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Abstract—The INSERT is the world’s first clinical SPECT-
MRI brain imaging system based on scintillation detectors with a
SiPM readout. Here we demonstrate its use within a clinical MRI
environment for the first time. Using a standard transmit-receive
head coil, and with an appropriate selection of a custom MRI
sequence (GRE), we overcome mutual interference. The INSERT
and its bulky 50 kg tungsten collimator introduce magnetic field
inhomogeneity. Due to the specific MRI-compatible collimator
design, inhomogeneity is compensated by shimming, leading to
simultaneous acquisition. We process the SPECT data acquired
alongside the MRI sequence to evaluate the SPECT system
performance and the impact of the MRI. Finally, we present
a set of simultaneous SPECT-MRI acquisitions, demonstrating
multimodal imaging capabilities, albeit with a limited MRI
sequence.

Index Terms—SPECT, MRI, SiPM, CsI(Tl), Clinical, Multi-
modal Imaging.

I. INTRODUCTION

THE development of multi-modal imaging has resulted in
many benefits to the field of nuclear medicine [1]. The

ability to combine two imaging modalities provides mutual im-
provement to functional and structural imaging methods. The
available images of biological processes obtained from SPECT
and PET can be complemented by the high-resolution struc-
tural images obtained through CT or MRI scans, improving
diagnostics and treatment planning. Combined modalities pro-
vide practical advantages for the clinic as the time and space
needed for a patient scan are reduced. There are challenges
with developing a simultaneous scanning system, particularly
with compatibility between systems and costs. Many clinics
use combined scans such as SPECT-CT or PET-CT, and more
recently PET-MRI [2]. However, clinical SPECT-MRI systems
have not yet been established due to the technical challenges
that face the combination of these systems. In this paper,
we explore the implementation of the clinical SPECT-MRI
INSERT (INtegrated SPECT/MRI for Enhanced stratification
of brain tumours in Radio-chemoTherapy) for the first time
within a clinical MRI environment.
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Multiple clinical scenarios benefit from combining
information from two imaging modalities [3]: this could be
carried out with two separate systems, a single sequential
imaging system, or a single simultaneous system. Separate
systems take the most time and space, and the images have no
temporal or spatial registration. Also, physical or biological
changes may occur in between scans as they may be carried
out on separate days. A sequential system reduces procedure
time and clinical space significantly, but may still require
image registration. A simultaneous system is able to acquire
both images with temporal and spatial registration. SPECT-CT
and PET-CT scans have proven to be successful in diagnostics
and therapeutic studies [4], as CT images can be used to
correct for attenuation and provide an anatomical image to aid
the reconstruction of the SPECT or PET images. Combined
imaging is advantageous in the diagnosis and monitoring of
tumours or infections, as a radio-pharmaceutical can highlight
metabolic and biological functions with high sensitivity,
while CT and MRI provide a high-resolution anatomical
image to localise abnormal tissue. These advantages have
been achieved with PET-MRI systems which have been
established through the development of MRI-compatible
PET detectors [5]. MRI has the advantage over CT as it
provides no radiation dose to the patient and has a range of
imaging capabilities beyond anatomical images. The MRI is
capable of chemical and functional imaging through versatile
techniques such as diffusion-weighted imaging (DWI) [6],
functional MRI (fMRI) [7], and spectroscopy [8]. Soft tissue
brain imaging is particularly advantageous in MRI systems.

SPECT-MRI systems have not yet been established partly
due to the potential incompatibility issues between the
systems. The three primary issues with MRI compatibility of
a SPECT scanner are: (i) the gamma camera electronics, (ii)
the detector motion within the MRI bore and (iii) the presence
of paramagnetic collimators. The first of these challenges
have been solved in PET-MRI systems, but the latter is yet to
be established in clinical SPECT scanners.

Traditional gamma cameras use photomultiplier tube
(PMT) based detectors which cannot operate within an MRI
environment. This is overcome in PET-MRI with the use of
solid-state readout, which can operate in a magnetic field.
Solid-state technologies can be expensive alternatives but have
also proved to be advantageous in stand-alone PET systems:
silicon photomultiplier (SiPM) based systems have improved
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spatial resolution and superior time resolution [9] [10] for
time-of-flight (ToF) PET. Some preclinical SPECT systems
have adopted alternative solid-state technology (cadmium
zinc telluride (CZT) detectors), [11], [12], but no clinical
detectors have been designed with MRI compatibility in mind.

Most SPECT systems make use of a rotating gantry to
acquire the necessary angles for tomographic reconstruction.
Motion during an MRI acquisition can cause artefacts to arise
in the image. To capture the multiple angles with a stationary
system, many detector heads must be used, increasing the
cost and complexity of the SPECT system. A SPECT-MRI
system must be inherently stationary.

A vital component in SPECT is the collimator which
usually consists of a large piece of lead or tungsten which
causes issues in the MRI as the static magnetic field (B0)
must compensate for its presence. The heavy bulk causes
inhomogeneity in the static magnetic field that reduces
image quality. The shim coils are able to correct the
inhomogeneity through field shimming; however, the fast
switching gradient magnetic fields can induce eddy currents
in metallic components inside the MRI bore. An ideal
MRI-compatible collimator will induce no eddy currents and
maintain B0 homogeneity.

There have been developments in preclinical SPECT-MRI
systems [13], [14]. These systems are limited by the small bore
size and imaging field-of-view (FoV), suitable for preclinical
imaging systems, but the principle has not been expanded to
a larger system for clinical use. In this paper, we establish the
use of a clinical SPECT system designed for the simultaneous
acquisition of MRI data. The novel system is evaluated,
and the challenges faced in this SPECT-MRI operation are
addressed.

Fig. 1. Block scheme of the detector components and picture of the open
scanner with the MSS collimator extracted from its location in front of the
ring of 20 detection modules.

II. MATERIALS AND METHODS

The INSERT is the world’s first clinical SPECT brain
imaging system, designed with SiPM readout for integration
with clinical MRI systems [15]. To overcome the challenges
in SPECT-MRI compatibility, the scanner is comprised of a
stationary partial ring of 20 MRI-compatible detectors with a
novel collimator design. The architecture of the detector is
pictured in Fig. 1. Each detector head comprises an 8 mm
thick, monolithic, 10 cm × 5 cm Thallium-activated Caesium
Iodide (CsI: Tl) crystal coupled with a custom-built SiPM
(by FBK, Italy) readout array of 72 pixels per module (1440
photodetectors in total) [16]. The SiPM signals are read
by two 36-channel programmable ASICs named ANGUS
and developed for this project [17]. The module electronics
(visible in Fig. 1) are composed of two printed circuit
boards (PCB): the analogue board hosts the ASICs and
the connectors to the SiPM tiles. The latter is separated
from the board by the cooling block (printed in a special
thermally conductive plastic). The second board is the DAQ
board hosting the ADC digitising the analogue signals, the
FPGA and the optical transceivers. The boards, arranged in a
modular and tiled layout, are designed according to mutual
compatibility design guidelines [18], in terms of PCB layout
and choice of components, which make them compatible
with MRI, preventing, for instance, eddy current induction
and sensitivity to gradients. Acquired data are digitised
and transferred via optical fibres to an external network
gateway of the daisy chain, keeping all non-MRI-compatible
components behind a shielded filter plate.

The INSERT scanner makes use of a novel multi-slit-
slat (MSS) collimator [19], designed to acquire a 20 cm
trans-axial diameter by 9 cm axial usable FoV within the
compact MRI bore. It is composed of more than 6,000
plates and weighs about 50 kg. This design is suitable for
brain imaging and is able to accommodate an MRI head
coil. The novel slit-slat collimator is comprised of slits
internal to the slat length to achieve trans-axial minimisation
without compromising the slat length that defines axial
resolution. The tungsten collimator is built with thousands of
individually isolated pieces, preventing the induction of eddy
currents. The stationary design uses minification and high
intrinsic resolution detectors to acquire the necessary data
for tomographic reconstruction, [20]. The MRI compatibility
of all electronic components (except for the collimator) was
verified on a preclinical system where boards have the clinical
form factor but are 50% populated and only 10 modules
are daisy-chained [21]. The complete clinical system has
undergone initial testing as a stand-alone SPECT scanner
[22], [23].

The INSERT design considerations allow the SPECT
components to operate within the MRI environment; however,
there are still issues that arise. The bulk of the clinical system
can affect field homogeneity, and the presence of electrical
signals can interfere with normal MRI operation. Here we
set out to determine which MRI protocols are able to operate
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Fig. 2. The INSERT clinical system (44 cm diameter, 28 cm of internal bore)
placed in the bore of the Siemens PET-MR system for simultaneous scanning.
The dual-tuned head coil resides within the INSERT bore (26.5 cm internal
bore) and holds an MRI phantom. The cooling pipes, electrical wires and
optical fibres pass through the back of the bore and connect to an external
room via filter plates and waveguides.

during the acquisition of SPECT data. The INSERT was
installed in a Siemens Biograph mMR [24], with a 2.89 T
static magnetic field (Fig. 2). A customised birdcage-shielded
transmit/receive radio frequency (RF) coil was designed for
the preclinical prototype of the SPECT scanner, whose mutual
compatibility with MRI was successfully demonstrated [18].
In this case, a 3T Dual Tuned Quadrature Head Coil (by
Rapid Biomedical GmbH, Rimpar, Germany) was used to
acquire MRI data. The INSERT was installed within a PET-
MRI system to comply with radiation protection and safety
requirements at University College Hospital (London, UK).
Installing the INSERT and using radiation within a standard
clinical MRI room would require custom-built radiation
shielding and safety procedures, which were not available.
The electrical power supply, cooling pump, and operation
station (laptop and communication gateway) were located
outside of the scanning room and internal to the Faraday
cage shielding. This kept all incompatible components far
from the MRI and behind the shielding. The optical fibres,
electrical wires and cooling pipes passed through waveguides
and filter plates to connect to the INSERT within the scanning
room. The INSERT is loaded into the back of the PET-MRI
bore, with all cables away from the patient bed. This is a
practical and safe implementation of the SPECT scanner
with minimum interference with the patient or the existing
PET-MRI system.

A. MRI Performance

We set out to assess the quality of the MRI performance
when operated alongside the INSERT. Here the MRI field
homogeneity and image SNR are quantified as a measure
of MRI performance. Measurements of a uniform spherical
phantom (18 cm diameter sphere, filled with mineral oil) were
taken in three configurations in the MRI: inside the TX/RX

head coil only, and then inside the TX/RX head coil within
the INSERT (with and without power).

Field Homogeneity:
The magnetic field homogeneity is defined by the uniformity
of the magnetic field (B0) in the centre of the bore when
no patient is present [25]. The presence of large or metallic
objects or external electromagnetic fields around or in the
MRI bore will reduce homogeneity. The primary source
of inhomogeneity is caused by the scanner’s permanent
surroundings, pipes, wires and external fields. During
installation, the MRI is fitted with ferromagnetic components
which correct the B0 field for any permanent external
interference. After this, all other sources of inhomogeneity
must be corrected with active shimming.

An ideal homogeneous field will present a delta function at
ω0 = 123.2MHz for a 2.89 T magnet. To measure the field
inhomogeneity, a B0 field mapping must be acquired [26]. The
mapping is based on a multi-spin echo sequence, here two
spin echos are used. The deviation from ω0 is given by the
dephasing between the echos, δω, the average measurement in
the field mapping corresponds to inhomogeneity in the FoV.
By assuming δω is solely due to variation in B0 we can define
Eqn. 1 [27].

δω =
ϕ(TE2)ϕ

∗(TE1)

2π(TE2 − TE1)
(1)

where the phase, ϕ, and its transpose are given for each
spin echo and their corresponding echo times, TE.

Acquisitions were taken with shimming, to give a measure
of the expected homogeneity during simultaneous acquisitions.
The INSERT collimator is designed to prevent eddy currents,
allowing for safe active shimming. The baseline homogeneity
was compared with that of the INSERT in the bore (power
off) and during SPECT acquisition (power on).

Electronic Noise in MRI Sequences:
The second experiment aimed to measure the impact of
electrical noise from the SPECT detectors. The presence of
external electrical signals can increase the noise in the MRI
and cause image artefacts due to unwanted signals in the
frequency domain. MRI sequences can account for reduced
SNR by increasing signal in several ways [28], increasing the
number of acquisitions for averaging, choosing a larger FoV,
increasing the slice thickness, optimising the repetition time
(TR), reducing the acquisition matrix size (larger voxels) and/
or choosing a shorter echo time (TE).

The MRI sequences available on the Siemens system
were tested with the INSERT in the bore. We selected
sequences which would be suitable for use in brain imaging
and identified those which could compensate for the loss
of signal and the presence of electronic noise. From these
sequences, four produced suitable images for use alongside
SPECT imaging, namely: the T2 weighted turbo spin echo
(TSE) and gradient echo (GRE) sequences and T1 weighted
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TABLE I
MRI SEQUENCE PARAMETERS. ST: SLICE THICKNESS. NSA: NUMBER OF SIGNAL AVERAGES. ETL: ECHO TRAIN LENGTH

Sequence TR (ms) TE (ms) Flip Angle (◦) Pixel size (mm) FoV (px) ST (mm) NSA ETL
Field Mapping 400 7.65 60 3.40 64x60 3 1 N/A
TSE (T2) 3500 18 150 1.73 192x156 4.5 1 7
GRE (T2) 485 15 30 0.72 320x320 5 2 N/A
GRE (T1) 350 4.56 90 0.85 384x384 5 1 N/A
MPRAGE (T1) 1800 3.01 9 0.28 816x512 1 1 N/A

magnetisation prepared rapid acquisition gradient echo
(MPRAGE) and GRE sequences (Tab. I). The spherical
phantom was imaged with each sequence while the INSERT
was powered, and the SNR was calculated: SNR = S

η where
the average signal (S) was measured inside of an 80% region
of interest within the phantom (the ROI mask covered 14.4
cm of the phantom diameter) and background (η) outside the
phantom.

B. SPECT Performance

Here we assess the impact of the MRI on the SPECT
system. The use of the SPECT within an MRI environment
poses complications due to the strong magnetic fields and fast
switching RF signals. As discussed, this has been accounted
for in the INSERT design and verified in the preclinical
design. Here we assess the clinical system for the first time
in the MRI.

The performance of the INSERT is evaluated within the
MRI scanner before and during an imaging sequence. A
21 cm (D)× 18 cm (L) cylindrical phantom with 13 fillable
1.4 cm (D)× 10 cm (L) cylindrical rods was used in the
following experiments (Fig. 3). This phantom was chosen for
its MRI compatibility and suitable size within the SPECT
bore. Nine radioactive rods were placed in a 3×3 matrix,
columns 2.5 cm apart and rows 4 cm apart. The rods were
filled with concentrations of 0.46, 0.93, and 1.40 MBq/mL of
99mTc. Three scans were acquired, such that each activity
concentration was placed at each of the nine positions in the
phantom, giving a measurement of each activity across the
SPECT FoV. Each configuration was measured outside of
the PET-MRI and repeated inside the PET-MRI during the
imaging sequence.

The SPECT images were reconstructed using the maximum
likelihood - expectation maximisation (ML-EM) algorithm
(Eqn. 2) [29]. ML-EM reconstruction calculates activity distri-
bution, θk+1

j , from the measured data, mi, and system model,
aij . The noise term, η, includes sources of background counts.
The events used in the reconstruction are taken from a ±10%
energy window at the 140 keV photopeaks.

θk+1
j =

θkj∑
i aij

I∑
i

mi
aij∑J

d=1 aidθ
k
d + η

(2)

Specific issues due to the PET detectors:
Although the INSERT is designed for use in a clinical MRI
system, the Biograph mMR is a PET-MRI system. The

Fig. 3. The quality of the SPECT and MRI were established with a cylinder
phantom. The four outermost rods were filled with water and had no activity
concentration. This image was captured with the T2 GRE sequence.

presence of the radioactive Lutetium isotope 176Lu in the
PET Lu2SiO5 : Ce(LSO) detectors poses an additional
problem for the SPECT system, as background counts are
emitted at the 88, 202 and 307 keV decay peaks (Fig. 4). A
significant contribution from the background counts would
reduce image quality. We assess the impact of 176Lu emission
during data acquisition and seek to remove its contribution.

The 176Lu could pose two potential problems in the
SPECT acquisition: the increase of background counts in the
image and a possible limit on high count-rate performance.
The LSO detectors covered 200 mm in the axial direction
and were aligned with the isocentre of the MRI; therefore,
the LSO overlapped with the SPECT detectors during the
simultaneous scan. The 176Lu contribution was measured by
acquiring a background scan with the INSERT whilst inside
the PET-MRI bore. The background was measured three
times for 10 minutes each to assess the expected contribution
from 176Lu during a SPECT-MRI scan. The measured count
rate of the 176Lu emission was not high enough to introduce
a significant dead time in the detectors. The existing lead
shielding around the SPECT detectors also reduces the 176Lu
counts.

The 176Lu background measurement is used to model the
background term in the ML-EM algorithm. The measurement
is scaled for the SPECT acquisition time and included
in the additive term, η. The cylinder phantom data were
reconstructed with the updated algorithm. The activity
concentration was calculated by the sum of counts in each
rod and accounting for decay over time and prepared dose.
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Fig. 4. Energy spectrum for one 10 minute background acquisition of 176Lu
in the INSERT system. The 99mTc energy window (10 % at 140 KeV) is
also shown.

The average counts as a function of activity are plotted, and
a linear fitting is calculated to determine the measure of
activity linearity in the reconstructed images. The coefficient
of variation (CoV = σ

µ ) is measured in each cylinder,
where µ is the average reconstructed counts between the
9-rod positions for each activity concentration, and σ is the
corresponding standard deviation. Here the system uniformity
is classified by the CoV values across each cylinder position
in the FoV.

C. Simultaneous SPECT-MRI

The benefits of MRI-assisted SPECT imaging were explored
with the cylinder phantom, with the same nine filled rods
of 99mTc. The image was acquired simultaneously on both
systems. The SPECT and MRI acquisitions were set to the
same acquisition time, totalling 5 minutes. The MRI acqui-
sition was restricted to the SPECT detector FoV; the MRI
isocentre was aligned with the centre of the SPECT detectors,
and the axial FoV was limited to the 9 cm detector size. The
SPECT image was reconstructed with a matching 0.72 mm
voxel size and FoV to that of the 320x320 MR image. The
separate MRI and SPECT systems require alignment, carried
out by using the positions of the rod centres to perform a rigid
spatial registration.
The INSERT partial ring design has been reported previously
as a limitation in the SPECT system, [23]. The reduced
sampling in the partial detector ring can be overcome through
a > 70◦ phantom rotation and performing a second SPECT
acquisition in order to sample data in the missing angles.
The motion can be difficult to measure in the SPECT image
alone. Reconstructing the SPECT image with 20 sampling
angles or fewer is referred to here as partial ring reconstruction
(PRR). Performing a rotation to acquire at least 25 angles to
completely sample the FoV is called full ring reconstruction
(FRR). The rotated positions were transformed, and tomo-

graphic image reconstruction was carried out with 50 iterations
of an ML-EM algorithm, the image FoV is 20 cm × 20 cm.

With the acquisition of simultaneous SPECT-MRI data, the
MRI images can be used to aid the reconstruction process. A
SPECT-to-MRI registration provides a transformation between
the two acquisitions which is used to combine the SPECT
data from the two angular acquisitions. The higher contrast
and structure in the MRI images ensure greater accuracy of
the transformation compared to that of SPECT-to-SPECT
alone.

The SPECT was further improved with the inclusion
of an MRI-generated anatomical prior. The maximum a
posteriori expectation maximisation algorithm (MAP-EM)
[30] improves the SPECT reconstruction by introducing a
penalty term based on anatomical structure. The MRI image
of the phantom is separated into segments, defining the
phantom boundaries and hot and cold regions within the
phantom. A Gaussian filter is applied, constrained within
these boundaries, to generate a prior image. The SPECT
image is reconstructed with 80 iterations of the MAP-EM
algorithm with the FWHM of the Gaussian smoothing filter
set to 3.0 mm, and β = 0.5, the prior weighting factor.

III. RESULTS

A. MRI Performance

Magnetic Field Homogeneity
The B0 field mapping produces a frequency domain
measurement of the imaging FoV. Table II shows the average
frequency bandwidth in each field mapping measurement.
While the INSERT is in the bore (with power off), the
frequency bandwidth is nearly double that of the baseline, a
result of the loss in field homogeneity. As a result, there is a
loss of signal in the acquired images. When the INSERT is
powered, the homogeneity is further reduced and the presence
of electrical noise is observed by the larger variance.

TABLE II
MEASUREMENTS TAKEN FROM THE B0 FIELD MAPPING AND IMAGE

SEQUENCES. δω IS CALCULATED FROM THE MEAN FREQUENCIES WITHIN
THE B0 MAPPING. SNR IS CALCULATED FROM THE IMAGE OUTPUT OF
EACH SEQUENCE WITH THE INSERT POWERED ON INSIDE THE BORE.

Field Mapping δω [Hz]
Baseline 56.98 ± 9.76

INSERT- No Power 105.09 ± 8.02
INSERT - Power 119.64 ± 18.11

Imaging Sequence SNR
TSE (T2) 9.96
GRE (T2) 8.95
GRE (T1) 5.27

MPRAGE (T1) 0.29

Electrical Noise in MRI Sequences
The measurements of SNR (Tab. II) presented the greatest
SNR in the TSE sequence. The high image quality and
short acquisition times in TSE are advantageous in PET-MRI
systems [31]; unfortunately, the TSE was unable to be
acquired simultaneously with the INSERT. The initiation
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of the TSE interfered with the DAQ boards and ceased
the digital communication of the instrument. The TSE was
reserved for use in sequential SPECT-MRI imaging until the
problem was resolved.

A similar problem was found to occur in several MRI
sequences. We believe without the correct shielding, the
INSERT is unable to operate in the presence of certain
levels of RF energy and waveforms, thus limiting the choice
of MRI sequences which can be used for simultaneous
scanning. The current RF coil was not shielded and so a
suitable simultaneous imaging sequence was needed. The T2
weighted GRE sequence was found to be compatible with
simultaneous INSERT acquisition.

GRE has a lower SNR than TSE; however, taking more
signal averages can reduce the noise at the cost of longer
acquisition time. Reducing matrix size and increasing
slice thickness can also reduce noise. The small INSERT
FoV is an advantage here, as the MRI FoV can be reduced
to 20 cm × 20 cm × 10 cm to recover the signal with the GRE.

B. SPECT Performance

Fig. 5 demonstrates the result of measuring the activity
concentration during a SPECT and SPECT-MRI scan.
For the reasons outlined above, the MRI acquisition was
limited to a GRE sequence. The comparison includes the
effect of removing the 176Lu counts from the reconstructed
measurements. The baseline SPECT measurements display
fewer counts than that of the SPECT-MRI (within the
MRI bore). The relative difference is more significant in
lower activity concentrations as the 176Lu count rate is
constant. Correcting for 176Lu data reduces the background
contribution and uncertainty in counts across the SPECT
FoV. Once the 176Lu is corrected, the INSERT performance
within the PET-MRI is closer to that outside.

Table III presents the CoV of counts across all activity
distributions. The CoV reduces when the 176Lu is corrected.
The measurements of counts are greatly affected by
the position in the FoV, particularly in lower activity
concentrations. This is due to the partial ring of detectors
and the presence of an image artefact caused by the lost
sampling angles. A straight line is fitted to the average
counts, and Student’s t-test is calculated to compare SPECT
and SPECT-MRI data before and after 176Lu correction.
The R2 in the slope is unchanged, suggesting the SPECT
linearity has little variation during SPECT-MRI acquisitions.
The difference between the SPECT and SPECT-MRI data
was significant before 176Lu correction (p < 0.01) but not
significant after correction. The 176Lu corrected SPECT-MRI
images are not significantly different to the baseline SPECT
images. The INSERT system has an image resolution of
< 1 cm at the centre of the FoV [21]; the profile across
the centre rods was plotted to determine the quality of the
image during the GRE (Fig. 6). The INSERT performance

TABLE III
THE SIGNAL MEASUREMENTS ACROSS ACTIVITY CONCENTRATION TAKEN
WITH AND WITHOUT SIMULTANEOUS MRI DEMONSTRATE THE LINEARITY

IN THE INSERT SYSTEM.

Activity Conc. COV
[MBq/mL] SPECT SPECT-MRI SPECT-MRI: 176Lu Cor.
0.67 0.340 0.177 0.169
1.33 0.148 0.185 0.134
2.00 0.100 0.200 0.109
Modality Slope Intercept R2

SPECT 831.71 -176.97 0.99
SPECT-MRI 794.28 -33.27 0.99
SPECT-MRI: 801.78 -84.93 0.99
176Lu Cor

is maintained during the GRE sequence after 176Lu correction.

Fig. 5. Total counts within the ROI from 9 rod positions of 3 activity
concentrations. The 176Lu background was successfully removed, giving a
comparable measurement to that outside of the MRI bore.

C. Simultaneous SPECT-MRI

Fig. 7 shows the results of the FRR and MAP-EM images
compared to the standard PRR. Fig. 7(A) is reconstructed with
a single SPECT acquisition, the partial ring has a gap of 70◦

where data are missing, this is seen by the loss of resolution at
the bottom of the image. Fig. 7 (B) and (C) present the full ring
reconstruction with 25 and 30 angles respectively. 25 detector
angles represent a single full ring of detectors covering 360◦.
The 30-detector reconstruction makes use of additional angles
to further improve sampling.

Fig. 7 (D) presents the MAP-EM reconstruction applied
to the cylinder phantom data, and FRR is applied alongside
MAP-EM. The profiles in Fig. 8 show how the FRR is able
to remove the reduced sampling artefact in the bottom of the
image, and MAP-EM is able to regulate counts within the
rods. The result in Fig. 9 demonstrates that the MAP-EM is
able to reduce noise and align counts within the ROI defined
by the MRI image.
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(a)

(b)

Fig. 6. (a) A: ML-EM image of 9 rods acquired outside of the MRI bore. B:
Acquisition inside the MRI bore, ML-EM image has no 176Lu modelling.
C: 176Lu modelling is included in the image reconstruction. Each image is
scaled to the same colour bar.

(b) The mean counts were taken from a coronal profile
across the rods.

IV. DISCUSSION

The use of MRI with a bulky collimator has proved to be
challenging for standard shimming procedures. Shimming
in the presence of a large metallic object or induction loop
such as copper can induce eddy currents which can damage
the MRI coils. Also, we have had limitations in the use of
an off-the-shelf RF coil which does not include shielding or
support flexible tuning. Therefore we sought a sequence-based
solution to improve SNR. The choice of MRI sequence can
provide a high signal, however, some RF signals can pose a
risk to the operation of SPECT electronics. A customised coil
with appropriate shielding would allow more MRI sequences
to be used safely alongside the SPECT and tuning of the coil
could improve SNR in the MRI images, as we demonstrated
with the preclinical version [21].

The presented results are based on experiments performed
with the SPECT insert located in the bore of the gantry of
a PET/MRI system. The main advantage was the avoidance
of any additional radiation control in the experimental room
since this is already designed for clinical use. The presence
of background radiation from 176Lu posed an additional
challenge that would not be faced in a purely MRI system.
A further limitation was the limited functionality of the
MRI component of the dual-modality system. The reason
for the failure of the SPECT acquisition is not clear and is
the subject of an ongoing investigation. However, the results
do suggest that the use of the INSERT in conjunction with

PET/MRI is feasible and may open further avenues for the
investigation of tri-modality systems in which a sequential
SPECT is performed following a simultaneous PET-MRI.

Of course, the use of CZT detectors can provide advantages
in terms of energy resolution and compactness (no need
for liquid cooling). Very interesting results, in particular
with MRI-compatible preclinical SPECT inserts with high
spatial resolution, have been achieved [32]. Unfortunately, the
potential for that technology to scale up to clinical systems
has not yet been demonstrated.

Although previous works have established PET-MRI
compatibility, [31], [33], none have used MRI imaging with a
clinical SPECT system. PET-MRI systems have demonstrated
the compatibility of SiPM [34], however, through the addition
of collimator compatibility this paper provides a pathway
towards complete SPECT-MRI compatibility. Achieving MRI
compatibility with a clinical SPECT collimator has not been
previously demonstrated in any other scanner. The large
collimator bulk has a significant effect on the performance of
MRI and poses a risk of damaging the MRI coils. This has
not been a problem for preclinical systems where much less
bulky collimators can be used [13], [14], [35]. The intricate
MSS collimator design has allowed the INSERT to acquire
clinical SPECT images while maintaining MRI quality.

Improvements in the current INSERT performance are
certainly possible. For instance, we have shown that improved
event localisation via statistical depth of interaction (DOI)
estimation in the monolithic crystal would be well suited
to the novel MSS collimator, where the diverging slits
can introduce uncertainty in localisation [36]. The use of
MRI has aided in SPECT reconstruction and overcome the
limitations of the INSERT design. MAP-EM reconstruction
was successfully implemented and improved SPECT image
quality by using the MRI. The FRR can improve the final
SPECT images however, a similar acquisition may be difficult
to implement in patient studies.

V. CONCLUSION

This body of work set out to achieve the first use of
a simultaneous clinical SPECT-MRI system. We have
successfully demonstrated the capabilities of the INSERT
system and the sequences required for the MRI to function
alongside the SPECT system. Although SPECT-MRI images
were successfully acquired, this study is limited by the use of
a single MRI sequence. Previous works have used shielding
and customised RF coils to overcome RF interference, [37],
[38], and we seek similar solutions for future work. The
selected imaging protocol was able to overcome electrical
interference and field inhomogeneity, so as to enable
simultaneous acquisition albeit with a limited choice of
MRI sequence. These preliminary results show promising
developments in the field of SPECT-MRI.
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Fig. 7. SPECT image reconstruction was driven by the simultaneous MRI acquisition. (A) SPECT acquisition acquired from a single scan of the INSERT
system. (B) The reconstruction uses two acquisition positions to cover the detector gap and recover the resolution at the bottom of the image with 25 angles.
(C) The SPECT reconstruction can use additional detector positions to acquire 30 detector angles, and the SPECT to MRI transformation registers all data in
one space. (D) The MRI data provides anatomical prior to carrying out the MAP-EM reconstruction.

Fig. 8. Profiles of the cylinder phantom rods reconstructed with ML-EM
(PRR and FRR), and MAP-EM (FRR).

Fig. 9. Combined SPECT-MRI data, simultaneously acquired. The colour
map shows MRI in the bottom half (greyscale) and SPECT on top (colour
scale). SPECT data were acquired for 5 minutes during the GRE sequence.
The cylinder phantom covers the 200 mm diameter FoV, with 14 mm diameter
rods shown by the dark rings. The colour bar presents arbitrary units used to
scale the images for presentation.
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