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Crystal Delay and Time Walk Correction Methods
for Coincidence Resolving Time Improvements
of a Digital-Silicon-Photomultiplier-Based
PET/MRI Insert
David Schug, Bjoern Weissler, Pierre Gebhardt, and Volkmar Schulz

Abstract— Our group has built the MRI compatible PET insert
Hyperion IID , which is based on digital silicon photomultipliers
[digital photon counters (DPCs)]. We characterized its performance for two different scintillator configurations already in
previous publications. For this paper, we reused the raw detector
data that were used in previous publications and stored for
offline analysis. We reprocessed these data in order to improve
the timing performance of the PET scanner. Different crystal
delay and time walk calibration and correction methods are
evaluated with respect to the coincidence resolving time (CRT) of
the scanner. For all applied correction methods, we report CRTs
both for a preclinical and a clinical scintillator configuration for
all DPC trigger schemes and several energy windows. The newly
obtained results were compared with the previously published
values, and the additional benefit of using a time walk correction
was evaluated. Previously published CRTs could be improved
using a refined version of the original crystal delay calibration
method without applying a walk correction by 6.3%–10.9%
for a wide energy window ranging from 250–625 keV, and
we could show an additional improvement of up to 2.6% by
adding a walk correction. Using trigger scheme 1 and a very
narrow energy window around the photopeak (500–520 keV), we
could reach CRT values on system level of 208/240 ps for the
clinical/preclinical scintillator configuration.
Index Terms— Instrumentation and measurement/Scintillation
counters, magnetic resonance imaging, photodiodes. positron
emission tomography, scintillators, semiconductor detectors.

I. I NTRODUCTION
UR group has built the Hyperion IID PET insert, which
aims at preclinical imaging and can be inserted into
and operated simultaneously with a standard clinical 3-T MRI
scanner (Philips Achieva) [1]–[3]. It employs digital silicon
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photomultipliers (dSiPMs) [4] to detect the optical light emitted by pixelated LYSO scintillators. Two different scintillator
geometries have been used to equip full imaging-capable
systems for which a calibration and a performance evaluation
were conducted [5], [6].
In PET, the two gamma photons are measured and need to
be correlated to determine if both were emitted from the same
positron annihilation [7]. Due to the back-to-back emission
of the two gamma photons, the location of the positron
annihilation can be constrained to the line of response (LOR)
connecting the two gamma–detector interactions. If the time
difference between the two gamma interactions can be determined with very high resolution, in the order of a few hundreds
of picoseconds, the location of the annihilation along the
LOR can be determined. The spatial resolution along the
LOR is directly proportional to the ability of the PET system
to resolve the time difference. This method is called time-offlight PET and can be used to increase the signal-to-noise ratio
of the PET image [8].
This so-called coincidence processing of the two signals
caused by the two gamma interactions can either be realized
by analog signal processing [9] or, as done in modern scanners [10], by assigning time stamps to each gamma detection
and then correlate them in a central coincidence unit. This can
be implemented as a dedicated electronic circuit, in firmware
of a field-programmable gate array (FPGA) or in software [11].
For the approach using local timestamps, precise and globally
valid timing information is needed for each of the gamma–
crystal interactions. Our PET scanner uses a global reference
clock that is distributed to all photosensors of the system.
The centrally generated clock signal may be changed by the
routing through signal cables and traces and all the components used for the clock distribution. Delays are introduced
by the signal run time in cables, printed circuit board traces,
and signal routing paths in the firmware of the used FPGAs.
Electronic components used for the signal distribution or
conversion from electrical to optical signals and vice versa
are also potential sources of signal delays. Furthermore, all
these components may introduce a jitter to the clock signal.
A fixed delay, which is accounted for, will not deteriorate the
timing resolution of a PET system. Whereas jitter, on the other
hand, will add statistical uncertainty to the clock signal and
directly affects the timing resolution of PET a system.
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Besides the clock signal distribution, the physical gamma
detection process is a further source of time delay and jitter.
The time stamp of a gamma interaction is generated when the
photosensor detects the optical scintillation light. The optical
photons are generated in a statistical process, which can be
modeled as an exponential distribution with a certain time
constant, which is a property of the scintillator material. These
optical photons then have to travel to the sensitive area of the
photosensor and are detected with a certain probability. Upon
detecting the required number of photons the photosensor
will generate a trigger, which is then assigned a time stamp
based on the provided clock signal. This introduces a fixed
mean delay depending on the mean time it takes for the
required number of optical photons to travel from the location
of the scintillation to the photosensor and being detected by
it. This mean delay is not only dependent on the location
of the gamma interaction in the scintillator but also on the
amount of optical photons that are produced and thus on the
deposited energy in the scintillator. Gamma interactions at
the exact same location in the scintillator will show different
mean delay values depending on the energy deposited by the
gamma as they will result in a different mean number of
optical photons produced. More photons will lead to an earlier
time stamp generation as the required number of detected
photons will be reached earlier. This is the so-called time
walk effect [12, chapter 17], which can also be modeled to
improve the overall timing performance of the PET system.
In addition to a mean delay, the statistical process of optical
photon generation, transport, and detection introduces a jitter,
which will deteriorate the achievable timing resolution of a
PET system.
If delays (either due to clock signal distribution or due to
effects of the optical-photon-detection process) are present in a
PET system and are not corrected for, the coincidence processing needed for the correlation of two gamma interaction will
suffer from a nonoptimal coincidence resolving time (CRT).
The same is true if the time walk effect is not corrected
for. If both effects are addressed properly, the CRT of the
PET system is dominated by the jitter of the clock signal
distribution and the jitter of the generation, transport, and
detection process of optical photons.
For the timing calibration, we employed several point
sources at known locations in the scanner’s field of
view (FOV). The locations can be reconstructed with high
precision with the PET, and no mechanical reference has
to be provided. The positron-emitting sources were used to
determine the photsensor delay values as well as additional
delays caused by the location of the crystal scintillator element
with respect to the photosensors (details about these calibration
steps are given in Section III).
Besides the delay calibration, we also performed a time walk
calibration using the same data.
In this paper, we revisited the timing calibration applied to
two different PET systems in order to improve the CRT performance. In the previously published works, we calibrated
only fixed time delays for sensors and crystals [13] and did not
correct for the time walk effect. Nonetheless, we could achieve
CRT values of 215.2 ps full-width at half-maximum (FWHM)
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Fig. 1. Gantry of the PET insert holds ten SPUs. The gantry is mounted
on a trolley, which allows easy insertion into the clinical MRI scanner.
A synchronization unit and a power supply are also mounted onto the trolley.
Only a single data cable, a power cable, and the cooling tubes have to be
connected, which allows for an easy installation and mobile setup (adapted
and reprinted from [1]
).

for the most favorable combination of parameters with regard
to the timing performance tested using a clinical scintillator
configuration [6]. The goal of this paper is to reprocess
previously acquired raw detector data and present results of
different existing time delay and time walk calibration and
correction methods and show the improvements compared
with the previously published results.
II. M ATERIALS
IID

The Hyperion
PET/MRI insert (Fig. 1) is designed
to fit into a clinical MRI and thus provides simultaneous
PET/MRI image acquisition. A good overview about the
hardware architecture is given in [1]. We employ LYSO
scintillators, which are read out by a sensor tile, which is
32.6 mm × 32.6 mm in size and made up of 16 dSiPMs that
are also called digital photon counters (DPCs) (Philips Digital Photon Counting DPC3200-22) [14]–[17]. Up to six
of these sensor tiles can be mounted via interface boards,
equipped with an FPGA for the readout of the DPCs [18], on
a singles-processing unit (SPU) [19] in a 2 × 3 arrangement
[Fig. 4(b)]. Ten of these SPUs are mounted on a gantry to
form the PET ring with a maximum axial FOV of the sensor
area of 99.2 mm and a sensor-to-sensor distance in transaxial
direction of 237.6 mm. A liquid cooling circuit is located in
between the sensor tile and the interface board, and is hooked
up to a process thermostat, which allows us to operate the
DPCs at a controlled temperature.
The SPUs are connected to a data acquisition and processing
server [11], [20], which is able to store the complete raw
DPC data stream on hard disks for later offline analysis. This
unique feature allows the user to implement a calibration and
processing framework in software and to reprocess the same
measurement with different algorithms.
So far, two different scintillator geometries were used. The
preclinical configuration uses a pixelated LYSO scintillator
array with a height of 12 mm and a pitch of 1 mm coupled
to the DPC array via a 2-mm-thick light guide [5], [13]
[sketch in Fig. 2(a) and photo in Fig. 3]. In this configuration,
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TABLE I
DPC3200-22 T RIGGER S CHEMES AND THE R ESULTING T HRESHOLDS IN
SPAD B REAKDOWNS PER P IXEL

Fig. 2. Sketches of the detector stack configurations. (a) Preclinical detector
configuration employs a light guide between the LYSO scintillator and the
sensor tile. (b) Clinical detector configuration used in this paper uses a
one-to-one coupling of crystals to readout channels. The sensitive pixels of
the DPCs are drawn in dark gray. The horizontal areas between DPCs drawn
in light green are the bond gaps that are insensitive (reprinted from [6]
).

to determine the timestamp, the four subpixels of a pixel
can be connected logically using different trigger schemes
[see Fig. 5(b)]. These trigger schemes, the corresponding logical combinations of subpixel trigger signals, and the resulting
mean number of randomly distributed SPAD breakdowns on
a pixel are listed in Table I. The four pixel trigger signals
are all connected by a logical OR to the TDC (for more
details, see [23]). The DPC promises to deliver excellent
timing performance, especially when using the lowest trigger
threshold [24]. In order to reduce the overall dark count rate,
i.e., the number of noise-induced triggers per time interval,
SPADs can be deactivated individually [14].
III. M ETHODS

Fig. 3.
Exploded-view photo of the detector stack of the preclinical
configuration. (The reflective film on top of the crystal array has been removed
to show the individual crystals.) In the final scanner, after the components have
been glued together, the detector stack is wrapped with Teflon tape to close up
).
the optically transparent light guide (adapted and reprinted from [13]

the SPUs are fully equipped with six detector stacks. The
clinical scintillator configuration uses a one-to-one coupling
scheme of LYSO crystals to readout channels (10-mm height
and 4-mm pitch) [6], [21] [sketch in Fig. 2(b) and photo in
Fig. 4(a)] and only two of the six possible detector stacks
resulting in one fully equipped PET ring instead of three
[Fig. 4(b)]. All crystals are wrapped in 67-µm VikuityTM
ESR film (3M, St. Paul, USA).
We used five point-like 22 Na sources with an active diameter
of 0.25 mm and an activity of 1.1–1.5 MBq each enclosed in a
cast acrylic cube with an edge length of 10 mm (NEMA cubes)
for the time calibration and the CRT-related investigations.
A. DPC3200-22 Details and Trigger Network
The DPC3200-22 is made up of four channels (also called
pixels), each consisting of 3200 single-photon avalanche
diodes (SPADs) and a global time-to-digital converter (TDC)
shared by the four pixels. Each pixel is, in turn, split up
in four so-called subpixels [see Fig. 5(a)] which generate a
subpixel trigger signal on the event of a breakdown of one
of the 800 SPADs. To generate the pixel trigger signal and

In the following, first, the used data sets are described,
and then the data processing to calculate the gamma photon’s location, energy, and time stamp from DPC raw data
is sketched. Next, the energy windows used in this paper
are defined followed by an explanation of how the system
CRT is calculated from detected and accepted coincidences.
In Section III-E, a general explanation of the timing calibration
is given and the difference between a calibration method
based on individual crystal pairs and a one-to-many coupling approach is explained. Section III-F describes how the
DPC sensor delays are determined. The next section describes
several different methods on how to determine the additional
constant crystal delay values. Section III-H explains the methods used to calibrate and correct for the energy-dependent
time walk effect. Section III-I reports the combinations of
time delay and time walk corrections that are evaluated in
this paper.
A. Used Data Sets
In this paper, we used the raw DPC data of original and already published measurements obtained with the
Hyperion IID platform. For the preclinical configuration, we
used data obtained with an overvoltage of VOV = 2.5 V
at a cooling-liquid temperature of −5 °C (operating temperatures between 3.17 ± 1.15 °C and 4.48 ± 1.45 °C), a
validation threshold of 16.9 ± 6.2 photons, and a validation
length of 40 ns. The positions and activities of the five
point sources are given in Table II. These raw data were
already used for publication [5, Table S1] (constant Vbias with
IDs 1, 7, 19, and 21).
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Fig. 4. (a) Detector stack consists of an interface board, the sensor tile, and a crystal array (from the clinical configuration). (b) SPU is equipped with
two detector stacks (reprinted from [22], © 2012 IEEE).

Fig. 5. (a) Sketch of a DPC3200-22. Each of the four pixels is subdivided into four subpixels. The DPC3200-22 outputs the number of broken down SPADs
per pixel. (b) Trigger generation logic. The trigger signals of each subpixel of one pixel can be connected with four different logical operations to generate
the pixel trigger signal (see Table I). The trigger signals of the four pixels are connected by a logical OR to the TDC (both reprinted from Philips Digital
Photon Counting [25], courtesy of PDPC).

TABLE II
S OURCE P OSITIONS OF THE F IVE NEMA C UBES U SED FOR THE
M EASUREMENTS W ITH THE Preclinical C ONFIGURATION
(x = y = z = 0 I S THE C ENTER OF THE S CANNER )
(R EPRINTED F ROM [5]

(−2.0, −4.2, 0.0), (9.0, −6.7, 5.1), (−3.2, 1.6, 9.5)} mm
(here, z = 0 is the middle of the single PET ring). These
raw data were already used for a publication [6] (PET-only
measurements of five point sources).
As usual, 20% of the noisiest SPADs per pixel were
deactivated.
B. Processing From Raw Data to Singles and Coincidences

For the clinical configuration, we used measurements
obtained with an overvoltage of VOV = 2.5 V at a coolingliquid temperature of −5 °C (operating temperatures between
0 °C and 5 °C), a validation threshold of 52 photons, and
a validation length of 5 ns. Again, the five 22 Na point-like
sources were used with a combined activity of 5.53 MBq and
were distributed centrally along the axial axis with positions
at: (x, y, z) ≈ {(−11.9, −3.1, −9.2), (−0.7, −10.4, −8.1),

DPC raw data of the preclinical configuration [Fig. 2(a)]
were clustered using a time window of 40 ns and processed
to singles using a center-of-gravity algorithm as described
in [13]. For the clinical configuration [Fig. 2(b)], a cluster
window of 5 ns and a direct crystal identification as described
in [6] including an inter-crystal scatter rejection filter were
used. Throughout this paper, we employed a time window
of 3 ns to check for coincidences and only accepted coincidences with a maximum distance of 10 mm to the closest point
source.
After having calibrated the sensor delays of the system
(described in detail in Section III-F) and applied the original
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the FWTM for each side. This fit was performed iteratively
to center the FWTM location close to the middle of the
fit range (difference smaller than 10%). Based on the result
of the Gaussian fit of the central part of the spectrum, the
expected FWTM assuming a fully Gaussian distribution can be
calculated (FWTM ≈ FWHM/2.355 · 4.294). Any additional
excess of the FWTM determined with the previously described
fitting method can be seen as a measure of the tail component
of the time difference spectrum. We report in this paper the
relative additional width of the calculated FWTM compared
with the expected Gaussian FWTM from the central part (the
abbreviation used for the Gaussian excess is gaussexc).

Fig. 6. Coincident energy spectrum obtained with the clinical configuration
and trigger scheme 4. The energy windows used in this paper are marked
in color. The different heights of the energy ranges are used only for better
distinction and placement for the labels.

crystal delay calibration method (details in Section III-G1)
to the raw data, the latter was processed to obtain singles and coincidences using a very large energy window
of 100–750 keV and stored as a listmode file containing
timestamps and energy values for each single. This listmode
file was then used for all further calibrations and evaluations
without the need to reprocess the raw data. All further time
stamp corrections (delay and/or time walk) were applied to the
time stamp of the singles, which are stored in the listmode file
individually.
C. Reference Energy Window and Evaluation
Energy Windows
The reference energy window in this paper was set to
411–561 keV and was used to determine calibration values
of the various methods (detailed descriptions of the methods
are given in the following sections). The calibration values
for crystal delay and time walk were determined using the
reference energy window. Based on that, the CRT is reported
for a variety of energy windows with the same calibration
values. The CRT is reported for the energy windows that are
graphically represented in Fig. 6.
D. CRT Calculation
The CRT is determined from the system time difference
histogram containing all accepted coincidences with their time
difference corrected for the closest source position. LORs
with a distance greater than 10 mm to the closest source
position are discarded based on the signal window used for
the sensitivity evaluation of the preclinical NEMA NU 4-2008
standard. Analogous to our previous publications, the CRT
FWHM was determined by fitting a Gaussian to the central
part of the spectrum. The fit range was chosen as −0.5 FWHM
to 0.5 FWHM around the peak. No background modeling or
removal was applied, and the FWHM used for the fit range
was determined by applying an initial preliminary fit. The
FWTM was determined with an exponential function fitted
to the spectrum in a range ±25% around the location of

E. General Introduction to Individual Coincidence
Processing and a One-to-Many
Coupling Approach
The calibration process of the time delay for one crystal
may include the distinction between all other crystals; one
crystal is coincident with. Alternatively, that distinction may
be omitted. In the first case, all individual pairs of crystals that
were measured have to be handled independently. In the latter
case, all measured time differences of a specific crystal can
be stored in one single histogram regardless of the coincident
crystal.
The first method will result in many time differences
measured between unique pairs of coincident crystals and
requires either a strategy to solve the overdetermined equation
system [26], [27] or to store the calibration values for each
combination of crystals. As not all combinations of crystals
may be recorded during a calibration, the preferred method
would be to find a delay value for each crystal that fits best
all the observed time differences.
The one-to-many coupling approach is based on a single
time difference distribution per crystal, and the mean time
delay can directly be extracted from this distribution. The
time difference distribution might be much broader than the
optimal CRT the crystal or the system as a whole is able to
achieve.
In an uncalibrated system, the individual crystal time delays
are initially unknown, which leads to many different time
delays contributing to the same time difference spectrum.
Therefore, for a one-to-many coupling approach, it is beneficial to iteratively apply the time delay calculation to precisely
determine the individual crystal delay values.
F. Sensor Delay Calibration
Sensor delays were calibrated before additional crystal
delays or time walk effects were calibrated. As the number
of individual sensors with individual TDCs is still rather low
(16 per stack), we used an individual sensor coincidence
processing scheme. The delays of the sensors in the system
were determined using the original method (the same principal
as for the crystal delay fit described in Section III-G1) [13].
Once the sensor delays were determined, they were kept constant and only the additional crystal delay values and crystal
time walk values were calculated using various combinations
of methods described in the following sections.
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G. Crystal Delay Calibration
1) Original Method: The original time calibration method,
used in the previous publications, is based on an individual
coincidence processing scheme and was refined for this paper.
It now correctly accounts for the distance of the identified
emission source to the crystal. Furthermore, as we accepted
only LORs with a maximum distance of 10 mm to the nearest
point of emission, we expect fewer wrongly assigned points of
emission for the annihilation gammas and thereby a reduced
background in the time difference distribution.
The mean time difference and the error on the mean were
extracted from the time difference histograms for each of the
recorded coincident crystal pairs with at least 100 entries.
To all differences, a solution of a single delay value per
crystal was fitted using a minimizer. The method had to
be simplified (as applied for previously published works)
for the preclinical configuration using only one delay per
crystal position for all stacks to reduce the computational
complexity. This means that only 900 crystal delay values,
the number of crystals of one stack, were determined for the
whole scanner and the same values are used for each of the
60 stacks. In the previously published results of the preclinical
configuration, we did not determine this delay map for each
trigger scheme individually but instead used the same delay
calibration obtained with trigger scheme 1 for all other trigger
schemes. As we will see in the results, this led to a degradation
of the CRT performance reported in the previous publications
of the preclinical configuration. The described calibration was
performed using the reference energy window of 411–561 keV.
2) Iterative One-to-Many Coupling: This method uses the
one-to-many coupling approach to determine the crystal individual delay value. The two singles of a coincidence were both
checked for the reference energy window, and the time difference is added to both of the crystal time difference histograms.
After processing the whole listmode file, the mean of the
time difference histogram of each crystal was determined and
the delay was added to the delay value obtained in previous
iterations. The algorithm was applied iteratively ten times.
H. Time Walk Calibration
We used a time walk model, which linearly depends on the
ratio of the photopeak energy to the measured energy of a
single [see (1)]. As the photopeak energy of 511 keV was
used as a reference, the walk correction was set to zero for a
measured energy equal to the photopeak energy


E peak

−1 .
(1)
T = T − w(i)
E measured
Given this definition, w(i) describes the time walk correction
for a single with an energy of 256 keV in units of picoseconds.
The model in (1) can be applied using a single time walk factor
w for the whole system or an individual time walk factor per
crystal wi . For the first case, the optimal value could easily
be determined by sweeping the value for w, calculating the
CRT for the respective value, and then finding the minimum
in the CRT-over-w curve. If an individual value of wi for each
crystal should be determined, this optimization would be too
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TABLE III
T IME C ALIBRATION M ETHODS

complex and time consuming. Therefore, the crystal individual
time walk values wi had to be determined directly.
1) Global Time Walk Calibration by Optimization: As mentioned before, the global time walk factor w could be found
via optimization by searching for the value resulting in the
best CRT. The best CRT was defined as the minimal FWHM
calculated as described in Section III-D. A value for w was
chosen, and the complete listmode file was parsed in order
to apply the time walk correction in (1) for all coincidences
falling into the chosen energy window. This resulted in CRT
FWHM values as a function of w as shown in Fig. 8. The
minimum was determined by fitting a quadratic function to
the minimal data point and the surrounding ±5 data points.
2) Individual Crystal Time Walk Calibration: Crystal individual time walk factors cannot be calculated using the method
described in the previous section. Therefore, we used a oneto-many coupling scheme and directly determined the walk
factor for each crystal. The energy of the coincident crystal
was checked for the reference energy window (411–561 keV)
while accepting all energy values for the crystal under calibration. The energy ratio (E peak /E measured ) and the measured
time difference corrected for the known source position were
filled into a 2-D histogram (see the example in Fig. 9). For
each energy ratio bin, the mean delay was computed and
a linear regression of the delay value over the energy ratio
was performed resulting in the time walk factor wi . As for
the one-to-many coupling approach of the delay calibration
(Section III-G2), this method was applied iteratively, which
allows to correct for time walk effects of the coincident crystal.
The method was applied iteratively ten times.
I. Evaluated Time Delay and Time Walk Calibrations
We evaluated various time delay and time walk calibration
methods (described in the previous sections) and combinations
of both (see the list with the abbreviations used throughout this
paper in Table III). We report up to six CRT values for each
measurement and energy window.
IV. R ESULTS
The crystal delay maps for the preclinical configuration
obtained by reapplying the original crystal delay method
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Fig. 7. Crystal delay values for the preclinical configuration. The first map
shows the original values used for all trigger schemes in the previous publications (reprinted from [13]
). The maps show the crystal delay maps for
trigger schemes 1–4 using the original method and having reprocessed the raw
data. These maps were applied to all 60 stacks of the preclinical configuration.
One can clearly see the influence of the position of a crystal. Crystals above
bond gaps show a larger delay value, whereas crystals centrally located over
a pixel show the lowest delay values. (a) preclinical configuration, prev. (b)
preclinical configuration, repr, trigger scheme 1. (c) preclinical configuration,
repr, trigger scheme 2. (d) preclinical configuration, repr, trigger scheme 3.
(e) preclinical configuration, repr, trigger scheme 4.

(repr, Section III-G1) are shown in Fig. 7. The previously
published map for trigger scheme 1 shows similarities, but is
more blurred compared with the one obtained by reprocessing

the data (repr) [see Fig. 7(a) and (b)], whereas the delay maps
for the higher trigger schemes show a higher variability in the
delay values between crystal positions. For crystals centrally
located above pixels, we determined the lowest delay values in
contrast to crystals located above bond gaps, between pixels,
and at the edges of the sensor tile for which we determined
the highest delay values.
The CRT FWHM as a function of the global walk
factor w is reported in Fig. 8. In general, the preclinical
configuration showed a stronger time walk effect compared
with the clinical configuration as in the case for larger
energy windows and higher trigger schemes. Larger energy
windows, for which we determined a stronger time walk effect,
tended to show lower optimal time walk factors. When the
energy window is confined to a region around the photopeak
(500–520 keV), almost no time walk effect can be observed
and the CRT reaches the best value for the given set of
parameters.
As an example, the first iteration of the crystal individual
time walk determination for the preclinical configuration using
trigger scheme 4 is shown in Fig. 9.
The FWHM results of all conducted calibrations and
evaluations are listed for the preclinical configuration in
Table IV and for the clinical configuration in Table V.
FWTM results are reported for the preclinical configuration
in Table VI and for the clinical configuration in Table VII.
In Tables IV–VII, the wide energy window (250–625 keV)
is marked as it is probably the preferred choice for preclinical studies on the Hyperion IID platform due to the higher
sensitivity.
Tables IV–VII also include columns that compare the relative improvement between methods. Reprocessing the raw
data with the original method (repr) resulted in improvements
compared with the previously published results (prev) for
the wide energy window between 6.9% and 10.9% for the
preclinical configuration and between 4.4% and 4.8% for
the clinical configuration depending on the trigger scheme.
For the preclinical configuration, applying an individual
delay calculation together with the global walk determination
(inddel+glwalk) yields an improvement over the reprocessed
delay fit method (repr) of 0.6%, 2.6%, 1.9%, and 2.7% for
trigger schemes 1–4, respectively. The preferred choice of
the time correction for the clinical configuration is the global
walk model (glwalk) applied additionally to the reprocessed
delay fit method (repr), which already determines a crystal individual delay value for this scintillator configuration.
Regarding the walk correction, this resulted in an additional
improvement by 0.7%, 1.3%, 0.9%, and 1.9% for trigger
schemes 1–4, respectively. A similar order of the magnitude
of improvements could be observed when looking at the CRT
FWTM values.
Interestingly, the improvement of a walk correction was
measured to be greater for trigger scheme 2 compared with
trigger scheme 3 even though the mean threshold of required
SPAD breakdowns is higher in the latter case (2.33±0.67 compared with 3.00 ± 1.40).
Both configurations do not show a large benefit, if any
at all, of the individual walk determination compared with

SCHUG et al.: CRYSTAL DELAY AND TIME WALK CORRECTION METHODS FOR CRT IMPROVEMENTS

185

Fig. 8. Time walk calibration (or optimization) for the model using only a single time walk factor for the whole system. The measurements shown in the left
column were conducted using the preclinical configuration and the measurements shown in the right column with the clinical configuration. Rows from top to
bottom show the different trigger schemes from 1 to 4. The different lines show the CRT for different energy windows as a function of the time walk factor w.
(a) Preclinical configuration, trigger scheme 1. (b) Clinical configuration, trigger scheme 1. (c) Preclinical configuration, trigger scheme 2. (d) Clinical
configuration, trigger scheme 2. (e) Preclinical configuration, trigger scheme 3. (f) Clinical configuration, trigger scheme 3. (g) Preclinical configuration,
trigger scheme 4. (h) Clinical configuration, trigger scheme 4.

the global walk model. Therefore, we marked for the preclinical configuration the column reporting the CRT values
for the inddelay+glwalk method and for the clinical

configuration the column reporting the glwalk results as we
think that these are the methods of choice for the respective
configuration.
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TABLE IV
CRT FWHM R ESULTS FOR THE Preclinical C ONFIGURATION . T HE S UGGESTED E NERGY W INDOW (Wide, 250–625 keV) AND C ALIBRATION M ETHOD
(Inddel+Glwalk) A RE M ARKED IN G RAY. T HE L AST T HREE C OLUMNS R EPORT THE R ELATIVE C HANGES F ROM THE P REVIOUSLY P UBLISHED
R ESULTS TO THE R EPROCESSED R ESULTS U SING THE O RIGINAL M ETHOD (Prev/Repr), THE P REVIOUSLY P UBLISHED R ESULTS TO THE
M ETHOD U SING I NDIVIDUAL C RYSTAL D ELAYS AND A G LOBAL WALK M ODEL (Prev/Indel+Glwalk), AND THE R EPROCESSED
R ESULTS U SING THE O RIGINAL M ETHOD TO THE M ETHOD U SING I NDIVIDUAL C RYSTAL D ELAYS AND A G LOBAL WALK
M ODEL (Repr/Inddel+Glwalk)

TABLE V
CRT FWHM R ESULTS FOR THE Clinical C ONFIGURATION . T HE S UGGESTED E NERGY W INDOW (Wide, 250–625 keV) AND C ALIBRATION M ETHOD
(Glwalk) A RE M ARKED IN G RAY. T HE L AST T HREE C OLUMNS R EPORT THE R ELATIVE C HANGES F ROM THE P REVIOUSLY P UBLISHED R ESULTS
TO THE R EPROCESSED R ESULTS U SING THE O RIGINAL M ETHOD (Prev/Repr), THE P REVIOUSLY P UBLISHED R ESULTS TO THE M ETHOD
U SING A G LOBAL WALK M ODEL (Prev/Glwalk), AND THE R EPROCESSED R ESULTS U SING THE O RIGINAL M ETHOD TO THE M ETHOD
U SING A G LOBAL WALK M ODEL (Repr/Glwalk)

Fig. 10 shows the time difference distribution for the
preclinical configuration using trigger scheme 4 and the wide
energy window for both the reprocessed data using the original

method (repr) and, for comparison, the time difference distribution of the method determining individual delay values
per crystal and using a global walk model (inddel+glwalk).
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TABLE VI
CRT FWTM AND G AUSSIAN E XCESS (Gaussexc) R ESULTS FOR THE Preclinical C ONFIGURATION . T HE S UGGESTED E NERGY W INDOW
(Wide, 250–625 keV) AND C ALIBRATION M ETHOD (Inddel+Glwalk) A RE M ARKED IN G RAY. T HE L AST C OLUMN R EPORTS
THE R ELATIVE C HANGE F ROM THE R EPROCESSED D ATA U SING THE O RIGINAL M ETHOD TO THE
M ETHOD U SING I NDIVIDUAL C RYSTAL D ELAY VALUES AND A G LOBAL
WALK M ODEL (Repr/Inddel+Glwalk)

TABLE VII
CRT FWTM AND G AUSSIAN E XCESS (Gaussexc) R ESULTS FOR THE Clinical C ONFIGURATION . T HE S UGGESTED E NERGY W INDOW (Wide,
250–625 keV) AND C ALIBRATION M ETHOD (Glwalk) A RE M ARKED IN G RAY. T HE L AST C OLUMN R EPORTS THE R ELATIVE C HANGE
F ROM THE R EPROCESSED D ATA U SING THE O RIGINAL M ETHOD TO THE M ETHOD U SING
A G LOBAL WALK M ODEL (Repr/Glwalk)

This is the set of parameters that show the biggest improvement (2.7%) for the preclinical configuration using the preferred parameters and time calibration method.
As an example for a small improvement (0.7%), Fig. 11
shows the time difference distribution for the clinical

configuration using trigger scheme 1 and the wide
energy window for both the reprocessed data using the
original method (repr) and, for comparison, the time difference distribution of the method using a global walk model
(glwalk).
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Fig. 9. Time walk calibration for a single selected crystal. The measurement
was conducted using the clinical configuration and trigger scheme 4.

Fig. 10. Time difference histograms for the preclinical configuration using
trigger scheme 4 and the wide energy window. In black, the time difference
distribution for the original method is shown (repr), which uses the same
time delay map [see Fig. 7(e)] for all of the 60 detector stacks. The time
difference distribution for the method determining individual delay values per
crystal and using a global walk model (inddel+glwalk) is shown in red.

Fig. 11. Time difference histograms for the clinical configuration using
trigger scheme 1 and the wide energy window. In black, the time difference
distribution for the original method is shown (repr) and in red the time
difference distribution additionally using a global walk model (glwalk).

V. C ONCLUSION
The different delay patterns for the trigger schemes shown
in Fig. 7 are caused in case of trigger scheme 1 by the
location of light-sensitive SPADs and light-insensitive areas
like the bond gaps between rows of DPCs (the bond gaps

are sketched in Fig. 2). The higher trigger schemes showed
an additional pattern caused by the logical combinations of
subpixel trigger lines in order to generate the global trigger
signal. For example, trigger scheme 3 requires that one photon
is detected both on the two left subpixels and the two right
subpixels. Therefore, vertical lines of high delay values in
the delay maps can be identified, as these crystals only
illuminate one of the two required trigger regions efficiently.
Nonetheless, all higher trigger schemes showed the lowest
delay for crystals located centrally above a pixel because
these crystal positions allow illuminating the four subpixels
homogeneously.
The stronger decline of the preclinical configuration in
CRT performance when going to higher trigger settings compared with the clinical configuration can be explained by the
different photon densities on the photosensors. The clinical
configuration focuses all scintillation photons on a single pixel
of the DPC and therefore optimally illuminates all required
subpixels even for the higher trigger settings. The light guide
used in the preclinical configuration leads to a much broader
light pattern on the sensor tile and therefore also a lower
photon density, especially on the subpixels that are not located
directly beneath the scintillating crystal.
A higher improvement in CRT when applying a walk
correction was observed for trigger scheme 2 compared with
trigger scheme 3. This is due to the fact that trigger scheme 2
has a narrower probability distribution for the amount of
detected SPAD breakdowns needed to generate the trigger
signal (2.33 ± 0.67 compared with 3.00 ± 1.40) (see Table I
and [23]). Thus, the jitter introduced by the threshold itself
is smaller.
A digital trigger handling allowing us to trigger on the
nth SPAD breakdown rather than combining larger trigger
regions, as does the used DPC with subpixels, would thus
probably allow achieving better timing resolutions, and would
show a higher improvement when applying a walk correction,
as one could get rid of the additional jitter introduced by the
trigger threshold’s probability distribution.
In conclusion, we could improve the CRT performance of
the Hyperion IID platform compared with previously reported
results. This was mainly achieved by optimizing the already
published method of fitting a delay value for each crystal.
We will discuss the wide energy window together with trigger
scheme 2 here, as this setting offers a very good timing performance and still results in a good sensitivity of the system.
Compared with previously published results, we could improve
the timing performance of our PET system by only applying
a delay correction for this set of parameters by 7.8% for the
preclinical and by 4.5% for the clinical configuration in terms
of FWHM (we did not publish FWTM results before). Adding
a walk correction helped to improve the CRT by 2.6% (1.3%)
in terms of FWHM and 4.0% (2.8%) in terms of FWTM
for the preclinical (clinical) configuration. To the best of our
knowledge, the CRT FWHM of 436.1 ps for the preclinical
configuration and 289.4 ps for the clinical configuration are
among the best CRT values for a PET system operated under
normal imaging-capable conditions shown so far. Using trigger
scheme 1 and the photopeak energy range of 500–520 keV
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results in the best CRT we were able to measure with the
system, which was 240.4 ps for the preclinical configuration
and 208.4 ps for the clinical configuration. This combination
of trigger scheme 1 and the very narrow photopeak energy
range is not a setting of parameters one would choose for
imaging applications, but merely a setting to measure CRT
record values.
For a single-sided-readout setup of a monolithic scintillator
with a length of 22 mm read out by the same DPC sensors,
CRT values of 214 ps were reported [28] (For a dual-sided
readout scheme, the same group achieved a CRT of 147 ps
FWHM [29]). In that experiment, the operating temperature
was set to −25 °C and the employed energy window was
reported as FWTM, which translates (with the reported energy
resolution of 9.9% FWHM) to 465–565 keV and thus should
roughly correspond to the values reported in this paper for the
photopeak wide energy range of 461–561 keV. Those results
exceed the values reported in this paper and demonstrate what
can be achieved in bench-top experiments with sophisticated
positioning and time stamp algorithms using a single detector
block, trigger scheme 1, and very low temperatures. According
to our research, trigger setting 1 is challenging to implement
on system level at higher sensor temperatures without loosing
sensitivity [5]. Another group evaluated thin monolithic detectors (2- and 5-mm thickness) coupled to DPCs in bench top
experiments using trigger setting 2 and sensor temperatures of
3 °C–6 °C. That group achieved a CRT of 680 ps FWHM with
a first setup [30] and could improve it to 529 ps FWHM in a
second experiment [31]. Those results might indicate that even
thin monolithic detectors show a decline in CRT performance
when higher trigger settings are used. Most likely, that decline
can be attributed to the low photon density, discussed at
the beginning of this section, which is expected to be even
lower than the photon density of the preclinical configuration
presented in this paper.
The clinical PET scanner with the best timing performance
reported is the Philips Vereos PET/CT [32], which uses
the same DPC sensors as the Hyperion IID platform with
22-mm-long crystals, and for which a CRT of 307–316 ps
was measured [10], [33].
As the individual walk determination is much more prone
to limitations in the available statistics and the prevention of
calibration artifacts for individual crystals is not trivial, we
conclude that the global walk model is much more robust and
should be the preferred choice. We conclude that a stable and
precise determination of the time delays for each crystal is
of importance, but the additional gain of adding a time walk
correction is rather small. The object scatter in the investigated
activity distribution is rather low and as a result the fraction
of singles with a high energy still quite high. When more
object scatter is to be expected, the time walk correction
might gain importance as low-energy gammas will occur more
often.
To further improve the CRT, we could use higher overvoltages and reduce the inhibit fraction. Both values (VOV = 2.5 V
and an inhibit fraction of 20%) are chosen conservatively, and
previous measurements suggest that more aggressive settings
lead to an improvement of the CRT [5].
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With the ability to store raw DPC data, the Hyperion IID
platform is an interesting PET platform for research applications, as it enables the exploration of sophisticated data
processing steps. It provides very competitive CRT values
(which could be further improved in this paper) and is able
to maintain this performance when operated simultaneously in
an MRI scanner [6].
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