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Abstract

Positron emission tomography (PET) is a medical imaging modality which plays
an important role in daily clinical practice. It primarily serves as a tool for
whole-body staging in oncology, utilizing various radioactively labelled tracers
for distinct tumour entities. Since its introduction, PET imaging has benefited
from continuous technical developments, including both new hardware components
and advanced image reconstruction software. Most recently, the introduction
of silicon photomultiplier-based (SiPM-based) PET detectors has led to major
advancements. These exhibit, inter alia, an increased effective sensitivity and
time-of-flight resolution. On the one hand, this can result in improved image
quality and higher detectability. On the other hand, the PET acquisition time
could be reduced while maintaining diagnostic performance. Shorter acquisition
times can enhance patient comfort. Alternatively, lower levels of activity could be
administered, potentially leading to substantial improvements in radiation safety
for both patients and medical personnel. The aim of this thesis is to investigate
the clinical implications of SiPM-based PET with a special focus on tumour lesion
detectability and reductions in acquisition time for three PET tracers labelled with
different radionuclides.

In the first experiments, we examined the effects of a reduced acquisition time
on clinical SiPM-based PET imaging for the standard tracers *F-FDG and %Ga-
PSMA. For 8F-FDG PET, in 20 lymphoma patients a reduction by a factor of
2.8 compared to the clinical standard was feasible without negative effects on
region-based lesion detection rates and PET-based clinical scores. For %Ga-PSMA,
in 20 prostate cancer patients a reduction by a factor of 3.7 was associated with
missed detection of two small lymph node metastases with low tracer uptake in
two different patients. In one case, this would have resulted in under-assessment
of the stage using standard clinical scoring methods, potentially affecting patient
management. For both ®F-FDG and %Ga-PSMA, image noise - as an indicator of
image quality - was only slightly increased for the reduced acquisition time and
image-based lesion quantification was comparable. These results indicate that
the limit for reductions in acquisition time to maintain diagnostic quality for 8F

and %Ga is about 3. However, potential under-diagnosis of small and low-uptake



lesions requires careful patient selection for reduced protocols. For patients with a
high tumour load, a shortened acquisition time may be appropriate for follow-up
scans where diagnosis does not rely on the characterisation of individual lesions.
However, for primary staging evaluations or suspected recurrence cases, a standard
acquisition protocol should be employed. In these clinical experiments, no direct
comparison to previous-generation PET scanners were performed, as - because
of the short half-lives of F and ®®Ga (109.77 min and 67.71 min, respectively)
- detectability and image quality in subsequent PET scans after single tracer
administration would be influenced by decay and biological metabolism. However,

this does not hold true for tracers with long half-life and slow metabolism.

Therefore, we focused our next experiments on the non-standard radionuclide *241.

It is typically used for imaging of differentiated thyroid cancer but exhibits more
challenging PET properties (for example, a low positron branching ratio). With a
half-life of 4.2d, 241 enables a direct comparison of different PET systems after
single tracer administration. In an evaluation of 10 patients with differentiated
thyroid cancer, the SiPM-based system outperformed two PET systems with detec-
tors from previous generations (photomultiplier tubes and avalanche photodiodes)
in lesion detectability and visual image quality. It almost reached the detectability
results of scan with fivefold-prolonged duration on the avalanche photodiode-based
system which was used as reference. Additionally detected lesions were of small
sizes and low tracer uptake values indicating pronounced benefits of SiPM-based
PET for metastases with these properties. To quantify these results, we performed
a phantom investigation to compare the minimum detectable activity across a

SiPM- and a photomultiplier tube-based PET system under defined conditions.

The phantom was designed to resemble clinical differentiated thyroid cancer metas-
tases at the lower ends of typical size and 2% activity concentration ranges. Overall,
the minimum detectable activity was improved by a factor of 0.5 with pronounced
benefits for small lesions. Moreover, the minimum detectable activity correlated
linearly with the acquisition time. We, therefore, suggest a prolonged acquisition
time for body regions which are typically affected by metastases - like the neck
region in thyroid cancer patients. Finally, we investigated the impact of improved
detectability on radioiodine therapy planning. In thyroid cancer patients, 1241
PET can be used for pre-therapeutic dosimetry to predict response to 3! therapy.
In a dosimetry model, we showed that lesions with predicted therapy response

>4.5mm in diameter are detectable on both systems at a standard acquisition



time. Smaller lesions, however, were only detectable on the SiPM-based system.
As they yet were predicted to show response to radioiodine therapy, SiPM-based

PET can have beneficial effects on clinical patient and therapy management.






Eidesstattliche Versicherung

Ich versichere an Eides Statt, dass die Dissertation von mir selbsténdig und ohne
unzulassige fremde Hilfe unter Beachtung der ,Grundsétze zur Sicherung guter

wissenschaftlicher Praxis an der Heinrich-Heine-Universitat Dusseldorf* erstellt

worden ist.

Disseldorf, den 03. Februar 2023






This thesis is based on four publications that resulted from the performed experi-

ments:

1. Bvaluation of "8 F-FDG PET/CT images acquired with a reduced scan time
duration in lymphoma patients using the digital biograph vision, M. Weber, W.
Jentzen, R. Hofferber, K. Herrmann, W. P. Fendler, C. Rischpler, L. Umutlu,
M. Conti, P. Fragoso Costa, M. Sraieb and D. Kersting, BMC Cancer 21, 62
(2021)

2. Evaluation of [(894]Ga-PSMA PET/CT images acquired with a reduced scan
time duration in prostate cancer patients using the digital biograph vision, M.
Weber, W. Jentzen, R. Hofferber, K. Herrmann, W. P. Fendler, M. Conti, A.
Wetter, D. Kersting, C. Rischpler and P. Fragoso Costa, EJNMMI Research
11, 21 (2021)

3. Comparing lesion detection efficacy and image quality across different PET
system generations to optimize the iodine-124 PET protocol for recurrent
thyroid cancer, D. Kersting, W. Jentzen, M. Sraieb, P. Fragoso Costa, M.
Conti, L. Umutlu, G. Antoch, M. Nader, K. Herrmann, W. P. Fendler, C.
Rischpler and M. Weber, EJNMMI Physics 8, 14 (2021)

4. Silicon-photomultiplier-based PET/CT reduces the minimum detectable ac-
tivity of iodine-12/, D. Kersting, W. Jentzen, P. Fragoso Costa, M. Sraieb, P.
Sandach, L. Umutlu, M. Conti, F. Zarrad, C. Rischpler, W. P. Fendler, K.
Herrmann, and M. Weber, Scientific Reports 11, 17477 (2021)






Contents

Introduction

1 Fundamentals
1.1 Positron emission tomography (PET) . . . . . ... ... ... ..
1.2 PET detector technologies . . . . . . .. .. .. ... ... ...
1.2.1 Photomultiplier tubes . . . . . . .. ... .. ... ....
1.2.2  Avalanche photodiodes . . . . . . . ... ... ... . ...
1.2.3 Silicon photomultipliers . . . . .. ... ... ... ....
1.3 Options in PET image reconstruction and post-processing :
1.4 PET tracer . . . . . . . .
141 BF-FDG . ... .. .. ...
142 %BGa-PSMA . . . . ... ...
143 4100
1.5 Investigated types of malignancies . . . . . . . . . ... ... ...
1.5.1 Lymphoma . . .. .. .. ... ... ... ... ...
1.5.2 Prostate cancer . . . . . . . ... ... L.

1.5.3 Differentiated thyroid cancer . . . . . . . . .. .. ... ..

2 Experimental techniques
2.1 PET scanners . . . . . . . . . . . . . ... ... ...
2.2 Patient cohorts, PET data acquisition and image reconstruction .
2.2.1 BF-FDG PET and %®Ga-PSMA PET . . . ... ... ...
222 WIPET . ... .. ...
2.3 Analyses of patient PET images . . . . . . ... ... ... ....
2.3.1 Visual detectability . . . . .. ... ... 0oL
2.3.2 Classifications and scoring systems . . . . . .. .. .. ..
2.3.3 Radionuclide uptake and lesion size . . . . . . . .. .. ..
2.3.4 Image quality and image noise . . . . . . . ... ... ...
2.4 Analyses of phantom PET images . . . . . . . ... .. ... ...

2.4.1  Small tumour phantom . . . . . .. ...

12
12
14
14
16
21
22
23
24
26
26
27
28

30
30
32
32
33
35
35
35
37
39
40
40

11



2.4.2  Human observer study, signal-to-noise ratio, and minimum

detectable activity

2.4.3 Projection of 1?4I activity concentrations onto predicted re-

sponse in radioiodine therapy . . . . . .. ... ... ...
3 Publications
4 Conclusions and Outlook

Bibliography

Danksagung

43

128

132

149



Introduction

Positron emission tomography (PET) is a widely used clinical molecular imaging
modality whose importance is steadily increasing. In PET imaging, biological
processes are visualised by in vivo administration of radioactively labelled tracers
which interact with a distinct target structure [1]. Today, PET is almost exclusively
performed in hybrid imaging technique in combination with computed tomography
(CT) or magnetic resonance (MR) imaging (PET/CT or PET/MR) [2]. The
superior characteristics of hybrid imaging in comparison to stand-alone CT or MR
imaging, for example, in tumour lesion detectability lead to an increasing demand
for oncological PET imaging [3]. The majority of clinical PET examinations is
performed for staging or re-staging of tumour patients [4]. Moreover, it is used
for planning of systemic radionuclide therapies [5]. However, PET imaging is
not limited to tumour imaging. Other fields of application include imaging of
infectious diseases [6] and dedicated heart [7] or brain scans [8] for cardiological or
neurological assessments.

The most common molecular targets are glucose transporters (GLUTSs) to visualise
cellular glucose metabolism after administration of the radioactively labelled glucose
analogue ®F-FDG [9]. Most tumour tissues exhibit increased glycolysis and can,
therefore, be detected in "*F-FDG PET [10]. For example, "*F-FDG PET/CT
is recommended in lymphoma patients for interim analysis and at the end of
chemotherapy to evaluate the therapy response [11]. It can be used to identify
patients with lymphomas who require intensified treatment regimens [12] and to
prognosticate event-free survival and overall survival after immunochemotherapy
[13]. Moreover, ®F-FDG PET is well established for imaging of lung cancer
patients [14]. More specific oncological targets include somatostatin receptors
(SSTRs) [15], prostate specific membrane antigen (PSMA) [16], and sodium/iodide
symporter (NIS) [17].

With the approval of '""Lu-based SSTR- and PSMA-targeting radionuclide ther-
apies for neuroendocrine tumours [18] and metastasised prostate cancers [19],
PET imaging is becoming more and more important to validate the individual
expression of the respective molecular target [20,21]. The field of radionuclide

therapies also includes '*'I-based radioiodine therapy in differentiated thyroid
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cancer patients [22], for whom pre-therapeutic dosimetry can be performed by 2

PET. It is used to estimate the optimal amount of administered 1 activity in an
individualised theranostic approach [23]. In this context, theranostic refers to an
application of a radionuclide/tracer pair (here, '**T and '3!T) which allows both
diagnostic (12I) and therapy (12*I) using the same element. Over the past decades,
new developments have expanded the applicability of PET imaging. However, they
also present new challenges, for example, an increasing number of examinations
and imaging of critically ill patients. The relatively long acquisition time of a PET

scan can be a particular burden for patients patients experiencing chronic pain.

Since its introduction in the 1950s, PET imaging has steadily been subject to
various technical improvements affecting both hardware components like PET
detectors [24-26] and software components like image reconstruction algorithms
[27-29]. Recently, silicon photomultiplier-based (SiPM-based) PET/CT systems
were introduced which show a higher detector sensitivity, smaller detector elements,
and improved timing resolutions. Compared to previous-generation systems, this
leads to improvements in, inter alia, spatial resolution and time-of-flight (TOF)
reconstructions [30-32]. These characteristics translate into clinical benefits like
improved image quality and higher detectability in oncological PET imaging
[33-35].

Since detectability in PET imaging depends on the acquisition time [36], different
practical consequences may be drawn from the improved characteristics of SiPM-
based PET. For example, the improved detectability can be used to reduce the
acquisition time or the administered amount of activity (as these values are, in
a rough approximation, in linear correlation [37]) while maintaining diagnostic
quality. A reduced acquisition time could help to meet the increasing demand
for examinations and enhance patient comfort. A lower amount of administered
activity may also contribute to an increase in the number of possible investigations,
if the available amount of radionuclide is limited, for example, by ®Ge/%Ga-
generator yield for ®Ga-based PET tracers [38]. Moreover, it can reduce radiation
exposure for both patients and medical staff. If the acquisition time/administered
activity is not reduced, the increased detectability can have a clinical benefit on
patient management. This is particularly relevant for non-standard radionuclides
like 24T which show lower image quality and higher image noise. For example,
there is an unmet clinical need for improved diagnostics in differentiated thyroid

cancer patients with rising serum tumour markers, in whom no tumour tissue
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can be identified in standard imaging. In these patients, the application of a
,blind* radioiodine therapy is a controversial option [39]. As a limited PET scanner
sensitivity may be a reason for **I-negative differentiated thyroid cancer lesions
which are !3!I-positive in subsequent radioiodine therapy [40-42], the problem
might be addressable by SiPM-based PET.

In this thesis, we investigate two main topics. First, the possible reduction in
acquisition time (or administered activity) by SiPM-based PET is examined for
the standard PET tracers '*F-FDG (in lymphoma patients) and ®*Ga-PSMA (in
prostate cancer patients). Second, the improved detectability for the non-standard
radionuclide 24 is evaluated and compared to previous-generation PET systems.
Moreover, the limits of detectability regarding lesion size and accumulated 241
activity concentration are determined to assess the impact of SiPM-based PET on
patient management and radioiodine therapy planning in differentiated thyroid
cancer patients in challenging conditions. The thesis follows the structure which is

outlined below. A synopsis of the thesis is presented in Figure 1.

Chapter 1 explains the fundamentals of PET imaging in the context of current
clinical applications. First, principles of PET acquisition are described. Next,
different detector technologies currently used in clinical routine, fundamentals of
PET image reconstruction, and the three PET tracers that are applied in this
thesis are introduced. The chapter ends with a characterisation of the different

tumour entities that are investigated in the clinical part of the thesis.

Chapter 2 explains the experimental techniques which were applied for the studies.
First, the characteristics of the investigated PET/CT and PET/MR systems are
introduced in chapter 2.1. For the evaluated patient groups and phantoms, different
PET acquisition protocols and image reconstruction parameters were employed.
These are presented in chapter 2.2. For analysis of patient and phantom PET
images, different detectability metrics, standardised PET image reporting scores,
uptake metrics, visual image quality scoring systems, image noise evaluations, and
the minimum detectable activity were used. To relate the minimum detectable
activity with predicted success of clinical radioiodine therapy, the '2*I activity
concentrations were projected to absorbed !3!I radiation doses in a dosimetry
model. These techniques are described in chapter 2.3 (for patient images) and

chapter 2.4 (for phantom images).

Chapter 3 contains the four publications resulting from this work. The first and the

second publication investigate a 2.8-fold reduced acquisition time in 20 lymphoma
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Clinical Implications of SiPM-based PET
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Figure 1: Synopsis of the thesis. In paper 1 [43] and paper 2 [44], a reduced clinical
acquisition acquisition time in SiPM-based PET is investigated for the
standard radionuclides '8F and %®Ga. In paper 3 [45], three PET systems
that use detectors from different generations are compared in a clinical
investigation for the non-standard radionuclide '?*I (APD: avalanche
photodiode, PMT: photomultiplier tube). In paper 4 [46], the minimum
detectable 241 activity is determined for two PET systems and different
acquisition times in a phantom study; moreover, implications on radioio-
dine therapy planning are investigated. Created with BioRender.com

patients and a 3.7-fold reduced acquisition time in 20 prostate cancer patients who
underwent ¥F-FDG or %¥Ga-PSMA PET imaging, respectively, on a SiPM-based
PET/CT system. These examinations were chosen as examples of typical PET
imaging performed on clinical indication, using two PET tracers labelled with
the standard radionuclides ®F and %®Ga. The two radionuclides show differences
in their physical properties such as positron branching ratio, emission of prompt
gamma quanta that possibly fall into the PET scanners’ energy windows, and
positron energy. These properties lead to different imaging characteristics, for
example, regarding image quality and resolution. However, both radionuclides
are well established for clinical PET imaging. In both publications, different

reconstruction algorithms were compared. To evaluate the clinical impact of
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a reduced acquisition time, region-based tumour lesion detectability, different
standardised clinical scores, quantification accuracy, and image noise - as an
indicator of image quality - were examined. As the short half-lives of ¥F and
%8Ga (109.77 min and 67.71 min, respectively) would bias results from subsequent
PET imaging on different PET systems after single tracer administration, no
direct comparison between PET scanners equipped with different detectors was
performed.

The third publication compares lesion detectability and visual image quality in
24 PET of 10 differentiated thyroid cancer patients across three PET/CT and
PET/MR scanners equipped with different types of PET detectors. The physical
half-life of 241 is 4.2d and its effective half-live was reported in a range of 59-
116h [47-50]. At a typical imaging time of 1d after '?*I administration, steady
state is expected and decay and biological metabolism do not substantially influence
the comparability of images acquired subsequently within a short time interval.
PET imaging of '*I is challenging, as this non-standard radionuclide exhibits
a low positron branching ratio and a high fraction of prompt gamma quanta.
Moreover, typically low activities are administered. To optimise the clinical PET
protocol, different acquisition times and image reconstruction algorithms were
probed. The fourth publication quantifies the minimum detectable 241 activity
under challenging but clinically realistic imaging conditions in a phantom study,
comparing a SiPM-based to a photomultiplier tube-based (PMT-based) PET/CT
system. Moreover, the %1 activity concentration is correlated with predicted
response to high-activity '3'1 radioiodine therapy to investigate the clinical impact
of SiPM-based PET in challenging differentiated thyroid cancer patients regarding
both diagnosis and therapy planning.

The closing chapter 4 contains the conclusion of the thesis and an outlook on
possible future developments as well as clinical and scientific applications of SiPM-

based PET imaging.



1 Fundamentals

In this chapter, the fundamentals of PET data acquisition and image reconstruction,
the investigated PET tracers, and the examined tumour entities are discussed.
The chapter starts with a description of the fundamentals of PET and of hybrid
imaging in PET/CT or PET/MR techniques. Next, basic principles of PET
detector technologies with an emphasis on the differences between devices from
different generations are explained followed by a brief introduction into PET
image reconstruction. Thereafter, the PET tracers '8F-FDG, ®Ga-PSMA, '?*I and
differences between the respective radionuclides are discussed. Finally, lymphoma,
prostate cancer, and differentiated thyroid cancer and the clinical indications for

performing PET examinations in patients with these diseases are introduced.

1.1 Positron emission tomography (PET)

»Molecular imaging” comprises PET and other nuclear medicine imaging techniques
which are applied for in vivo visualisation of cellular and sub-cellular biological
processes. These are metabolic pathways and other physiological and pathological
parameters including deposition of specific proteins (for example, amyloid [51])
or perfusion of specific organs (for example, the heart [52]). According to the
tracer principle, for the establishment of which George de Hevesy was awarded
the Nobel Prize in Chemistry in 1943, small amounts of radioactively labelled
substances are (predominantly intravenously) applied to the patients [53]. The
amount is, on the one hand, sufficient to visualise the respective (molecular)
biological process, but, on the other hand, does not evoke biological effects [54].
Typically, molecular imaging tracers consist of a radionuclide that is bound to a
molecule interacting with a target structure inside the human body (for example,
cellular surface receptors) or is distributed without direct binding to a target (for
example, perfusion tracers). In principal, the radionuclide is crucial for imaging,
while the molecule bound to it targets a specific biomarker [55].

Typical molecular imaging techniques that are used in clinical routine are two-
dimensional planar scintigraphy, three-dimensional single photon emission com-
puted tomography (SPECT), and three-dimensional PET [56]. For both planar
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scintigraphy and SPECT, y-emitting radionuclides (predominantly *™Tc) are
applied and detected by y-cameras that use the set-up of an Anger camera for
signal detection and processing [57]. For SPECT imaging, multiple y-camera
elements are combined to construct detector heads which are rotated around the
patient body [58].

In contrast to planar scintigraphy and SPECT, PET imaging uses positron-emitting
radionuclides [59]. The technique exploits the fact that positrons, after a short
free mean path in biological tissue, collide with their antiparticles, electrons. Two
annihilation photons with an energy of 511keV are produced and emitted at
an angle of about 180° [9]. In tomographic PET imaging, these strike opposite
detector elements of multi-headed y-camera systems (PET systems). For image
generation, only coincidence events of two photons arriving within a small time
window (coincidence time) at opposing elements of the detector ring are used. True
coincidence events belong to an annihilation having occurred along the line-of-
response between the two detector elements; in the image reconstruction process
data from thousands of lines-of-response are processed to determine the exact place
of the annihilation event [60]. Thus, the contribution of random detections (for
example, belonging to natural background radiation) is reduced. This leads, in
comparison to SPECT imaging, to lower image noise and higher image quality.
Basic principles of PET signal generation and detection are shown in Figure 1.1.

Details on PET detectors and signal processing are outlined in section 1.2.
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Figure 1.1: Basic principles of PET acquisition. (a) Annihilation event with emis-
sion of two 511-keV photons at an angle of about 180°. (b) Coincidence
detection at two opposing detector elements of a PET detector ring.
Figure reproduced from [61] with permission from Annual Reviews,
Inc.

First clinical applications of positron-radiation-based imaging of brain tumours
were published in December 1951 by the physicist Gordon L. Brownell and the

neurologist William Sweet from Massachusetts General Hospital in Boston [62].
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For these first approaches, coincidence recording was performed using two opposite
detector plates [63]. First developments of positron-radiation-based imaging in
tomography technique were described in the early 1970s [1]. These first tomographic
systems already showed elements which are still used in today’s PET systems like a
set-up of combined detector elements in a multi-line and ring-shaped arrangement.
First applications of the technique were presented in 1975 by the medical physicists
and ,fathers of PET imaging“ Michel Ter-Pogossian and Michael E. Phelps [64].
Both scientists were also involved in the introduction of the first commercial PET
system (ECAT 1) at the University of California Los Angeles in 1976 [1].

Since then, PET imaging has more and more been integrated into clinical rou-
tine. In addition, the technique has benefited from many software and hardware
improvements. These include, for example, improved detector technologies and
reconstruction algorithms, which will be introduced in the following chapters, as
well as the possibility of PET data acquisition in continuous-bed-motion mode.
Using this technique, the patient is continuously moved through the detector ring,
comparable to a helical CT scan. Compared to PET acquisition in conventional
step-and-shoot mode, in which the patient is moved sequentially through the scan-
ner and overlapping trans-axial images are acquired at fixed positions along the

longitudinal axis, this leads to a more homogeneous effective axial sensitivity [65].

Today, the majority of clinical PET examinations is performed as part of diag-
nostic work-up of patients with oncological diseases [66]. These examinations
are predominantly performed as whole-body imaging and allow the characteri-
zation and identification of primary tumours and metastases. Molecular target
structures to interact with PET tracers are, for example, indicators of metabolic
pathways like GLUT transporters (for imaging of glucose metabolism) or NIS (for
imaging of iodine metabolism), of receptor status (like expression of SSTRs), or
of surface antigen status (like expression of PSMA). GLUT transporters can be
targeted by '®F-FDG for imaging of various tumours [4], NIS by '!I for imaging
of differentiated thyroid cancer [67], SSTRs by ®*Ga-DOTATOC/DOTATATE for
imaging of neuroendocrine tumors [68], and PSMA by %Ga-PSMA for imaging of
prostate cancer [69]. Some of these target structures can also be used in theranostic
oncological concepts: For example, %¥Ga-DOTATOC/DOTATATE, %Ga-PSMA,
or %I PET imaging can be performed in preparation for radionuclide therapies
which target the same structures but use o or - emitting radionuclides [70].

Another field of application is the precise determination of the target volume for
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radiotherapy of tumour diseases [71].

Moreover, PET imaging can be performed on non-oncological clinical indications.
Examples are imaging of inflammation [72] (typically whole-body examinations
to identify an infectious focus), imaging of brain glucose consumption and cere-
bral amyloid deposits in dementia diagnostics [73], and examinations of cardiac
inflammation [74] or myocardial viability [75] (partial-body examinations). In
addition, a variety of other PET tracers are available for the investigation of
different molecular targets, which are used in specific clinical or scientific inves-
tigations and are labelled with different radionuclides. Examples include tracers
that bind to fibroblast activation protein (FAP) [76,77], which is expressed in the
tumour micro-environment of solid tumours, or radioactively labelled monoclonal
antibodies that specifically bind to various target structures [78].

Examples for typical positron emitters that are used to label tracers for diagnostic
PET imaging are ®F, 8Ga, 21, 11C, 150, 13N, 1Cu, 87Zr, or %Y [54]. These
radionuclides show different characteristics, for example, regarding the probability
of positron emission per decay or half-life. Details for the radionuclides '8F, %Ga,
and 2] that are used in this thesis are given in section 1.4. In addition to diagnostic
imaging, the clinical application of PET comprises the field of intra-therapeutic
imaging in radionuclide therapy for visualisation of tracer bio-distribution, therapy
monitoring, and quality control, if radionuclides like *°Y which exhibit positron

emission or internal photon pair production are used [79].
Positron emission tomography - Computed tomograpy

Today, clinical PET images are almost exclusively acquired in PET/CT or PET/MR
hybrid imaging technique. Advantages are, on the one hand, benefits for clinical
image interpretation, since CT or MR images allow exact anatomical localisation
of abnormal structures and provide complementary morphological and structural
information [80]. On the other hand, they are used for attenuation correction of
the PET images. When passing through human tissue, the 511-keV annihilation
photons experience an attenuation mainly evoked by Compton scattering and
photoelectric effect. Their proportions depend on the photon energy but also
on the tissue type [81]. By attenuation correction, PET image quality can be
improved and accurate image quantification can be achieved.

To use CT data for attenuation correction, the attenuation coefficients for the
511-keV photons are determined from the polychromatic X-ray radiation of CT

imaging. Typical methods use bilinear functions for the denomination of PET
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attenuation maps (p-maps) from CT data [82]. These use two different linear
correlation coefficients for 2 ranges of Hounsfield units.

The majority of clinical PET examinations is currently performed in PET/CT

technique.
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Figure 1.2: 2! maximum intensity projection (MIP) PET images, axial fused
PET/CT and PET/MR images as well as corresponding axial CT
and MR images of a differentiated thyroid cancer patient showing
a cervical lymph node metastasis with intense radioiodine uptake
(arrows). The time interval between PET/CT and PET/MR was
5h (image acquisition after single tracer administration). The MIP
images show additional cervical lymph node metastases and pulmonary
metastases.

Positron emission tomography - Magnetic resonance imaging

An alternative to PET/CT is hybrid imaging in PET/MR technique. On the one
hand, PET /MR offers some advantages such as improved morphological assessment
of soft tissue in MR images (which can improve lesion detectability) and reduces
radiation exposure, as no CT scan is performed.

On the other hand, PET /MR is more expensive and requires more time compared to

PET/CT. Moreover, attenuation correction of PET images is limited, as attenuation
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1.1. Positron emission tomography (PET)

coefficients cannot directly be measured by MR imaging [83]. Typically, like for
the Biograph mMR PET/MR system used for the experiments in this thesis,
segmentation-based approaches are applied [84]. In these techniques, MR data are
used to assign each PET voxel a tissue type (for example, air, lung, fat tissue, or
soft tissue). For each tissue type, a fixed attenuation coefficient is used [81]. This
process is prone to inaccuracies, which can affect, for example, the quantification
of the PET signal from bone lesions [85].

Because of its limitations and since it is only available in large centres, PET /MR
imaging has gained clinical importance predominantly for specific indications like
assessment of brain tumours [86]. Also for '**I PET imaging of differentiated
thyroid cancer patients, advantages for assessment of lesions in the neck region
due to an improved soft tissue visualisation in MR images were described [87,88].
Figure 1.2 shows image examples comparing > PET/CT and PET/MR images
of a differentiated thyroid cancer patient. The images indicate an improved
morphological representation of soft issue in the MR images compared to the CT
images which allows an exact delineation of a cervical lymph node metastasis and

a volume estimate that can be used for dosimetry purposes.
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1.2. PET detector technologies

1.2 PET detector technologies

PET systems are typically constructed of detector rings which contain multiple
detector modules. Each module consists of detector blocks containing multiple
scintillation crystals [1]. These are necessary to convert the 511-keV annihilation
photons into short pulses of visible light (wavelength about 400 nm corresponding to
a lower energy of about 3eV), which can be sensed and processed by the downstream
detection electronics [89]. Figure 1.3 A, B, and D show typical structures of PET
detector elements, which consist of an array of multiple scintillation crystals that
are coupled to a layer of photodetectors.

In current-generation PET systems, mainly lutetium orthosilicate (LSO)/lutetium-
yttrium oxyorthosilicate (LYSO) or bismuth germanium oxide (BGO) scintillation
crystals are used. These have favourable properties for PET imaging like a high
stopping power (high material density), high light output, short decay time, high
proportionality, and high energy resolution (££) [93]. Figure 1.3 C shows a
photography of a scintillation crystal array.

Until the 2020s, for the detection of scintillation photons predominantly PMTs
were used. However, these do not operate in the high magnetic fields of integrated
PET/MR systems [94]. This led to the development of semiconductor-based
detectors using avalanche photodiodes (APDs) or SiPMs. Since SiPMs exhibit
improved properties compared to PMTs, in particular higher detector sensitivity
and coincidence timing resolution, SiPMs have also found their way into current-
generation PET/CT systems [30].

In the following, the detector types of the PET systems that are investigated in
this thesis are introduced in more detail. All systems use LSO scintillation crystals
which are coupled to PTMs (Biograph mCT PET/CT), APDs (Biograph mMR
PET/MR), or SiPMs (Biograph Vision PET/CT). Large parts of the presentation of
physical basics and history of PET detector technologies are described in reference
to the review by Emilie Roncali and Simon R. Cherry [95], in which further details

can be found.

1.2.1 Photomultiplier tubes

PMTs use photocathodes to generate electrons from incoming photons. The
electrons are accelerated by several dynodes and, thus, exponentially multiplied.

Finally, they reach the anode leading to detectable charge pulses. In block-detector
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Figure 1.3: (A) Schematic representation and (B) image of a PMT-based PET
block detector with 4 PMTs connected to the scintillator block. (C)
LSO scintillation crystal array consisting of 13 x 13 crystals with an
individual area of 4 x 4mm?. (D) Schematic representation of an
APD-based PET block detector. (E) APD array consisting of 9 APDs,
each with an active area of 5 x 5mm?. (F) SiPM with an active area
of 3 x 3mm? and magnification of single APD elements. A and F
were reproduced from [90] under Creative Commons Attribution 4.0
International license (A: Image courtesy of D. Townsend). B, C, and
E were originally published in JNM [91]. © (2008) SNMMI (E: Image
courtesy of University of Tiibingen). D was originally published in
IEEE Transactions on Nuclear Science [92]. © (2014) IEEE.

designs, several rows of scintillation crystals (arrays) are connected to multiple
PMTs [1] (a schematic representation and an image of a PMT are shown in Figure
1.3 A and B). The principle of signal readout to assign each charge pulse to a
specific scintillator element is comparable to that of an Anger camera. In brief,

an annihilation photon triggers a scintillation that generates specific amplitudes
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1.2. PET detector technologies

in all PMTs connected to the respective crystal. These are used to discriminate
the position of the initial scintillation event. PMTs exhibit a high signal gain
(amplification by a factor of 10% to 107) and fast timing characteristics; main
disadvantages include a limited quantum efficacy and the in-operability in strong
magnetic fields [95].

1.2.2 Avalanche photodiodes

The development of PET /MR systems with the need for magnetic field-immune
PET detectors led to the development of APDs (a schematic representation of
an APD-based PET detector and a photography of an APD array are shown in
Figure 1.3 D and E). APDs are photodiode detectors with p-i-p-n*-doping that
can be considered a semiconductor-based equivalent of a PMT. PET systems use
silicon-based APDs that are operated in proportional mode slightly below their
breakdown voltage. By application of the bias voltage, charges are generated in the
i-zone (by absorbed scintillation photons) and drift into the multiplication zone,
where the p-n™ transition evokes a strong electric field. Consequently, they are
accelerated and multiple additional electron-hole pairs are induced (,,avalanche®).
Thus, for a short time interval, the gain of the APD is strongly increased and a
detectable electrical pulse is produced [95].

Compared to PMTs, APDs offer not only immunity against magnetic fields but also
a higher quantum efficiency. However, disadvantages are lower gain (amplification
by a factor of 10? to 10%) and slow timing characteristics [60,95]. Thus, they
preclude PET imaging in TOF technique (see chapter 1.3 for details on TOF-
based PET image reconstruction). Moreover, APDs are susceptible to changes
in temperature and voltage, as their gain depends on these parameters, requiring
complex regulation for stable operation with satisfactory signal-to-noise ratio [95].
APDs are applied in PET/MRI systems but, inter alia due to the mentioned
limitations, have not been adopted to PET/CT systems, in which PMTs were

continued to be used until SiPMs became available.

1.2.3 Silicon photomultipliers

SiPMs combine some of the advantages of PMTs and APDs like high gain, low
operating voltage, and insensitivity to magnetic fields [95]. Moreover, they ex-

hibit excellent timing characteristics which is beneficial for PET imaging in TOF
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1.2. PET detector technologies

technique [26].

SiPMs consist of a two-dimensional array of APDs which are operated in Geiger
mode slightly above their reverse breakdown voltage. They exhibit a pT-n*-
junction with a thin depletion area leading to formation of a high electric field by
application of a low bias voltage. This leads to acceleration of generated charges
and induction of additional electron-hole-pairs (avalanche). Thus, every incoming
photon causes a complete discharge of the micro-element. Figure 1.3 F shows a
SiPM array with a magnification of the single Geiger-mode APD elements.

The high number of Geiger-mode APD microcells in every single SiPM makes
the output signal become proportional to the number of incoming photons over
a high dynamic range. For example, the Biograph Vision, which was applied for

this thesis, uses SiPMs of an area of 3 x 3mm?

. Assuming a typical microcell
area of 50 x 50 pm? [96] and a typical fill factor of 0.8, each SiPM contains >3,000
microcells and a complete detector ring of 60,800 detector elements about 2 x 108
microcells. As the number of photons that are produced in the scintillation crystal
is proportional to the energy of the annihilation photon, this energy can be resolved
in the output signal [97]. After the Geiger discharge, the process is quenched, for
example, via a quenching resistor, and recharged to reset the diode for detection

of the next photon [60,95].
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1.3 Options in PET image reconstruction and

post-processing

In addition to the hardware advances, also the software side of PET image recon-
struction has been subject to continuous improvements. Initially, tomographic
PET imaging employed direct inversion techniques, such as filtered back projection,
to invert the Radon transform. Subsequently, the methodology evolved through
Fourier rebinning towards the use of iterative methods, such as maximum-likelihood
expectation maximisation [1]. Optimised versions of these algorithms are still
implemented in today’s PET systems. For example, the PET/CT and PET /MR
scanners applied in this thesis use a three-dimensional ordinary Poisson ordered-
subset expectation maximisation approach [30].

Continuous hardware improvements were the basis for implementing advanced
features in the reconstruction algorithms to improve image noise, contrast recovery,
and lesion detectability. Significant examples are TOF image reconstruction with
narrow time kernels [26], point spread function (PSF) reconstruction to compensate
for penetration effects in adjacent scintillator crystals [27,98], or positron range
correction to improve spatial resolution for radiotracers with high positron energy
like %8Ga or 121 [28,99]. In addition, PET imaging exhibits a higher image noise
compared to MR or CT imaging. Therefore, smoothing filters are applied in
image post-processing to reduce image noise and increase the signal-to-noise ratio;
typically, Gaussian filters with a filter size (full width at half maximum) between
2 and 5 mm are used [100].

Time-of-flight-based PET imaging

TOF-based PET integrates the differential timing of two emitted annihilation
photons detected on two opposite detector elements in the reconstruction process
[61]. The timing difference can be translated into the distance from the middle of
the line of response to the most probable point of annihilation. This information
is considered in the iterative reconstruction algorithms to determine the point of
annihilation more precisely [60]. The basic principle of TOF-based PET imaging
is illustrated in Figure 1.4.

For high-quality TOF-based PET imaging, the coincidence timing resolution of
the PET detectors is crucial. Therefore, this technique particularly benefits from
SiPM-based detectors [90]. The major advantage of TOF-based PET is reduced
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1.3. Options in PET image reconstruction and post-processing

image noise, which results in a larger contrast-to-noise ratio for lesions [101,102].
Hence, their detectability can be increased [103].

Both the SiPMs of the Biograph Vision and the PMTs of the Biograph mCT
PET/CT allow TOF-based imaging, whereas the timing resolution of the APDs of
the Biograph mMR PET /MR is not sufficient for this technique.

With TOF

Detector

7 ’ Posi <
/.’ disintegration t Q

,/' Field of view limit

Figure 1.4: Principle of TOF-based PET. The time interval between the arrival of
the 511-keV photons at two opposite detector elements on the detector
ring is translated into the distance of the middle of the line-of-response
to the most probable point of the annihilation event. This point is the
center of the TOF-based probability density function (red), whereas
for non-TOF PET imaging this function is uniform (blue). Figure
reproduced from [61] with permission from Annual Reviews, Inc.

Point-spread-function modelling

The point spread function specifies how a point signal at each point of the PET
scanner’s field-of-view is processed. Several effects can interfere the imaging
properties including positron range, photon non-colinearity, crystal distance, inter-
crystal scattering, inter-crystal penetration, and depth-of-interaction effects [102,
104]. For points at the edge of the field-of-view, the probability is increased
that annihilations photons pass scintillator crystals of the detector ring obliquely
before being detected in neighbouring crystals (inter-crystal penetration and
depth-of-interaction uncertainty) [104] (Figure 1.5 A). This leads to errors in the
determination of the line-of-response reducing the PET resolution at the margins
of the field of view (Figure 1.5 B). Image reconstruction with PSF-modelling
option, which is implemented in current-generation PET systems, considers the
scanner-specific PSF in the iterative reconstruction algorithms. The PSF can

be determined in simulations, in analytical calculations, or experimentally using
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1.3. Options in PET image reconstruction and post-processing

positron-emitting point sources [105]. The integration of the effective PSF into the
system matrix leads to an improved assignment of the lines-of-response to their true
geometrical position (sinogram deblurring) [5]. The PSF-based reconstruction (also
termed resolution recovery) can both improve and homogenise the PET resolution
(particularly, at the edges of the field-of-view) [106]. Moreover, image noise can be

reduced and the contrast-to-noise ratio can be increased [102].

A _____ true line-of-response B
— measured line-of-response

Point spread
functions

—PSF at 0 cm
" -psF at 24 cm

Figure 1.5: Principles of resolution degradation. (A) Representation of inter-crystal
penetrations and depth of-interaction uncertainty leading to errors in
the determination of the line-of-response. (B) At the edges of the
field-of-view, inter-crystal penetration, depth-of-interaction, and other
effects lead to a broad and asymmetric PSF which can be considered
in PSF-based reconstruction algorithms. The left image in (B) addi-
tionally shows TOF effects. A (modified) was originally published in
IEEE Nuclear Science Symposium and Medical Imaging Conference
(NSS/MIC) [102]. © (2014) IEEE. B (modified) was originally pub-
lished in JNM [103]. © (2009) SNMMI.

PSF-based PET image reconstruction can increase the detectability of small
lesions [103]. However, in PSF-reconstructed images the accuracy of quantification
can be limited for small lesions, as their signals can be artificially elevated [107].
A reason for this effect are Gibbs artefacts [108], which arise from overshoots
at sharp intensity transitions (corresponding to edges of lesions) in the Fourier
transformations performed in the reconstruction process [109,110]. They can evoke
overestimations in the radial activity profile at the edges of small lesions, interfering
the quantification accuracy. Image examples of Gibbs artefacts are shown in Figure
1.6.

Prompt gamma coincidence correction

For radionuclides with a significant contribution of prompt gammas like 2 or,
to a lesser extent, %Ga, a prompt gamma coincidence correction is implemented

in the PET scanner’s reconstruction algorithms [112]. In this context, prompt
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Figure 1.6: Comparison of phantom PET images that are reconstructed using
OSEM without (upper row) or with PSF modelling option (lower
row). The images show circular lesions of different diameters that are
reconstructed using different pixel sizes. Only the PSF-reconstructed
images show Gibbs artefacts, which are more prominent for larger
spheres and smaller pixel sizes. The figure was reproduced from [111]
under Creative Commons Attribution 3.0 International license.

gammas refer to gamma quanta that are emitted with the positrons and can,
after scattering, fall into the coincidence time window of the PET detectors,
thus, producing spurious coincidence events (prompt gamma coincidence events,
exemplary illustration in Figure 1.7 A) [113]. As these can impair image quality
and quantification accuracy, a prompt gamma coincidence correction is required

for high quality PET imaging [5].

The prompt gamma coincidence correction approach which is applied in the
reconstruction algorithms of the PET scanners in this thesis corrects the prompt
gamma background in the PET sinograms (PET raw data). The prompt gamma
coincidences evoke a flat elevation of the sinograms [5] which can be estimated at
their radial edges (tails). The tails correspond to areas outside of an object where
no activity source is present but the prompt gamma contribution can be evaluated
[5,114]. Figure 1.7 B shows exemplary sinogram profiles for different radionuclides
indicating the background elevation for '?4I. In typically applied approaches, the
prompt gamma background is estimated by polynomial fitting to the tails of the
sinograms and substracted before iterative image reconstruction [5,112]. In this
process, correction for prompt gammas is separated from scatter correction which
is also performed by tail-fitting and can, therefore, be impaired by prompt gamma

coincidences [5]. Figure 1.7 C shows exemplary PET sinograms for I and the
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improved tail-fitting by a combination of scatter and prompt gamma coincidence

correction.
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Figure 1.7: Prompt gamma coincidence effect and its correction. (A) Exemplary

20

illustration of prompt gamma coincidence events for 241. Left: co-
incidence of a 511-keV photon with a prompt gamma photon, right:
coincidence of two (scattered) prompt gamma photons. (B) Exemplary
radial sinogram profiles for '?4I (thick red line), °Y (thin red line),
%8Ga (thick black line), and '®F (black dotted line). (C) Exemplary ‘241
sinogram profiles and improved tail-fitting by scatter + prompt gamma
coincidence correction (right) compared to scatter correction (left).
A and C were originally published in Nuclear Medicine Communica-
tions [112]. © (2018) Wolters Kluwer Health, Inc. B was reproduced
from [114] under Creative Commons Attribution 4.0 International li-
cense.



1.4. PET tracer

1.4 PET tracer

Three different PET tracers ('8F-FDG, %Ga-PSMA, and '*T) were investigated
in this thesis. They differ both in their target structures and in the radionuclides
used for PET imaging. The different radionuclides exhibit, inter alia, different
half-lives, positron branching ratios, and proportions of potential prompt gammas
quanta. Figure 1.8 shows simplified decay schemes for 8F, 8Ga, and ?*I. Further

details are presented in the following subsections.
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Figure 1.8: Simplified decay schemes of (A) ¥F, (B) %Ga, and (C) 2*I indicating
decay types with a probability of >1% in accordance to [5]. The tables
show maximum positron energies.
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1.4.1 8F-FDG

BF_FDG is the PET tracer that is most frequently applied in clinical routine
[115]. It visualises cellular glucose uptake and is used to identify pathologies that
exhibit increased glucose metabolism. In detail, the radioactively labelled glucose
analogue '8F-FDG is intravenously administered and intracellularly accumulated
after cellular uptake via GLUT transporters and phosphorylation by hexokinase [54].
On the one hand, the majority of '8 F-FDG PET examinations in clinical routine are
performed for tumour detection and whole-body staging in oncological patients [66].
For many tumour entities, cancer cells show an increased rate of glycolysis and

can, therefore, be visualised by this imaging modality.

On the other hand, ¥*F-FDG PET imaging can also be applied to other, non-
malignant diseases like various types of inflammation [116] which also exhibit
increased glucose metabolism. Inflammation ¥F-FDG PET imaging includes
whole-body examinations to find the focus of an infection [117] but also partial-body
examinations, for example, of the heart for diagnosis of endo-, myo-, or pericarditis
[118,119]. Cardiac *F-FDG PET is not limited to imaging of inflammatory diseases
but can also, after special patient preparation, be applied to assess myocardial
viability [75]. Another partial-body examination using *F-FDG is cerebral PET
for diagnosing Alzheimer’s disease [73] or Parkinsonism [120], as these and other

neurodegenerative disorders show characteristic cerebral uptake patterns.

The radionuclide ®F has a half-life of 109.77 min. It exhibits some properties
which are particularly favourable for high-quality PET imaging like a high positron
branching ratio of 96.7 % and no relevant emission of potential prompt gammas
(Figure 1.8 A). Moreover, the low maximum positron energy of 634keV leads to a

higher resolution compared to other radionuclides like ®¥Ga [121].

A typical clinical indication for performing an ®*F-FDG PET is interim staging
during and final staging after chemotherapy in lymphoma patients [122]. For
example, detection of vital tumour burden in interim staging can lead to an
intensification of chemotherapy in these patients. In this work, clinical ®*F-FDG
PET images of lymphoma patients acquired on a SiPM-based Biograph Vision
PET/CT system were analysed. Figure 1.9 A shows an exemplary *F-FDG PET

image of a lymphoma patient.
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1.4.2 %8Ga-PSMA

PSMA PET is a clinically well established technique for specific imaging of prostate
cancer. It uses radiotracers, mostly urea-based small-molecule inhibitors that bind
to PSMA which is typically expressed by prostate cancer cells [123]. One of these
tracers is %*Ga-PSMA-11 [124] which was approved the FDA in 2020 for primary
staging and re-staging of prostate cancer patients.

In addition, PSMA ligands can be used for radionuclide therapy in a theranostic
approach. Typical therapeutic PSMA ligands, for example, 1" Lu-PSMA-617,
are labelled with the B -emitter 1""Lu. Pre-therapeutic PSMA PET imaging is
performed to validate sufficient PSMA expression for successful therapy [125]. The
positive results of the phase IIT VISION trial [19], which demonstrated improved
overall and progression-free survival for PSMA radionuclide therapy with 1" Lu-
PSMA-617 in advanced metastatic prostate cancer under randomised controlled
conditions, will probably lead to an increased demand for PSMA radionuclide
therapy as well an increased interest in PSMA PET imaging. To meet the
increasing demand for examinations many centres started to use *F-labelled
PSMA PET tracers, which allow a higher examination volume due to improved
production logistics [126]. However, ®Ga-PSMA PET still offers clinical advantages
and continues to be used as a complement. For example, *F-PSMA can show
non-specific bone uptake [127], which can be problematic if it cannot clearly be
distinguished from bone metastases.

The half-life of ®®Ga is 67.71 min. The radionuclide has a positron branching
ratio of 89.1 % and maximum positron energies of 1899 keV (probability per decay:
88.0%) and 822keV (1.1%), respectively. Compared to '®F, this evokes a longer
positron range in biological tissue and, therefore, a lower PET resolution [128]. %Ga
emits gammas with a maximum energy of 1077 keV (3.0 %) which can potentially
interfere as prompt gamma coincidences with true coincidence events after Compton
scattering. Of note, the narrow energy windows of current-generation PET systems
(for example, 435-585keV for the Biograph Vision, 435-650 keV for the Biograph
mCT, and 430-610keV for the Biograph mMR) reduce the contribution of the
prompt gamma effect, as their upper limit is below the maximum energy of the
prompt gamma quanta. A simplified decay scheme for %Ga is given in Figure 1.8
B.

Typical clinical indications for whole-body PSMA PET include primary staging of

high-risk prostate cancer patients or re-staging in biochemical recurrence (rising
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tumour marker prostate-specific antigen, PSA) [129]. In primary staging, PSMA
PET outperforms conventional CT and bone scan imaging in accuracy for identifi-
cation of pelvic lymph node and distant (bone) metastases [130]. In biochemical
recurrence, it likewise shows a high detection rate and high positive predictive
value [131]. In this work, ®Ga-PSMA-11 PET images of prostate cancer patients
that were acquired on a SiPM-based Biograph Vision PET system were evaluated.
Figure 1.9 B shows an exemplary %Ga-PSMA PET image of a prostate cancer
patient.

1.4.3 124

Radioiodine imaging and therapy in differentiated thyroid cancer patients exploit
that thyrocytes and differentiated thyroid cancer cells express NIS. Therefore, they
internalise radioiodide and accumulate it intracellularly [22,132,133]. Different
iodine isotopes are regularly used in current clinical practice. For therapy, 31 is
applied, which emits high-energy [ -particles to induce apoptosis and necrosis in
the target tissue [134]. Moreover, the B-decay of 3!T includes emission of discrete
Y-quanta enabling imaging in planar scintigraphy and SPECT techniques [135].
Therefore, 1T can be considered an example of a classical theranostic agent [136].
Alternatives for radioiodine imaging are '?3I (planar scintigraphy and SPECT
technique) and '?I (PET technique), which exhibit improved imaging properties
[137,138] and can be combined with T to form a theranostic pair [139]. In
detail, '?*I PET imaging can be used for pre-therapeutic dosimetry of lesions and
organs-at-risk which allows to determine the optimal amount of 3! activity to be
administered in an individualised theranostic concept [140]. Moreover, patients
with insufficient radioiodine uptake, who would not benefit from radioiodine therapy,
can be identified [141]. In contrast to ¥ F-FDG and ®Ga-PSMA, ! does not
require binding to a ligand but directly interacts with its target structure.

14T has a half-life of 4.2d and a low positron branching ratio of 22.5%. The
maximum positron energies of 1535keV (11.7%) and 2138keV (10.8 %) are in the
same range like Ga leading to a comparable positron range and PET resolution.
24T emits a large fraction of gamma quanta of which particularly those with the
lowest energies of 603 keV and 723 keV (probability per decay of 63.0 % and 10.4 %,
respectively) can interfere as prompt gamma coincidences. As the fraction of
gamma quanta is higher than for ¥ Ga and their energies are closer to the energy

windows of typical PET scanners, the prompt gamma coincidence effect is more
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prominent for 24I. Thus, in comparison to ®*F and %Ga, 12*I exhibits the most
challenging properties for PET imaging. A simplified decay scheme for '2*I is given
in Figure 1.8 C.

Typical clinical situations in which '?*I PET whole-body imaging is performed
in differentiated thyroid cancer patients are (1) staging between primary surgery
and first radioiodine therapy, (2) baseline/follow-up re-staging 6-18 months after
first radioiodine therapy, or (3) re-staging, if recurrence or disease progression
is suspected [142]. In these situations, > PET allows risk stratification by
identifying local lesions and distant metastases. In this work, clinical I PET/CT
and PET/MR scans of differentiated thyroid cancer patients acquired on different
PET scanners were evaluated. Figure 1.9 C shows an exemplary ?*I PET image
of a differentiated thyroid cancer patient. Moreover, a small tumour phantom
(containing small ?4[-filled spheres at defined activity concentrations, lesion sizes,

and signal-to-background ratio) was investigated.
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Figure 1.9: Maximum-intensity-projection images of (A) an '¥*F-FDG PET of a
lymphoma patient showing mediastinal and pulmonary manifestations,
(B) a %8Ga-PSMA PET of a prostate cancer patient showing local
recurrence, regional, abdominal and thoracic lymph node metastases,
disseminated bone metastases, and pulmonary metastases, (C) an
1241 PET of a differentiated thyroid cancer patient showing cervical,
paratracheal, and mediastinal lymph node metastases as well as bone
metastases.
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1.5 Investigated types of malignancies

In this thesis, 8F-FDG PET images of lymphoma patients, ®*Ga-PSMA PET
images of prostate cancer patients, and '?*I PET images of differentiated thyroid
cancer patients were investigated. In the following, these tumour entities will
be introduced in detail with a special emphasis on clinical indications for PET

imaging.

1.5.1 Lymphoma

Lymphomas are malignant tumours of the lymphatic system which are subdivided
into two major groups, Hodgkin’s lymphomas and non-Hodgkin’s lymphomas.
Hodgkin’s lymphomas show a double-peaked age distribution (15-34 years and
older than 55 years) [143]. Diagnosis is histopathologically confirmed by lymph
node biopsy [144]. In Hodgkin’s lymphoma patients, '*F-FDG PET is a necessary
part of diagnostic work-up for primary staging. If skeletal system and bone marrow
do not show PET-positive foci, bone marrow aspiration is not mandatory as the
negative predictive value of PET is 99% [145]. PET-positive foci which are stage-
determining and, thus, relevant for selection of therapy regimens should undergo
biopsy. The risk stratification of Hodgkin’s lymphoma is based on the Ann-Arbor
classification, with the distinction into limited (affecting one side of the diaphragm)
and advanced disease (spread to both sides of the diaphragm) being the most
important criterion [11]. Patients with low risk of recurrence are treated with
short chemotherapy protocols in combination with radiotherapy, patients with high
risk of recurrence with intensive chemotherapy. In addition to primary staging,
BF-FDG PET is important in interim staging after 2 cycles of chemotherapy to
decide on an intensification of the applied chemotherapy protocol [144]. In final
staging, *F-FDG PET can be used to decide, if a consolidation radiotherapy of
residual findings is necessary [144]. Nowadays, more than 80% of all patients can
be cured by stage-adapted therapy [144].

In contrast to Hodgkin’s lymphoma, the group of non-Hodgkin’s lymphomas is
not uniform and contains more than 50 sub-groups [146]. Low-malignant, indolent
lymphomas show slow progression and respond well to therapies, although they
cannot be cured [147]. Highly malignant, aggressive lymphomas (for example,
diffuse large cell and Burkitt lymphomas) progress rapidly if left untreated, but

can often be cured with intense treatment protocols. In aggressive lymphomas,
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1.5. Investigated types of malignancies

clinical indications for PET imaging are comparable to Hodgkin’s lymphomas [148].
BF-FDG PET is likewise a standard diagnostic procedure in primary staging
to determine nodal, extranodal, and bone marrow involvement as well as in re-
staging to evaluate therapy response, monitor the course of disease, and decide for

intensification of treatment [148].

1.5.2 Prostate cancer

Prostate cancer affects the glandular tissue of the prostate. It is the second
most frequent cancer diagnosis in men and worldwide the fifth leading cause
of death [149]. Screening can be performed by digital-rectal examination and
transrectal sonography [150]. Standard diagnostic procedures are transrectal
ultrasound guided or transperineal biopsy [151]. According to current guidelines,
whole-body primary staging is performed by thoracoabdominal and pelvic CT as
well as scintigraphic bone scan [152,153]. In high-risk patients, these examinations
can be replaced by PSMA PET which exhibits a higher accuracy for detection of
lymph node and distant metastases [130].

For grading of prostate cancer patients the Gleason score is used which is derived
from histological evaluation of tumour tissue samples retrieved from punch biopsy
[154]. The grade of de-differentiation of the most de-differentiated and the most
frequently occurring tumour type is evaluated on a scale from 1 to 5 and these
numbers are added (leading to a Gleason score range from 2 to 10). If surgery has
already been performed, the most frequent and the second most frequent Gleason
grade in the entire prostate are added. Gleason score and TNM classification are
important prognostic factors [155] and used to decide for further therapy. In locally
limited disease and good patient constitution, radical (complete) prostatectomy
is performed. Radiotherapy is used as consolidation therapy after surgery and in
local recurrent and metastasised tumours [153].

After primary treatment, in metastasised tumours androgen deprivation therapy
using gonadotropin-releasing hormone agonists or antiandrogen receptor antagonists
is performed [156]. It is based on the typical dependence of prostate carcinoma
cells on testosterone supply. Further patient follow-up is based on monitoring of
serum levels of prostate-specific antigen (PSA). In case of rising PSA levels, PSMA
PET can be performed to localise metastases [131].

In tumour recurrence and treatment failure of androgen deprivation therapy

(castration-resistant prostate cancer), chemotherapy can be performed. Accord-
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ing to current recommendations, the most promising chemotherapy regimen is a
combination of cabazitaxel with one of the antiandrogens abiraterone or enzalu-
tamide [153]. An alternative in metastasised castration-resistant prostate cancer
is '"Lu-PSMA therapy which shows benefits on both progression-free survival
and overall survival [19] as well as, compared to chemotherapy, a more favourable
safety profile [157]. Typically, PSMA PET is performed to verify sufficient PSMA
uptake prior to "Lu-PSMA therapy.

1.5.3 Differentiated thyroid cancer

Thyroid cancer is the most common tumour of endocrine organs [158]. The incidence
of thyroid cancer is about 10/100,000 with an average age at diagnosis of about 50-
55 years [159]. Thyroid cancer is divided into different subgroups. Papillary thyroid
cancers (60-80% of thyroid carcinomas) metastasise predominantly lymphogenically
with a mortality of 0.5/100,000. Follicular thyroid cancers (10-30%) metastasise
predominantly hematogenously leading to a higher rate of distant metastases and
show a slightly less favourable prognosis [160]. Whereas papillary and follicular
subtypes are classified as differentiated thyroid cancers, anaplastic thyroid cancers
show an undifferentiated aggressive growth pattern and medullary thyroid cancers
originate from parafollicular cells (C cells) [161]. The two latter ones do not express
NIS and, therefore, are not susceptible to radioiodine imaging or therapy.
Ethological factors in the development of differentiated thyroid cancer are iodine
deficiency and radiation exposure (for example, in patients who underwent radio-
therapy for treatments of tumours when they were adolescents) [162]. Diagnostic
work-up of suspected thyroid cancer includes cervical sonography, thyroid scintig-
raphy, and fine needle aspiration. The gold standard of therapy is thyroidectomy
accompanied by cervical lymph node dissection [160]. Post-surgical radioiodine
therapy is performed to remove residual thyroid and tumour tissue (ablation ther-
apy). It is recommended in all differentiated thyroid cancers except for uni-focal
papillary microcarcinomas without additional risk factors [133]. If one cycle of
primary radioiodine therapy is not sufficient for complete ablation, a multi-stage
approach with possibly higher applied activities can be performed. The therapeutic
activity can be determined either through conventional, standardised protocols or
through personalised '**T PET-based dosimetry [133].

Follow-up monitoring is typically performed using the serum tumour marker

thyroglobulin and neck ultrasound. In case of suspected recurrence, radioiodine
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imaging, for example, '**I PET, is performed. If iodine-avid local recurrence
or metastases are detected, radioiodine therapy can be performed [22,132,133].
An alternative is surgical resection. In advanced radioiodine refractory stages
(inoperable or metastatic), tyrosine kinase inhibitors (like lenvatinib or sorafenib)
can be applied [163,164]. An alternative in limited forms can be re-differentiation

therapy to restore radiodione uptake and enable radioiodine therapy [165].
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2 Experimental techniques

In this chapter, the experimental techniques that were applied in this thesis
are presented. The chapter starts with a characterisation of the PET/CT and
PET/MR scanners that were used. Next, the patient cohorts, the investigated
small tumour phantom, and the acquisition protocols for ¥F-FDG, %Ga-PSMA,
and 2] PET are described. Finally, the image interpretation metrics are described,
including those for patient images (such as visual lesion detectability, standardised
PET image reporting metrics, lesion quantification, and image quality /noise) and
those for phantom images (such as visual detectability in a human observer study,
signal-to-noise ratio, minimum detectable activity, and the projection of phantom
1241 activity concentrations onto predicted lesion response in clinical radioiodine

therapy).

2.1 PET scanners

To analyse the influence and advantages of SiPM-based PET detectors on clinical
PET imaging, the PET data that were evaluated in this thesis were acquired on
three different PET scanners: A Biograph Vision 600 PET/CT system, a Biograph
mCT PET/CT system, and a Biograph mMR PET/MR system (all Siemens
Healthineers, Erlangen, Germany). In brief, all scanners use LSO crystals that
are coupled to SiPMs on the Vision, PMTs on the mCT, and APDs on the mMR.

More detailed specifications are presented in Table 2.1.
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2.1. PET scanners

Table 2.1: PET scanner specifications. LSO: Lutetium oxyorthosilicate. SiPM:
Silicon photomultiplier. PMT: Photomultiplier tube. APD: Avalanche

photodiode.
PET scanner Vision mCT mMR
Detector material LSO LSO LSO
Detector element dimension (mm?) 3.2x3.2x20  4.0x4.0x20  4.0x4.0x20
Detector elements per block 16x16 13x13 8x8
Total number of detector elements 60,800 33,448 28,672
Signal readout SiPM PMT APD
Axial FOV (cm) 26.3 21.8 25.8
Transaxial FOV (cm) 78 70 60
Plane spacing (mm) 1.65 2.00 2.00
Image planes 119 109 127
Coincidence time window (ns) 4.7 4.1 5.9
Energy window (keV) 435-585 435-650 430-610
Energy resolution (%) 9 11 14
System time resolution (ps) 210 540 -
NEMA sensitivity (keps MBq ™) 16.4 9.7 15.0

Paper 1 [43] and paper 2 [44] analyse the influences of a reduced acquisition time
on lesion detectability and quantification in clinical SiPM-based PET imaging for
the standard radionuclides '®F and %Ga. Therefore, in these papers only PET data
acquired on the Biograph Vision are evaluated. In paper 3 [45], clinical PET scans
using the non-standard radionuclide '?*I are compared across all three three PET
scanners. In Paper 4 [46], for a quantitative evaluation the minimum detectable
activity for small 1?4I-filled spheres is compared between the SiPM-based Biograph
Vision and the PMT-based Biograph mCT in a phantom study, and effects on

radioiodine therapy planning are analysed.
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2.2 Patient cohorts, PET data acquisition and image

reconstruction

To evaluate the influences of SiPM-based PET/CT under realistic clinical condi-
tions, for all patient investigations in this thesis the included patients were selected
from routine practice. Typical clinical PET image acquisition and reconstruction
protocols are defined in published guidelines of different nuclear medicine societies,
most importantly, Deutsche Gesellschaft fiir Nuklearmedizin (DGN), European
Association of Nuclear Medicine (EANM), and Society of Nuclear Medicine and
Molecular Imaging (SNMMI). The PET data in this work were acquired in accor-
dance with these guidelines. For all PET/CT scans, in addition to the PET data,
full diagnostic or low-dose C'T data were acquired and used for anatomic correlation,
morphological evaluation of lesions, and attenuation correction. In the evaluation
of 1 PET/MR scans, MR data were used instead of CT data. Moreover, all PET
data were corrected for scatter, randoms, dead time, decay, normalisation, and

prompt gamma coincidence effects (for the prompt gamma-emitting radionuclides
8Ga and 1 [112,166]).

2.2.1 8F_-FDG PET and %%Ga-PSMA PET

To investigate the influences of a reduced acquisition time on SiPM-based PET/CT
using the standard radionuclides **F-FDG and %8Ga-PSMA, 20 lymphoma patients
(including Hodgkin lymphoma, Non-Hodgkin lymphoma, and suspected lymphoma)
and 20 prostate cancer patients in primary staging and re-staging were randomly
selected.

Reference whole-body PET/CT data resembling the clinical standard were acquired
in accordance with the current EANM procedure guidelines for '*F-FDG [4] and
8Ga-PSMA [167] PET/CT imaging in tumour patients. The recommended PET
acquisition times can be realised by fixed acquisition times per bed position in
step-and-shoot mode or by continuous movement of the patient through the PET
detector ring at a defined velocity in continuous-bed-motion mode. In our clinical
routine acquisition protocols for the Biograph Vision, continuous-bed-motion
mode is used. Moreover, regions with a high probability of tumour involvement
(abdomen in 8F-FDG and pelvis in ®*Ga-PSMA PET) are emphasised by prolonged

PET acquisition which is realised by a selectively reduced continuous-bed-motion
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table speed. Reduced-acquisition time whole-body PET data were acquired at
continuous-bed-motion table speeds that were increased by a factor of 2.8 for
BE-FDG and 3.7 for %Ga-PSMA. The choice for these factors was motivated by
previously published data that suggest a threefold reduction in acquisition time to
maintain accurate lesion quantification [168].

All images were reconstructed using OSEM-TOF or OSEM-TOF-+PSF image
reconstruction, each with 2 iterations (5 subsets) or 4 iterations (5 subsets); for all
reconstructions, a 4-mm Gaussian filter was applied. Thus, for each radionuclide 4
different image reconstruction settings were compared. A more detailed description
of patient cohorts, PET acquisition and image reconstruction protocols can be

found in the Methods sections of paper 1 [43] and paper 2 [44].

2.2.2 124 PET

To investigate an improved detectability for the non-standard radionuclide 241

by SiPM-based PET, data sets of 10 differentiated thyroid cancer patients who
underwent imaging on all three PET systems were evaluated. All patients showed
increasing serum levels of thyroglobulin or thyroglobulin antibody levels in the low
measurable range after total thyroidectomy and adjuvant radioiodine therapies.
Typically, patients of this group show tumour lesions that are small and of low
radioiodine uptake. PET imaging of lesions that exhibit these characteristics is
challenging which is why this patient group was selected to study the benefits of
SiPM-based PET. '24I PET images were acquired and reconstructed in accordance
to a previously published and clinically established acquisition protocol [169].
PET/CT or PET/MR images were acquired on the three different scanners after
single oral application of '?*I within an interval of 4.7(2.9) h which is small compared
to the effective 12T half-life of thyroid cancer lesions (range 59 — 116 h [47-50]).

Whole-body PET/CT imaging was performed in step-and-shoot mode using an
acquisition time of 4 min per bed position. PET /MR imaging was performed only
of the neck region (one single bed position) at an acquisition time of 20 min and
used as reference scan. For comparison to the PET/CT scans, 4-min acquisition
time PET/MR data were re-sampled from the full 20-min data. Images were
reconstructed using OSEM, OSEM-TOF, and OSEM-TOF+PSF algorithms for
the PET/CT scans. On the Biograph mMR PET /MR system, a TOF-option is
not available because of the slower timing characteristics of the applied APD-based

PET detectors. Reconstruction parameters for the different PET scanners are
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presented in Table 2.2.

To investigate the detectability of lesions at defined activity concentrations, a
phantom containing small '?4I-filled spheres was assessed. In the preparation of
the phantom, the activity concentrations were determined using a calibrated dose
calibrator. Phantom PET data were acquired on both PET/CT scanners for 30
min in list-mode format (one single bed position), shorter acquisition time data
(4 min, 8 min, and 16 min) were re-sampled from the 30-min data set. PET
acquisition and image reconstruction parameters were chosen in accordance with

the patient study.

Table 2.2: Reconstruction parameters for 241 PET

Iterative reconstruction PET scanner Iterations x Gaussian

subsets filter (mm)
OSEM Biograph Vision 10 x5 4
Biograph mCT 3 x 24 3
Biograph mMR 3 x 21 4
OSEM-TOF Biograph Vision 4 x5 4
Biograph mCT 2 x 21 3

Biograph mMR -
OSEM-TOF+PSF Biograph Vision 4 x5

Biograph mCT 2 x 21

Biograph mMR -

W = !

A more detailed description of patient cohorts, 12*I PET acquisition, and image
reconstruction protocols can be found in the Methods sections of paper 3 [45]

(clinical study) and paper 4 [46] (phantom study).
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2.3 Analyses of patient PET images

2.3.1 Visual detectability

All patient PET images were visually interpreted by nuclear medicine physicians
blinded to any clinical information and in random order. Detectable lesions were
independently reported to compare the detectability in reduced- and full-acquisition
time PET images or across different PET scanners. For 8F-FDG and %Ga-PSMA
PET, image evaluation was performed by a single reader, as these examinations
show a high inter-observer agreement in lymphoma or prostate cancer patients,
respectively [170,171]. For the non-standard radionuclide 1241, the images were
interpreted in a consensus read by three nuclear medicine physicians.

Detected lesions were assigned to different anatomical regions (according to the
investigated type of malignancy) to report per-region detection rates. For '8F-
FDG-avid lymphoma, these regions were supradiaphragmal nodal lesions, infradi-
aphragmal nodal lesions, and extranodal lesions (in accordance to the Ann-Arbor
classification [11]). %®Ga-PSMA-avid prostate cancer lesions were assigned to the
established categories primary prostatic tumour, regional lymph node metastases,
soft tissue metastases (including extrapelvic lymph node metastases), and bone
metastases [172]. Thyroid cancer lesions with T uptake were reported in the
anatomical regions thyroid bed, cervical lymph node metastases, extra-cervical
lymph node metastases, lung, and bone metastases.

In the ¥F-FDG and ®Ga-PSMA PET studies, per-region detection rates were
calculated for the reduced-acquisition time images using the full acquisition time
images as reference standard. Moreover, structured clinical classification and
scoring systems were used that are described in paragraph 2.3.2. In the '?*I PET
study, patient-based and lesion-based detection rates were calculated in reference
to the prolonged -acquisition time PET /MR scan; per-region detection rates were

not calculated, as all lesions were located in the neck region.

2.3.2 Classifications and scoring systems

For the comparison between reduced- and standard-acquisition time *F-FDG and
8Ga-PSMA PET images, clinical scoring systems and standardised PET image
reporting scores were determined. These established scoring systems correlate with

patient outcome and are used for clinical decision making. Thus, they allow to
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asses, if an application of reduced-acquisition time PET imaging would influence
patient and therapy management. For '?*I PET, no widely accepted standardised

reporting systems have yet been established.

Ann Arbor Classification For staging of lymphoma patients by *F-FDG PET,
a modified version of the Ann-Arbor cassification [11] was used. The Ann-Arbor
classification stages lymphoma patients according to anatomical localisation(s) of

tumour burden; details are given in Table 2.3.

Table 2.3: Modified Ann-Arbor classification. Table taken from [11].

Stage Involvement Extranodal Status

Limited

I One node or a group Single extranodal lesions
of adjacent nodes without nodal involvement

Two or more nodal groups Stage I or II by nodal extent

1 on the same side of the diaphragm with llmlted contiguous

extranodal involvement
IT bulky  II as above with , bulky“disease Not applicable
Advanced

Nodes on both sides of the diaphragm;
11 nodes above the diaphragm Not applicable
with spleen involvement

Additional noncontiguous
extralymphatic involvement

IAY Not applicable

Deauville Score Additionally, lymphoma patients were classified according to the
Deauville criteria [173]. The Deauville criteria describe vitality of lymphomas on a
5-point scale according to their ¥*F-FDG uptake in comparison to the reference

tissues mediastinum and liver (details in Table 2.4).

miTNM score Staging of prostate cancer patients according to their ®*Ga-
PSMA PET status was performed using the miTNM (molecular imaging TNM)
classification [174]. The miTNM score is based on a standardised evaluation scheme
for %8Ga-PSMA PET images of prostate cancer patients. Focal PSMA-uptake is
reported in 3 categories: Local tumour (,T“), regional lymph node metastases

(,N“), and distant metastases (,,M“). For each category, tumour lesions can be
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Table 2.4: Deauville 5-point scale according to [173].
Score ¥F-FDG uptake of lymphoma lesions

1 No uptake

2 Uptake < mediastinum

3 Uptake > mediastinum but < liver

4 Uptake moderately higher than liver

5 Uptake markedly higher than liver and/or new lesions
X New areas of uptake unlikely to be related to lymphoma

reported in different subcategories. Figure 2.1 shows a schematic overview of the

different categories, subcategories and reporting options.

A Local tumor (T) ) )
Regional nodes (N) and distant metastases (M)
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Figure 2.1: Schematic representation of miTNM reporting options. This figure
(modified) was originally published in JNM [174]. © (2018) SNMMI.

2.3.3 Radionuclide uptake and lesion size

To characterise detected lesions, maximum and peak standardised uptake values
(SUVax and SUV k) were determined. SUVs are calculated as a normalised
measure of radionuclide uptake to correct PET-derived quantification results for
patient size and injected tracer activity [175,176]. They are typically applied for
oncological PET imaging and can particularly be beneficial for patient follow-up

(including assessment of treatment response) [176]. SUVs are calculated from PET-
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derived activity concentration measurements in an evaluated volume-of-interest

using the following formula [176]:

AC()
(Ap/m)’

SUV(t) =

with the activity concentration AC' [kBgq/ml|, the administered activity A{, [kBq],
and the patient weight m [g]. A decay correction of AC and Aj to the same
time point is required. Assuming a body mass density of p = 14 SUV values
become dimensionless quantities and a uniform distribution of administered activity
corresponds to SUV = 1.

Image-derived activity concentrations (ACs) are evaluated in a defined volume-of-
interest (resembling a tumour lesion) with ACean/SUV yean referring to its mean
value and AC ax/SUV ax referring its maximum value. SUV ey was defined as
mean SUV in a spherical volume-of-interest of 1-mL volume around the voxel with
the maximum SUV (the voxel defining SUV ) [177]. For small lesions, SUV .
can be more accurate and reproducible than SUV .., which may be influenced
by partial volume effects [176]. SUV cax Was proposed to be an even more robust
measure than SUV ., [177,178].

Lymphoma and prostate cancer lesions were classified according to their *F-
FDG or %Ga-PSMA SUV .« as lesions with faint, moderate, or high radiotracer
accumulation. To compare the quantification accuracy in reduced- and standard-
acquisition time PET images, the ratio of SUV yax and SUV e in reduced to
standard PET images was calculated. For !**I-avid lesions, SUV ., AChmax,
and the local signal-to-background ratio (ratio of lesion SUV ., to background
SUVye measured in a representative volume-of-interest surrounding the lesion)
were reported to characterise the lesions that were detected on the different PET

systems.

For a characterisation of the lesion size, for nodal lesions the short-axis diameter
and for non-nodal lesions the long-axis diameter was measured (for ®F-FDG
and %Ga-PSMA PET/CT imaging). For the non-standard radionuclide '**1, for
all lesions the long-axis diameter was reported. Diameters were measured using
the corresponding CT or MR images; for lesions that were morphologically not
clearly definable, an iterative volume segmentation approach [179] was applied to

determine an upper size limit from the PET images.
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2.3.4 Image quality and image noise

The image noise was determined in a tumour-independent physiological reference
tissue and can be regarded as a measure of image quality. In '8F-FDG and
8Ga-PSMA PET images, the ratio of the standard deviation of the SUV to the
mean SUV in a representative liver volume-of-interest [180,181] was calculated.
Liver tissue shows a tumour-independent physiological ®*F-FDG and %Ga-PSMA
uptake and is therefore suitable for an assessment of image noise. For 121, however,
physiological uptake in most organs is very low. Therefore, for this radionuclide
the overall image quality was visually determined using an established 5-point
Likert-like scale [182].
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2.4 Analyses of phantom PET images

The investigation of the small tumour phantom was performed to evaluate the de-
tectability of small spherical lesions of defined sizes and 1?41 activity concentrations
for the SiPM-based and the PMT-based PET/CT systems.

2.4.1 Small tumour phantom

The small tumour phantom consists of an abdominal torso NEMA phantom
(Data Spectrum Corporation, Durham, USA) in which six refillable glass spheres
were mounted. Figure 2.2 shows a schematic representation of the small tumour
phantom. The diameters of the small spheres (from 3.7mm to 9.7mm) were
selected to resemble the typical size range of normal cervical lymph nodes [183]
and thyroid cancer lymph node metastases [50]. To simulate challenging detection
conditions, different sphere activity concentrations (0.25kBqmL ™" to 25 kBqmL ™)
and the signal-to-background ratio (20:1) were chosen to reflect the lower range
of thyroid cancer patient lymph node metastases [50]. Initially, the small spheres
where filled with '?4I-solution at the highest activity concentration. To realise lower
sphere activity concentrations, 9 subsequent PET acquisitions were performed

with an interval of about one '?*I half life between each acquisition.

Lateral view Frontal view
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Figure 2.2: Schematic representation of the small tumour phantom.
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2.4.2 Human observer study, signal-to-noise ratio, and

minimum detectable activity

To quantify the improvements in detectability of the SiPM-based in comparison to
the PMT-based PET/CT system, the minimum detectable activity for *T was
determined. The minimum detectable activity is a lesion size-dependant measure
which describes the minimum activity concentration of a lesion to be detectable
by a human reader [36,184,185]. To determine the minimum detectable activity,
first, the visual detectability of each small sphere was assessed in a human observer
study by 5 readers. Next, the signal-to-noise ratio (SNR), a measure correlating
with lesion detectability, was calculated [104]. The signal-to-noise ratio is the
difference between the mean activity concentration of a small sphere (ACnere)
and the mean activity concentration of the phantom background (AChuckground)

divided by the standard deviation of AChuckground (Tbackground):

| Acsphere - ACbackground |

Obackground

SNR =

Finally, SNR and visual detectability were correlated to determine the SNR
threshold that indicates detectability for each reconstruction algorithm.
For each small sphere, the SNR was analysed as a function of the activity concentra-

tion and the minimum detectable activity was defined as the activity concentration
at the SNR threshold value.

2.4.3 Projection of 124 activity concentrations onto predicted

response in radioiodine therapy

To evaluate the clinical significance of an improved detection of the investigated
lesions, a correlation between lesion activity concentration and potential response
to clinical radioiodine therapy was established [140]. The success of radioiodine
therapy depends on the lesions’ absorbed radiation dose.

Assuming (a) that the absorbed dose for small lesions arises from 3T beta-particle
self-irradiation, (b) that particle-range effects due to the limited beta-particle
range can be neglected, as even for the smallest 3.7-mm sphere the percentage
fraction of the deposited energy within the lesion is 90% [186], and (c¢) an instant

01—124

24T activity concentration (AC;~"**) after administration of a diagnostic activity

Al~'?* and monoexponential clearance with an effective half-life 77 ! {31, the average
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self-absorbed dosage (D) after administration of a therapeutic '*'I activity A)~"*!

can be calculated using the following numerical value equation [187]:

(A" /GBq)
(Ag~"**/MBq)

(D/Gy) = 3.809 - (AC{%* /kBq m1™") - (T¢!L,, /d) -

The formula is based on the ,Medical internal radiation dose (MIRD)* formalism
for a spherical tumour model [187].

For absorbed doses <35 Gy a success of radioiodine therapy is unlikely, for doses
>35 Gy and <85 Gy response rates are about 20%, and for doses >85 Gy they
are >98% [188]. Thus, using the numerical value equation a low, a medium, and
a high absorbed dose group corresponding to the likelihood of therapy success
were defined. The groups indicate expected success of radioiodine therapy for
a given activity concentration. For the calculation, clinical standard values for
Al Al AL (resembling high-dose radioiodine therapy), and Tff {31

were used.

42



3 Publications

The papers resulting from this work are given in this chapter and include:

1. Bvaluation of " F-FDG PET/CT images acquired with a reduced scan time
duration in lymphoma patients using the digital biograph vision, M. Weber, W.
Jentzen, R. Hofferber, K. Herrmann, W. P. Fendler, C. Rischpler, L. Umutlu,
M. Conti, P. Fragoso Costa, M. Sraieb and D. Kersting, BMC Cancer 21, 62
(2021)

2. Evaluation of [*59¢]Ga-PSMA PET/CT images acquired with a reduced scan
time duration in prostate cancer patients using the digital biograph vision, M.
Weber, W. Jentzen, R. Hofferber, K. Herrmann, W. P. Fendler, M. Conti, A.
Wetter, D. Kersting, C. Rischpler and P. Fragoso Costa, EJNMMI Research
11, 21 (2021)

3. Comparing lesion detection efficacy and image quality across different PET
system generations to optimize the iodine-124 PET protocol for recurrent
thyroid cancer, D. Kersting, W. Jentzen, M. Sraieb, P. Fragoso Costa, M.
Conti, L. Umutlu, G. Antoch, M. Nader, K. Herrmann, W. P. Fendler, C.
Rischpler and M. Weber, EJNMMI Physics 8, 14 (2021)

4. Silicon-photomultiplier-based PET/CT reduces the minimum detectable ac-
tivity of iodine-12/, D. Kersting, W. Jentzen, P. Fragoso Costa, M. Sraieb, P.
Sandach, L. Umutlu, M. Conti, F. Zarrad, C. Rischpler, W. P. Fendler, K.
Herrmann, and M. Weber, Scientific Reports 11, 17477 (2021)

43



Evaluation of 8F-FDG PET/CT images acquired
with a reduced scan time duration in lymphoma

patients using the digital biograph vision

Reference

M. Weber, W. Jentzen, R. Hofferber, K. Herrmann, W. P. Fendler, C. Rischpler,
L. Umutlu, M. Conti, P. Fragoso Costa, M. Sraieb and D. Kersting, BMC Cancer
21, 62 (2021), Published by BioMed Central.
https://doi.org/10.1186/s12885-020-07723-2

Copyright statement

This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appropriate credit to the origi-
nal author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in
this article are included in the article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence,
visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public
Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/)
applies to the data made available in this article, unless otherwise stated in a credit
line to the data.

Contributions

I participated in planning of the study and data analysis and contributed to

manuscript writing.

44



Weber et al. BMC Cancer (2021) 21:62

https://doi.org/10.1186/512885-020-07723-2 B M C C ancer

RESEARCH ARTICLE Open Access

Evaluation of '8F-FDG PET/CT images ®
acquired with a reduced scan time

duration in lymphoma patients using the

digital biograph vision

Manuel Weber'”", Walter Jentzen'?, Regina Hofferber' Ken Herrmann'?, Wolfgang Peter Fendler'?,
Christoph Rischpler'?, Lale Umutlu*?, Maurizio Conti*, Pedro Fragoso Costa'?, Miriam Sraieb'
and David Kersting'

updates

Abstract

Background: The superior accuracy and sensitivity of '®F-FDG-PET/CT in comparison to morphological imaging
alone leads to an upstaging in up to 30% of lymphoma patients. Novel digital PET/CT scanners might enable to
reduce administered tracer activity or scan time duration while maintaining diagnostic performance; this might
allow for a higher patient throughput or a reduced radiation exposure, respectively. In particular, the radiation
exposure reduction is of interest due to the often young age and high remission rate of lymphoma patients.

Methods: Twenty patients with (suspected) lymphoma (6 for initial staging, 12 after systemic treatment, 2 in
suspicion of recurrence) sequentially underwent '®F-FDG-PET/CT examinations on a digital PET/CT (Siemens
Biograph Vision) with a total scan time duration of 15 min (reference acquisition protocol) and 5 min (reduced
acquisition protocol) using continuous-bed-motion. Both data sets were reconstructed using either standalone time
of flight (TOF) or in combination with point spread function (PSF), each with 2 and 4 iterations. Lesion detectability
by blinded assessment (separately for supra- and infradiaphragmal nodal lesions and for extranodal lesions), lesion
image quantification, and image noise were used as metrics to assess diagnostic performance. Additionally,
Deauville Score was compared for all patients after systemic treatment.

Results: All defined regions were correctly classified in the images acquired with reduced emission time, and
therefore, no changes in staging were observed. Lesion quantification was acceptable, that is, mean absolute
percentage deviation of maximum and peak standardized uptake values were 6.8 and 6.4% (derived from 30
lesions). A threefold reduction of scan time duration led to an increase in image noise from 7.1 to 11.0% (images
reconstructed with 4 iterations) and from 4.7 to 7.2% (images reconstructed with 2 iterations). No deviations in
Deauville Score were observed.
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Conclusion: These results suggest that scan time duration or administered tracer activity can be reduced threefold
without compromising diagnostic performance. Especially a reduction of administered activity might allow for a
lower radiation exposure and better health economics. Larger trials are warranted to confirm our results.

Keywords: PET/CT, FDG, Image quality, Silicon photomultiplier, Lymphoma

Background

The 2014 Lugano Classification recommends performing
"SE-FDG-PET/CT in lymphoma patients for interim sta-
ging and after the completion of chemotherapy for the
evaluation of treatment response. Accuracy in terms of
sensitivity has been shown to be higher than in standa-
lone morphological imaging, leading to an upstaging in
up to 30% of patients, especially in a subcohort of fre-
quently FDG-avid lymphoma subtypes [1]. Additionally,
interim staging '*F-FDG-PET/CT can predict survival in
lymphoma patients after systemic treatment with com-
bined chemo- and immunotherapy [2].

The two most relevant caveats in the imaging of lymph-
oma patients are (a) the high prevalence of brown adipose
tissue bearing the risk of false-positive results [3, 4] and (b)
the often small size of nodal lesions potentially leading to
false-negative results [5]. These factors do not only place
stringent requirements on the medical imaging specialists,
but also on the imaging devices, image acquisition proto-
cols, and image reconstruction algorithms. To ensure opti-
mal image quality for tumor imaging, the EANM
procedure guidelines on '*F-FDG-PET/CT recommend
starting the scan acquisition 60 min after the intravenous
administration of '°F-FDG and a patient-specific
optimization of administered tracer activity. The necessary
"E-FDG activity is calculated based on patient weight,
scanning device, and emission time [6]. Typically, about 3
MBq/kg bodyweight of '"F-FDG are administered when
using an emission time of about 3 min per bed position [7].

With the advent of a new generation of silicon
photomultiplier-based, so called digital PET/CT devices
a reduction of the injected amount of ®*F-FDG appears
feasible due to the higher detector sensitivity and im-
proved coincidence timing resolution [7]: For example,
phantom studies have shown that a reduction of acquisi-
tion time up to a factor of six is possible while maintain-
ing a high diagnostic performance [8, 9]. Additionally, a
threefold reduction in acquisition time duration (which
is approximate to a reduction in administered activity by
the same factor) only led to changes in tumor stage in a
small fraction of oncological patients [10]. This finding
has considerable implications:

The implementation of a low-activity acquisition
protocol would lead to a reduction in radiation exposure
for patients and medical staff. This low-activity regimen
would be particularly beneficial for lymphoma patients,

who are often young and have a high rate of long-term
remission [11]. Additionally, lower activity require-
ments/scanning times would enable PET centers to per-
form more exams per day and optimize their cost
efficiency.

We therefore aimed to evaluate the feasibility of a
threefold reduction in scan time duration in lymphoma
patients undergoing '*F-FDG-PET/CT without com-
promising diagnostic performance. As a reduction of
emission time correlates to a reduction in administered
activity by the approximately the same factor [10, 12],
our results would advocate for the use of a low-activity
protocol.

Methods

Patient population and preparation

Twenty consecutively enrolled lymphoma patients (5
with Hodgkin lymphoma, 14 with Non-Hodgkin lymph-
oma, 1 with high clinical suspicion of lymphoma) under-
going '8E_FDG PET examination (on clinical indication)
were included. In 6 of these the examination was per-
formed for initial staging, in 12 after systemic treatment
and in the 2 remaining patients for suspicion of
recurrence.

Detailed patient and imaging characteristics are pro-
vided in Supplemental Table S1. Mean patient age
(range) was 50 (23-84) years and mean patient weight
(range) was 81 (47-130) kg. Following joint EANM pro-
cedure guidelines for ®F-FDG PET/CT in tumor im-
aging, a meantstandard deviation (SD) activity of 340+
72 MBq (corresponding to 4.2+0.4 MBq/kg bodyweight)
"SE-FDG was injected intravenously. PET/CT data were
acquired after a mean+SD time interval of 73+11 min.

Image acquisition

All examinations were performed on a digital Biograph
Vision PET/CT system (Siemens Healthcare; Erlangen,
Germany), whose imaging properties have recently been
assessed using '®F [7]. The scan area comprised whole-
body PET/CT from mid-thigh to skull base. Image ac-
quisition started with a whole-body spiral CT in full-
dose technique using automatic tube current and tube
voltage adjustments (Care Dose 4D, quality reference
160 mAs, CARE kV, quality reference 120kV). These
data were used for attenuation correction and
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anatomical correlation. Subsequently, two PET scans
were applied in continuous-bed-motion mode.

The reference (or clinical standard) scan was acquired
first and lasted approximately 15 min, the reduced scan
was acquired subsequently with an emission time of
about 5 min. We chose an approximate threefold reduc-
tion of emission time based on previously published in-
vivo and phantom studies by other groups and an
optimization study by our group performed on the same
PET/CT system using an abdominal phantom under
conditions observed in lymphoma imaging [10, 13, 14].
More precisely, in the phantom study our group has
demonstrated that the optimized step-and-shoot emis-
sion time was approximately 60 s/bed (or 2.19 mm/s in
continuous-bed-motion table speed) in association with
appropriate image reconstruction algorithms (see below).
Of note, the conversion from step-and-shoot emission
time per bed (fpeq) to continuous-bed-motion table
speed (Vple) Was based on manufacturer recommended
equivalence settings using an axial field of view (FOV) of
263 mm (or Vigple = 0.5 FOV / feq)-

More specifically, our clinical standard protocol com-
prised three regions: two non-abdomen regions (ranging
from the skull-base to the upper abdomen and from the
lower abdomen to mid-thigh) and an abdomen region.
For the reference acquisition protocol, the continuous-
bed-motion table speed (equivalent step-and-shoot emis-
sion time per bed position, approximate scan length of
about 30 cm) for the non-abdomen regions and within
abdomen region was 1.5 mm/s (88 s/bed) and 0.8 mm/s
(164 s/bed), respectively. For the reduced acquisition
protocol, the continuous-bed-motion table speeds were
2.2 mm/s (60s/bed) and 4.1 mm/s (32 s/bed) within the
abdomen and non-abdomen region, respectively. This
translates to a reduction of the scan time duration
exactly by a factor of 2.75 or approximately a threefold
reduction in scan time duration.

Image reconstruction

The diagnostic CT images were reconstructed itera-
tively with a convolution kernel 130f (SAFIRE level of
3). The reconstructed CT slice thickness and the
transversal voxel size was 3.0mm and 1.5x 1.5 mm?
respectively. Based upon our previously conducted
phantom-based optimization study images [13, 14]
were reconstructed using the three-dimensional ordin-
ary Poisson ordered-subset expectation maximization
(OSEM) algorithm, either with standalone time of
flight (TOF) approach or with combined TOF and
point spread function (PSF). For both acquisition pro-
tocols, 4 image sets were reconstructed: TOF and
TOF+PSF, each with 2 iterations (5 subsets) or 4 iter-
ations (5 subsets). The reconstructed images had a
voxel size of 3.3x3.3x3.0mm® and were smoothed
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with an isotropic Gaussian post-reconstruction filter
of 4mm. The estimated reconstructed PET spatial
resolution (expressed as the full-width-at-half max-
imum) was 5.4 mm and 4.9 mm for TOF- and TOF+
PSF-reconstructed images, respectively [13]. The
resulting 4 images (reconstructed for each patient and
each acquisition protocol) are referred to OSEM-TOF
(2i), OSEM-TOF (4i), OSEM-TOF+PSF (2i), and
OSEM-TOF+PSF (4i).

Image analyses

Pseudonymized PET/CT data were analyzed by a cen-
tral reader blinded to any clinical information in ran-
dom order on a per-region basis. Based on the Ann-
Arbor Classification, three types of regions based on
lesion location were defined [1], which are: supra-
diaphragmal nodal lesions, infradiaphragmal nodal le-
sions, extranodal lesions. Subsequently, for each
region, maximum and peak standardized uptake
values (SUVmax and SUVpeak) were measured and
its lesion size (short diameter for nodal lesions, long
diameter for non-nodal lesion) were determined for
the lesion with the highest tracer uptake. The result-
ing SUV ratios were further categorized in terms of
SUVmax showing tumors with faint (SUVmax<5),
moderate (5<SUVmax< 10), and high uptake (SUV-
max>10). In addition, tumor stage according to the
Ann-Arbor Classification and Deauville Score for pa-
tients after systemic treatment were assessed.

Metrics for diagnostic performance

Three metrics were used to evaluate the diagnostic
performance. Primary endpoint was the accuracy of
the per-region detectability in the images acquired
with the reduced protocol. To this end, images re-
constructed with the same image reconstruction al-
gorithm, but acquired with standard emission time
duration, were set as reference image. Subsequently,
the fraction of correctly classified tumor regions and
subsequent changes in Ann-Arbor stage were
assessed.

Secondary endpoints were the precision in image
quantification and image noise. The former was obtained
by calculating the ratio between SUVmax (SUVpeak) of
FDG-avid tumors in the reduced and reference acquisi-
tion protocol series for each of the respective image re-
construction algorithms. Image noise was assessed using
the liver’s activity distribution and is defined as the ratio
of the standard deviation of SUV to the mean SUV in
healthy liver tissue that were obtained by placing a
spherical volume of interest with 3 cm in diameter in the
lower right liver lobe [15, 16].
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Results

Detectability

As assessed by the reference protocol, 9/20 patients
(45%) were PET-positive. Of these, 1/20 patients was
staged as Ann-Arbor I, 4/20 were staged as Ann-Arbor II,
and 2/20 each as Ann-Arbor III and IV (the latter with ad-
renal and bone involvement). Using images acquired with
the standard protocol as reference, 60/60 regions (100%)
and 12/12 (100%) regions with at least one tumor lesion
were correctly classified in the reduced protocol (Supple-
mental Tables S2 and S3). All defined regions were cor-
rectly classified in the images acquired with reduced scan
time duration, and therefore, no changes in staging were
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observed. In addition, no differences regarding the lesion
detectability were observed between the different recon-
struction algorithms. Figure 1 shows images acquired with
standard vs. reduced acquisition time of patients, using
OSEM-TOF+PSF (4i) exemplary.

Image quantification

Figure 2 illustrates the ratio of SUVmax and SUVpeak,
separately for lesions with faint, moderate, and high up-
take. An absolute difference in SUVs of less than 20%
was observed between images acquired with reduced vs.
standard protocol. The error margin of +20% was con-
sidered acceptable in this study, which is similar to the
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Fig. 1 A 25-year-old patient with biopsy-proven lymphoma undergoing "®F-FDG-PET/CT before treatment. Panels a, b, and ¢ show images
acquired with the reference acquisition protocol, panels ¢, d, and e show image acquired with reduced emission time, all reconstructed with
OSEM-PSF+TOF (4i). Axial slices (b, ¢, ¢, and f) and maximum intensity projections (a and d) reveal vital lymphoma manifestations in cervical and
mediastinal lymph nodes. All lesions visible with standard acquisition protocol were also detectable after a threefold reduction of scan time
duration. Values left to the color bares are in SUV units
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Fig. 2 Dot plots showing the ratio between lesion SUVmax (panel a) and SUVpeak (panel b) between images acquired with reference vs.
reduced acquisition protocol. Quantitative assessment was performed separately for lesions with faint (circles, SUVmax<5), moderate (triangles, 5<
SUVmax< 10)), and high uptake (squares, SUVmax 2 10). Dashed lines indicate the maximum tolerated deviation of £20%

J

mean percentage difference in lesion SUVmax for differ-
ent scanners at different locations [17]. Across all mea-
sured lesions, the mean absolute percentage deviation
for SUVmax (SUVpeak) was 7.5% (8.4%), 6.8% (5.7%),

6.5% (5.3%), and 6.2% (6.2%) for OSEM-TOE+PSF (4i),
OSEM-TOF+PSF (2i), OSEM-TOF (4i), OSEM-TOF
(2i), respectively. In the population after systemic treat-
ment (n=12), Deauville Score was 1 in four patients,
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2 in three patients, 4 in three patients and 5 in two
patients. No deviations in Deauville Score were
observed.

Image noise

Scan time reduction led to an increase in image noise
and these differences were most pronounced in the im-
ages reconstructed with 4 iterations (Fig. 3). The mean
image noise increased from 7.8 to 12.2% for OSEM-TOF
(4i) and 5.2 to 8.1% for OSEM-TOF (2i). The same
phenomenon was observed for OSEM-PSF+TOF recon-
structed images, that is, image noise increased from 6.4
to 10.3% OSEM-TOF+PSF (4i), 4.3 to 6.5% for OSEM-
TOF+PSF (2i)

Discussion

This study confirms that a digital PET/CT system en-
ables a reduction of scan time duration or administered
8EFDG-PET/CT activity. In our cohort of 20
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lymphoma patients all of our defined body regions
(supradiaphragmal nodal, infradiaphragmal nodal, extra-
nodal) were correctly classified and no down-staging was
observed using images acquired with the reduced acqui-
sition protocol. Hence, based on the images acquired
with almost a threefold reduction in scan time duration,
lesion detectability, image quantification, and image
noise were highly reproducible across all reconstruction
algorithms.

Similarly, van Sluis et al. [10] were able to show that a
threefold reduction in scan time duration led to down-
staging in a minor fraction of patients (1/30) of their pa-
tient cohort that encompassed different oncological en-
tities. A prior study by our group showed comparable
results for ®*Ga-PSMA PET in prostate cancer [18]. We
observed down-staging in 1/20 patients due to missing
small nodal lesions. The differences in findings to the
previous study can be explained by the bigger size of
nodal lesions in this study (mean short-axis diameter:
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13.8 mm) as well as the different imaging properties of
18E_FDG-based tracers [19]. However, at presentation,
size of nodal lesions in lymphoma is often larger than 1
cm, so the lesion size in our patient cohort is likely to be
representative [20]. Figure 1 shows an exemplary patient,
who underwent '*F-FDG-PET/CT using the reference
acquisition and reduced acquisition protocol.

Image quantification acquired with the reduced scan
time duration proved to be reliable across all reconstruc-
tion algorithms and the single absolute percentage devi-
ation was considerably lower than <20% (Fig. 2), which
we previously defined as the acceptable margin of error.
Of note, a recent study by Kurland et al. [17] demon-
strated that lesion uptake (SUVmax) showed an average
difference of 8% for the same scanner model within the
same institution and 18% for different scanners from dif-
ferent institutions. No notable differences were observed
between SUVmax and SUVpeak measurements and be-
tween low, moderate and high tracer uptake. In this
study images acquired with the reduced acquisition
protocol were acquired after the reference protocol. The
occurrence of at least slight metabolic changes between
the acquisitions of both scans is likely as prior studies
employing dual time point '®F-FDG-PET/CT have
shown an increase of tumor specific '*F-FDG-uptake on
images acquired as late as 2 or 3h after injection [21,
22]. This might partially explain the higher tumoral up-
take on images acquired with reduced vs. reference
emission time. A detailed depiction of quantitative as-
sessment in all patients is provided in Fig. 2.

As expected, a reduction of emission time led to an in-
crease in image noise, which is in line with prior studies
by van Sluis et al. [10] and Sonni et al. [23]. An in-depth
overview of image noise across all employed reconstruc-
tion algorithms is provided in Fig. 3.

Interestingly, a higher image noise was observed for
images reconstructed with 2 iterations vs. 4 iterations,
which is comparable with a previous study of our group
on emission time reduction in ®*Ga-PSMA PET/CT
[18].

Limitations of our study are the relatively small patient
and lesion size and its retrospective nature. Additionally,
in more than half of patients '*F-FDG-PET/CT did not
reveal any '®F-FDG-avid lymphoma manifestations,
which further restricts the reliability of our study results.
For ethical reasons histopathological lesion validation
was not performed. However, this was beyond the scope
of this study as "*E-FDG-PET/CT constitutes the current
imaging gold standard [24].

Conclusion

This study shows that the advent of the new generation
of digital PET/CT systems might enable a reduction of
scan time duration (or administered activity) without
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sacrificing diagnostic performance. Especially a reduc-
tion in tracer activity might allow for higher patient
throughput, better cost-efficiency, and a reduction in ra-
diation exposure in the frequently young lymphoma pa-
tients. However, the results have to be validated in larger
trials.
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Table S1. Patient and Imaging Characteristics (n=20)

Sex and age

Values for age

Mean (range) age (in years) 50.0 (23-84)
Mean (range) weight (in kg) 81 (47-130)
Men 8

Women 12
Lymphoma subtype Number of patients
Hodgkin lymphoma 5

High clinical suspicion, NOS 1

NHL 14
-DLBCL -6

- Follicular lymphoma -2

- ALCL -1

- BCL NOS -3

- NHL NOS -2
Indication Number of patients

Initial staging
Assessment of treatment response

Suspicion for recurrence

12

Imaging characteristics




Mean administered activity £SD 340+72

Mean uptake time + standard deviation 73£11

NOS: Non otherwise specified; NHL: Non-Hodgkin lymphoma; DLBCL: Diffuse B-Cell

Lymphoma; ALCL: anaplastic large-cell lymphoma; BCL: B-cell lymphoma, NHL: Non-

Hodgkin lymphoma



Table S2 Overview of the Lesion detectability using images reconstructed with OSEM-TOF+PSF 4i (served
as reference) in comparison with the detectability using images reconstructed with OSEM-TOF 4i (short)

and OSEM-TOF 2i (reduced).

Patient OSEM-PSF+TOF 4i (reference) OSEM-PSF+TOF 4i (reduced) OSEM-PSF+TOF 2i (reduced)
No.

5 1/0/0 (II) 1/0/0 (II) 1/0/0 (II)
9 0/0/0 (0) 0/0/0 (0) 0/0/0 (0)
10 0/0/1 (IV) 0/0/1 (IV) 0/0/1 (IV)
11 0/0/0 (0) 0/0/0 (0) 0/0/0 (0)
12 0/0/1 (I) 0/0/1 (I) 0/0/1 (I)
13 0/0/0 (0) 0/0/0 (0) 0/0/0 (0)
14 1/1/0 (IIT) 1/1/0 (IIT) 1/1/0 (III)
15 0/0/0 (0) 0/0/0 (0) 0/0/0 (0)
16 0/0/0 (0) 0/0/0 (0) 0/0/0 (0)
17 0/0/0 (0) 0/0/0 (0) 0/0/0 (0)
18 1/0/1 (IV) 1/0/1 (IV) 1/0/1 (IV)
19 0/0/0 (0) 0/0/0 (0) 0/0/0 (0)
20 1/1/0 (111 1/1/0 (111 1/1/0 (111

21 1/0/0 (I) 1/0/0 (1) 1/0/0 (1)



22 0/0/0 (0) 0/0/0 (0) 0/0/0 (0)

23 0/0/0 (0) 0/0/0 (0) 0/0/0 (0)
24 0/1/0 (11 0/1/0 (11 0/1/0 (11
25 1/0/0 (II) 1/0/0 (1) 1/0/0 (1)
26 0/0/0 (0) 0/0/0 (0) 0/0/0 (0)
27 0/0/0 (0) 0/0/0 (0) 0/0/0 (0)

Supradiaphragmal positive? / infradiaphragmal positive? / Extranodal positive? (Ann-Arbor-Stage); ,,1“: yes, ,,0“: no



Table S3 Overview of the lesion detectability using images reconstructed with OSEM-TOF 4i (served as

reference) in comparison with the detectability using images reconstructed with OSEM-TOF 4i (short)

and OSEM-TOF 2i (reduced).

Pj\t]f-nt OSEM-TOF 4i (reference) OSEM-TOF 4i (reduced) OSEM-TOF 2i (reduced)
5 1/0/0 (IT) 1/0/0 (I1) 1/0/0 (IT)
9 0/0/0 (0) 0/0/0 (0) 0/0/0 (0)
10 0/0/1 (IV) 0/0/1 (IV) 0/0/1 (IV)
11 0/0/0 (0) 0/0/0 (0) 0/0/0 (0)
12 0/0/1 (11IS) 0/0/1 (IS) 0/0/1 (IS)
13 0/0/0 (0) 0/0/0 (0) 0/0/0 (0)
14 1/1/0 (111) 1/1/0 (11IT) 1/1/0 (111)
15 0/0/0 (0) 0/0/0 (0) 0/0/0 (0)
16 0/0/0 (0) 0/0/0 (0) 0/0/0 (0)
17 0/0/0 (0) 0/0/0 (0) 0/0/0 (0)
18 1/0/1 (IV) 1/0/1 (IV) 1/0/1 (IV)
19 0/0/0 (0) 0/0/0 (0) 0/0/0 (0)
20 1/1/0 (I1I) 1/1/0 (111) 1/1/0 (11I)
21 1/0/0 (1) 1/0/0 (1) 1/0/0 (1)



22 0/0/0 (0) 0/0/0 (0) 0/0/0 (0)

23 0/0/0 (0) 0/0/0 (0) 0/0/0 (0)
24 0/1/0 (II) 0/1/0 (II) 0/1/0 (II)
25 1/0/0 (II) 1/0/0 (II) 1/0/0 (II)
26 0/0/0 (0) 0/0/0 (0) 0/0/0 (0)
27 0/0/0 (0) 0/0/0 (0) 0/0/0 (0)

Supradiaphragmal positive? / infradiaphragmal positive? / Extranodal positive? (Ann-Arbor-Stage); ,,1“: yes, ,,0“: no
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biograph vision

Manuel Weber'"®, Walter Jentzen', Regina Hofferber', Ken Herrmann', Wolfgang Peter Fendler',
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Abstract

Aim: [®3Ga]Ga-PSMA-11 PET/CT allows for a superior detection of prostate cancer tissue, especially in the context of a
low tumor burden. Digital PET/CT bears the potential of reducing scan time duration/administered tracer activity due
to, for instance, its higher sensitivity and improved time coincidence resolution. It might thereby expand [®Ga]Ga-
PSMA-11 PET/CT that is currently limited by ®Ge/%®Ga-generator yield. Our aim was to clinically evaluate the influence
of a reduced scan time duration in combination with different image reconstruction algorithms on the diagnostic
performance.

Methods: Twenty prostate cancer patients (11 for biochemical recurrence, 5 for initial staging, 4 for metastatic
disease) sequentially underwent [*¥Ga]Ga-PSMA-11 PET/CT on a digital Siemens Biograph Vision. PET data were col-
lected in continuous-bed-motion mode with a mean scan time duration of 16.7 min (reference acquisition protocol)
and 4.6 min (reduced acquisition protocol). Four iterative reconstruction algorithms were applied using a time-of-
flight (TOF) approach alone or combined with point-spread-function (PSF) correction, each with 2 or 4 iterations. To
evaluate the diagnostic performance, the following metrics were chosen: (a) per-region detectability, (b) the tumor
maximum and peak standardized uptake values (SUVmax and SUVpeak), and (c) image noise using the liver's activity
distribution.

Results: Overall, 98% of regions (91% of affected regions) were correctly classified in the reduced acquisition proto-
col independent of the image reconstruction algorithm. Two nodal lesions (each <4 mm) were not identified (leading
to downstaging in 1/20 cases). Mean absolute percentage deviation of SUVmax (SUVpeak) was approximately 9%
(6%) for each reconstruction algorithm. The mean image noise increased from 13 to 21% (4 iterations) and from 10 to
15% (2 iterations) for PSF +TOF and TOF images.

Conclusions: High agreement at 3.5-fold reduction of scan time in terms of per-region detection (98% of regions)
and image quantification (mean deviation < 10%) was demonstrated; however, small lesions can be missed in about
10% of patients leading to downstaging (TTNOMO instead of TINTMO) in 5% of patients. Our results suggest that a
reduction of scan time duration or administered [*®Ga]Ga-PSMA-11 activities can be considered in metastatic patients,
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where missing small lesions would not impact patient management. Limitations include the small and heterogene-

ous sample size and the lack of follow-up.

Keywords: PET/CT, PSMA, Image quality, Silicon photomultiplier

Introduction

The high sensitivity and specificity of ®*Ga -labeled pros-
tate-specific membrane antigen-ligand positron-emis-
sion tomography ([**Ga]Ga-PSMA-11 PET) for prostate
cancer lesions has led to an increasing use over the past
years [1]. Advantages over other modalities, such as com-
puted tomography (CT) and magnetic resonance imaging
as well as bone scan scintigraphy with regards to lesion
detection, are particularly marked in patients with low
tumor burden, influencing management in a substantial
fraction of patients [2, 3].

To ensure optimal image quality the joint EANM/
SNMMI procedure guidelines for ®*Ga-PSMA PET rec-
ommend intravenous administration of 1.8-2.2 MBq
[8Ga]Ga-PSMA-11 per kilogram body weight and
an emission time of 2—-4 min per bed position in
step-and-shoot mode [4]. However, availability of
[®®Ga]Ga-PSMA-11 PET is limited fundamentally by
8Ge/%8Ga-generator yield and, to a lesser degree, pos-
itron-emission tomography (PET) scan duration time
[5]. Current strategies to expand PSMA PET operation
include distribution of '8F-labeled probes with longer
half-life.

Another approach will be optimization of acquisition
techniques, i.e., reducing the administered activity with-
out notable loss of diagnostic performance. Alternatively,
a higher patient throughput could be achieved by reduc-
ing scan time duration, which would also decrease the
risk for radioactive contamination and patient discomfort
due to urinary incontinence [6].

A recent study has shown that the administration of
a reduced [*®Ga]Ga-PSMA-11 activity was not feasible
without sacrificing tumor detectability and image quality
on a “conventional” Siemens Biograph mCT PET/CT sys-
tem [5]. These limitations might potentially be overcome
with the advent of a new generation of “digital” PET/CT
systems using digital detector technology (of note, the
frequently used term “digital” PET is in a way misleading
and can be more aptly replaced by silicon photomulti-
plier-based PET; however, we adopt the term used in cur-
rent literature). For example, the digital Biograph Vision
PET/CT system allows for a higher detector sensitivity,
a higher spatial resolution, and an improved coincidence
timing resolution compared with its precedent model,
the photomultiplier tube-based Biograph mCT [7, 8].
Phantom and patient studies using '®F-labelled glucose
have recently confirmed the superior imaging properties

of the new system [8]. This might allow for a better
detectability of lesions with faint tracer accumulation.

A prior, still unpublished, phantom optimization study
(simulating conditions observed for [®*Ga]Ga-PSMA-11
patients) by our group demonstrated that a three and a
half-fold reduction of emission time per bed position
did not result in any notable loss of lesion detectability
and image quantification when using appropriate image
reconstruction algorithms and reconstruction param-
eters [9]. These results can be projected to the use of
low activity protocols, as a reduction of emission time
roughly corresponds to a reduction of the administered
activity by the same factor [5, 10].

Therefore, the aim of this study was to clinically evalu-
ate the feasibility of a three and a half-fold reduced scan
time duration on the digital Biograph Vision with regard
to detectability, quantification precision, and image qual-
ity. In addition, the impact of different image reconstruc-
tion algorithms was evaluated.

Methods and materials

Patient population and preparation

Twenty randomly selected patients with prostate can-
cer undergoing [*®Ga]Ga-PSMA-11 PET examination
(on clinical indication) were included. Mean patient age
(range) was 68 (53-78) years, mean (range) prostate-
specific antigen (PSA) levels were 26.1 (0.4-258) ng/
mL. Additional file 1: Table S1 provides an in-depth
overview of the patient characteristics. For [®3Ga]Ga-
PSMA-11 PET performance, a mean=standard devia-
tion (SD) activity of 124423 MBq [*®*Ga]Ga-PSMA-11
was injected intravenously. PET/CT data were acquired
after a mean 4 SD time interval of 58 + 12 min.

Image acquisition

All patients were scanned using a digital Biograph Vision
PET/CT system (Siemens Healthcare; Erlangen, Ger-
many), which was recently characterized using '*F [8].
The [*®Ga]Ga-PSMA-11 PET examinations included
whole-body PET/CT scans from pelvic to the skull base.
PET/CT started with a whole-body spiral CT in full-dose
technique using automatic tube current and tube voltage
adjustments (Care Dose 4D, quality reference 160 mAs;
CARE kV, quality reference 120 kV). CT data were used
for attenuation correction and anatomical localization.
In the absence of contraindications iodinated contrast
medium was administered intravenously. Subsequently,
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two PET scans—a reference acquisition and a reduced
acquisition protocol—were applied in continuous-bed-
mode. The reference (or clinical standard) scan was
acquired first and lasted on average 16.7 min (standard
deviation £ 0.6 min). After its completion, the reduced
scan was acquired including the same region and lasted
on average 4.6 min (standard deviation+0.2 min). The
mean=+SD time interval between tracer injection and
the first and second PET scan time point was 58 + 12 min
74+12 min, respectively. The three and a half-fold
reduction of the scan time duration was based on a still
unpublished optimization study performed on the same
PET/CT system using an abdominal phantom simulat-
ing the prostate region under conditions observed in
prostate cancer imaging [9]. The optimized step-and-
shoot emission time in this phantom study was 60 s/bed
(or 2.19 mm/s in continuous-bed-motion table speed) in
association with appropriate image reconstruction algo-
rithms (see below). The conversion from step-and-shoot
emission time per bed (,.4) to continuous-bed-motion
table speed (v.) Was based on the manufacturer-rec-
ommended equivalence settings using an axial field of
view (FOV) of 263 mm (or v,,;,,,=0.5 FOV / t; .y [11].

More specifically, our clinical standard protocol com-
prised two regions, a prostate and a non-prostate region.
For the reference acquisition protocol, the continuous-
bed-motion table speed (equivalent step-and-shoot emis-
sion time per bed position) was 0.6 mm/s (219 s/bed)
within the prostate region (scan length of about 30 cm)
and 1.2 mm/s (110 s/bed) from the lower abdomen to the
skull base (scan length of about 60 ¢cm). The acquisition
time of the non-prostate region was slightly shorter than
the EANM procedure guidelines recommend, based on
the superior imaging properties of the Vision Biograph
[7, 8].

For the reduced acquisition protocol, the table speeds
for the respective regions were linearly scaled using the
ratio of the optimized to standard step-and-shoot emis-
sion time for the prostate region (219 s/bed divided
by 60 s/bed), that is, the continuous-bed-motion table
speed was 2.2 mm/s (60 s/bed) for the prostate region
and 4.4 mm/s (30 s/bed) for the non-prostate region,
respectively.

Image reconstruction

The CT images were reconstructed iteratively with a
convolution kernel 130f (SAFIRE level of 3). The recon-
structed CT slice thickness and the transversal voxel
size was 3 mm and 1.5 x 1.5 mm? respectively. In ref-
erence to the phantom optimization study, PET images
were reconstructed using the three-dimensional ordi-
nary Poisson ordered-subset expectation maximization
(OSEM) algorithm with time-of-flight (TOF) approach
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alone or combined with point-spread-function (PSF)
correction [9]. All reconstructions included scatter and
CT-based attenuation correction, decay correction,
normalization, and correction for random coincidence.
Scatter was corrected using the extended single-scatter
simulation algorithm, which distinguished the scat-
tered annihilation radiation according to its TOF [8].
In addition, a prompt gamma coincidence correction
method is by default implemented in the PET recon-
struction algorithm for radionuclides emitting prompt
gammas such as ®®Ga (branching ratio of 89% and
prompt gamma fraction of 1.2%) [12]. For both acqui-
sition protocols, four image sets were reconstructed:
TOF and TOF + PSF, each with 2 iterations (5 sub-
sets) or 4 iterations (5 subsets). The reconstructed
images had a voxel size of 3.3 x 3.3 x 3.0 mm? and were
smoothed with an isotropic Gaussian post reconstruc-
tion filter of 4 mm [9]. The measured reconstructed
PET spatial resolution (expressed as the full-width-
at-half maximum) was 6.2 mm and 5.6 mm for TOF-
and TOF + PSF-reconstructed images, respectively [9].
The resulting 4 images (reconstructed for each patient
and each acquisition protocol) are referred to OSEM-
TOE(2i), OSEM-TOF(4i), OSEM-TOF + PSF (2i), and
OSEM-TOF + PSE(4i).

Image analyses

PET data sets were pseudonymized and evaluated in ran-
dom order by a blinded reader (with no image acquisi-
tion and reconstruction information as well as no clinical
information). Focal PSMA-uptake higher than the sur-
rounding background was classified as neoplastic if not
associated with physiological organ uptake [13]. Patho-
logical findings were then divided into four separate body
regions (local tumor, regional lymph node metastases,
and soft tissue metastases including extrapelvic lymph
nodes and bone metastases) [14]. Maximum and peak
standardized uptake values (SUVmax and SUVpeak)
were measured for the tumor with the most intense
tracer uptake in each body region. Additionally, in each
patient, one lesion with faint tracer uptake (if available)
was measured. Reading results were then compiled by a
member not involved in the reading process. A joint con-
sensus session by two physicians was performed for dis-
cordant reports between series of the same patient. Due
to the published high inter-observer agreement for [*3Ga]
Ga-PSMA-11 PET reporting by multiple blinded readers
was not deemed necessary [15]. In addition, a spherical
volume of interest with a diameter of 30 mm was drawn
within the inferior right lob of the liver; the SD of the
liver’s tissue activity distribution and its mean was ascer-
tained for image noise evaluation [16, 17].
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Metrics for diagnostic performance

Three metrics were used to evaluate the diagnostic per-
formance. Primary endpoint was the accuracy of the
per-region detectability in the images acquired with the
reduced protocol. To this end, images reconstructed with
the same algorithm, but acquired with standard emission
time duration, were set as reference image. The percent-
age fraction of correctly classified tumor regions in the
images using the reduced acquisition was calculated and
changes of miTNM stage were assessed. As secondary
endpoint, the precision in image quantification was eval-
uated using SUVmax and SUVpeak. The ratio between
SUVmax (SUVpeak) of PSMA-positive tumors in the
reduced and reference acquisition protocol series was
calculated among the respective image reconstruction
algorithms. The resulting SUV ratios were further cat-
egorized in terms of SUVmax showing tumors with faint
(SUVmax < 5), moderate (5<SUVmax<30), and high
uptake (SUVmax > 30). The SUVmax (SUVpeak) among
reference and reduced protocols were correlated by using
Pearson product-moment correlation. For the same pairs,
Bland-Altman analysis was used to determine the mean
differences and 95% limits of agreement between the dif-
ferences. Finally, the third metric evaluates the image
noise and was the percentage ratio of the SD of the tissue
activity distribution within the selected liver VOI to its
mean value.

Results

Detectability

As assessed by the reference protocol 14/20 patients
(70%) were PSMA PET-positive, 8/20 (40%) patients
had local tumor, 3/20 (15%) pelvic lymph node metasta-
ses, 5/20 (25%) extrapelvic lymph node metastases, 7/20
(35%) bone metastases. None of the patients had visceral
metastases. Additionally, focal [*®Ga]Ga-PSMA uptake
in a celiac ganglion, representing a common pitfall was
visible across all acquisition and reconstruction protocols
[18].

Using series acquired with the reference protocol,
78/80 regions (98%) and 21/23 (91%) regions with at
least one tumour lesion were correctly classified in the
reduced protocol (Additional file 1: Tables S2 and S3).
Additional file 1: Table S4 gives an extensive overview
of patient characteristics including miTNM stage [19]
for both protocols. No differences regarding the region
classification were observed between the different recon-
struction algorithms.

In two patients, one small nodal lesion (each <4 mm
short-axis diameter derived from CT images) was
missed, each impacting miTNM stage (TINOMO instead
of TINIMO; TON1M1b instead of TON1M1aM1b). SUV-
max (SUVpeak) of the missed mediastinal lymph node
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(Fig. 1) was 5.7 (3.1), SUVmax (SUVpeak) of the missed
pelvic lymph node (Fig. 2) was 3.8 (2.2). However, just
one of these missed lesions led to clinically relevant
downstaging.

Figures 1 and 2 show [*®Ga]Ga-PSMA-11 PET/CT
images of the patients, in whom the lesions were missed
across all reconstruction algorithms.

Image quantification

In Fig. 3, dot plots of the ratio of SUVmax und SUVpeak
for all 25 lesions are provided separately for lesions with
faint, moderate and high uptake. SUVs between images
acquired with reduced vs. standard protocol images
reconstructed with the same algorithms differed by less
than 20%, which we defined as an acceptable error mar-
gin. The mean absolute percentage deviation (includ-
ing all 25 lesions) for SUVmax (SUVpeak) for the
different image algorithms were 9.4% (6.1%), 8.1% (6.4%),
11.2% (6.2%), 8.3% (5.9%) for OSEM-TOE+PSE (4i),
OSEM-TOF+PSF (2i), OSEM-TOF (4i), OSEM-
TOF (2i), respectively. No notable differences (<20%)
were observed when comparing lesions with different
uptake intensities (faint, moderate, and high). Pearson’s
correlation coefficient between SUVmax of standard vs.
reduced acquisition time was 0.996 (PSF 4 TOF 4i), 0.998
(PSF+ TOF 2i), 0.997 (TOF 4i), 0.998 (TOF 2i), respec-
tively. For SUVpeak Pearson’s correlation coefficient was
1.000 (PSE+ TOF 4i), 0.999 (PSE+ TOF 2i), 0.999 (TOF
4i), 0.999 (TOF 2i), respectively. All Pearson coefficients
were significantly correlated (p<0.01). The Bland-Alt-
man plot shows systematic overestimation of SUVmax
and SUVpeak in the images acquired with reduced acqui-
sition time (Figs. 4 and 5). This overestimation was more
pronounced when using SUVmax. Outliers and scatter
levels appear to be more pronounced in images recon-
structed with 4 as opposed to 2 iterations.

Image noise

The mean image noise was higher for images acquired
with the reduced protocol than for images acquired with
the reference protocol (Fig. 6) and these differences were
most pronounced in the images reconstructed with 4
iterations. The mean image noise increased from 12 to
20% for OSEM-TOF +PSF (4i), 9% to 13% for OSEM-
TOF + PSF (2i), 14% to 22% for OSEM-TOF (4i) and 10%
to 15% for OSEM-TOF (2i).

Discussion

This study indicates that a reduction of the scan time
duration or administered [*Ga]Ga-PSMA-11 activity
produces results comparable to the reference acquisi-
tion protocol on a digital Biograph Vision PET/CT sys-
tem both for detectability (98% of regions correctly
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Fig. 1 A 65-years old patient (Pat. ID #7) with second biochemical recurrence after primary prostatectomy and salvage external beam radiation
therapy. PSA was 0.6 ng/ml at the time of imaging. a-c show images acquired with the reference acquisition protocol; d—f show images acquired
with the reduced acquisition protocol, all reconstructed with OSEM-PSF +TOF(4i). Pathological tracer uptake in a mediastinal lymph node visible
on the images acquired with reference protocol (¢, black arrow) was not reproducible with three and a half-fold reduction in scan time duration (f).
Maximum intensity projection (a, d) and axial [%8GalGa-PSMA-11 PET/CT slices (b, ¢, e, f) show pelvic and extrapelvic lymph node metastases (black
arrows) and bone metastases (red arrows)

identified) and image quantification (mean absolute In our cohort of 20 prostate cancer patients across a
deviation <10%) for all reconstruction algorithms but  variety of miTNM stages undergoing [**Ga]Ga-PSMA-11
OSEM-TOF (44i). PET, only two small nodal lesions (short-axis diam-

eter of <4 mm) were missed (Figs. 1 und 2) leading to
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Fig.2 A 61-year-old patient (Pat ID #13) with biopsy-proven prostate cancer undergoing [®GalGa-PSMA-11 PET/CT for initial tumor staging before
treatment. Gleason Score was 9, PSA was 18.3 ng/ml at the time of imaging. a—c show images acquired with the reference acquisition protocol; d—f
show images acquired with the reduced acquisition protocol all reconstructed with OSEM-PSF 4 TOF (4i). Maximum intensity projection (a, d) and
axial [®Ga)Ga-PSMA-11 PET/CT slices (b, c, e, f) show local tumor (red arrows). One right pelvic lymph node metastasis (black arrow) could not be
unequivocally detected with a three and a half-fold scan time reduction (c, f). Until now the patient has not undergone surgery, a follow-up scan
performed more than 6 months later confirmed the prostatic and lymph node lesions
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miTNM downstaging in one case. The first lesion was
located close to the right common iliac artery, the second
in the mediastinum. In one of these cases (lesion 1), this
downstaging would have possibly impacted patient man-
agement negatively, in the other (lesion 2) the reduced
emission time would have been unlikely to cause major
changes in management as the patient also had bone
metastases.

However, low sensitivities of PSMA PET performed
with “conventional” PET/CT systems have previously
been reported for the detection of small lesions (<5 mm)
due to partial volume effects [20]. Both of the missed
lesions in our cohort showed moderate to faint tracer
uptake (SUVmax 5.7 and SUVmax 3.8), which is also
known to negatively affect detectability [21]. Addition-
ally, high background due to unspecific small intestinal or
mediastinal uptake considerably hampered lesion detec-
tion (Figs. 1 and 2). A further possible explanation would
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be motion artifacts, among others caused by gastroin-
testinal peristaltic and arterial pulsation. Administered
activities for these patients were above average (129 MBq,
135 MBq) and uptake time within one standard deviation
of the mean (48 and 55 min); therefore, both factors are
unlikely to be causal.

The main drawback of our reduced acquisition pro-
tocol is that small nodal lesions could be missed lead-
ing to false-negative [*®Ga]Ga-PSMA-11 PET reports,
especially in the non-prostate lesion, where the acquisi-
tion time is particularly short. This could be addressed
by optimizing patient selection, and performing reduced
activity protocols in patients, in whom missing small
nodal lesions would not impact management. One exam-
ple could be the imaging of patients with known remote
metastases (although the appearance of small new lesions
could be missed) and/or those before PSMA-directed
radioligand therapy. On the other hand, patients with
suspected low tumor burden and/or patients at initial
diagnosis would not be ideal candidates.

Recently, two studies have been published that tried
to optimize the administered activity and to reduce the
emission time duration. First, our findings differ from a
previous trial by Rauscher et al. [5], who showed unsat-
isfactory results for list-mode reconstructed images
simulating the administration of one-third and two-third
of the standard activity. In contrast to their methodol-
ogy, whole-body PET list-mode reconstruction was not
applicable in our study due to the use of continuous-bed-
motion mode, which should preferably be used if avail-
able [22]. Additionally, patients enrolled in the trial by
Rauscher et al. [5] underwent [*®*Ga]Ga-PSMA-11 PET
on a Siemens Biograph mCT, so the discrepancy in find-
ings might potentially be explained by the different imag-
ing characteristics when compared to its successor, the
Siemens Biograph Vision. Second, van Sluis et al. [10]
showed an improvement in visually assessed image qual-
ity, tumor lesion demarcation, and overall image quality
in oncological patients undergoing 2-[**F]JFDG PET/CT
[7]. In agreement with our short acquisition protocol the
same group [10] also found that a threefold reduction of
administered activity in oncological patients was feasible,
with TNM down-staging only occurring in 1/30 patient
cases.

No differences with regards to the detectability were
observed for the different reconstruction algorithms. Of
note, additional PSF reconstruction did not provide addi-
tional value in terms of detectability. This can be largely
explained by the implementation of a 4-mm Gaussian
filter, producing similar PET reconstructed spatial reso-
lutions for TOF- and TOF + PSF-reconstructed images
(6.2 mm vs. 5.6 mm) [9]. In addition, under reduced
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statistical conditions, PET images will inevitably dis-
play higher noise [23]. To compensate this loss in image
quality, a careful adaptation of iteration number could
be considered without compromising lesion detectabil-
ity by insufficient iterative convergence. In fact, our data
suggests that with TOF and TOF + PSF modelling, image
noise in the liver can be reduced by applying 2 iterations
instead of 4 (Fig. 6). This results confirm previous inves-
tigations, underlining the fast convergence capability of
TOF [24]. Additionally, recent publications suggest that
the implementation of machine learning approaches
might enable the image reconstruction of standard activ-
ity images even when very low activities are used [25].

There are several limitations in this study. A limitation
of our study is the relatively small and heterogeneous
sample size, encompassing patients with a wide variety
of miTNM stages. Additionally, the reduced acquisi-
tion protocol was applied after the reference acquisition
protocol and uptake intervals were quite heterogeneous.
On the one hand, by doing so the radionuclide decay
occurring in the meantime as well as the better align-
ment with the CT scan favor the standard protocol. On
the other hand, metabolic activity changes can occur
between both scan acquisitions. As prior studies have
observed an increase in tumoral PSMA uptake between
images acquired 3 h after tracer administration versus 1 h
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after tracer administration, this might have contributed
to differences in image quantification (i.e., the observed
overestimation for a few lesions) [26]. This leads to the
alternative hypothesis that lesions inapparent on the
images acquired (later) with the reduced acquisition
protocol, might have been non-neoplastic lesions with
decreasing PSMA-uptake over time. Therefore, the rea-
son for missing them might rather be the later uptake
interval than the reduced acquisition time.

Furthermore, detectability was performed on a per-
region level instead of a per-lesion level. Since the per-
region analysis does not account for the identification of
additional lesions in the standard acquisition protocol in

a region that is already rated positive in both acquisition
protocols, the per-lesion detectability is potentially lower.
As the scan time duration of the non-prostate region in
the clinical protocol was slightly below the 2—4 min rec-
ommended by the EANM guideline, patients might also
have potentially been understaged by the clinical proto-
col. A further limitation of this study is that lesion valida-
tion was not performed. However, the current literature
suggests a high positive predictive value of [%®Ga]Ga-
PSMA-11 PET making this a minor issue [3].
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Supplemental Table S1

Patient Characteristics (n=20)

Table S1.

Age and PSA Values for age and PSA
Median (range) age (years) 68 (53-78)
Median (range) PSA (ng/mL) 3.2 (0.4-258)

Gleason score

Number of patients

NelieBEN o)

[V, I VSIRUS BRY, IR SN

Initial treatment (number of patients)

Number of patients

None

Prostatectomy

Primary EBRT

Salvage EBRT

ADT
Enzalutamide/Abiraterone
Chemotherapy

Others

—_
— W

—_— W A W

NA, not available; EBRT, external beam radiation therapy



Supplemental Table S2

Overview of the lesion detectability using images reconstructed with OSEM-TOF 4i (served as reference) in

comparison with the detectability using images reconstructed with OSEM-TOF 4i (short) and OSEM-TOF 2i

(reduced).
Lesion detection Lesion detection Lesion detection
Pat. ID. OSEM-TOF(4i) OSEM-TOF(4i) OSEM-TOF(2i)
(reference) ( reduced) (reduced)
1 1/0/1/1 1/0/1/1 1/0/1/1
2 0/0/1/0 0/0/1/0 0/0/1/0
3 0/0/0/0 0/0/0/0 0/0/0/0
4 0/0/0/0 0/0/0/0 0/0/0/0
5 1/0/0/0 1/0/0/0 1/0/0/0
6 0/0/1/0 0/0/1/0 0/0/1/0
7 0/1/1/1 0/1/0/1 0/1/0/1
8 1/0/0/0 1/0/0/0 1/0/0/0
9 0/0/0/1 0/0/0/1 0/0/0/1
10 0/0/0/1 0/0/0/1 0/0/0/1
11 0/0/0/0 0/0/0/0 0/0/0/0
12 0/0/0/0 0/0/0/0 0/0/0/0
13 1/1/0/0 1/0/0/0 1/0/0/0
14 1/1/1/1 1/1/1/1 1/1/1/1
15 1/0/0/0 1/0/0/0 1/0/0/0
16 0/0/0/1 0/0/0/1 0/0/0/1
17 1/0/0/0 1/0/0/0 1/0/0/0
18 1/0/0/1 1/0/0/1 1/0/0/1
19 0/0/0/0 0/0/0/0 0/0/0/0

20 0/0/0/0 0/0/0/0 0/0/0/0




*Classified tumor regions are local tumor/regional metastatic lymph nodes/extrapelvic soft-tissue tumors
including lymph nodes/bone tumors. Symbol ,,1* marks the presence of at least one lesion, symbol ,,0° denotes
the absence of lesions in this region. Mismatches in comparison with the reference are marked in red.
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Table S3
Overview of the lesion detectability using images reconstructed with OSEM-TOF+PSF(41) (served as as

reference) in comparison with the detectability using images reconstructed with OSEM-TOF+PSF(41)
(reduced) and OSEM-TOF+PSF(2i) (reduced).

Pat. Lesion detection ' Lesion detection ’ Lesion detection QSEM—
D OSEM-PSF+TOF(4i) OSEM-PSF+TOF(41) PSF+TOF(2i)
(reference) (reduced) (reduced)
1 1/0/1/1 1/0/1/1 1/0/1/1
2 0/0/1/0 0/0/1/0 0/0/1/0
3 0/0/0/0 0/0/0/0 0/0/0/0
4 0/0/0/0 0/0/0/0 0/0/0/0
5 1/0/0/0 1/0/0/0 1/0/0/0
6 0/0/1/0 0/0/1/0 0/0/1/0
7 0/1/1/1 0/1/0/1 0/1/0/1
8 1/0/0/0 1/0/0/0 1/0/0/0
9 0/0/0/1 0/0/0/1 0/0/0/1
10 0/0/0/1 0/0/0/1 0/0/0/1
11 0/0/0/0 0/0/0/0 0/0/0/0
12 0/0/0/0 0/0/0/0 0/0/0/0
13 1/1/0/0 1/0/0/0 1/0/0/0
14 1/1/1/1 1/1/1/1 1/1/1/1
15 1/0/0/0 1/0/0/0 1/0/0/0
16 0/0/0/1 0/0/0/1 0/0/0/1
17 1/0/0/0 1/0/0/0 1/0/0/0
18 1/0/0/1 1/0/0/1 1/0/0/1
19 0/0/0/0 0/0/0/0 0/0/0/0
20 0/0/0/0 0/0/0/0 0/0/0/0

*Classified tumor regions are local tumor/regional metastatic lymph nodes/extrapelvic soft-tissue tumors
including lymph nodes/bone tumors. Symbol ,,1 marks the presence of at least one lesion, symbol ,,0* denotes
the absence of lesions in this region. Mismatches in comparison with the reference are marked in red.
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Table S4.
Imaging Characteristics Including miTNM Stage as Assessed by the Reference and Reduced
Protocol
P A Uk g ke Rl

1 124 45 75 TINIMl1aMlb TINIMl1aMl1b
2 155 63 94 TON1M]la TON1M]la

3 86 32 79 TINO TINO

4 94 57 83 TINO TINO

5 134 48 94 TINO TINO

6 119 65 76 TONOM1a TONOM1a

7 129 48 75 TONIMI1aMl1b TON1M1b

8 151 61 75 TINO TINO

9 135 43 97 TINOM1b TINOM1b
10 124 60 110 TONOM1bMlc TONOM1bMlc
11 152 68 72 TINO TINO

12 148 68 80 TINO TINO

13 135 55 92 TINI1 TINO

14 87 46 80 TINIMl1aMl1b TINIMl1aMl1b
15 128 72 81 TINO TINO

16 88 62 95 TONOM1b TONOM1b
17 93 82 72 TINO TINO

18 128 42 87 TINOM1b TINOM1b
19 134 70 77 TON1 TON1

20 137 71 100 TONO TONO

Pat. ID, patient identification; changes in miTNM stage are marked in red.
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avallable at the end of the article Methods: Datasets of 10 patients with low increasing thyroglobulin or thyroglobulin

antibody levels after total thyroidectomy and radioiodine therapies were included.
PET data were acquired and reconstructed on a Biograph mCT PET/CT (whole-body,
4-min acquisition time per bed position; OSEM, OSEM-TOF, OSEM-TOF+PSF), a non-
TOF Biograph mMR PET/MR (neck region, 4 min and 20 min; OSEM), and a new
generation Biograph Vision PET/CT (whole-body, 4 min; OSEM, OSEM-TOF, OSEM-
TOF+4PSF). The 20-min image on the mMR was used as reference to calculate the
detection efficacy in the neck region. Image quality was rated on a 5-point scale.

Results: All detected lesions were in the neck region. Detection efficacy was 8/9
(Vision OSEM-TOF and OSEM-TOF+PSF), 4/9 (Vision OSEM), 3/9 (mMMR OSEM and mCT
OSEM-TOF+PSF), and 2/9 (mCT OSEM and OSEM-TOF). Median image quality was 4
(Vision OSEM-TOF and OSEM-TOF+PSF), 3 (Vision OSEM, mCT OSEM-TOF+PSF, and
mMMR OSEM 20-min), 2 (MCT OSEM-TOF), 1.5 (mCT OSEM), and 1 (mMMR OSEM 4 min).

Conclusion: At a clinical standard acquisition time of 4 min per bed position, the
new generation Biograph Vision using a TOF-based image reconstruction
demonstrated the highest detectability and image quality and should, if available, be
preferably used for imaging of low-uptake lesions. A prolonged acquisition time for
the mostly affected neck region can be useful.

Keywords: lodine-124 PET, Digital PET/CT, Biograph Vision, Detectability,
Differentiated thyroid cancer
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Background

Elevated thyroglobulin (Tg) levels in differentiated thyroid cancer (DTC) patients after total
thyroidectomy and radioiodine therapies are associated with detectable recurrence [1] and
poor outcome [2, 3]. According to the current American Thyroid Association (ATA) guide-
line [4], DTC patients with elevated Tg levels undergo a diagnostic iodine-131 (**'I) whole-
body scan (~ 185 MBq). Radioiodine therapy (1.85-7.40 GBq) is performed if radioiodine-
avid lesions are identified. However, diagnostic whole-body scans are limited, e.g, by a low
diagnostic accuracy of 36% in biochemical recurrent intermediate- or high-risk DTC patients
[5]. A suitable alternative is iodine-124 (***I) positron emission tomography (PET) imaging.
For instance, studies demonstrated that 50% more foci of radioiodine-avid lesion compared to
diagnostic whole-body scans were identified [6] and a high level of agreement (95%) between
21 PET and intra-therapeutic '*'I single photon emission computed tomography/computed
tomography (SPECT/CT) was found [7]. However, false negative results may arise for lesions
with I activities below the PET scanner’s size-dependent minimum detectable activity [7—
9]. The recently introduced “digital” silicon photomultiplier-based (SiPM-based) PET/CT sys-
tems show a higher coincidence time resolution and a higher spatial resolution [10] (compared
to conventioanl PET/CT systems). These properties were associated with a higher image qual-
ity and a higher detectability of small lesions in phantom settings and clinical applications in
different studies using 2-deoxy-2-[fluorine-18]-fluoro-D-glucose (**F-FDG) [11-14] and, most
recently, using [gallium-68]gallium-prostate-specific membrane antigen-11 [15].

In DTC patients with low but increasing Tg levels, the recurring lesions are often small
and exhibit low '**I uptake values. Moreover, '**I possesses a low positron branching ratio
(23%) and '**I PET emission data are contaminated by a high prompt gamma fraction
(about one-third of total coincidences) requiring advanced image correction prior to
image reconstruction [16]. In combination with typically low administered '**I activities,
these properties result in low count statistics and noisy images — one reason why '**I
PET especially benefits from time-of-flight (TOF) image reconstructions [17]. Therefore,
the improved TOF performance and sensitivity of SiPM-based PET/CT systems might
have a particularly pronounced effect for '**I in this patient cohort. In addition, a combin-
ation of TOF and point spread function modeling (PSF) image reconstruction bears po-
tential for further quality improvement [18]. In a comparison using '*F-FDG on a digital
PET/CT system, OSEM-TOF+PSF reached improvements to OSEM-TOF image recon-
struction in image quality, image sharpness, and lesion conspicuity [19].

We hypothesize that the use of SiPM-based PET systems will lead to relevant improve-
ments in thyroid cancer detectability and image quality. In this study, datasets of 10 DTC
patients were evaluated, who received '**I imaging on three PET systems with different
detector technologies. We aim to assess the influence of SiPM-based PET on detection ef-
ficacy for lesions in the neck region, and on visual image quality. Furthermore, the data
are used to suggest an '**I PET protocol for recurrent thyroid cancer considering, inter
alia, the acquisition time duration, and the amount of applied '**I activity.

Methods

PET scanners

All patients were scanned on two PET/CT systems, a SiPM-based Biograph Vision 600
and a photomultiplier tube (PMT)-based Biograph mCT, and one PET/MR (magnetic
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resonance imaging) system, an avalanche photodiode (APD)-based Biograph mMR (all
from Siemens Healthineers, Erlangen, Germany). A short description of the scanner
specifications is shown as Supplemental Material.

Patient characteristics
The local institutional ethics committee (University of Duisburg-Essen) approved the
study (Ethics protocol number 20-9203-BO). In the following, all scaled variables are
presented as mean + standard deviation (SD), and ordinal data are presented as median
(interquartile range = IQR).

We routinely perform whole-body '**I PET/CT on the analog Biograph mCT as well as
a prolonged scan duration PET/MR of the neck region using the Biograph mMR in DTC
patients with low increasing Tg and/or Tg antibody levels after total thyroid ablation.
Since its introduction at our center, patients of this rare group [20] were additionally ex-
amined on the digital Biograph Vision PET/CT system, resulting in 10 DTC patients ex-
amined on three PET systems until April 2020. These patients were retrospectively
evaluated in this study. Specifically, datasets of these 5 males and 5 females after total thy-
roidectomy and adjuvant radioiodine therapies were included (7 with papillary and 3 with
follicular thyroid cancer, mean + SD age 52 + 18 years). In 9 patients, Tg levels were ele-
vated in the low measurable range (mean unstimulated Tg value of 1.8 + 1.8 ng/mL, range
0.1-5.5 ng/mL), in one patient Tg antibody levels were elevated (273 IU/mL) with non-
measurable Tg. Serum thyroid stimulating hormone level stimulation (> 30 mU/L) was
achieved by levothyroxine withdrawal or intramuscular recombinant human thyroid
stimulating hormone injection prior to “**I application. Detailed patient characteristics
are given in the Supplemental Material.

Acquisition and image reconstruction

The initial PET scans were acquired 17.1 + 1.0 h after oral application of 38.3 + 2.1
MBq of '**I; acquisitions on all three scanners were performed within an interval of 4.7
+ 2.9 h (details in Supplemental Material). For the Vision and mCT, the examinations
included whole-body PET/CT scans from head to thigh using 5-8 bed positions; the
acquisition time duration was 4 min per bed position. For the mMR, a neck scan (a sin-
gle bed position) was acquired at 20-min acquisition time in list-mode (allowing for re-
sampling of 4-min acquisition time data). PET/CT scans started with a whole-body
spiral CT in low-dose technique (tube voltage of 120 kVp, tube current time product of
15 mAs, beam pitch of 1.0, and slice width of 5 mm) without application of contrast
agent. Subsequently, the PET scan was acquired. On the PET/MR, simultaneous with
PET, T1-weighted MR images were acquired using a VIBE sequence after application
of gadolinium-based contrast agent.

All scanners allow for iterative image reconstruction algorithms. Image reconstruc-
tions were performed using (three-dimensional) ordinary Poisson ordered-subsets ex-
pectation maximization (OSEM), with TOF reconstruction alone (OSEM-TOF), or with
both TOF and PSF (OSEM-TOF+PSF). On the mMR, the slow timing characteristics of
avalanche photodiodes preclude the TOF reconstruction. All PET data were recon-
structed using our clinically standard reconstruction protocols that were optimized for
quantitative '**I imaging [21] and are listed in Table 1. They were corrected for scatter,
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Table 1 Standard clinical reconstruction parameters for the different PET scanners

Iterative reconstruction  Scanner type Iterations x subsets  Gauss filter (mm)  Voxel size (mm?)

OSEM Vision 10x5 4 1.7x 17 %20
mCT 3x24 3 20%x20x 20
mMR 3x 21 4 21%x21%x20

OSEM-TOF Vision 4x5 4 1.7%x17%20
mCT 2% 21 3 20%x20x20
mMR - - -

OSEM-TOF+PSF Vision 4x5 4 17 % 1.7 %20
mCT 2x 21 3 20%x20x%x20
mMR - - -

randoms, attenuation, dead time, decay, and normalization. For PET/MR images,
attenuation correction was based on an attenuation map (p-map) derived from a 3-
dimensional Dixon-VIBE MR sequence. In addition, for all PET systems, the same
prompt gamma coincidence correction method is by default implemented in the PET
reconstruction algorithm for radionuclides emitting prompt gammas such as **I [22,
23].

Image analysis

Detection efficacy and visual image quality

All PET datasets were assigned a random number as identifier. The images were anon-
ymized and interpreted in random order in a consensus read by three nuclear medicine
residents. The readers were blinded to clinical information, PET scanner type, and ac-
quisition protocol to exclude prior knowledge from previously evaluated studies about
the localizations of lesions. Focal '**I uptake was reported in five separate anatomical
regions: local thyroid bed, cervical lymph nodes, extra-cervical lymph nodes (only PET/
CT), lungs (only PET/CT), and bones. For each lesion, the maximum standardized up-
take value (SUV,,,), the maximum activity concentration (AC,,,), and the local
signal-to-background ratio (ratio of lesion SUV ., to background SUVy,, derived from
a region of interest surrounding the lesion) were determined. The long-axis diameters
of the lesions were measured on the MR images; for morphologically not clearly defin-
able lesions, an upper size limit was estimated from the PET data using an iterative vol-
ume segmentation approach [24]. These functional and morphological properties were
assessed to correlate their values with differences in detectability. Moreover, the image
quality was visually assessed in transversal slices of the PET images on an established
5-point Likert-like scale from 1 (poor) to 5 (excellent) [25].

Lesion- and patient-based analysis

For the lesion-based analysis, the total number of 124I—positive lesions in the neck re-
gion were counted across all PET systems, acquisition time durations, and image recon-
struction algorithms. A total of nine lesions were detected in the neck region; the 20-
min acquisition time reference scan on the mMR was the only acquisition in which all
lesions were detectable, no additional lesions were reported on the whole-body PET/
CT images. The detectability in PET images is dependent on the acquisition time [26].
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We therefore used PET data acquired for a clinical standard acquisition time of 4 min
per bed position to compare the detectability across the different generations of PET
systems. Detection efficacy was defined as the number of lesions identified divided by
nine lesions (in the reference image). For the patient-based analysis, the total number
of radioiodine-positive patients was counted, and the distinct levels of agreement were
determined.

Statistical analysis

Statistical analyses were performed using OriginPro 2020b (OriginLab, Northampton,
USA). For assessing changes in visual image quality (ordinal data) a Mann-Whitney test
was used. A p value < 0.05 was considered statistically significant.

Results

Lesion-based and patient-based detection efficacy analysis

Detection efficacy results are summarized in Fig. la, b and Table 2, detailed lesion
characteristics are presented in Table 3. If not otherwise stated, the individual values
presented in the subsequent paragraphs were taken from images acquired on the Vision
and reconstructed using OSEM-TOF.

Detection efficacy was 8/9 on the Vision in both OSEM-TOF and OSEM-TOF+PSF im-
ages. The only lesion (#4, about 7 mm in diameter), which was not detected (Fig. 2b), had
the lowest AC,.x of 0.8 kBq/mL and SUV ., of 2.3 (all values for this specific lesion were
measured on the mMR images at 20-min acquisition time). A detection efficacy of 4/9 (le-
sions #1, #2, #6, #8) was reached on the Vision using OSEM. The four lesions that were
only detected in OSEM-TOF and OSEM-TOF+PSF images were small (< 9 mm) and of
very low AC . (€ 1.2 kBq/mL) and SUV ., (< 3.4) (e.g., lesion #5 in Fig. 2a).

Detection efficacy was 3/9 (lesions #1, #6, #8) on the mMR at 4-min acquisition time.
The six lesions that were not detected at 4-min acquisition time comprised the five le-
sions that were not detected using OSEM on the Vision and one cervical lymph node
(#2, 17 mm, AC .« 3.5 kBq/mL, SUV .« 9.9) that was probably not detected, as it was
hardly distinguishable from a different lymph node localized directly next to it.

Detection efficacy was 3/9 on the mCT using OSEM-TOF+PSF (lesions #1, #2, #6)
and 2/9 (lesions #1, #6) using OSEM or OSEM-TOF. The six lesions that were not de-
tected on the mCT were of small size (< 9 mm), low AC,,,, of < 2.8 kBq/mL, and SUV-
max Of < 5.1 (examples in Fig. 2a—c). Figure 2c illustrates the only lesion (#8, < 6 mm,
ACpax 2.8 kBq/mL, SUV ., 5.1) that was detectable on the Vision using OSEM but
not on the mCT. The lymph node that was hardly distinguishable (#2, detailed descrip-
tion above) was only detected using OSEM-TOF+PSF. However, OSEM-TOF+PSF in-
duced two additional foci (hilar lymph node and bone, not shown) with probably
artificially elevated uptake. These lesions were not discernible in the images from the
scanners with higher sensitivity and a critical re-evaluation revealed that the reported
uptakes were of the same magnitude as other spots in the background noise of the eval-
uated images; the hilar lymph node was not included in the scan area of the PET/MR.

As illustrated in Fig. 1b, the patient-based detection efficacy revealed that 5 of the 10
included patients were radioiodine-positive (in the 20-min acquisition time reference
scan on the mMR). On the Vision, 4/5 patients were identified using OSEM-TOF or
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Table 2 Lesion-based detection efficacy analysis

Lesion Patient mCT mCT mCT OSEM-  Vision  Vision Vision OSEM- mMR mMR

ID ID OSEM  OSEM- TOF+PSF OSEM  OSEM-TOF TOF+PSF 4- 20-
TOF min  min

1 1 1 1 1 1 1 1 1 1

2 1 0 0 1 1 1 1 0 1

3 1 0 0 0 0 1 1 0 1

4 2 0 0 0 0 0 0 0 1

5 3 0 0 0 0 1 1 0 1

6 5 1 1 1 1 1 1 1 1

7 5 0 0 0 0 1 1 0 1

8 9 0 0 0 1 1 1 1 1

9 9 0 0 0 0 1 1 0 1

Detection is indicated by “1”, while missed detection is indicated by “0”

OSEM-TOF+PSF and 3/5 using OSEM. On the mMR, 3/5 patients were identified at
4-min acquisition time. On the mCT, 2/5 patients were identified independent of the
image reconstruction algorithm.

Visual image quality
For the PET/CT systems, the median (IQR) visual image quality showed statistically
significant increases from the mCT to the Vision from 1.5 (2-1) to 3 (3-2.75) for
OSEM (p < 0.005), from 2 (3-1) to 4 (5-3) for OSEM-TOF (p < 0.005), and from 3 (3—
1.75) to 4 (4-3) for OSEM-TOF+PSF images (p < 0.005), respectively (Fig. 1c). For the
Vision, the changes from OSEM to OSEM-TOF images (p < 0.05) and from OSEM to
OSEM-TOF+PSF images (p < 0.01) were statistically significant, whereas for the mCT,
only the change from OSEM to OSEM-TOF+PSF images was statistically significant (p
< 0.05).

The non-TOF mMR reached a visual image quality of 1 (2-1) at 4-min acquisition
time duration. It was not significantly different from the mCT except for OSEM-TOF+
PSF images (p < 0.01), but significantly lower than all image reconstructions on the

Table 3 Lesion characteristics

LesionID AR Size (mm)  SUViax  SUViax ACinax ACinax SBR
mMR Vision mMR 20-min  Vision OSEM-TOF  mMR
20-min OSEM-TOF  (kBg/mL) (kBg/mL) 20-min

1 CLN 13 15.2 14.0 4,6 4.2 426

2 CLN 17 838 99 26 35 25.7

3 CLN 9 3.1 34 09 1.0 10.7

4 CLN 7 23 - 08 - 126

5 Bone <6 84° 3.1 3.2° 12 144

6 8B 16 10.2 99 4.7 4.6 29.6

7 CLN 6 30 22 14 1.0 84

8 8 <6 56 5.1 24 2.8 7.1

9 CLN 4 30 1.8 13 09 6.5

AR Anatomical region, CLN Cervical lymph node, TB Thyroid bed, SBR Signal-to-background ratio (only reported for the
20-min acquisition on the mMR, in which all lesions were detectable)
Potentially artificially elevated activity concentration in PET/MR attenuation correction, as the bone lesion was osteolytic
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Vision (all p < 0.001). When prolonging the acquisition time duration to 20 min, the
visual image quality increased to 3 (4—2), a value significantly larger than OSEM (p <
0.001) and OSEM-TOF images (p < 0.05) on the mCT. Of note, the difference to
OSEM-TOF and OSEM-TOF+PSF reconstructions on the Vision did not reach statis-
tical significance.

Discussion

A radioiodine-avid DTC lesion is detectable in **I PET/CT if its accumulated activity
is above the PET scanner’s size-dependent minimum detectable activity. Several influ-
encing factors in lesion detection shown in Fig. 3 will be discussed to achieve an opti-
mized scan protocol with regards to detection of recurrent DTC lesions.

The minimum detectable activity is largely determined by technical aspects such as
scanner’s sensitivity, PET spatial resolution, and image reconstruction algorithms [26].
Sensitivity, time and spatial resolutions are improved in the new generation of SiPM-
based PET scanners, leading to an increased detectability [12, 27] and image quality [28].
Recent studies demonstrate that an increased detectability of SiPM-based systems can
allow for shorter acquisition time durations in **F-FDG PET without impairing the diag-

nostic accuracy [29-31]. In this study, we evaluated the effects on '**

I PET imaging.

At standard acquisition time duration, the Vision outperformed both the mCT and
the mMR in detection efficacy and visual image quality; these results were almost inde-
pendent of the image reconstruction algorithms (Fig. 1 and Table 2). Of note, the image
quality on the mMR was relatively low compared to its detection efficacy. An explan-
ation may be associated with non-TOF modeling on this PET system leading to an in-
crease in image noise that impairs visual image quality [32]. In OSEM-TOF and
OSEM-PSF+TOF images, the Vision reached, in standard acquisitions, comparable re-
sults to those in five-fold prolonged acquisitions on the mMR, which we used as refer-
ence. As expected, the missed lesions on the old generation systems were small and of
low radioiodine uptake (Table 3). We therefore propose, if available, image acquisition
on a new generation SiPM-based PET system for recurrent DTC patients with increas-

ing Tg or Tg antibody levels in the low measurable range. The observed differences in

bBiological o
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Scanner Acquisition
Sensitivity Time
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Fig. 3 Overview of several factors influencing the lesion detectability in '>*I PET imaging
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detectability across the PET scanners might not hold for patients with only large and/
or high radioiodine uptake lesions that might be detectable on each PET scanner.

Regarding the choice of image reconstruction algorithm, on the Vision the refine-
ments obtained by OSEM-TOF were not further enhanced by OSEM-TOF+PSF, while
OSEM-TOF+PSF was necessary on the mCT for improvements in both detection effi-
cacy and image quality. On the mCT, OSEM-TOF+PSF induced probably artificial ele-
vated uptake in two patients rated as a cervical lymph node and a bone pseudo-lesion
(these lesions were not discernible in the images from the scanners with higher sensi-
tivity and a critical re-evaluation revealed that the reported uptakes were of the same
magnitude as other spots in the background noise of the evaluated images). Moreover,
quantification artifacts in small lesions by PSF modeling are a known phenomenon [33]
and have yet to be investigated in phantom studies for the new generation SiPM-based
1241 PET. On the Vision, part of the contrast enhancement results from the better in-
trinsic spatial resolution due to the smaller crystal size. Therefore, we currently propose
the usage of OSEM-TOF or OSEM-TOF+PSF reconstruction for '**I PET on the
Vision.

Apart from improving the minimum detectable activity, the detectability for small
structures can be increased by prolonged acquisition time durations [26, 34]. Compar-
ing the neck PET/MR at standard and five-fold prolonged acquisition time durations,
the lesion-based detection efficacy was increased by a factor of 3 (Fig. 1a). Only one le-
sion detectable on the prolonged PET/MR acquisitions was missed on the SiPM-based
PET/CT (Fig. 2b). Still, emphasis on scan duration of critical anatomical regions might
be beneficial. As DTC lymph node metastases are typically — like every detected lesion
in this study — localized in the neck region [4], we propose a selectively prolonged ac-
quisition time duration for the neck region. Especially, PET acquisition in continuous
bed motion mode, which can itself lead to an improved detectability compared to the
stop-and-shoot acquisition mode due to a more uniform axial sensitivity [35], allows
for easy emphasis of particular body regions. The table speed velocity could be de-
creased for the neck region. Of the evaluated PET systems, only the Vision is capable
of scanning in continuous bed motion mode. An analysis of the effects on detectability
and image quality would require an additional study.

A further possibility for improving the detectability is to increase the accumulated
124 activity in the lesion by higher administered activities. In a previous phantom study
[8], an '*I activity of 74 MBq was calculated to yield a detectability for small lesions
similar to intra-therapeutic SPECT imaging after application of 7.4 GBq of *'I. The ad-
ministration of larger amounts of '**I may be limited by thyroid stunning (i.e., missing/
reduced uptake of radioiodine-avid lesions in intra-therapeutic '*>'I whole-body scans
compared to pre-therapeutic radioiodine imaging). Thyroid stunning is controversially
discussed [36] and not sufficiently investigated for 1241 [37]. In the literature, applica-
tions of up to 74 MBq [6] are described. We therefore believe that an activity of 74
MBq of '**I can safely be administered without risking thyroid stunning. The adminis-
tration of higher activities could be possible but should be validated in an experimental
setting.

Additionally, the time interval between 1241 administration and PET scan can influ-
ence the detectability. Studies of the lesion kinetics revealed an optimal temporal dis-
tance of approximately 8 h [38]. At our department, the realization of this interval is
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logistically not possible, explaining the choice for our protocol with a PET start of 15—
19 hours after radioiodine application. However, if possible, a shorter temporal distance
could be beneficial to improve the detectability.

Of importance, one lesion that was additionally detected on the Vision and on the
prolonged neck PET/MR scan (lesion #5, osteolytic lesion in cervical vertebra 7, see
Fig. 2a) caused a change in patient management, that is, the patient received a radioio-

dine therapy with an amount of 6.1 GBq of '*!

I. Regarding the other additionally de-
tected lesions, treatment by radioiodine therapy was already determined by other
lesions in the same patient or watchful waiting was performed (due to other
radioiodine-negative metastases in the same patient or equivocal dignity in case of
low uptake in the thyroid bed).

The different types of co-registered morphological images (i.e., CT or MR) might in-
fluence clinical patient management [39]. On the one hand, neck PET/MR was de-
scribed as superior to PET/CT in identifying morphological correlates to focal "**I
uptake, particularly for small lymph nodes and can increase the diagnostic certainty
[39]. On the other hand, PET quantification can be challenging, as attenuation correc-
tion by MR data is limited and the neck region comprises different tissue types in close
proximity. However, it was reported that '**I PET quantification from PET/MR data is
reliable and can be used for dosimetry planning prior to radioiodine therapy [40]. We
therefore propose to perform an additional PET/MR of the neck region, if available and
if tolerated by the patient. Alternatively, an additional MR scan could be performed
and co-registered with the PET/CT scan. The influence on the detectability should be
evaluated in a clinical study.

There are four main limitations in this study. First, the number of patients and '**I-
positive lesions is low possibly resulting in a low statistical power. A low power can
lead to an overestimation of small effects [41]. Additional phantom measurements
could be beneficial to verify the results of this study. Thus, it is not possible to estimate
from this study whether the improved detectability and image quality have a relevant
impact on patient outcome. However, the number of detected lesions is typically low in
this selected patient group and the number of patients with these characteristics is gen-
erally small [20]. Second, the temporal distances between application of ***I and PET
start among the evaluated PET systems differed. However, we do not expect a pro-
nounced effect as all scans were performed within a mean time interval of 4.7 + 2.9 h
(maximum 8.7 h) that is relatively small compared to the effective 1241 half-lives of the
lesions (previously reported in the range of 59-116 h) [42—45]. Third, a PET start at an
optimal time of 8 h after '**I administration could lead to higher accumulated activities
and higher signal-to-background ratios and, thus, reduce the observed benefits of a
high-sensitivity PET scanner. Fourth, on the PET/MR system only one bed position
was used while on the PET/CT systems PET data were acquired in step and shoot ac-
quisition mode with overlapping bed positions. Thus, on the PET/MR, lesions on the
end slices of the reconstructed images might be impaired by a non-uniform axial sensi-
tivity profile.

Conclusion
In the evaluated case series of 10 DTC patients at clinical standard acquisition time of
4 min per bed position, the use of the new generation SiPM-based PET/CT (Biograph
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Vision) and OSEM-TOF or OSEM-TOF+PSF image reconstruction resulted in the
highest lesion detection efficacy and visual image quality. The Biograph Vision should,
if available, be preferred over the PMT-based Biograph mCT and the APD-based Bio-
graph mMR for standard acquisition time PET of DTC patients with potential low-
uptake lesions. As the detectability was dependent on the acquisition time, a selectively
prolonged scan duration should be implemented for the neck region.
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Silicon-photomultiplier-based
PET/CT reduces the minimum
detectable activity of iodine-124

D. Kersting“*?, W. Jentzen*, P. Fragoso Costa“, M. Sraieb**, P. Sandach*, L. Umutlu®*,
M. Conti3, F. Zarrad'*, C. Rischpler*, W. P. Fendler'*, K. Herrmann’* & M. Weber'*

The radioiodine isotope pair 12“/*3!l is used in a theranostic approach for patient-specific treatment

of differentiated thyroid cancer. Lesion detectability is notably higher for 2| PET (positron emission
tomography) than for 3}l gamma camera imaging but can be limited for small and low uptake lesions.
The recently introduced silicon-photomultiplier-based (SiPM-based) PET/CT (computed tomography)
systems outperform previous-generation systems in detector sensitivity, coincidence time resolution,
and spatial resolution. Hence, SiPM-based PET/CT shows an improved detectability, particularly

for small lesions. In this study, we compare the size-dependant minimum detectable *?*| activity
(MDA) between the SiPM-based Biograph Vision and the previous-generation Biograph mCT PET/

CT systems and we attempt to predict the response to **!| radioiodine therapy of lesions additionally
identified on the SiPM-based system. A tumour phantom mimicking challenging conditions (derived
from published patient data) was used; i.e., 6 small spheres (diameter of 3.7-9.7 mm), 9 low activity
concentrations (0.25-25 kBq/mL), and a very low signal-to-background ratio (20:1). List-mode
emission data (single-bed position) were divided into frames of 4, 8, 16, and 30 min. Images were
reconstructed with ordinary Poisson ordered-subsets expectation maximization (OSEM), additional
time-of-flight (OSEM-TOF) or TOF and point spread function modelling (OSEM-TOF+PSF). The signal-
to-noise ratio and the MDA were determined. Absorbed dose estimations were performed to assess
possible treatment response to high-activity **!l radioiodine therapy. The signal-to-noise ratio and
the MDA were improved from the mCT to the Vision, from OSEM to OSEM-TOF and from OSEM-TOF
to OSEM-TOF+PSF reconstructed images, and from shorter to longer emission times. The overall
mean MDA ratio of the Vision to the mCT was 0.52 +0.18. The absorbed dose estimations indicate that
lesions 2 6.5 mm with expected response to radioiodine therapy would be detectable on both systems
at 4-min emission time. Additional smaller lesions of therapeutic relevance could be detected when
using a SiPM-based PET system at clinically reasonable emission times. This study demonstrates that
additional lesions with predicted response to '3l radioiodine therapy can be detected. Further clinical
evaluation is warranted to evaluate if negative 12| PET scans on a SiPM-based system can be sufficient
to preclude patients from blind radioiodine therapy.

Radioiodine therapy has been a cornerstone of treatment of differentiated thyroid cancer (DTC) patients for
decades. In both current American Thyroid Association (ATA)! and European Association of Nuclear Medicine
(EANM)? guidelines for the management of DTC patients, the radioiodine therapy is not only recommended
after initial thyroidectomy but also in case of recurring unresectable radioiodine-avid tumour lesions. Typi-
cally, radioiodine uptake is verified by planar or tomographic gamma camera imaging using low 1 activities
in the range of 74-185 MBq'. However, in cases of rising thyroglobulin levels and negative radioiodine scans,
therapy management becomes challenging. In these instances, “blind” radioiodine therapy is a controversially
discussed option’. In a 2014 published survey among ATA members, 15% to 52% would perform radioiodine
therapy, even if diagnostic '*’I whole body scans are negative®. On the one hand, more than half of DTC patients
show pathologic radioiodine uptake after blind therapy>*, on the other hand, radioiodine therapy is not free of

IDepartment of Nuclear Medicine, University Hospital Essen, University of Duisburg-Essen, Hufelandstrasse 55,
45147 Essen, Germany. 2Department of Diagnostic and Interventional Radiology and Neuroradiology, University
Hospital Essen, University of Duisburg-Essen, Essen, Germany. 3Siemens Medical Solutions USA, Inc., Knoxuville,
TN, USA. “German Cancer Consortium (DKTK, Partner Site Essen), Essen, Germany. *'email: david.kersting@
uni-due.de
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adverse effects, e.g., gastrointestinal symptoms, sialadenitis, secondary cancers, or bone marrow suppression’.
These aspects show the demand for improved diagnostic approaches to identify patients, who might benefit
from radioiodine therapy.

Whole-body '*I positron emission tomography (I PET) after application of typical activities in the range
of 25 to 74 MBq can be alternatively performed and its detectability was described as superior to diagnostic®®
and comparable’ or superior'® to intra-therapeutic '*'I gamma camera imaging. Moreover, this imaging modality
allows for pre-therapeutic dosimetry as a theranostic approach!>'? to optimize the individual therapeutic activity.

However, reports of undetected lesions in '**I PET raised concern about the applicability of I PET to pre-
clude patients from blind radioiodine treatment'>!*. Undetected lesions may be explained by technical factors,
e.g., a limited sensitivity of the PET/CT scanner'>'. Recently, technical improvements have become available
in the field of PET detector technologies. New-generation silicon-photomultiplier (SiPM)-based “digital” PET
systems outperform photomultiplier tube (PMT)-based “analog” PET systems in detector sensitivity and show
improvements in detectability for various tracers, especially with regards to small and low-uptake lesions'’-2!.

The hardware technical improvements have enabled key reconstruction software advances, for example
the highly improved, noise suppressing, TOF reconstruction with very narrow time kernels, which offers new
opportunities for clinical PET?2. Moreover, other advanced reconstruction methods have progressed in parallel,
improving noise level, contrast recovery, detectability. In particular, it is worth mentioning: resolution recovery
or point spread function (PSF) reconstruction, which recovers spatial resolution compensating for penetration

effects in the scintillator crystals?»**; positron range correction, which improves spatial resolution and therefore

detectability for tracers with high energy positrons**-?’; maximum-a-posteriori (MAP) reconstruction, which
allows to increase convergence and to contain the noise at the same time?*%.

We hypothesise that additional lesions (possibly not detectable in previous-generation PMT-based systems)
that are treatable by radioiodine therapy can be identified in '*I PET by usage of a SiPM-based PET/CT system.
Hence, we performed phantom measurements under challenging, but clinically realistic conditions, on both a
SiPM- and a PMT-based system using a small tumour phantom with spherical inserts covering the typical size
of small lymph node metastases and low activity concentrations.

Thus, the primary aim of this phantom study was to compare the size-dependant minimum detectable
activity (MDA) between the SiPM-based and the PMT-based PET/CT systems for different emission times
and image reconstruction algorithms. In addition, we attempt to predict the response to radioiodine therapy
of those lesions that are additionally identified on the SiPM-based system (at standard and at longer emission
time durations).

124I

Methods

PET/CT systems. Measurements were performed using two PET/CT scanners (Siemens Healthineers,
Erlangen, Germany) with time-of-flight (TOF) modelling option: a new-generation Biograph Vision 600 and a
previous-generation Biograph mCT, which are called Vision and mCT systems in this study, respectively. A short
description of the scanner specifications is shown as Supplemental Material (Supplemental Table S1). In short,
the Vision is equipped with SiPM detectors, a crystal size of 3.2 mm, time coincidence resolution of 214 ps, field
of view of 26.3 cm, energy window of 435-585 keV, and NEMA sensitivity of 16.4 cps/kBq. In comparison, the
mCT is equipped with PMT detectors, a crystal size of 4.0 mm, time coincidence resolution of 540 ps, field of
view of 21.8 cm, energy window of 435-650 keV, and NEMA sensitivity of 9.7 cps/kBq.

Small tumour phantom and its preparation. Small tumour phantom. The small tumour phantom
consists of an abdominal torso NEMA phantom (Data Spectrum Corporation, Durham, USA) to simulate the
patient body and of six refillable glass spheres to simulate small tumours (manufactured in our institution). Both
a schematic representation of the small tumour phantom and pictures of the phantom and the small spherical
inserts are shown in Fig. 1. The small spheres were mounted on a lid in a circle with a 6-cm radius. The centre of
each sphere was positioned centrally within the phantom (approximately 10 cm from the lid). The inner diam-
eters (inner volumes) were 3.7 mm (27 pl), 4.8 mm (58 pl), 6.5 mm (144 pl), 7.7 mm (239 pl), 8.9 mm (369 pl),
and 9.7 mm (478 pl) and the inner cavity volume (with mounted spheres) was 9748 mL. The glass thickness of
the spheres was 0.7+ 0.2 mm.

Of note, the selected sphere diameters overlap well with the basic diameter range of 2-15 mm for normal
lymph nodes in the head-neck region®. In addition, our group® demonstrated that three quarters of the lymph
nodes metastases observed in thyroid cancer patients were smaller than 11.5 mm (also in well agreement with
findings in the basic literature, that is, that approximately 75% of normal lymph nodes in the head-neck region
are smaller than 10 mm).

Phantom preparation. 'The spheres and the cavity of the phantom contained radioactive solution of '*I. The
non-standard positron-emitter '>*I was delivered by DSD pharma GmbH (Purkersdorf, Austria). The activity
calibration measurements using a dose calibrator CRC-15R (Capintec Inc., Ramsey, NJ, USA) have been pub-
lished elsewhere®. The I solution for the spheres was taken from a stock solution, whereas the radioactivity
for the cavity (background activity) was directly added to the water-filled phantom. Both the cavity and the stock
solutions contained non-radioactive iodine to prevent adsorption on the phantom walls.

The initial activity concentration (AC) in the spheres and the background was derived from published thyroid
cancer patient data®. (To avoid confusion, the ACs given in the text are all prepared ACs, that is, the AC derived
from dose calibrator measurements.) Using the ACs from a total of 89 lymph node metastases and scaling the ACs
to a commonly used administered 2] activity of 37 MBgq, the statistics—expressed in mean (median) + stand-
ard deviation (minimum-maximum)—of the actual ACs (after partial-volume-effect correction of the imaged
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Figure 1. (A) Schematic representation of the small tumour phantom with small spherical inserts (sphere
diameters are indicated). (B) Positions of the background ROIs (orange) and sphere VOIs (multiple colours).
(C) Pictures of the small tumour phantom and (D) pictures of the spherical inserts.

Biograph Vision PET/CT system Biograph mCT PET/CT system
Sphere activity Background activity Sphere activity
Number of Temporal distance to | concentration (kBq/ concentration (kBq/ Temporal distance to | concentration (kBq/ Background activity
ement ement 1 (h) ml) ml) measurement 1 (h) ml) concentration (kBq/ml)
1 0 24.99 1.24 0 24.85 1.23
2 67.0 15.72 0.78 67.0 15.63 0.78
3 161.6 8.17 0.41 161.7 8.13 0.40
4 233.8 4.83 0.24 237.7 4.93 0.24
5 331.4 2.53 0.13 331.0 2.51 0.12
6 402.5 1.37 0.07 420.1 1.54 0.08
7 498.4 0.80 0.04 497.1 0.79 0.04
8 571.1 0.43 0.02 588.4 0.48 0.02
9 666.6 0.26 0.01 659.9 0.25 0.01

Table 1. Calculated sphere and background activity concentrations for both PET systems.

ACs) was 155 kBg/mL (72 kBq/mL) + 186 kBq/mL (1.6-691 kBq/mL). The AC ratio of lesion to background
(signal-to-background) was 1075 (346) £2069 (17-15,538), respectively. Corresponding numerical values for
lung metastases and bone metastases are presented in the Supplemental Material (Supplemental Table S2). To
simulate tumours under increasing challenging conditions, the initial (prepared) sphere AC was 25 kBq/mL
and a signal-to-background ratio of 20:1 was used (values close to the minimum ranges of the evaluated DTC
metastases). Lower sphere ACs were realised by 9 sequential PET acquisitions (temporal distance between each
acquisition about one '**I half-life) and ranged from 25 kBq/ml down to 0.25 kBq/mL. The individual sphere
and background ACs for both scanners at different starting times of PET image acquisition are shown in Table 1.

Phantom PET acquisition and its image reconstruction. PET acquisition. 'The phantom measure-
ments were all one-bed scans with the phantom placed centrally within the scanner’s field of view. The acquisi-
tion started with a CT scan (tube voltage of 120 kVp, tube current time product of 15 mAs). Thereafter, PET
emission data were acquired for 30 min in list mode format. The total phantom measurements lasted 28 days,
resulting in lower and more challenging sphere ACs.
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Iterative reconstruction Scanner type | Iterations x subsets | Gauss filter (mm) | Matrix size | Voxel size (mm?)
Vision 10x5 2 440 x 440 1.65x1.65x2.00
OSEM
mCT 3x24 2 400 x 400 2.04%x2.04x2.00
Vision 4x5 2 440 x 440 1.65%x1.65x2.00
OSEM-TOF
mCT 2x21 2 400x400 2.04%x2.04x2.00
Vision 4x5 2 440 x 440 1.65x1.65x2.00
OSEM-TOF+PSF
mCT 2x21 2 400 x 400 2.04%x2.04x2.00

Table 2. Overview of the image reconstruction parameters for both PET systems.

Image reconstruction. Both scanners allow for iterative image reconstruction algorithms. Image reconstruc-
tions were performed using (three-dimensional) ordinary Poisson ordered-subsets expectation maximization
(OSEM), with TOF reconstruction alone (OSEM-TOF), or with both TOF and point spread function (PSF)
modelling (OSEM-TOF+PSF). All PET data were reconstructed using our clinically standard reconstruction
protocols that were optimized for quantitative '*] imaging®"** and are listed in Table 2. All data were corrected
for scatter, randoms, attenuation, dead time, decay, and normalization. In addition, for all PET systems, a prompt
gamma coincidence correction method is by default implemented in the PET reconstruction algorithm for radi-
onuclides emitting prompt gammas such as *I.

Phantom data analysis. To quantify the detectability improvements by the SiPM-based system, the size-
dependant MDA was used as metric*. To estimate the MDA, three steps were performed. First, all PET images
were evaluated in a human observer study to assess the visual detectability of the small spheres. Second, the
signal-to-noise ratio (SNR) of all spheres was estimated. Third, visual detectability and SNR were correlated
to define the threshold SNR that indicates visual detectability (separately for OSEM, OSEM-TOEF, and OSEM-
TOF+PSF reconstructed images). The MDA was defined as the AC at the threshold SNR. In the following, the
three steps are outlined in detail.

Human observer study. ~ All data were interpreted by five nuclear medicine physicians (DK, MS, PS, CR, MW).
The (lesion) detectability of each sphere was scored on an established 3-point scale differentiating between
0="not observed”, 1 =“observed but comparable to noise” or 2 = “observed”***. As an adaption of the previously
published method by @en et al.*, a sphere was rated as detected, if its sum score was>5.

Signal-to-noise ratio. 'The SNR of each sphere was determined for all evaluated data set (PET scanner, emission
time and image reconstruction algorithm) using the following definition:

SNR = |Acsphere - Acbackground| ,

Obackground

with ACgppere defined as mean sphere AC, ACpuckground @s mean background AC, and opackground as standard
deviation of ACpackground-

Sphere ACs were evaluated in spherical volumes-of-interests (VOIs) of diameters that matched the real
diameters of the small spheres (Fig. 1A). For positioning, the co-registered CT data were used; VOI positions
were locally optimised in the 30-min emission time OSEM-TOF+PSF images with respect to a maximal mean
sphere AC. The background AC was measured in 35 circular regions of interests of 20-mm diameter (represent-
ing twice the diameter of the largest sphere), which were positioned in the same transversal plane as the centres
of the spherical VOIs (Fig. 1B).

Minimum detectable activity. The SNR distributions of detected and undetected spheres were visually ana-
lysed in a histogram plot to determine a threshold SNR indicating visibility****; the evaluation was separately
performed for the different reconstruction algorithms. For each sphere, the SNR was analysed as a function of
the AC. To reduce the influence of image noise, a cubic spline regression analysis was performed as previously
described’. The MDA value was calculated as the AC at the threshold SNR.

Activity concentration thresholds reflecting response levels to radioiodine therapy. Under
certain assumptions, the actual '**I AC in the lesions can be used to predict the level of response to radioiodine
therapy'!. The key quantity is the absorbed (radiation) dose to the lesion. In the radioiodine treatment of lymph
node metastases, a target dose of >85 Gy reaches a high response of 98%, a target dose between 35 and 85 Gy
a medium response of about 20%, whereas for a value below 35 Gy a therapeutic effect is unlikely’’. Thus, the
lesions can be categorized in a low, a medium, and a high absorbed dose group, according to the likelihood of
success of radioiodine therapy. For small lesion sizes, the absorbed dose (D) mainly arises from beta-particle
irradiation form "'I. Using the “medical internal radiation dose” (MIRD) formalism and spherical tumour
model, the (average) self-absorbed (D) after administration of a therapeutic activity (A{)' 131y can be written in
the following numerical value equation®®:
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AI 131/GBq)

(D/Gy) = 3.809 - (C5'** /kBqmL™") ( e 131/d) (A5 /MBq)
Its derivation depends on several assumptions: (a) In the case of small lesions ranging from 3.7 to 10 mm,
the absorbed dose essentially arises from self-irradiation by the beta particles of *!1. (b) In addition, particle-
range effects due to the limited mean beta-particle range of *'I, even for the smallest sphere of 3.7 mm, can be
neglected, as the percentage fraction of energy deposited within this lesion is still 90%. (c) After administration
of dlagnostlc activity (A52%), an instant ' AC (C}'?*) and a monoexponential clearance with an effective half-
life (T7} 31) are assumed. Of note, the instant '**I AC equals the prepared sphere AC in our phantom setup. The
equation given above was used to calculate the AC thresholds for the different absorbed lesion groups.

Patient investigations. PET images of two thyroid cancer patients are presented to visualise the effects
of the application of SiPM-based '?*I PET. The detailed patient characteristics are: Patient #1: papillary thyroid
cancer, male, 68 years, TNM: T3N1M1, unstimulated Tg: not measurable, Tg antibodies: 273 IU/mL, 1 previous
radioiodine therapy, cumulative activity of *!I: 3.7 GBq. Patient #2: poorly differentiated thyroid cancer, male,
58 years, TNM: T3NOMI, unstimulated Tg: 1765 ng/ml, Tg antibodies: not measurable, 4 previous radioiodine
therapies, cumulative activity of 1*'I: 21.5 GBq. Patient #1 underwent PET/CT acquisition on the mCT 18.1 h
after oral application of 37.9 MBq of '?*I, the PET/CT scan of patient #2 was started 17.4 h after application of
37.5 MBq of ' on the mCT. Approximately 1 h after the acquisition on the mCT, PET/CT data were acquired
on the Vision. Whole-body PET/CT data were acquired from head to thigh using 5-8 bed positions. Serum thy-
roid stimulating hormone level stimulation (=30 mU/L) was achieved by levothyroxine withdrawal. The same
PET protocol as described above for the phantom PET acquisition was used; the emission time was 4 min per
bed position for each scanner type. PET/CT scans started with a whole-body spiral CT in low-dose technique
without application of contrast agent (tube voltage of 120 kVp, tube current time product of 15 mAs, beam pitch
of 1.0, and slice width of 5 mm). The patients gave written informed consent. The presentation of the patient
examples was performed in accordance with the Declaration of Helsinki and approved by the institutional ethics
committee (University of Duisburg-Essen, medical faculty, ethics protocol number 20-9203-BO).

Software. PET data analysis was performed using PMOD 4.2 (PMOD Technologies LLC, Zurich, Switzer-
land). OriginPro 2019b (OriginLab, Northampton, Massachusetts, USA) and MATLAB R2019b (MathWorks,
Natick, Massachusetts, USA) were used for data handling. Cubic spline regression analyses were performed
using MATLAB R2019b.

Results

In the phantom study, a total of 216 images (for each scanner type 9 ACs, 4 emission time durations for a single
bed position, and 3 reconstruction algorithms) were analysed. As each image contains six spheres, a total of
1296 data points were evaluable. For reasons of clarity, only selected data are presented in the following section.
The complete evaluated data are shown as Supplemental Material. In the following, all indicated emission times
refer to a single bed position.

Human observer study. Table 3 summarises the results of the human observer study; for each reconstruc-
tion algorithm, AC and reconstruction algorithm, the diameter of the smallest detected sphere is indicated. The
data show a shift towards a smaller size of the smallest detected sphere from the mCT to the Vision, from OSEM
to OSEM-TOF and from OSEM-TOF to OSEM-TOF+PSF image reconstruction, and from shorter to longer
emission times (Table 3).

For example, the smallest sphere (3.7-mm diameter) was, at the highest AC, solely detectable on the Vision,
using long emission times of > 16 min, and using OSEM-TOF or OSEM-TOF+PSF image reconstruction. The
second smallest sphere (4.8-mm diameter) was, at the highest AC and using OSEM-TOF or OSEM-TOF+PSF
image reconstruction, detectable on the Vision at an emission time of >4 min, whereas on the mCT an emission
time of > 8 min was necessary (Fig. 2 and Table 3).

Signal-to-noise ratio. The SNR shifted to higher values from the mCT to the Vision, from OSEM to
OSEM-TOF and from OSEM-TOF to OSEM-TOF+PSF reconstructed images, from shorter to longer emission
times, and from smaller to larger sphere sizes. For an acquisition comparable to our clinical standard PET proto-
col (4-min emission time, OSEM-TOF image reconstruction), the SNR is presented as a function of the AC for
all sphere sizes in Fig. 3. Similar curves for all other imaging modalities are shown in the Supplemental Material.

Histograms of the SNR of all detected and undetected spheres are shown in Fig. 4. For OSEM and OSEM-TOF
reconstructions, a threshold value to indicate detectability of SNR> 5, for OSEM-TOF+PSE, a value of SNR> 8
was derived. These SNR threshold values were consistent with the commonly applied Rose criterion (originally
derived from a theoretical contemplation of quantum effects in the visual process) that assumes a threshold SNR
of 5 to define a detectable object*. The slightly higher threshold for the OSEM-TOF+PSF reconstructed images
may be explained by a lower image noise that is a known phenomenon for PSF-reconstructed PET images*. In
our data, the mean standard deviation of the background AC was lower in the OSEM-TOF+PSF reconstructed
images. For example, for the 30-min emission time at the highest AC the ratios of the mean standard deviation
of the background AC for OSEM-TOF+PSF to OSEM-TOF were 0.49 (mCT) and 0.61 (Vision). The respective
ratios for OSEM-TOF+PSF to OSEM were 0.40 (mCT) and 0.44 (Vision).
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Sphere activity concentration OSEM OSEM-TOF OSEM-TOF+PSF

(kBq/ml) Scanner | 30 min 16 min 8 min 4 min 30 min 16 min 8 min 4 min 30 min 16 min 8 min | 4 min
24.99 Vision 4.8 4.8 6.5 6.5 37 3.7 4.8 4.8 37 3.7 4.8 4.8
24.85 mCT 4.8 4.8 6.5 7.7 4.8 4.8 6.5 6.5 4.8 4.8 4.8 6.5
15.72 Vision 4.8 6.5 6.5 6.5 37 4.8 4.8 4.8 37 4.8 4.8 4.8
15.63 mCT 6.5 6.5 6.5 7.7 4.8 6.5 6.5 7.7 4.8 4.8 6.5 6.5
8.17 Vision 6.5 6.5 6.5 7.7 4.8 6.5 6.5 6.5 4.8 4.8 4.8 4.8
8.13 mCT 6.5 7.7 9.7 9.7 6.5 6.5 7.7 7.7 4.8 4.8 6.5 7.7
4.83 Vision 4.8 6.5 7.7 8.9 3.7 4.8 6.5 7.7 3.7 4.8 6.5 6.5
4.93 mCT 6.5 7.7 - - 6.5 6.5 8.9 - 6.5 6.5 6.5 8.9
2.53 Vision 6.5 7.7 8.9 - 6.5 6.5 6.5 7.7 4.8 6.5 6.5 6.5
2.51 mCT 7.7 - - - 7.7 8.9 - - 6.5 6.5 7.7 -
1.37 Vision 8.9 9.7 - - 6.5 6.5 7.7 - 4.8 6.5 7.7 7.7
1.54 mCT - - - - 8.9 - - - 6.5 6.5 - -
0.80 Vision 8.9 9.7 - - 6.5 6.5 7.7 - 6.5 6.5 6.5 -
0.79 mCT - - - - 7.7 - - - 6.5 7.7 - -
0.43 Vision - - - - 7.7 8.9 - - 6.5 7.7 - -
0.48 mCT - - - - - - - - 8.9 - - -
0.26 Vision - - - - 8.9 8.9 - - 8.9 8.9 - -
0.25 mCT - - - - - - - - - - - -

Table 3. Human observer study results—smallest detected sphere size (in mm) for each scanner type,
reconstruction algorithm and emission time.

Minimum detectable activity. For each sphere, reconstruction algorithm and PET scanner, the minimum
detectable activity was separately calculated using the SNR threshold values derived from Fig. 4 (see above).
Considering, for instance, the largest sphere (9.7 mm), the MDA is 1.8 kBq/ml on the Vision and 3.7 kBq/ml
on the mCT at 4-min emission time and using OSEM-TOF+PSF reconstructed images (see Fig. 5, numbers
are given in Supplemental Table S3 in the Supplemental Material). For the smallest sphere (3.7 mm), the MDA
is 17.0 kBq/ml on the Vision at 16-min emission time and using OSEM-TOF+PSF reconstructed images; this
sphere was not detected on the mCT.

In the relative comparison, the MDA decreased from the mCT to the Vision, from OSEM to OSEM-TOF and
from OSEM-TOF to OSEM-TOF+PSF image reconstruction, with increasing emission time, and with increas-
ing sphere size (Fig. 5). Across all evaluated emission times and reconstruction algorithms, the (overall) mean
MDA ratio of Vision to mCT is 0.52 +0.18. Comparing the different image reconstruction algorithms, the mean
MDA ratio is 0.61+0.17 (OSEM), 0.41 £0.17 (OSEM-TOF), and 0.53+0.15 (OSEM-TOF + PSF), respectively.
No dependency of the mean MDA ratio on the emission time (0.47 +0.25 for 30-min, 0.59+0.23 for 16-min,
0.59+0.16 for 8-min, and 0.53+0.12 for 4-min emission time, respectively) or on the sphere size is observed
(Table 4). The MDA for all evaluated data points and the MDA ratio separately for each combination of emission
time and image reconstruction algorithm is shown as Supplemental Material.

Correlation between minimum detectable activity and emission time. For validation, we deter-
mined the MDA ratio of shorter to longer emission time for all spheres for which exact MDA values for two
emission times that differed by a factor of two were available (n=41). The mean +standard deviation ratio of
shorter to longer emission time was 0.48 +0.15. This confirms that, in a first approximation, the MDA correlates
linearly with the emission time.

Activity concentration thresholds for the absorbed lesion groups.  In the calculation, a mean effec-
tive 3! half-life of approximately 3.5 days was used, a value that was derived from 52 lymph node metastases*~.
Moreover, an applied '*I activity of 37 MBq (based on our clinically established dosimetry protocol) and a
maximum single *'I therapeutic activity of 15 GBq applied at our department'** were selected. A threshold
AC of 7 kBq/ml was calculated to achieve a lesion dose of 35 Gy and a threshold AC of 16 kBq/ml is required
to achieve a lesion dose of 85 Gy. Thus, the three lesion groups exhibit AC ranges of AC <7 kBq/ml for the low
absorbed dose group, 7 < AC <16 kBq/ml for the medium absorbed dose group, and AC> 16 kBq/ml for the high
absorbed dose group. These three groups are separated by horizontal lines in Fig. 5.

Of note, transferring above model calculations to clinical lesion dosimetry, several contributions limiting
the accuracy of absorbed doses are to be considered. The largest uncertainties in small lesion absorbed dose
estimates, as investigated in this phantom study, remain the volume determinations. Assuming an uncertainty in
diameter of + 1 mm in each dimension, the maximum error uncertainties, for the smallest (3.7 mm) and for the
largest (9.7 mm) investigated spheres are approximately 80% and 30%, respectively. Other error contributions
are, for instance, related to parameterisation of the time-activity curves and activity concentration measurements.
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Figure 2. Evaluated PET images at the first imaging time point (sphere activity concentration ~ 25 kBq/ml).
The position of the small spheres inside the phantom is presented in Fig. 1). Sphere diameters are depicted in
Fig. 1A.

Patient examples. In patient 1, an additional '**I-avid cervical lymph node metastasis was detected (Fig. 6).
In this patient three other lymph node metastases were detected also on the mCT and therapy management
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Figure 3. SNR as a function of the AC for all evaluated spheres for a clinical standard emission protocol
(OSEM-TOE, 4-min emission time). A horizontal line at SNR=5 indicates the threshold for visual detectability
in OSEM-TOF reconstructed images.

(watchful waiting) was not altered. As shown in Fig. 7, multiple additional '**I-avid pulmonary metastases are
observed in patient 2. In this patient, therapy management was chosen to watchful waiting due to the presence
of other radioiodine-negative metastases. Visually, image quality and detectability increase, and image noise
decreases from the mCT to the Vision, and from OSEM to OSEM-TOF and OSEM-TOF to OSEM-TOF+PSF
reconstructed images.

Discussion

In the comparison between the SiPM- and PMT-based systems, a qualitative and a quantitative detectability
analysis were performed. In the qualitative human observer study, the detectability was higher on the Vision
(Table 3, Figs. 3 and 4). The clinical PET image exemplified the benefits of the SiPM-based PET system (Fig. 6
& Fig. 7). In the quantitative comparison of the MDA (which is a scanner-specific metric under fixed acquisition
conditions), the Vision outperformed the mCT in all examined imaging conditions (Table 4); the overall mean
MDA ratio (Vision to mCT) was 0.52 +0.18. Both an improved detectability*"** and an increased SNR* for small
spheres were previously observed for SiPM-based PET/CT systems in studies using '¥F-FDG.

In agreement with a previous study by Beijst et al.*® who evaluated slightly larger spheres (=10 mm) and
only used the mCT, the MDA decreased from OSEM to OSEM-TOF and from OSEM-TOF to OSEM-TOF+PSF
image reconstruction and with increasing sphere size (Fig. 5). Of note, the MDA ratio did not correlate with
the emission time or the sphere size (Table 4). The MDA ratio was slightly improved for OSEM-TOF and
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OSEM-TOF+PSF image reconstructions (Table 4), a possible explanation may be the improved timing resolution
of the Vision (214 ps for the Vision versus 540 ps for the mCT). The improved timing resolution is particularly
beneficial for the typically noisy I PET images®* that are limited by a low positron branching ratio and low
administered activities.

Based on these phantom data, we attempt to predict the response to radioiodine therapy of those lesions that
are only identified on the Vision (Fig. 5). The following considerations refer to the image reconstruction with
the best detectability, i.e., OSEM-TOF or OSEM-TOF+PSF on the Vision and OSEM-TOF+PSF on the mCT,
respectively. Moreover, lesions are assigned to three groups by their AC (low, medium, and high absorbed dose
groups) that correlate with a possible success of radioiodine therapy. The respective AC thresholds were based
on patient data, who underwent imaging after application of 37 MBq of '**I (according to our standard clinical
PET protocol), an observed mean effective *'I half-life of 3.5 days for lymph node metastases, and maximum
single 1*'1 therapeutic activity of 15 GBq. Also, the selected sphere sizes reflect the typical size range for cervical
lymph nodes®*?!.

A striking feature is that the AC thresholds indicating treatment response to radioiodine therapy fall within
the MDA range of the PET/CT devices under clinical acquisition conditions. Thus, the detectability of a treatable
lesion can depend on the emission time and a separate evaluation of different-sized lesions is mandatory. One
major consequence of the detailed analysis is that for spheres>6.5 mm in diameter, lesions from each group
could be identified on both PET/CT systems using a standard clinical emission time of 4-min per bed position.
Regarding the second smallest sphere (4.8-mm diameter) at 4-min emission time per bed position, only lesions
belonging to the high absorbed dose group would be detectable on the Vision. To identify lesions belonging to
all absorbed dose groups, an increased emission time of 16 min per bed position would be necessary. On the
mCT, a 16-min emission time per bed position would be necessary to detect lesions from the high absorbed dose
group, lesions from the low and medium groups would not be detectable even at an emission time of 30 min per
bed position. For the smallest sphere (3.7-mm diameter), lesions from the high absorbed dose group would be
detectable on the Vision at 16-min and from all groups at 30-min emission time per bed position. Of note, the
smallest sphere was not detectable on the mCT under any examined condition.

The examined conditions also cover the typical activity ranges of clinically detected lung and bone lesions
(Supplemental Table S2 in the Supplemental Material). In the evaluated pulmonary metastasised DTC patient
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Figure 5. Semi-logarithmic representation of the MDA for both PET/CT systems as a function of the emission
time for all spheres and image reconstructions. Horizontal lines at a MDA of 7 kBq/mL and at MDA of

16 kBq/mL are the dividing lines for the low, medium, and high absorbed dose lesion groups. Data points of a
MDA <0.26 kBq/ml were set to 0.26 kBq/ml meaning that the respective sphere was detected at every AC in this

study.

(patient 2), the size range of lung metastases (4-24 mm in diameter) indicates that the size range of small
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3.7 - - - - - - - - - - - - -

4.8 0.84 0.93 - - 0.32 0.50 - - 0.33 0.48 - - 0.56+0.26
6.5 0.59 0.67 0.79 - 0.18 0.42 0.74 0.53 - 0.54 0.74 0.76 0.60+0.19
7.7 0.56 0.54 0.59 0.47 - 0.09 0.38 0.45 - - 0.35 0.58 0.45+0.16
8.9 - 0.29 0.55 0.61 - - 0.53 0.42 - - - 0.49 0.48+0.12
9.7 - 0.42 0.63 0.65 - - - 0.36 - - - 0.49 0.51+0.13
R R R R R I R R R

Table 4. MDA-Ratios between the Vision and the mCT for each sphere size, reconstruction algorithm, and
emission time. No values are indicated, if the MDA was outside the range that can be evaluated within this
investigation (<0.26 kBq/ml or > 25 kBq/ml) for one or both examined PET/CT systems.

OSEM-TOF+PSF
it

Figure 6. Maximum intensity projection PET images of exemplary patient data set 1 acquired using our clinical
PET protocol (4-min emission time per bed position, image acquisition approximately 1 day after application of
37.9 MBq of '?!]). The black arrow indicates an additional cervical lymph node metastasis detected on the SiPM-
based system.
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Figure 7. Maximum intensity projection PET images of exemplary patient data set 2 acquired using our clinical
PET protocol (4-min emission time per bed position, image acquisition approximately 1 day after application of
37.5 MBq of '?!]). The size range of the detected lung lesions was 4-24 mm in diameter.

detectable pulmonary metastases is also represented in this study. We therefore suppose that the results can be
projected to small lung metastases. Patients with even smaller disseminated pulmonary metastases (i.e., miliary
pulmonary metastases that are detected in intratherapeutic *'I scintigraphy) can be challenging®, even for
SiPM-based '**I PET/CT. A published method that may help to detect these lesions and can also be applied for
SiPM-based systems is the quantitative analysis of the > activity concentration ratio of the lung to the back-
ground (L/B ratio)*. A detailed analysis of patient data may be warranted to evaluate the clinical benefit of the
L/B ratio for SiPM based PET/CT systems.

Further consequences are related to “blind” radioiodine therapies and the results published by the THY-
ROPET study'*. The improved detectability using the Vision might allow for the additional identification of
small lesions that could respond to radioiodine therapy. Hence, the number of patients subjected to “blind”
radioiodine therapy might be reduced, thus reducing the risk of adverse effects in a scenario, in which a clinical
benefit is unlikely. The data also suggest that a limited PET scanner sensitivity of previous-generation scanners
can contribute to explain the discrepancies between '**I PET and intratherapeutic '*'I imaging that were reported
in previous studies including the prospective THYROPET study'>!. Specifically, the Biograph mCT that was
used as example for a previous-generation PET/CT system in the present study was a high-end scanner at the
time of the published results that reported false negative I PET findings'*'. In the previous studies, not only
the mCT but also less sophisticated PET/CT systems, some without TOF modelling, were used'*'*. Following
our data, on the mCT without TOF modelling, for the 6.5-mm and 7.7-mm spheres, lesions belonging to the
low and medium absorbed dose groups would not be identified.

The clinical benefit of additionally detected lesions may be limited by the presence of other metastases that
are also visualised by older devices. In the two patients presented (Figs. 6 and 7), the additional lesions had no
impact on therapy management. We recently performed a clinical evaluation of SiPM-based ' PET/CT in
patients with thyroglobulin levels in the low measurable range?!. Additional lesions were detected in 2 of 10
patients; however, only in one patient the therapeutic concept was changed (begin of radioiodine therapy)>'.

The results can also be used to discuss a clinical acquisition protocol that allows for the detection of thera-
peutically relevant lesions. Using a SiPM-based PET/CT system, OSEM-TOF or OSEM-TOF+PSF reconstructed
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images and an emission time of 8 min (per bed position), all spheres except the smallest 3.7-mm diameter sphere
were detectable, a sphere size being at the lower end of typical lymph node metastases in the neck region®. For
smaller lesions, an increased emission time could be necessary. However, the maximum emission time of a
clinical scan is limited by patient condition and the availability of PET scanning time. A particularly increased
emission time for single regions, e.g., the neck region that is mostly affected by DTC lymph node metastases’,
appears to be feasible. Our results suggest a linear correlation between emission time and MDA. Alternatively,
the applied amount of 1> could be increased to improve the detectability. According to published literature,
up to 74 MBq of **I are applied in clinical protocols’. The application of higher amounts of 1> may be critical
due to thyroid stunning (i.e., diminished uptake of '*'I after diagnostic scans), which has not been conclusively
clarified yet for 1%

Besides the usage of SiPM-based PET/CT systems, the implantation of improved image reconstruction algo-
rithms may increase the detectability of small lesions. Since SIPM-based systems will not probably be available
in all centres within the next years, software improvements are particularly important because they can also be
applied to existing PET/CT systems.

The study faces four limitations. First, the discussed clinical consequences are limited by the assumption
of the administration of 37 MBq of '*!I. However, this is a commonly applied activity in clinical protocols®.
Second, in contrast to the phantom setting, real metastases can be inhomogeneous, of non-spherical geometry,
their signal-to-background ratio can be variable, and their PET signal can be influenced by motions. Moreover,
an abdominal phantom was used that could affect a projection of the results to the neck region. However, these
limitations affect both examined PET systems. Third, the spheres are located at fixed positions; therefore, the
human observer analysis is biased by prior knowledge. Fourth, the choice of reconstruction parameters was
guided by the manufacturer’s recommendation; further MDA improvements could be achieved by an optimisa-
tion study (e.g., regarding number of iterations).

Conclusion

The overall mean MDA for '?*I was improved by a factor of 0.52+0.18 for the Biograph Vision in comparison
to the Biograph mCT. Under challenging conditions, all lesions with expected response to radioiodine therapy
of26.5 mm in diameter could be identified on both PET/CT systems using a standard clinical protocol. Lesions
of smaller size—still with predicted response to radioiodine therapy—could be detected when applying a SiPM-
based PET system at reasonable scan duration times. Further clinical studies are warranted to evaluate if negative
124 PET scans on a SiPM-based system can be sufficient to preclude patients from blind radioiodine therapy. In
the future, the clinical application of total body PET systems can further reduce the MDA.
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Supplemental Figure S1
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Figure 1: SNR as a function of the AC for all evaluated spheres, separately for all evaluated reconstruction
algorithms and emission times. A horizontal line at SNR = 5 (OSEM and OSEM-TOF) or SNR = 8
(OSEM-TOF+PSF), respectively, indicates the threshold for visual detectability.
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4 Conclusions and Outlook

In this thesis, we investigated implications of SiPM-based PET on clinical oncolog-
ical imaging with a focus on reductions in emission time and detectability. In the
following, the major results will be summarised and an outlook on possible future
clinical applications and research projects will be given.

First, we evaluated the feasibility of reducing the acquisition time in clinical SiPM-
based PET examinations using standard radionuclides. *F-FDG PET images of
20 lymphoma and ®Ga-PSMA PET images of 20 prostate cancer patients were
analysed. For ®F-FDG, a reduction in acquisition time by a factor of 2.8 did
not negatively affect the diagnostic performance. The reduced-acquisition time
images showed the same results in region-based detectability and in imaging-derived
clinical scores as the full-acquisition time images. For %®Ga-PSMA, however, a
slightly higher reduction in acquisition time by a factor of 3.7 resulted in missed
detection of two small lymph node metastases with low tracer uptake. This
led to under-diagnosis in two patients affecting region-based detectability and
miTNM score. In one patient this would probably have influenced further therapy
management. For both 8F-FDG and %Ga-PSMA, the increase in image noise
from full- to reduced-acquisition time images - as an indicator of image quality -
was acceptable and image-based lesion quantification was comparable.

In summary, the maximum reduction in acquisition time in SiPM-based PET to
maintain diagnostic performance is by a factor of about 3. Further reductions
could negatively influence lesion detectability particularly regarding small and
low-uptake lesions. A clinical use case of reduced-acquisition time PET imaging is
more likely to re-stage patients with high tumour burden, in whom missed detection
of single metastases would not influence clinical management. In patients with low
tumour load, in whom evaluation of single lesions or searching for primary tumour
is important, a standard protocol should be used. If possible, a reduced acquisition
time could help to meet an increasing demand for clinical PET examinations.
Moreover, it can be beneficial to reduce motion artefacts [189] which can occur, as
typical PET acquisition times are large in comparison, for example, to CT imaging.
Instead of reducing the acquisition time, the administered activity could be lowered,

as the correlation between these measures is, in a first approximation, linear [37].
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Reductions in administered activity can have major implications on radiation
protection for both patients and medical staff. In case of ®Ga-based PET tracers
usage of lower activities could also help to overcome the shortcomings of limited
8Ge/%®Ga-generator yield.

Because of the short half-lives of '®F and %®*Ga, for these radionuclides a direct
comparison between different PET scanners requiring subsequent PET scans of the
same patient after single tracer administration would be biased by decay, tracer
kinetics, and biological metabolism. We extended the patient analysis to 24 PET
imaging of differentiated thyroid cancer patients. The longer physical (4.2d) half-
life of T and its long effective half-life (59-116 h [47-50]) allow a direct comparison
of different PET systems. Data sets of 10 patients who underwent subsequent
PET imaging on three different PET scanners after single administration of 1241
were investigated. These PET scanners were equipped with PET detectors from
three generations (SiPMs, APDs, and PMTs). In this analysis, SiPM-based PET
outperformed APD- and PMT-based PET in visual image quality and detectability
with particular benefits for small lesions with low-tracer uptake. In detail, SiPM-
based PET almost reached the detectability of a scan with fivefold-prolonged

acquisition time on the APD-based system which was used as reference.

To quantify these effects, we performed a phantom analysis using defined conditions
(fixed 24T activity concentrations, lesion sizes, and signal-to-background ratio - all
resembling clinical lymph node metastases) to compare the minimum detectable
activity of the SiPM-based and the PMT-based PET /CT systems. Overall, the
minimum detectable activity was reduced by a factor of 0.5 for the SiPM-based
system and the increase in detectability was emphasised for small and low-uptake
lesions. Moreover, the minimum detectable activity correlated, in a first approxi-
mation, linearly with the acquisition time. We, therefore, recommend SiPM-based
PET and an emphasis of selected body regions with high pre-test probability
for metastases by a prolonged acquisition time in thyroid cancer patients with

suspected tumour recurrence.

Furthermore, we evaluated the impact of SiPM-based 24T PET on ' radioiodine
therapy planning in a dosimetry model. We were able to show that, for a typical
clinical PET acquisition time, lesions of > 4.5 mm in diameter with predicted
response to radioiodine therapy would be detectable on both a SiPM- and a
PMT-based system. Smaller lesions, yet with predicted response to therapy, would
only be detected using the SiPM-based system. This underlines the potential of
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SiPM-based PET to improve clinical therapy management. Further prospective

studies are warranted to validate these effects in larger patient cohorts.

An improvement on the hardware-side which can, in future, further increase the
detectability and reduce the acquisition time is the introduction of large field-of-view
PET systems which cover greater parts of the patient body (> 1 m field-of-view
compared to 21.8-26.3 cm for the scanners applied in this thesis). Large field-of-
view systems not only exhibit an increased sensitivity but also allow to examine the
complete trunk of a patient simultaneously, thus reducing the acquisition time of a
whole-body scan. On the software-side, image post-processing under application
of artificial intelligence-based methods bears the potential to further reduce the
acquisition time or administered activity. Several approaches have been introduced
by various research groups and one software product has been FDA-approved and
is commercially distributed. For this tool, possible reductions by a factor of four
were described [189]. Large field-of-view PET scanners and artificial intelligence-
based image post-reconstruction are examples for many software and hardware
developments with the potential to substantially improve future characteristics of
PET imaging.

Clinical applications which can benefit from both SiPM-based PET and future
improvements are, for example, pre- and intra-therapeutic dosimetry in radionuclide
therapy planning and application. The improved sensitivity of SiPM-based PET
can enable imaging for radionuclides with very challenging properties like 0Y,
which is used for radionuclide therapies. °Y shows a very low rate of positron
emission by internal positron-electron pair conversion occurring in only 0.00326%
per decay [190]. For typically accumulated activities in systemic radionuclide
therapies this results in a very weak PET signal. First studies show that, in this
context, PET-based dosimetry is feasible by SiPM-based “*Y-PET [191]. Moreover,
the improved timing characteristics of SiPM-based PET enable time-resolved
dynamic imaging and tracer kinetic modelling to derive additional imaging features
like kinetic constants for a more detailed description of tracer uptake and binding
characteristics [192]. Multiparametric PET can deliver extended information on
the investigated tumour but is, hitherto, rather used in research than in clinical

routine applications.

In conclusion, future hardware and software improvements bear a tremendous
potential for relevant further enhancements of clinical and research-driven PET

imaging. These can be the starting point for advanced image analysis and derivation
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of molecular imaging biomarkers. Consequently, a more precise in vivo description
of biological characteristics offers potential benefits for diagnosis and therapy

planing in various oncological diseases.
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