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ARTICLE INFO ABSTRACT
Keywords: Background: Accurate quantification of iodine uptake is essential for performing pre-treatment dosimetry of 131y
124 . P .. . . .

1 o therapy after redifferentiation of radioiodine-refractory thyroid cancer. Standardized procedures for 1241 PET/
Qﬁantlﬁca“o‘? CT-based dosimetry are currently lacking. We aim to evaluate the relation between '®F and 1241 imaging for
PDozsi?nzoeTr;m y two different PET/CT scanners, the effect of bias correction on recovery across scanners and investigate the

Recovery correction impact of clinically-encountered background (BG)-to-lesion ratios on recovery correction.

Thyroid cancer Methods: Cylindrical and NEMA body phantoms were scanned following vendor-recommended 1241 acquisition

PET/CT using clinically representative activity concentrations (5.6-5.7 kBq/mL in cylindrical phantom, 45.1-59.2 kBq/
mL in NEMA spheres) and BG-to-sphere ratios (~1:125 to 1:infinity) using two digital PET/CT scanners (Philips
Vereos and GE Healthcare Omni). Additionally, BG-to-sphere ratio ~1:10 was acquired to compare 2*I to the
EARL '®F standards 1 (EARL1). Calibration accuracy and recovery coefficients (RCmax, RCmean) Were compared
between scanners with and without bias correction.
Results: '2*I recovery was ~20% higher for the Omni compared to the Vereos, showing calibration accuracies of
1.12-1.15 vs. 0.94, and RCpean reaching 0.86 vs. 0.69. After bias correction, RCpean Was comparable between
scanners (<1%) but below the lower limits of EARL1. A single fit for recovery correction (R2 = 0.97) was ob-
tained for different BG-to-sphere ratios for both scanners as RCyean Was comparable (p > 0.4).
Conclusion: Vendor-recommended 2% acquisition and reconstruction leads to differences in quantification but
can be compensated using a bias correction. Recovery correction is minimally affected by different BG-to-lesion

ratios, suggesting that one RC curve is sufficient, simplifying *2*I calibration procedures in studies requiring 12*I

quantification.
1. Introduction functional uptake of (radio)iodine in patients with dedifferentiated,
radioiodine-refractory thyroid cancer (RAI-R DTC) to re-enable treat-
In the last decade, several studies have been investigating the po- ment with 13! [1-10]. In these studies, quantification of RAI-uptake
tential of tyrosine kinase inhibitors (TKIs) or other drugs to restore characteristics prior and after treatment with a redifferentiation agent
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is essential to select patients in whom sufficient increase in RAI-uptake
and —retention in tumors is observed to warrant effective 131 therapy.
Moreover, accurate determination of the activity concentration (AC)
within a lesion or organ-at-risk over multiple time points allows for
performing dosimetry. This provides further insight in the kinetics and
absorbed doses to further improve patient selection and personalize
treatment [11].

Dosimetry with '2*I positron emission tomography (PET) is preferred
over 21 and '¥' single photon emission computed tomography
(SPECT) owing to its higher spatial resolution allowing smaller lesions to
be quantified and its relatively long half-life (4.2 days) permitting
delayed imaging [12-14]. Therefore, it is currently used in a majority of
redifferentiation studies for RAI-R DTC. Despite its potential, the limited
availability of 124 has impeded its wide adoption. In addition, per-
forming accurate quantification of 241 PET/CT in these patients can be
challenging for several reasons.

Technical challenges in detecting '2*I arise from its complex decay
scheme comprising a low positron branching ratio of 23%, and a relative
wide range of positron energies and gamma emissions. More than half of
the gamma rays have an energy of 603 keV, which can be detected as
true annihilation photon coincidences (511 keV), so-called prompt
gammas, leading to higher random coincidence rates. Depending on the
energy window selected, the prompt gamma coincidence fraction can
vary from 2 to 33% [15]. Due to the high effective dose to the patient
(strongly dependent on thyroid (remnant) uptake; 0.095 and 15 mSv/
MBq for an uptake of 0% and 35%, respectively [16]), administered
activities are generally limited compared to shorter-lived radionuclides
such as %8Ga and '°F (typically 0.5-1 MBq/kg vs. 3 MBq/kg for
contemporary PET/CT [16-18]). Overall, this results in relative low
count statistics and degraded image contrast that have to be accounted
for in order to accurately quantify 1241 uptake. In addition, 12*’s rela-
tively large positron range further decreases spatial resolution and in-
duces uncertainty in detecting the precise location of the positron
emission in addition to the partial volume effect, especially in smaller
lesions [12,19-21]. Using a standard clinical protocol (administered
activity of 37 MBq and acquisition duration of 4 min. per bed position),
well-differentiated millimetric lesions with sufficient iodine uptake can
be identified by 1241 PET/CT [22].

In clinical practice, well-differentiated thyroid cancer lesions often
exhibit high and lengthy 21 uptake due to high expression of the
sodium-iodine transporter and organification of the iodine. There is
negligible to low uptake in most adjacent tissues due to specific RAI
uptake in limited tissues of the body (predominantly lacrimal and sali-
vary glands, thymus and gastro-intestinal tissue), and rapid renal and
hepatobiliary elimination of free RAI. As RAI uptake and retention is
adversely affected in RAI-R DTC, lower contrast between lesions and
background can be encountered but BG-to-lesion ratios are typically
above 1:10 [21]. Jentzen et al. observed median and mean 24 h-uptake
of ?*-accumulating metastatic lesions of 22 and 77 kBg/mL (range:
2.3-367 kBq/mL), respectively, after administration of 20-40 MBq 1241
[17]. Accurate quantification of 12*I PET/CT is further challenged by the
observation that lesions are often still relatively small when a rediffer-
entiation agent such as a TKI is started and morphological regression can
be observed within a few weeks due to its anti-tumor effect. For TKI
lenvatinib, tumor size is initially rapidly declining followed by a slower,
continuous shrinkage. A median tumor size reduction of 25% was
already observed at 8 weeks, and early tumor shrinkage was retro-
spectively confirmed at only two weeks of treatment.[23,24].

Detection of smaller lesions and lesions with a relative low 24 up-
take has been improved with the introduction of digital silicon
photomultiplier-based PET/CT systems due to higher spatial and coin-
cidence time resolution compared to conventional systems [25]. How-
ever, standardized quantification procedures are currently lacking. For
dosimetry purposes, the effect of lesion size and BG-to-lesion ratios on
recovery coefficients (RCs) should be characterized and corrected for in
a reproducible way for different PET/CT systems [26].
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Harmonized PET/CT calibration and quantification can already be
established for '°F, 8°Zr and ®®Ga by following the accreditation pro-
grams of EANM Research Ltd (EARL). When using recommended
acquisition settings by the vendor and approved reconstruction param-
eters for EARL '®F standards 1 accreditation (EARL1), 897r RCs are
directly related to the RCs obtained with ' F when a bias correction is
applied [27,28]. Similar to 1241, 897r is characterized by a physical half-
life of several days, lower positron abundance of 23% and relative high
positron energy and range in comparison to 18 (Table 1). We aim to
assess the relation between %I and '®F RCs for two digital PET/CT
systems from different vendors (Philips Vereos vs. GE Healthcare Omni),
which differ in vendor-recommended energy windows (450-613 vs.
435-580 keV), type of crystals (lutetium-yttrium oxyothosilicate vs.
bismuth germanate), sensitivity (5.2 vs. 47.6 cps/kBq) and 1241
branching ratio (0.227 vs. 0.229) [29,30]. For each scanner, we compare
1241 measurements with EARL1 and investigate whether bias correction
is needed. The main aim of this study is to be able to apply recovery
correction for 2, independent of the BG-to-lesion ratios typically
encountered in clinical practice. Additionally, ACs and BG-to-lesion
ratios are assessed from RAI-R DTC patient data to evaluate how these
metrics are reflected in real patient data and whether they align with the
phantom data findings.

2. Methods
2.1. Phantom preparation

A total of five phantom studies were conducted within a time frame
of one year on two consecutive installed clinical PET/CT scanners within
our department. Studies were performed using a cylindrical uniformity
phantom of 6.7 L and the National Electrical Manufacturers Association
(NEMA) international electrotechnical commission (IEC) body phantom.
The latter phantom contains six fillable spheres with inner diameters of
10, 13, 17, 22, 28 and 37 mm, a lung insert and a background
compartment of 9.7 L. Aqueous solutions with activities of [lsF] FDG (GE
Healthcare, Leiderdorp, the Netherlands) and [*2*1]Nal (3D Imaging
LLC, Little Rock, AR, USA) were measured using a single local calibrated
dose calibrator (VIK-202, Comecer Netherlands, Joure, the Netherlands)
prior to filling the phantoms.

An overview of obtained ACs per isotope and scanner for the cylin-
drical phantom and NEMA body phantom is found in Tables 2 and 3,
respectively. The small differences in prepared activity concentrations
between scanners were due to the expected variation in drawing up and
preparing the phantom. To achieve the different BG-to-lesion ratios, the
AC in the spheres was kept constant while the AC in the background
compartment was increased. 'F ACs were prepared following EARL1
procedures [27,28]. Based on Jentzen et al., an '2*I AC of approximately
22-77 kBq/mL within the spheres was considered clinically represen-
tative of '?>*I-avid lesions and used in this study [17]. A BG-to-sphere
ratio of 1:10 was used to compare quantitative performance between
188 and 12I. In addition, BG-to-sphere ratios, simulating corresponding
BG-to-lesion ratios, of 1:infinity, 1:500 and 1:125 were prepared for 1241
to evaluate recovery in the typical hotspot imaging as seen in RAI-avid
lesions.

Table 1
Physical characteristics of '®F, 124 and ®zr [31].
18 124 897,
Half-life (h) 1.83 100.2 78.4
Positron branching ratio 97%  23% 23%
Mean positron energy (MeV) 0.25 0.83 0.40
Mean positron range in water (mm)  0.62  3.48 1.23

602 keV (61%)
723 keV (10%)
1691 keV (11%)

909 keV (99.9%)
1657 keV (0.1%)
1713 keV (0.8%)

Single y energy -
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Table 2
Obtained ACs in the cylindrical phantom for '8F and 21 per scanner. AC: ac-
tivity concentration.

AC (kBq/mL)

Vereos 18p 7.3
124I 5.6
Omni 18p 7.8
1241 5.7

Table 3

Obtained ACs in the spheres and background compartment of the NEMA body
phantom for 8F and 2“1, specified per scanner. AC: activity concentration.

Target BG-to- Real BG-to- AC (kBg/ AC (kBg/
lesion ratio lesion ratio mL) mL)
spheres BG
Vereos 'SF  1:10 1:11 19.1 1.8
124 T:infinity 1:infinity 59.2 -
1:500 1:493 59.2 0.12
1:125 1:126 59.2 0.47
1:10 1:11 74.1 6.9
Omni BF 1:10 1:10 18.1 1.8
124 1L:infinity 1:infinity 45.1 -
1:500 1:644 45.1 0.07
1:125 1:98 45.1 0.46
1:10 1:10 45.1 4.52

2.2. Acquisition and reconstruction

Scans were acquired with two consecutive EARL-accredited clinical
digital PET/CT systems: (A) Vereos (Philips Healthcare, Eindhoven, the
Netherlands) and (B) Omni Legend 32 (GE Healthcare, Milwaukee, WI,
USA). We adhered to EARL1 procedures. An acquisition duration of 5
min. per bed position was used for the cylindrical phantom for both 18p
and 21. For 18F, EARL1 accreditation was acquired with two bed po-
sitions and an acquisition duration of 6 and 5 min. per bed position for
the Vereos and Omni, respectively. For the NEMA phantom filled with
1241 acquisitions with two bed positions of 4 min. per bed position were
performed for the BG-to-sphere ratios 1:infinity, ~1:500 and ~1:10.
Acquisition duration was decreased for BG-to-sphere ratio ~1:125 to
account for the increase in total activity within the phantom, to the
extent that count statistics remained comparable. All 24 acquisitions
were repeated for a total of 4 times, thereby repositioning the phantom
prior to each acquisition. In addition, a single acquisition with 5-fold
increase in duration was performed for the BG-to-sphere ratio 1:in-
finity in order to obtain higher count statistics and enable critical
assessment of the chosen acquisition duration of 4 min. per bed position.
For all NEMA scans, the spheres were located in the slices in the over-
lapping position between the two acquired bed positions. Prior to each
acquisition, a low-dose CT scan for attenuation correction purposes was
performed (Supplementary Table 1). For 1247 vendor-specific settings
for the acquisition were used that comprised above-mentioned energy
windows for both PET/CT scanners.

Both ®F and 2% data were reconstructed using the approved pa-
rameters for EARL] accreditation, similarly as described for EARL 8°Zr
accreditation [27,28]. For the Vereos, we applied a 3D blob-based or-
dered-subsets expectation maximization (OSEM) algorithm with 3 iter-
ations and 15 subsets and additional smoothing using a Gaussian filter
with a full width at half maximum (FWHM) of 5 mm was used. For the
Omni, data were reconstructed using Vue Point HD with 4 iterations and
12 subsets, and a Gaussian with a FWHM of 7 mm. All data were
normalized and corrected for decay, scatter, randoms, attenuation and
dead time and above-mentioned vendor-specific positron branching
ratios. Prompt gamma correction for '2*I data was not available for the
Vereos and could therefore not be applied. Note that the reconstruction
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of the Vereos incorporates hardware-based TOF information, while the
Omni only has deep learning-based TOF enhancement that is currently
only available for [*8F]FDG. Therefore, only for the Vereos we included
TOF information into the reconstruction. Further note that, we did not
incorporate any resolution recovery based on the point-spread function
(PSF; Omni) and/or PSF deconvolution (Vereos) into the re-
constructions, because 1) our focus on EARL1 and 2) these are optimized
for 18F and are, therefore, not applicable for '2*I due to its greater
positron range and prompt gamma emissions, likely resulting in quan-
tification errors.

2.3. Patient data

To quantify clinical BG-to-lesion ratios, the baseline scans of a total
of nine RAI-R DTC patients who enrolled in the ongoing RESET trial
(NTC04858876) were evaluated in this study [32,33]. The clinical study
was approved by the institutional review board and written informed
consent was obtained from all patients prior to their inclusion in the
study. Prior to oral administration of 37 MBq + 10% ['2*I]Nal, patients
adhered to an iodine-restricted diet (daily intake <100 pg) for seven
days and received two 0.9 mg recombinant human TSH injections
(Genzyme Ireland Ltd, Waterford, Ireland) 24 and 48 h prior to inges-
tion. PET/CT scans were acquired 24 and 96 h after 1241 administration.
Four patients were scanned using the Vereos and the remaining subse-
quent five patients using the Omni PET/CT scanner at baseline. Patients
were scanned with an acquisition duration of 4 min. per bed position
and the scans were reconstructed using the aforementioned approved
parameters for EARL1 accreditation.

2.4. Data analysis and statistics

Data were analyzed using Pmod Biomedical Image Quantification
Software (PMOD v4.206, PMOD Technologies LLC, Zurich,
Switzerland). Scans of the cylindrical phantom were used to assess the
PET/CT calibration accuracy for 18k and 2“1 (i.e. the ratio between the
reconstructed activity and the true activity as measured with the dose
calibrator). The mean AC was determined using a spherical VOI of ~300
mL placed within the center of the cylindrical phantom. In addition,
mean line profiles were determined over three slices across the phantom
at %, % and % length to confirm adequate scatter correction and the
absence of artefacts.

Scans of the NEMA body phantom were used to assess RCs for the
exact sphere size, including RCpax and RCpean, and the coefficient of
variation (CoV) as a measure of noise. The RC was defined as the
measured AC in the sphere divided by the true AC within that sphere.
RCpax was based on the AC of the voxel with the highest uptake and
RCnean On the mean AC value of an isocontour at 50% of the maximum
voxel value adapted for background activity, aligning with the meth-
odology used by Kaalep et al. [28]. Within the background compart-
ment, 12 cylindrical VOIs (radius of 15 mm, length of 150 mm) were
positioned after which the mean AC was determined to be able to
determine background-adapted isocontour values, assess the calibration
accuracy and CoV. The CoV was calculated by dividing the standard
deviation by the mean of the pixel values within the cylindrical VOIs.
Calibration accuracy was defined as the reconstructed AC divided by the
true AC. For BG-to-lesion ratio 1:infinity, 1:500 and 1:125, RCs and CoVs
were averaged over all four scans. The 1:infinity ratio was excluded from
CoV analysis as it does not provide meaningful noise measurements due
to the absence of background activity. For 2%, the relation between
RCpean and sphere size was fitted using the following formula 1:

Vi
Y ) )71 )

RC = 1 —_—
ae(1+ (spherediameter

with a, § and y as fit parameters.
Calibration accuracies and RCs were compared to EARL1 limits, i.e.
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EARL1’s acceptability criteria of the calibration accuracy (within the
range of 0.90-1.10) and the known RC limits for each sphere size [34].
For 21, a bias correction was applied to correct for the difference in
calibration accuracy between the PET/CT scanners. RC curves were
rescaled using the accuracy derived from the NEMA body phantom’s
background compartment, similarly to Kaalep et al. [27,28].

For the patient data, baseline PET/CT images acquired at 24 h post-
administration were analyzed by segmenting the 12*I-avid lesions using
an isocontour at 50% of the maximum voxel value adapted for back-
ground activity. Background activity was determined using a spherical
VOI with a diameter of 15 mm in adjacent (healthy) tissue. CoV in liver
and lung tissue were determined using five spheres with a diameter of
15 mm that were distributed throughout the whole organ. Lesion vol-
ume was determined using three orthogonal measurements on low-dose
CT and assuming an ellipsoid geometry.

The distributions of 124 RCs between both scanners were compared
statistically using a Mann-Whitney U test. RCs between different con-
trasts were compared using a Kruskal Wallis test. Goodness of fit was
assessed using the coefficient of determination (R?). Statistical analyses
were performed using IBM SPSS Statistics 25.0 (IBM Corp., Armonk,
New York, United Stated of America). The level of significance was set to
0.05.

3. Results
3.1. Bpys 1

Calibration accuracy of mean '°F and '?*I ACs ranged from
0.94-1.15. Local cross-calibration was within 10% deviation of the dose
calibrator except for 12%I using the Omni PET/CT scanner. Accuracy of
1241 was approximately 20% higher for the Omni in comparison to the
Vereos (Table 4), with a tendency toward underestimation in the Vereos
and overestimation in the Omni. In both scanners, line profiles of the
cylindrical phantom for both '®F and '2*I did not show a substantial
concave upward or downward shape over the whole phantom length
(Supplemental Fig. 1), indicating uniformity and properly applied
scatter correction. The RCs for different sphere sizes for both '8F and 1241
were plotted against the defined limits of EARL1 RC acceptability
criteria (Fig. 1A and B). RCs were within these limits, except for 1241 RCs
assessed using the Vereos, which were located around the lower limit of
the EARL '8F standards 1. Mean 1241 RCs were on average 9.6% (range:
3.3-14.3%) and 3.4% (range: 0.3-8.7%) lower than mean 18 RCs for
the Vereos and Omni PET/CT scanner, respectively. In comparison to the
Omni PET/CT scanner, mean RCs were 12.6% (range: 7.8-17.9%) and
18.2% (range: 14.7-23.1%) lower for the Vereos for 18 and 124I,
respectively.

After bias correction was applied, 24 RCs were comparable between
both scanners, with a mean deviation of 0.1% (range: —5.9-4.3%), and
located around the lower limit of the EARL1 RC acceptability criteria for
both scanners (Fig. 1C and D). Mean '2*I RCs were on average 3.8%
(range: —2.9-8.9%) and 16.0% (range: 10.7-19.0%) lower than mean
18 RCs for the Vereos and Omni, respectively.

Table 4

Calibration accuracy of '®F and '2*I measurements in the cylindrical phantom
and NEMA body phantom, and CoV in the background compartment of the latter
phantom. Accuracy was measured for the Vereos and Omni PET/CT scanner.

Scanner Accuracy (cylindrical Accuracy (NEMA body
phantom) phantom)
18 1241 18p 1241
Vereos 0.94 0.94 0.96 0.94
Omni 1.06 1.12 0.98 1.15
Difference (%) 12.8 19.1 2.1 22.3
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3.2. 1241 RCs for different BG-to-lesion ratios

For BG-to-lesion ratio 1:infinity, a 5-fold increase in acquisition
duration did not lead to substantial improved RC, showing a mean de-
viation of <1% in both scanners (Supplemental Fig. 2). RCs for the
different BG-to-lesion ratios were plotted for each scanner (Fig. 2).
Maximum and mean RCs were significantly higher (mean increase of
19%) for the Omni in comparison to the Vereos for each sphere diameter
(p < 0.001) without bias correction. In the BG-to-lesion ratios 1:125 and
1:500, CoV ranged between 56-66%. For each scanner, no statistical
difference was found for maximum and mean RCs for the different BG-
to-lesion ratios (p > 0.4) and a fit was made using the BG-adapted
mean RCs (including ratios 1:125, 1:500 and 1:infinity) for recovery
correction purposes per scanner. For the Vereos, the final fit deviated 0.1
+ 3.1% (range: —7.0-7.1%, R? = 0.99) from measured mean RCs. De-
viations were < 5% for all sphere sizes except 13 and 17 mm. For the GE
Omni, the final fit deviated 0.02 + 2.2% (range: —5.0-3.3%, R? = 0.99)
from measured mean RCs. Deviations were < 5% for all sphere sizes
except for the smallest sphere (10 mm). After bias correction, one single
fit could be obtained for both scanners including ratios 1:125, 1:500 and
l:infinity, which resulted in a mean deviation of —0.2 + 8.0% (range:
—17.0-17.7%, R? =0.97). A tendency of overestimation and underes-
timation was observed for the Vereos and Omni, respectively, with a
deviation range of —2.0-17.0% and —17.7--0.2%. Both scanners
showed the largest deviation in the two smallest spheres.

3.3. 121 uptake in RAI-R DTC patients

A total of 5 of 9 patients showed limited 1247_avid lesions at baseline
(Fig. 3), with a median AC of 1.1 kBq/mL (range: 0.5-17.9 kBq/mL),
corresponding to a median wuptake of 0.0034%/mL (range:
0.0017-0.058%,/mL). In one of these patients, 1241_avid lesions could not
be evaluated due to the small size (diameter < 10 mm). Mean BG-to-
lesion ratio was 1:35.2 (range: 1:5.1 — 1:120.9). Mean CoV in healthy
liver and lung tissue were 39% (range: 32-48%) and 41% (range:
34-56%), respectively. Parameters per scanner are found in Table 5.

4. Discussion

In this study, we wanted to obtain the relation in quantification
performance between '8F and 2% PET imaging and assess 12 recovery
for different clinically relevant BG-to-lesion ratios for two different
digital PET systems. This study shows a mean difference of 18% in 121
recovery between two digital PET/CT scanners following vendor-
recommended acquisition parameters and EARL] reconstruction pa-
rameters. A bias correction similarly used as in the EARL #7r accredi-
tation program [27,28], substantially decreases the mean difference
between scanners to <1% and then shows inferior recovery in com-
parison to 8F for both scanners. Despite bias correction, our data sug-
gest that, unlike for 8°Zr, 121 RCs do not fall within the limits of
acceptability of EARL1 accreditation. 12*I RCs for BG-to-sphere ratios
1:125 to l:infinity are comparable, suggesting a single fit can be ob-
tained to apply recovery correction for a range of BG-to-lesion ratios that
are usually encountered in clinical practice.

Prior studies already showed that 2*I recovery is inferior to '°F.
Jentzen et al. found a difference in recovery between '®F and 2*I of
12-14% [26], comparable to the results for the Vereos in which we
observe a deviation up to 14.3%. Soderlund et al. found mean 2*I RCs
up to 0.27-0.70 for the different sphere sizes using OSEM reconstruction
[35], also in line with the results of the Vereos (RC mean: 0.31-0.70).
Gregory et al. found an underestimation of approximately 8% and 15%
in ACs of '8F and 1241, respectively [36]. In addition to the BG-to-sphere
ratios investigated in this study, comparable RCs between BG-to-sphere
ratios 1:10 to 1:20 were found by Preylowski et al. and are in concor-
dance with the small observed spill-in effect in ratios above 1:10 by
Jentzen et al. [37,38].
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Fig. 1. Maximum and mean RCs of [*®F]FDG and %I for different sphere sizes measured using the NEMA body phantom for the Vereos and Omni using a
background-to-lesion ratio of 1:10. RCs are presented without bias correction (A-B) and after bias correction was applied (C-D). RC: recovery coefficient.

The similar results in recovery after bias correction suggest that the
initial differences were likely due to scanner-specific variations in
detecting '2*I. To further enhance quantification performance, recom-
mendations regarding energy windows might be needed. The prompt
gammas with an energy of 602.7 keV were well within the energy
window of the Vereos (450-613 keV) while this was less the case for the
Omni PET/CT scanner (435-580 keV); additionally, the Omni applied
prompt gamma correction. Gregory et al. showed that optimizing energy
windows and applying single scatter simulation subtraction scatter
correction can lead to a decrease of the underestimation up to 15.4%
[36]. The observed CoV of >50% in the BG-to-lesion ratios 1:125 and
1:500 and CoV of approximately 40% in the patient data might indicate
the need for post-processing corrections. Both time-of-flight (TOF) and
positron range correction have shown to decrease background vari-
ability and reduce noise levels [39,40]. Without the use of prompt
gamma correction, 1241 contrast is likely to be overestimated as prompt
gamma correction has a main effect on background activity and only a
small effect on the recovery of the sphere activity [37,39,41]. The use of
resolution modeling based on the measured PSF shows improved hot
sphere contrast and recovery, and can further increase reproducibility of
RCs between different BG-to-lesion ratios [39]. Besides, it was not part
of the EARL1-compliant reconstructions used for this study. The use of
the different aforementioned techniques is limited by the lack of vali-
dation in patient data and availability on the scanner, further hampering
comparison of results between different PET/CT systems across centers.

While beneficial for harmonization and standardization, a main
drawback of the presented approach for '2*I recovery correction is its
probable suboptimal reconstruction and subsequent 241 quantification
accuracy. Omitting the Gaussian smoothing filter, optimizing recon-
struction parameters such as iterations and subsets, employing resolu-
tion recovery based on PSF (taking e.g. the positron range of 21 into
account), TOF correction and nuclide-specific scatter correction could
improve quantification [36-41]. It remains to be determined whether
optimizing reconstruction and implementation of the techniques
mentioned can achieve compliance with '8F EARL1 standards and/or,
looking further ahead, enable alignment with updated '®F EARL stan-
dards (EARL2), which supports recent acquisition and reconstruction
technologies. In the context of precision dosimetry, a scanner-specific
recovery correction framework might be preferred allowing RCs to
exceed the current EARL standards. Depending on study design or
clinical application, the current approach may still offer valuable con-
sistency across scanners and sites, particularly in multi-center studies.

In this study, VOIs were defined using a background-adapted 50%
isocontour. A limitation of this segmentation approach is that it does not
necessarily reproduce the true inner sphere volume or true lesion size,
particularly due to partial volume effects and spatial resolution [42]. We
did not focus on optimizing volume estimation by PET via thresholding,
as lesion volumes were derived from low-dose CT measurements within
the dosimetry pipeline (or known spherical volumes from the NEMA
phantom). The current approach remains feasible for dosimetry,
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provided that lesion volume is accurately estimated, as this impacts the
corresponding S-factor and subsequent dosimetric results [43]. We
acknowledge that in this sense, the use of orthogonal measurements on a
low-dose CT is not perfect either, as exact measurement is deteriorated
due to limited resolution and motion artefacts (mainly around the dia-
phragm). We tried to limit these effects by measuring all dimensions/
volumes in triple (based on all 3 low dose CTs available (within 1 week)
for each patient.

Further limitations of this study include the limited number of
scanners and the single-center approach, limited range of '2*I ACs and
calibration of the dose calibrator without the use of a NIST traceable
calibration source. Due to 12*I’s high-energy emissions, accurate mea-
surement of **I can be challenging [44]. Therefore, we ensured con-
sistency in dose calibrator measurements by verifying the dose
calibrator’s accuracy for both vial and syringe geometry prior to the first
1241 experiment of each scanner using a source including a certificate
provided by the supplier (3D Imaging LLC, Little Rock, AR, USA).
However, we cannot entirely rule out potential errors in the calibration,
which may introduce a systematic bias. In addition, the bias correction
to rescale RC curves was based on the methodology used for 8°Zr
[27,28], which relies on the accuracy of the NEMA body phantom’s
background rather than the cylindrical phantom. The latter may offer a
more direct evaluation of scanner performance, being less prone to
sampling errors, corrections and spill-in/spill-out effects, and remains a
viable option for future work.

Although the acquisition duration for '®F and '2%I scans were not
identical, and ACs for the '2*I NEMA measurements could not be
completely matched, we observe consistent trends in 2% recovery
across a range of BG-to-lesion ratios and different acquisition durations
(Supplemental Fig. 2). This suggests that a similar trend can be expected
when acquisition duration and ACs are matched, and that achieving
higher count statistics would not lead to a substantial improvement in
recovery. In the RESET trial, we observe lower contrast between lesions
and BG than in the phantom study. The ratios in the phantom experi-
ment were based on prior work by Jentzen et al. involving iodine-avid
DTC lesions [17], while our population consisted of patients with RAI-
R DTC, which likely accounts for the mismatch. Investigating ratios
that are also encountered in redifferentiation studies as observed in the
presented patient data would lead to more insight in quantification
performance of 124 and further validate recovery correction using the
single fit approach. Despite these limitations, we expect that the results
and trends will remain comparable if adjustments are made regarding
ACs and acquisition times.

This study exemplifies a clinically representative situation that
shows vendor-recommended 2 acquisition leads to different quanti-
fication results and are currently not compliant with EARL1. Applying
bias correction helps to compensate for scanner-specific differences after
which comparable 12*I recovery is observed. In addition, we show that
recovery correction can be achieved by a single fit of mean 21 RCs in
different BG-to-lesion ratios, potentially simplifying calibration
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Fig. 3. Baseline '2*I PET/CT scans performed 24 h after administration of 37 MBq *2*I of four different RAI-R DTC patients with *2*I-avid lesions. The window level
was set to 0-1.5 kBq/mL (equaling a body-weighted SUV of approximately 0-4 g/mL) for each patient. (A) a pulmonary macrometastasis in the right lower lobe, (B) a
large liver metastasis in the right liver lobe, (C) a local recurrence in the left thyroid bed, (D) a local recurrence in the right thyroid bed.

Table 5
Details regarding patient’s length and weight, and CoV of healthy liver and lung
tissue per scanner. Values are displayed as median (range).

Vereos Omni
n 4 5
Length (cm) 171 (163-175) 165 (151-193)
Weight (kg) 67 (55-78) 89 (68-100)

CoV liver (%)
CoV lung (%)

0.39 (0.34-0.48)
0.41 (0.34-0.56)

0.38 (0.32-0.45)
0.42 (0.38-0.45)

procedures for 124l PET quantification. The results of this study further
indicate that RC correction in lesions >13 mm can be applied using a
single fit across multiple scanners when bias correction is used. This
approach results in maximum deviations <10%. For smaller lesions,
scanner-specific RC corrections are more accurate. The use of TOF and
PSF might further increase the applicability of RC correction in smaller
lesions <10 mm [45].

In redifferentiation studies, comparable quantification results be-
tween different scanners are important as the limited patient population
might require a multi-center approach and an absorbed dose threshold is
often used to assess eligibility of 3 therapy. Wierts et al. presented a
simplified calibration procedure of 1241 pET quantification for multi-

center studies, assuming high focal uptake and negligible background,
and using a segmentation approach with oversized volume-of-interest
(VOIs) [46]. Though the approach of oversized VOIs has been vali-
dated for varying 1311 background activity distributions [47], it is yet to
be determined whether this approach will also suffice the situations
encountered in redifferentiation studies to correct for the partial volume
effect, especially in lesions which are nearby structures with physio-
logical uptake (e.g. lesions in the neck near the salivary glands).

5. Conclusion

This study shows that bias correction helps compensate scanner-
specific differences in detecting '2*. Following vendor-recommended
1241 acquisition, EARL1 reconstruction and bias correction, RC curves
were closely aligned for two digital PET/CT scanners. However, EARL1
acceptability criteria were not met. Recovery correction is minimally
limited by BG-to-lesion ratio, allowing a single fit to be determined and
applied across clinically encountered ratios. The current approach could
potentially be useful for multicenter studies requiring 2*I quantification
to ensure comparable results across different scanners.
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