Physics in Medicine & IPEM

Biolo gy Exgiasng misine
PAPER « OPEN ACCESS You may also like

. . . et . - Scintillation Properties of Yb?*-Doped LiBr
Fast maximum likelihood positioning for a Single Crystals

. . . Keiichiro Miyazaki, Daisuke Nakauchi,
staggered layer scintillation PET detector Takumi Kato et al.
- Scintillation Properties of LaMgAl,,O,:Er
. X X i Crystals with NIR Luminescence

To cite this article: C Lerche et al 2025 Phys. Med. Biol. 70 175018 Daisuke Nakauchi, Takumi Kato, Noriaki

Kawaguchi et al.

- Synthesis and Evaluation of
Photoluminescence and Scintillation

. . . Characteristics of Sn Doped

View the article online for updates and enhancements. HfO.—ALO.—SIO. Glasses
Daiki Shiratori, Daisuke Nakauchi, Akihiro
Nishikawa et al.

onsored sy QOO
RTSafe

Preparation for ISRS certification using RTsafe’s solutions.
An overall experience.

physicsworld ON DEMAND WEBINAR

This webinar will present the overall experience of a radiotherapy department that utilizes RTsafe
QA solutions, including the RTsafe Prime and SBRT anthropomorphic phantoms for intracranial
stereotactic radiosurgery (SRS) and stereotactic body radiation therapy (SBRT) applications,
respectively, as well as the remote dosimetry services offered by RTsafe.

0O O O click to watch now

This content was downloaded from IP address 134.94.123.71 on 02/12/2025 at 11:56


https://doi.org/10.1088/1361-6560/adf8ab
https://iopscience.iop.org/article/10.1149/MA2024-02513550mtgabs
https://iopscience.iop.org/article/10.1149/MA2024-02513550mtgabs
https://iopscience.iop.org/article/10.1149/MA2024-02513550mtgabs
https://iopscience.iop.org/article/10.1149/MA2024-02513594mtgabs
https://iopscience.iop.org/article/10.1149/MA2024-02513594mtgabs
https://iopscience.iop.org/article/10.1149/MA2024-02513594mtgabs
https://iopscience.iop.org/article/10.1149/MA2024-02513594mtgabs
https://iopscience.iop.org/article/10.1149/MA2024-02513606mtgabs
https://iopscience.iop.org/article/10.1149/MA2024-02513606mtgabs
https://iopscience.iop.org/article/10.1149/MA2024-02513606mtgabs
https://iopscience.iop.org/article/10.1149/MA2024-02513606mtgabs
https://iopscience.iop.org/article/10.1149/MA2024-02513606mtgabs
https://iopscience.iop.org/article/10.1149/MA2024-02513606mtgabs
https://iopscience.iop.org/article/10.1149/MA2024-02513606mtgabs
https://iopscience.iop.org/article/10.1149/MA2024-02513606mtgabs
https://iopscience.iop.org/article/10.1149/MA2024-02513606mtgabs
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjst6sq-xmqVoUil1K0gqdvg3yIPKkc_xZ85Y6B0tceDDn-VNhl31-4cH3ujW4znyDKbmBJM_LQbz45HfWAgXHtH_FQZJ8Ny91zH5O-ddAmV3tRcDLCPK15Fnn6EpyqzP1Y8Np2JZjNjf9KrnVyk2r1LOqHa-fQ-z-9I6gCc_W1YMsOYI5xSSbs7O3GSFhv7B1dgPtxmkSvc0m-0JvXEPKopVOaaw_1SzkwLLnQnNYpXyI2VbhqlT4RNnak_az_eseT9QqW4p7TsuFUSrUPZ3g7PZZkfGXAvMd4cCphyMZrWPVCNoq_szs20e17A5EfdNpKgbtc18aOnoXmINBreK2LywLP7KW0NEtMwnQ2fwmMGx8LQPodpJijZ1&sig=Cg0ArKJSzPuRd0s8_qXl&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://attendee.gotowebinar.com/register/616659345792304986%3Fsource%3DPhysics%2BWorld%2BIOP%2BScience

10P Publishing

@ CrossMark

OPEN ACCESS

RECEIVED
17 March 2025

REVISED
6 June 2025

ACCEPTED FOR PUBLICATION
6 August 2025

PUBLISHED
1 September 2025

Original Content from
this work may be used
under the terms of the
Creative Commons

Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the title
of the work, journal
citation and DOL.

Phys. Med. Biol. 70 (2025) 175018 https://doi.org/10.1088/1361-6560/adf8ab

Physics in Medicine & Biology IPEM

Institute of Physics and
Engineering in Medicine

PAPER

Fast maximum likelihood positioning for a staggered layer
scintillation PET detector

C Lerche"*©, W Bi"?, M Schoneck"*@, D Niekimper"*©, Q Liu', E Pfaehler' @, L Tellmann', J J Scheins'
and N J Shah"**°

! Institute for Neuroscience and Medicine (INM-4), Forschungszentrum Jilich GmbH, Jiilich, Germany

2 Department of Physics, RWTH Aachen University, Aachen, Germany

3 Institute of Neuroscience and Medicine 11 (INM-11), Forschungszentrum Jiilich GmbH, Jiilich, Germany

4 JARA—BRAIN—Translational Medicine, Jiilich, Germany

5 Department of Neurology, RWTH Aachen University, Aachen, Germany

Now: Faculty of Medicine and Institute for Diagnostic and Interventional Radiology, University Hospital Cologne, University of
Cologne, Cologne, Germany.

* Author to whom any correspondence should be addressed.

6

E-mail: c.lerche@fz-juelich.de

Keywords: position determination, maximum likelihood, energy correction, scintillation detector

Abstract

Objective. In this study, we propose a fast implementation of a maximum likelihood positioning
(MLP) algorithm to estimate the energy and identify the active scintillator pixel in staggered layer
scintillation detectors for positron emission tomograph (PET). Approach. High processing speed of
the MLP algorithm was achieved by developing an iteration-free implementation paired with
additional computational optimizations. Further, the MLP was implemented for a staggered layer
design with pixelated scintillators which enables the determination of the gamma’s depth of
interaction. The pixelation of the scintillator facilitates an iteration-free formulation of the MLP
algorithm. The efficacy of the algorithm optimization was tested on a scintillation detector block
designed for an ultra-high field BrainPET 7 T, comprising three scintillator pixel layers. Calibration
measurements, in combination with an automated calibration script, were used to obtain the
expected counts of scintillation photons required in the MLP algorithm. Main results. Using
single-instruction-multiple-data parallelization, multi-threading and optimized cache lines, a
maximum processing speed of approximately 22.5 million singles per second was achieved on a
platform with four Intel Xeon Platinum 8168 CPUs and 60 threads, encompassing all required
processing steps. The automatic calibration failed for 1-15 individual scintillator pixels in
approximately 10% of the 120 scintillation detector blocks, necessitating manual correction. After
applying the energy correction to the positioned single events, an energy resolution of

AE = 12% + 2% FWHM was obtained for the entire scintillation block. Significance. The obtained
energy resolution is very close to the energy resolutions measured for the individual scintillator
pixels, proving that the MLP accurately identifies the scintillating pixel and that the energy
correction method effectively compensates for the light collection variations of the SiPM array. The
presented method is not limited to PET and can be used as fast positioning and energy
determination method with scintillation detectors for PET, SPECT and gamma cameras.

1. Introduction

Scintillation detectors are key components of gamma cameras and positron emission tomographs (PETs).
PET is used to measure the metabolic activity of body tissues in both animals and humans and plays a central
role in research as well as in clinical oncology and neurology. In addition to conventional whole-body PET,
dedicated neuroimaging systems and total-body systems are under active development (Nasrallah and
Dubroff 2013, Vandenberghe et al 2020, Allen et al 2024). A large variety of possible realizations of
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scintillation detectors using photomultiplier tubes, avalanche photodiodes or silicon photomultipliers
(SiPMs) in combination with monolithic, semi-monolithic or pixelated scintillators of different materials
have been proposed over the years. The output signals from the photodetectors are fed into an attached
electronic and computing device to extract the photo-conversion position, the energy of the converted
gamma photon and the time of photo-conversion. As with the design of scintillation detectors, there is a
wide variety of methods for extracting these parameters, including centroid-based algorithms, also known as
Anger logic, least-square methods and methods from statistical estimation theory, such as maximum
likelihood estimation (MLE) (Joung et al 2001a, Barrett et al 2009, Van Dam et al 2011, Liu and Goertzen
2013). Perhaps the most important property of all these signal processing algorithms is processing speed
since the number of scintillation events can easily go beyond 1 million counts per second per detector block
in modern PET scanners. Accuracy, precision and robustness are also essential. Compared to other
scintillation event positioning methods, statistically-based methods, such as MLE, provide a correct
statistical approach which also allows the integration of relevant physical aspects. In this way, simplifying and
idealizing assumptions often made to achieve practical solutions can be omitted. Apart from the inherent
consideration of the Poisson random nature of scintillation light detection, MLE allows the integration of
models for scintillation light propagation, missing signals, Compton scattering and many other effects
exhibited by real scintillation detectors (Barrett et al 2009). Moreover, the likelihood value can be used as a
measure of the estimate quality (Lodomez 2012, Lerche et al 2014). Ignoring the real-world effects in the
positioning algorithm generally leads to spatial bias and inaccuracies in the determined scintillation event
position and energy, necessitating further correction efforts. To address these challenges, maximum
likelihood positioning (MLP) has been proposed continuously by various groups since the 1970s, especially
for scintillation detectors with monolithic scintillators (Gray and Macovski 1976, Fessler et al 1991, Gagnon
et al 1993, Joung et al 2000, 2001b, Wenze et al 2007, Miyaoka et al 2008, Lerche et al 2009, Hesterman et al
2010). In addition, MLP implementations for pixelated scintillation detectors have also been proposed by
Lerche et al (2011, 2016), Gross-Weege et al (2016), Berker and Schulz (2018). However, all mentioned MLP
methods for determining the energy and position of the scintillation events are based on iterative algorithms,
making them very time-consuming and thus potentially impractical for processing scintillation events in a
typical PET scan with limited computational resources in a reasonable time. An iteration-free formulation of
the MLP algorithm is also of great interest for implementations in field programmable gate arrays (FPGAs)
as it takes advantage of accelerated data processing with dedicated circuitry and massively parallelized signal
processing pipelines. Several FPGA implementations of MLP algorithms have been proposed (DeWitt et al
2010, Johnson-Williams et al 2011, Wang et al 2016). In this work, we present an iteration-free MLP
algorithm for pixelated scintillation detectors with depth of interaction (DOI) detection capabilities based on
a staggered scintillation layer design (Ito et al 2010) and the algorithm previously presented in Lerche et al
(2016). In this earlier work, it was shown that the MLP method enables highly robust identification of
scintillating crystal pixels in scintillation detectors with individually triggering SiPM pixels, particularly
under conditions where the numbers of SiPM signals for position determination fluctuate stochastically
(Lerche et al 2011). As noted in Lerche et al (2016), a clear performance advantage of the MLP method over
the center of gravity (CoG) method is its ability to simultaneously provide lower image noise, better energy
resolution and higher spatial resolution. In addition, the MLP method reduces the dependence of image
quality on the scanner configuration. However, as discussed by Goldschmidt e al (2016), the original
iterative ML implementation suffered from lower processing speed compared to the CoG approach. The aim
of this work is to overcome the low processing speed by means of an iteration-free ML implementation, with
the inclusion of additional computational optimizations of the algorithm. As in the original implementation,
the result of the position determination is the scintillator pixel ID together with the calibrated gamma
photon energy. Thus, the additional association of the continuous x and y centroid (also called Anger)
positions with these scintillator pixel IDs using Voronoi tessellations or similar approaches (Du ef al 1999)
can be avoided during normal data acquisition. Although the implementation of the presented MLP
algorithm in FPGAs is not the focus of this work, all special requirements of the specific FPGA hardware
relevant for such an implementation have been taken into account (Lerche et al 2019).

2. Methods

2.1. Iteration-free ML implementation
The log-likelihood of a gamma photon interacting in a single elementary process, i.e. photoelectric effect or
Compton effect, and depositing the energy, Ey, in the scintillator pixel, i, given that the scintillation photons
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Figure 1. Sketches of the scintillation detector block and photography of the SiPM array.

q= (91,92, --,qnwo ) were detected on the photodetectors (1,2,...,N'P), is given by

Nep

e qu q:,
L;(i,Ea|q) lnH ! (1)

as the detection process is a Poisson process. In equation (1), Npp denotes the total number of individual
photodetectors or photodetector elements j of the photodetector array (see figure 1(c)). The total amount
Qr = ZJNPD gj of scintillation photons detected in all photodetectors j is proportional to the energy
deposition Eg, the gain or photon detection efficiency of the photodetector, and the light yield of the
scintillator. The latter two are assumed to be constant during any measurement. g; ; is the expected average
amount of detected scintillation photons, i.e. avalanches, in the photodetector element j if a scintillation
event occurred in scintillator pixel 7.

To obtain an iteration-free MLP algorithm, we replace g; ; by

dij = q" gij

with

g;" := max q; and (2)
i

Ui~ hax q;

i.e. g" is the maximum value of all g; ; values of the same scintillator pixel 7 and g;; is the
maximum-normalized expected avalanche distribution. We obtain the set of log-likelihood functions

Npep

(i,Ealq) ~ Zq]ln qa th — 4} 4ij, (3)

from which the maximum log-likelihood value can be identified and where all constant terms have been
omitted because only the argumentum maximi is required. Furthermore, we approximated the expected
maximum g;" by the detected value g}, which introduces statistical uncertainty caused by Poisson variations.
Due to these variations, the approximation g;" = g leads to an expected and acceptable relative average
deviation of 3%-6% from the exact value g;" for the scintillation detector used in this study. Typically,
300-800 scintillation photons are detected on the SiPM with the maximum signal. The scintillator pixel M~
most likely to be hit is the one with the largest £; value:

ML = argmax £; (i, E4|q). (4)

By knowing which scintillator pixel i most likely emitted the light, the detected light can be corrected for
variations in scintillation light detection efficiency due to boundary effects, insensitive photodetector areas,

3
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(b) Front view of the BrainPET 7T with
RF coil array inserted into a Siemens
Terra Magnetom 7T MR system.

(a) BrainPET 7T insert without cover
and RF coil array on installation cart.

Figure 2. BrainPET 7 T insert, 7 T MRI scanner with insert.

and individual trigger probabilities of the photodetector pixels. We can then convert the scintillation photons
to energy:

Nj N;
2574 5l1lkeV 2 dj
Djg>0dii i Dpgsodin

BN =511keV
, (5)
with

—m . _
gmL - = Max qme

i.e. g is the maximum of the most likely averaged signal vector, i.e. the maximum value of all values gy ;
with the same index M*. The condition g; > 0 in the denominator is necessary to ensure that only triggered
SiPMs are correctly considered.

2.2. Scintillation detector and PET scanner

Although its use is not limited to this specific system, the improved ML positioning method has been
developed for an ultra-high field (UHF) BrainPET 7 T insert (figure 2(a)) designed and built for
neuro-scientific studies with a Siemens 7 T human MRI scanner (MAGNETOM Terra, figure 2(b)). The
BrainPET 7 T insert consists of 8 PET modules, with each PET module housing 3 x 5 scintillation detector
blocks (in total 120) and the associated digital electronics (Weissler et al 2020, Lerche et al 2023, 2024). A
pixelated scintillation detector design with three staggered layers of LSO was chosen to provide DOI
detection and homogeneous spatial image resolution across the entire PET FOV (Ito et al 2010, Lenz 2021).
The three scintillator layers contain 24 x 24, 24 x 23 and 23 x 22 scintillator pixels, respectively, with a pixel
pitch of 2 mm in both directions and layer thicknesses of 9, 8 and 7 mm, (see figure 1). The footprint of the
scintillator pixels is 1.92 x 1.92 mm?. Each of the 1634 individual pixels is wrapped in 3 M ESR reflector, and
the scintillator array is coupled via a 1 mm thick light guide to an array of 12 x 12 digital SiPMs DPC-3200
from Philips Digital Photon Counting (Frach et al 2009). All scintillator surfaces, except the one coupled to
the SiPM matrix, were roughened by grinding. The edges of the light guide were covered with
light-absorbing material. The pitch of the SiPMs is exactly 4 mm in both directions, and the (UHF MR
compatible) array of SiPMs was designed and manufactured by Hyperion Imaging Systems GmbH, Aachen,
Germany (Weissler et al 2020). The first (lowest) layer of scintillator pixels is aligned with the SiPM array
such that exactly 2 x 2 scintillator pixels are positioned exactly over one of the 12 x 12 SiPMs. The middle
layer of scintillator pixels is offset by half of the scintillator pixel pitch in the transverse direction of the PET
FOV with respect to the lowest layer. The uppermost layer of scintillator pixels is offset with respect to the
middle layer by half of the scintillator pixel pitch in the transverse and axial direction with respect to the

4



10P Publishing

Phys. Med. Biol. 70 (2025) 175018 C Lerche et al

PET’s FOV. These offsets give rise to a characteristic pattern when centroid positions are calculated, which
enables the reliable identification of the layer (Ito et al 2010, Lenz 2021).

2.3. Calibration

To determine the log-likelihood according to equation (3) for each of the scintillation events during a normal
measurement, the maximum-normalized expected avalanche count distribution g; ; and the expected average
amount of detected scintillation photons, (avalanches) g; ; must be determined in advance. The latter is
obtained from a calibration measurement. For these measurements, three *Ge line sources with an
approximate total activity of 30 MBq were placed in the FOV of the PET scanner. The scan time was adjusted
to collect approximately 5 million scintillation events (singles) for each of the 120 scintillation detector
blocks. All operating parameters of the digital SiPM (overvoltage, trigger setting, validation time, integration
time), except the trigger validation network, were set to the same values as for normal operations. The trigger
validation network was set to 0x55 : OR, which corresponds to an average threshold of 16.9 + 6.2 detected
scintillation photons to accept an SiPM hit (Schug et al 2015). For normal operations, the trigger validation
network is set to 0x50: OR, corresponding to an average validation threshold of 37.1 4 12.8 scintillation
photons. The different settings for the trigger validation network during calibration and normal operation
were intentionally chosen to assure a sufficiently accurate sampling of the signal distribution during
calibration and reduced data throughput during normal operation. The pre-processing of the calibration
measurement data includes, in this order:

e temporal clustering of the SiPM hits with a clustering window of 20 ns,

o suppression of all events with an incomplete neighborhood of 3 x 3 triggered SiPMs,

e computation of the centroid position of the complete 3 x 3 neighborhood, and

e suppression of all events where the sum of all triggered SiPM values 3 ;4j is less than 50, greater than 4000
and exceeds the sum of the SiPM values of the 3 x 3 neighborhood by a factor of 1.7 to filter out pulse pile-up
(PU) events.

The size of 3 x 3 was chosen because larger neighborhoods potentially lead to unreliable centroid positions
due to the lower trigger probability of SiPMs located far from the SiPM with the maximum avalanche count
(Schug et al 2015). Peaks were then extracted from the 2D histogram, e.g. figure 3 for all x and y centroid
positions corresponding to the regular grid of scintillator pixel positions (the data is first split into
sub-histograms for individual SiPM rows and columns to increase the robustness of the algorithm). Due to a
low gain variation of less than 20% between SiPMs on the same sensor, the individual scintillator pixels
provide a very good estimate of the expected centroid positions calculated from the scintillation events.
Using the centroid positions, the dataset was then divided into 144 independent datasets corresponding to
the 144 SiPMs of the array. The peak positions extracted from the x and y position histograms were used to
generate a grid of intervals whose centroid positions correspond to the individual scintillator pixels. Next, the
sum of the SiPM values of the 3 x 3 neighborhood of all events falling within a single 2D interval
corresponding to a specific scintillator pixel was binned into a histogram and fitted with a function
comprising a Gaussian function and an empirical background term (Ej’ge’)‘EA’g, where E, ¢ is the sum of the
SiPM values of the 3 x 3 neighborhood and  and ) are free fit parameters). For a few cases, this generic
generation of 2D grid intervals is not accurate enough due to larger distortions in the 2D centroid position
histogram than in the majority of cases. However, these cases can be identified by the number of low event
counts in the 2D interval and are then manually corrected.

Due to the known boundary effects of the centroid positioning algorithm, the centroid positions of
adjacent scintillator pixels in different layers (exclusively at horizontal/vertical borders and corners) overlap
and cannot be separated by the centroid position alone (see figure 4(f)). However, due to variations in the
light collection efficiencies of different scintillator pixel layers, the energy spectrum of events falling inside
these 2D grid intervals exhibit two completely separated full absorption peaks (see figure 5(b)). This allows
the separation of the data sets from the different pixels (Sampath 2013, Lerche Sampath and Solf 2014, Lenz
2021). For these special cases, the fit model consists of two Gaussian functions and the same background
model as described previously. All signal values for events falling within the total avalanche count interval
[—30,30] are selected to compute the 144 average SiPM values g; ; for all 1634 scintillator pixels. For the
least-squares fitting of the energy histograms of the individual scintillator pixels, it was extremely important
to ensure good initial parameters in order to achieve reliable convergence in the fitting process. For this
purpose, the starting parameters for the photopeak positions were determined using a fixed quantile, and the
starting parameters for the background and peak amplitudes were determined using fixed fractions of the
total spectrum counts. The remaining fit start parameters were set to the same value for all pixels. All
calibration steps were implemented as an automatically running script using Mathematica version 12.1.1.0.
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Figure 3. 2D histogram of centroid positions and corresponding 1D projections of a single detector block as obtained by using the
calibration measurement data.

2.4. Algorithm implementation

The iteration-free formulation of the MLP algorithm is one of several measures taken to increase the
processing speed and data throughput of the algorithm without sacrificing positioning accuracy. For a
typical scintillation event, it is intuitively clear that very few of the 1634 scintillator pixels are possible
candidates for obtaining a maximum according to equations (4) and (3). When a signal q is detected, the
potentially scintillating pixel must be closely located above one of the triggered SiPMs, unless this SiPM is
not yet recharged after a previous event, i.e. during dead time. The latter is very unlikely due to the compact
dimensions of the SiPMs. For most scintillator pixels, the log-likelihood will be very small because they are
located over inactive SiPMs. The minimum candidate group of scintillator pixels that should be included in
the ML estimation was determined in a Monte Carlo simulation with GATE (GEANT4 application for
tomographic emission Strulab et al 2003) and with optical photon transport for a scintillation detector. In
the GATE simulation, all relevant design parameters, i.e. pixel pitch, light guide design, number and
thickness of layers, and digital SiPM behavior, were the same as in the original scanner. Only the number of
SiPMs was reduced from 12 x 12 to 4 x 4, since the detector behavior is translation invariant over a large
part of the photodetector area (Lenz 2021). When including more than 16 scintillator pixels (2 x 2 over one
SiPM in the bottom layer, 2 x 3 and 3 x 2 centred over the same SiPM in the middle and top layers,

6



10P Publishing

Phys. Med. Biol. 70 (2025) 175018 C Lerche et al

respectively), the ML positioning accuracy reached approx. 70% and did not increase further’. A candidate
look-up table was generated containing the 16 relevant scintillator pixels for each of the 144 SiPMs. In the
same way, the minimum required number of included SiPM pixels was determined to be 9.

Another important approach for optimizing the speed of the MLP algorithm is to match the accuracy of
the computation to the accuracy of the underlying measurement data. In the case of scintillation detectors,
the measurement precision is limited by the Poisson-nature of photon counting. For a typical detected
scintillation event q, the Poisson uncertainty for the value g, is about 3%, and about 25 % for the value just
above the mean trigger threshold. In contrast, the machine accuracy for single precision float variables is
about 1 ppm. We can, therefore, reduce the computational precision and use a faster, approximate
implementation of the logarithm proposed by Mineiro (2011):

inline float customlLog(float arg) {
if(arg > 0.f) {
union { float f; uint32_t i; } vx = { float( arg ) I};
float y = vx.1i;
y*=1.0/ (1 << 23);
return float(0.69314718f * (y - 126.94269504f));
} else return 0.f;

}

The case In(0) = — o0, i.e. a vanishing argument of the logarithm, is excluded by setting In(0) = 0, and
thus suppressing a contribution of inactive SiPMs to the log-likelihood in equation (3).

The iteration-free formulation of the MLP allows an efficient implementation by using
single-instruction-multiple-data (SIMD) Intel AVX intrinsics (Intel 2021) in combination with optimized
cache line access (Kowarschik and Weiss 2003). To achieve this, each scintillator pixel candidate group of 16
scintillator pixels i addresses a tailored list of maximum-normalized, expected avalanche distribution vectors
containing values g; ; (re-)sorted by photodetector elements j. In this way, multiply-add operations can be
performed as AVX instructions to calculate all log-likelihood values £; simultaneously. The MLP processing
is embedded into the full singles processing software, which involves the following subsequent steps:

raw data decoding/unpacking of all acquired hits,

timestamp calculation (including skew corrections) for all hits,

temporal sorting of hits and clustering (separately for each detector block),

MLP for all formed clusters, including energy determination, i.e. equations (3)—(5) and
extracting/storing all singles by scintillator pixel index and calibrated energy.

The multi-thread data processing runs on a single machine with four non-unified memory access nodes
driven by Ubuntu Linux (kernel version 5.4.0-204-generic). Each node is equipped with an Intel Xeon
Platinum 8168 CPU @ 2.70 GHz (24 cores) and 96 GB/node of memory. Hence, in total, 96 cores are
available for multi-threading while an optimized IO-performance was found for 60 threads in parallel. All
C++ codes have been compiled using gcc 9.4.0 with optimization flags -03 -ffast-math.

3. Results

3.1. Calibration

Figure 3 shows the 2D histogram of the computed centroid positions for all registered calibration events for
one of the 120 scintillation detector blocks (see section 2.3) after suppression of pulse PU and events with
avalanche counts of less than 50 and greater than 4000. Almost all of the 1634 centroid positions
corresponding to individual scintillator pixels are resolved, except for those at the boundaries, which result in
equal centroid positions but different amounts of light collection. The positions of the 144 individual SiPMs
can also be recognized as the centroid positions of scintillator pixels above the same SiPM are closer together.
Figure 3(b) shows the ratio of the sum of all triggered SiPM values » ;i to the sum of the SiPM values of the
3 x 3 neighborhood of the SiPM with the maximum detected avalanches, which is used to filter out pulse PU
events. A clear change in the behavior of the histogram can be observed at the value of 1.7, which is the
threshold for PU events. Figures 3(c) and (d) show the 1D histograms of the same calculated centroid
positions projected in x and y directions. The 11 deepest valleys in both histograms could be effectively used
to segment the complete position map (figure 3) into 144 individual 2D histograms corresponding to the

71t has been shown in Lenz (2021) that, due to inter-crystal scattering, a positioning accuracy greater than 77% cannot be achieved for
the detector design used.
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Figure 4. Examples of clustered individual SiPM flood maps. The dotted grid lines in all 2D histograms represent the grid of 2D
centroid position intervals for individual scintillator pixels derived from the maxima and minima of the 1D histograms shown in
figures 3(c) and (d). Colours are used to highlight those events that fall into the 2D regions for further processing.

events q, whose maximum g,,, was detected with the respective SiPM. The amplitudes of the maxima in these
1D partial histograms for the individual SiPM rows and columns differed sufficiently from the amplitudes of
the intervening minima to allow the reliable identification of the intervals for the centroid positions of the
individual scintillator pixels in most cases.

Examples of 2D histograms for individual SiPMs are shown in figure 4. For about 10% of the 120
scintillation detector blocks, the automatic calibration failed for 1 to /15 individual scintillator pixels
because the centroid positions of too few scintillation events fall within the 2D position intervals
(determined globally from the 1D position histograms) for the corresponding scintillator pixels.

For those SiPMs where the automatic calibration was not successful, the centroid points of different
scintillator pixels were manually determined, and the calibration results were combined with the
automatically determined results. Histograms and best-fit results for the distribution of avalanche counts
(sum of the neighborhood of 3 x 3 SiPMs) are shown in figures 5(a) and (b) for two typical cases with a
single full absorption peak and two full absorption peaks. Figure 5(c) shows the measured average avalanche
counts for all 144 SiPMs and for all 1634 scintillator pixels. The first 24 x 24 rows correspond to the lowest
scintillator pixel layer, i.e. the one bonded to the light guide. The last 23 x 22 rows correspond to the
uppermost scintillator pixel layer. The determined positions of the full absorption peak and the

8



I0OP Publishing

Phys. Med. Biol. 70 (2025) 175018

C Lerche et al

counts

500 1000 1500 2000 2500 3000

avalanche counts

(a) Case with a single photopeak spec-

counts

500 1000 1500 2000 2500 3000

avalanche counts

(b) Case with a double photopeak

1 50 100 144
e : : 4
=== 800
=
7——-7\_\_\%
::‘}::_\
e — 600
500 - —=——=— 500
[=] ————
2 7-::532;_
= ———
i<} ———
% e 400
3 1000 - \E?}_‘ 1000
e 200
1634 -, . . S e
1 50 100 144
SiPM ID 0

(c) Measured average avalanche counts for all scintilla-
tion pixels and all SiPMs, (expectation value matrix)

spectrum.

8 2s00f [ g I s TR

<

5 & B om o A

5 L) ° 4 X °

EIRES B8 A8 RE ; BE

= ‘0 ¢ $e Polegoe

= L BER] goe ¢ 4 L X3

S 4500 oy Tee tlet [ e Tes  Q

8 [ LS 'y

o .

x L]

S 1000 -

g

I=}

T 500- . 1 1 1 1 1 1 1 1
0o 72

144 2167 72887 73607 74327 504 576 648 720 7927 78647 79367 Hooé lIOBd 115'{ i220 i28§ 135é 1427 ;1496 1565 1634

(d) Photopeak positions for all 1634 individual scintillator pixels.

L

1 L 1 I

1 1 L 1 1 1 1 1 1 1

Scintillation pixel ID

Pixel energy resolution [%]
>
T

1 1 1 1 0ol 1 1 1 I 1
144 216 288 360 432 504 576 648 720 792 864 936 1008 1080 1151 1220 1289 1358 1427 1496 1565 1634

(e) Pixel-wise energy resolutions for all 1634 individual scintillator pixels.

Scintillation pixel ID

A A B s W Do BB W

AAAAAA L TTTTTTTTTT T T TTTT

matrix conversion factors (f).

energy calibration factor
t
‘l'?.‘.
%
L.
-
5
n.
P
- t:
o
&

144 216 288 360 432 504 576 648 720 792 864 936 1008 1080 1151 1220 1289 1358 1427 1496 1565 1634

(f) Calibration factors to convert from avalanches on SiPM with maximum signal to energy in keV.

Figure 5. Example energy histograms of a single scintillator pixel. Red lines show the best fit, dashed lines show the fit model with
start parameters (a), (b); scintillation light distribution matrix (c); full absorption peak positions (d); energy resolutions (e); and

Scintillation pixel ID

corresponding energy resolutions of the individual scintillation pixels are shown for all 1634 scintillator
pixels in figures 5(d) and (e), respectively. A relevant modulation of the light collection efficiency due to
insensitive areas of the SiPM array and edge effects can be seen. The different light collection efficiencies for
the three layers are also clearly visible. The corresponding energy calibration factors 511 keV /gy, are plotted

in figure 5(f).

3.2. ML positioning and energy correction

Figure 6(a) shows some examples of positioning results for measured scintillation events corresponding to
different scintillator pixel layers. The matrix plots in the top row show the detected avalanche counts of all
12 x 12 SiPMs for four measured individual scintillation events. The corresponding centroid position is
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row contain the values of the centroid positions (in mm), the sum signal of the 3 x 3 neighbourhood
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pixel ID, the layer ID and the corrected energy in keV. In the rightmost column, it can be observed
that only one scintillation event is considered with the MLP algorithm.
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Figure 6. Example events, position counts and energy spectra before and after applying the ML positioning algorithm.
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shown as a red dot in the same plot together with the signal distribution. The matching row below shows the
corresponding expected average avalanche counts for each SiPM and the identified scintillator pixel (small,
green rectangle). A typical PU event and the response of the proposed positioning algorithm are shown in
the rightmost column. It can be observed that only one of the two scintillation events (the one containing the
SiPM with ¢y,) is considered for position identification. Counts of identified scintillator pixels for 1147 933
scintillation events and with a corrected energy between 450 keV and 600 keV are shown in figure 6(b) for
the three individual scintillator pixel layers. A modulation of the counts parallel to the scanner axis (middle
layer) and orthogonal to the scanner axis (uppermost layer) can be observed. The corrected energy
histogram for all 1147 933 classified scintillation events is shown in figure 6(c). A fit to the full absorption
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peak resulted in a peak position of ;. = 525.7 £ 0.3 keV, a standard deviation of ¢ = 26.4 + 0.6 keV and an
energy resolution of AE = 12% + 2% FWHM (assuming a linear background). For comparison, the
histogram for the sum of the SiPM values of the 3 x 3 neighborhood without any correction is shown in
figure 6(d). The energy resolution of 12% obtained after using the scintillator pixel calibration determined by
the MLP algorithm results in an energy resolution very comparable to the energy resolutions of the
individual scintillator pixels shown in figure 5(e). This means that the presented algorithm and energy
determination results in correct event positioning and adequate correction for varying light yields, as was the
case with the iterative formulation of the MLP algorithm (Lerche et al 2016).

3.3. Processing speed

The pure MLP processing (including final scintillator pixel identification and energy calibration) reaches
about 7.2 - 10° singles per second using exclusively one thread (Intel Xeon Platinum 8168 CPU, 2.70GHz).
The maximum singles throughput (using 60 threads), including all required processing steps (i.e. IO,
unpacking, timestamp extraction and calibration, single event clustering, MLP, storing) exceeds 22.5 - 10°
singles per second. In this case, MLP only needs approx. 20% of the total CPU time. I/O requires about 50%
CPU time as a major bottleneck, and single event clustering requires 20%, while unpacking and timestamp
calculations occupy the remaining time.

4. Discussion

The use of pixelated scintillator matrices is extremely advantageous in determining the average expected
values of the SiPM signals from measurements. For a nearly homogeneous gamma-photon irradiation from
a 511 keV source, the pixelation automatically results in accumulation points for the specific centroids
(Anger positions) associated with the corresponding scintillator pixels. This allows easy in-situ calibration of
the MLP method. The calibration script for the present work took about one to two hours per scintillation
detector. In contrast, monolithic scintillators require a much more complex calibration with collimated
gamma-photon beams sequentially positioned at multiple defined positions to generate the required
measurement data (Wenze et al 2007, Barrett et al 2009, Hunter et al 2009).

The spectra using the fit model with the corresponding start parameters are shown as gray dashed lines in
figures 5(a) and (b). As stated above, energy histograms with two photopeaks (figure 5(b)) can occur near
the edges of the scintillation detector if the centroid for two different scintillator pixels is nearly the same due
to truncation of the scintillation light distribution. In this work, the energy information was successfully
used to separate the events from the two individual scintillator pixels for the calculation of the expected
average signal. In figure 4(f), the cluster positions where two full absorption peaks are observed are shown
with the two colours of the corresponding layers. It has been suggested as an alternative to compute the
standard deviation as an estimate of the width of the signal distribution in order to distinguish between the
two scintillation pixels with almost the same centroid but from different layers (Lenz 2021). However, this
method was found to be less effective than using the total collected light as proposed in this work.

The small positive bias of about 3% of the position of the full absorption peak (x = 525.7 £ 0.3 keV
instead of 4 =511 keV) in the corrected energy spectrum (figure 6(c)) was consistently observed for all
scintillation detectors of the BrainPET 7 T. However, this small and constant bias can be readily corrected
across the entire system using either a constant correction factor or an adapted energy window. Its origin is
not fully understood and requires further investigation. One possible cause is contamination from PU
events. Another possible cause is the determination of the average avalanche count distribution g; ; obtained
from measurements with a trigger threshold greater than zero. This leads to the censoring of avalanche count
values below the threshold and consequently to an erroneous average, which could lead to a bias in the
corrected energy.

The modulation of row and column counts in the middle and top layers (figure 6(b)), respectively, has
been attributed to inter crystal scattering (ICS) events (see figure 7). In a Compton cascade event,
approximately half of the gamma photon energy is deposited into each of the two adjacent pixels of the next
lower layer, resulting in the event being positioned in the scintillation pixel in the layer above. This effect is
not caused by the MLP algorithm presented, but is considered to be an inherent limitation of scintillation
detectors that use the light-sharing principle for positioning (Petersen et al 2024).

The multi-threaded implementation achieves a processing speed of 22.5 million events per second, which
is fully sufficient for the intended use of the BrainPET 7 T insert, i.e. multi-modal and multi-parametric
imaging studies for neuroscientific questions. Typical injected activities for human studies range from about
200 MBq—500 MBq for ®F and °O based radiotracers, respectively. However, only about 10%-20% of the
radiotracer reaches the human head. Additionally, due to the radioactive decay of the tracer during a typical
scanning times (approx. 60 min), the average activity detected by the PET scanner is only about 80% and
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Figure 7. Two indistinguishable scintillation events. Case I: single pixel full energy deposit in the upper pixel. Case II: ICS
event with two energy deposits of about half the gamma photon energy in each of the two lower layer pixels.

50% for '8F and '°O¥, respectively. An activity of 50 MBq generates approximately 50 million detected events
per second in the BrainPET 7 T and approximately 180 billion detected events during one hour of scanning
time. This means that position processing for the entire study can be completed within 120 minutes.

A comparison of processing speed with most MLP methods, i.e. (Gray and Macovski 1976, Fessler et al
1991, Gagnon et al 1993, Joung et al 2000, 2001a, 2001b, Wenze et al 2007, Miyaoka et al 2008, DeWitt et al
2010, Hesterman et al 2010, Johnson-Williams et al 2011, Wang et al 2016), is difficult due to differences in
detector design, e.g. monolithic crystals vs. pixelated scintillators, and due to the doubling of CPU power
every 18 months (Koomey et al 2011). However, the system and approach used in the study by (Goldschmidt
et al 2016) allow for a meaningful comparison. This study used a preclinical system with digital SiPMs,
pixelated scintillation detectors and iterative MLP implementation (Lerche et al 2016). They reported a
maximum processing speed of approximately 1.7 million single events per second with 28 MBq of activity
using a multi-threaded implementation (40 threads on four x Intel Xeon X7560, 4 x 8 cores @ 2.27 GHz).
Considering that the performance of the Intel Xenon Platinum 8168 CPU is approximately 4 times higher
and that 60 physical CPU cores could be used in our study compared to only 32, the processing speed with the
implementation presented here is approximately two times higher, which can be attributed to the optimized
implementation described in section 2. However, an exact comparison is not possible. While the digital
SiPMs and the validation threshold are the same in both systems, their complexity is very different (3840
SiPM pixels paired with 54 000 scintillator pixels in a single layer design vs. 17 280 SiPM pixels paired with
196 000 scintillator pixels in a triple layer design). Also, not all of the details relating to the data preprocessing
are known. The MLP approaches presented by Berker and Schulz (2018) and Gross-Weege et al (2016) are
based on the method in Lerche et al (2016), but include the trigger probabilities for individual SiPM pixels
(Tabacchini et al 2014), with a similar accuracy to the original method when comparing energy resolution
and positioning performance compared to the centroid method, comparable to the original method.

5. Conclusions

In this study, a fast implementation of a MLP method for estimating the energy and identification of the
active scintillator pixel in PET scanners with staggered layer scintillation detectors is presented. The
effectiveness of the algorithm optimization was evaluated by measurements on a three-layer scintillation
detector block with a total of 1634 scintillator pixels. With the iteration-free implementation and various
additional optimization methods such as SIMD parallelization, multi-threading, optimized cache lines, and
adapted numerical precision of the logarithm, a maximum processing speed of approximately 22.5 million
single scintillation events per second was achieved using 60 threads on a platform with four Intel Xeon
Platinum 8168 CPUs, where all required processing steps were included. This is approximately two times
faster than the non-optimized, iterative formulation of the MLP on a comparable computing platform. The
precision and accuracy of the optimized MLP is comparable to previous implementations. However, the
extension of the positioning method to a three-layer scintillation detector design for DOI detection revealed,
that for certain scintillator pixels, single scintillation events cannot be distinguished from intercrystal

8 In general, several injections are applied when using '>O-based tracer.
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scattered scintillation events. This effect is a consequence of the staggered layer design and not of the
positioning algorithm.
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