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immunoPET clinical trials were selected for analysis. On average, patients were

imaged 6.3 days (range 5.0-8.0 days) after administration of 69 MBq (range 65-76
MBaq) of [*°Zr]Zr-DFO-daratumumab, [*°Zr]Zr-DFO-pertuzumab, or [*°Zr]Zr-DFO-
trastuzumab. List-mode PET data was retrospectively reconstructed using Q.Clear
with incremental B-values from 150 to 7200, as well as standard ordered-subset
expectation maximization (OSEM) reconstruction (2-iterations, 16-subsets, a 6.4-
mm Gaussian transaxial filter, "heavy” z-axis filtering and all manufacturers’
corrections active). Reduced activities were simulated by discarding 50% and
75% of original counts in each list mode stream. All reconstructed PET images
were scored for image quality and lesion detectability using a 5-point scale.
SUVmax for normal liver and sites of disease and liver signal-to-noise ratio were
measured.

Results: Q.Clear reconstructions with = 3600 provided the highest scores for
image quality. Images reconstructed with -values of 3600 or 5200 using only
50% or 25% of the original counts provided comparable or better image quality
scores than standard OSEM reconstruction images using 100% of counts.

Conclusion: The Bayesian penalized likelihood reconstruction algorithm Q.Clear
improved the quality of ®Zr-immunoPET images. This could be used in future
studies to improve image quality and/or decrease the administered activity of
89Zr-immunoPET tracers.
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Introduction

There are an increasing number of investigations of immunoPET for multiple clinical ap-
plications, including targeted imaging of HER2, CD38, PD-L1, CA9, PSMA, and others
[1-7]. Zirconium-89 (¥*Zr) is most often chosen as the imaging radionuclide for immuno-
PET due to its favorable physical and chemical properties, including a 78-h half-life that is
compatible with the relatively long times (on the order of a week) required to achieve op-
timal target-to-background differentials with antibody tracers [1, 4, 8]. However, 897r is
not ideal, as there are issues with both patient radiation dose and image quality.

The positron yield of **Zr is only 23% and it emits a (non-coincident) 909 keV
gamma ray photon in 100% of disintegrations. These characteristics, coupled with pro-
tracted antibody bio-kinetics, lead to relatively high radiation doses to patients. For ex-
ample, the %°Zr-labeled anti-PSMA monoclonal antibody J]591 ([¥°Zr] Zr-DFO-J59)
delivers a 25 times higher whole-body radiation dose (mGy/MBq) than 2-['®FIFDG [9,
10]. There is thus an incentive to reduce administered activities. Our experience at
MSKCC reflects this; initial *Zr-immunoPET studies featured administered activities
of approximately 185 MBq (5 mCi) [9, 11-13], while more recent work has used ap-
proximately 74 MBq (2 mCi) [4, 5, 14]. In other centers, even lower activities of ap-
proximately 37 MBq (1 mCi) [1, 6] have been used.

Reducing administered activity may lead to a reduction in image quality. In addition,
89Zr-immunoPET agents generally have lower image quality in comparison to '*F-
tracers due to constraints on administered activity, lower positron yield, longer post-
administration imaging times and practical limits on acquisition times. For these rea-
sons, the use of modern image reconstruction methods is especially important for
image optimization [15].

PET image quality may be improved using reconstruction algorithms that decrease
noise and/or increase spatial resolution. One such method, Q.Clear (GE Healthcare), a
Bayesian penalized likelihood reconstruction algorithm, is designed to minimize image
noise while allowing full convergence, thus increasing the signal-to-noise ratio [16—18].
Noise is suppressed by the use of a penalty term, a function of the difference between
neighboring voxels and their sum [19]. A factor (termed [3) controls the relative
strength of the penalty function and is the only selectable input variable to the algo-
rithm [16, 19-22]. Q.Clear uses a block sequential regularized expectation
maximization (BSREM) algorithm that allows each voxel to achieve full convergence,
potentially providing a more accurate SUV [16]. This contrasts with conventional
ordered-subset expectation maximization (OSEM) that has to be stopped after a few it-
erations in order to prevent excessive image noise [23]. Previous studies have shown
that Q.Clear improves lesion signal-to-noise ratio (SNR) for both 2-['"*F]FDG PET/CT
[16-18, 21, 24] and [**Ga]Ga-RM2/[*®Ga]Ga-PSMA-11 PET/MRI [25] compared to
OSEM reconstruction.

For immunoPET imaging, the key clinical issue is to minimize lesion misidentifica-
tion (either false positive or false negative) resulting from image noise or excessive
smoothing. Image quality should be interpreted in this context, and although quantita-
tive accuracy is desirable, it is less critical. Radiation dosimetry is an important charac-
teristic of an immunoPET agent and largely sets how much can be administered to
patients, but it is not necessary to estimate this on a patient-by-patient basis, as it
would be for a therapeutic agent. Indeed, for most patients, immunoPET imaging
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consists of a single scan at typically 5-7 days post administration, and dosimetry, based
on the areas under activity-time curves, is not an option. Other aspects of immunoPET
quantification such as lesion SUV may, in the future, have utility in longitudinal studies
of disease response but, at present, these types of study are largely precluded by the
relatively high radiation doses produced by immunoPET agents. In order to facilitate
such longitudinal studies, radiation doses would have to be reduced by minimizing ad-
ministered activities and employing advanced reconstruction techniques. In this paper,
our goal was to evaluate the use of Q.Clear for **Zr-immunoPET image reconstruction
and its potential to improve image quality and to facilitate a reduction in administered
activity of **Zr-immunoPET tracers.

Material and methods

Patients

This was a retrospective study of *Zr-immunoPET/CT scans that were accrued on
three prospective clinical trials (NCT02286843, NCT03665155, and NCT02675829) [2—
5, 26]. All clinical studies were performed in compliance with the Health Insurance
Portability and Accountability Act and with Institutional Review Board approval and
patient informed consent. A total of eight 897 r-immuno-PET scans (4 men, 4 women,
mean age 65.5 years, range 41.5-80.5 years) were selected based on the presence of
PET positive lesions and the availability of stored list mode data (Table 1). These eight
scans included four [**Zr]Zr-DFO-daratumumab scans for CD38-targeted imaging of
myeloma, two [**Zr]Zr-DFO-pertuzumab scans for HER2-targeted imaging of breast
cancer, and two [**Zr]Zr-DFO-trastuzumab scans for HER2 targeted imaging of lung

cancer.

PET/CT and reconstruction
Patients were imaged at a mean time of 6.3 days (range 5.0-8.0) following administra-
tion of a mean of 69 MBq (range 65-76) 897 r-immunoPET tracer. Whole body (WB)

Table 1 Details of eight ®*Zr-immunoPET patients

Scan Tracer Sex Weight Administered Malignancy Analyzed tracer avid lesions

# in kg activity in MBq

1 897R- M 875 66.2 Multiple 2nd Rib right, Os ileum right,
Daratumumab Myeloma Vertebrae L3

2 897R- F 853 68.0 Multiple Mandibula right, Clavicle right, Os
Daratumumab Myeloma ilium right

3 89ZR- M 902 65.0 Multiple Femora left, Scapula left, 7th Rib
Daratumumab Myeloma left, Femora left

4 897R- M 1107 68.3 Multiple Os ileum right, Os sacrum, Soft
Daratumumab Myeloma tissue left shoulder

5 897R- F 660 70.7 Breast Vertebrae Th12, Femora left, Soft
Pertuzumab Cancer tissue retroperitoneal

6 89ZR- F 660 714 Breast Os ileum right, Os ischii right
Pertuzumab Cancer

7 897R- F 520 67.0 Lung Os ilium left, Spleen
Trastuzumab Cancer

8 897R- M 750 759 Lung Vertebrae T11, Node portocaval,

Trastuzumab Cancer Vertebrae T11, Scapula right
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images were acquired from skull apex to midthigh on a dedicated research PET/CT
scanner (GE Discovery 710; lutetium yttrium orthosilicate (LYSO) crystals, measured
system sensitivity 7.1 cps/kBq) in 3-dimensional mode with a mean emission time per
bed position of 6.9 min (range 6.0-8.0). At the time of imaging, the mean total activity
in the WB PET images was 14 MBq (range 9-17). Low-dose CT scans were acquired
with an x-ray tube current of 80 mA. Images were first reconstructed using our stand-
ard clinical parameters featuring ordered subset expectation maximization (OSEM) into
a 128 x 128 matrix; voxel size 0.098 ml (5.47 x 5.47 x 3.27 mm) with 2-iterations, 16-
subsets, a 6.4-mm Gaussian transaxial filter, “heavy” z-axis filtering, and all manufac-
turers’ corrections active (CT-based attenuation, scatter, time-of-flight (TOF), and
point-spread-function (PSF)). Subsequently, list-mode PET data for each patient was
time-binned to include 100% (no counts discarded), 50% (50% of counts discarded),
and 25% (75% of counts discarded) of the original counts. The standard OSEM recon-
struction with 100% of original counts was used as a reference for comparison to all
other reconstructions. Additionally, 100% count data were reconstructed using the
Q.Clear BSREM algorithm into a 256 x 256 matrix; voxel size 0.024 ml (2.73 x 2.73 x
3.27 mm) with incremental S-values of 150, 300, 600, 1000, 1600, 2400, 3600, 5200, and
7200. For the simulated reduced doses (corresponding to 25% and 50% of the original
counts), incremental S-values of 1600, 2400, 3600, 5200, and 7200 were used.

The rationale for choosing the abovementioned reconstructions was twofold: firstly,
to evaluate the optimal S-value for the current ®°Zr-immuno-PET clinical workflow,
and secondly, to evaluate the possibility of decreasing administered activity while main-
taining image quality due to improved reconstruction.

Image analysis

Clinical assessment

Image reading was performed by a radiologist dually boarded in diagnostic radiology
and nuclear medicine with 15 years of experience in PET/CT including multiple *Zr-
immunoPET tracers (GAU) and a radiologist with 5 years of experience in PET/CT im-
aging (JK) in consensus. Readers were not informed of the nature of the data. Different
reconstructed images of each patient were presented separately but in random order to
the readers in a single reading session, so the readers were aware of their previous
evaluation. However, retrospective changes in evaluation were not allowed. All PET/CT
data sets for each patient were interpreted with respect to lesion detectability and sub-
jective image quality, applying a 5-point ordinal (see Table 2). Thereafter, average
values were calculated for each **Zr-immuno-PET agent.

Table 2 Definition of the applied 5-point ordinal scale for image quality and lesion detectability

Rating Criteria

1 Non-diagnostic: inability to discern lesions from background
Poor: only subtle distinction of lesions from background
Moderate: ability to discern lesions with significant noise

Good: ability to discern lesions with low noise

v~ W N

Excellent: ability to discern lesions without noise
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Objective measurements

Volumes of interest (VOI) were drawn round index lesions and maximum standardized
uptake values (SUV,,.,) measured. In addition, VOI were drawn within the liver, ex-
cluding gross anatomical or uptake heterogeneities, and the mean (SUV c,,) and stand-
ard deviation (osyy) used to derive a liver signal-to-noise ratio (SNR) according to
SNR = SUV,e4n/0siry- For each patient, VOIs were drawn on an image set that was sub-
jectively judged to be most clear using Hybrid Viewer Gold Client v2.3 (HERMES Med-
ical Solutions AB, Stockholm, Sweden) and copied to all other image sets.

Results

Image features for different 8

Figure 1 is an example of a patient imaged with [**Zr]Zr-DFO-trastuzumab that illus-
trates the effects of using different values of 8 in Q.Clear BSREM reconstruction. Im-
ages reconstructed with S-values in the range 150-600 (Fig. 1, a—c) were noisier and of
inferior quality to the OSEM reference (Fig. 1, j) while S-values of 1000 generated im-
ages (Fig. 1, d) approximately similar to OSEM. Q.Clear image quality improved with
increasing 5 from 1600 to 3600 (Fig. 1, e—g). For S-values of 5200-7200 (Fig. 1, h, i),
images became over-smoothed and lesions lost conspicuity.

Subjective evaluation of image quality

Standard OSEM reconstructions were rated as “moderate” (mean score: 3 out of 5) for
all three **Zr-immunoPET agents. In general, Q.Clear images with low S-values (150—
600) were deemed inferior in quality to OSEM, with image quality improving around S
= 1000 and being approximately equivalent to OSEM for 8 = 1600. Image quality con-
tinued to improve up to 8 = 3600, where the Q.Clear reconstructions of all three %°Zr-

E
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3 : : Iy B = 1600
F G H | J
L L b ¥ &
. A0
)
B = 2400 B = 3600 B = 5200 B = 7200 OSEM
Fig. 1 MIP images of [*?Zr]Zr-DFO-trastuzumab reconstructed using 100% of original counts with QClear
BSREM and B-values of 150, 300, 600, 1000, 1600, 2400, 3600, 5200, and 7200 (a—i, respectively) together
with the standard OSEM reconstruction (j)
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immunoPET agents were judged to be superior to standard OSEM reconstruction. At 8
= 3600, the mean image scores were 4 out of 5 for [8°Zr]Zr-DFO-trastuzumab, 3.75 out
of 5 for [*Zr]Zr-DFO-daratumumab, and 3.5 out of 5 for [**Zr]Zr-DFO-pertuzumab.
For higher f-values (5200, 7200), image quality evaluation decreased to approximately
the level of the standard OSEM reconstructions (Fig. 2).

To simulate reduced administered tracer activity, events were discarded in each list mode
stream to reduce counts to 50% and 25% of the original values and Q.Clear BSREM recon-
structions were performed using S-values of 1600 and higher. As expected, as counts de-
creased from 100 to 50%, and again from 50 to 25%, there was a reduction in image quality.
Of note, for Q.Clear with S-values between 2400 and 5200, image quality using only 50% of
counts was greater than or equal to standard OSEM performed with 100% of counts (Fig. 3).
For example, for [*Zr]Zr-DFO-trastuzumab, Q.Clear with 5 = 3600 and only 50% of original
true counts produced images with a mean score of 4, compared with a mean score of 3 for
standard OSEM reconstructions and 100% of counts. Similar improvements with Q.Clear at
these specifications were seen in [*Zr]Zr-DFO-daratumumab and [**Zr]Zr-DFO-pertuzumab
images (mean score of 3.5, respectively). Even with only 25% original counts, Q.Clear BSREM
images of [8°Zr] Zr-DFO-trastuzumab and [¥°Zr] Zr-DFO-pertuzumab with S-values of 3600—
5200 and images of [*Zr]Zr-DFO-daratumumab with 8 = 5200 produced image quality simi-
lar to standard OSEM images with 100% counts. Figure 4 demonstrates an example of
[89Zr] Zr-DFO-trastuzumab images reconstructed with standard OSEM (100% counts) and
Q.Clear BSREM with 8 = 3600 for 100%, 50%, and 25% of original counts.

Objective metrics of image quality
SUVmax
All estimates of SUVmax (lesions and normal liver) were maximal for 5 = 150 and de-

creased monotonically with increasing f3. Figure 5 demonstrates how lesion and liver

N
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Fig. 2 Subjective evaluation of image quality for three **Zr-immunoPET agents using standard OSEM
reconstructions and Q.Clear BSREM with increasing -values. See Table 2 for the description of the 5-point
scale. Q.clear reconstructions with a -value of 3600 provided superior image quality to standard OSEM
reconstructions for all three ®*Zr-immunoPET tracers
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OSEM B3600,005  B3600sg, B3600,s0,

OSEM B3600,005  B3600s0s, B3600,50,

OSEM 36001005  B3600sg, B3600,50,

Fig. 3 Scores for image quality and lesion detectability for a 189Zr1Zr-DFO-trastuzumab, b [#°Zr]Zr-DFO-
daratumumab, and ¢ [SQZr]Zr—DFO—pertuzumab using OSEM reconstructions and Q.Clear BSREM with a -
value of 3600 for different fractions of original counts, applying a 5-point ordinal scale

SUVmax for [**Zr]Zr-DFO-pertuzumab varied with . The very high values of SUVmax
for low values of 3 are a reflection of excessive image noise. For the [**Zr]Zr-DFO-per-
tuzumab cases of Fig. 5, Q.Clear SUVmax are approximately equivalent to OSEM for
B-values in the range 1000-1600. SUVmax continued to decrease as f increased and

images become progressively smoother. Similar patterns of changing SUVmax were

Page 7 of 12
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OSEM « B = 3600 B = 3600 = 3600
100% cell count 100% original counts 50% original counts 25% original counts

Fig. 4 MIP images of a [¥°Zr]Zr-DFO-trastuzumab patient using a OSEM reconstruction with 100% original
counts and using Q.Clear BSREM with 8 = 3600 for b 100% original counts, ¢ 50% original counts, and d

25% original counts, respectively. For 100% of counts, Q.Clear produced images with improved signal-to-
noise compared to standard OSEM. Even at only 25% of counts, Q.Clear produced images of comparable
quality to OSEM at 100% of counts

also observed for [*°Zr]Zr-DFO-daratumumab and [*°Zr]Zr-DFO-trastuzumab (see
Table 3 and supplemental Figures S2, S3).

Liver SNR

The signal-to-noise ratio for liver VOI increased monotonically with increasing S for
Q.Clear reconstruction. Figure S1 illustrates how liver SNR varied for [*°Zr]Zr-DFO-
pertuzumab with S for 100% counts. Q.clear SNR was greater than the corresponding
OSEM values for = 1000. For reduced count reconstructions, Q.clear SNR were
greater than full-count OSEM for S > 1600 (50% counts) and 5 > 2400 (25% counts).
Again, similar patterns of changing SNR were observed for [**Zr]Zr-DFO-daratumu-
mab and [*°Zr]Zr-DFO-trastuzumab (see Table 3 and supplemental Figures S2, S3).

Discussion

This retrospective analysis of **Zr-immuno-PET clinical image data demonstrated that
Q.Clear BSREM PET/CT image reconstruction using a 3-value of 2400—3600 increased
image quality compared to standard OSEM reconstruction. In addition, the Q.Clear al-
gorithm enabled lower count datasets to generate images of comparable quality to full-
count OSEM images. We examined discarding 50% and 75% of the original counts as a
means of mimicking 50% and 25% of the administered activity and found comparable

Pertuzumab 1 Pertuzumab 2
70 50
§\ 45
60
\ 40 \
50 \ 35 \\
s 40 ——T12vert i X \\
E ——femora £ ——ilium met
S \ s ilium met
2

30 s ——stretro ER —s—ischii met
\ liver met \\ ——normal liver
% o normal lver o P
T - L T~——
2 10 =
10 . e . S aan.

0
150 300 600 1000 1600 2400 3600 5200 7200 OSEM 150 300 600 1000 1600 2400 3600 5200 7200 OSEM
Qclear B Qclear B

Fig. 5 SUVmax values for metastases and normal liver for [*°Zr]Zr-DFO-pertuzumab images as S-value
increases from 150 to 7200. OSEM SUVmax also shown
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Table 3 Q.Clear 3 parameters that produce SUVmax and liver SNR equal to that of OSEM
reconstruction using 100%, 50% and 25% of counts

B for SUVmax B for SNR
Scan # Tracer 100% 50% 25% 100% 50% 25%
1 87r-Daratumumab  1000-1600 1000-1600 1600-2400 600-1000 1000-1600 2400-3600

8Zzr-Daratumumab 1000-1600 1600-2400 1600-2400 600  1000-1600 1600-2400
8Zzr-Daratumumab  3600-5200 3600-5200 3600-5200 600-1000 1000-1600 1600-2400
8Zzr-Daratumumab 1000-1600 1600-2400 2400-3600 600-1000 1000-1600 1600-2400
8Zr-Pertuzumab  1600-2400 1600-2400 2400-3600 600-1000 1000-1600 1600-2400
8Zr-Pertuzumab  1000-1600 1000-1600 1600-2400 600-1000 1000-1600 1600-2400
8Zzr-Trastuzumab  1000-1600 1600-2400 1600-2400 600-1000 1000-1600 1600-2400
8Zzr-Trastuzumab  1000-1600 1600-2400 2400-3600 600-1000 1000-1600 1600-2400

00 N O A~ W N

image quality to full-count OSEM following Q.Clear reconstruction with S-values in
the range 3600-7200. This provides a means to increase the image quality of future
897r-immuno-PET studies and/or decrease the administered activity of **Zr-labeled
tracer.

Despite the improvements achieved by Q.Clear BSREM, no images in this study were
assessed as 5 on the ordinal scale of image quality, representing the ability to discern le-
sions without apparent noise. Even the best rated pictures with 100% counting and 8 =
3600 had some noise while providing adequate lesion contrast and were therefore rated
with 4 out of 5 points. Due to the associated physical and biokinetic constraints, *Zr-
immuno-PET images are unlikely to provide equivalent image quality to "*F or **Ga
tracers [27, 28].

In addition to subjective image quality, we examined the objective measurements of
lesion and liver SUVmax and liver SNR for all reconstructions. Low values of S (150—
600) were associated with very high SUVmax which tended to stabilize around f =
1000-1600 for 100% counts and at higher values for the reduced count images. Such
objective measures are important for the assessment of PET/CT studies [29] and indi-
cate that SUVmax values for metastases are likely to be overestimated for lower /-
values. Liver SNR generally increased with 5 all the way up to the 5200-7200 range,
reflecting a progressive increase in image smoothness. The potential downside to exces-
sive image smoothing is a consequential reduction in lesion SUVmax and/or contrast
recovery and compromised lesion detectability. However, notwithstanding the utility of
objective measurements, we found that the clinical read and interpretation was the
most reliable guide to image quality.

It is noteworthy that the S-values used in this study are much larger than those found
suitable for improving image quality for '®F-labeled tracers; these are typically in the
150-400 range [30]. This is a consequence of the very low effective activities present at
the time of imaging. For our patients, the average WB activity was 14 MBq and, consid-
ering the 23% positron yield of **Zr, would be equivalent to only 3.2 MBq (0.09 mCi) of
'8E, Obviously, the reduced count datasets would be equivalent to 50% and 25% of this
value. Clinical images were acquired with an average emission time per bed position of
7 min. For a typical 8-9 bed WB PET scan, this is approximately 1 h of emission data
collection and is at the upper limit of what is possible from the perspectives of both
clinic logistics and patient compliance.
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The relatively high radiation absorbed doses produced by *Zr-immunoPET could
impede more widespread clinical implementation. In particular, reducing absorbed dose
is a prerequisite for particularly desirable sequential imaging studies (e.g., response as-
sessment, post-therapy surveillance) and for pediatric imaging applications. The only
way to reduce the radiation dose is to reduce the administered activity. This study sug-
gests that with Q.Clear BSREM and an appropriate choice of 5-value, it may be possible
to reduce the administered activity of 8 Zr-immunoPET tracer to 18.5 MBq (0.5 mCi).

Limitations to this work include the fact that it was a single-center study with a small
number of patients and its further subdivision into three categories led to a reduced
statistical power. Patients were selected based on the presence of metastatic disease and
the availability of stored data for the additional reconstructions.

Conclusion

Q.Clear BSREM reconstructions improved the quality of *Zr-immunoPET images
compared with standard OSEM reconstructions. For administered activities of approxi-
mately 74 MBq and images acquired approximately 1 week post-administration, a j3-
value of 3600 appears a reasonable choice for optimal image reconstruction. These
findings can be applied to future **Zr-immunoPET studies to improve image quality
and may enable a reduction in the administered activity.
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Additional file 1:Figure S1. Liver SNR values for [89Zr]erDFOfpertuzumab Q.Clear images using 100%, 50% and
25% of original counts as -value increases from 150 to 7200. OSEM (100% counts) SNR also shown. Q.Clear SNR
was greater than the corresponding OSEM values for 3 = 1000. For reduced count reconstructions, Q.Clear SNR
were greater than full-count OSEM for 2 1600 (50% counts) and 3 = 2400 (25% counts).

Additional file 2:Figure S2. SNR and SUVmax values for two sets of [#°Zr]Zr-DFO-trastuzumab images as B-value
increases from 150 to 7200.

Additional file 3:Figure $3. SNR and SUVmax values for four sets of [*°Zr]Zr-DFO-daratumumab images as p-
value increases from 150 to 7200.

Acknowledgements
None.

Authors’ contributions

JK analyzed images, performed objective measurements, and drafted the mansucript. JAO participated in the study
design, performed objective measurements, and revised the manuscript. ASB revised the manuscript. GAU conceived
the study, participated in the study design, analyzed images, performed objective measurements, and revised the
manuscript. The author(s) read and approved the final manuscript.

Funding

Department of Defense Breast Cancer Research Program Breakthrough Award BC132676, Leukemia & Lymphoma
Society #RTF6004-19, National Institutes of Health (NIH) grant ROT CA204167. We gratefully acknowledge the Memorial
Sloan Kettering Cancer Center Radiochemistry and Molecular Imaging Probe Core (NIH grant P30 CA08748) for
additional support.

Ethics approval and consent to participate

This retrospective chart review study involving human participants was in accordance with the ethical standards of the
institutional and national research committee and with the 1964 Helsinki Declaration and its later amendments or
comparable ethical standards. All patients provided written informed consent.

Competing interests

GAU is a consultant for Sanofi and has received research grants from Sanofi, Novartits, Genentech, and Puma
biotechnologies.

JAQ is a consultant for Janssen Research & Development.


https://doi.org/10.1186/s40658-021-00352-z
https://www.ncbi.nlm.nih.gov/nuccore/BC132676

Kirchner et al. EINMMI Physics (2021) 8:6

Author details

'Department of Radiology, Memorial Sloan Kettering Cancer Center, New York, NY, USA. 2Department of Diagnostic
and Interventional Radiology, University Dusseldorf, Medical Faculty, Dusseldorf, Germany. *Department of Medical
Physics, Memorial Sloan Kettering Cancer Center, New York, NY, USA. “Department of Radiology, Weill Cornell Medical
College, New York, NY, USA. *Molecular Imaging and Therapy, Hoag Family Cancer Institute, Newport Beach, CA, USA.

Received: 5 October 2020 Accepted: 5 January 2021
Published online: 19 January 2021

References

1.

20.

21.

22.

Dijkers EC, Oude Munnink TH, Kosterink JG, Brouwers AH, Jager PL, de Jong JR, et al. Biodistribution of 89Zr-trastuzumab
and PET imaging of HER2-positive lesions in patients with metastatic breast cancer. Clin Pharmacol Ther. 2010,87:586-
92. https://doi.org/10.1038/clpt.2010.12.

Ulaner GA, Hyman DM, Lyashchenko SK, Lewis JS, Carrasquillo JA. 89Zr-Trastuzumab PET/CT for detection of human
epidermal growth factor receptor 2-positive metastases in patients with human epidermal growth factor receptor 2-
negative primary breast cancer. Clin Nucl Med. 2017;42:912-7. https://doi.org/10.1097/RLU.0000000000001820.

Ulaner GA, Hyman DM, Ross DS, Corben A, Chandarlapaty S, Goldfarb S, et al. Detection of HER2-positive metastases in
patients with HER2-negative primary breast cancer using 89Zr-trastuzumab PET/CT. J Nuclear Med. 2016,57:1523-8.
https://doi.org/10.2967/jnumed.115.172031.

Ulaner GA, Lyashchenko SK, Ried| C, Ruan S, Zanzonico PB, Lake D, et al. First-in-human human epidermal growth factor
receptor 2-targeted imaging using (89)Zr-pertuzumab PET/CT: dosimetry and clinical application in patients with breast
cancer. J Nucl Med. 2018;59:900-6. https://doi.org/10.2967/jnumed.117.202010.

Ulaner GA, Sobol NB, O'Donoghue JA, Kirov AS, Riedl CC, Min R, et al. CD38-targeted immuno-PET of multiple myeloma:
from xenograft models to first-in-human imaging. Radiology. 2020,295:606-15. https://doi.org/10.1148/radiol.
2020192621.

Verhoeff SR, van Es SC, Boon E, van Helden E, Angus L, Elias SG, et al. Lesion detection by [(89)Zr]Zr-DFO-girentuximab
and [(18)FIFDG-PET/CT in patients with newly diagnosed metastatic renal cell carcinoma. Eur J Nucl Med Mol Imaging.
2019;46:1931-9. https://doi.org/10.1007/500259-019-04358-9.

van Helden EJ, Elias SG, Gerritse SL, van Es SC, Boon E, Huisman MG, et al. [(89)Zr]Zr-cetuximab PET/CT as biomarker for
cetuximab monotherapy in patients with RAS wild-type advanced colorectal cancer. Eur J Nucl Med Mol Imaging. 2020;
47:849-59. https://doi.org/10.1007/500259-019-04555-6.

Deri MA, Zeglis BM, Francesconi LC, Lewis JS. PET imaging with (8)(9)Zr: from radiochemistry to the clinic. Nucl Med
Biol. 2013;40:3-14. https://doi.org/10.1016/j.nucmedbio.2012.08.004.

Pandit-Taskar N, O'Donoghue JA, Beylergil V, Lyashchenko S, Ruan S, Solomon SB, et al. (8)(9)Zr-huJ591 immuno-PET
imaging in patients with advanced metastatic prostate cancer. Eur J Nucl Med Mol Imaging. 2014;41:2093-105. https://
doi.org/10.1007/500259-014-2830-7.

Hays MT, Watson EE, Thomas SR, Stabin M. MIRD dose estimate report no. 19: radiation absorbed dose estimates from
(18)F-FDG. J Nucl Med. 2002;43:210-4.

Pandit-Taskar N, O'Donoghue JA, Ruan S, Lyashchenko SK, Carrasquillo JA, Heller G, et al. First-in-human imaging with
89Zr-Df-IAB2M anti-PSMA minibody in patients with metastatic prostate cancer: pharmacokinetics, biodistribution,
dosimetry, and lesion uptake. J Nucl Med. 2016;57:1858-64. https://doi.org/10.2967/jnumed.116.176206.

O'Donoghue JA, Lewis JS, Pandit-Taskar N, Fleming SE, Schoder H, Larson SM, et al. Pharmacokinetics, biodistribution,
and radiation dosimetry for (89)Zr-trastuzumab in patients with esophagogastric cancer. J Nucl Med. 2018;59:161-6.
https://doi.org/10.2967/jnumed.117.194555.

Carrasquillo JA, Fine BM, Pandit-Taskar N, Larson SM, Fleming SE, Fox JJ, et al. Imaging patients with metastatic
castration-resistant prostate cancer using (89)Zr-DFO-MSTP2109A anti-STEAP1 antibody. J Nucl Med. 2019;60:1517-23.
https://doi.org/10.2967/jnumed.118.222844.

Pandit-Taskar N, Postow MA, Hellmann MD, Harding JJ, Barker CA, O'Donoghue JA, et al. First-in-humans imaging with
Zr-89-Df-IAB22M2C anti-CD8 minibody in patients with solid malignancies: preliminary pharmacokinetics, biodistribution,
and lesion targeting. J Nucl Med. 2020,61:512-9. https.//doi.org/10.2967/jnumed.119.229781.

Holland JP, Sheh Y, Lewis JS. Standardized methods for the production of high specific-activity zirconium-89. Nucl Med
Biol. 2009;36:729-39. https.//doi.org/10.1016/j.nucmedbio.2009.05.007.

Teoh EJ, McGowan DR, Macpherson RE, Bradley KM, Gleeson FV. Phantom and clinical evaluation of the Bayesian
penalized likelihood reconstruction algorithm Q.Clear on an LYSO PET/CT system. J Nucl Med. 2015;56:1447-52. https://
doi.org/10.2967/jnumed.115.159301.

Reynes-Llompart G, Gamez-Cenzano C, Vercher-Conejero JL, Sabate-Llobera A, Calvo-Malvar N, Marti-Climent JM.
Phantom, clinical, and texture indices evaluation and optimization of a penalized-likelihood image reconstruction
method (Q.Clear) on a BGO PET/CT scanner. Med Phys. 2018:45:3214-22. https://doi.org/10.1002/mp.12986.

Parvizi N, Franklin JM, McGowan DR, Teoh EJ, Bradley KM, Gleeson FV. Does a novel penalized likelihood reconstruction
of 18F-FDG PET-CT improve signal-to-background in colorectal liver metastases? Eur J Radiol. 2015;84:1873-8. https//
doi.org/10.1016/j.ejrad.2015.06.025.

Nuyts J, Beque D, Dupont P, Mortelmans L. A concave prior penalizing relative differences for maximum-a-posteriori
reconstruction in emission tomography. IEEE Trans Nucl Sci. 2002;49:56-60. https://doi.org/10.1109/TNS.2002.998681.
Yao M, Smith RB, Graham MM, Hoffman HT, Tan H, Funk GF, et al. The role of FDG PET in management of neck
metastasis from head-and-neck cancer after definitive radiation treatment. Int J Radiat Oncol Biol Phys. 2005;63:991-9.
https://doi.org/10.1016/}.ijrobp.2005.03.066.

Teoh EJ, McGowan DR, Bradley KM, Belcher E, Black E, Gleeson FV. Novel penalised likelihood reconstruction of PET in
the assessment of histologically verified small pulmonary nodules. Eur Radiol. 2016,26:576-84. https.//doi.org/10.1007/
500330-015-3832-y.

Sangtae A, Fessler JA. Globally convergent image reconstruction for emission tomography using relaxed ordered
subsets algorithms. IEEE Trans Med Imaging. 2003;22:613-26. https://doi.org/10.1109/TMI.2003.812251.

Page 11 of 12


https://doi.org/10.1038/clpt.2010.12
https://doi.org/10.1097/RLU.0000000000001820
https://doi.org/10.2967/jnumed.115.172031
https://doi.org/10.2967/jnumed.117.202010
https://doi.org/10.1148/radiol.2020192621
https://doi.org/10.1148/radiol.2020192621
https://doi.org/10.1007/s00259-019-04358-9
https://doi.org/10.1007/s00259-019-04555-6
https://doi.org/10.1016/j.nucmedbio.2012.08.004
https://doi.org/10.1007/s00259-014-2830-7
https://doi.org/10.1007/s00259-014-2830-7
https://doi.org/10.2967/jnumed.116.176206
https://doi.org/10.2967/jnumed.117.194555
https://doi.org/10.2967/jnumed.118.222844
https://doi.org/10.2967/jnumed.119.229781
https://doi.org/10.1016/j.nucmedbio.2009.05.007
https://doi.org/10.2967/jnumed.115.159301
https://doi.org/10.2967/jnumed.115.159301
https://doi.org/10.1002/mp.12986
https://doi.org/10.1016/j.ejrad.2015.06.025
https://doi.org/10.1016/j.ejrad.2015.06.025
https://doi.org/10.1109/TNS.2002.998681
https://doi.org/10.1016/j.ijrobp.2005.03.066
https://doi.org/10.1007/s00330-015-3832-y
https://doi.org/10.1007/s00330-015-3832-y
https://doi.org/10.1109/TMI.2003.812251

Kirchner et al. EINMMI Physics (2021) 8:6

23.

24.

25.

26.

27.

28

29.

30.

Jaskowiak CJ, Bianco JA, Perlman SB, Fine JP. Influence of reconstruction iterations on 18F-FDG PET/CT standardized
uptake values. J Nucl Med. 2005;46:424-8.

Howard BA, Morgan R, Thorpe MP, Turkington TG, Oldan J, James OG, et al. Comparison of Bayesian penalized
likelihood reconstruction versus OS-EM for characterization of small pulmonary nodules in oncologic PET/CT. Ann Nucl
Med. 2017;31:623-8. https://doi.org/10.1007/512149-017-1192-1.

Baratto L, Duan H, Ferri V, Khalighi M, lagaru A. The effect of various beta values on image quality and semiquantitative
measurements in 68Ga-RM2 and 68Ga-PSMA-11 PET/MRI images reconstructed with a block sequential regularized
expectation maximization algorithm. Clin Nucl Med. 2020;45:506-13. https://doi.org/10.1097/RLU.0000000000003075.

Li BT, Shen R, Buonocore D, Olah ZT, Ni A, Ginsberg MS, et al. Ado-trastuzumab emtansine for patients with HER2-
mutant lung cancers: results from a phase Il basket trial. J Clin Oncol. 2018;36:2532-7. https.//doi.org/10.1200/JCO.2018.
779777.

Gnesin S, Kieffer C, Zeimpekis K, Papazyan JP, Guignard R, Prior JO, et al. Phantom-based image quality assessment of

clinical (18)F-FDG protocols in digital PET/CT and comparison to conventional PMT-based PET/CT. EJNMMI Phys. 2020;7:

1. https://doi.org/10.1186/540658-019-0269-4.

Velikyan |, Sundin A, Sorensen J, Lubberink M, Sandstrom M, Garske-Roman U, et al. Quantitative and qualitative
intrapatient comparison of 68Ga-DOTATOC and 68Ga-DOTATATE: net uptake rate for accurate quantification. J Nucl
Med. 2014;55:204-10. https.//doi.org/10.2967/jnumed.113.126177.

Lodge MA. Repeatability of SUV in oncologic (18)F-FDG PET. J Nucl Med. 2017;58:523-32. https://doi.org/10.2967/
jnumed.116.186353.

GE White paper on Q.Clear. at https//www.gehealthcare.com.sg/-/jssmedia/739d885baa59485aaef5ac0e0eeb4d4a4.pdf.
Accessed 28 June 2020.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Submit your manuscript to a SpringerOpen®

journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com

Page 12 of 12


https://doi.org/10.1007/s12149-017-1192-1
https://doi.org/10.1097/RLU.0000000000003075
https://doi.org/10.1200/JCO.2018.77.9777
https://doi.org/10.1200/JCO.2018.77.9777
https://doi.org/10.1186/s40658-019-0269-4
https://doi.org/10.2967/jnumed.113.126177
https://doi.org/10.2967/jnumed.116.186353
https://doi.org/10.2967/jnumed.116.186353
https://www.gehealthcare.com.sg/-/jssmedia/739d885baa59485aaef5ac0e0eeb44a4.pdf

	Abstract
	Purpose
	Methods
	Results
	Conclusion

	Introduction
	Material and methods
	Patients
	PET/CT and reconstruction
	Image analysis
	Clinical assessment

	Objective measurements

	Results
	Image features for different β
	Subjective evaluation of image quality
	Objective metrics of image quality
	SUVmax
	Liver SNR


	Discussion
	Conclusion
	Supplementary Information
	Acknowledgements
	Authors’ contributions
	Funding
	Ethics approval and consent to participate
	Competing interests
	Author details
	References
	Publisher’s Note

