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Session 1 - Systems 

O 1 

Initial evaluation of the PET ring of the TRIMAGE PET/MR/EEG system 

N. Belcari1, M. G. Bisogni1, N. Camarlinghi1, P. Carra1, P. Cerello2, M. Morrocchi1, A. Patera2, G. Sportelli1, A. Del Guerra1 
1University of Pisa, Department of Physics "E. Fermi", Pisa, Italy 
2INFN, Sezione di Torino, Torino, Italy 

Introduction: The TRIMAGE project [1] aims at developing a brain-dedicated PET/MR/EEG system able to perform simultaneous 
PET, MR and EEG acquisitions. It has a primary focus on the study of schizophrenia but the developed scanner can be used for 
other brain studies including brain cancer, neuroinflammation, Alzheimer and dementia. The TRIMAGE PET component consists of 
a full ring with 18 sectors each comprising three square detector modules (figure 1) and is now fully assembled. Its detectors are 
based on LYSO: Ce crystals (3.4 mm pitch) in a staggered dual-layer configuration. One layer is one-to-one coupled to SiPMs 
matrices that are read out by dedicated ASICs. The FOV of the PET system has an inner diameter of 260 mm and an axial 
extension of 160 mm. The aim of this work is to evaluate the performance of the TRIMAGE PET at the system level in terms of 
energy resolution, coincidence time resolution (CTR), sensitivity and spatial resolution. 

Method: Data were acquired in coincidence mode using all the 18 sectors. A 68Ge point source with an activity of 370 kBq was 
used for the evaluation of energy resolution and CTR, while a 22Na source with an activity of 370 kBq was used for measuring the 
sensitivity and spatial resolution as recommended by the NEMA NU4 2008 protocol. In all cases, data were filtered with a 3 ns 
wide coincidence window and with an energy window between 350 keV and 650 keV. 

Results: Preliminary results obtained using a pair of detectors indicate an energy resolution for a single tile of 20% FWHM and 
22% FWHM for the bottom and top layer, respectively, and a CTR of 515 ps. Results obtained with the full system will be shown.  
The system sensitivity and the spatial resolution were estimated via Monte Carlo simulations [2]. The simulated sensitivity of the 
PET system for a point source positioned at the centre of the FOV is 61 cps/kBq. The spatial resolution of a point-like 18F source 
was obtained by applying a 2D filtered back-projection (FBP). Spatial resolution varied between 2.34 mm and 3.66 mm (FWHM) 
axially moving radially 10 mm to 100 mm from the centre of the FOV. Experimental results for sensitivity and spatial resolution 
will be shown. 

Conclusion: The TRIMAGE PET system is now complete and able to acquire coincidence data. The measurements performed in 
this work will be used to confirm design specifications before installing the PET ring into the MR component. 

References: 
 
[1] http://www.trimage.eu 

[2] A. Del Guerra et al., TRIMAGE: A dedicated trimodality (PET/MR/EEG) imaging tool for schizophrenia, European Psychiatry, 
vol. 50, pp. 7–20, Apr. 2018. 

 

Figure: 

Left: the fully assembled PET ring as installed in the laboratory environment where the characterization tests were performed. 
The PET ring is connected to the data acquisition system (DAQ). Right: picture of the ring with the water chilling system for SiPM 
temperature stabilization. 
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Initial Characterisation of the SAFIR Dual-Ring-Prototype 

R. Becker1, A. Buck2, V. Commichau1, D. di Calafiori1, J. Debus3, L. Djambazov1, G. Dissertori1, A. Eleftheriou4, J. Fischer1, P. 
Fischer3, M. Ito1, P. Khateri1, W. Lustermann1, J. Oliver5, C. Ritzer1, M. Ritzert3, U. Röser1, M. Rudin6, I. Sacco3, P. Solevi7, C. 
Tsoumpas8, G. Warnock4, B. Weber4, M. Wyss4, A. Zagozdzinska-Bochenek1 
1ETH Zurich, IPA, Zurich, Switzerland 
2University of Zürich, Clinic of Nuclear Medicine, Zurich, Switzerland 
3University Heidelberg, Institute of Computer Engineering, Heidelberg, Germany 
4University of Zürich, Institute for Pharmacology and Toxicology, Zürich, Switzerland 
5Universitat de València, Instituto de Física Corpuscular (CSIC-UV), València, Spain 
6ETH Zürich, Institute for Biomedical Engineering, Zürich, Switzerland 
7Otto-von-Guericke University Magdeburg, Institute of Medical Technology, Magdeburg, Germany 
8University of Leeds, Leeds Institute of Cardiovascular and Metabolic Medicine, Leeds, United Kingdom 

Introduction: The SAFIR collaboration is constructing a positron emission tomography (PET) insert for an existing magnetic 
resonance imaging (MRI) scanner. In contrast to current PET-inserts, the design image acquisition time is 5 s. This will be 
achieved by avoiding dead-times and bandwidth limitations, so that high source activities of around 500 MBq can be used. 

Method: The presented insert is the first technological demonstrator. It consists of the same components as the full system, but 
has only 2880 detector elements covering a limited axial field of view of 35.6 mm. We use one-to-one coupled Lutetium-yttrium 
oxyorthosilicate (LYSO) crystals (2.1 × 2.1 × 13 mm3) in combination with Hamamatsu MPPC S13361-2050 silicon photo 
multipliers arrays (64 channel, pixel size: 2 × 2 mm2 ). The analogue signals are digitalised with PETA6SE Application Specific 
Integrated Circuits (ASICs) and transmitted via GBit-Ethernet to our DAQ-Computer. All low-voltages are conditioned internally 
with MR-compatible DC-DC converters and low dropout voltage regulators. The total input power consumption is 280 W. 

Results: In this work, we present initial measurements, first reconstructed images and a preliminary evaluation of the MRI 

compatibility of the PET insert. Using a 500 ps coincidence window and an energy window of 391 keV - 631 keV, we achieve a 
coincidence timing resolution of 205 ps (full width at half maximum (FWHM)) and a coincidence energy resolution of 13.8 % 
(FWHM, from Gaussian fit). We did not observe any significant performance degradation of the MRI while acquiring PET data. 

Figure: 
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NEMA NU 2–2007 measurements and GATE Monte Carlo simulations of GE Signa integrated PET/MR for different 
PET isotopes 

P. Caribé1, M. Koole2, A. Diogo3, Y. D'Asseler1, S. Vandenberghe1 
1Ghent University, Medical Imaging and Signal Processing – MEDISIP, Gent, Belgium 
2KU Leuven, Division of Nuclear Medicine and Molecular Imaging – UZ/KU , Leuven, Belgium 
3Faculty of Sciences of the University of Lisbon (FCUL), Department of Physics, Lisbon, Portugal 

Introduction: NEMA characterization of PET systems is generally done with 18F. However, other PET isotopes such as 68Ga and 
90Y are gaining clinical importance as they are of specific interest for oncological applications and for follow up of radionuclide 
therapy. However, the physical properties of these PET isotopes are quite different and there may be a larger interference with 
the magnetic field of the MR compared to 18F. Therefore, it is relevant to determine the performance of PET/MR for clinically 
relevant isotopes. 

Method: The aim was divided into two parts: (1) NEMA NU 2–2007 tests were performed for characterizing the spatial resolution 
(SR), sensitivity, image quality (IQ) and NECR for 18F, 68Ga and 90Y. NECR was performed using 18F and 68Ga. (2) Modelling of a 
realistic GATE Monte-Carlo model of the GE Signa PET/MR to investigate the effect of the 3T MR field on positron range of 18F, 
11C, 15O, 13N, 82Rb and 68Ga for different tissue types. 

Results: NEMA tests for 18F, 68Ga and 90Y resulted in substantially different system characteristics. The SR is about 1mm larger 
in the axial direction (compared to 18F). The impact of this lower resolution is also visible in the recovery coefficients of the 
smallest spheres of 68Ga in IQ tests (Figure 1B and C), where clearly lower values are obtained compared to 18F. The differences 
in sensitivity are due to the scale factor from the positron emission fraction of the isotopes. The peak NECR was lower than for 
18F and appears at higher activities (Figure 1 A). The positron range (Table 1) is a tissue-dependent and increase in the z-
direction by a factor 3-4 when compared to the range in x/y direction in the lung tissue for high-energy positrons. 

Conclusion: The system performance of GE Signa integrated PET/MR was substantially different, in terms of NEMA SR, IQ and 
NECR for 68Ga compared to 18F. For 90Y the resolution is comparable to 68Ga and the low number of counts leads to a large 
variability in the IQ measurements. For some isotopes a correction in the reconstruction algorithm is necessary. 

Table 1 Mean positron range for different tissues and radioisotopes at 3 T. 

  

Max Energy 
(keV) 

Braching Ratio 
(%) 

Mean 3D Range  

(mm) 

  Mean x or y Range  

(mm) 

  Mean z Range  

(mm) 
  Soft Lung Bone Soft Lung Bone Soft Lung Bone 
18F 633.5 99.86 0.52 1.70 0.34   0.26 0.73 0.17   0.27 1.08 0.17 
11C 960.2 99.75 0.96 1.97 0.51   0.48 0.63 0.25   0.51 1.52 0.26 
13N 1198.5 99.82 1.01 2.63 0.69   0.49 0.74 0.34   0.54 2.15 0.35 
15O 1732.0 99.89 1.66 4.28 1.17   0.77 0.97 0.57   0.93 3.74 0.61 
68Ga 1899.0 87.90 2.04 4.59 1.26   0.95 1.00 0.61   1.16 4.04 0.66 
82Rb 3378.0 95.45 3.82 10.12 2.74   1.62 2.25 1.28   2.42 8.96 1.55 

 

Figure: 
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FET-PET provides complementary information with respect to MR in patients with recurrent glioblastoma 
multiforme 

M. Carles1, M. M. Starke 2, M. Mix3, D. Baltas1, A. L. Grosu2, I. Popp2 
1University Medical Center, Medical Physics Division, Department of Radiation Oncology, Freiburg, Germany 
2Medical Center, Faculty of Medicine, University of Freiburg, Department of Radiation Oncology, Freiburg, Germany 
3University Medical Center, Freiburg, Germany, Department of Nuclear Medicine, Freiburg, Germany 

Introduction: Gliomas are tumors developing from the glial cells of the brain, the most aggressive of which is glioblastoma 
multiforme (GBM). Radiotherapy (RT) remains one of the main pillars in the therapy of primary and recurrent GBM [1]. RT is 
conventionally planned on anatomical magnetic resonance imaging (MR), where the target volume is defined as the area of 
tumor-related gadolinium enhancement on a T1-weighted sequence (Gd-T1MR). Recent studies have indicated that O-(2-
[18F]fluoroethyl)-L-tyrosine (FET)-positron emission tomography (PET) is more specific than MR and equally sensitive for tumor 
visualization [2]. However, in recurrent GBM there is yet no clear evidence that the information provided by FET-PET is 
complementary or superior to MR in RT target volume delineation and outcome prediction.  

Method: In this work we present a comparison of the volumes defined on FET-PET (VFET) and MR (VMR) and we analyse the use 
of FET-PET features in predicting time to tumor progression (TTP) for patients with recurrent GBM. Thirty-seven previously 
irradiated patients with recurrent GBM and treated with re-irradiation were prospectively recruited. Gd-T1MR and FET-PET were 
performed before re-irradiation. PET target volumes were defined with a threshold of 1.6 times the standardized-uptake-value 
(SUV) of the background (2 volumes manually defined in cerebrum and cerebellum) and MR volumes were contoured by 
experienced radiation oncologists. MR and PET were co-registered and 130 FET-PET image features (IF) were derived from VFET 
and VMR.  

Results: Results showed that although PET and MR volumes were comparable in size (Wilcoxon Rank Test), there was little 
agreement in the localization: Dice-Similarity-Coefficient=0.3±0.2 and Predictive-Positive-Value=0.4±0.3. All SUV parameters 
(SUVmax, SUVpeak, SUVmean, SUVmin, AUCH) showed significant differences between VFET and VMR when computed on PET. Small-
Zone-Low-Gray-Level-Emphasis (SZLGE) showed statistically significant predictive value for TTP (p=0.00027, Log-Rank test 
between TTP curves for patients with SZLGE< SZLGEmedian and patients with SZLGE> SZLGEmedian).  

Conclusion: Our findings suggest that FET-PET provides complementary information with respect to MR and could contribute in 
the outcome assessment of patients with recurrent GBM treated with re-irradiation. 

References: 

[1] Narang S. Radiomics in glioblastoma: current status, challenges and potential opportunities. Translational Cancer Research 
2016; 5(4):383-97 doi: 10.21037/tcr.2016.06.31 

[2] Grosu AL, Weber WA. PET for radiation treatment planning of brain tumours. Radiother Oncol. 2010; 96(3):325-7. doi: 
10.1016/j.radonc.2010.08.001. 

Figure:  
Comparison between VFET and VMR, where 0 means no overlapping and 1 total overlapping (a).  
For the FET-PET image feature (IF) Small-Zone-Low-Gray-Level-Emphasis (SZLGE) the Log-Rank test between TTP curves for 
patients with SZLGE< SZLGEmedian and patients with SZLGE> SZLGEmedian (b). 
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Decreased striatal dopamine synthesis capacity in patients with schizophrenia during symptomatic remission of 
positive symptoms 

M. Avram1, F. Brandl1, M. Mustafa2, S. Ziegler3, C. Sorg1 
1Klinikum rechts der Isar, Neuroradiology, Munich, Germany 
2Klinikum rechts der Isar, Nuclear Medicine, Munich, Germany 
3Ludwig-Maximilians-Universität München, Nuclear Medicine, Munich, Germany 

Introduction: While there is consistent evidence for increased presynaptic dopamine synthesis capacity in the striatum of 
patients with schizophrenia during psychosis, it is unclear whether this also holds for patients during psychotic remission. 

Objective: This study investigates whether striatal dopamine synthesis capacity is altered in patients with schizophrenia during 
symptomatic remission of positive symptoms, and whether potential alterations relate to symptoms other than positive, such as 
cognitive difficulties. 

Method: 23 patients with schizophrenia in symptomatic remission of positive symptoms according to Andreasen (2005), and 24 
healthy controls underwent 18F-DOPA-PET and behavioral-cognitive assessment. Imaging data were analyzed with voxel-wise 
Patlak modeling with cerebellum as reference region, resulting in the influx constant kicer reflecting dopamine synthesis 
capacity. For the whole striatum and its subdivisions (i.e., limbic, associative, and sensorimotor), averaged regional kicer values 
were calculated, compared across groups, and correlated with behavioral-cognitive scores, including a mediation analysis. 

Results: Patients had negative symptoms (PANSS-negative 14.13±5.91) and cognitive difficulties, i.e., they performed worse 
than controls in Trail-Making-Test-B (TMT-B; p=0.01). Furthermore, kicer was reduced in patients for whole striatum (p=0.004) 
and associative (p=0.002) and sensorimotor subdivisions (p=0.007). In patients, whole striatum kicer was negatively correlated 
with TMT-B (rho=-0.42, p=0.04; i.e., the lower striatal kicer, the worse the cognitive performance). Mediation analysis showed 
that striatal kicer mediated the group difference in TMT-B. 

Conclusion: Results demonstrate that patients with schizophrenia in symptomatic remission of positive symptoms have 
decreased striatal dopamine synthesis capacity, which mediates the disorder"s impact on cognitive difficulties. Data suggest that 
striatal dopamine dysfunction contributes to cognitive difficulties in schizophrenia. 

Figure: 
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Longitudinal Multi-modal Multi-parametric Imaging of the Twitcher mouse model of Krabbe Disease  

P. Choudhary1,2, N. Weinstock3, M. Preda4, D. Shin3, R. Zivadinov2,4, L. Wrabetz2,3, F. Schweser2,4 
1University at Buffalo, State University of New York, Medical Physics, Buffalo, NY, United States 
2Buffalo Neuroimaging Analysis Center, Department of Neurology, Buffalo, United States 
3Hunter James Kelly Research Institute, Department of Biochemistry, Buffalo, United States 
4Center for Biomedical Imaging at the Clinical and Translational Science Institute Jacobs School of Medicine and Biomedical 
Sciences at the University at Buffalo, The State University of New York, Buffalo, United States 

Introduction: Krabbe Disease (KD) is a rare, progressive leukodystrophy, caused by the accumulation of neurotoxins resulting 
in demyelination, neuroinflammation and ultimately death in infancy. Hematopoietic Stem Cell Transplant is only efficacious in 
pre-symptomatic patients highlighting the importance of finding a robust diagnostic tool for KD. We have previously presented 
the preliminary results of a first in-vivo application of 18F-Fludeoxyglucose (FDG) PET-MRI at 9.4 Tesla in the Twitcher (Twi) 
mouse model of KD at the 2018 PSMR. The well-characterized course of the pathology of Twi mice was studied at three time-
points. In this study, we present the final PET-MRI outcome as well as results from in vivo 1H proton magnetic resonance 
spectroscopy (1H-MRS). 

Objective: This study aimed to investigate if advanced multi-modal multi-parametric imaging with (FDG)PET-MRI and 1H-MRS 
can detect early pre- and post-symptomatic changes in the brain metabolism due to KD. Glucose uptake from PET/MRI and 
metabolite profiles in the hindbrain from MRS may establish a relationship between glucose metabolism and change in metabolic 
products at various stages of the disease. 

Method: Ten C57BL/6N Twi and nine wild-types (WT),isoflurane-anaesthetized mice were scanned longitudinally at P15 (pre-
symptomatic), P21 (just prior to first symptoms), and P28 (structural and behavioural changes). We used a 9.4 Tesla horizontal 
bore (20 cm) magnet (Bruker Biospec USR94/20) and a cryogenic transceiver coil. 1H-MRS data was acquired from pons using 
an in-house developed Ultra Short Echo Time-Stimulated Echo Acquisition Mode (UTE-STEAM) sequence. PET-MRI methodology 

has been reported previously. 

Results: The group-average metabolic profiles of the pons region (inset) and glucose uptake at the three time-points are 
summarized in Figure 1: We observed significantly decreased Glycerophosphocholine (GPC) in Twi (p=0.04) mice at the pre-
symptomatic stage (P15). At P(21), N-Acetylaspartic acid (p=0.02) and Creatine(Cr) (p=0.03) decreased significantly. At (P28), 
taurine (tau) (p=0.001) and phosphocreatine (PCr) increased (p=0.01) and a significant decline in lipids and macromolecules 
was seen in twi at (P28) (p=0.001). PET-MRI indicated same patterns over time with no difference in uptake at P(15) but Twi 
showed decreased glucose uptake at P(28). 

Conclusion: Most neurochemical changes were seen post-onset at P(28), when pathology is developed indicative of reduced 
myelination and demyelination similar to previous clinical KD studies. These metabolic changes may be useful in assessing 
disease course and warrant further evaluation. In future, atlas based regional glucose uptake and change in metabolite 
concentrations will be analyzed longitudinally in more detail. 

Figure: 
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Radiolabeling of Iron Oxide/Aluminum Hydroxide Nanostructures and Their In Vivo Validation as a Contrast Agent 
for Simultaneously Acquired PET/MRI 

S. Belderbos1,2, M. A. González-Gómez3, Y. Piñeiro3, F. Cleeren2,4, J. Wouters1,2, C. M. Deroose2,5, W. Gsell1,2, G. Bormans2,4, J. 
Rivas3, U. Himmelreich1,2 
1KU Leuven, Biomedical MRI, Department of Imaging and Pathology, Leuven, Belgium 
2KU Leuven, Molecular Small Animal Imaging Center (MoSAIC), Leuven, Belgium 
3Universidade de Santiago de Compostela, NANOMAG Group, Department of Applied Physics, Santiago de Compostela, Spain 
4KU Leuven, Radiopharmaceutical Research, Department of Pharmaceutical and Pharmacological Sciences, Leuven, Belgium 
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Introduction: Iron oxide nanoparticles (Fe3O4 NPs) have shown great potential as MRI cell tracking agents. However, the 
hypointense MRI contrast generated by NPs is often difficult to quantify. Embedding Fe3O4 NPs in an aluminum hydroxide coating 
to form Fe3O4@Al(OH)3 NPs, allows stable adsorbance of Na18F to the NPs and thus, visualization and quantification of NP uptake 
with PET and MRI. In this study, we evaluated the potential of radiolabeled (RL) Fe3O4@Al(OH)3 NPs and mouse mesenchymal 
stem cells (mMSCs) labeled with RL NPs in vitro and in vivo using simultaneous PET/MRI. 

Method: Fe3O4@Al(OH)3 NPs were produced by forced chemical hydrolysis of magnetite NPs coated with polyacrylic acid. Instant 
thin layer chromatography was used to study NP labeling efficiency and stability with Na18F. Simultaneous PET (1h static scan) 
and MRI (T2*, T2, T1 maps) were acquired to evaluate the in vitro contrast properties of RL NPs or mMSCS (7T preclinical MRI 
with PET insert; Bruker PCI). For in vivo biodistribution studies, RL NPs or 105 mMSCs labeled with RL NPs were injected via the 
tail vein of C57Bl/6 mice. Following scans were acquired: 1h PET scan simultaneously with dynamic contrast-enhanced (DCE)-
MRI, whole-body 3D T2-weighted MRI and parametric T2 maps pre and post injection. After sacrificing the mice, different organs 
were analyzed using a γ-counter. 

Results: RL was fast (>97% Na18F bound after 2') and stable in Milli-Q and saline, while less constant in other conditions. In 

vitro, few RL NPs or cells could be visualized using PET and MRI (NP r2* = 466 sec-1; mMSC r2* = 23020 sec-1). While the 
visualization of RL NPs was possible with PET (increased standardized uptake value; SUV) and MRI in the liver (T2 decrease), the 
RL cells could only be visualized in the lungs using PET. Furthermore, NP uptake in liver was also visualized after cell injection. 
Moreover, an increased bone and spleen SUV were noted after injection of either the RL NPs or mMSCs, indicating NPs/cells 
clearance or NP defluorination, respectively. Ex vivo γ-counter measurements confirmed the in vivo findings. Furthermore, 
dynamic reconstruction of Na18F PET and DCE-MRI scans yielded time-activity curves showing rapid accumulation of NPs and 
mMSCs in the liver, which stayed stable over time. While SUV increase in the lungs was transient after NPs injection, it was 
stable after mMSCs injection. 

Conclusion: We were able to visualize RL NPs and cells using simultaneous PET/MRI. Combining both imaging modalities does 
not only allow an easier quantification of NP/cell uptake immediately after administration, but also provides more information on 
their fate and combines the advantages of PET (high sensitivity and specificity) and MRI (anatomical background, high 
resolution, long lasting contrast), indicating the high potential of PET/MRI and dual contrast agents. 

Figure: 
 
A) PET/MRI overlay and  

B) T2 weighted MRI image after injection of radiolabeled NPs or mMSCs. 
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A DOI-encoding, Time-of-Flight Capable Detector Concept based on Semi-Monolithic Crystals for Clinical PET/MR-
Systems 

F. Müller1, D. Schug1, C. Gorjaew1, M. Hammerath1, T. Solf2, V. Schulz1 
1Experimental Molecular Imaging, RWTH Aachen, Physics of Molecular Imaging Systems, Aachen, Germany 
2 Philips Digital Photon Counting (PDPC), Aachen, Germany 

Introduction: To realize clinical PET/MR systems with a large number of monolithic detectors, aspects such as fast calibration 
methods and cost-efficiency gain importance besides good spatial, energy, and time resolution. We present a semi-monolithic 
detector concept targeting this additional needs. The detector combines the advantages of both segmented and monolithic 
scintillators at low production costs: Besides intrinsic DOI capabilities and reduced dead time by shrinking the read-out detector 
area, a high density of scintillation photons is beneficial for energy and time resolution. 

Method: An array of 8 monolithic slabs of dimensions 3.9 x 32 x 19 mm3 (see Fig. 1) were coupled to a tile of 16 digital SiPMs 
with four pixels each (DPC 3200-22-44, Philips Digital Photon Counting). Every slab covered the active area of one row of pixels 
of the tile. As all 16 DPCs are self-triggering and independent, not all DPCs coupled to a slab are necessarily read out. 
Measurements were conducted at +5 °C achievable with liquid cooling at system level. We present the results for all four trigger 
levels provided by the DPC. 

To use all measured events and maintain a high sensitivity, all introduced methods handle data with missing information. 

The positioning in the monolithic direction of the detector and DOI was based on a fan beam calibration lasting less than 1 hour 
and the machine learning technique Gradient Tree Boosting [1]. Among other observables, we calculated the spatial resolution 
(SR) as the FWHM of the positioning error distribution to quantify the positioning performance. 

The timing calibration included corrections for electronic time skews of single DPCs as well as systematic time skews within the 
crystals due to optical pathlengths. Applying all corrections, we estimated the CRT based on a time difference histogram using a 
Gaussian fit. 

The energy resolution was determined after a 3D-position-dependent energy calibration. 

Results: We achieved a mean SR of 2 mm FWHM and 3.4 mm FWHM for positioning in monolithic and DOI direction, 
respectively. Both energy and time resolution depend on the selected trigger scheme. The energy resolution ranged from 10.2% 
to 11.1% for the highest trigger scheme and first-photon trigger. We achieved a coincidence resolving time of 252 ps for the 
first-photon. 

Conclusion: The presented semi-monolithic detector offers an attractive performance including DOI-encoding suitable for 
clinical PET/MR systems achievable with short calibration times. Therefore, this concept is an interesting alternative to currently 
employed pixelated detector designs. 

Reference: 

[1] F. Müller et al., "Gradient Tree Boosting-based Positioning Method for Monolithic Scintillator Crystals in Positron Emission 
Tomography," IEEE Trans. Radiat. Plasma Med. Sci., DOI:10.1109/TRPMS.2018.2837738 

 

 

 

 

 



Figure: 
 
Sketch of the detector with removed outer wrapping. Two slabs are coupled to one row of 4 DPCs. 
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Preliminary results of sub-surface laser engraving based trapezoid DOI detector for a small animal PET insert 

H. G. Kang1, F. Nishikido1, H. Tashima1, T. Sakai2, T. Yamaya1 
1National Institute of Radiological Sciences (NIRS-QST), Department of Radiation Measurement and Dose Assessment, Chiba, 
Japan 
2Hamamatsu Photonics K.K., PET Development Group, Hamamatsu, Japan 

Introduction: Trapezoid geometry crystal could improve the sensitivity significantly as compared to the conventional box 
geometry crystal. However, the manufacturing of trapezoid shape crystal is costly and difficult due to the complex geometry. In 
this study, we present initial results of a cost-effective trapezoid crystal based MRI-compatible small animal DOI PET detector 
using sub-surface laser engraving (SSLE) technique. 

Method: The proposed trapezoid animal PET scanner has an inner diameter of 60 mm, and axial field of view of 12 mm (Fig. 1). 
A 20 mm long monolithic trapezoid LYSO plate (Top: 15.3 mm, bottom: 25.6 mm, thickness = 0.9 mm) was pixelized in 15 × 1 
array by using SSLE to yield a top crystal pitch of 1.02 mm, a bottom crystal pitch of 1.71 mm, respectively. The three SSLE 
processed LYSO crystal plates were assembled each other to make 15 × 3 array. The LYSO plates were optically isolated by 
using enhanced specular reflector (ESR). A 7×6 array SiPM (Hamamatsu, S13360-2050VE) with a pixel pitch of 2.4 mm and 8×4 
array SiPM (Hamamatsu, S13361-3050NE-04) with a pixel pitch of 3.2 mm were coupled to the top and bottom surfaces of the 
trapezoid LYSO array, respectively (Fig. 2). For an optical coupling, room temperature vulcanizing (RTV) light guides with a 
thickness of 1 mm were inserted between the LYSO and SiPM array. In order to evaluate the DOI resolution, a collimated 511 
keV photon was irradiated to the detector with different DOI positions (2, 6, 10, 14, and 18 mm). The DOI resolution was 
calculated by using the signal amplitude ratio of the two SiPMs (top and bottom). The SiPM output signals were multiplexed by 
using a resistive network, and then digitized by CAMAC DAQ. 

Results: All the 15 × 3 LYSO pixels segmented by the SSLE could be resolved clearly on the 2D flood histogram. The energy 
resolution of 25.0%, and the DOI resolution of 3.5 mm were obtained (Fig. 3). 

Conclusion: We demonstrated the feasibility of SSLE based trapezoid PET detector successfully. In future, a prototype MR-
compatible trapezoid geometry small animal DOI PET scanner will be developed by using the SSLE technique. 

Figure: 
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PET System Based on a Single LYSO Tube 

A. Gonzalez-Montoro1, G. Cañizares1, S. Berr2, A. Orero3, C. Correcher3, S. Majewski2, A. Rezaei4, J. Nuyts4, J. M. Benlloch1, A. J. 
Gonzalez1 
1Institute for Instrumentation in Molecular Imaging, i3M-CSIC, Valencia, Spain 
2University of Virginia, Charlottesville, United States 
3Bruker NMI, Valencia, Spain 
4K.U. Leuven, Leuven, Belgium 

Introduction: Most commercially available PET scanners are based on pixelated technology. As an alternative, monolithic 
scintillators have also been employed providing photon DOI and improved sensitivity. 3D impact localization for both pixelated 
and continuous crystals is inaccurate at the edges of the modules, leading to a degradation of the spatial resolution. Spatial 
resolution would improve if these edge effects were removed. We propose a design based on a single monolithic 80 mm outer, 
60 mm inner diameter LYSO tube, and up to 80 mm axial length. Two similar efforts exist, one detecting the scintillation light at 
the axial faces at both ends of the tube, and another from the outside cylindrical face of the tube. We propose 10 facetted faces 
in order to easier couple existing SiPM technology to the scintillator surface. 

Method: In our pilot studies, we have demonstrated the benefits of an edgeless PET design in terms of uniformity of response 
and image quality. We used existing data acquired with continuous monolithic scintillators but omitting from analysis coincidence 
events happening near crystal edges, thus simulating the proposed continuous-tube detector behavior. We observed an 
improvement of about 23% in resolution, when compared to the case where the edge events were also included. And the 0.75 
mm rods in a mini-Derenzo phantom were all separated in the images. Based on these results, the spatial resolution of the 
proposed system is estimated to be 0.6 mm. In an additional study, we have simulated the proposed imager geometry both 
nuclear and optical, and demonstrated the system capabilities to resolve the 0.6 mm rods. 

We have recently built a PET insert based on the proposed geometry but only 52 mm in axial length. Inner and lateral walls were 

black-painted. Planar faces were coupled to a set of 8x8 SiPM arrays. 

Results: About 50% of the annihilation photon events share light among two SiPM arrays, and just 20% among three. Light 
distributions exhibit the system capability to resolve well the 3D impact coordinates, X, Y and DOI (see the attached figure). The 
system is currently under calibration using Voronoi diagrams. Energy resolution is about 18% FWHM in the preliminary data (see 
the attached figure). 

A PET scanner built around an "edgeless" scintillator tube design is expected to have a spatial resolution of ~0.6 mm, which 
approaches the spatial resolution limits of PET. We will present a design based on a single tube with an inner circular face and 10 
facetted outer faces. Simulations and reconstruction data is currently available for analysis. First experimental data is already 
acquired and calibrated. Pilot reconstructions of images of small sources, the IQ and Derenzo phantoms are undergoing. 

Figure:  
 
Top: photograph of the tube and assembled system.  
Bottom-left: detectors views of a source at the center of the system, with software collimation and when attached to one 
detector. 
Bottom-right: profile and energy spectra of the attached source.  
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A low-density receive array to improve PET sensitivity in integrated PET/MRI 

S. Zijlema1,2, W. Branderhorst3, L. van Dijk1, D. Klomp3, H. de Jong3, R. Tijssen1, N. van den Berg1,2 
1University Medical Center Utrecht, Radiotherapy, Utrecht, Netherlands 
2University Medical Center Utrecht, Computational Imaging Group for MRI diagnostics and therapy, Centre for Image Sciences, 
Utrecht, Netherlands 
3University Medical Center Utrecht, Radiology and Nuclear Medicine, Utrecht, Netherlands 

Introduction: Simultaneous PET/MRI offers many advantages over sequential acquisition, such as intrinsic spatial and temporal 
alignment and MRI-based motion correction [1]. To increase the MRI signal-to-noise ratio (SNR), dedicated receive arrays are 
typically placed within the PET field-of-view. Conventional receive arrays contain electronics and other dense materials that 
attenuate a significant fraction of the 511 keV photons. PET attenuation correction of receive arrays is challenging, as the 
positions of the unevenly attenuating structures are variable and in general unknown. 

The goal of this project was to design and test a flexible 31-channel receive array with flexible high impedance coils (HICs) [2]. 
HICs allow the use of low-density support materials to strongly reduce photon attenuation (Fig. 1), which eliminates the need for 
PET attenuation correction of the receive array. 

Method: Our prototype HIC receive array consists of a 16-channel anterior element (A) and 15-channel posterior element (P). 
We compared both the PET sensitivity loss and the MRI performance with a conventional, clinical array (dStream Torso, Philips). 
Only the anterior elements (A) were compared, as the posterior element of the clinical array could not be removed from the 
table. Finally, we determined the PET sensitivity loss caused by the entire prototype array (A+P). 

PET sensitivity loss was investigated by scanning a cylindrical Ge-68 source (scan time: 3 min, total activity: 89.17 MBq) in a 
PET/CT system (Siemens Biograph mCT 40), and calculating the percentage reduction of true coincidences with respect to a scan 
of the source without a receive array. The source was fixed in a wooden frame to avoid variations due to position changes. 

MRI performance was determined on a pelvis-sized phantom in a 1.5T MRI system (Ingenia, Philips). Gradient echo acquisitions 
(TR/TE = 30/4 ms, FA = 20°) were converted to 2D SNR maps [3]. 

Results: PET sensitivity losses of the clinical (A only) and prototype array (A only) were 8.50% and 1.05%, respectively. The full 
prototype array (A+P) resulted in a sensitivity loss of 2.24%. 

The MRI data resulted in similar SNR maps for the clinical and prototype setups (Fig. 1), with mean SNR values in the anterior 
half of the phantom of 95.9±54.4 and 101.2±58.0, respectively. 

Fig. 1. Upper left: PET-compatible design of the prototype's anterior element. Lower left: experimental PET setup and results. 
Right: experimental MRI setup and results. 

Conclusion: Using flexible HICs, we have developed a low-density receive array that delivers equal MR performance while 
causing only a slight reduction in PET sensitivity (2.24%). The array can thus be positioned arbitrarily, as PET attenuation 
correction is not required. 

References: 

[1] Vandenberghe, S. et al. Phys Med Biol (2015) Feb;60(4):R115-54 

[2] Zijlema, S.E. et al. i2i Workshop (2018) 
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Fuel Cells as MRI-Compatible Power Supply for PET Detector Electronics 

T. Dey1, N. Gross-Weege1, B. Weissler1, J. Ramler2, M. Müller3, D. Stolten2,3, V. Schulz1 
1RWTH Aachen University, Physics of Molecular Imaging Systems, Aachen, Germany 
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Germany 

Introduction: Integrating of PET into an MR system is a challenging task and the power supply of PET electronics is one of the 
major obstacles to overcome. We evaluate proton-exchange membrane fuel cells (PEMFC) as a new approach of an MRI-
compatible power supply. This approach promises to hold the advantages of battery powering, e.g., minimal electromagnetic 
emission, no thick power cables, but enables continuous operation. 

We propose a closed fuel circuit of electrolysis cells (EC) outside the MR room and a PEMFC close to the PET nside the MRI bore. 
H2 and O2 are generated from water by ECs and routed to the fuel cells. 

Method: The PEMFC is tailored to fulfil the power requirements of a Hyperion IID singles detection module (SDM), i.e. PSMid 3V, 
3.5A and PSHigh 4.2V, 2.7A. This results in a fuel cell stack of 6 cells with an active area of 42×42 mm2. Fig. 1a shows its layers 
and materials. In this prototype titanium plates are used to ensure gas tightness. The dimensions of the complete stack are 
10×10×9cm3. 

Outside the MR, we tested the function of the PEMFC regarding the electrical requirements of the SDM. PSMid and PSHigh were 
supplied by the PEMFC subsequently. 

In a 3T system, we measured the B0 distortions caused by the PEMFC, the influence of the static B0 field on the voltage output in 
different orientations and the noise level (measured with the body coil). The latter two were determined in 3 different operation 
levels of the PEMFC (off, idle and with electric load). 

The influence of gradient switching on the PEMFC was also tested. The cell was positioned 30 cm in z-direction from the isocenter 

and we continuously switched rectangular shaped gradients in z-direction with a strength of 30 mT/m, plateau of 1 ms and slew 
rates of 50, 100 and 200 mT/m/ms. 

Results: The SDM was operated successfully using the PEMFC to supply either PSMid or PSHigh. The results of the B0 distortion 
tests are shown in Fig. 1b. In a distance of about 2 cm only slight distortions were visible, mainly caused by the titanium plates. 
These plates are not essential and could be exchanged by plastic straps in a future version. No effect of the B0 field on the output 
voltage was detected during operation with or without load. During gradient switching, the output voltage showed only minor 
effects. 

A minimal increase of noise of about 8% was observed during operation with a resistive load. By an RF case around the PEMFC , 
the noise level can be decreased. 

Conclusion: We designed and tested PEMFC to supply PET electronics in an MRI. These tests showed only slight B0 distortions, 
no negative effect of B0 or gradient fields on the PEMFCl performance. Noise measurements showed a minimal increase in noise 
level. 

 

 

 

 

 

 

 



Figure:  
 
Fig. 1A) Setup of the first fuel cell of the stack.  
Fig. 1B): Setup and results of the B0 map measurements. 

The research leading to these results has received funding from the Excellence Initiative of the German federal and state 
governments. 
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Design and construction of a high-resolution and high-sensitivity BrainPET insert for 7T MRI 
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Introduction: MRI and PET are the most important non-invasivein vivomedical imaging techniques for neuroscience. MRI is 
characterized by high contrast levels for soft tissue with high spatial resolution, and enables monitoring of physiological changes 
using fMRI. Ultra-high field (UHF)-MRI improves structural imaging and fMRI even further and improves the detection of 
metabolites using MR spectroscopy (MRS) compared to conventional field strengths. PET provides information on the bio-
distribution of radiotracers and enables quantitative imaging of molecular processes with a million-fold higher detection 
sensitivity compared to MRI/MRS. Simultaneous MRI-PET-acquisition offers a precise temporal and spatial superposition of 
anatomical structures, physiological parameters and metabolic processes. For neuroscience, it has a huge potential to correlate 
processes of neural activity with specific neuroreceptor binding studies. The combination of PET with UHF-MRI has the potential 
to significantly increase the value of scientific and medical research using anatomical, functional, and molecular images, and 
opens up new research possibilities in the neurosciences. 

Objective: The Helmholtz Validation Fund Project "Next generation BrainPET scanner for 7T MRI" aims at building a UHF-MRI-
compatible BrainPET insert prototype for dedicated human neuroimaging. With BrainPET-7T, it is planned to achieve ≥12% peak 
detection sensitivity, a homogeneous spatial image resolution between 1.5 and 2.5 mm over the whole human brain, a 
coincidence timing resolution ≤500 ps, and an axial field of view of ≈ 24 cm. 

Method: The scintillation detector blocks of the BrainPET-7T are being implemented as a multi-layer pixel array using LSO as a 
scintillator, using the staggered layer principle (3 layers) for depth-of-interaction detection. The three layers have 24×24, 23×24 
and 22×23 pixels respectively, with a pixel pitch of 2.0 mm in both directions. The layer thicknesses are 9.0 mm, 8.0 mm and 
7.0 mm respectively. To allow operation of the PET detectors inside the UHF-MR, digital SiPMs are being used and the PET 
module electronics are being shielded using a carbon fiber reinforced plastic to avoid any potential electromagnetic interferences. 
A statistics-based positioning algorithm will be used for identification of the crystal pixels, and estimation of γ-ray energies. Data 
transfer (scintillation events, monitoring, clocks) will be realized via optical fibers. Photodetectors and PET module electronics will 
be thermally stabilized with a liquid cooling system. Image reconstruction will be carried out using PET Reconstruction Software 
Toolkit (PRESTO), which allows for OP-OSEM, and uses median root prior for effective noise suppression. 

Results: The BrainPET-7Tproject and the first measurement and simulation results of MR compatibility will be presented, 

together with the optimization of the scintillation detector, and the aimed overall device performance. 
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Experimental MRI-SPECT insert system featuring Timepix technology for multimodal imaging inside MR animal 
scanner Bruker 47/20  

J. Zajicek1, M. Burian2, J. Ters3 
1Institute of Experimental and Applied Physics Czech Technical University in Prague, Department of applied physics and 
technology , Prague, Czech Republic 
2Institute of Clinical and Experimental Medicine, Department of Experimental Magnetic Resonance , Prague, Czech Republic 
3Institute of Clinical and Experimental Medicine, Department of Nuclear medicine, Prague, Czech Republic 

Introduction: Although MRI and SPECT are routine tools in medical imaging, the combination of these two modalities up to date 
is unexplored. By hybridizing high-resolution anatomical with functional imaging, combined MRI-SPECT could be a valuable 
addition to medicine, reducing overall scanning time as well as alleviating patient alignment and image co-registration. In 
contrast to PET, SPECT offers a cost-efficient range of applicable radioisotopes. 

Objective: The main goal of this work is the insert system [1] [2] optimization for imaging of small sized samples imaging and 
to show the functionality of both methods in parallel within a high magnetic field of 4.7 T. The current work comprised 
motorization of the SPECT unit, collimators manufacturing, design & producing of the multimodal phantom idea, software 
development etc. 

Method: The proof-of-principle concept shown a modified insert system (Figure 1) consisting of the hybrid semiconductor 
detectors Timepix equipped by 1 mm CdTe pixelated sensors, tungsten collimators and RF coil. The current setup allows angular 
sampling in 2° steps by a motorized stage, which has been adapted to operate within a high magnetic field. Measurements were 
performed using a 1H/99mTc inhomogeneous phantom inside the RF coil by the Bruker. The data were evaluated using a 
specifically designed in-house Matlab toolbox. 

 Figure 1. Experimental MRI-SPECT insert system for a Bruker 47/20 MR animal scanner: a) SPECT unit equipped by 
CdTe Timepix, b) FitPix readout electronics, c) RF coil, d) MRI-compatible collimator, e) Extension cable. 

Results: The MR images were obtained by the RARE sequence, with a total duration of 15 minutes per plane. SPECT data 
(Figure 2a) were obtained in 180 projections. Subsequently, the data were evaluated, reconstructed and fused by our back-
projection software to the final 256 x 256 MRI-SPECT image (Figure 2b). 

 Figure 2. Imaging of 1H/99mTc phantom (99mTc: A = 19.2 MBq, Ø = 1200 µm, V = 7.35 µl): a) SPECT, b) MRI-SPECT 
256x256 matrix. 

Conclusion: Our previous insert system [2] was optimized mainly by motorization of the SPECT unit and the new back-
projection & image fusion software was developed. The functionality of the motorized new insert system was verified by 
measurement and reconstruction of 1H/99mTc multimodal phantom. Using our new in-house software implementation the SPECT 
data were reconstructed and fused with the MRI volume. Future work on this topic will focus further design optimization of the 
system (new detectors, collimators, HW optimization etc.) and exploration of simultaneous operation. 

References: 

[1] Zajicek J. et al., Multimodal imaging with hybrid semiconductor detectors Timepix for an experimental MRI-SPECT system. 
JINST 8(1), doi:1088/1748-0221/8/01/C01022 

[2] Zajicek J. et al., Experimental MRI-SPECT insert system with Hybrid Semiconductor detectors Timepix for animal scanner 
Bruker 47/20, JINST 12(1), , doi:1088/1748-0221/12/01/P01015 

 

 

 



Figure: 
 

 
 



O 15 

Preliminary Characterization of a Clinical MRI-Compatible SPECT Insert 
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2University College London, London, United Kingdom 
3Ospedale San Raffaele, Milano, Italy 
4Mediso, Budapest, Hungary 
5MRI Tools, Berlin, Germany 
6Nuclear Fields, Vortum-Mullem, Netherlands 

Introduction and Objective: Within the rapidly expanding domain of multimodal imaging, the integration of SPECT and MRI is 
lagging. In order to tackle this delay, mostly due to MRI-compatibility issues of the collimator and detector scalability issues, we 
present the first clinical insert for simultaneous SPECT/MRI of the human brain, targeting, in particular, neuro-oncology. The 
scanner features 20 gamma cameras mounted on a static gantry (internal bore of 35cm without RF coil as in the figure, external 
size of 56cm by 43cm). The collimator has been designed as an innovative multi-mini-slit-slat type. The target field-of-view is 
20cm (transaxial) by 9cm (axial), with an extrinsic resolution better than 10mm and a sensitivity larger than 200cps/MBq. 

Method: This instrument represents the scaled-up version of a preclinical insert [1] and it is based on large arrays of SiPMs 
(1440 pixels), coupled to 20 continuous CsI(Tl) scintillators (5cm by 10cm by 8mm) and read by custom-designed ASICs. Data 
acquisition is performed by local FPGA modules in daisy-chain, providing optical interconnection to a main gateway in the control 
room. Image reconstruction is carried out by means of statistical methods (ML-EM). Linearity and homogeneity calibrations are 
applied. Standard hot and cold rods phantoms are employed in the characterization. 

Results: The single components (detection module [2], collimator, RF coils) have been already characterized, especially in terms 
of mutual compatibility [3]. The preclinical predecessor had shown no performance degradation due to simultaneous operation in 

a 3T scanner (12% energy resolution at 140keV, 1mm intrinsic resolution, 0.9mm extrinsic resolution, and 1100cps/MBq 
sensitivity for a multi-pinhole collimator). The clinical system has been completely assembled and here we present its 
preliminary characterization, in particular in terms of SPECT performance. An issue due to overheating of the DAQ boards had 
emerged. It has been addressed by the introduction of a gas cooling and recirculation circuit, derived from the main liquid 
recirculation system cooling the detectors. Its effectiveness in granting long-term stability will be presented at the conference. 

Conclusion: The scalability of SiPM detection modules to clinical scanners is demonstrated. Thanks to a modular design of the 
electronics, the growth in complexity from preclinical to clinical design mostly impacts on thermal and mechanical aspects, 
successfully addressed. Preliminary results and future prospects will be discussed at the conference. 
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Figure:  

Photograph of the assembled scanner 
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MRI and SPECT imaging as a combined approach for Parkinsons Disease diagnosis 
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Introduction: The discrimination of Parkinson"s Disease (PD) patients and scans without evidence of dopaminergic deficit 
(SWEDD) has become a demand since these patients share the same diagnosis but may differ in the physiopathology. The 
regions of interest in PD are the mesencephalon, especially the substantia nigra and the basal ganglia. Some studies indicate 
that Magnetic Resonance Imaging (MRI) shows evidence of signal changes in the mesencephalon and Single-Photon Emission 
Computed Tomography (SPECT) images detect the dopamine deficit in the basal ganglia [1].  

Objective: The main goal of this study was to discriminate PD patients from SWEDD patients and Control (healthy) subjects 
using MRI and SPECT images in a multimodal approach and Convolutional Neural Networks (CNNs) as a classifier.  

Method: MRI and SPECT images were obtained from the Parkinson's Progression Markers Initiative (PPMI). MRI images were T1-
weighted sagittal images acquired at 1.5T and 3T and SPECT images were DaTscan acquired with radiotracer Ioflupane I123. The 
number of subjects considered was 378 PD patients, 58 SWEDD patients and 168 Controls. For each subject, MRI and SPECT 
axial slices were combined as volumetric slices that included the mesencephalon and basal ganglia, among other structures. The 
classification was performed for Control vs PD, Control vs SWEDD and PD vs SWEDD. The CNN architecture comprises two 
convolutional layers, two pooling layers, two fully connected layers with the ReLU function and a softmax layer. Train, validation 
and test sets were defined in a 2:1:1 proportion, respectively. These sets were further balanced considering the group with the 
least number of subjects and a 3 cross-validation approach as followed. The classifier performance was assessed using accuracy, 
sensitivity, specificity, positive and negative predictive values, receiver operating characteristic curve measures and Cohen"s 
kappa.  

Results: The CNN classifier accuracies were 86.5% for Control vs PD, 52.2% for Control vs SWEDD and 64.4% for PD vs 
SWEDD using mesencephalon-related slices. Additionally, The accuracy results using basal ganglia-related slices, the accuracy 
was 93.6% for Control vs PD, 52.3% for Control vs SWEDD and 88.0% for PD vs SWEDD. 

Conclusion: The obtained results show that, in this study sample, the CNN was able to discriminate Control subjects from PD 
patients using mesencephalon and basal ganglia-related slices. In the comparison of PD vs SWEDD, the CNN was only able to 
discriminate those groups using the slices encompassing the basal ganglia. Also, slices encompassing these latter structures 
enable the discrimination of Control vs SWEDD groups but with a fairly limited accuracy. These results suggest that a multimodal 
approach may be promising for the discrimination of PD and SWEDD patients but improvements are still needed. 

Reference: 
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B1+ and SAR performance of a prototype wide-bore 1.5T PET/MRI body coil 
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Introduction: Simultaneous PET/MRI offers many advantages over sequential acquisition, such as intrinsic spatial and temporal 
alignment, accelerated clinical workflow and MRI-based motion correction. Over the past years, a large number of PET/MRI 
imaging systems has been developed, which typically compromise either the MR signal (e.g. by splitting gradient coils) or the 
bore size to fit the PET detectors inside the MRI gradient coils. In our institution, we are developing a simultaneous PET/MRI 
system with a wide bore to facilitate radiotherapy planning [1]. This is possible by integrating the PET detectors in between the 
radiofrequency (RF) shield and RF conductors of the body coil. The goal of this study was to estimate the effect of positioning the 
PET detector RF shields in close vicinity to the transmit coil rungs, in terms of influence on B1+ efficiency and uniformity, and on 
specific absorption rate (SAR). 

Method: Our high-pass quadrature birdcage (~64 MHz) body coil design, shown in Fig. 1, has 38 rungs and an inner bore 
diameter of 650 mm. RF shielding to and from the 19 integrated PET detectors is accomplished using phosphor-bronze covers 
each consisting of 2 detector "fingers" to minimize RF mirror currents. We performed finite difference time domain simulations 
(Sim4Life, Zurich MedTech) of a pelvis phantom and the human model Duke in a wide-bore MRI system (Philips Ingenia 1.5T), 
using the standard body coil and our new body coil with PET detector housings. The housings were modelled as perfect electric 
conductors. B1+ maps (central transverse slice) and 10g averaged SAR (SAR10g) maximum intensity projection images were 
generated and compared. For the Duke simulations, the results were normalized to achieve 1 μT in the isocenter. The coil was 
built and positioned in a wide-bore 1.5T MRI system. B1+ maps were obtained from the pelvis phantom using the coil with PET 
detector housings and using the standard body coil. As SAR was within safety guidelines, B1+ maps were also obtained from a 
healthy volunteer. 

Results: The measured B1+ maps show similar transmit field patterns as the simulated maps, and B1+ uniformity is only 
slightly affected by the addition of the PET housings. SAR values were almost equal for both RF coils (maximum SAR was 0.96 

W/kg without vs 0.99 W/kg with PET detector housings). B1+ maps in the volunteer were similar for both RF coils, and required 
even slightly less power with the PET detector housings (8193W versus 8993W with the standard body coil). 

Conclusion: The influence of adding the PET detector housings on SAR is negligible and B1+ uniformity is only slightly affected. 
B1+ efficiency was even slightly better for the body coil with PET detector housings. This demonstrates the feasibility of 
achieving wide-bore PET/MRI by integrating PET detectors in the confined space between the body coil rungs and the RF shield. 

Reference: 
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Development of 7T-MR Compatible Brain PET Inserts Using Highly-Integrated FPGA DAQ Systems 

J. Y. Won1,2, H. Park1,2, S. Lee1,2, J. W. Son3, G. B. Ko3, K. Y. Kim3, Y. Chung3, J. S. Lee1,2,3 
1Seoul National University, Dept. of Biomedical Sciences, Seoul, South Korea 
2Seoul National University, Dept. of Nuclear Medicine, Seoul, South Korea 
3Brightonix Imaging Inc., Seoul, South Korea 

Introduction: Our group has been developing high-resolution brain PET scanners that can be inserted into the 7T whole-body 
MRI scanners. Last year, we developed the first prototype brain scanner and successfully obtained brain phantom images. 
However, it was not MRI compatible and had a limited axial length of 5.2 cm. Thus, we are currently developing the second 
prototype PET insert with 7T-MR compatibility, high resolution, and high sensitivity. 

Method: The 7T-MR compatible brain PET scanner, with a bore size of 33 cm and a long axial length of 22 cm, consisted of 18 
sectors as shown in Fig. 1. Each sector consisted of an analog front-end board (FEB) and a front-end FPGA DAQ as shown in Fig. 
2. The analog FEB can be equipped with up to 2×8 block detectors, each consisting of a dual-layer staggered LSO crystal block 
coupled with 8×8 SiPMs. The upper crystal layer was an 11×11 array of 2.09×2.09×8 mm3 crystals. The lower crystal layer was 
a 12×12 array of 2.09×2.09×12 mm3 crystals. The anodes of 8×8 SiPMs were fed into a resistive charge division circuit that 
multiplexed signals into four position signals. The common cathode signal was fed into the timing amplifier. The highly-
integrated front-end FPGA DAQ was developed to digitize all signals from up to 16 block detectors in the early stages and to 
reduce the volume of interconnections using gigabit transceivers (GTs). It consisted of a low-power FPGA and gated charge-to-
time converters (QTCs). The time-to-digital converters (TDCs) and the GTs were implemented within the FPGA. The energy 
channel consisted of the gated QTC combined with the single-ended memory interface (SeMI) input receiver. The gated QTC 
generated the dual-slope pulse whose width of the discharge state was proportional to the gated input charge. The gated QTC 
output was directly digitized by the FPGA using the SeMI input receiver and a multiphase counter with a resolution of 625 ps as 
shown in Fig. 3. The TDC measured the arrival time with a resolution of 16 ps. The back-end DAQ synchronized the clock signals 
of all the FPGA DAQs through the HDMI cable as shown in Fig. 4. The GTs with the line rate of 3.2 Gbps were used to receive 
data from each front-end FPGA DAQ. 

Results: All high-resolution crystals with two-layer DOI information were clearly resolved as shown in Fig. 5. The energy 
resolutions for upper- and lower-crystal arrays were 7.4±0.6% and 8.6±1.4%, respectively. 

Conclusion: We have developed the second prototype PET insert, the front-end FPGA DAQ, and the back-end DAQ. The 
comparator-less gated QTC was developed to digitize highly-multiplexed signals and successfully resolved all high-resolution 
crystals. The communication and clock distribution between the front-end FPGA DAQ and the back-end DAQ using the 20-m 
HDMI cable were also verified. The next step is to obtain PET/MR brain phantom images. 
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RF Shielding Materials for Highly-Integrated PET/MRI Systems 
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Introduction: Mutual interferences and spatial limitations pose challenges in the preclinical combination of positron emission 
tomography (PET) and magnetic resonance imaging (MRI). Both modalities' sensitivities can be improved by increasing the radio 
frequency (RF) screen diameter [1]. We propose a shared-volume PET/RF insert for a preclinical 7 T MRI where the scintillators 
are passed through the MRI resonator's RF screen (see Fig. 1(a)). The openings created in the screen can be closed using 
optically transparent RF shielding materials. We evaluate the shielding effectiveness (SE) and optical performance of several 
materials when integrated into the PET detector stack. 

Method: We test 11 different materials: three coated glasses, two coated foils, and six meshes. Two reference measurements 
are made for the glasses and the remaining materials. The SE at 300 MHz is evaluated by placing the material between two field 
probes and measuring the transmitted power with a network analyzer. As shown in Fig. 1(b), the materials are integrated into 
the detector stack between a dSiPM PDPC DPC-3200 photodetector array and an 8 x 8 cerium-doped lutetium yttrium 
orthosilicate (LYSO) scintillator array (1:1-coupled to the sensor pixels). For the evaluation of the average photon transparency 
(PT) and energy resolution (ER), single gamma interactions are recorded. The PT is given as the photon count at 511 keV of a 
measurement with a test material normalized to its reference measurement. Furthermore, coincidence measurements are 
conducted for selective materials (high PT, high SE) to assess the coincidence resolving time (CRT) performance. 

Results: The six meshes showed SEs of up to 56 dB with a PT of less than 41 %. ER deteriorated from about 11 % (reference) 
to more than 14 %. 

The coated foils showed moderate SEs of 9 dB and 25 dB with a higher PT (86 and 78 %), and ERs at about 12 %. CRT degraded 
by up to 20 ps from around 209 ps reference. 

The coated glasses have the lowest SE of up to 8 dB with the highest PT of 84 to 92 %. ERs stayed in the same range as the 
reference. For the latter two materials, CRT showed a decrease of 13 ps. 

Conclusion: We have found a glass and two foils that are suitable for the proposed shared-volume concept. The foils are best 
suited for setups requiring an SE of more than 8 dB. However, if 8 dB is sufficient, the glass offers better optical properties. 
Thus, a selection tailored to the required field attenuation given by the mutual interferences of the system enables an 
optimization of the optical performance. 

Reference: 
 
[1] K. Ocegueda et al.: A simple method to calculate the signal‐to‐noise ratio of a circular‐shaped coil for MRI. Concepts in 

Magnetic Resonance Part A: An Educational Journal 28.6 (2006). DOI: 10.1002/cmr.a.20066. 

 

Figure:  
 
Fig (a) Proposed shared-volume concept for a simultaneous, preclinical PET-MRI system.  
Fig (b) Detector stack with a scintillator array (32 x 32 x 10 mm3), shielding material and photodetector. 
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Introduction: For cancer treatment planning, the patient is usually imaged in radiotherapy position, i.e. the arms of the patient 
are raised up. For this purpose, a PET-MRI system with a wide bore is desired, however, commercially not available. The aim of 
this project is to build a simultaneous PET-MRI system which allows to image a patient in radiotherapy position. PET detector 
modules are developed which can be integrated into the hot B1 field volume of the radio-frequency (RF) coil of an 1.5T wide-
bore MRI  
(figure 1). The high level of integration leads the following requirements for the module housing: 
-very thin wall thickness in order to maintain the space for PET scintillators 
-high shielding effectiveness (SE) at 64MHz because the PET detectors are positioned very close to the RF coil 
-high gradient transparency to prevent MRI artifacts caused by distortions of the gradient magnetic field 
-low susceptibility to prevent MRI artifacts caused by distortions of the static magnetic field 

Method: Three different materials were tested for the housing: an 0.5mm thick carbon fibre sheet (Fut-CRFS-11), an 0.3mm 
thick phosphor bronze mesh (PBM) and a 12µm thick copper sheet (Cu) for comparison. The PBM was combined with an 0.2mm 
thick glass fibre (GF) sheet for mechanical fixation, which is highly transparent for the gradient and RF fields. We tested the 
materials with respect to SE and distortion of the gradient and static magnetic field following the publication by Gross-Weege et 
al.[1], from which we also used the test results for the Cu and the Fut-CRFS-11. Detector housings were fabricated with the 
combination of GF and PBM by pasting the PBM inside the outer GF case. Since the PBM is only moderately flexible, special care 
had to be taken for the manufacturing especially at the corners of the housing to maintain a minimal inner bending radius. The 
final detector housings were tested with running PET electronic in the MRI. 

Results: The static field distortion was negligibly low for all materials. The SE at 64MHz for Cu, Fut-CRFS-11 and PBM was 64dB, 
22dB and 49dB, respectively. Fut-CRFS-11 had the lowest gradient distortion with 0.09*10-61/s, followed by PBM with 1.54*10-

61/s and by Cu with 7.25*10-61/s. Thus, Fut-CRFS-11 enables the best gradient performance, however, the SE is very low. At 
the proposed position directly at the RF coil legs, a B1 field strength of about 250µT was simulated, which could induce some 
volts in electronic components even with an attenuation of 22dB. Since the limited space prevents to increase the thickness, we 
decided to produce the PET housing with the PBM, providing the best compromise between high SE, high gradient transparency 
and low thickness. 
The first tests of the detector housings with running PET electronic in the MRI proved the feasibility the concept. No distortion of 
PET data transmission during RF pulsing was observed. 

Reference: 
 
[1]N. Gross‐Weege et al., Medical physics 2018 
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Characterization of the Upgraded MADPET4 – A Small Animal PET Insert for a 7 T MRI Scanner 
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Introduction: MADPET4 is a small animal PET insert for a 7 T MRI scanner, which was developed and characterized with a 
readout system using PETsys TOFPET1 ASIC, offering energy measurement with the time-over-threshold (ToT) method. The 
insert has only a 2 cm axial FOV, resulting in a low sensitivity compared to other systems. However, sensitivity of high-resolution 
PET scanners using pixelated crystals can be substantially increased by including inter-crystal scatter (ICS) data in image 
reconstruction. Accurate recovery of ICS events requires precise energy measurement and low noise electronics allowing use of 
low energy thresholds. 

Objective: This work aims to improve the image quality of MADPET4 by upgrading the readout system to TOFPET2, offering a 
larger dynamic range and linearity in energy measurement with the charge integration (CI) method. Furthermore, possibility of 
using deep-learning based ICS recovery methods with the upgraded system is studied to also offer sensitivity increase. 

Method: MADPET4 has 2640 LYSO crystals (1.5×1.5 mm2 cross section) arranged in a dual layer configuration, with 6 mm and 
14 mm crystals in the inner and outer layers, respectively. All crystals are individually read out by 1.2x1.2 mm2 SiPMs. 
Performance of TOFPET2 was studied with MADPET4 detectors in the two acquisition modes of ToT and CI. Energy calibrations 
were performed with 57Co, 133Ba, 22Na, and 137Cs point sources. A 4-layer neural network was used for ICS recovery, trained and 
tested using GATE simulation data with an energy resolution of 25% and a singles energy threshold of 50 keV. An image quality 
phantom and a resolution phantom were simulated for image quality comparison. 

Results: Using TOFPET2 in ToT mode still resulted in saturated calibration curves, leading to inaccurate measurement of energy 
especially at low energies (below 300 keV) and degraded energy resolution. CI mode offered excellent linearity over the 
complete range of operating voltages of the detectors and SiPM saturation based on the saturation model of SiPMs and a 
baseline correction. Using a 100 keV singles threshold was possible in CI mode for all channels. However, possibility of using 50 
keV threshold needs further investigation, due to abnormally higher noise level in some channels. ICS recovery could increase 
the MADPET4 sensitivity by 86%. The simulated phantom results showed that the effect from increased sensitivity could 
outweigh the effects from the inaccuracy of the recovery scheme, when sensitivity increase is substantially large as in MADPET4. 
ICS recovery offered image quality improvements particularly for short scans with improved resolution recovery, improved noise, 
and negligible effect on contrast. 

Conclusion: Preliminary results of TOFPET2 show potential for implementing the ICS recovery scheme. The performance of the 
upgraded system is currently under evaluation and is expected to offer better resolution recovery and sensitivity. 
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Introduction: The objective of the study is to evaluate an improved PET attenuation correction (AC) in PET/MRI using high 
resolution controlled aliasing in parallel imaging (CAIPIRINHA)-accelerated T1 weighted 3D-VIBE Dixon sequence (HiRes) in 
which the skull was inserted using a model-based approach for quantitative and semi-quantitative [18F]florbetapir PET in brain 
amyloid imaging. 

Method: Florbetapir PET and MRPAGE T1 head MR images were collected for 67 participants (38/39 females/males; ages: 69.8 
± 7.9, 48.7-84.7 years) on a Siemens Biograph mMR PET/MR scanner. Of the sample, 17 70-min dynamic PET scans and 50 20-
min PET scans 50-min post tracer injection were collected. A follow-up head CT scan was acquired for each participant. A 
CAIPIRINHA-accelerated T1 weighted 3D-VIBE Dixon sequence was used to obtain a high resolution soft tissue AC map. A pre-
stored CT bone image was then aligned and bone components were then inserted into the soft tissue μmap to produce the final 
HiRes μmap. All PET reconstructions were performed offline on list-mode data with Siemens e7tools for both CT- and MR-
based AC scans using a ordered-subset expectation maximization algorithm (OP-OSEM) with 3 iterations and 24 subsets. Images 
were reconstructed into a 356x356x127 matrix with voxel size 2.0x2.0x2.0 mm3. All images were spatially normalized to the 
standard MNI space using SPM8. Twenty four regions of interests (ROIs) were defined on the MNI space including cerebellum 
gray matter and global cortex. The total distribution volume ratio (DVR) and relative transport rate constant R1 were generated 
from dynamic PET using a simplified reference tissue model and a spatially-constraint linear regression algorithm. Cerebellum 
gray matter was used as a reference tissue. Standardized uptake values (SUV) and ratios (SUVR) relative to reference tissue 
were also generated for all scans. The SUVR images on the times frames of 0-20 min, 20-50 min, and 50-70 min post tracer 
injection were also generated for dynamic scans. The measurements from the PET with CT attenuation correction (CTAC) were 
used as reference for evaluation of measurements from the PET with HiRes. 

Results: Typical SUV, SUVR, and DVR images generated from typical dynamic PET scan are shown in Figure 1. HiRes and CTAC 
methods were strongly correlated for global cortex SUV, SUVR, and DVR (R2=0.99, 0.95, 0.93, respectively). The percent 
differences of measurements in global cortex for SUV, SUVR, and DVR are 4.8±6.8 (n=118, p<0.01), -1.1±4.8 (n=118, 
p<0.01), and -0.2± 5.0 (n=17, p=0.10), respectively. The linear correlations between the HiRes (X) and CTAC (Y)for all ROIs 
for SUV, SUVR, and DVR are Y=1.07X+0.03 (R2=0.99), Y=1.02X+0.02 (R2=0.97), Y=0.99X+0.05 (R2=0.96), respectively.  

Conclusion: The improved HiRes PET/MR is comparable to the standard PET-CT for quantitative florbetapir PET imaging of 
Alzheimer disease. 
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Joint estimation of activity and attenuation using 68Ga-PSMA TOF PET/MR in patients with hip endoprosthesis 
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Introduction: Metal hip implants are not uncommon in prostate cancer (PCa) patients. In PET/MR, this leads not only to MR 
signal voids, but also to incorrect attenuation correction (AC) and PET activity images. A joint estimation (JE) of activity and 
attenuation reconstruction algorithm, which uses time-of-flight (TOF) PET emission data and MR-based priors, could possibly 
address this problem. However, the low background signal of the 68Ga-PSMA tracer could pose a problem for JE. 

Objective: This study assesses the application of JE in patients with hip implants having a pelvic 68Ga-PSMA TOF PET/MR. 

Method: A total of 20 patients were included. For each patient, a 3- and 10-minute 68Ga-PSMA TOF PET emission dataset was 
obtained from a 30 minute scan, together with the default MR in-phase, out-of-phase, fat, and water images. Next, a continuous 
fat/water AC method (1) generated the standard MR-AC maps and a JE algorithm (2) generated the JE-AC maps. Finally, TOF 
OSEM PET images were reconstructed using these AC maps. All reconstructions were performed with the PETtoolbox (GE 
Healthcare). 

Image quality, artifacts and lesion detectability were scored using a Likert scale (1=bad – 5=excellent). Regions of interest 
(ROIs) were drawn around PET hotspots and SUVmax values were obtained. Differences were evaluated and deemed significant 
when p<0.05. 

Results: Figure 1 shows coronal images and maps of the pelvic region. MR signal voids (Fig. 1i) were automatically filled with 
soft tissue like values on the MR-AC maps (Fig. 1a,d). Both JE-AC maps (Fig. 1b,e) show a recovered implant, but it is more 
clear in the 10-minute dataset (Fig. 1e,h). All 4 PET images (Fig. 1j,k,m,n) show minimal activity at the implant location, likely 
due to the TOF information. The relative difference maps ([JE-MR]/MR) (Fig. 1c,f and l,o) indicate that the largest differences are 
near the implant and body contour. 

The scores for 3- and 10-minute JE-AC based datasets were (mean±std): 3.6±0.5, 4.8±0.4 (image quality); 3.4±0.6, 4.9±0.3 
(artifacts); and 3.8± 0.6, 4.9±0.3 (lesion detectability). There was no significant difference with the MR-AC counterparts. 

The relative differences ([JE-MR]/MR) in SUVmax in 10 hotspots were (mean±std): 2.8±5.8% and 1.3±6.0% (3-/10-minute). 
Differences in SUVmax between MR-AC and JE-AC datasets were not significant. However, a lymph node near an implant had 
15.7% higher SUVmax in the JE-AC dataset. 

Conclusion: JE is able to (partially) recover metal hip implants in 68Ga-PSMA TOF PET/MR, thereby potentially improving the 
PET attenuation map and the activity images, especially near the implants. No significant differences in PET image quality, 
artifacts, lesion detectability and hotspot SUVmax were found comparing MR-AC and JE-AC based reconstructions. The 10-
minute datasets performed better than the 3-minute. 

References: 

(1) Wollenweber SD, et al., IEEE Trans Nucl Sci. 2013;60:3391-3398; 

(2) Ahn S, et al., Phys Med Biol. 2018;63:045006 
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L. Brusaferri1, A. Bousse2, D. Atkinson1, S. Ourselin3, C. C. Watson4, B. F. Hutton1, S. Arridge1, K. Thielemans1 
1University College London (UCL), London, United Kingdom 
2Université de Bretagne Occidentale, Brest, France 
3Kings College London (KCL), London, United Kingdom 
4Siemens Medical Solutions USA, Knoxville, United States 

Introduction: In current clinical practice, PET attenuation correction in PET/MR relies on MR-segmentation followed by the 
assignment of population-based density values to each class. However, in tissues with high variability of density values such as 
the lung, this approach is prone to errors and can affect PET quantification. One alternative is to rely on emission-based 
attenuation correction methods, deriving the attenuation information directly from the PET data. However, if time-of-flight 
information is not available, the estimated activity and attenuation distributions are affected by cross-talk. As recent studies 
have shown, additional information from scattered data could reduce the ill-posedness of the joint problem. 

Objective: The aim of this study is to examine the ill-posed nature of the joint activity and attenuation estimation problem for 
different object sizes and energy windows when a probabilistic scatter model is incorporated into the algorithm. 

Method: In previous work, we integrated the scatter information into an alternating reconstruction framework, where the 
activity and the attenuation distribution are estimated from different energy window measurements. This approach has shown 
promise for small objects, but we observed divergence as the phantom size increased. Here, we propose an Energy-Based 
Simultaneous Maximum Likelihood Reconstruction of Activity and Attenuation (MLAA-EB-S). The algorithm maximises a single 
objective function, obtained by summing the likelihoods in the different energy windows, and estimates the unknown activity and 
attenuation images together. Simulations use the geometry and characteristics of the Siemens mMR scanner, both with ideal and 
realistic energy resolution values. Only single scatter was included in the simulation. 

Results: First, we assessed the effects of the size of the phantom and the choice of energy windows by varying the diameter of 
a cylindrical phantom with a conical insert, where the algorithm only estimates two values: the activity and the attenuation 
of the insert. This analysis showed that the incorporation of scatter information can guide the reconstruction towards the correct 
solution, with larger benefits for lower energy thresholds. The algorithm was then tested on a 3D volume from the XCAT torso 
phantom (voxel size 1.095x1.095x3.25 cm^-3), without restricting the activity and attenuation to a single value. Here, the 
stability was improved by using multiple energy windows. In fact, MLAA-EB-S, which relies on multiple energy window 
acquisitions, was found to be stable for different iteration schemes (frequency of recomputation of the photopeak scatter), 
outperforming the single energy window optimisation MLAA-S. Overall, MLAA-EB-S obtained lung attenuation values with a Mean 
Percentage Error lower than 2% (Fig. 1). 

Conclusion: The proposed MLAA-EB-S algorithm shows promise for estimating attenuation values in the lung, but further 
validation is needed. 

Figure: 
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Introduction: The open-source Synergistic Image Reconstruction Framework (SIRF) (www.ccppetmr.ac.uk) is a useful research 
tool for reconstructing PET-MR images, powerful enough for reconstruction of real 3D data, and flexible enough for rapid 
prototyping of new algorithms. The ease of developing algorithms was demonstrated during a two-day Hackathon, and new 
features developed during the event are presented in this work. 

Method: Firstly, the Core Imaging Library (CIL) (github.com/vais-ral/CCPi-Framework), a Python-based optimisation package, 
has been incorporated into SIRF, enabling the use of new optimisation algorithms and regularisation methods. The names of 
CIL's methods and functions are designed to closely match the underlying mathematical principles, which can be non-intuitive for 
image reconstruction. This was therefore resolved by introducing aliases for CIL methods into SIRF. 

Secondly, De Pierro's modified expectation maximisation (EM) PET image reconstruction algorithm was implemented in Python, 
using a spatially-weighted quadratic penalty (a new feature to the STIR/SIRF maximum a posteriori EM (MAPEM) 
implementation). This algorithm is of interest for SIRF as it has been used previously in synergistic PET-MR image 
reconstruction. Python code for the one-step-late isotropically-weighted quadratically-penalised MAPEM algorithm was used as a 
starting point. The code was tested for two cases, using 1) uniform (isotropic) and 2) Bowsher weights. 

Results: Fig. 1A and B show the Shepp-Logan phantom from simulated MR data reconstructed with two of the new CIL/SIRF 
algorithms - gradient descent and regularised FISTA, respectively. The regularisation used in Fig. 1B was Fast-Gradient-
Projection Total Variation. 

Fig. 1C and D show in-vivo PET data. The reconstruction in Fig. 1C is a 5mm-smoothed OSEM, whereas Fig. 1D is the Bowsher-
weighted MAPEM implementation mentioned previously, with weights calculated from a T1-weighted MR image. Using a single 
iteration of MLEM as a starting point, both were reconstructed over 210 subiterations. It could be argued that the regularisation 
in Fig. 1D is too strong, however optimising penalty strength was not the purpose of this work. 

Conclusion: SIRF is a rapidly-expanding toolkit for PET-MR reconstruction, as well as the development of new algorithms. To 
demonstrate the latter, a two-day Hackathon was held. Some of the output of this session has been detailed in this work to 
highlight the new features themselves, and draw attention to SIRF's flexible development capabilities. 
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Uncertainty analysis of MR-PET image registration in neuro-imaging. 
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Introduction: Accurate regional quantitative PET measurements in the brain typically rely on robust image registration between 
PET and MR. This registration is necessary since T1w MR images offer more detailed representation of the brain structure in 
comparison to PET images.  

Method: In this work we propose a novel methodology dedicated to quantifying the uncertainty of MR-PET rigid image 
registration. The key aspect of this methodology is the bootstrap resampling of the PET list-mode data used for the generation of 
multiple bootstrap realisations of the PET images. The MR images are then co-registered to each PET bootstrap image, resulting 
in multiple independent MR-PET rigid transformations. To simulate the randomness of the initial MR-PET misalignment, the affine 
matrix of the MR image header was randomly perturbed (translations in up to +/- 10 mm, and rotations up to +/- 10 
degrees). The uncertainty is then quantified using the metric of Dice coefficient for any brain region obtained through a 
dedicated brain parcellation routine based on the MR T1w image. The Dice coefficient is calculated for each bootstrap replication 
with reference to the original (not resampled) PET image, thus forming the sampling distribution of the Dice coefficient. The 
analysis of such distributions constitutes the proposed uncertainty analysis of the MR-PET registration. In addition, we assess the 
effects of PET image reconstruction parameters (e.g., number of iterations and the use of attenuation and scatter corrections) on 
the precision and accuracy of MR-PET registration. 

Results: It has been found that the uncertainty of MR-PET image registration is mainly driven by the resolution and signal-to-
noise ratio (SNR) of the PET images, the latter being related to the number of detected true coincidences. Further, the results 
indicate that the optimal reliability of PET/MR registration relates to the chosen imaging protocol and analysis pipeline, including 
PET image reconstruction and post-processing. For our set-up of amyloid PET imaging, we found that upsampled PET 
images, reconstructed using two iterations of ordered subset expectation maximization (OSEM), and corrected for photon 
attenuation but not scatter, resulted in registrations with the least uncertainty. 

Figure: 
 
TOP figure: the demonstration of two 1-mm translations of the right hippocampus producing different ROI sampling error. The 1-
mm translation along y-direction displaces fewer voxels outside of the hippocampus than the same 1-mm translation along z-
direction. Therefore, the Dice coefficient is more robust metric then translations in mm and rotations in degrees. 

BOTTOM figure: Effects of voxel size and count level, as controlled by the frame duration, on the precision and accuracy of the 
MR-PET rigid registration. Region of interest: the precuneus. 
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Introduction: Simultaneous amyloid PET/MRI potentially provides a "one-stop shop" imaging exam for dementia diagnosis. To 
reduce the injected radiotracer dose and increase the utility of this modality (e.g. for early diagnosis and multi-center trials for 
amyloid-clearing drugs) an ultra-low-dose network was trained [1]. However, networks trained on data from one site will have to 
be applied to data acquired elsewhere and network generalization methods will have to be optimized. 

Objective: We aim to generalize a pre-trained ultra-low-dose amyloid PET/MRI neural network (U-net, training data from Signa 
PET/MRI, GE Healthcare; "Scanner 1") to data acquired on different scanner models (mMR, Siemens Healthineers; "Scanner 2") 
and with different scan protocols. 

Method: Data Acquisition: 40 datasets (39 subjects, 19 female; 67±8 years) were recruited for simultaneous amyloid (18F-
florbetaben) PET/MRI (T1-, T2-, T2 FLAIR-weighted) scanning on Scanner 1 while 40 subjects (23 female, 64±11 years) were 
scanned on Scanner 2 (no T2 FLAIR images). List-mode PET data (90-110 minutes post-injection) were reconstructed for the 
full-dose image and was also either randomly undersampled by 100 (Scanner 1) or framed for 1 minute from the start of PET 
acquisition (Scanner 2) to reconstruct low-dose (1% and ~5% dose respectively) PET images. 

U-net Generalization: A low-dose PET/MRI U-net [2] was pre-trained with data from Scanner 1 and either (A) directly applied to 
Scanner 2 data or (B) trained further with Scanner 2 data (100 epochs, learning rate=0.0001). Networks were also trained from 
scratch based on (C) Scanner 2 data only or (D) all data from both scanners (hyperparameters from [1]). 5-fold cross-validation 
was used during network training. 

Data Analysis: A certified physician read all images and rated amyloid uptake status (+/-) as well as the image quality (5-point 
scale). The image quality metric root mean square error (RMSE) was calculated between images and their full-dose counterparts. 
Mean standard uptake value ratios (SUVR, normalized to cerebellar cortex) in 4054 FreeSurfer regions from 37 subjects were 
analyzed with Bland-Altman plots. 

Results: All synthesized images had reduced noise than their low-dose counterparts and yielded high diagnostic accuracy (90% 
compared to full-dose image readings); images synthesized from methods B-D scored higher than the full-dose images (Figure 
1A). Quantitatively, image quality improved the most using method B (p<0.01 for RMSE paired t-tests involving method B). 
SUVRs derived from method B had the least variability from the full-dose SUVRs (Figure 1B). 

Conclusion: A network trained from a pre-trained ultra-low-dose amyloid PET/MRI network was the optimal method for the 
generalization of deep-learning-based ultra-low-dose PET/MRI imaging across scanners, overcoming bias from the source of 
training data. 

Reference: 

 [1] Chen KT, et al. Radiology 2019. [2] Ronneberger O, et al. arXiv 2015. 
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Introduction: PET imaging using 18F-flutemetamol may improve the detection of β-amyloid plaque density in cerebral amyloid 
angiopathy (CAA), versus the current clinical standard MRI biomarkers1.  

It is unknown whether pharmacokinetic estimates extracted by reduced (<90 min) acquisition time frames can robustly detect 
CAA. 

We performed quantitative analysis of dynamic PET-MR data to assess pharmacokinetic estimates in CAA patients against 
controls, for a reduced (60 min) against our full (120 min) PET acquisition.  

Method: We analysed 18F-flutemetamol PET-MRI (Siemens Biograph) dynamic data from a pilot cohort of 6 cases with probable 
CAA (age: 72±10 years) and 6 age-matched controls (69±10 years) with no CAA, defined by the modified Boston criteria1. PET 
acquisition started at the time of tracer injection and lasted for 30 min, with a second period of data acquisition from 90 to 120 
min. An exponential function was fitted to each regional time-activity curve, to interpolate regional brain uptake from 30 to 90 
min (Matlab). 

For both a reduced PET acquisition (RA-60 min) and our full PET acquisition (FA-120 min) time, four pharmacokinetic models 
were investigated across 12 brain atlas-derived time-activity curves restricted to the cortical areas: 1-tissue compartment (1-
TC), 2-tissue-4k compartment (2-TC), simplified reference tissue (SRTM) and full reference tissue model (FRTM)2 (PMOD). 
Statistical analysis was performed in R.  

Results: Initially, all models were assessed in FA. 1-TC-derived volume of distribution (Vd: a tracer uptake estimate) and 

SRTM/FRTM-derived R1 (a relative cerebral blood flow estimate) were significantly higher and lower in patients against controls 
(P<0.01, Figure 1), respectively. No other significant differences were observed. 

Subsequently, all models were assessed in RA. Significant differences for 1-TC-derived Vd and SRTM/FRTM-derived R1 were 
consistent between patients and controls (P<0.01, Figure 1). 

Conclusion: We showed significant differences in pharmacokinetic estimates in patients with probable CAA versus controls, 
which were consistent when a reduced (60 min) PET acquisition time was used for analysis against our full (120 min) acquisition. 
This quantitative assessment may support careful optimisation of the minimum PET acquisition time required, for the accurate 
detection of CAA. Further pharmacokinetic assessments are currently performed in our full cohort (N=20) between reduced (<60 
min) and full PET acquisition times. 

References: 

1. Samarasekera N, et al. J Neurol Neurosurg Psychiatry;2012. 
2. Gunn RN, et al. J Cereb Blood Flow Metab;2001. 

 



Figure: 
 
(a) Time-activity curves from a patient with CAA (red) and a control (blue, dashed line shows the RA)  
(b, c) Mean (SD) values for patients and controls in FA (for 1-TC, 2-TC-derived Vd and SRTM, FRTM-derived R1)  
(d, e) Similarly, mean (SD) values for patients and controls in RA. Significant differences are shown with *.  
 
FA: full PET acquisition time. 
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Late dynamic PSMA imaging in prostate cancer with PET/MRI: Correlation with PSA and Gleason score 

B. Bogdanovic1, A. Gafita1, S. Schachoff1, M. Eiber1, W. Weber1, S. Nekolla1 
1Klinikum rechts der Isar der TU München, Nuclear medicine, Munich, Germany 

Objective: The whole-body PSMA PET/MR imaging has started assuming a promising role both in detection and treatment of 
prostate cancer (PC) patients. In the clinical routine, due to time constraints and need for efficiency, prostate imaging for biopsy 
targeting and treatment guidance is still performed in static mode 60-90min p.i. However, the PSMA PET biopsy targeting 
protocol could easily be converted into a late dynamic study of the prostate bed, potentially providing physicians with additional 
valuable information over the same course of time. In this study, we investigate how informative late dynamic prostate imaging 
with 18F- and 68Ga-labelled PSMA is and the possible correlation of the generated time activity curves (TACs) with the patients' 
PSA values and Gleason scores. 

Method: 20 PC patients, aged 68±8, were scanned for 900s in the Biograph mMR (one bed position covering the pelvis). Ten 
patients were injected with 331±118 MBq of 18F-PSMA and scanned 80±12 min p.i; ten received 102±9 MBq of 68Ga-PSMA and 
were scanned 65±10 min p.i. The scans were split into 6 frames of 150 s and reconstructed using 3 iterations with 21 subsets, 
filtered with a 2 mm FWHM Gaussian kernel. All images were reconstructed in static mode, too. For each lesion located in the 
pelvis, percent injected dose per gram (%ID/g), SUV, and SUL were calculated for all frames, as well as the respective SUV in 
static mode. TACs were computed, along with the slopes of the linear regression plots against time for the acquired 
concentration activity, SUV, SUL, and %ID/g data. Finally, we tested all computed slopes for correlation with the PSA values and 
Gleason scores (GS). 

Results: A total of 20 lesions were analyzed. No new lesions were detected w.r.t. the static images. Due to the lower number of 
counts per frame, the activity concentration in all lesions and the resulting SUVs were considerably affected by noise. The 
influence of the different clearance paths and rates for the two tracers was visible in the TACs, revealing a mostly positive, 
stronger trend over time for 18F-PSMA, or showing no consistent trend for 68Ga-PSMA, with both positive and negative slopes in 

the linear regression plots. In the 18F-PSMA dataset, the computed slopes showed almost no correlation with the respective PSA 
values (rmin=-0.042, rmax=-0.065) and very low positive correlation against the respective GSs (rmin=0.12, rmax=0.16). Within the 
68Ga-PSMA dataset, the correlation was low and negative against the PSA values (rmin=-0.22, rmax=-0.25), and very low and 
negative against the GSs (rmin=-0.12, rmax=-0.14). 

Conclusion: Based on these results, we conclude there is very little to no correlation between the late dynamic PSMA PET 
images of pelvic lesions and the patients' PSA values and Gleason scores. We furthermore reason the late dynamic PSMA images 
are in need of additional noise reduction before they can be considered as supplementary sources of valuable clinical information. 
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PET radiomics for prostate cancer scoring 

E. L. Solari1, A. Gafita1, M. Mustafa1, W. Weber1, S. G. Nekolla1 
1TUM, Nuklearmedizin, München, Germany 

Introduction: Medical image radiomics have been used for cancer diagnosis and prognosis, with varying success. A common 
disadvantage of PET radiomics is the insufficient amount of voxels to retrieve relevant quantitative data from tumors. To 
overcome this issue, we propose using segmentations of the entire prostate to extract features within a standardized radiomics 
workflow, to predict Gleason Scores (GS) by groups in prostate cancer (PC) patients. 

Methods: PET-MR images from PC patients (n=140) undergoing PSMA PET for primary staging were gathered, along with their 
clinical data and GS (≤7, 8, ≥9). Whole prostates were manually segmented, pre-processed, and a set of standard handcrafted 
features (from the PyRadiomics package) was extracted. The data was split into a training group and a validation group (80/20 
%), keeping the initial unbalanced proportion of the labels (GS) in each group. No balancing of minority groups was performed. 
For GS prediction, different workflows were tested, including: feature selection through correlation, principal component analysis 
(PCA) and linear discriminant analysis (LDA); no feature scaling, feature normalization, standard scaling and robust scaling; 
classification through random forest (RF), linear support vector machines (SVM), radial-basis SVM (RB-SVM); and 
hyperparameter tuning. The results of 10 trainings and testing cycles for each configuration were averaged, and the average is 
reported. 

Results: Both PCA and LDA feature selection, as well as standard and robust scaling, produce similar outcomes, better than the 
other methods. Classification through RB-SVM proved to give the best and more stable results, especially after hyperparameter 
tuning. The best RB-SVM configuration (6 features, gamma=0.08, C=800) shielded an averaged classification accuracy of 75% 
(σ=3%). 

Conclusion: The 75% classification accuracy is a good start, but it is still not comparable with the 83% accuracy of clinical and 
deep learning MR based methods. Some extra steps towards that end will be adding MR features, dataset balancing, an ad-hoc 
feature selection method, and a testing step, which will be shortly implemented. 
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Comparison of Ejection Fraction with PET and MR: study of three methods of ECG gated reconstruction of cardiac 
PET data. 

A. Villagran1, T. Vitadello2, J. Cabello1, T. Ibrahim2, S. Nekolla1 
1Klinikum rechts der Isar der TUM, Nuklearmedizin, Munich, Germany 
2Klinikum rechts der Isar der TUM, Kardiologie, Munich, Germany 

Introduction: Currently in cardiac imaging, the global quantitative assessment of the global left ventricular (LV) function 
is evaluated through the so-called ejection fraction (EF). Although MRI is widely considered the gold standard in its 
determination, other modalities like echocardiography, SPECT and PET have been using it in the clinical routine as well. So far, 
many correlative studies between these modalities were performed but the intra observer and inter study variability can be 
significant. Hence, a comparison study of EF obtained from images acquired in a hybrid PET/MR scanner is presented with the 
aim to evaluate these variables near simultaneously. 

Method: Cine MR images and ECG-gated list-mode FDG PET from 15 subjects undergoing a PET/MR viability exam were used. 
LV volumes and EF were obtained from MR and three different methods of reconstructions of ECG gated PET data and compared. 

During acquisition, ECG signal is distorted by the MR imaging process (i.e. the gradients induce extra currents in the patient). 
Potentially, after a primary R wave the following can be skipped due to the aforementioned interactions. Thus, in the bear 
histogram, a second component with twice the base frequency is found. This can lead to a loss in SNR or even a wrong binning 
should the histograms overlap. 

Therefore, three methods of PET histogramming were evaluated: The standard approach (STD) used relative bin widths dividing 
each RR interval in equal gates and takes all of R peak detected. Beat rejection relative bin width (BR) is similar as STD but it 
has a beat rejection that allows the elimination of RR intervals outside a user-defined window, in order to automatically eliminate 
the above-mentioned second skipped-beat component. The last method is a fixed bin width reconstruction (FW) which defines a 
unique optimal RR interval in each subject and takes in each R peak of all RR intervals the same width gates from all cardiac 
cycles. 

Results: The mean EF values obtained for each modality were 55 +/- 11 % for MR, 45 +/ -9 % for STD, 49 +/- 11 % for BR, 
and 48 +/- 9 % for FW. Positive linear correlations were found between PET methods and MR (R2: 0.25; 0.69; and 0.79 for STD, 
BR and FW vs MR, respectively). 

There were no significant changes when comparing the three PET methods (average relative differences: -10 % in STD vs BR, -8 
% in STD vs FW, and 3 % in BR vs FW). However, when the proportion of the second skipped-beat component in the histogram 
was greater than 10 %, EF relative differences were more than 20 % in 2/3 subjects. 

Conclusion: Ejection Fraction assessed near simultaneously from MR and PET images correlates well for the beat rejection and 
fixed width methods, with the best correlation between fixed bins PET versus MRI. However, there is evidence that signal loss 
due to skipping beats could have effects on the quantification of the assessment of global function. 
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A low-density patient support to improve PET sensitivity in integrated PET/MRI 

W. Branderhorst1, E. Huijing1, C. Beijst1, D. Klomp1, H. de Jong1 
1University Medical Center Utrecht, Radiology and Nuclear Medicine, Utrecht, Netherlands 

Introduction: Simultaneous PET/MRI offers many advantages over sequential acquisition, such as intrinsic spatial and temporal 
alignment, accelerated clinical workflow, and MRI-based motion correction. Over the past years, a large number of PET/MRI 
imaging systems has been developed, including a system currently developed in our institution [1]. Many simultaneous PET/MRI 
system designs save cost by reusing the components of an existing commercial MRI system. The patient support is also a 
candidate for reuse, but it is typically made of high-density materials that potentially attenuate a large fraction of the emitted 
511 keV photons. The goal of this study was to determine the PET sensitivity lost when reusing an existing MRI patient support 
and to reduce the sensitivity loss by redesigning the patient support using low-density materials 

Method: Our previously proposed wide-bore PET/MRI system design, which is based on a Philips 1.5T Ingenia MRI system, was 
simulated using GATE and the results were compared with real PET/CT scans. A 3-D model of the standard Ingenia patient 
support, consisting of table top (SATT), carrier, bridge and bore inlay, was voxelized and incorporated in the simulations. PET 
acquisitions of the NEMA image quality phantom (scan time: 10 s, total activity: 22.6 MBq) were simulated with and without the 
patient support, and with various combinations of the four components separately. The simulated acquisitions were compared to 
PET acquisitions in a PET/CT system (Siemens Biograph mCT 40) of a cylindrical Ga-68 source together with patient support 
components obtained from an existing Ingenia MRI system (scan time: 3 m, total activity: 89.17 MBq). For each acquisition, 
sensitivity loss was calculated as the percentage reduction in number of prompt coincidences compared to the scan of the source 
without any patient support components. Finally, we performed a simulation in which the Ingenia patient support was replaced 
by a first preliminary design of a new low-density patient support. 

Results: Sensitivity losses predicted from the simulations were consistent with those determined from the PET/CT 
measurements (maximum difference 5.6% for separate components, 16.6% for a combination of components). The estimated 
PET sensitivity loss in the full Ingenia patient support without redesign was 36.3%. The measured loss in the standard mCT 
patient support was 10.0%. For the preliminary design of the new low-density patient support, the estimated loss was 14.0%. 
We are currently testing a physical prototype of a more advanced design. 

Conclusion: For application in PET/MRI, redesign of the MRI patient support using low-density materials is highly recommended. 
Our simulations show that a redesign can reduce the PET sensitivity loss due to photon attenuation in the patient support by up 
to 61% compared to using the standard Ingenia patient support, allowing significant reductions in patient dose or scan time. 

Reference: 
 
1 Beijst C. et al PSMR2018 
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Development and Evaluation of a highly integrated Kinematic Mounting and Liquid Cooling Structure for 
simultaneous PET-MRI systems 

F. Müller1, T. Dey1, N. Gross-Weege1, B. Weissler1, D. Schug1, V. Schulz1 
1Experimental Molecular Imaging, RWTH Aachen, Physics of Molecular Imaging Systems, Aachen, Germany 

Introduction: Building a PET-MRI insert introduces multiple integration challenges regarding the mechanical infrastructure, such 
as 

 precise positioning of the detectors to enable PET systems with a high spatial resolution 

 stable and ambient temperature of the employed photosensors (e.g., SiPM) 

 MR compatibility, i.e. minimal distortion of static and gradient magnetic fields 

In the case of highly integrated systems (e.g., clinical wide-bore PET-MRI), all requirements have to be fulfilled within a minimal 

space. Thus, we combine mounting and cooling (M&C) into one structure. We present our development and its evaluation 
regarding mechanical stability, cooling performance, and MR-compatibility. 

Method: The M&C structure was machined out of an aluminum alloy and supports up to five detectors with dimensions up to 50 
mm x 50 mm each (see Fig. 1a). The structured surface aims to reduce eddy currents induced by gradient switching of the MRI 
but maintain the mechanical stability. The detectors are interfaced to the M&C structure by kinematic mounting (see Fig. 1b). 
Kinematic mounting ensures a precise positioning (manufacturing tolerances 5 µm) without introducing strain energy into the 
system. 

The mechanical stability was evaluated by simulating the M&C structure with different mechanical loads. Furthermore, we tested 
the cooling homogeneity at the connecting surface employing a thermographic camera with and without applying a homogenous 
thermal load of up to 30 W. Both flow rate and temperature of the cooling fluid were varied. To examine the MR-compatibility 
regarding gradient and B0 distortion, we employed an NMR-probe setup in a 3T MR-system (Philips Achieva) as described in [1]. 
The results were compared with a raw aluminum body of same dimensions. 

Results: The simulation shows a maximum bending of the M&C structure of less than 10 µm applying a load of 2 kg, which 
equals five LYSO-based detectors of 22 mm height. The temperature distribution followed a Gaussian profile with a sigma of 
around 0.3 °C with and without thermal load. Fig. 1c shows the B0 and gradient distortion depending on the distance to the test 
structure. The structured surface significantly reduces both gradient distortion and B0 distortion about 40 % (see Fig. 1c). The 
influence of the M&C structure decreases anti-proportional with the distance. 

Conclusion: The proposed design offers a precise mechanical mounting as well as homogenous cooling. The machined features 
significantly reduce both gradient and B0 distortions. Further optimizations are ongoing and the current status will be presented. 

Acknowledgment: 

We thank Mr. Honné and his team of the university hospital Aachen"s workshop for their great collaboration and manufacturing 
of all components. 

Reference: 

[1] N. Gross-Weege et al., "Characterization methods for comprehensive evaluations of shielding materials used in an MRI," 
2018. 

 

 

 

 

 



Figure:  
 
a) Overview of the M&C structure  
b) Kinematic mounting  
c) Results of the MR-compatibility test 
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Measurement of Cherenkov Photons with an array of SiPMs and PbF2 crystals 

D. Consuegra1, R. Dolenec2, R. Pestotnik1, S. Korpar1,3, P. Krizan1,2 
1J. Stefan Institute, Experimental Particle Physics Department, Ljubljana, Slovenia 
2University of Ljubljana, Faculty of Mathematics and Phyisics, Ljubljana, Slovenia 
3University of Maribor, Faculty of Chemistry and Chemical Engineering, Maribor, Slovenia 

Introduction: Positron emission tomography (PET) is a powerful and sensitive technique in nuclear medicine, allowing three-
dimensional imaging of functional processes in the body. Measurement of time-of-flight (TOF) improves the quality of PET 
images. The resolution of TOF is currently limited by the time response of the scintillators. One open possibility to develop new 
devices is to search for new materials and mechanisms of light emission such as the Cherenkov light emitted by electrons 
moving in a material with velocities exceeding the speed of light in the material. In a PET detector, such fast electrons are 
produced in the interaction of gamma rays. Since the light yield of such a process is very small also new ways of more efficient 
light detection have to be investigated. Silicon photomultipliers (SiPMs) are becoming the detector of choice in PET and are 
especially suitable for PET/MR because of their insensitivity to magnetic fields. The advantage of a Cherenkov based PET 
detector is lower cost compared to a detector based on LSO. 

Objective: The main goal of this work was to estimate the performance of a Cherenkov based detector module for the first 
time, with particular emphasis on the detection efficiency. 

Method: In this work two modules consisting of 4×4 PbF2 Cherenkov radiator arrays coupled to Hamamatsu 4×4 SiPM arrays 
were assembled and their performance was tested using annihilation gammas from a sodium source. The experiment to measure 
the efficiency consisted of two gamma detectors: a Cherenkov detector module and a reference detector. In the second 
experiment, the two Cherenkov detector modules were mounted in back-to-back configuration. The readout of the 16 channels 
of each Cherenkov detector was based on a EASIROC module. The experiment was enclosed in lead radiation shielding inside a 
light-tight, temperature controlled chamber, kept at a temperature of −250C. 

Results: The measured annihilation gamma detection efficiencies are shown in the attached figure for all channels of the 
Cherenkov detector module, for the case in which the PbF2 crystals are wrapped with teflon reflector. The average of 
theefficiency for a 4x4 PbF2 Cherenkov array wrapped with teflon reflector is 35 %, while for the crystals painted with black 
paint it is 11 %. Also presented will be measurements obtained with two Cherenkov detector modules in coincidence, such as 
TOF resolution and basic reconstruction of a point source. 

Conclusion: An average efficiency of 35 % was measured, for the Cherenkov based PET detector module with excellent 
uniformity over all 16 channels. The TOF resolution measured was considerably limited by the readout electronics used. Even 
without considering the TOF, such detector module could be the basis of a PET scanner, with performance comparable to 
average PET system in clinical use today, but at a lower price due to the use of PbF2 instead of scintillators. 

Figure: 
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Measurement of the power consumption of the PETsys TOFPET2 ASIC 

V. Nadig1, D. Schug1, B. Weissler1, V. Schulz1 
1RWTH Aachen University, Department of Physics of Molecular Imaging, Aachen, Germany 

Introduction: Precisely measuring the time-of-flight (TOF-)information in PET in the order of few hundred pico seconds is one of 
the main goals in clinical practice, e.g. in TOF-PET/MR systems. A new application-specific integrated circuit (ASIC), the TOFPET2 
ASIC designed by PETsys Electronics S.A., showed promising performance. Thus, we evaluate its power consumption, which is 
essential to consider regarding the challenge to operate PET electronics consuming a lot of energy in a MR scanner. High currents 
often have to applied as voltage converters cannot be used. 

Method: We use the TOFPET2 ASIC Evaluation Kit and change three configuration parameters influencing the input impedance 
and the discriminator noise while probing the voltage drop over a resistance in the main ASIC power supply line (1.2 V) with an 
oscilloscope. After calibration, voltage drop data are averaged while data acquisition is running in qdc mode using the PETsys 
acquisition routine. Overvoltage and thresholds are kept constant. To investigate the performance dependency, five Na22 point 
sources are placed in the setup and the consumption is configured to be at its minimum, maximum and default value.  

Results: The power consumption drops when increasing the channel input impedance, the discriminator noise or its slew rate 
(see fig. a) and does not depend on the bias voltage, which was investigated in another set of measurements. Connecting two 
ASICs instead of one to the same power supply line and acquiring dark counts does not lead to a significant increase of the 
consumption per channel (< 2 %, see colored curves in fig. a). For both, single- and multi-channel configurations, we observe a 
slightly higher consumption for higher count rates. Here, the consumption is higher for more active channels. In the common use 
case of multi-channel readout, the consumption of two ASIC boards of which each is equipped with a KETEK PA3325-WB-0808 
array is ranging from 3.5 to 7.5 mW/channel depending on the ASIC configuration, while the system reaches CRTs of 260 ps 
(FWHM) and energy resolutions of 10.6 % (FWHM) (see fig. b). 

Conclusion: The reported results are in good agreement with results published by PETsys (5-8 mW/channel) [1]. Compared to 
its prior version (8-11 mW/channel) and similar ASIC models (e.g. STIC3: 25 mW/channel) [2,3], the TOFPET2 ASIC has an 
exceptionally low power consumption, which is promising for its integration into simultaneous TOF-PET/MR systems featuring a 
high amount of channels. 

References: 
 
[1] Bulgalho et al.: Experimental results with TOFPET2 ASIC for time-of-flight applications, 2017 Elsevier, DOI: 
10.1016/j.nima.2017.11.034 

[2] Stankova et al.: STIC3 - Silicon Photomultiplier Timing Chip with picosecond resolution, 2015 JNIMA, DOI: 
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Figure: 
 
(a) Power consumption at 4 V overvoltage and 16°C  
(b) Performance for two KETEK PA3325-WB-0808 arrays with 1:1-coupled 12 mm LYSO crystals at 16°C for different 
consumptions (indicated in a) 
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Overview of Multi-Channel Measurements with the PETsys TOFPET2 ASIC 

D. Schug1, V. Nadig1, B. Weissler1, V. Schulz1 
1RWTH Aachen University, PMI, Aachen, Germany 

Introduction: A promising candidate for high-performance TOF-PET applications is the 64-channel TOFPET2 ASIC developed by 
PETsys Electronics SA [1]. We are evaluating the TOFPET2 ASIC in our group [2] using the evaluation KIT distributed by PETsys 
together with a variety of scintillator geometries and multi-channel SiPM arrays. In this work, we will present an overview of the 
latest results obtained. A second contribution to the PSMR 2019 will focus on the power consumption of the ASIC. 

Method: The measurements were performed using the TOFPET2 evaluation kit, which provides two TOFPET2 ASIC test boards. 
We used four different types of 8x8 channel SiPM arrays: KETEK PA3325-WB-0808, SensL ARRAYJ-30020-64P-PCB, Hamamatsu 
S14161-3050HS-08 SPL and Broadcom AFBR-S4N44P643C. We used LYSO scintillator arrays matching the pitch of the SiPM 
arrays with a height of 12 mm and different reflectors: glued ESR reflector, two different thicknesses of BaSO4 reflector and 
non-glued ESR. We performed coincidence measurements with two identical detector configurations using multiple Na22 sources. 
We varied the ambient temperature, the operating voltage, the trigger threshold and other timing-trigger-related configuration 
parameters of the ASIC as well as the gamma interaction rate. The digitized hits were time sorted and clustered. For each 
scintillator element saturation-corrected energy model was determined by identifying the 511 keV and the 1275 keV peak of the 
Na22 source. Qualified singles were checked for coincidence. Coincident singles were assigned a Na22 source and a time skew 
calibration was performed for all crystal elements. For the calibrated setup the energy resolution, CRT and count rate were 
determined considering all measured LORs. 

Results: The ADC energy value histograms of all crystals show photo peak positions at similar values showing a homogeneous 
gain of the SiPM and ASIC digitization. The detector configuration, which performed best, reached an energy resolution of below 
10%. CRTs down to 240 ps were observed (Fig. 1). Some of the investigated parameters showed an unexpected influence on the 
performance of the detectors. We will present an overview of results obtained with the different SiPM arrays and scintillator 

configurations under the various testing conditions at the conference. 

Conclusion: The TOFPET2 ASIC shows a good performance for TOFPET applications. As we still see a performance difference 
when going from single channels to multi-channel arrangements, in the future we would like to design our own sensor tile that 
optimizes the SiPM to ASIC coupling and implements an MR-compatible readout. 

References: 

[1] Francesco et al., "TOFPET2: a high-performance ASIC for time and amplitude measurements of SiPM signals in time-of-flight 
applications," 2016. 
[2] Schug et al., "Initial Measurements with the PETsys TOFPET2 ASIC Evaluation Kit and a Characterization of the ASIC TDC," 
Aug. 2018. 

 

Figure:  
 
Overview of Performance parameters vs overvoltage for 4 different SiPM arrays using a BaSO4 scintillator array measured at 16 
°C. 
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Do EEG caps generate artefacts in PET images? A study on attenuation effects using EEG caps with pin and 
multitrode type electrodes during PET acquisition 
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Introduction: The attenuation effect of MR compatible EEG caps with pin and multitrode type electrodes on the quality and 
quantification of PET images is studied using transmission and emission measurements. The EEG caps used in the study, along 
with detailed pictures of the pin and multitrode electrodes, are shown in the figure. 

Method: Transmission scans (30 minutes each) were performed in the ECAT HR+ scanner (Siemens Healthineers) with and 
without EEG caps on the Iida head phantom. The transmission data were iteratively reconstructed (OP-OSEM, 16 subsets, 6 
iterations), yielding attenuation maps (AM) with pin and multitrode type EEG caps (AMwP and AMwM) and without the EEG cap 
(AMwo). PET emission measurements were performed in the 3T-BrainPET-MR scanner (Siemens Healthineers) on the Iida 
phantom filled with 550 ml of radioactive solution, which was prepared by adding 50 MBq [18F]Fluorodeoxyglucose ([18F]FDG) 
to one litre of water. The PET data were acquired in three consecutive sessions, one without an EEG cap and the others with the 
EEG caps. The data were acquired in list mode and the duration of each session was 30 minutes. The image data were corrected 
for random coincidences, scatter coincidences, attenuation, and dead time prior to reconstruction. The frame length for the 
reconstruction of each session was estimated such that the total number of prompt counts within the chosen frame length is 
equal for all the three sessions. The AMwo provided the attenuation correction for the data in both sessions. In order to evaluate 
the attenuation caused by the electrodes, the relative difference image was calculated between images with and without EEG 
caps for both transmission and emission measurements. The same number of total counts for each frame should provide a 
reliable image difference. The regional attenuation assessment was performed by defining 15 spherical volumes of interest (VOI) 
with 10 mm radius on each relative difference image on the ECAT HR+ attenuation images. 

Results: The mean relative difference for the whole phantom was 0±5% for the AMwP and 0±5% for the AMwM. The 
attenuation assessment at the 15 VOI showed a mean relative difference of 4±1% for AMwP and 4±1% for AMwM. The emission 
scans showed mean relative differences of -3±7.% and -1±7% for the whole phantom for pin and multitrode type electrodes, 
respectively. No noticeable effect due to any of the electrodes was seen in the emission scan images from this PET scanner. 

Conclusion: We conclude that the attenuation at the location of the electrodes is visible and quantifiable in ECAT HR+ 
transmission scan data; however, its influence is not visible in the reconstructed emission scans from the BrainPET-MR scanner 
for pin and multitrode type EEG caps. Given that the EEG cap components have relatively low attenuation coefficients and the 
metal electrodes used are relatively thin, the attenuation effects on the emission images are inconsequential. 

Figure:  
 
The EEG caps on the Iida phantom with the pin (right), and multirode (left) electrode.  
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Full Calibration of PET Detectors Based on Monolithic Blocks Using Voronoi Diagrams 

M. Freire1, A. Gonzalez-Montoro1, F. Sanchez1, A. J. Gonzalez1 
1Institute for Instrumentation in Molecular Imaging, i3M-CSIC, Valencia, Spain 

Introduction: Monolithic crystals for PET instrumentation have aroused interest in recent years since several commercial and 
academic systems have shown high performance. Nowadays, the most important capability is the determination of the 511 keV 
photon impact depth of interaction (DOI) coordinate. It has been debated about the challenges involving the calibration of these 
crystals, especially at their edges where, in contrast to crystal arrays, the accuracy in the impact position becomes challenging. 
In monolithic blocks, the crystal treatment and type of readout significantly affects the positioning decoding. Moreover, the 
calibration method also affects the linearity and accuracy of the detector. 

Method: In this work we show a novel calibration process using Voronoi diagrams. Voronoi diagrams, also known as a Dirichlet 
tessellation, are defined as the partitioning of the plane with n points into various convex polygons, one for each point, with the 
property that an arbitrary point lies within a specified polygon. We have carried out a study withan array of 11×11 collimated 
22Na sourcesusing a 15 mm LYSO block with 50´50 mm2size and coupled to an array of 12´12 SiPM. Row and column readout 
provides information of the scintillation light spread, allowing for proper XY and DOI. We have compared our results with a 
method based on 1D polynomial interpolation used by our group in the development of several commercial systems. We have 
also tested the goodness of the process using different crystal treatments, such as black paint, retroreflector layers, wrapped 
Teflon or reflecting ESR. 

Voronoi calibration allowed us to return completely linear data of the whole 100% crystal volume, in contrast to the 1D 
polynomial approach that restricts the process to the calibration mask dimensions (84% of volume) and thus, worsening the 
system sensitivity (figure top-left). Energy and DOI were also calibrated for the entire LYSO volume. Energy resolution for the 
whole scintillation volume for the RAW (non-calibrated), 1D correction and Voronoi calibration, were 19.2±0.1%, 13.6±0.2% 
and 13.6±0.1%, respectively, see figure top-right. DOI calibration was possible with a resolution of nearing 3.5 mm FWHM. 

Results: When comparing the results for the 4 crystal treatments, the RAW data showed significant edge effects when ESR or 
Teflon were used due to light reflections. However, the calibration process made it possible to again recover the system linearity 
even for these cases (bottom panel in figure). It should be noticed that ESR or Teflon return energy values for the whole 
monolithic block as good as 10%, with the possibility of using this data also for TOF capabilities. 

There are other none-analytical methods that have been used for the calibration of monolithic blocks. Here we show the 
capabilities of a method that is easy and fast to be implemented in for instance reconfigurable devices, with the capability to 
return accurate photon impact for the whole monolithic crystal volume. 

 

Figure: 
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Mathematical Modelling of Positron Range Effects in the Presence of Magnetic Fields 

A. Berger1, J. Cal-Gonzalez1, I. Rausch1, H. Kertész1, T. Beyer1 
1Medical University of Vienna, Center for Medical Physics and Biomedical Engineering, Vienna, Austria 

Introduction: Positron range (PR) limits the spatial resolution of PET imaging. Furthermore, PR is affected by magnetic fields 
during PET/MRI, thus, causing an axial elongation of the PR that degrades image quality and introduces artefacts [1]. 

Objective: Here, we present a mathematical modelling approach of PR in the presence of external magnetic fields as a prior to 
post-reconstruction PR correction. 

Method: GATE simulations [2] of point sources of various radionuclides with significant positron (b+) emission energies (18F, 
68Ga, 82Rb and 124I) were performed in three different tissues (water, lung and bone). A static magnetic field, B0, set along the 
main PET system axis was simulated (1.5T, 3T, 5T, 7T and 9.4T). The 3D distribution of all positron annihilation distances was 
modelled as a direct product of (i) the radial distribution of annihilation events and (ii) a 1D height-distribution that intrinsically 
models the impact of B0 according to the performed GATE simulations [3]. Mean positron range (Rmean) was calculated from 
emission and annihilation coordinates of the Geant4 output.  

Results: As expected for all simulated point sources, elongated resolution profiles were observed for high B0. Axial histograms of 
124I in x- and z-plane show a relative reduction of b+ annihilation spread of up to 53% perpendicular to the B0 axis. Absolute 
reduction of Rmean for 18F/68Ga in water (0.32/1.94 mm), bone (0.09/0.34 mm) and lung (1.58/6.89 mm) was seen for 
increasing B0 from 0.0T to 9.4T. Theoretical PR calculations and known PR values were in good agreement (18F in water 3.0/9.1 
% difference respectively) [4]. 

Conclusion: We presented a mathematical modelling approach of PR valid for scenarios with and without magnetic fields for the 
use in a post-reconstruction-based PR correction [5]. Implementation of this approach into a PR correction algorithm is work in 
progress. 
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Figure:  
 
Simulated point-sources (18F, 124I) in presence of axial magnetic fields (0T-9.4T). Each image (left) is 5x5 mm. Axial histogram 
(124I) in x- and z-plane for different magnetic fields (right).  
Simulated mean positron range Rmean (18F, 68Ga) in water, bone and lung for axial magnetic field 0.0T–9.4T (bottom) 
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Introduction: Motion artifacts limit the image quality of reconstructed image in PET. Although there are some implementations 
of motion correction, the performance of their algorithms does not allow to correct the artifacts generated when large 
displacements are observed. Furthermore, they perform worse for fast motions. In this work it presents a novel motion 
correction method addressing these problems. 

Method: In order to track the source trajectory, it has used a Ximea camera of 12mp with 0.1s time resolution. ARUCO markers 
[1] have been implemented allowing one to monitor the 3D object position (spatial dimensions and rotation angles), with a 
spatial precision of about 1 mm. Motion correction implementation is based on an enhanced multiple acquisition frame method 
(MAF) [2]. The acquired list mode file is cut into frames using an estimated parametrization model. Once we have reconstructed 
each frame, all frames are composed together using a registration step through the elastix software [3] and applying a proper 
transformation for the subject movement. Both simulated and acquired data have been used to prove this method. Real data 
have acquired with ²²Na point-like source that was repetitively first move into two positions and later randomly (figure 1 c/d) in 
a dedicated prostate PET with ring geometry (24 LYSO monolithic-based modules, 41 cm diameter). For simulated data, GATE 
software [4] was used in same PET system with a ²²Na source grid moving randomly inside the Field of View (figure 1 a/b). 

Results: Motion correction with simulated data using the MAF exhibited very good results with the method capability to correct 
for the large displacements. All the sources are well defined after it applied the method. When using the real data, the first tests 

with just two positions also reveled a good performance of the methodology. 

Conclusion: MAF is a robust and accurate algorithm that might be very useful in several PET studies with motion mechanisms. 
The method is able to work with low-count frames and minimize the interpolation error when it transforms each reconstructed 
frame image, compensating all possible motion artifacts. 
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A) Uncorrected simulated grid with random motion 

B) Simulated random grid with motion correction 
C) Real point like source between two positions before applying MAF 
D) Real point like source between positions with motion correction 
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Introduction: Hybrid imaging combining Positron Emission Tomography (PET) and Magnetic Resonance Imaging (MRI) has been 
extensively studied in recent years. Silicon photomultipliers (SiPMs) are the preeminent solution for MR compatibility of PET 
detectors and are widely used in dual modality systems, PET inserts or clip-on assemblies. We evaluated the performance of a 
custom made preclinical PET insert for a small bore (17mm) cryogen-free 3T MRI (MR Solutions, Guildford UK) dedicated to 
whole body mouse and rat head imaging. The PET insert enables simultaneous PET/MR acquisitions but is also removable, 
allowing researchers to perform standalone PET imaging outside the MR bore.  

Objective: The aim of this study was to evaluate the initial performance characteristics of the PET insert and to assess B0 field 
homogeneity with and without a PET scan running.  

Method: The PET insert consists of 2 rings of 6 detectors, with each detector comprising 8 x 12 SensL J-series TSV 3mm SiPMs 
reading out a dual layer of pixelated LYSO crystals (inner layer 34 x 23, outer layer 35 x24 , of 1.4mm pitch). The inner 
diameter is 60mm, transaxial Field of View (FoV) is 40mm and the axial FoV is 98mm). The evaluation of the PET insert was 
done according to NEMA NU 4-2008 and animal studies were performed with a variety of typical radiotracers and protocols 
(approved by the Animal Ethics Committee). Spatial resolution inside the MR bore was compared with spatial resolution outside 
the MR bore in order to assess the effect of the magnetic field. The sensitivity profile was calculated outside the MR bore. Image 
quality and count rate were measured with the PET insert placed inside the MR bore. Animal studies included simultaneous 
PET/MR scanning of a mouse injected with a solution of sodium fluoride 18F (18F-NaF) and Magnevist® (Gadolinium based 
contrast agent). B0 field inhomogeneity of the MRI system with and without simultaneous PET operation was evaluated using a 

water-filled phantom.  

Results: The peak system absolute sensitivity was 10% with an energy window of 250-750 keV. The spatial resolution was 
1.32/1.77mm FWHM (radial/tangential) at a distance of 5mm from the centre (outside the MR bore and centred in the axial 
FoV). This compares with 1.30/1.72mm FWHM (radial/tangential) inside the MR bore. The peak NEC rate was 150kcps at 15MBq 
and the scatter fraction was 22.5% for the mouse phantom. The uniformity was 4.9%. Recovery coefficients ranged from 0.12-
0.75 for 1-5mm rods.  

Conclusion: These results show excellent spatial resolution and equivalent results were obtained inside and outside the MR 
bore. The mouse scan study with a combined injection of Magnevist® contrast agent and 18F-NaF showed excellent anatomical 
and physiological details. Quantification studies are planned in the future to broaden the use of the system and assess its limits.  

 

 

Figure:  
 
Whole Body mouse PET MIP image (1 hour simultaneous PET/MR scan with 18F-NaF and Gadolinium) 
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Simulation TOF study for a dedicated cardiac PET system with open geometry 
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Introduction: Development of dedicated Positron Emission Tomography (PET) scanners is an active area of research, specially 
in cancer treatment and detection but also in other medical researches. Recently an open geometry for a novel cardiac PET 
system has been proposed with the aim of improving effectiveness of detection. To achieve better resolutions with the lowest 
possible cost, this geometry uses fewer detectors than a complete ring. Due to the open geometry some distortion and artefacts 
are caused in the reconstructed images.  

Objective: The aim of this work is to present the image quality improvements due to Time Of Flight (TOF) information and 
determine the TOF resolution needed to improve image quality.  

Method: This cardiac PET system geometry consists of two perpendicular sets of two parallel plates each one. That sets are 
perpendicular to each other. Two parallel plates of the first set are separated 28cm. One plate includes 18 detectors organzed in 
a 3x6 matrix and the second one comprises 6 detectors in a 2x3 matrix. The two parallel plates of the second set are separated 
38cm. Both plates include 6 detectors in a 2x3 matrix. The geometry is asymmetric maximizing the sensitivity of the system at 
the heart position. Detectors are monolithic LYSO scintillator crystals of 50mmx50mm with 15mm thick optically coupled to 
SiPMs. We performed simulations with a hand-made subroutine of PENELOPE [1] [2], (based on the GATE PET coincidence sorter 
[3]) for the cardiac PET system with different TOF resolutions. The simulated phantoms were 10cm of diameter by 12cm long 
cylinder containing three hot spheres with 8:1 uptake with respect to background and a cold sphere, each one of 5mm diameter. 
Hot spheres are located at {x,y} coordinates of {0,0},{3,0},{0,-3}cm of the center of the cylinder. Cold sphere is located at 
{0,3}cm. The cylinder is situated at an estimated heart location. The images have been reconstructed using a modified version 
of OPLEM algorithm [4] including TOF information in the calculation of the annihilation point in the Line Of Response (LOR) [5].  

Results: The results show that increasing TOF resolution reduces distortion and artifact effects, Figure 1. In conclusion, TOF 
resolution of the order of 200ps is needed to reduce the artifacts generated by the open geometry of this simulated cardiac PET 
system. 
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Reconstructed images nonTOF, 600ps, 400ps, 200ps TOF resolution 
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Cervical Cancer: Associations between Metabolic Parameters and Whole Lesion Histogram Analysis Derived from 
Simultaneous F-FDG-PET/MRI. 

H. J. Meyer1, S. Purz2, A. Surov1 
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Introduction: Multimodal imaging has been increasingly used in oncology, especially in cervical cancer. By using a simultaneous 
positron emission (PET) and magnetic resonance imaging (MRI, PET/MRI) approach, PET and MRI can be obtained at the same 
time which minimizes motion artefacts and allows an exact imaging fusion, which is especially important in anatomically complex 
regions like the pelvis. The associations between functional parameters from MRI and 18F-FDG-PET reflecting different tumor 
aspects are complex with inconclusive results in cervical cancer. The present study correlates histogram analysis and 18F-FDG-
PET parameters derived from simultaneous FDG-PET/MRI in cervical cancer. 

Method: Overall, 18 female patients (age range: 32-79 years) with histopathologically confirmed squamous cell cervical 
carcinoma were retrospectively enrolled. All 18 patients underwent a whole-body simultaneous 18F-FDG-PET/MRI, including 
diffusion-weighted imaging (DWI) using b-values 0 and 1000 s/mm2. Apparent diffusion coefficient (ADC) histogram parameters 

included several percentiles, mean, min, max, mode, median, skewness, kurtosis, and entropy. Furthermore, mean and 
maximum standardized uptake values (SUVmean and SUVmax), metabolic tumor volume (MTV), and total lesion glycolysis (TLG) 
were estimated. Figure 1 displays a patient of our patient sample. 

Results: No statistically significant correlations were observed between SUVmax or SUVmean and ADC histogram parameters. TLG 
correlated inversely with p25 (r=-0.486, P=0.041), p75 (r=-0.490, P=0.039), p90 (r=-0.513, P=0.029), ADC median (r=-0.497, 

P=0.036), and ADC mode (r=-0.546, P=0.019). MTV also showed significant correlations with several ADC parameters: mean 
(r=-0.546, P=0.019), p10 (r=-0.473, P=0.047), p25 (r=-0.569, P=0.014), p75 (r=-0.576, P=0.012), p90 (r=-0.585, P=0.011), 
ADC median (r=-0.577, P=0.012), and ADC mode (r=-0.597, P=0.009). 

Conclusion: ADC histogram analysis and volume-based metabolic 18F-FDG-PET parameters are related to each other in cervical 
cancer. 
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Evaluation of lung segmentation methods for large animal imaging on a whole-body PET/MR system 
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Introduction: Correct lung segmentation is important for whole-body PET/MR, especially when imaging non-conventional 
anatomy. Lung segmentation algorithm in the Philips Ingenuity TF PET/MR implements a priori size and shape information and 
may fail when imaging large animals. Previously, Bini et al performed a preclinical evaluation of MRAC accuracy using rabbits 
(Bini et al 2013) but did not evaluate the accuracy of lung segmentation. 

Objective: We extend on the evaluation of (Bini et al 2013) by invesitgating the accuracy of lung segmentation in large animal 
studies. The vendor-based algorithm and a simple alternative based on active contour segmentation were evaluated. 

Method: The MRI data of six female domestic pigs were used in the evaluation. All animal experiments were approved by the 
National Animal Experiment Board (licence no.ESAVI-2012-001932), and conform to the Directive 2010/63/EU of the European 
Parliament. The MRI data consisted of the T1-weighted MR used routinely for vendor-applied MRAC. The MR sequence applied is 
a fast field echo (FFE), with TE = 2.3 ms, TR = 4.07 ms and a flip angle = 10°. 

We evaluated three segmentation methods. A set of binary masks consisting only of the segmented lung were created. The 
binary masks were derived by 1) manual segmentation 2) delineation of the lung contours from vendor-based method 3) fully 
automatic segmentation by applying active contour segmentation by method of Chan et al (Chan et al 2001). Manual 
segmentation method was applied as the reference method. 

The segmentation methods were assessed in goodness of reproducing the total volume of the lungs and in terms of tissue 
overlap by calculation of the dice coefficient versus manually segmented lungs. 

Results: The results from the lung volume delineation with the three methods can be found from Table 1.  

The clinical segmentation algorithm was successful in delineation of the lungs only in two animals. Four animals were missing the 
entire lung contour. This result is expected, as the segmentation algorithm is optimized only for adult male and female anatomy.  

The active contour segmentation was able to delineate the lung volume successfully in all of the animals. The lung volume was 
underestimated with a mean and standard deviation of 168.8±32.8 mL. The mean and standard deviation of the dice coefficient 
were 0.901±0.035. This implies a good overlap with the manually segmented lungs. 

Conclusion: The vendor-based lung segmentation algorithm could not be applied to large animal imaging effectively. We 
evaluated a simple alternative for lung volume delineation, which enables lung segmentation with reasonable accuracy compared 
to manual segmentation. 
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Figure: 

Results from the lung volume delineation using manual, vendor-based and active contour segmentation. N/A indicates failed lung 
segmentation. 
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Multi-biomarker PET and MR imaging for improving differential neuroimaging 
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Introduction: Malignant brain tumors remain among the deadliest cancers. The five-year relative survival rate of glioblastoma 
multiforme, a most common form of primary malignant brain tumor, is only 5.5%. With radiation therapy (RT) as one standard 
of treatment for many brain tumors, one critical clinical issue in patient management, after the initial RT treatment, is to 
accurately differentiate recurrent tumorand radiation-induced necrosisin order to select the most appropriate treatment. 
However, there is still no established clinical imaging modality that can meet this requirement, including anatomic and molecular 
Magnetic Resonance Imaging (MRI) and Positron Emission Tomography (PET). This unmet neuroimaging technology gap in 
differential diagnosis often leaves clinicians in dilemma of deciding the treatment option and increases the risk of treatment 
failure. It is critically important to overcome this impediment in order to dramatically improving the overall long-term brain 
tumor treatment efficacy.  

Objective: This research project aims to study the feasibility of using multi-biomarker MRI and PET imaging to overcome the 
limits of each single-biomarker MRI or PET imaging, which may lead to significantly improved differential diagnosis capability. In 
principle, such multi-biomarker imaging should provide combined and complementary underlying biological information related 
to the image data, leading to compensating the diagnosis "blind or weak spots" of any single-biomarker imaging from "multi-
lenses and multi-angles" information provided by joint single-biomarker imaging. If such feasibility can be demonstrated, it may 
likely lead to a new imaging paradigm to significantly improve the differential diagnosis accuracy when a single-biomarker 
imaging can"t provide a definitive outcome.  

Method: As the first step along this direction, we envision to develop joint PET and MRI imaging acquisition and data analysis 
strategies to streamline the animal irradiation, imaging and data process for the potential preliminary studies, including to 
conduct animal irradiation and imaging studies under different radiation and animal conditions to generate various tumor, 

necrosis and mixed tumor and necrosis scenarios, and to process data and assess the feasibility of multi-biomarker PET and 
Amide Proton Transfer (APT) weighted MRI imaging that may significantly improve the differentiation accuracy of recurrent 
tumor and radiation-induced necrosis.  

Conclusion: If it could be achieved, the study may provide vital information (within the scope of this initial study) on the 
feasibility of significantly improving differential diagnosis accuracy with multi-biomarker PET and APT-MRI neuroimaging, to gain 
the perspective of its potential for a high impact clinical brain tumor imaging and therapy application, and assist the future 
preclinical and translation research and technology development along this direction.  
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Introduction: To assess in HNSCC patients the effect of radiochemotherapy (RCT) on tumor hypoxia with [18F]FMISO PET/CT 
(FMISO PET) and multiparametric (mp) MRI at an early (week 2) and late (week 5) time point during treatment and to analyse 
the relation between mpMRI and PET parameters with outcome using a clinical available multimodal image fusion setup. 

Method: Thirty-four patients with stage III to IVb HNSCC (UICC 7th edition) undergoing definitive RCT (total dose 70 Gy, 3 
cycles of cisplatin over 7 weeks) were included. Patients were prospectively imaged with [18F]FDG PET/CT at baseline and with 
serial FMISO PET and serial 3 Tesla mpMRI for T1w-, T2w- as well as contrast-enhanced perfusion and diffusion measurements 
(ktrans, ve and apparent diffusion coefficient (ADC) maps) in weeks 0, 2 and 5. Images were coregistered on a treatment 
planning workstation (iplan, Brainlab) using mutual information based image registration. Patients were identified as responders 
or non-responders for the endpoint local control. Gross tumour volumes (GTV-T) were contoured and SUVmax FMISO PET and 
mean values for mpMRI parameters were obtained and compared by t-test and Kaplan-Meier analysis. 

Results: In 21 patients a complete set of serial FMISO PET data and 3T MRI were available. Multimodal image fusion of serial 
images was feasible for all patients. 12 patients were diagnosed with local recurrence. Baseline tumor volume and FMISO-PET-
derived tumor hypoxia (SUVmax FMISO) were higher among patients with local relapse as compared to locally controlled 
patients (p>0.05). On Kaplan-Meier analysis stratified at median change in SUVmax FMISO between weeks 0 to 5 (∆FMISOwk0-
5), local control was higher for ∆FMISOwk0-5 > median (p>0.05). On mpMRI, ADC increased from week 0 to 5. The increase 

was higher for responders than non-responders without reaching significance (p>0.05). In perfusion MRI, ktrans increased from 
week 0 to 5 for both non-responders and responders (p>0.05). For non-responders, ktrans reached a maximum at week 2, while 
for responders ktrans showed a steady increase until week 5. Interstitial space volume fraction ve did not differ significantly 
between responders and non-responders at baseline and increased between week 0 and 5 by 42% for responders vs. 25% for 
non-responders, p>0.05. On Kaplan-Meier analysis, baseline ve below median was associated with superior local control 
(p>0.05) and significantly with improved overall survival (p=0.043). 

Conclusion: Multimodal image fusion of serial image sets was feasible. Mean values of MRI parameters ktrans, ve and ADC 
differed between relapsing and non-relapsing patients, however without reaching statistical significance in this cohort. On 
Kaplan-Meier analysis, baseline GTV-T interstitial space volume fraction ve below median was significantly associated with 
improved overall survival. 
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Introduction: How to simultaneously estimate the radio-activity and attenuation distributions in positron emission tomography 
is vital and essential.  

Method: In this work, in addition to helping reduce noise and artifacts in PET, TOF information was further extended to 
simultaneously estimate photon activity and attenuation distributions. The image reconstruction was formulated as a composite 

convex optimization problem, which includes the data fidelity term, total variation term, and MR attenuation prior regularization.  

Results: The activity and attenuation estimates obtained by use of the proposed MR-MLAA-TV algorithm were compared with 
those obtained by use of MLAA algorithm.  

Conclusions: The computed simulation studies showed that by adding an MR prior term and TV regularization terms to the 
algorithm can effectively resolve the edge feature while reducing the appearance of noise. 
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Introduction: In emission tomography, Compton scattering usually refers in which one or both annihilation photons undergo an 
interaction with matter changing direction and losing energy. It is important to compensate Compton scattering in order to 
enhance the contrast of reconstructed images and to improve the activity quantification. 

Several approaches exist to solve the scatter problem in PET. The most reliable method to estimate the scatter component would 
be using a simulation-based algorithm. However, to achieve the desired accuracy, it would require a priori information of the 
activity distribution together with an attenuation map of the object. On the other hand, improvements in the detector energy 
resolution of PET scanners as well as the capacity of the current detectors to estimate the energy of two photon in coincidence 
and store it in List Mode format have allowed the implementation of scatter correction based on the analysis of energy spectra. 

Objective: The aim of this investigation is to implement an energy based scatter correction on an iterative reconstruction 
algorithm, optimize the parameters of this scatter correction and compare the estimation data of our method with Monte-Carlo 
simulations. 

Method: We have investigated a multiple energy window technique. Multiple energy window techniques make use of the 
observations that a greater proportion of Compton scattered events are recorded in the region of the single photon energy 
spectrum below the photopeak compared with those recorded near the photopeak. Thus, data recorded in energy windows set 
below or above the photopeak window, or both, can be used to derive an estimate of the scatter contribution within the 
photopeak window. 

We have tested several choices of energy windows in order to estimate the scatter component in the photopeak window and 
then to calculate a scatter fraction in each case. 

We have incorporated the scatter correction as an additive term that integrates with the random correction term in iterative 
MLEM reconstruction algorithm. However, to get a scatter value per LOR is not feasible in practice due to few number of 
coincidences per LOR. Therefore, we propose estimating photon energy spectra in adjacent groups of LORs rather than in a 
single LORs in order to further reduce noise and to increase statistic. 

Results: In this section, we have evaluated the performance of our scatter correction and compared it to realistic Monte Carlo 
simulations making use of different choice of phantom sizes and source distributions. 

Conclusion: We have reached a good agreement with the simulated data. Despite it is a basic approach to a complex, multi 
dependencies problem, the advantages for these kinds of correction are obvious: minimal computation expense, basic approach 
without prior information of the object of study, taking into account scatter arising from activity beyond the axial FOV and 
working directly with List Mode formats. 

Figure: 
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Pharmacokinetic analysis of 18F-flutemetamol uptake in cerebral amyloid angiopathy using PET-MR imaging 

G. Papanastasiou1, M. Rodrigues2, C. Wang1, K. Heurling3, R. Salman2, G. Macnaught1 
1University of Edinburgh, Edinburgh Imaging-QMRI, Edinburgh, United Kingdom 
2University of Edinburgh, Centre for Clinical Brain Sciences, Edinburgh, United Kingdom 
3University of Gothenburg, Institute of Neuroscience and Physiology, Gothenburg, Sweden 

Introduction: PET imaging using β-amyloid tracers may improve the detection of β-amyloid plaque density in cerebral amyloid 
angiopathy (CAA), versus the current clinical standard MRI biomarkers[1]. 

18F-flutemetamol is among the newer longer-lived amyloid PET ligands, which may be promising for the assessment of CAA[2]. 
The pharmacokinetics of this tracer in the presence of CAA have not been thoroughly investigated. 

We performed pharmacokinetic model analysis of dynamic PET-MR data to assess differences in relative blood flow and 18F-
flutemetamol uptake in patients with CAA against controls.  

Method: We analysed 18F-flutemetamol PET-MRI (Siemens Biograph) dynamic data from a pilot cohort of 6 cases with probable 
CAA (age: 72±10 years) and 6 age-matched controls (69±10 years) with no CAA, defined by the modified Boston criteria1. PET 
acquisition started at the time of tracer injection and lasted for 30 min, with a second period of data acquisition from 90 to 120 
min. 

To interpolate regional brain uptake from 30 to 90 min, an exponential function was fitted to each regional time-activity curve 
(Matlab). Four pharmacokinetic model analyses were investigated across 12 brain atlas-derived time-activity curves restricted to 
the cortical areas: 1-tissue compartment (1-TC), 2-tissue-4k compartment (2-TC), simplified reference tissue (SRTM) and full 
reference tissue model (FRTM) [3] (PMOD software). Statistical analysis was performed in R.  

Results: 1-TC and 2-TC were initially assessed. 1-TC-derived volume of distribution (Vd: a tracer uptake estimate) was 
significantly higher in patients against controls (P<0.01, Figure 1-c). For both models, no other significant differences were 
observed.  

SRTM and FRTM were subsequently assessed. Fitted model parameter R1 (a relative cerebral blood flow estimate) was 
significantly lower in patients against controls for both models (P<0.0001, Figure 1-d). No other significant differences were 
observed. 

Conclusion: We demonstrate significantly increased 18F-flutemetamol uptake in patients with probable CAA versus controls 
using 1-TC modelling, indicating brain areas with increased amyloid plaque density. SRTM and FRTM models demonstrated 
significantly lower R1 values in patients with probable CAA versus controls, which may reflect reduced perfusion in the presence 
of CAA. Further pharmacokinetic analysis is underway in our full cohort (N=20) to extensively investigate these prominent 
complementary findings. 

References: 

1. Samarasekera N, et al. J Neurol Neurosurg Psychiatry;2012. 
2. Nelissen N, et al. J Nucl Med;2009. 
3. Gunn RN, et al. J Cereb Blood Flow Metab;2001. 

 

 

 

 

 

 



Figure: 
 
Fused PET-MR images (static: 90-120 min) of 18F-flutemetamol uptake from a patient with probable CAA (a) and a control (b). 
Mean (SD) Vd values for patients and controls (1-TC and 2-TC models, c). Mean (SD) R1 values for cases and controls (SRTM 
and FRTM models, d). Significant differences are shown with *. 
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Sparse Image Reconstruction for a Rotatable PET Imaging System 

H. H. Chao1, Y. H. Tsai1, C. Y. Chou1 
1National Taiwan University, Bio-Industrial Mechatronics Engineering, Taipei, Taiwan 

Introduction: In PET image reconstruction, partial coverage of the detector system in the axial or transverse direction will 
result in the degradation of image quality. In this work, we investigated the efficacy of reconstruction algorithms and the effects 
of imaging configuration by employing two system configurations with full and partial angular coverages.  

Method: To compensate for the data incompleteness and also to recover important detailed features of the imaged object, we 

propose to incorporate novel machine learning algorithms based on sparse coding to the iterative total-variation (TV) 
minimization algorithms. The reconstruction problem aims to search for the optimal solution while minimizing data fidelity and 
TV terms to enforce gradient sparsity. Optimization algorithms such as conjugate gradient (CG) and Chambolle and Pock 
algorithms will be employed to solve the convex optimization problem.  

Results: The quality of images reconstructed using a full scanning system is apparently better than those obtained using a 
sparse scanning system. The rotation of the sparse system provides better angular coverage and thus an improvement in the 
images.  

Conclusion: Computer simulations were conducted to investigate their performance, which compared the efficacy in terms of 
the convergence rates of the cost function and root mean squares errors. The Chambolle and Pock algorithm with TV 
regularization outperforms conventional MLEM and conjugate gradient methods. 
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Validation of Time-of-Flight Image Reconstruction for GE SIGNA PET/MR scanner Using STIR Toolkit 
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3University of Hull, Hull, United Kingdom 
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5GE Healthcare, Waukesha, United States 
6GE Healthcare, Cambridge, United Kingdom 

Introduction: Software for Tomographic Image Reconstruction (STIR: http://stir.sf.net) is an open source library that allows 
researchers to reconstruct acquired datasets from emission tomography (ET) modalities [1]. Recently STIR has been extended to 
integrate and enable Time-of-Flight (ToF) PET reconstructions [2]. However, allowing the software to handle data from a specific 
scanner requires a good understanding of the file formats and conventions, and a thorough validation. In previous work [3], we 
presented our adaptations to STIR for the GE SIGNA PET/MR for non-ToF data. Here we extend this work to ToF.  

Objective: 

1. Validate the reading and histogramming of ToF list-mode (LM) data from this scanner with STIR toolkit. 
2. Demonstrate LM ToF and sinogram-based ToF reconstructions for this scanner with STIR toolkit. 

Method: GE SIGNA PET/MR have ToF capabilities with a timing resolution of 390 ps [4]. Raw data extracted from this scanner is 
in Hierarchical Data Format (HDF5). In order to read the ToF LM data accurately in STIR, the CListRecordGESIGNA class was 
extended to handle the ToF information accurately. 

The read LM ToF data was histogrammed into ToF sinograms. ToF reconstruction with the OSEM algorithm for Hoffmann 
phantom acquisitions and patient dataset using STIR are demonstrated, independent of any software supplied by the 
manufacturer (or the "toolbox"). No post-filtering was applied to the images. These reconstructions were compared with the 
reconstructions from toolbox using fully-3D ToF-OSEM algorithms without scatter and randoms correction for the purpose of 
consistency. 

Results: The histogrammed LM ToF data using STIR was compared with its counterpart using the toolbox by conducting 
voxelwise subtraction. It was found that the STIR-read projection data when transformed to scanner space was identical to 
toolbox-read projection data. ToF reconstructed images display some residual differences due to deadtime correction, decay 
correction and VQC (Volumetric Quality Control) offset between the PET and MR gantries which are not taken into account yet.  

Conclusion: This work further broadens the capabilities of STIR and will allow the usage of all current and future algorithms 
including motion correction and direct parametric image estimation on ToF data from GE SIGNA PET/MR. This work also validates 
the recent ToF contributions to STIR with acquisition data from clinical ToF PET/MR scanner. Future work will aim to incorporate 
randoms and ToF scatter correction within STIR reconstructions. 

References: 

[1] Thielemans et al, Phys Med Bio, 2012. [2] Efthimiou et al, Phys Med Biol, 2019. [3] Wadhwa et al, IEEE NSS/MIC, 2018. [4] 
Grant et al, Med Phys, 2016. 

Figure: 
 
Demonstration of LM-ToF-OSEM and ToF-OSEM reconstructions for (a) Hoffmann Phantom and (b) Lung fibrosis patient dataset 

with STIR and toolbox. (c) Histogrammed ToF LM file for ToF bins 0 and 2 from the scanner with STIR and its comparison with 
the toolbox. 
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Performance characterization of continuous crystal SiPM preclinical PET Insert under high magnetic field (7T): 
NEMA testing and beyond. 
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Introduction: While several preclinical PET inserts have been already developed and tested, there is still no consensus in what 
metrics should be reported to evaluate their performance. Therefore, based on the NEMA NU 4-2008 protocol1 and on the MRI 
acceptance protocol from the manufacturer (Bruker), we tested one of the first commercially available SiPM-based MR-
compatible high-resolution PET insert inside a 7T MRI scanner. 

Objective: Our aim was to report the performance and to propose such protocol as a guideline for preclinical PET insert testing. 

Method: 

MRI performance: 
The tests performed comprise signal to noise ratio, image ghosting, field homogeneity, radiofrequency noise and gradient echo 
signal stability. 

PET performance: 
All measurements and processing were performed according to the NEMA protocol1. Sensitivity and resolution were performed 
inside the magnet with no MRI acquisition, RARE and EPI. Noise equivalent count rates (NECR): mouse- and rat-sized phantoms 
(initial activities at 124 MBq and 46.5 MBq, respectively) were evaluated inside the MRI. The PET image quality phantom was 
acquired with additional MR sequences (noMRI, FLASH, RARE, UTE and EPI). 

Results: The MR field homogeneity was well preserved in presence of the PET insert. The FWHM linewidth of the PRESS 

acquisitions were 6.7 Hz (0.022 ppm) without and with the PET Insert. The SNR measurements showed no major differences. 
Image ghosting was well within the manufacturer specifications in all cases (<2.5%) and no RF noise was visible. The EPI signal 
stability was ± 0.11 % in both conditions. 

Maximum sensitivity of the PET insert is 11% at the center of the FOV. The same performance was achieved with simultaneous 
MRI acquisitions (EPI and RARE respectively). PET MLEM resolution (FWHM) was 0.87 mm at 5 mm off-center of the FOV and 
0.97 mm at 25 mm radial offset. The peaks for true/noise equivalent count rates were 410/240 and 628/486 kcps for the rat and 
mouse phantoms, respectively and were reached at 30.34/22.85 and 27.94/22.58 MBq. PET image quality were minimally 
altered by the different MRI sequences. 

Conclusion: We hereby report the full characterization of the PET and MRI hardware using an extended NEMA protocol. The PET 
insert has only little effect on the MRI performance and its performances were also only minimally affected by the different MRI 
sequences. 

Reference: 

National Electrical Manufacturers Association. NEMA Standard Publication NU 4-2008: National Electrical Manufacturers 
Association; 2008. 

 

 

 

 

 



Figure: 
 
PET sensitivity and count rates measurements. A: profile of the sensitivity across the axial FOV with noMRI, EPI and RARE 
acquisitions. B: sensitivity differences EPI and RARE minus noMRI, showing near no differences for the entire axial FOV (15cm). 
C and D: count rates for the rat and mouse-sized phantoms. 
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Attenuation correction for a dedicated breast PET-MRI insert based on T2-weighted multi-slice MRI data: influence 
of segmentation and interpolation strategy 
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Introduction: In a dedicated breast PET-MR insert, MR-based attenuation correction (MR-AC) is simplified compared to whole-
body systems as only three tissue classes are present in the field of view (FOV): fatty tissue (FT), aqueous fibroglandular tissue 
(FGT) and air. FGT and FT have similar linear attenuation coefficients µ [1] and can be summarized as one general "soft tissue" 
class [2]. Stepping from a whole-body to an insert-based approach promises a four-fold increase in resolution and a two-fold 
increase in sensitivity with respect to state-of-the-art clinical PET systems [3]. Thus, the otherwise small differences between 
µFT and µFGT may affect PET accuracy, especially when looking for quantification. 

With this simulation study, we aim to answer whether accurate MR-AC can be achieved for the HYPMED breast insert based on 
direct segmentation of clinical 2D-multislice datasets into three tissue classes, or if an additional Dixon scan for water-fat 
separation is required. Hence, we aim to derive a suitable future workflow for the HYPMED project. 

Method: We interpolated a 2D multi-slice, T2-weighted fast spin echo scan of a healthy volunteer with 0.66×0.66×3 mm³ voxel 
size onto an isotropic grid of 0.5 mm pitch using the program 3D Slicer and three of its built-in methods: nearest neighbor, 
linear and hamming interpolation (NNI, LI and HI, c.f. Fig 1a). The interpolated datasets were segmented into FGT, FT and air 
based on pixel intensities. For each interpolation, three different MR-AC maps were computed by distinguishing between (1) air, 
FT and FGT, (2) air and soft tissue with µSOFT = 0.5(µFGT + µFT), and (3) air and FT, i.e., assuming all breast tissue as 
homogeneous FT. Fig 1b exemplarily shows the MR-AC map for segmentation strategy (1) and HI. 

Six circular tumors with diameters between 2 and 20 mm and nominal mean SUV of 10 were defined as shown in Fig 1c and PET 
list mode data was simulated for the HYPMED geometry with an accelerated point-source simulation for each voxel in the FOV. 
Hence, PET data was reconstructed for each MR-AC map using OSEM with 4 subsets and 16 iterations. Fig 1d shows the 
reconstructed activity for segmentation (1) and HI. We computed mean volumetric SUVs for all lesions and compared between 
the interpolation and segmentation strategies (c.f. Fig 1e). 

Results: While NNI results in step-like interfaces between slices, both LI and HI achieve smooth outer and inner contours of FT 
regions. Yet, within the statistical error, all reconstructions yield similar mean SUVs independent of the segmentation and 
interpolation strategy. 

Conclusion: This suggests that a separate Dixon scan is not required, resulting in a shortened MR scan protocol for the HYPMED 
insert. 

References: 

[1] Berker et al. J Nucl Med 2012;53:796–804 
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[3] http://www.hypmed.eu/about-hypmed 

 

 

 

 

 

 



Figure: 
 

 
 

 


	PSMR 2019, Cover Abstractband, A4, 4c, vom 9.4.19
	PSMR 2019_Abstracts_09 04 2019

