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ABSTRACT

Purpose: We designed a prototype compact gamma camera (MediPROBE4) for nuclear medicine tasks, including
radio-guided surgery and sentinel lymph node imaging with a *™Tc radiotracer. We performed Monte Carlo
(MC) simulations for image performance assessment, and first spectroscopic imaging tests with a 300 pm thick
silicon detector.

Methods: The hand-held camera (1 kg weight) is based on a Timepix4 readout circuit for photon-counting, en-
ergy-sensitive, hybrid pixel detectors (24.6 x 28.2 mm? sensitive area, 55 pm pixel pitch), developed by the
Medipix4 Collaboration. The camera design adopts a CdTe detector (1 or 2 mm thick) bump-bonded to a
Timepix4 readout chip and a coded aperture collimator with 0.25 mm diameter round holes made of 3D printed
1-mm thick tungsten. Image reconstruction is performed via autocorrelation deconvolution.

Results: Geant4 MC simulations showed that, for a ®™Tc¢ source in air, at 50 mm source-collimator distance, the
estimated collimator sensitivity (4 x 10~%) is 292 times larger than that of a single hole in the mask; the system
sensitivity is 0.22 cps/kBq (2 mm CdTe); the lateral spatial resolution is 1.7 mm FWHM. The estimated axial
longitudinal resolution is 8.2 mm FWHM at 40 mm distance. First experimental tests with a 300 pm thick Silicon
pixel detector bump-bonded to a Timepix4 chip and a high-resolution coded aperture collimator showed time-
over-threshold and time-of-arrival capabilities with 2*'Am and '33Ba gamma-ray sources.

Conclusions: MC simulations and validation lab tests showed the expected performance of the MediPROBE4
compact gamma camera for gamma-ray 3D imaging.

1. Introduction

monolithic or pixelated scintillator crystal detector, or on a pixel semi-
conductor detector: two technologies with distinctive advantages and

A compact gamma camera (CGC) is a lightweight, small field of view, drawbacks [5]. In scintillator-based CGCs, each gamma-ray interacts
hand-held, gamma-ray imaging device that can be used for pre- and with a thick scintillator crystal and produces a light pulse of thousands of
intra-operative clinical procedures in nuclear medicine, typically optical photons, whose spatial distribution and intensity is read-out by a
employing °°™Tc radiotracers [1,2]. These include sentinel lymph node 2D optical detector (position-sensitive photomultiplier tube, array of

(SLN) scintigraphy and radio-guided surgery [3,4]. CGCs are based on a photodiodes or silicon photomultipliers).
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Fig. 1. a) CAD view of the MediPROBE2 CGC (2011), adopting a Medipix2
readout chip bump-bonded to a 1-mm thick CdTe detector and a pinhole
collimator; b) 3D model of the MediPROBE4 CGC (2022) adopting a Timepix4
readout chip, a 2-mm thick CdTe detector and a coded aperture mask, which
can be rotated in place for correct alignment with the Timepix4 sensor array. c)
MediPROBE4 acquisition system: 1. MediPROBE4 camera head; 2. Flat cable; 3.
Sensor and chip power supply; 4. SPIDR4 readout electronics; 5. Optical fiber
fast link connection (10 gpbs, 3 m length); 6. Personal computer with a PCle
board type 2-port SFP + 10GbE Standard LP with SFP + connectors.

In semiconductor-based CGCs, gamma-rays interact directly with a
semiconductor crystal (e.g., Si, CdZnTe, CdTe, with thickness from 0.3
mm to a few mm) and produce thousands of electron-hole pairs. Elec-
trons and holes are separated by an intense electric field due to an
applied voltage bias between the two sides of the pixel detector (tens to a
few hundred volts) and migrate toward corresponding electrodes. The
charge (electrons or holes) is then collected at the pixel electrode, which
is connected via bump-bonding to the corresponding pixel cell elec-
tronics of the readout chip. This charge produces a signal via a charge-
sensitive preamplifier, with a pulse height proportional to the charge
and, hence, to the photon energy deposited in that pixel cell. The read-
out circuit for each pixel can be based on the photon counting tech-
nology (i.e., a hit is recorded if the charge signal is above a threshold), as
well as on the energy selective technology (i.e., the energy deposited by
each photon interacting in the pixel is measured and recorded).

1.1. Medipix and Timepix readout circuits

Working within a European collaboration based at CERN (www.cern.
ch/medipix), our group developed radiation imaging devices for elec-
tron imaging [6], for positron imaging [7] and gamma-ray imaging
[8-10] using hybrid pixel detectors of the Medipix series, that are based
on the semiconductor technology we discussed above.

A hybrid pixel detector is an assembly composed of a semiconductor
(e.g., Si, GaAs, CdTe, CdZnTe) pixel detector connected electrically,
pixel-by-pixel, via bump-bonding, to a readout application-specific in-
tegrated circuit (ASIC), whose array of identical microelectronic cells
has the same geometry as the 2D array of detector pixels. A first CGC was
developed in 2002 for sentinel lymph node imaging [11,12] using low-
detection efficiency silicon pixel detectors bump-bonded to a Medipix1
photon counting ASIC, featuring 64 x 64 pixels with 170 pm pitch. With
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the availability of the Medipix2 photon counting ASIC and Timepix2
energy selective ASIC (256 x 256 pixels with 55 pm pitch), and efficient
1-mm thick CdTe pixel detectors [13,14], a prototype CGC (MediP-
ROBE) was assembled, here referred to as MediPROBE2, since it was
based on the Medipix2 or Timepix2 ASICs, as summarized below.

1.2. MediPROBE2 compact gamma camera

MediPROBE2 [14] was a CGC based on a 1-mm thick CdTe semi-
conductor hybrid pixel detector (sensitive area 14.08 x 14.08 mm?)
electrically connected pixel-by-pixel to the Medipix2, or to the Time-
pix2, photon counting CMOS ASICs [15] (Fig. 1a). This imaging device
was operated at a single low-energy threshold (5 keV), and it was
equipped with a set of interchangeable tungsten knife-edge pinhole
collimators (hole aperture diameter 0.35 mm, 0.94 mm or 2.1 mm). This
CGC - developed for nuclear imaging with *™Tc radiotracers and thy-
roid imaging — showed good performance for both point-like sources
[16] and lymph node imaging [14].

During clinical tests for SLN imaging, MediPROBE2 was operated
using a single pinhole collimator: for a fixed detector-collimator distance
(10 mm), the camera had a variable field of view (FOV) in dependence of
the source-collimator distance. A typical FOV was 40 x 40 mm? at 50
mm source-collimator distance, corresponding to a minification factor
5:1. For *®™T¢, at 50 mm source-collimator distance, MediPROBE2
featured a background-subtracted system sensitivity of 6.5 x 10~ cps/
kBq and a spatial resolution of 5.5 mm FWHM (0.94 mm pinhole colli-
mator). Corresponding values for the 2.1 mm pinhole were 3.3 x 102
cps/kBq and 12.6 mm FWHM, respectively. We later equipped MediP-
ROBE2 with two interchangeable coded aperture (CA) masks [16] (no-
two-holes-touching modified uniformly redundant array NTHT MURA
62 x 62, 480 holes in the central pattern, 12.5% open fraction, 70 pm or
80 pum hole aperture, made of pure tungsten, 100 or 110 pm thick,
respectively), initially designed for '2° low-energy gamma-ray high-
resolution imaging in small animals [17,18].

CA masks are multi-aperture collimators with hundreds of apertures
arranged in a specific 2D pattern, whose geometrical efficiency is high
thanks to the presence of many holes, and whose spatial resolution is
that of a single aperture in the mask. This comes at the expense of partial
multiplexing of the images produced by the apertures; a post-acquisition
image reconstruction process returns the final image for display. While
the detector’s plane distance from the mask is fixed, the longitudinal
distance of the radioactive source plane is a free paramenter: the
computational reconstruction procedure can therefore be repeated at
several distances. This technique (laminography) [19-22] permits
adding (longitudinal) depth resolution to the 2D imaging performance
of the CGC.

Previously, via experimental tests using MediPROBE2 equipped with
these CA masks [16] and a Timepix2 ASIC, we showed a lateral spatial
resolution of 0.64 mm FWHM and 3 mm FWHM longitudinal resolution
(60 keV, 50 mm source-collimator distance, 40 x 40 mm? FOV, 1-mm
CdTe detector). X-ray sources were also imaged with high resolution
using the same CA masks [23].

1.3. MediPROBE4 compact gamma camera

In this work, we evaluated the performance of a new design of
MediPROBE CGCs (MediPROBE4), via Monte Carlo (MC) simulations.
We also reported the first experimental tests on the MediPROBE4
semiconductor-based CGC, which utilizes the new Timepix4 readout
ASIC and a high-resolution coded aperture collimator. The performance
of MediPROBE4 was analysed also with respect to MediPROBE2 [14].

We note that, while the laboratory measurements were carried out
only with a prototype Timepix4 assembly featuring a 300 pm thick Si
pixel detector (the only version available at present), the MC simulations
here reported referred also to the future version of a Timepix4 ASIC
bump-bonded to a CdTe detector, which will be employed in the final
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collimator

Fig. 2. 3D model of the detector chipboard and housing (top and bottom parts
assembled). 3D view of the box with (a) or without (b) the collimator in place.
¢) View of the bottom part, hosting the chipboard and the detector. d) Photo of
the Timepix4vl detector used in this work (bonded to a 300 pm thick Si
sensor array).

version of MediPROBE4 but is still unavailable. With the availability of a
larger ASIC (about 7 cm? for Timepix4, with respect to about 2 cm? for
Timepix2 and Medipix2 ASICs), in MediPROBE4 it was possible to
obtain a larger FOV at a given source-collimator distance, with respect to
MediPROBE2. Since a large imaging FOV coupled to a high sensitivity
was the main design goal for MediPROBE4, in the present setup, we
accepted a lower spatial resolution of MediPROBE4 with respect to
MediPROBE2 equipped with a CA mask. Yet, in the present design, the
calculated lateral resolution was good enough for the imaging tasks of
such a CGC, while the FOV was significantly larger than most CGCs that
we analysed for comparison.

In the image reconstruction (decoding) process, the position of the
source in the object plane is not known a priori and can be verified a
posteriori via decoding at various distances and then selecting the “best
focus” distance of the object plane. This motivates the various simula-
tion tests here shown, to check the performance of the decoding process,
whose properties are separated from the properties of the optical (CA
mask) system. A different decoding algorithm produces different images
with different image quality. All simulations and experiments were
carried out at source distances of a few cm from the collimator, as ex-
pected in the case of SLN localization tasks.

2. Materials and methods
2.1. Timepix4 readout ASIC

Timepix4 [24,25] is a hybrid pixel detector readout ASIC that is part
of the Medipix/Timepix family, developed at CERN by the Medipix
collaboration for a wide range of applications, from high energy physics
to electron spectroscopy, to medical physics [26]. The Timepix family
differs from the Medipix ASIC series for its capability to measure the
time of arrival of ionizing particles (ToA), as well as to record, corre-
spondingly, the time during which the charge deposited in a pixel is over
a pre-set threshold (ToT), hence enabling the determination of the en-
ergy of the interacting particle for each pixel. The Timepix4 ASIC con-
tains 448 x 512 square cells for pixel signal processing, and it is
designed to be connected to a pixelated semiconductor sensor consisting
of 448 x 512 square pixels with a pitch of 55 pm, corresponding to a
sensitive area of 694 mm? (24.6 x 28.2 mmz). Timepix4 top surface
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Coded Aperture mask

b)

Encoding Pattern (A)

Decoding Pattern (G)

Fig. 3. a), b) Coded aperture collimator (mura mask, rank 31, holes of 0.250
mm diameter; material: pure Tungsten, 1 mm thick. ¢) Encoding and d) ideal
decoding pattern of the CA mask; for MURA masks, the correlation between
these two gives a delta function. This peculiarity allows to reduce the intrinsic
noise in the decoded image. The pattern displayed (with white circles repre-
senting holes in the otherwise solid sheet of material in black) corresponds to
the antisymmetric MURA mask (rank 31) adopted in this work, made of pure
tungsten, and containing a central array of 480 round holes (highlighted in the
yellow square) cyclically replicated on the four sides for the fourfold larger
coded array physically used for imaging.

comprises a matrix of 448 x 512 bonding pads, to which the sensor (a
Silicon pixel detector of 300 um thickness, in this work, or a CdTe sensor,
in the future) is connected via bump-bonding to each corresponding
pixel electrode in the matrix array. The top electrode of the sensor is a
(guard-ringed) uniform electrode. This readout ASIC can operate in
Frame-Based mode - photon counting — and Data-Driven mode. The
latter (adopted here) allows to perform measurements with ToT and
ToA, thus enabling particle tracking and spectral imaging.

2.2. MediPROBE4 layout

MediPROBE4 CGC can be used for pre- and intra-operative proced-
ures. This device’s working system scheme is shown in Fig. 1b,c.

The camera head is connected through a semi-rigid flat cable to a
control board and readout system (Spidr4) developed by a group at
Nikhef [27]. The output is transmitted via 2 serializers working at a
bandwidth of 40 Mbps, or 16 serializer that can potentially reach a
bandwidth of 10 Gbps. A 3D-printed ABS box of size 94 x 114 x 72 mm>
houses the chipboard with its connectors and cables (Fig. 2).

Adjustable internal supports hold up the chipboard and allow the
regulation of collimator-to-detector distance as needed. The flat cable
connecting to the Spidr4 data readout system, the Timepix4 power
supply line and the CdTe detector voltage bias supply line, come out
from the bottom of the box. A 3D-printed removable ergonomic handle
is connected to the box for manual operation, but using a robotized arm
is possible (as for MediPROBE2). The external shell is shielded with 2-
mm thick lead foils, covering the entire box, except for the two aper-
tures for the collimator and the wires. The shielding weight is approxi-
mately 0.8 kg, while the weight of the whole device is about 1 kg.
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Fig. 4. Output images from the reconstruction process, for an off-axis point-like
99mTe simulated source. Six false-color images are shown, corresponding to n =
6 reconstruction object planes (at various distances, indicated as a). The
parameter a indicated on the panels is the fractional number of sensor pixels in
the image plane covered by the projection of a single hole in the CA mask, while
a is the distance of the reconstruction plane from the collimator. The source can
be identified as the yellow spot in the upper left corner (indicated by the white
arrow in the in-focus image). The “best focus” reconstruction plane was selected
either visually or by CNR analysis. In the case of single or multiple sources
extending in the axial direction, this reconstruction process (laminography)
permits to return the lateral distribution of the source activity as well as the
axial extension and position of the source(s).

Table 1
Input parameters for the Matlab image reconstruction code.

Parameter Symbol

Number of pixel positions (open or closed)
in one period of the coded mask

Hole aperture diameter

Number of pixels of the detector

Detector’s pixel dimension

Reconstruction distance from the mask

Fraction of projected pixels per aperture

Numbers of object planes for reconstruction

]
3

3QD,§.,§Q.

2.3. Coded aperture collimator

The collimator for MediPROBE4 was a centrally anti-symmetric CA
collimator, NTHT 62 x 62 MURA mask, mosaicked, pattern centered
(Fig. 3a,b), which can be represented numerically by a binary matrix, A
(i,j), containing either O (for a hole in the mask) or 1 (for an opaque
part). The design of this CA mask was of the same type as the one
adopted for MediPROBE2, but we adopted a larger size of the apertures
for increasing the collimator sensitivity, and a greater thickness for
decreasing the transmission of radio-opaque areas. The pure tungsten
mask’s parameters (hole diameter and length) were optimized via MC
simulations in the trade-off between low transmission and high geo-
metric efficiency, for a final configuration of a 1-mm-thick mask with
0.25 mm diameter round holes.

2.4. Reconstruction software

Images acquired with CA masks undergo a decoding process to
reconstruct the 3D radioactivity distribution in the object space (Fig. 4).

This can be done using several algorithms; in our case, decoding was
realized using a MURA periodic correlation decoding algorithm [17,18]
based on the deconvolution (correlator operator, ®) between the ac-
quired image matrix I(i,j) and a 2D decoding pattern, G(i,j), such that
once correlated with the mask matrix, it returns the 2D delta function: A
® G = §. In the reconstruction (i.e., decoding) process, we adopted an
off-line Matlab code, in which we input values for the parameters
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Table 2
Characteristics of the CA mask used in the experimental setup compared to those
of the simulated CA mask.

Parameter Simulated CA mask Experimental CA mask
Aperture diameter (mm) 0.25 0.080

Collimator thickness (mm) 1 0.11

Material w w

Aperture acceptance angle (°) 28 180

No. of apertures 480 480

Timepix4 with Si sensor

Cooling fan

Flat cable

Fig. 5. Experimental set-up for testing Timepix4 equipped with a coded aper-
ture mask. The mask was placed in front of the sensor at 22 mm. The radio-
active source was placed at various distances from the mask to test its capability
of reconstructing images of the object for different planes.

Table 3
Test conditions used for the Timepix4/collimator system.
Radioactive Activity  Collimator to Source to Acq.
source detector distance collimator time
(kBq) (mm) distance (mm) (s)
133Ba 250 22 62 10,800
21Am 336 22 96 4920

reported in Table 1. Image reconstruction is then carried out at various
distances, a, from the collimator face, with visual choice of the in-focus
image (Fig. 4); focusing was also carried out off-line via calculation of
image contrast-to-noise ratio (CNR) of visible sources.

2.5. Timepix4 experimental tests with radioactive sources

Laboratory tests for spectral imaging of radioactive sources were
carried out using a CA mask available in the laboratory (Table 2) and a
prototype version of the Timepix4 ASIC bump bonded to a 300 um thick
silicon sensor with 448 x 512 pixels, 55 um pitch. The readout system to
stream and collect data from the chip is the Spidr4 hardware, developed
by Nikhef Institute (partners of the Medipix4 collaboration), with its in-
house software. A photo of the experimental setup is shown in Fig. 5.

The Timepix4 ASIC was operated in Data-Driven mode with a min-
imum detection threshold set to 1500 electrons and a shutter time of 30 s
per image, using a !3°Ba and 2*!Am gamma-ray sources. After each
acquisition, data was stored, the chipboard was reset, and a new image
was acquired, for a sequence of successive acquisitions up to 2 h long;
Table 3 shows the acquisition parameters. The long exposure time is due
to the low activity of the source, while repeated measurements helped
mitigate instabilities in the ASIC prototype.
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Fig. 6. Set-up scheme used for both Monte Carlo simulations and tests of the
Timepix4-based MediPROBE4 with a spherical radioactive source. The source
was either air or immersed in a water box, with or without background activity
distributed uniformly in the box.

2.6. Image processing and analysis

Images obtained from the experimental test were processed using a
software developed with the Root toolkit to analyze data collected by
Timepix4 ASICs [29]. This software performs a preliminary cleaning
consisting of counting the number of hits in a single pixel and removing
all the hits detected in “noisy” pixels (i.e., pixels counting the number of
hits above a predefined threshold). A finer cleaning can be realized by
exploiting the clustering algorithm. This recognizes spatial clusters (i.e.,
composed of almost simultaneous hits), associated with a single inter-
acting particle; noisy clusters (i.e., several hits in the same pixel with
different, but close enough, ToA values), associated with noisy pixels;
and point clusters, i.e., hits isolated from all the others (not detected as
noisy neither spatial). Due to the initial stage of development of this
software, no energy calibration was possible; hence the actual infor-
mation on the energy of photons interacting in the sensor is still un-
available. Nevertheless, since — apart from low energies close to the
threshold - energy deposition is proportional to ToT, this last can be
used to set the detection threshold and to recognize detected photons of
the same energy. A ToT range selection was applied for energy centering
around the source’s emission line(s).

2.7. MC simulations and experimental validation

MC simulations were carried out using the toolkit Geant4 [28]
Version 10.6 with the physics list Option4. The geometrical configura-
tion used for the simulations is shown in Fig. 6.

For the assessment of MediPROBE4 performance, the collimator-
detector distance was fixed at 10 mm (from the lower surface of the
mask to the upper surface of the detector), while the source-collimator
distance was changed as required in the various tests. The simulated
sensor is made of a 1-mm or 2-mm thick slab of CdTe (density, 5.8 g/
cm?®) divided into 800 x 800 square pixels, each 55 um by side. Within
the sensor, photoelectric absorption, coherent and incoherent scatter,
and de-excitation processes were simulated and the energy deposition
within each pixel was scored (electron range cut-off set to 1 um). This
information was eventually used to assess the detection efficiency and
estimate the system sensitivity. X-ray fluorescence events in the colli-
mator and in the detector were simulated as well.

The simulated photon source was either a point-like, a circular
planar, or a spherical source. The diameter of the extended sources was
varied in a series of simulations, to investigate the effect of increasing
FOV coverage on the imaging performance of the CA mask. For the point
source, its lateral position was varied to determine the extent of the
imaging FOV, at the given reconstruction distance from the collimator. A
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99MTe radioactive source was simulated as a monoenergetic source
emitting gamma-rays of 140.5 keV. Photons were emitted from each
point of the source within a cone whose angular opening was chosen to
cover the whole detector. The number of photon histories run in each
simulation was 107, unless otherwise stated. Decoded image quality was
assessed in regions of interest (ROIs) on reconstructed images showing
the source and the background, via calculation of CNR from the mean
value |, and standard deviations o, in the ROIs, as follows:

CNR — HPsource — l’lhkgr' o)
Opkgr

The diameter of the ROIs was chosen accordingly to the extension of
the source in each image: this was evaluated from the FWHM of the peak
in a line profile across the source.

To benchmark our simulation platform, we reproduced the experi-
mental set-up used to acquire the image of the radioactive sources we
used. In the case of the 133Ba source, we simulated a point-like, mono-
energetic source emitting photons of 30.85 keV onto the sensor. The
number of simulated histories (2 x 10%) was chosen to reproduce the
activity of the source used in the experimental test. The source was
placed at 63 mm from the collimator, and at 5 mm - in both the x and y
direction — from the collimator axis. We simulated a 300 pm thick Silicon
sensor with a matrix array of 512 x 448 square pixels of 55 pm side. We
also simulated the CA MURA mask used for the experimental tests (0.08
mm holes, 0.11 mm thick), placed at 22 mm from the sensor. Corre-
sponding raw images were decoded with the reconstruction software,
using the same parameters chosen for the experimental tests.

The same procedure was repeated for the 24!Am source: the source
was simulated as a monoenergetic (59.5 keV photons) point-like source
placed at 96 mm from the mask (in the z direction), at 3 mm in the x
direction and 5 mm in the y direction with respect to the center of the
FOV. We must point out that in this Monte Carlo platform the charge
sharing between pixels of the detector was not simulated, as we did not
reproduce neither the charge collection nor the bias voltage applied to
the sensor. We only evaluated the energy released in each pixel by
interacting photons.

2.8. Field-of-view, lateral spatial resolution, axial spatial resolution and
sensitivity of MediPROBE4

The calculated field of view (FOV) of the CA mask [22] was 90.3 x
90.3 mm?, at a source to collimator distance of 50 mm, for a fixed
collimator-detector distance of 10 mm. The extent of the FOV was also
assessed by simulating a point-like source (*™Tc) placed at increasing
lateral distances from the collimator axis and analysing the resulting
decoded images. The lateral spatial resolution of the collimator (i.e., in
planes parallel to the collimator plane) was assessed by analysing the
source profile in the decoded image of a point-like source (approxi-
mately 0.5 mm in diameter) placed on-axis at 50 mm from the collimator
face. The estimated axial spatial resolution in the 3D reconstruction of
the source position — that is, the depth resolution in the longitudinal
direction normal to the collimator plane — was obtained as the FWHM of
the measured point-like source profile obtained by simulating two point-
like ®*™Tc sources at different axial distances from the collimator face.

MC simulations were carried out also for extended *™Tc sources. A
spherical source, with 10 mm diameter and emitting 107 photons, was
located on-axis at 50 mm from the collimator, immersed in a water box
(90 x 90 x 50 mm®) for simulating the surrounding soft tissue (Fig. 6). A
background activity was simulated in the water box (3 x 10® photons
uniformly distributed within the box) with a source-to-background ac-
tivity ratio (SBR) of 26:1, computed as follows:

#photonsemittedbythesource

SBR = sourcevolume (2)

F#photonsemittedbythebox *
waterboxvolume

In this case, a 448 x 512 pixels sensor was simulated. The detection



L.A. Cerbone et al.

Radon decay events

Cosmic muon event

Fig. 7. a) Experimental raw image of a point-like!**Ba radioactive source at 62
mm from the collimator, acquired with a Timepix4 ASIC bump-bonded to a 300
pm thick Si detector, using a CA mask with 80 pm hole apertures (Table 2). b)
Processed image, after performing a ToT selection and a cleaning procedure
using clustering software to remove non-point-like clusters. ¢) Zoomed image of
the rectangle highlighted in yellow in (a), showing pixel hits corresponding to
particle tracks of detected Radon decay single events (“blobs”, almost round
pixel clusters), and energetic cosmic ray muons (straight tracks of several pixels
length). Low-energy photons emitted by the '*3Ba source produce mostly
single-pixel hits. A several-mm long muon track is visible in the upper left
corner of the image in (a), encircled in yellow.

efficiency of the sensor, i.e., energy deposition within the sensor, was
not considered for these simulations (i.e., the energy-resolved photon
fluence per pixel on the detector surface was scored). The overall
geometrical sensitivity of the CGC is given by the product of the fraction
of the total solid angle subtended by the detector, and the geometric
efficiency of the collimator. For a point-like source, the former term is
inversely proportional to the square of the axial source-detector
distance.

MC simulations were carried out to estimate the second term. To
study the (on-axis) collimator sensitivity, Geant4 simulations were
performed using point-like sources placed at the center of the mask at
different axial distances from the collimator surface. The number of
photons incident on the detector surface was kept fixed for all these
simulations. The same simulations were carried out, substituting the
coded aperture collimator with a solid tungsten plate of 1 mm thickness
and for a single, round, channel pinhole with a diameter of 0.25 mm, to
simulate the response of a single aperture in the mask. For a fixed
number of photons arriving on the collimator, we hence scored the
number of photons passing through the coded mask, then through a
single hole in the mask, and the number of photons transmitted by the
solid (no openings) 1-mm thick tungsten plate. We then determined the
background subtracted sensitivity for both the pinhole collimator and
the CA mask, using the following formula:

_ #photonsthroughapertures — #photonsthroughWslab 3)
#photonsarrivingatthecollimatorsurface

The system sensitivity of the (energy-selective) CGC (detected count
rate per unit activity) is the product of geometrical sensitivity (fraction
of emitted gamma-rays arriving at the detector surface) and intrinsic
(detection) efficiency (evaluated as the fraction of gamma-rays incident
on the detector that is detected under the full-energy spectral peak). MC
simulations were carried out to also estimate the detection efficiency of
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Fig. 8. a) Histogram of the ToT of the events for a '**Ba source placed at 62 mm
from the collimator. b) Reconstructed image of the '*3Ba source, after applying
a Gaussian filter (sigma = 1 pixel). The white arrow indicates the source. c)
Reconstructed image of the 1**Ba source after applying the ToT selection and a
Gaussian spatial filter (sigma = 1 pixel). d) ToT windowing permitted to in-
crease the CNR (by 92%), as also evident from a line profile across the
source image.

the CdTe detector. This was obtained by simulating a monoenergetic
source emitting photons of 140.5 keV onto a 1 mm thick CdTe detector
first, and a 2 mm thick CdTe detector later. For each photon impinging
on the detector, we scored the energy released in a detector pixel, with a
minimum threshold of 60 keV for counting a hit.

3. Results
3.1. Experimental tests and MC simulation for a ***Ba source

Laboratory tests were carried out with gamma-emitting 3Ba and
241 Am radioactive sources. Fig. 7 shows the acquired image (a) and post-
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Fig. 9. a) CNR of the source image evaluated at many successive reconstruction
planes as a function of the distance from the collimator, for a'**Ba source
placed at 62 mm from the collimator face. The source-detector distance was 22
mm. A Gaussian fit on the source peak longitudinal profile (not shown) indi-
cated an axial spatial resolution of 9.4 mm FWHM. Measurements were carried
out with Timepix4 bonded to a 300 pm thick Si detector. b) CNR as a function of
the source-collimator distance for the MC; a Gaussian fit indicated an axial
spatial resolution of 8.2 mm FWHM.

processed image (ToT and cluster analysis) obtained using a 13Ba source
(about 1 mm diameter), placed 62 mm from the CA collimator. The
Timepix4vl ASIC was coupled to a 300 pm thick Si sensor, having
negligible detection efficiency for 81 keV and 356 keV photons emitted
by the '33Ba source. On the other hand, 30.85 keV photons emitted by
this source have a significant probability (about 90%) of interacting in
this sensor. In the acquired image in Fig. 7a (post-processed in Fig. 7b),
the shadow of the mask pattern is barely visible due to the noise given by
alpha particles emitted by Radon decay in air (visible as large white
blobs), and by cosmic rays (straight tracks), which easily penetrate the
collimator foil (0.11 mm tungsten) (Fig. 7c).

Fig. 8a shows the histogram of ToT of events detected by the Time-
pix4 detector. A peak centered around 575 ns can be noticed: from the
dependence of ToT on photon energy, we attributed the events under
this peak to the detection of 30.85 keV photons emitted by '3*Ba. Hence,
we applied a ToT windowing procedure by selecting detector hits whose
ToT value was between 400 ns and 700 ns. Fig. 8b shows the decoded
image obtained from acquired data, while Fig. 8c shows the recon-
structed image obtained by decoding the post-processed data and by
applying the ToT (energy selection) procedure.

For the former image, the CNR is about 11, while for the latter, it is
about 36 (Fig. 8d). These values quantify the improvement in the image
quality deriving from the ToT selection and the cleaning procedure.
From the post-processed acquisition, we reconstructed a 3D image of the
source (laminography technique). Fig. 9 shows the CNR as a function of
the distance of the reconstruction plane from the collimator face, for a
1334 source (0.6 mm diameter) placed at 62 mm from the collimator
face.
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Fig. 10. a) Image of the'®3Ba source (at 63 mm from the collimator) obtained
from experimental tests. b) Reconstructed image of the simulated source (object
plane at 62.9 mm). Images were decoded for a reconstruction plane placed at
62.9 mm from the collimator. ¢) Source profile for the measured and simulated
images: the two profiles are in good agreement, except for a 1 mm shift in the
lateral position, due to a slight displacement of the source with respect to the
MC simulation.

In the reconstruction process, we assign the range of axial distances
and the number of object planes for decoding the image of the source. As
the reconstruction plane approaches the actual distance at which the
source is placed, the CNR of the source increases, reaching a maximum.

241 Am point-like source
Source-collimator distance, 96 mm

and To'l

Raw image Pr d (

Fig. 11. a) Experimental detector image obtained with a point-like?*'!Am
source at 96 mm from the collimator. On the left, the raw image; on the right,
the processed image after performing a ToT selection and removing non-point-
like clusters.



L.A. Cerbone et al.

ToT range

241Am source.
@ 96 mm from collimator

a)

0
0 200 400 600 800 1000 1200 1400 1600
ToT (ns)

b) Rawimage, CNR=21 €)  Processed image, CNR = 39

60 i
_— Clean 4
Q) Raw| acquisition|
> 40
g 4
@ 20 [ —
X
5 Il .
0 A A, A _lan
W Vi (VALY
=20
d) 0 5 10 15 20 25

Position (mm)

Fig. 12. a) Histogram of the tot pixel value of the events revealed for a 2'Am
source placed at 96 mm from the collimator. b) Reconstructed image of the
source (reconstructed object plane at 98 mm from the collimator) after applying
a Gaussian filter (sigma = 1 pixel). The white arrow indicates the source. c)
Reconstructed image of the **! Am source after applying the ToT selection and a
Gaussian spatial filter (sigma = 1 pixel). d) A line profile across the source
images b) and c) shows that the ToT windowing permitted to increase the CNR
(by 86%).

It then decreases due to “defocusing”, so producing a peak in the CNR vs
source-collimator distance curve (Fig. 9). The axial spatial resolution
can be estimated as the FWHM of the Gaussian fit of the CNR peak. In
Fig. 9a we determined a value of 9.4 mm FWHM (at 62 mm source-
collimator distance). The FWHM axial spatial resolution was also
assessed from the MC simulation (Fig. 9b) and compared to the one
obtained from the experimental test (Fig. 9a). While for the latter it was
found to be 9.4 4 0.5 mm, from the MC simulation this resolution was
8.2 + 0.2 mm: the agreement between these two values is considered a
reasonable validation of MC simulation prediction of the performance of
the CA mask.

In-focus images obtained from experimental tests were compared with
those obtained from MC, as shown in Fig. 10. The FOV of the CA mask was
19.22 x 19.22 mm? in both images (experiment, Fig. 17a, and simulation,
Fig. 10b), in agreement with CA mask theory. The CNR of the sources
evaluated for the two images (for a circular ROI of 12 pixels area) were
comparable (Fig. 10c), the profiles of the sources being quite similar.

3.2. Experimental tests and MC simulation for a 2*'Am source

Fig. 11 shows the acquired (a) and processed (b) images obtained
with a 2*'Am source placed at 96 mm from the CA collimator. The
cleaning procedure included both the clustering analysis (to exclude any
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Fig. 13. a) CNR vs source-collimator distance for the experimentally obtained
image of the>*'Am source placed at 96 mm from the collimator. The axial
resolution was 15.4 mm FWHM. b) Corresponding axial profile obtained from
MC simulations showed an axial resolution of 13.2 mm FWHM.

non-pointy cluster) and a selection of the ToT of the events; in this case,
we selected events having a ToT between 50 ns and 400 ns (Fig. 12a).

The experimental assessment of the axial resolution for the 21 Am
source produced a value of 15.4 + 0.7 mm FWHM (Fig. 13a). As we did
for the '33Ba source, we performed a MC simulation to reproduce the
experimental setup with the 2*!Am source; the value of the axial reso-
lution derived from MC simulations 13.2 + 0.5 mm FWHM was in
reasonable agreement with the experimental result. In-focus images of
experimental and simulated tests are shown in Fig. 14. This figure
confirms the good visual agreement between the experiment and the
simulation, once we consider the low statistics (high noise) of the MC
simulation.

3.3. Field of view of the newly designed CA mask

Fig. 15 shows the output images for a simulated **™Tc point-like
source placed at the center of the FOV, at 50 mm from the collimator
face, with air between the source and the collimator. The raw simulated
image is reported in Fig. 15a and the corresponding decoded image is in
Fig. 15b and 15c. The CNR evaluated in this case was =~ 40.

For decoded images of point-like sources placed at several points in
the FOV of the mask at 50 mm axial distance from the collimator face,
the CNR was between 10 and 45 for all source positions up to 2 mm from
the border of the FOV (90.3 mm by side); CNR decreases linearly as the
lateral distance from the collimator axis increases (Fig. 16). This indi-
cated image quality degradation for off-axis sources, due to decreasing
geometric efficiency.

From a series of MC simulations with a point-like *™Tc source
placed off-axis, we determined at 50 mm source-collimator distance, the
useful FOV has an extent of about 88 mm, in good agreement with the
value (90.3 mm) predicted by CA imaging theory.
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Fig. 14. a) Image of the**'Am source (placed at 96 mm from the collimator)
obtained from experimental tests. b) Reconstructed image of the simulated
source (object plane at 98 mm). c) Source line profile for the measured (blue)
and simulated (yellow) images, normalized to their maximum value.
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Fig. 15. Output images (in false color scale) of the MC simulation of a point-
like ®°™Tc source placed on-axis at 50 mm distance from the collimator,
emitting 107 photons onto the detector area. a) Image (number of detected
photons per detector pixel) acquired by the simulated detector (1 mm thick
CdTe), where the projection of the mask onto the detector area is evident; b)
decoded image, showing the reconstructed source at the center of the image, as
well as cross-like artifacts arising in the decoding process; ¢) 3D surface plot of
the decoded image shown in b), indicating high detail contrast above noise.
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Fig. 16. CNR (data points) evaluated from decoded images of MC simulations,
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assessed in successive simulations in which a °*™Tc point-like source was placed
on an object plane at 50 mm from the collimator face, at various lateral dis-
tances from the FOV center. A linear fit shows decreasing image quality for
point-like source positions approaching the border of the FOV.

3.4. Lateral and axial spatial resolutions for the newly designed
MediPROBE4 camera

Fig. 17a shows the Gaussian fit performed on the line profile across
the MC-simulated and reconstructed image of an axial point-like **™Tc
source, at 50 mm from the collimator face. From this profile, we
computed the lateral spatial resolution of the collimator, which was 1.7
+ 0.7 mm FWHM. After summing the detector resolution in quadrature
(assumed to be 110 pm, i.e., 2 pixels), the system spatial resolution was
1.7 & 0.7 mm FWHM (at 50 mm distance from the collimator, where the
calculated FOV is 90 mm by side). Fig. 17b shows the spatial resolution
as a function of the source-collimator distance, as determined from a
series of MC simulations with point-like **™Tc¢ sources placed at various
distances from the collimator. The corresponding image FOV is plotted,
from which a trade-off can be determined between lateral resolution and
FOV. Fig. 17c shows the CNR of two point-like **™Tc sources, calculated
for circular ROIs of 21 pixels area (from images reconstructed in two MC
simulations), as a function of the source-collimator axial distance, for
two sources placed on-axis. The sources were separated by 6.5 mm
(proximal source at 30.5 mm and distal source at 40.0 mm axial distance
from the collimator). In this plot, the axial location of these two sources
can be identified as two well-separated peaks, with a maximum absolute
discrepancy of 3 mm in depth. By fitting each peak with a Gaussian
curve, one can derive the axial (longitudinal) spatial resolution based on
CNR assessment, which is 8.2 mm FWHM at 40 mm from the collimator
face, and 4.5 mm FWHM at 30.5 mm axial distance (Fig. 17¢).

3.5. Sensitivity of the newly designed MediPROBE4 camera

The photopeak intrinsic detection efficiency estimated from MC
simulations was 29.1 4 1.9 % for a 1-mm thick CdTe detector, and 50.1
+ 1.3 % for a 2 mm thick detector (selecting a minimum detection
threshold of 60 keV). The fluorescence events represent 2.2% and 6.1%
of the total hits, for 1 mm and 2 mm detectors, respectively. For a source
placed axially at 50 mm from the collimator face, the background sub-
tracted geometrical sensitivity of the collimator is 4 x 10~*. Considering
the detection efficiency and the geometrical sensitivity, for a source
placed at 50 mm from the collimator face, the expected system sensi-
tivity for a 1 mm thick CdTe sensoris 1.2 x 104, and of 2.2 x 10~*for a
2 mm thick detector.

Fig. 18 shows the system sensitivity of the CA mask, as a function of
the source-collimator distance. In the MC simulation, we considered a 2-
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Fig. 17. a) Source profile along a horizontal line in Fig. 15, for a point-like
9MTe source placed on axis at 50 mm from the collimator (data points). Two
Gaussian fits are shown for the profile of the sources (lines), from which the
lateral spatial resolution is derived, as 1.7 + 0.7 mm FWHM. b) Lateral spatial
resolution determined from MC simulations, and side of the image FOV, as a
function of the distance from the collimator. Linear fits on the data have been
drawn. c¢) CNR as a function of the distance from the collimator (data points),
for two simulated point-like sources placed on-axis, at 30.5 mm and 40 mm
from the collimator, respectively. Gaussian fits of the two peaks show centroid
and FWHM value of the two reconstructed source profiles.

mm thick CdTe detector. A similar simulation was carried out for a
single hole (channel pinhole) in this mask, which indicated that at 50
mm source distance the estimated system sensitivity corresponds to
0.022 cps/kBq, i.e., 292 times that for a single 0.25 mm aperture
pinhole. This axial sensitivity is equivalent to that of a single knife-edge
pinhole with an aperture diameter of 4.25 mm. The functional decrease
of sensitivity vs. source distance from the collimator (Fig. 18) is a
combined result of i) a decrease of source intensity with the inverse
square of the distance; ii) an increasing geometric efficiency of the CA
mask at increasing distances of the source when multiple apertures “see”
the source; and iii) a limited acceptance angle of the channel pinhole
aperture (28°).
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Fig. 18. System sensitivity as a function of source-collimator distance, esti-
mated from MC simulations using background-subtracted sensitivity for the CA
mask (0.25 mm hole apertures) and detection efficiency of a 2 mm thick CdTe
detector. An exponential function well fits the data. At 50 mm from the colli-
mator, the sensitivity is 292 times larger than that of a single hole in the
CA mask.
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Fig. 19. a) False color projection images of the mask onto a 448 x 512 pixel
detector, for a spherical source (10 mm diameter) placed in a water box of 90 x
90 x 50 mm?® simulating the embedding soft tissue, and b) corresponding
decoded image. c) In this projected image the water box contains a uniform
background activity with an SBR = 26:1; d) corresponding decoded image.

3.6. Image of a spherical source in a water box using the newly designed
CA mask

MC simulations of a spherical source placed within a water box
(Fig. 19a,b) showed a significant reduction in the CNR with respect to a
point-like source in air; nevertheless, the image quality is still sufficient
to visualize the source. With the addition of background activity
(Fig. 19¢,d), the CNR further decreases from 6.95 (Fig. 19b) to 5.45
(Fig. 19d).
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Table 4
Performance of some commercial and experimental CGCs. MediPROBE2 was
equipped with a 1-mm thick CdTe detector.

CGC Field of view System spatial Sensitivity
[Ref.] (mm?) resolution (cps/kBq)
@50 mm (mm)
@50 mm
MediPROBE2 (0.94 mm 70.4 x 70.4 5.5 6.5x107°
pinhole) [16] @ 50 mm
MediPROBE2 (1.9 mm 28 x 28 5.0 4.9 %1072
pinhole) [35] @ 50 mm
MediPROBE2 (0.08 mm CA 40 x 40 0.64 + 5% 5.9 x 1072
mask) [16] @50 mm
eZ SCOPE [30] 32 x 32 7.9 1.8x107°*
@0 mm
POCI [31] 40 mm in 7.6 1.9x107!
diameter @50 mm
CGC [36] 40 x 40 2.9 2.1x107!
@3 mm
Sentinella 102® [32-34] 2.5 67 x 67 7.3 5.0 x 107!
mm pinhole collimator (interpolated) @50 mm
MediPROBE4 88 x 88 1.7 £ 0.7 2.2x107!
(0.25 mm CA mask) (2-mm @50 mm
CdTe)

4. Discussion

The above preliminary assessment of the performance of MediP-
ROBE4, carried out via MC simulations and experimental tests, pro-
duced a picture of the characteristics of the new CGC, which in Table 4
are compared with those of some present commercial and experimental
CGCs. For further comparisons among state-of-the-art CGCs, a compre-
hensive review of compact gamma cameras in the last decade has
appeared recently [37].

With respect to the previous probe (MediPROBE2) utilizing a
Timepix2 with a CdTe (1 mm thick) detector and a CA mask (0.08 mm
aperture), the major advancements here shown are the increase of the
Timepix4 detector sensitive area (from about 2 cm? to about 7 cm2), and
to the use of a more efficient CA collimator (0.25 mm aperture). As
expected, these changes decrease the spatial resolution (from 0.64 mm
to 1.7 mm at 50 mm distance), but correspondingly, the useful FOV and
the system sensitivity increase significantly (Table 4). With respect to
using MediPROBE2 with a photon counting detector (Medipix2 ASIC),
Timepix4 allows energy sensitive detection of the energy of the inter-
acting photon; with respect to MediPROBE2 using a Timepix2 ASIC,
MediPROBE4 features a larger detector area which produced the above
high performance in terms of sensitivity, resolution and FOV.

As for all Timepix series ASICs, the ToA feature of Timepix4 allows to
recognize the cluster of pixels hit by a single photon, necessary to
overcome the charge-sharing problem and to also permit discrimination
of multiple radiation sources [38].

With respect to a scintillator-based commercial CGC (Sentinella
102® by Oncovision, Valencia, Spain), which is twice as sensitive at 50
mm distance from the collimator, MediPROBE4 equipped with a 2-mm
thick CdTe detector is predicted to feature a better spatial resolution
(1.7 mm vs. 7.3 mm) at a relatively larger FOV (88 x 88 mm? vs. 67 x
67 mm? estimated) (Table 4).

5. Conclusions

We presented a layout of the new CGC MediPROBE4 based on the
Timepix4 hybrid pixel detector, as well as MC simulations and first
experimental tests of its performance with laboratory radioactive sour-
ces. 3D spectral images of gamma-ray radioactive sources (**'Am and
133Ba) were obtained. Once equipped with a 2-mm thick CdTe pixel
detector, and a CA mask with 0.25 mm apertures, MediPROBE4 char-
acteristics appear promising in view of its future realization with 2-mm
thick CdTe detectors, and validation in a clinical environment. By
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comparing results from our MC simulations with the experimental tests,
we demonstrated that our simulation platform can predict the imaging
performance of the CGC we designed. The Geant4-based code could also
simulate similar devices by setting the relative geometrical and
constructive parameters.
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