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Initial Characterization of the SAFIR
Prototype PET-MR Scanner
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Afroditi Eleftheriou, Jannis Fischer , Peter Fischer, Mikiko Ito, Parisa Khateri, Werner Lustermann,
Michael Ritzert, Ulf Röser, Markus Rudin , Ilaria Sacco, Charalampos Tsoumpas , Geoffrey Warnock,

Matthias Wyss , Agnieszka Zagozdzinska-Bochenek, Bruno Weber, and Günther Dissertori

Abstract—The SAFIR collaboration is currently developing a
high-rate positron emission tomography (PET) insert to study
fast kinetic processes in small animals. Our insert is designed
for simultaneous image acquisition with a preclinical 7 T mag-
netic resonance (MR) imaging device. In contrast to existing
preclinical PET scanners and inserts, our hardware is opti-
mized for high-rate measurements with source activities up to
500 MBq. As a first step, the SAFIR Prototype insert was con-
structed. This already incorporates the final components, but
has a reduced axial field-of-view (35.6 mm). We use lutetium-
yttrium oxyorthosilicate crystals (2.12 mm × 2.12 mm × 13 mm)
one-to-one coupled to silicon photomultipliers. All analog signals
are digitized within the insert. We use 49 MR-compatible dc–
dc converters in the insert to provide the power to all readout
electronics. After shimming, no degradation of the homogeneity
of the static B0 field in the MR scanner was observed. During
full operation, we saw a minor reduction in the signal-to-noise
ratio of the MR data of 4.9%. With a low activity point source
(22Na 0.65 MBq) we obtained a coincidence energy resolution of
13.8% full width at half maximum (FWHM) and a coincidence
timing resolution of 194 ps (FWHM). First PET/MR rat brain
and high-rate mouse cardiac images (84.9 MBq) are shown in
this article.
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I. INTRODUCTION

THE SAFIR collaboration was formed to develop a
positron emission tomography (PET) insert for an exist-

ing preclinical magnetic resonance (MR) imaging system
(Bruker BioSpec 70/30) [1], [2]. The insert is designed for
very high count rate measurements, enabling image acquisi-
tion times of less than 5 s [3]–[5], something that in humans
has become possible only recently with the development of the
total body PET scanner [6]. The target activity in the field-of-
view is 500 MBq, which leads to hit rates of about 60 kHz
per crystal. In order to handle these data rates, a one-to-
one coupling for the lutetium-yttrium oxyorthosilicate (LYSO)
crystals and the silicon photomultipliers (SiPMs) was speci-
fied. The requirements for the detector are based on GATE
simulations [2].

1) Spatial Resolution: <2 mm.
2) Coincidence Timing Resolution (CTR): <300 ps.
3) Energy Resolution: <20%.
In this article, we focus on the coincidence energy resolution

(CER), the CTR, and the MR-compatibility. Furthermore, we
show the first high rate images and our first combined PET-
MR image. The geometric dimensions of the constructed PET
insert are summarized in Table I.

II. MATERIALS

The SAFIR Prototype insert has the shape of a hollow cylin-
der with an inner (outer) diameter of 114 mm (199 mm) and
an overall length of 103 cm. The mechanical support struc-
ture is made of carbon fiber. Internally, the insert comprises
12 identical sectors on an equilateral dodecagon. On each face
of this dodecagon, a carbon fiber casket is mounted, housing
the digital interface board equipped with two detector mod-
ules. The detector has an axial field of view of 35.6 mm and
the distance between the front faces of opposing crystals is

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/
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TABLE I
DIMENSIONS OF THE SAFIR PROTOTYPE PET-MR SCANNER

Fig. 1. Rendering of the SAFIR Prototype insert.

128 mm. At the end of the detector there are fast signal dis-
tribution boards and power distribution boards. A rendering of
the insert is shown in Fig. 1.

A. HF Shielding

We use three different RF shields in the SAFIR Prototype
insert. The innermost layer is the carbon fiber cylinder,
with 2-mm wall thickness. It is followed by a copper-
Kapton multilayer shield. This comprises 25-mm wide stripes
of copper (35-μm thickness) and Kapton tape (69-μm
thickness). The different layers overlap by 12.5 mm. This
shield covers the central area of the insert (20-cm long).
Finally, there are the carbon fiber caskets, that house the
electronics. All carbon fiber material is made with graphite
enriched epoxy glue.

B. Detector Module

The detector module comprises a readout board, two SiPM
arrays and two LYSO crystal matrices (Tianle Photonics).
The crystals are one-to-one coupled to the SiPMs. Crystals
of 2.12 mm × 2.12 mm × 13 mm are used and arranged in
crystal arrays of 7 × 8 and 8 × 8 crystals with a pitch of
2.2 mm. The crystals within each array are optically sepa-
rated by enhanced specular reflector foil (3M Vikuiti Enhanced
Reflector Films). The arrays are glued onto SiPM matrices
made of 8 × 8 pixels with 2 mm × 2 mm pixel size and
2.2 mm pixel pitch (Hamamatsu TSV MPPC array S13361-
2050AX-08). The custom SiPM arrays provide readout of all
cathodes while having common anodes. Thus, their negative
signal polarity matches the readout application-specific inte-
grated circuits (ASICs) employed. Each readout board carries
four ASICs, two per SiPM array. We use the PETA6SE-ASIC
designed by Prof. Fischer and his group from the University
of Heidelberg as readout ASIC [7], [8]. It has 36 single-ended
input channels, a size of 5 mm × 6 mm and is flip-chip bond-
able. The ASIC amplifies the pulse of the SiPM and uses a

Fig. 2. Picture of the detector module (top to bottom): LYSO crystal matrices,
SiPM arrays, the readout board hosting four flip-chip bonded PETA6SE ASICs
(covered by two heatsinks), and the end of the digital interface board.

time-to-digital-converter (TDC) comprising a fine counter (bin
width 50 ps) and a coarse counter (bin width 1.6 ns) together
with a fast leading edge discriminator to measure the arrival
time of the SiPM signals. Eighteen channels share one TDC.
In addition, a charge-to-digital-converter (QDC) measures the
signal charge. The ASIC needs about 33-mW input power per
channel and operates at 1.8 V. Two differential data transmis-
sion lines per ASIC, operating at 200 MHz, are used to transfer
the digitized data to the digital interface board. An image of
the readout board is shown in Fig. 2. In total there are 2880
crystals and 3072 SiPM pixels in the insert.

C. Digital Interface Board

There is one digital interface board in each sector, thus, 12
in total. The functions of the digital interface board are: data
transfer from the ASICs to the data acquisition (DAQ) com-
puter, ASIC configuration and slow control. We employ an
FPGA (Xilinx Kintex 7 “XC7K70T-2FBG484I”) and an opti-
cal Ethernet link, operated at 1 GBit/s [9]. Within the Kintex
FPGA, we use a softcore microcontroller (MircoBlaze) for
the slow control tasks. These include temperature measure-
ment and communication with the bias voltage system. For
the temperature measurement, there are five onboard sensors
(LTC 2990) below the five slots for readout modules [10]. An
image of the digital interface board, together with two detector
modules and a bias generation board is shown in Fig. 3. Their
interplay is illustrated in Fig. 4.

D. Power Distribution and Conversion

The digital electronics in the SAFIR Prototype insert is
supplied by a single power supply, placed outside of the
Faraday cage. It provides power at 16 V DC and is con-
nected via 11 m long cables (10 m with 6 mm2 and 1 m with
2.5 mm2) with the primary power distribution boards inside
the insert. These boards have reverse voltage protection diodes
and transient-voltage-suppression diodes to protect the detec-
tor from incorrect operation and distribute the voltage further
to the secondary power distribution boards (one in each cas-
ket). We developed MR-compatible dc–dc converter modules,
to generate all required voltages inside our detector [11]. The
dc–dc converters take any input voltage from 6 V to 20 V and
transform it to the intermediate voltages of 2.4 V and 4.1 V.
In total, we have 49 dc–dc converters installed inside the
insert. They supply linear low-dropout regulators, providing



RITZER et al.: INITIAL CHARACTERIZATION OF SAFIR PROTOTYPE PET-MR SCANNER 615

Fig. 3. All electronics from one casket (from left to right): secondary power distribution board (bottom left), bias generation board (top), one digital interface
board and two detector modules (top right).

Fig. 4. Interplay of the boards within the insert and with the infrastructure outside of the MR room. The data path is marked in red.

all voltages (1 V–3.3 V) for the components. The conversion
efficiency of our dc–dc converter modules is 85% and the total
input power of our insert is about 300 W.

E. Bias Generation

We use three different voltages (−50 V; ±12 V) for the bias
system, which are brought into the insert from three indepen-
dent power supplies, placed outside of the MR-room. These
are fed into the bias distribution boards, which, in turn, sup-
ply 12 bias and temperature (SBT) boards, one per sector. The
SiPMs need a bias supply of about −58 V. The bias voltage
is composed of a fixed shift voltage of −50 V, stabilized with
remote sensing and an adjustable part of 0 V to −10 V pro-
vided by the SBT board. Each SBT board has six independent
output channels. We use one bias channel for each detector
module and both SiPM arrays on the module are selected to
have approximately the same break down voltage. In addition,
there is the possibility to correct the bias voltage of each SiPM
channel from within the ASIC, a feature which was not used
for the results presented in this article. Overall, the bias system
has an absolute accuracy of 85 mV, which is similar to the
typical spread of the break down voltages of the 64 SiPMs in
one array. We operate all SiPMs with an overvoltage of 6 V.

F. Fast Signal Generation and Distribution

We have three fast control signals in our detector system.
These are the 25-MHz system clock, the synchronization
signal, and the test-trigger signal. All signals are transmit-
ted via low voltage differential signaling (LVDS) connections
throughout our insert. There is one fast control master board,
generating these signals. It is connected to two fast control dis-
tribution boards, which distribute them to the digital readout
boards. On the digital readout boards, the signals are dis-
tributed further to all attached ASICs on the detector modules.
All interconnections for the fast control signals use standard
Ethernet cables with RJ45 connectors.

G. Cooling System

The SAFIR Prototype insert employs forced air cooling. We
use a 2.2-kW side-channel blower (SCL K05-MS-2.2kW) to
suck air through the detector. The blower is placed in the
technical room and operates continuously at full power. It
is connected via plastic tubing (45-mm inner diameter, 10-m
length) with four hoses (20-mm inner diameter, 1-m length)
coming out at one end of the insert. On the other side, ambient
air (20 ◦C) flows into the insert. The fresh air first passes the
SiPMs and ASICs, followed by the rest of the electronics.

H. MR System

We use a “Bruker BioSpin 70/30 MRI” system together
with a “B-GA20S” gradient system. The gradient system has
an inner diameter of 200 mm, a maximum gradient strength
of 200 mT/m and a maximum slew rate of 640 T/m/s. For
all phantom measurements, we used a mouse size volume coil
(Bruker “RF RES 300 1H 075/040 QNS TR”). In addition, we
used a rat size volume coil (Bruker “RF RES 300 1H 112/72
QNS TR M”) for the simultaneous PET/MR animal images.

III. METHODS

A. Temperature Measurement

The onboard temperature sensors are read out once per sec-
ond. We record all temperature values together with other slow
control data for offline analysis. Ten temperature measure-
ments are used to calculate the mean temperature over a 10 s
period.

B. Data Processing

The raw data from the insert are saved on the DAQ computer
and all processing is done offline. We apply calibration data
(see next section) to get singles and afterward we use a single-
window coincidence sorter (500 ps coincidence window time)
to obtain coincidences. Coincidences consisting of more than
two singles are rejected (if no intercrystal scatter recovery is
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active). All coincidences are filtered with an energy window
(standard: 391 keV–601 keV). A cut on the tangential angle
between the singles (<90◦) is applied. There is the possibil-
ity to recover triple coincidences (see below). If intercrystal
scatter recovery is used, we apply the energy window and the
tangential cut on the recovered singles.

C. Data Calibration

We use the measurement from a 22Na point source posi-
tioned in the center of the field of view to obtain energy and
timing delay calibration data. To get the energy E (in keV)
from the measured QDC value, we use a logarithmic model

E = αc(QDC − βc)
γc

with three constants αc, βc, and γc, that depend on the chan-
nel c. The offset βc is derived from a test-trigger measurement.
The other two constants are derived from 22Na data. We deter-
mine the position of the 511 keV and the 1275 keV peaks and
analytically calculate αc and γc.

The timing delay calibration is done in two steps using
the point source measurement data. First, we process it with
a wide coincidence window (5 ns), cut on the photopeak
(391 keV–601 keV) and combine all 16 channels of one TDC.
We use the mean value mij of the time difference of each TDC
pair i, j together with its standard deviation sij, and the number
of coincidences nij

∑

ij

(
mij − di + dj

)2

s2
ij nij

.

We minimize this sum and obtain the delay values di and dj

for the TDCs.
Afterward, the same procedure is repeated with a narrower

coincidence window (1.5 ns) for all crystals. The delay values
from the TDC calibration are applied and the same energy win-
dow (391 keV–601 keV) is used. Before the minimization, we
filter on the number of coincidences per crystal pair (min. 50),
in order to increase the stability of the calibration routine.
More than 1 million coincidences were used in total for this
calibration.

Moreover, we use the point source measurement data to
calibrate the energy-dependent delay caused by the leading
edge discriminator (time-walk effect) [12]. We correct the time
stamps of the singles by �t based on the measured energy E
using

�t = κ(E − 511 keV)2

with a global constant κ . We process the dataset with all delay
calibration data applied, a large energy window (211 keV–
661 keV) and a 500-ps coincidence window. Additionally, we
filter the energies of the coincidences, so that one single always
is on the photopeak (461 keV–561 keV). We analyze the time
difference with respect to the energy of the other single and
obtain κ from a fit to this distribution. The calibration data are
saved and reused for all other measurements.

D. Intercrystal Scatter Recovery

Intercrystal scatter recovery is performed after coincidence
search. In coincidences with three hits, we look for pairs of hits
that are closer together than a specified distance, called recov-
ery range (typically 3.5 mm or 5 mm). The two interactions
are merged into a single. We have tested different methods to
combine the interactions and selected the one with the most
accurate crystal assignment, measured by the average mini-
mum distance of the lines of response to the source position.
We select the interaction with the higher energy as primary
interaction. The second interaction is removed and its energy
is added to the primary interaction. The time stamp is gener-
ated by the weighted mean of the two time stamps, with their
individual energy values as weights (to account for the differ-
ent photon statistics). The time stamp of the second interaction
is corrected for the flight time of the scattered gamma ray
between the crystals. At the end, the final energy window and
the cut on the minimum separation in tangential direction is
applied on the recovered data.

E. Data Analysis

We report the energy resolution and timing resolution after
coincidence search. For the analysis of the CER, we fitted a
Gaussian function over the interval from 480 keV to 580 keV
to the coincidence energy spectrum. We report the full width
at half maximum (FWHM) of the fitted function. To obtain
the CTR from the timing spectrum, we select the highest bin
and fit a parabola through it and its two neighbors. The peak
of the parabola is used as maximum. Afterward, we interpo-
late between the bins of the coincidence timing spectrum at
half the maximum to obtain the FWHM value of the mea-
sured distribution. The number of all lines of response that
are not more than 10 mm away from the source is reported in
addition. We analyse the same dataset with different energy
windows as well as with intercrystal scatter recovery. If inter-
crystal scatter recovery is enabled, we first use a wide energy
window (100 keV–601 keV) for the coincidence search and
apply the final energy window (391 keV–601 keV) on the
recovered data.

F. Image Reconstruction

We save all coincidences in the form of listmode files.
Image reconstruction is then performed using a standard
ordered subset expectation maximization algorithm [13]. The
system matrix is calculated by ray-tracing, with 15 625
rays per line of response. We use a voxel size of
0.733 mm × 0.733 mm × 0.733 mm (1/3 of the crystal pitch)
and create images of 120 × 120 × 60 voxels. In total 12 itera-
tions are used, with 12 subsets each. After every full iteration
a Gaussian filter with an FWHM of 1.467 mm (2/3 of the
crystal pitch) was applied to smooth the image [14].

G. PET Images

All raw data were stored and processed offline with an
energy window from 391 keV to 601 keV, 500-ps coinci-
dence timing window and no intercrystal scatter recovery was
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applied. The presented images are slices with a thickness of
one voxel (0.733 mm) and they are zoomed by a factor of ten
with linear interpolation. The image fusion of the PET and
MR images is performed using commercially available soft-
ware (PMOD Technologies LLC). We show three different
measurements.

1) Mouse Sized Hot Rod Phantom: 1.5 MBq/mL 18F, 150 s
acquisition time, four different rod-diameters (1.4 mm,
1.5 mm, 1.7 mm, 2.0 mm) and a rod-center to rod-
center distance of twice their diameter.

2) Ex Vivo Rat Brain: 37.3 MBq 18F-labeled-tracer (undis-
closed), two bed positions with 700 s and 900 s acquisi-
tion time, with simultaneous MR acquisition at 2 h after
injection, MR sequence: T2 turborare 3-D.

3) In Vivo Mouse Cardiac: 84.9 MBq 18F-labeled tracer
(undisclosed), 1800 s total acquisition time, sample
frame reconstructed for a duration of 5 s at 1200 s after
injection

H. B0 Field Distortions

For this measurement, we used a cylindrical and homo-
geneous phantom filled with a Bruker calibration solution
(H2O, with 1 g/L CuSO4 and 3.6 g/L NaCl). We mea-
sured two B0 maps (40 mm × 40 mm × 40 mm, voxel size:
0.5 mm × 0.5 mm × 0.5 mm) following shimming of the MR
system. One map is taken without the SAFIR Prototype insert
and the other one with the insert. Three central slices are
shown in the result section.

I. HF Distortions

This measurement was performed after the shimming of
the MR system. We used the same phantom as for the B0
field distortions measurement together with the Bruker Quality
Assurance-SNR protocol. This is based on a T1-weighted
sequence with an automatic post-processing. The output is the
signal-to-noise ratio (SNR) normalized to the voxel volume.
Five repetitions of this measurement were acquired. We report
the mean value and standard deviation. To investigate the effect
of our insert, we repeated this measurement five times: 1) with-
out the insert; 2) with the insert switched off; 3) after start up
in a low power state; 4) during idle operation at full power;
and 5) during data acquisition.

J. Influence of the MRI on the PET Count Rate

For this measurement a point source was placed on the ani-
mal bed, positioned in the isocenter of the PET insert in the
MR system. A mouse volume coil (Bruker “RF RES 300 1H
075/040 QNS TR”) covered the source, as well as a small
water phantom. PET data was acquired while different MR
sequences were running. The measurement time was 100 s per
data point. The data was processed with a single-window coin-
cidence sorter, an energy window from 391 keV to 601 keV,
500-ps coincidence window time and a minimum tangential
separation of the hits in one coincidence of ϕ > 90◦. We
compare the coincidence rate for different sequences with a
reference measurement in the B0 field.

TABLE II
AVERAGE BOARD TEMPERATURES

Fig. 5. Measured temperature values (10 s average) for the five sensors on
board 2 (warmest board).

IV. RESULTS

A. Temperature Measurements

The average board temperatures are summarized in Table II.
The maximum average temperature was 27.09 ◦C and the
minimum average temperature was 25.59 ◦C. The measured
temperature values for board 2 over a time of 40 min are
shown in Fig. 5. There is no overall trend visible. The sen-
sor (red) below the first detector module closest to the air
intake was about 3 ◦C colder than the other sensors. The sen-
sor (green) furthest away from the air intake measured the
highest temperatures. The temperatures are very stable within
one degree Celsius. With an external thermometer, we mea-
sured a temperature difference of 5 ◦C between the air intake
of the insert and the air outlet of the insert.

B. Coincidence Energy and Timing Spectrum

The measured coincidence energy spectrum for all channels
is shown in Fig. 6. The FWHM obtained from the Gaussian
fit is 13.8%. The minimum between the photopeak and the
Compton edge was at an energy of around 390 keV.

The measured coincidence timing spectrum (energy cut:
391 keV–601 keV) for all channels combined is shown in
Fig. 7. The plot contains the measured time differences of
all recorded coincidences. The FWHM obtained for the CTR
was 194 ps. This is equivalent to an average singles timestamp
precision of (194 ps/

√
2) = 137 ps (FWHM) corresponding

to σsingle = 58 ps.
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Fig. 6. Measured coincidence energy spectrum from 200 keV to 700 keV.

Fig. 7. Measured coincidence timing spectrum for an energy window of
391 keV–601 keV.

TABLE III
CTR FOR DIFFERENT ANALYSIS SETTINGS, ICSR = INTERCRYSTAL

SCATTER RECOVERY

C. Results for Intercrystal Scatter Recovery

For this analysis, the data of the same dataset were pro-
cessed with different settings, according to Table III. As
comparison to the results for the intercrystal scatter recovery
we present results for wider energy windows without inter-
crystal scatter recovery, too. The intercrystal scatter recovery
decreased the CTR from 194 ps to 205 ps. The benefit was
an increase of about 41%–63% in the number of detected
coincidences.

D. B0 Field Distortions

The measured B0 maps are shown in Fig. 8. The maximum
deviations were around 0.1 ppm in the shimmed area (a cylin-
der of 26-mm diameter and 15-mm length, to fit the phantom)
and 0.7 ppm at the edges of the field of view.

Fig. 8. Three representative slices from B0 maps with/without SAFIR. Slices
20, 40, 60 from 80 slice acquisition (80 × 80 matrix size in plane). Top: B0
map without SAFIR, after shimming; Bottom: B0 map with SAFIR, after
shimming. The black box indicates the shimming region.

TABLE IV
NORMALIZED SNR VALUES FOR DIFFERENT OPERATING CONDITIONS

TABLE V
DEVIATION OF THE MEASURED COINCIDENCE

RATE FOR DIFFERENT MR SEQUENCES

E. HF Noise

The results obtained with the Brucker QA-SNR sequence
are summarized in Table IV. With all electronics powered up,
the insert requires about 300-W input power. This resulted
in an SNR degradation of 2.7%. During data readout (same
power consumption), the degradation increased to 4.9%.

F. Influence of the MRI on PET Coincidence Rate

The measured change of the coincidence rate for differ-
ent MR sequences is shown in Table V. The change in the
coincidence rate is below 0.5% for all tested MR sequences.

G. Images

The first image (Fig. 9) shows a single slice of the hot rod
phantom. One can distinguish all rods with 1.7-mm and 2-mm
diameter. The 1.5-mm and 1.4-mm rods cannot be separated
completely. A profile is shown in Fig. 10.

Fig. 11 shows two slices of an ex vivo rat-brain image taken
following an in vivo measurement with 18F-labeled tracer
(undisclosed). It is an alpha-blended fusion of two stitched
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Fig. 9. Hot rod phantom with four different rod-diameters (1.4 mm, 1.5 mm,
1.7 mm, 2.0 mm) and filled with 18F (1.5 MBq/mL). The blue line shows the
position of the line profile through the 1.7 mm and 2 mm rods.

Fig. 10. Line profile through the 1.7 mm and 2 mm rods (see Fig. 9).

Fig. 11. Two representative slices from a rat brain PET-MR image,
3-D T2 turboRARE (Bruker) MR sequence for anatomical reference,
ex vivo PET imaging 1 hr after intravenous 18F brain receptor tracer
(undisclosed) injection, image matrix: 36 × 64 × 128; voxel size:
1.0 mm × 0.5625 mm × 0.5 mm, stitch from two PET images (consecutive
bed positions). Fusion display of stitched PET (“cold” color table) on MR
reference (grayscale).

PET images from consecutive bed positions and one MR
image. The first PET image was acquired simultaneously with
the MR image and afterward the rat was repositioned for
the second PET image. The images match without visible
distortion (assessed during image matching in x/y/z planes).

A mouse in vivo image with an 18F-labeled tracer (undis-
closed) for myocardial perfusion is shown in Fig. 12. A sample
slice is shown for an image frame reconstructed with 5-s dura-
tion, taken 20 min after injecting 84.9 MBq. One can see
clearly the expected shape of the myocardium.

Fig. 12. Mouse in vivo PET image, single frame (5 s) at 20 min after
intravenous 18F tracer injection, tracer (undisclosed) targets the heart muscle,
84.9 MBq activity, image matrix: 120 × 120 × 60; voxel size: 0.73 × 0.73 ×
0.73 mm, no concurrent MR image was acquired.

V. DISCUSSION

A. Temperature Measurements

The temperature sensors have an accuracy of 1 K in the
range from 0 ◦C to 85 ◦C [10]. This matches with the vari-
ation of the temperature curves. The spread of the average
temperature for different boards was less than ±1 ◦C. These
observations match with the expectation based on the air-
conditioned environment, the constant power consumption of
the hardware and constant air flow. The variations in the
board temperature are caused by changes of the ambient
air temperature origination from the air conditioning system.
The measured temperature increase of 5 ◦C matches with
the expected value (5.6 ◦C) derived from the nominal air
flow of the side channel blower (160 m3/h), the heat capac-
ity of air (1.2 kJ/K/m3) and the power dissipation of the
electronics [15].

B. PET Results

The photopeak is clearly visible in the coincidence energy
spectrum. A limitation for the energy resolution is the number
of micro-cells in each SiPM pixel (1580). However, the energy
resolution achieved is sufficient for our application. Since the
minimum in between the photopeak and the Compton edge is
around 390 keV, we selected an energy window from 391 keV
to 601 keV for the analysis. To the best of our knowledge,
there is no preclinical PET scanner with a better CTR than
the reported 194 ps (FWHM) at low activity [16]–[27]. The
majority of the 511-keV gamma rays are scattered in the LYSO
crystals [28], [29]. Therefore, some of these scattered rays
escape the original crystal of interaction and interact again in
neighboring crystals. In light-sharing and monolithic detector
designs, interactions with intercrystal scatter will create over-
lapping light patterns. Hence, the detected signal will be a
combination of the signals of the individual interactions, if
no further filtering is applied. The SAFIR detector system,
comprising individually read out crystal elements and a very
high data bandwidth, allows to digitize all singles including
those of scattered events and to store their data on the DAQ
computer. With intercrystal scatter recovery, we observe an
increase in the number of detected coincidences by more than
50% compared to the case without intercrystal scatter recovery
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and the same energy window. Our algorithm, that identifies
the crystal with the highest energy deposit as the crystal of
the first interaction, was also successfully applied by other
groups [30]–[33].

C. MR Results

The maximum deviation in the B0 map was 0.7 ppm
and inside the shimmed region it was even smaller. This is
sufficient for all planned MR-measurements.

We observed a minor degradation of the SNR value during
operation of our insert. An increase in the power consumption
reduced the SNR by 2.7%. During data readout, the value was
decreased in total by 4.9%. Bruker indicates the typical SNR
range for this coil/phantom combination to be 2000 mm−3 to
2500 mm−3, meaning that even after degradation we are well
above the functional SNR.

The coincidence rate does not change significantly during
simultaneous PET-MR acquisition (see Table V).

D. Images

In the hot rod phantom, all rods with 2 mm and 1.7 mm
can be distinguished clearly. Therefore, one can deduce that
similar-sized features in animals can be resolved.

The ex vivo rat image consists of two stitched PET images
and one MR image. Stitching of the two PET images was
straightforward without significant artefacts. The combined
PET image matches very well with the MR image.

The in vivo mouse image is our first high rate image with
an injected activity of 84.9 MBq. This is already two to 20
times the typical activity used in conventional preclinical PET
scanners [34], [35]. One can clearly see the expected shape of
the myocardium, indicating sufficient image quality for cardiac
studies in mice.

VI. CONCLUSION AND OUTLOOK

In this article, we presented the first results obtained with
the SAFIR Prototype insert. We achieved an excellent CTR
of 194 ps on system level. This exceeds our design goals for
the scanner. The same applies to the measured CER of 13.8%.
The first PET-MR and high rate images are already of promis-
ing quality and indicate that we obtain the spatial resolution
required for small animal research applications. We anticipate
that applying an improved image reconstruction algorithm will
further increase the image quality [36]. The next step is the
construction of the full system, with an increased axial field
of view (180 mm).
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