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1
SYSTEM FOR ACQUISITION OF
TOMOGRAPHIC MEASUREMENT DATA

TECHNICAL FIELD

The present disclosure relates to a system for acquisition
of tomographic measurement data for use particularly in
positron emission tomography (PET) or single-photon emis-
sion computed tomography (SPECT). The system facilitates
continuous recording of signals during measurements. The
system facilitates optimum processing and saving of infor-
mation delivered by signals from an assembly of detectors
used in PET without the need to preselect these signals with
the use of a triggering system. It further allows implemen-
tation of various algorithms supporting real-time analysis of
acquired data.

BACKGROUND

Images of the interiors of bodies may be acquired using
various types of tomographic techniques, which involve
recording and measuring radiation from tissues and process-
ing acquired data into images.

One of these tomographic techniques is positron emission
tomography (PET), which involves determining spatial dis-
tribution of a selected substance throughout the body and
facilitates detection of changes in the concentration of that
substance over time, thus allowing to determine the meta-
bolic rates in tissue cells.

The selected substance is a radiopharmaceutical admin-
istered to the examined object (e.g. a patient) before the PET
scan. The radiopharmaceutical, also referred to as an isoto-
pic tracer, is a chemical substance having at least one atom
replaced by a radioactive isotope, e.g. ''C, 0, *N, °F,
selected so that it undergoes radioactive decay including the
emission of a positron (antielectron). The positron is emitted
from the atom nucleus and penetrates into the object’s tissue,
where it is annihilated in reaction with an electron present
within the object’s body.

The phenomenon of positron and electron annihilation,
constituting the principle of PET imaging, consists in con-
verting the masses of both particles into energy emitted as
annihilation photons, each having the energy of 511 keV. A
single annihilation event usually leads to formation of two
photons that diverge in opposite directions at the angle of
180° in accordance with the law of conservation of the
momentum within the electron-positron pair’s rest frame,
with the straight line of photon emission being referred to as
the line of response (LOR). The stream of photons generated
in the above process is referred to as gamma radiation and
each photon is referred to as gamma quantum to highlight
the nuclear origin of this radiation. The gamma quanta are
capable of penetrating matter, including tissues of living
organisms, facilitating their detection at certain distance
from object’s body. The process of annihilation of the
positron-electron pair usually occurs at a distance of several
millimeters from the place of the radioactive decay of the
isotopic tracer. This distance constitutes a natural limitation
of the spatial resolution of PET images to a few millimeters.

APET scanner comprises detection devices used to detect
gamma radiation as well as electronic hardware and soft-
ware allowing to determine the position of the positron-
electron pair annihilation event on the basis of the position
and time of detection of a particular pair of the gamma
quanta. The radiation detectors are usually arranged in layers
forming a ring around object’s body and are mainly made of
an inorganic scintillation material. A gamma quantum enters
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the scintillator, which absorbs its energy to re-emit it in the
form of light (a stream of photons). The mechanism of
gamma quantum energy absorption within the scintillator
may be of dual nature, occurring either by means of the
Compton’s effect or by means of the photoelectric phenom-
enon, with only the photoelectric phenomenon being taken
into account in calculations carried out by current PET
scanners. Thus, it is assumed that the number of photons
generated in the scintillator material is proportional to the
energy of gamma quanta deposited within the scintillator.

When two annihilation gamma quanta are detected by a
pair of detectors at a time interval not larger than several
nanoseconds, i.e. in coincidence, the position of annihilation
point along the line of response may be determined, i.e.
along the line connecting the detector centers or the points
within the scintillator strips where the energy of the gamma
quanta was deposited. The coordinates of annihilation place
are obtained from the difference in times of arrival of two
gamma quanta to the detectors located at both ends of the
LOR. In the prior art literature, this technique is referred to
as the time of flight (TOF) technique and the PET scanners
utilizing time measurements are referred to as TOF-PET
scanners. This technique requires that the scintillator has a
time resolution of a few hundred picoseconds.

Light pulses reaching the scintillator can be converted
into electric pulses by means of photomultipliers or photo-
diodes. Electric signals from the converters carry informa-
tion on positions and times of the annihilation quanta subject
to detection, as well as on the energy deposited by these
quanta.

The principal elements of the signal processing system
within the radiation detectors are leading edge discrimina-
tors and constant fraction discriminators. These elements,
combined with time-to-digital converters, facilitate the mea-
surement of time at which the electric signals generated at
these detectors exceed a preset reference voltage or a preset
signal amplitude fraction, respectively. Said discriminators
are built on the basis of standard electronic components and
include, among other components, a current source, a pre-
amplifier, a comparator, a shaper, capacitors, resistors,
diodes, transistors and transmission lines. If the detector
signal is higher than the threshold voltage set at the dis-
criminator, a logical signal is generated at the discriminator
output, carrying information on the time at which the gamma
quantum was recorded. The charge is measured by means of
analog-to-digital converters.

Temporal resolutions of leading edge and constant frac-
tion discriminators are limited by the dependence of the
discriminator response on the shape of signals and, in case
of leading edge discriminators, also on the amplitude of
input signals. Due to the so-called time walk effect, time
determined using leading edge discriminators changes along
with the signal amplitude. The effect may be adjusted to a
certain degree if the signal charge or amplitude is measured
simultaneously. In case of constant fraction discriminators,
the time at which the signal exceeds the preset amplitude
fraction is generally not dependent on the amplitude, but it
may change depending on the shape of the signal (i.e on the
temporal distribution of photons).

Logical signals generated at discriminators are processed
by means of sequences of logical operations within a trig-
gering system. These operations result in a logical signal
providing information on whether the recorded event should
be subjected to further electronic processing. The sequences
of logical operations are selected depending on the types of
detectors, configuration of modules and the frequencies of
recorded events; the main objective of these operations is to



US 10,007,011 B2

3

discard signals that are not useful for image reconstruction
and thus to minimize acquisition dead times as well as times
required to process the data and reconstruct the images.

The PCT applications W02011/008119 and WO2011/
008118 describe various aspects of PET scanners that may
be of relevance for understanding this description. In par-
ticular, a method for determining the place of ionization on
the basis of the distribution of times or amplitudes of signals
measured at different positions along the scintillator. These
documents describe solutions that are based on the measure-
ments of the times of flight required for light pulses to reach
detector edges. Changes in shapes and amplitudes of signals
depending on the place of ionization and the quantity of
energy constitute a constraint in temporal resolutions that
can be achieved using the technique. The larger the scintil-
lator, the larger the variations in signal shapes and ampli-
tudes. For the above reasons, temporal resolutions of less
than 100 ps cannot be obtained for large scintillator blocks
according to the prior art. Temporal resolution also impacts
the resolution of ionization place determination. In case of
polymer scintillators (preferred due to their low price),
amplitudes of signals generated by the gamma quanta,
including annihilation gamma quanta used in positron emis-
sion tomography, are characterized by continuous distribu-
tion resulting from interactions between gamma quanta and
electrons occurring mostly via the Compton effect with a
negligibly low probability of a photoelectric effect. As a
consequence, signal amplitudes in polymer scintillators may
change even if the signals originated in the same position. In
case of Compton interactions, constraints in the achieved
resolution are due to the fact that the amplitude of electric
signals generated by the photomultipliers depends on two
unknown values, namely on distance between the ionization
place and the photomultiplier and on energy deposited by the
gamma quantum. The effects described above contribute to
deterioration in both temporal and spatial resolution also in
case of monoenergetic energy-loss distributions, which
occur e.g. in the photoelectric effect.

Currently, positron emission tomography involves the use
of multimodule detection systems consisting of scintillation
crystals and photomultipliers. An example of such a known
system is presented in FIG. 1. The electric signals S gener-
ated at photomultipliers 1 and carrying information on the
positions and times of annihilation quanta being recorded at
the detectors as well as on the energy deposited by these
quanta are transformed into logical signals in analog leading
edge discriminators or constant-fraction discriminators
included in the front-end electronics assembly 2. If the
detector signal is higher than the threshold voltage set at the
discriminator, a logical signal is generated at the discrimi-
nator output, carrying information on the time the gamma
quantum was recorded. The digital and analog signals
(DAS) from the front-end electronics assembly 2 are then
transformed by a triggering system 4, in which the logical
signals received from the discriminators are subjected to a
sequence of logical operations resulting in a logical trigger
signal TS providing information on whether the recorded
event should or should not be subjected to further electronic
processing. The sequences of logical operations are selected
depending on the types of detectors, configuration of mod-
ules and the frequencies of recorded events; the main
objective of these operations is to discard signals that are not
useful for image reconstruction and thus to minimize acqui-
sition dead times as well as times required to process the
data and reconstruct the images. In parallel to being sent to
the triggering system 4, the DASs from the front-end elec-
tronics assembly are sent to a measurement systems assem-
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bly 3. The assembly 3 comprises time to digital converters
(TDC), where digital signals are converted into digits rep-
resenting time intervals between the digital pulse from the
front-end electronics assembly 2 and the trigger signal TS.
The measurement systems assembly also includes analog to
digital converters (ADC) for measuring the charge of the
analog signals. Numbers representing results of the mea-
surements in form of information on time T and amplitude
A of the measured signals S are then sent into the computer
system 5 to be saved onto disk and for further data analysis.

Standard readout systems employ analog to digital con-
verters ADC providing information on the charge of the
entire signal; moreover, continuous sampling of analog
signals is also used in prototypic solutions currently under
development. In this case, continuous sampling refers to the
mode of ADC operation, consisting in collecting a specific
number of analog signal samples and filling the shift buffer
until receiving the read signal and then saving the buffer
contents. The read signal is generated on the basis of logic
that qualifies individual events as relevant.

ATU.S. Pat. No. 8,164,063 discloses an acquisition system
employing digitization of analog signals using ADC and
TDC circuits. The systems are triggered when a certain
threshold is exceeded by the analog signal. The measure-
ment data obtained from these systems are used as input data
for a sophisticated, multi-level system that decides whether
to send these data further or to discard them when classified
as background.

In addition, a U.S. Pat. No. 7,091,489 describes a system
including a dedicated coincidence processor to analyze data
from TDC circuits. The readout of digitized data is com-
menced only when a positive response is received from the
processor.

Regardless of solutions being used to process or sample
analog signals and of the subsequent digital processing of
said signals, the state of the art acquisition data system for
positron emission tomography (PET) or single-photon emis-
sion computed tomography (SPECT) consist of a single- or
multi-level triggering system making decisions about digi-
tization of the recorded signals and saving information about
the event onto memory carriers.

The solutions disclosed in patent applications WO2011/
008119 and WO2011/008118 are based on organic polymer
scintillators characterized by very short light pulses with
decay times on the order of 1.5 ns, leading to practical total
pulse widths of less than 10 ns. Thus, they allow for virtually
complete elimination of random coincidences as known to
occur in PET or SPECT scanners of the state of the art. The
durations of light pulses in polymer scintillators are approxi-
mately the same as the maximum differences in times
required for the annihilation quanta to reach the detectors.
Said solutions are characterized in that signals from different
annihilation events are significantly separated in time and it
1s justifiable to save all events without pre-selecting them so
as to minimize the information losses regarding the studied
density distribution of the radiopharmaceutical in object’s
body.

It would be expedient to develop a solution facilitating
constant recording of data acquired during PET or SPECT
imaging procedures, thus allowing for lossless saving of
multiple events without the need to use a triggering system
and pre-selection of events at the level of readout electronic
systems.

SUMMARY

There is disclosed herein a system for acquisition of
tomographic measurement data from measurement signals
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(S) of positron emission tomography (PET) or single-photon
emission computed tomography (SPECT) detectors, the
system comprising: a front-end electronic assembly (2)
configured to convert the measurement signals (S) into
digital and analog signals (DAS); a measurement electronics
assembly (3) comprising time to digital converter (TDC)
modules (31) configured to determine times (T) of pulses in
digital signals (DS). The measurement electronics assembly
(30) comprises: a series (TDCa-TDCd) of TDC modules
(31). each module comprising a series (TDC1-TDC4) of
TDC circuits (311-314); a module controller (315) config-
ured to transmit a clock signal (CLK), input to the module
controller (315) from a system controller (40), to each of the
TDC circuits (311-314); wherein each of the TDC circuits
(311-314) is configured to execute measurements in a mea-
surement window delimited by the neighboring edges of the
clock signal (CLK) which is common for all TDC circuits
(311-314).

Preferably, the clock signal (CLK) has a constant fre-
quency throughout the signal acquisition period in PET or
SPECT imaging.

Preferably, the TDC circuits (311-314) are FPGA circuits.

Preferably, the system controller (40) is an FPGA circuit.

The system presented herein facilitates continuous
recording of data acquired during PET or SPECT imaging,
thus allowing for lossless saving of virtually all events. The
system also allows for more accurate calibration adjustments
of individual detection modules (see FIG. 3) even on the
basis of data acquired while diagnosing a object. With
electronic systems being configured so that the time of an
individual measurement is exactly equal to the interval
between successive readouts, virtually all events recorded in
detection modules may be saved. This technique is particu-
larly efficient in the above described polymer scintillator-
based PET scanners in which the signal duration (~10 ns) is
shorter by more than one order of magnitude than the
duration of signals in the state of the art PET scanners
employing inorganic crystal scintillators.

BRIEF DESCRIPTION OF FIGURES

Example embodiments are presented on a drawing
wherein:

FIG. 1 illustrates a data acquisition system with a trig-
gering system as known from the state of the art;

FIG. 2 illustrates an example embodiment of the new data
acquisition system;

FIG. 3 illustrates an example embodiment of a TDC
module;

FIG. 4 outlines the measurement of photomultiplier sig-
nal.

DETAILED DESCRIPTION

FIG. 1 illustrates a data acquisition system with a trig-
gering system as known from the state of the art and
described in the introduction.

FIG. 2 illustrates an example embodiment of the new data
acquisition system. Analog signals S from the detection
module 10 are delivered to the front-end electronics assem-
bly 20. Assembly 20 is responsible for generation of digital
and analog signals DAS that carry information on the charge
or amplitude of signal S as well as on time at which the
analog signal S generated at detectors 10 exceeds the preset
threshold voltage. The DASs are then transmitted into the
measurement electronics assembly 30 consisting of mea-
surement modules. The measurement modules consist of
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time-to-digital converters (TDC) used to precisely measure
the times of arrival of the digital signals DS, while the
analog signals from the front-end electronic assembly are
transmitted to the analog-to-digital converter (ADC) 35 used
to precisely determine the amplitude or charge of the pulse.
The structure of a single TDC module 31 is presented in
FIG. 3. In the presented example embodiment of the system,
four TDC modules, TDCa, . . . TDCd are used, with the same
triggering signal CLK being delivered to each module.

The measurement of a single TDC circuit in each detec-
tion module 31 yields a resulting number T that represents
the interval between the DS pulse from the front-end elec-
tronics assembly 20 and the triggering signal CLK which,
for the purposes of this system consists of a constant
frequency clock signal CLK delivered from the central
system controller 40. The central system controller 40 is a
field programmable gate array (FPGA) circuit. The goal of
controller 40 is to generate the triggering signal CLK at a
preset frequency. The triggering signal CLK is generated at
constant frequency to trigger individual measurements
within the TDC circuits.

FIG. 3 illustrates a design of a single TDC module, for
instance consisting of a trigger readout board version 3
(TRBv3) as used in high energy physics experiments. These
are components consisting of five Lattice ECP3-type FPGA
circuits, four of which (311-314) act as TDC circuits for time
measurements while the remaining one (315) is used as a
module controller and communicates with the system con-
troller 40.

The time measurement carried out within the TDC cir-
cuits consists in introduction of a digital input signal DS into
a sequence of serially connected elements, each of said
elements causing a certain signal delay. Knowing the precise
values of these delays and the number of elements the signal
has been passed through, one may determine the time
elapsed from the start of the measurement. The lower the
values of individual delays, the more precise the measure-
ment can be. In case of TDC functionality implemented in
FGPA circuits, the internal design of these circuits is used as
the delay element. The main construction units of said
systems are logical blocks connected by special lines
referred to as carry lines. The carry lines are fast connections
facilitating the operation of binary summators thus allowing
for minimum delays. Connecting such elements into one
carry chain affords a single TDC measurement channel.

Each of the FPGA circuits 311-314 acting as TDC con-
verters can provide for e.g. 32 input channels with temporal
resolution of 14 ps. The acquired data may be subsequently
sent into a computer system either directly or via the system
controller 40 using fiber optic connections with data transfer
speeds of up to 3.2 Gbps. Data may be transmitted using
low-level 8 b/10 b encoding or Gigabit Ethernet protocols.
The system controller 40 acting as the triggering system also
includes an FPGA circuit selected so as to facilitate imple-
mentation of algorithms to analyze and process the incoming
data in real time.

Preferably, the triggering signal CLK is transmitted in the
LVDS standard using dedicated cables to reduce the signal’s
susceptibility to interferences.

Fiber optic cables may be connected to every board for the
transmission of the control information and the acquired
data.

FIG. 4 presents the outline of the measurement procedure.
The measurement procedure is understood as initiation of
recording of digital signals DS by the TDC circuits in form
of pulses delivered from the front-end electronics assembly
20 and sending the data from the measurement electronics
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assembly 30. The signals are recorded in periods delimited
by two consecutive triggering clock signals CLK and
referred to as measurement windows. Thanks to the nature
of the FPGA circuits, recorded data may be processed and
sent concurrently to the recording of incoming signals. Thus,
the dead time between two measurements is negligible and
one may assume that the measurement is carried out in a
constant manner. Data from isolated measurements describ-
ing the digital signals DS recorded during a single measure-
ment window are saved as single data blocks and labeled
with consecutive numbers that identify the order of these
data. It is possible that a digital signal may overlap with two
measurement windows. In such case, the identified signal
edges will be separated into two blocks of data labeled by
consecutive numbers, thus allowing for their combination in
the subsequent analysis. Numbers representing the results of
the measurements are then sent into the computer system 50
to be saved onto disk for further data analysis.

The clock signal CLK is generated at constant frequency
in a manner independent from signals recorded by the
detection system. A dedicated board including an oscillator
may be used as the source of the triggering signal. The
oscillator signal, passed through the FPGA circuit that
applies the pre-set frequency to the input signal is distributed
into the measurement electronics.

Owing to the fact that all the measurement circuits
311-314 of the individual measurement modules 31
TDCa . . . TDCd are connected to a shared clock signal,
times of signals originating from different events are syn-
chronized, thus allowing to determine the actual time dif-
ferences between the moments of interactions of the gamma
quanta for the entire set of DS data acquired from the
moment the device was turned on to the moment signal
acquisition is completed during PET or SPECT imaging.

The embodiment of the system controller 40 built in form
of FPGA circuit can be easily reprogrammed and reconfig-
ured, ensuring high versatility of the entire system.

The modular design of the system facilitates addition or
elimination of elements depending on the number of detec-
tion modules.

While the technical solutions presented herein have been
depicted, described, and defined with reference to particular
preferred embodiment(s), such references and examples of
implementation in the foregoing specification do not imply
any limitation on the invention. Various modifications and
changes may be made thereto without departing from the
scope of the technical solutions presented. The presented
embodiments are given as example only, and are not exhaus-
tive of the scope of the technical solutions presented herein.
Accordingly, the scope of protection is not limited to the
preferred embodiments described in the specification, but is
only limited by the claims that follow.

The invention claimed is:

1. A system configured to acquire tomographic measure-
ment data from measurement signals (S) of positron emis-
sion tomography (PET) or single-photon emission computed
tomography (SPECT) detectors, the system comprising:
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a front-end electronic assembly configured to convert the
measurement signals (S) into digital and analog signals
(DAS);

a measurement electronics assembly comprising:

a series of time-to-digital (TDC) modules configured to
determine times (T) of pulses in digital signals (DS),
each TDC module comprising a series (TDCI1-
TDC4) of time-to-digital (TDC) circuits ;

a module controller configured to transmit a clock
signal (CLK), input to the module controller from a
system controller, to each of the TDC circuits;

wherein each of the TDC circuits is configured to
execule measurements in a measurement window
delimited by neighboring edges of the clock signal
(CLK) which is common for all the TDC circuits ;
and

wherein the clock signal (CLK) is a measurement
triggering signal for each of the TDC circuits and has
a configurable, constant frequency throughout the
signal acquisition period, and wherein the complete
measurements of each of the TDC circuits are per-
formed simultaneously within the neighboring edges
of a single period of the clock signal (CLK).

2. The system according to claim 1, wherein the TDC
circuits are Field-Programmable Gate Array (FPGA) cir-
cuits.

3. The system according to claim 1, wherein the system
controller is a Field-Programmable Gate Array (FPGA)
circuit.

4. A method to acquire tomographic measurement data
from measurement signals (S) of positron emission tomog-
raphy (PET) or single-photon emission computed tomogra-
phy (SPECT) detectors, the system comprising:

a front-end electronic assembly configured to convert the
measurement signals (S) into digital and analog signals
(DAS);

a measurement electronics assembly comprising:

a series of time-to-digital (TDC) modules configured to
determine times (T) of pulses in digital signals (DS),
each TDC module comprising a series (TDCI-
TDC4) of time-to-digital (TDC) circuits ;

a module controller configured to transmit a clock
signal (CLK), input to the module controller from a
system controller, to each of the TDC circuits;

the method comprising the steps of:

in each of the TDC circuits, executing measurements in a
measurement window delimited by neighboring edges
of the clock signal (CLK), wherein the clock signal
(CLK) is common for all the TDC circuits, triggers the
measurement for each of the TDC circuits and has a
configurable, constant frequency throughout the signal
acquisition period, thereby performing complete mea-
surements of each of the TDC circuits simultaneously
within the neighboring edges of a single period of the
clock signal (CLK).
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