756 IEEE TRANSACTIONS ON RADIATION AND PLASMA MEDICAL SCIENCES, VOL. 9, NO. 6, JULY 2025

Event Classification in Heterostructured Scintillators
With Limited Readout Information Using
Neural Networks

Carsten Lowis
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Abstract—To improve coincidence time resolution (CTR) in
time-of-flight positron emission tomography (TOF-PET), various
approaches have been explored, including the use of novel
materials like heterostructured scintillators. These scintillators
combine different materials with complementary properties like
Bismuth Germanate for its high detection efficiency and EJ232
for fast timing. By layering these materials on a micrometer
scale, energy sharing between them becomes possible, enabling
fast timing, while maintaining high detection efficiency. For TOF-
PET applications, scalable electronics are essential. While earlier
models characterized heterostructured scintillators in analog,
single-pixel setups, the digital and scalable systems required for
full positron emission tomography (PET) scanners present addi-
tional challenges due to increased signal complexity. In this study,
we explored neural networks to characterize heterostructured
scintillators using parameters available in scalable systems. We
trained one neural network to identify photoelectric events and
another one to estimate the amount of energy sharing between
the two materials. The method demonstrated promising results
using multiple combinations of the aforementioned parameters,
with prediction accuracy for photoelectric events ranging from
91.6% to 96.8%, and a mean average error in the energy sharing
estimation between 7.7 and 43.9 keV. This suggests the potential
application of heterostructured scintillators in scalable readout
electronics for full TOF-PET systems.

Index Terms—Energy sharing, heterostructures, machine
learning scintillators, signal processing, time-of-flight positron
emission tomography (TOF-PET).
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I. INTRODUCTION

MORE accurate time-of-flight (TOF) resolution is one of

the driving forces increasing the performance of positron
emission tomography (PET). This medical imaging technique
allows for the assessment of metabolic processes in patients
useful for diagnostic and treatment related purposes using
radioactive B T-tracers. The annihilation of positrons and
electrons create two coincident photons with an energy of 511
keV, which are emitted with an angle of around 180° from
each other. By detecting both photons, their origin can be
pinned to the line between the two corresponding detectors,
called the line of response (LoR). In time-of-flight PET (TOF-
PET), timing information is used to determine the position
of the annihilation point on the LoR. The advantages of
this technique have been discussed to great extent already
in the past [1], [2], [3], [4]. They include better rejection
of random coincident events and an improvement in signal-
to-noise ratio (SNR). Because SNR is inversely proportional
to the coincidence time resolution (CTR). This results in a
better image quality with the same acquisition time or less
dose and a shorter measurement time without a loss of SNR.
Modern scanners like the PET-CT scanner Biograph Vision
from Siemens are capable of reaching 214-ps CTR [5].

An optimization of the CTR requires improvements in
the whole detection chain from readout electronics, over the
photodetectors to the scintillation materials used [5], [6],
[71, [8], [9], [10]. One challenging aspect about scintillation
materials is the tradeoff between fast time resolution and other
properties like the detection efficiency of the incident gamma
rays [11].

To work around this problem, the use of heterostructured
scintillators has already given very promising results in past
studies [9], [12], [13], [14], [15]. Here, two materials with
complementary properties are combined in order to benefit
globally from their individual beneficial characteristics. In
our case, one material is BGO (high stopping power but
slow scintillation kinetics) and the other is Eljen technology
EJ232 (fast scintillation kinetics but low stopping power [14]).
This combination has already proven to be suitable to further
study the energy sharing mechanism, since they are optically
compatible and have a very similar light yield [12], [13]. The
incident gamma rays is most likely being absorbed in the
scintillator with a high stopping power, but then the recoil
electrons (70 um of projected range for 511-keV electrons in
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BGO [12]) can deposit their energy in both materials. This
leads to an improvement in the timing properties depending
on how much energy is deposited in the fast scintillator,
since the scintillation kinetics of the heterostructure is given
by the linear combination of the scintillation kinetics of the
two components, weighted by the energy deposited in each
case [13]. One of the challenges is that in order to fully
characterize the scintillation events, it is necessary to know
not only the total energy deposited in the scintillator, but also
the energy deposited in each material. This is essential as the
timing characteristics will vary from event to event due to
these differences.

In previous studies [12], [13], this event classification has
been done by acquiring the maximum amplitude and the
integrated charge of the silicon photomultiplier signal and
selecting events in an analytical approach.

Currently available scalable readout electronics used for
TOF-PET do not allow for the simultaneous measurement of
the maximum amplitude and the integrated charge [6], [17],
making the aforementioned classification method not feasible.
In order to solve this issue and also to make this classification
automatic we want to investigate a neural network based
classification method which is adaptable to a combination of
different readout parameters. Since the classification is based
on the amount of energy deposited in each of the two materials,
we require a minimum of two readout parameters. The use of
machine learning to optimize the signal processing for TOF-
PET has been shown to be a successful approach [18], [19].

The use of neural networks has already been established for
event classification in phoswich detectors [20], [21]. Similar
to heterostructure scintillators, phoswich detectors also use
multiple different scintillation materials. Pulse shape discrimi-
nation is required to distinguish which material has emitted the
scintillation light. A key difference is that in phoswich detec-
tors, this discrimination is typically more distinct, whereas
in heterostructured scintillators, energy sharing between the
materials produces a mixed signal. This work aims to extend
our understanding of the use of neural networks for pulse
shape discrimination in heterostructure scintillators.

II. METHODS
A. Measurement Setup

The heterostructured scintillator was coupled to a Broadcom
NUV-MT SiPM (AFBR-S4N44P014M, Broadcom NUV-
MT [22]) biased with an overvoltage of 15 V (47-V bias
voltage) set up against a reference detector consisting of
an LSO:Ce:0.4Ca (2x2x3 mm?) scintillator coupled to the
same SiPM model and also biassed with 15-V overvoltage.
Cargille Meltmount (refractive index n = 1.58) was used as an
optical coupling material between SiPM and the scintillators.
A positron emitting 2*Na-source was placed in between the
two scintillators in order to measure coincident events of
511 keV gamma rays originating from the positron—electron
annihilation. The SiPMs are read out by a custom amplifier
that splits the signal in two in order to independently analyze
the energy using an analog amplifier and the time using an
high-frequency amplifier. The signals are finally digitized by
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Fig. 1. Measurement setup for coincident events with reference crystal (left),
heterostructured scintillator (right), and a 22Na positron source (center).

a LeCroy DDA735Zi oscilloscope (3.5-GHz bandwidth, 20-
Gs/s sample rate) [5]. More details for the setup can be found
in [5]. We measured a heterostructure of 3x3x15 mm> and
alternating layers with a size of 200 um for EJ232 and 100
um for BGO. There was no coupling material used between
the alternating layers. The measurement setup can be seen in
Fig. 1.

B. Signal Waveform Analysis

As the first step, we extracted the amplitude and integrated
charge from the signal waveforms of the energy signal of the
heterostructured scintillator. This was done by using build-in
functions of the oscilloscope. No post processing was applied
to the signal waveforms. These were used to distinguish
photoelectric events and the ratio of energy deposition in
each materials. This classification concept is shown in Fig. 2
and was discussed to great length in prior studies [13].
Photoelectric events are defined by their total energy deposi-
tion being between 440 and 665 keV. An additional parameter
to extract the energy information and that can be found in
other readout systems [5], [15] is the time over threshold
(TOT). We set the thresholds to 10 and 20 mV. 10 mV was
the lowest threshold that allowed for a stable readout without
noise and 20 mV was the highest threshold that would not cut
out any photoelectric events. A sketch with the three extracted
parameters is also illustrated in Fig. 3.

C. Machine-Learning-Based Event Classification

1) Classification of Photoelectric Events: Our first aim was
to identify photoelectric events using a dense neural network.
The ground-truth labels were set to 1 (photoelectric event) or O
(compton scattered event) based on the classification described
in Section II-B. As dataset the parameter combinations used
were the max amplitude together with the TOT at 10 mV
(AMP_TOT), the integrated charge together with the same
TOT (INT_TOT) and two TOTs at 10 and 20 mV (TOT_TOT).

As preprocessing, each parameter was normalized to be
between 0 and 1. This allowed for the training of more
general and reliable models since the scale of each parameter
is kept consistent. The total number of events acquired was
479 102. This dataset was split into two parts with 70% for
training (335372 events) and 30% (143730 events) for the
final evaluation.

For the network architecture, we have chosen a dense neural
network with an input layer of two values, a variable amount of
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Fig. 2. (a) 2-D histogram of the integrated charge against the maximum
amplitude of the SiPM signal. (b) 2-D histogram of the energy deposited in
each material obtained through a coordinate transformation from plot (a). The
red lines indicate all photoelectric events (at 511-keV total deposited energy)
and events with energy deposited in only one material (BGO events, EJ232
events).
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Fig. 3. Schematic measurement setup (top) together with an exemplary output
signal for BGO and shared energy events. The measurement parameters that
have been readout in this study are also shown.

hidden layers with a variable amount of nodes, each followed
by a rectified linear unit (ReLU) activation functions. The
following output layer contained a single value and a sigmoid
activation function to ensure a value between 0 and 1. Finally
this output was set to 0 or 1 in order to maximize the
classification accuracy in the training dataset.

The models were trained for 10 epochs and with variable
batch sizes. We used the Adam optimizer with a learning rate
of 0.01, binary cross entropy as loss function and accuracy as
metric.

To estimate the optimal hyperparameters, the training was
performed in fivefold cross validation with a grid search using

TABLE I
OPTIMAL HYPERPARAMETERS DEPENDENT ON DIFFERENT INPUTS FOR
THE PROPOSED DENSE NEURAL NETWORK TO IDENTIFY
PHOTOELECTRIC EVENTS

Hyperparameter | AMP_TOT INT_TOT TOT_TOT
Number of 9 3 4
hidden layers
Number of nodes
per hidden layer 16 16 16
Batch size 500 500 1000

different combinations of the number of hidden layers (ranging
from 1 to 32), number of nodes per hidden layer (ranging
from 2 to 64) and different batch sizes (ranging from 100 to
2000). The final architecture was chosen individually for all
cases based on the highest classification accuracy.

The model performance was evaluated using the accuracy,
sensitivity and specificity. This evaluation was repeated using
the isolated test dataset. We also looked at how much the
misclassified photoelectric events differed in energy from the
upper (665 keV) and lower (440 keV) energy limits used in
the ground-truth classification.

2) Estimation of Energy Sharing Ratio: In the next step
we aimed at estimating the ratio of shared energy between
BGO and EJ232 in photoelectric events using a second dense
neural network. As dataset, we used the three parameter
combinations mentioned before (AMP_TOT, INT_TOT, and
TOT_TOT) in a 70/30 train/test split, but excluding non
photoelectric events. This resulted in a dataset of 194714
events total (136 300 events for training and 58 414 for testing).
Then, as ground-truth label, we took the ratio between the
energy deposited in EJ232 and the total amount of deposited
energy.

For the network architecture we chose the same before,
only modifying the output layer by using a ReLU activation
function instead of a sigmoid activation function.

The training procedure was also only slightly modified from
the aforementioned one by using mean-squared error as loss
function as evaluation metric since we want to estimate a ratio
and not a binary classification. The optimal hyperparameters
(number of hidden layers, number of nodes per hidden layer
and batch size) were again chosen by fivefold cross validation
with a grid search using different combinations resulting in
individually optimized network architectures.

The model performance was evaluated using the mean
average error and validated using the isolated test dataset.

III. RESULTS
A. Classification of Photoelectric Events

Table I shows the hyperparameters that were taken for each
model used to classify photoelectric events. These combina-
tions showed the optimal accuracy during training. Further
increasing the complexity by adding more hidden layers or
nodes per hidden layer only changed the performance slightly
within the error range. Reducing the complexity resulted
in unstable performance results, since the training did not
converge every time.
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Fig. 4. Exemplary visualization of the neural network-based classification [(a) AMP_TOT maximum amplitude and TOT at 10 mV, (b) INT_TOT integrated
charge and TOT at 10 mV, and (c) TOT_TOT time over threshold at 10 mV and time over threshold at 20 mV]. On the top are 2-D histograms of the readout
parameter against each other with a red box highlighting the region of predicted photoelectric events. The center plots show 2-D histograms of the predicted
photoelectric events together with their actual energy deposited. The black box indicates the area which corresponded to photoelectric events in the ground-truth
classification. The plots on the bottom show 2-D histogram of predicted against ground-truth ratio of energy deposited in EJ232 for photoelectric events.

The resulting model performances can be seen in Table II.
The best classification accuracy was achieved with the param-
eter combination INT_TOT at 96.8% and a mean energy error
for false positive events of 7.7 keV using the test dataset. The
parameter combinations AMP_TOT and TOT_TOT showed a
very similar performance.

B. Estimation of Energy Sharing Ratio

The network hyperparameter which resulted in the lowest
mean average error when predicting the ratio of shared
energy in EJ232 are shown in Table III for each parameter
combination. Similar to the previous training, it was observed,
that a increasing the architecture complexity further did not
lead to an improvement outside of the error range, while
decreasing the complexity lead to an unreliable convergence.

The detailed optimal model performances can be seen in
Table IV. The lowest mean average error was achieved with
the parameter combination AMP_TOT at 1.89%, while for the
parameter combinations INT_TOT and TOT_TOT a similar
result was reached.

TABLE 11
PERFORMANCE COMPARISON OF THE NEURAL NETWORK TO IDENTIFY
PHOTOELECTRIC EVENTS USING DIFFERENT INPUT PARAMETERS,
EVALUATED BY FIVEFOLD CROSS-VALIDATION
AND ISOLATED TEST DATASET

Input combination [ AMP_TOT INT_TOT TOT_TOT
Train dataset; 5-fold cross validation
Accuracy in % 915+ 12 980+05 920+0.1
Sensitivity in % 87.0+23 974+10 87.0+04
Specificity in % 950+ 09 985+04 96.0+ 04
Test dataset
Accuracy in % 92.6 96.8 91.6
Sensitivity in % 94.6 98.5 91.0
Specificity in % 91.2 95.6 92.0
mean energy error for 36.2 7.7 439
false positive events in keV

IV. DISCUSSION
A. Classification of Photoelectric Events

The event classification of photoelectric events is illustrated
as an example in Fig. 4 for the different readout parameter
combinations. On the top, 2-D histograms of how the events
are distributed when looking at the different input parameter
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TABLE III
OPTIMAL HYPERPARAMETERS DEPENDENT ON DIFFERENT INPUTS FOR
THE PROPOSED DENSE NEURAL NETWORK TO ESTIMATE THE RATIO OF
SHARED ENERGY IN EJ232 IN PHOTOELECTRIC EVENTS

Hyperparameter | AMP_TOT INT_TOT TOT_TOT
Number of 5 5 4
hidden layers
Number of nodes
per hidden layer 32 16 16
Batch size 1000 500 500
TABLE IV

PERFORMANCE COMPARISON OF THE NEURAL NETWORK TO ESTIMATE
THE RATIO OF SHARED ENERGY IN EJ232 PHOTOELECTRIC EVENTS
USING DIFFERENT INPUT PARAMETERS, EVALUATED BY FIVEFOLD

CROSS-VALIDATION AND ISOLATED TEST DATASET

Input combination [ AMP_TOT INT_TOT TOT_TOT
Train dataset; 5-fold cross validation
Mean squared 1y 07 4 001 269 + 003 296 + 0.10
error in %
Test dataset
Mean squared 1.89 2.76 2.87
error in %

combinations used for machine learning models are shown.
Highlighted in red are the regions that were predicted as
photoelectric events. The intrinsic non linearity of the TOT
measurements of the deposited energy [23], [24] can clearly be
observed as these selected regions take rather complex forms.
In the center the distribution of the predicted photoelectric
events are visualized when looking at their energy distribution
visualized as 2-D histograms. The black box indicates the
region between 440 and 665 keV of total energy deposition.
In the ground-truth classification, events in this range were
rated as photoelectric events. It can clearly be seen that for
the parameter combination INT_TOT the predicted events
are mostly within the black box, while there is a larger
spread outside for the parameter combination AMP_TOT and
TOT_TOT. This is expected, since the integrated charge of
the SiPM signal alone already gives a better estimation of the
total deposited energy compared to the other tested parameters,
since the light yield of the two materials is very similar. This
is also reflected in the classification accuracy and mean energy
error for false positive events in Table II.

B. Estimation of Energy Sharing Ratio

Additionally, we implemented a second neural network that
determines the ratio between the energy shared with EJ232 and
the total deposited energy in photoelectric events. The bottom
part of Fig. 4 shows this distribution in the ground truth and
the corresponding prediction in a 2-D histogram for the differ-
ent readout parameter combinations. It can be seen in all three
plots that the ground truth and the predictions correlate well
with each other. While the model with AMP_TOT achieves the
lowest spread. This is consistent with the comparison of mean
average errors from Table IV. This result was to be expected,
as the maximum amplitude can be taken as a linear measure
for the energy deposition in EJ232 [13].

The estimation of the energy sharing ratio of photoelectric
events can be beneficial due to the possibility of using a multi-
kernel TOF image reconstruction in a PET system [25], [26].

V. CONCLUSION AND OUTLOOK

In this work we proposed a possible method to identify
photoelectric events and the amount of shared energy in
heterostructured scintillators with measurement parameters
that are available in readout electronics which can be scaled to
a full PET system. Whereas the conventional method requires
the readout of specifically the integrated charge and the
maximum amplitude of the SiPM signal together with a semi-
manual coordinate transformation, the presented method is
more independent in its input parameters (as shown with three
example combinations: AMP_TOT, INT_TOT, and TOT_TOT)
and can work automatically.

The measurements to validate the method were performed
using a heterostructured scintillator consisting of alternating
layers of 100-um BGO and 200-pum EJ232 with a total size of
3x3x15 mm?3. In a first part, a neural network was trained to
identify if event originated from a photoelectric effect or not.
We were able to reproduce the ground truth with an accuracy
of 91.6%-96.8%. In a second part, we trained another neural
network to estimate the ratio of shared energy in photoelectric
events. Here, it was possible to reproduce the ground truth with
a mean-squared error of 1.89%-2.87% (assuming 511-keV
energy deposition in total: 9.7-14.7 keV). It was found that
the classification of photoelectric events worked best with the
parameter combination INT_TOT. This can be explained by
the similar light yield of both materials (BGO and EJ232),
which leads to an almost proportional relationship between the
detected photons and the integrated charge. On the other hand,
the estimation of the fraction of shared energy gave optimal
results with the parameter combination AMP_TOT. This can
be explained by considering the maximum amplitude as a lin-
ear measure of the energy deposited in EJ232. However, both
the classification of photoelectric events and the estimation of
the energy sharing ratio were possible using only TOT values
(TOT_TOT).

This suggests the possible application of heterostructured
scintillators to a full system and therefore follow-up studies
are foreseen on optimising the ground truth classification,
since this was one limiting factor of this study. The method
has been tested using TOT, amplitude and integrated charge
values obtained by the oscilloscope. In an actual use case
these values would be acquired by a dedicated readout circuit
resulting in less ideal conditions. Therefore an application of
this method with the FastIC readout ASIC is foreseen [6].
With this readout electronic, the simultaneous acquisition
of the maximum amplitude and a TOT is possible, which
is the equivalent of the AMP_TOT parameter combination
investigated in this work.
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