanners 1 (2D
OSEM 2 iterations 16 subsets), 2 (3D OSEM 4 iterations 6 subsets, PSF), 3 (3D OSEM 2 iterations
18 subsets, PSF), 4 (3D MLEM 12 iterations), and 5 (2D MLEM 50 iterations). (B) RCs with
standardization for scanner 4 (3D MLEM 25) and scanner 5 (2D MLEM 25) leaving scanners 1,
2, and 3 with the default reconstruction method. (C) RCs for each site using FBP reconstruction
with the exception of scanner 4 (reconstruction option not available yet).

same TEM (1.08 g/mL and 1.12 g/mL hy-
droxyapatite). Scanner 1 calculated percent-
age difference between the 4 and 2 mm 1.08
g/mL hydroxyapatite rods was 130% and
scanner 3 measured percentage difference
between the 4 and 2 mm 1.12 g/mL hydroxy-
apatite rods was 158%.

The use of a CT standardized protocol
improved quantitative precision for all the materials (Fig. 2B). The
greatest improvement was measured in the rods with densities of
0.21, 0.95, and 1.08 g/mL representing lung, adipose, and soft
tissue, respectively. For example, the quantitative precision for
the rod representing adipose tissue (0.95 g/mL) improved from a
standard deviation of 77% with a COV of 66% to a standard de-
viation of 22% and a COV of 3% relative to the global mean.
Furthermore, the lung rod measured a reduction of mean differ-
ences, in which scanner 3 improved from a mean of —728.4 HU,
standard deviation of 35.16%, to a mean of —738.4 HU with a
standard deviation of 0.64%. Also, the 1.57 g/mL hydroxyapatite
rod’s measured mean difference was reduced by 67% between
scanners from 1,581 to 518 HU. The large percentage difference
seen in scanner 1 between 4 and 2 mm 1.08 g/mL rods when using
default protocols reduced by 109% when standardized protocols
were used. However, in scanner 3, the measured percentage dif-
ference between the 4 and 2 mm 1.12 g/mL hydroxyapatite rod
was essentially unchanged.

CT Bar. Scanners 1, 2, and 4 were unable to resolve 150 mm
lines using default protocols or distinguish the sections of lines/
dots patterns. Scanner 5 had the highest spatial resolution for a
default protocol of 150 mm (Supplemental Fig. 5A). A slight improve-
ment (scanners 1-3) or no change in measured spatial resolution
was seen when using the CT standardized protocol (Supplemental
Fig. 5B).

TABLE 2
PET 1Q, Measured Uniformity, and Spill-Over Ratios (SOR) Using the Default Reconstruction Methods and
the Standardized Reconstruction Method

Default protocol

Standardized protocol

Scanner Uniformity (SD%) SOR water SOR air Uniformity (SD%) SOR water SOR air

1 6.4+0.01 0.18+0.04 0.13+0.03 6.4+0.01 0.18+0.04 0.13+0.03
2 4.1+1.00 0.09+0.01 0.09+0.01 4.1+1.00 0.09+0.01 0.09+0.01
3 3.410.17 0.01+0.01 0.02+0.01 3.4£0.17 0.01+0.01 0.02+0.01
4 5.2+0.60 0.28+0.04 0.22+0.04 6.4+0.00 0.21+0.00 0.13+0.00
5 16.7+0.55 0.24+0.01 0.12+0.02 10.6+0.00 0.27+0.00 0.17+0.00

Values expressed as mean + standard deviation, n = 3.
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TABLE 3
Measured and Expected Standard Uptake Values (SUVs) for Each Scanner Using the Default, Standardized Reconstruction
Iterative Method, and FBP

Scanner Expected Default Measured/mean Standard Measured/mean FBP Measured/mean
Scanner 1 3.61+0.59 3.24+0.34 1.04+0.11 3.24+0.34 0.96+0.09 3.26+0.14 1.03+0.04
Scanner 2 3.87+0.62 3.77+1.06 1.21+0.34 3.77+1.06 1.1240.31 3.18+0.39 1.00+0.12
Scanner 3 4.11£0.12 3.63+0.19 1.17+£0.06 3.63+0.19 1.08+0.05 3.29+0.17 1.04+0.05
Scanner 4 3.64+0.31 2.10+0.07 0.68+0.00 3.24+0.01 0.96+0.00 NA NA
Scanner 5 3.52+1.12 2.82+0.15 0.91+0.05 2.93+0.46 0.87+0.13 2.98+0.02 0.94+0.00

Expected SUVs are measured from the dose calibrator and decay corrected. Measured SUVs are the mean SUV value extracted from

PMOD. The "Average" SUV value per scanner is the averaged of the mean SUVs per site for n = 3 measurements, expressed as mean +
standard deviation. SUV data are also presented as normalized to the mean SUV measurement per scanner.
NA = not available; FBP = filtered back projection. ANOVA: Default P < 0.001, Standard P < 0.205, FBP P < 0.388 (FBP scanner 4 not

included), n = 3 per group.

Analysis of Measured Absorbed CT Radiation Dose Using
Default and Standardized Protocols

CT Dose (CTDI). Measured CT absorbed doses using the default
protocols at each site ranged from 11 mGy to 216 mGy (Table 5).
Ionizing radiation absorbed dose measurements in scanner 5 re-
duced by 81% when using the standard protocol. The absorbed CT
doses measured was reduced by 48% (mouse phantom) and 40%
(rat phantom) when using standardized CT protocols across sites.

DISCUSSION

We find the significant quantitative differences across sites
routinely used default protocols concerning. For example, a
commonly used analysis tool both in preclinical and clinical is
the extractions of SUV measurements. An impacting factor on
SUV measurements are the RCs, and as shown the RCs greatly
vary using different default reconstruction protocols. This is in
line with previous reports on different PET reconstruction
methods on image data quantification (22-24). Discordant SUV
measurements are revealed not only across sites but also inter-
nally between scanner’s different reconstruction methods. Nota-
bly we measured a 54% difference in SUV for scanner 4 when
changing from 12 MLEM to 25 MLEM. It was the FBP method

that produced the most consistent and reproducible results across
all scanners.

The literature spanning reconstruction methods (from FBP to
iterative) is vast. Unfortunately, currently there is not a single so-
lution that adequately fits all scanners due to differences in scanner
manufacturing. The recently published paper by Mannheim et al.
(2019) measured PET uniformity, RC, and SOR in the Siemens
Inveon and Focus using the reconstruction method of 2D OSEM
4*16 (16). This method differs from both the various default re-
construction methods revealed and from the standardized protocol
designed to suit 5 five different scanners in our study. Their study
protocols in the Siemens platform produced similar uniformity
and SOR but different RC values from the 5 scanners (reconstruc-
tion methods) in our study (/6). This then begs the question of
setting FBP as the standard for quantitative measurements given
the improved precision of RCs and SUVs across sites. Neverthe-
less, using a combination of reconstructing with FBP and OSEM
(as opposed to MLEM) serves the dual purpose of providing more
accurate and precise quantitative information. The combined ap-
proach will also retain suitable image quality for better delineation
of small organs and structures in preclinical animal species (25,26).
Therefore, we recommend VOIs are drawn on the reconstructed

TABLE 4
Hounsfield Units (HU) Measured Using the CT Air/Water Phantom and Default/Standardized Protocols

Scanner Average HU water (0) Water STDEV  Average HU air (-1,000) Air STDEV
1: Default 133.05+5.94 284.35+4.07 -967.8615.35 149.97+0.73
Standardized —-77.91+1.15 122.32+35.89 -990.46+2.72 82.21+19.61
2: Default -29.62+0.49 32.28+0.08 -993.54+0.08 11.34£11.30
Standardized -27.88+0.40 35.59+0.10 -993.29+0.05 12.0610.13
3: Default 16.97+3.68 43.18+0.10 -994.98+0.61 15.7616.10
Standardized 28.78+2.33 45.95+0.081 -996.92+0.08 7.150.10
4: Default 24.8516.77 24.42+1.05 -1000£0.00 8.85E-12
Scanner 5, not calibrated to measure HU

(output in linear gray scale), converted to HU

5: Default -10.12 64.9 -1008.26 92.03
Standardized -3.42 142.52 -1024.19 73.47
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FIGURE 2. CT TEM, air and water HU results. For each material, each data point represents a measurement from a scanner (n = 3) from 4 different
sites. Densities 1.08 to 1.57 g/mL include rod sizes 2 mm and 4 mm as reported by the manufacturer. The x-axis clearly shows the spread of HU
values per density (A) and displays the significant variations measured using the default protocols (P < 0.0001, 1-way ANOVA, n = 3 per group).
(B) Improved precision across scanners and densities when the standardized protocol is used.

OSEM image for better location/orientation then applied on the
FBP image for accurate quantification. Based on our results, it is
recommended that the total number of updates (iterations*subsets
or iterations) are no less than 24 and no more than 36 for analysis of
image data in conjunction with using FBP (Table 6).

Unlike PET, the CT image reconstructions were all done, default
and standardized, with the FBP method. Though like PET, the quan-
titative biases revealed with the default protocols were substantial.
The significant variations in HU from the various CT default protocols
reiterates the necessity of standardization. In this case the CT acqui-
sition protocols have a more prominent role than reconstruction
methods. Applying a standard CT acquisition protocol improved
quantification precision of HU values across sites for each TEM
measured as well as in air and water. The recommended standard

CT protocol sets the tube voltage at 50 kVp for 300 ms with 360
projections (Table 6). This recommendation is completely feasible
given that every scanner enrolled in this study is capable of those
parameters. However, it is important to emphasize the need for scan-
ner calibration. Initially more than one scanner was plagued by cal-
ibration errors requiring intervention from the scanner manufacturer.
Therefore, along with setting a CT protocol, correct calibration (HU
values) at the different tube voltages needs to be ensured.

Furthermore, not until this study has the range of HUs values
been measured at preclinical CT voltages. The traditional HU scale
was established using clinical protocols with a higher tube voltage
than 50 kVp (27). The average HU values we report here per TEM
across multiple scanners can be used to establish preclinical HU
ranges (Supplemental Table 5).

TABLE 5
CT Absorbed Doses Determined Using Default Protocols and a Standardized Protocol for Mice and Rats

Measured dose

Default Standard difference default

(mGy) (mGy) to standard (%)
Scanner Mouse Rat Mouse Rat Mouse Rat
1 11+0.10 7+0.10 20+0.09 13+0.16 +77 +86
2 40+0.11 28+0.02 31+0.23 21+0.08 -23 -23
& 59+0.03 48+0.11 39+0.23 28+0.08 -34 -42
4 32+0.18 15+0.10 56+0.76 25+0.05 +71 +60
5 216+0.02 100£0.17 41+0.02 31+0.03 -81 -69

Results expressed as mean + standard deviation, n = 3.
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TABLE 6
Proposed Preclinical Standard Protocols for Daily Routine
Use Irrespective of Scanner/Site

Parameter Protocol

PET reconstruction Iterative algorithms OSEM
or MLEM total updates
(iterations*subsets or
iterations) to be in the range
of 24 to 36. FBP is also
recommended for use in
conjunction with iterative
methods.

CT image acquisition
parameters for FBP
reconstruction methods

Tube voltage at 50 kVp Number
of projections at 360 Exposer
of 300 ms.

Our CT absorbed dose results indicate standardized protocols
produce a reduction of the average absorbed ionized radiation
received by small laboratory animals, with no image degradation.
Unfortunately, the change in tube voltage to 50 kVp in scanner 1
from 40 kVp and scanner 4 from 35 kVp with increased projec-
tions (250 to 360) led to an increase in the absorbed radiation
dose. The amounts measured in the mouse and rat were increased
by 77% and 86% in scanner 1. Scanner 4 measured an increase of
71% and 60% in the mouse and rat, respectively. However, even
with the increase in scanner 1 and 4 all measured absorbed doses
are now under limits of damaging ionizing radiation absorbed
doses reported in the literature (<60 mGy) (13,18,28,29). Criti-
cally, the measurements reported here provide a foundation for
regulations regarding CT absorbed radiation doses. It should be
noted that in the clinical setting absorbed radiation doses have
been regulated since the 1950s (30). Implementing radiation dose
regulations preclinically will therefore reduce cumulative severity
and animal suffering while reducing the potential impact radiation
may have on results, especially in longitudinal studies.

CONCLUSION

Empirical PET and CT quantitative data variability reduces when
standardized protocols are used. Adopting the suggested standard-
ized protocol establishes continuity, allowing for diagnostic and
therapeutic agents to be developed and tested across imaging plat-
forms with consistency. Data showed that standardization improves
precision and accuracy in CT image quantification, while reducing
the impact of absorbed ionizing radiation dose to small laboratory
animals. Standardization will provide more robust, reliable, and
reproducible translational preclinical PET/CT imaging data sets.
Therefore, this phantom work provides the foundational mainframe
towards improving reproducibility of in vivo PET/CT measure-
ments irrespective of scanner manufacturer.
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KEY POINTS

QUESTION: Will standardization of preclinical PET/CT protocols
across multiple scanners reduce quantitative bias in image data
while maintaining image quality?

PERTINENT FINDINGS: When each scanner’s default protocols
were used, results unequivocally showed substantial and signifi-
cant quantification bias across all scanners for all CT and PET
outcome measurements, including image quantification, resolu-
tion, uniformity, spillover ratios, and absorbed dose. Developed
and tested standardized preclinical PET/CT protocols improved
accuracy and precision on all evaluations.

IMPLICATIONS FOR PATIENT CARE: Implementing preclinical
PET/CT standards produces more reliable and robust translational
datasets, ultimately improving the success of clinical studies and
applications.
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