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KEY POINTS

e Contrary to the widespread adoption of hybrid PET/CT scanners in clinical setting, PET/MR imaging
bears only a small fraction of the total PET market.

e PET/MR imaging is challenged by MRI-guided attenuation correction of PET data, mutual MR-PET
components interferences, body truncation, and metal artifacts.

e The trend is toward developing compact PET inserts for existing MRI scanners, providing high

spatial resolution and reasonable cost.

e Deep learning-guided approaches will be predominately employed to address the major challenges

of quantitative PET/MR imaging.

INTRODUCTION

Over a decade has passed since the introduction
of PET/MR hybrid systems in the clinic, wherein
the main advantages and drawbacks of PET/MR
imaging from a medical, technical, and logistics/
workflow perspective have been investigated.'+?
In contrast to the widespread adoption of hybrid
PET/CT scanners in the clinical setting, PET/MR
imaging couldn’t reach many sites and may bear
only 5% of the total PET market.® This trend could
be attributed to the high cost and new paradigms
introduced by this technology, workflow, and lo-
gistics issues, and the challenges associated
with quantitative PET/MR imaging. Since the intro-
duction of PET/MRI systems, substantial efforts
have been made to find/establish the key clinical
applications of this modality in order to justify/pro-
mote its utilization.

Though PET/MR systems are not as popular as
PET/CT scanners, they cause reduced patient
radiation exposure, which is critical in childbearing
women, pediatric patients, and patients undergo-
ing sequential response to therapy and recurrence
monitoring.*®> Moreover, superior soft-tissue
contrast and visualization in MR images (compared
to CT images) would lead to enhanced lesion
detectability and diagnostic accuracy in addition
to complementary functional information that could
be provided by MR imaging.®” Furthermore, simul-
taneous PET and MR imaging would enable motion
correction to PET data to compensate for respira-
tory and cardiac motions as well as patient
movement due to pain and anxiety during PET im-
aging.® Reduced positron range and improved
PET image quality (higher spatial resolution) are
expected for high-energy positron-emitting PET ra-
diotracers due to the presence of the MR magnetic
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field in simultaneous PET MR imaging at high mag-
netic field strength.® Moreover, co-registered MR
data (in simultaneous PET/MR imaging) could be
employed for MRI-guided PET image reconstruc-
tion and partial volume correction to enhance the
overall quality and quantitative accuracy of PET
images.'01

Despite the advantages associated with simul-
taneous PET/MR imaging, this technology yet
faces major challenges regarding attenuation
correction for PET data, mutual MR-PET compo-
nents interferences, body truncation due to the
limited transaxial MR field-of-view, and artifacts
in MR images due to the metal implants.’?

In this review, the latest technical developments
in PET/MR systems design and technological
developements as well as the state-of-the-art so-
lutions to the major challenges of quantitative
PET/MR imaging are discussed.

ADVANCES IN POSITRON EMISSION
TOMOGRAPHY/MAGNETIC RESONANCE
IMAGING INSTRUMENTATION

The major challenge to developing simultaneous
PET/MR devices is to minimize/nullify the interfer-
ence between the magnetic field of MR imaging
and the readout electronics of PET detectors.™
In this regard, PET photomultiplier tubes (PMT)
were replaced by semiconductor components in
PET detectors. The very first simultaneous PET/
MRI system (for small-animal imaging) exploited
avalanche photodiodes (APD) coupled to lutetium
oxyorthosilicate (LSO) crystals in a 7T MR scan-
ner.'*1% Using the same technology, Siemens
Healthcare (Erlangen, Germany) built a prototype
PET insert for simultaneous brain imaging in a 3T
MR scanner with a 36 cm inner diameter.'® PET
detectors were shielded in copper cassettes to
minimize magnetic field interferences. No notice-
able interferences were reported between PET
and MR components, such as PET signal distor-
tion, eddy currents in PET shields, and inhomoge-
neities of the magnetic field (B0)."”

The first whole-body PET/MR scanner (Ingenuity
TF PET/MRI) was installed by Philips Healthcare in
2010. To avoid the interferences between PET
and MR components, sequential hybrid imaging
was adopted in this scanner, wherein the time of
flight (TOF)-PET component of the Philips Gemini
PET/CT was combined with Philips Achieva 3T
MRI scanner (using a turntable-based mechanism).
Owing to the sequential acquisition, no novel instru-
mental development was considered in the PET
component, and still, PMTs (together with LYSO
crystals) were employed in the PET detectors
with minor modifications.'®'® The Biograph mMR

(hybrid whole-body PET/MR, Siemens) was the first
commercial whole-body scanner allowing for
simultaneous MR imaging and PET data acquisi-
tion.2° To reduce the sensitivity of the PET detectors
to the 3T magnetic field, APDs were employed as
readout electronics of photon detectors (LSO)
with a crystal size of 4 x 4 x 20 mm3, leading to a
spatial resolution of 4.3 mm (FWHM). Due to the
slower temporal performance of ADPs compared
to PMTs, the PET device does not benefit from
TOF capability. Even though the PET component
was fully integrated within the MR scanner, no sig-
nificant distortion was observed in the RF field
(B1) and magnetic field (BO) homogeneity as well
as interferences of MR signals with the PET elec-
tronics.?? 4-channels coils were later introduced in
this system for dedicated MR imaging (breast
scans) which caused 11% reduction in the PET sta-
tistical counts (photon attenuation).?' Simultaneous
PET and MR (3T) imaging SIGNA system was intro-
duced by GE Healthcare in 2014 using Lutetium-
based scintillator (LBS) crystal and Light Tight RF
Shield with copper coating. The PMTs or ADPs
were replaced with Silicon Photomultipliers (SiPMs)
in this scanner providing a similar gain of 10° for
PMTs (compared to 102 provided by ADPs) and
400 ps temporal resolution compared to 1 ns for
PMTs.?? These commercial PET/MR scanners
have a large MR bore size of 70 cm to accommo-
date the PET component, however, the bore size
of PET devices would be 60 cm in diameter, which
may cause claustrophobia issues and limit the
choice of subjects in terms of body size. The most
recently released simultaneous uPMR790 PET/
MRI scanner (United Imaging Healthcare Co. Ltd.,
Shanghai, China) has shown reliable performance
with its 60 cm transverse field-of-view (FOV) of
and 32 cm FOV.23

APDs are highly sensitive photodiodes that
convert light into electricity based on the photo-
electric effect. In the early PET/MR systems,
APDs gained popularity owing to their very low
sensitivity to the magnetic field, though they pro-
vide remarkably lower amplification gain compared
to PMTs (102 vs 10%).24 SiPMs addressed the short-
comings of APDs through providing similar amplifi-
cation gains to PMTs while requiring a low supply
voltage (eg, 40 v vs 400 v for APDs). SiPMs are
the dominant photodetectors in PET technology,
however, the trend is toward using fully digital
SiPMs wherein the photons are counted/detected
in a digital format which renders the sensor less
susceptible to electronic noise, magnetic field in-
terferences, and temperature variations.?®

Owing to the efficient performance of SiPMs in
strong magnetic fields, brain PET inserts gained
momentum and were designed and built for 7T



MR imaging using this technology. In this regard,
Cubresa BrainPET, a PET insert for MR scanners
(compatible with major MR scanners), was
designed to provide simultaneous PET and 3T
MR imaging capability comparable or superior to
commercial competitors.?® As a PET insert, the
Cubresa BrainPET is conveniently lifted and
mounted on the bed of MR scanners. The Brain-
PET technology relies on the preclinical Cubresa
NUPET family (animal PET inserts for 7T MR scan-
ners) with LYSO detectors coupled to SiPM mod-
ules.?” The Cubresa NuPET inserts are compatible
with commercial MR scanners operating at 1.5 to
9.4 T MR field strengths.?® The Cubresa NUPET in-
serts (different versions) provide transaxial FOV of
59 mm to 250 mm and spatial resolution of 0.9 mm
to 1.7 mm.?® The major PET performance parame-
ters, such as spatial resolution, SNR, and quantita-
tive accuracy were altered when PET inserts were
operating at 7T magnetic field, while MR parame-
ters (Bruker 7T MRI scanner, Biospin, Billerica,
MA) were not affected by the presence of the
PET inserts.?8:2°

The MINDView PET brain imager was designed
to function as an insert into 3T mMR scanner
benefiting from monolithic LYSO detectors. The
effective FOV of the scanner is 24 cm in diameter
and 15.4 cm in axially. This PET scanner provided
spatial resolution of less than 2 mm and exhibited
no remarkable performance deviation when MR
sequences such as MPrage and ultrashort time
echo were simultaneously acquired.>°

To perform brain PET scanning in a single bed
position, a brain PET insert based on LSO and
SiPM modules was designed and built for the 7T
Magnetom (Siemens Healthineers) MRI scanner.®’
This PET insert is equipped with depth of interac-
tion (DOI) capability and provides axial and trans-
axial FOVs of 16.7 and 25.6 cm, respectively.
Though this scanner offers a peak sensitivity of
18.9 kcps/MBq and a spatial resolution of
2.5 mm (according to the NEMA NU 2 standard),
its performance within simultaneous MR imaging
should be improved. Fig. 1 depicts this brain
PET insert prototype together with PET images
of the hot-rod and 3D Hoffman phantoms.

In an effort to build a flexible PET scanner to be
attached/linked to existing MR scanners, fxPET
scanner was developed using a dual arc-shape
spinning detector covering 135°. The ring diameter
and axial extent of this scanner are 77 and 15 cm,
respectively, which enables whole-body sequential
PET/MR imaging.®? In the context of simultaneous
data acquisition, the approach adopted by the
TRIMAGE consortium should be considered, where
simultaneous electroencephalography (EEG)/PET/
MR scans are performed for a comprehensive
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study of basic mechanisms in the brain.®® The
PET component has an inner diameter and axial
FOV of 26 and 16 cm, respectively, inserted into a
1.5 T MR scanner.

PRECLINICAL POSITRON EMISSION
TOMOGRAPHY/MAGNETIC RESONANCE
IMAGING SYSTEMS

The majority of preclinical PET/MRI scanners
employ LYSO crystals readout by SiPMs owing
to their high resolution and compact design. One
such example is the hybrid SIimPET scanner
(Brightonix Imaging Inc., Seoul, South Korea).
This PET/MR scanner benefits from a permanent
1T magnet and a PET ring which is capable to
work within a 7T magnetic field with an inner
bore diameter of 6.0 cm. SIimPET-X PET insert
was later introduced for total-body mouse PET/
MR scanning (using LSO crystals) with 11 cm axial
FOV and remarkably superior sensitivity compared
to SimPET.3*

Bruker BioSpin (Ettlingen, Germany), as one of
the major vendors in the preclinical field, offered
a dedicated PET insert to operate in a 9.4 T mag-
netic field followed by the release of a sequential
PET system for MR scanners up to 15.2 T.%°
NUPET (Cubresa, Winnipeg, MB, Canada) and
HALO (Inviscan Imaging Systems, Strasbourg,
France) PET inserts were designed to fit into
most commercially available MR scanners. Med-
iso Medical Imaging Systems (Budapest, Hungary)
and MR Solutions (Guildford, Surrey, United
Kingdom) companies produced preclinical PET/
MR and PET inserts which could operate in stand-
alone or sequential modes.*®

SAFIR-I, a preclinical PET insert for 7T MRI
scanners, was built for high-rate kinetic examina-
tion of rats and mice using injected activity up to
500 MBg. This scanner, with an axial FOV of
54.2 mm and an inner diameter of 114 mm, allows
for time frames of a few seconds with an accept-
able signal-to-noise ratio and spatial resolution of
about 2 mm (at the center of the FOV).®” Repre-
sentative PET images of the rat brain obtained
from the SAFIR-I PET scanner at 5 s time frame
are presented in Fig. 2.

A recent survey on the Cubresa NuPET insert
(Cubresa, Inc., Winnipeg, MB) inserted in a Bruker
7T MRI scanner (Bruker Biospin, Billerica, MA)
revealed that some key characteristics of PET im-
aging, such as quantitative accuracy, signal-to-
noise ratio (SNR), and spatial resolution, as well
as MRI SNR, were adversely affected in the pres-
ence of both PET and MR components.?® PET im-
ages of the Derenzo phantom filled with '8F-FDG
and ®8 Ga are shown in Fig. 3 when the PET
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Fig. 1. (A) Prototype brain PET insert built by Won and colleagues,®’, (B) Brain PET scanner inserted in a 7T MR
scanner, (C) PET image of the hot-rod phantom along with line profiles through the 1.2 mm, 1.6 mm, and
2.4 mm hot rods. PVR refers to the peak valley ratio. (D) PET image of 3D Hoffman brain phantom. (Adapted
with permission from3' under a Creative Commons License.)
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Fig. 2. (A) The Derenzo phantom, (B) MR images, (C) PET image of the phantom with 3.7 MBq of '®F-FDG at the
center of the FOV, (D) PET image of the phantom when the PET component?® was inserted into the MRI scanner,
(E) PET image of the phantom with 3.7 MBq ®® Ga at the center of the FOV, and (F) PET image of the phantom
(with %8 Ga) when the PET component was inserted into the MRI scanner. (Reprinted with permission from
Springer Nature?® under a Creative Commons License.)
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Fig. 3. (Top row) MR images (coronal views) of a rat brain obtained with a T2-TurboRARE sequence, (Middle row),
Corresponding PET images at high activity (>300 MBq) in a single 5-s time frame, (Bottom row) Fused PET and MR

images acquired on the scanner described in.>” (Reprinted from>’

component was outside and within the MRI scan-
ner. A similar study on the MR Solutions PET insert
(model 1-402, Guildford, UK) installed in a 3T MRI
scanner demonstrated no significant interference
between PET and MR components when they
were operating in a stand-alone or simultaneous
PET and MR acquisition mode.38

PROGRESS IN MAGNETIC RESONANCE
IMAGING-GUIDED ATTENUATION
CORRECTION IN HYBRID POSITRON
EMISSION TOMOGRAPHY/MAGNETIC
RESONANCE IMAGING

The major challenge impacting quantitative PET/
MR imaging is the correction for attenuated pho-
tons within the body and other devices in the
PET FOV. Since MR signals indicate tissue proton
density and relaxation times and are not correlated
with electron density, photon attenuation coeffi-
cients of materials cannot be directly estimated
from MR images.*° In addition to estimating linear
attenuation coefficients from MR signals, quantita-
tive PET/MR imaging faces the challenges of im-
age artifacts due to metallic implants, body
truncation in MRI-derived attenuation correction
maps (AC maps), MRI hardware inside the PET
FOV, and mismatches between MR and PET im-
ages.*® A number of reports demonstrated that
MRI Gadolinium-based contrast agents do not
have a significant impact on PET quantification.*!

Technical Developments in PET/MR Imaging

48 a6 oo
08 a6 oo

under a Creative Commons License.)

In early PET/MRI systems, simple segmentation/
classification of major tissue classes from T1-
weighted and Dixon MR sequences was conducted
to generate AC maps for PET data.'®*? Due to the
extremely short T1 relaxation time of cortical bone,
bony structures were missing in the segmentation-
based AC maps and they only included air, lung,
soft-tissue, and fat tissue types.*>** The omission
of bony structures from PET AC maps led to notice-
able bias in the estimation of tracer uptake within/
close to bones.”®> To address this issue, ultra-
short, and zero echo time sequences were
employed for bone visualization and inclusion in
MRI-derived PET AC maps.*®*” However, due to
long acquisition times and misclassification of adja-
cent bone and air, these sequences were not
feasible in head and neck imaging.*®

An alternative approach to include bony struc-
tures in MRI-derived AC maps is to employ an off-
line bone template (consisting of major bone
structures such as skull, hip, femur, and spine)
that is to be aligned/registered to the MR image of
the patient (referred to as atlas-based methods).*°
The SIGNA (GE Healthcare) and mMR (Siemens
Healthineers) hybrid PET/MR scanners are equip-
ped with short echo time MR sequences or atlas-
based methods to include bony structures in brain
AC maps.*® Mixed feedback was received from the
clinical implementation of the atlas-based method
concerning inaccurate bone alignment and gross
misregistration errors.®°
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Anatomic abnormalities would not be taken
into account in atlas-based approaches, thus
leading to remarkable patient-wise errors.®’
With respect to the fact that raw PET data inher-
ently bear information about both emission and
attenuation, maximum likelihood attention and
activity reconstruction (MLAA) approaches could
be employed to generate patient-specific PET AC
maps and/or PET attenuation-corrected im-
ages.®? Though this approach suffers from high
levels of noise and uncertainties in the estimation
of the attenuation coefficients, the quantitative
errors due to metallic implants (metal artifacts)
and body truncation could be diminished by
this approach.5%:54

The remarkable performance of convolutional
neural networks is about to bring a paradigm shift
in multimodality medical imaging, including PET/
MRI technology.®®°¢ Promising results have been
achieved using deep learning approaches in syn-
thetic CT generation or PET map estimation from
MR images which closely follow CT-based AC
maps.®” Moreover, deep learning approaches
have enabled novel approaches to address the
challenge of AC in PET/MR imaging such as
directly applying attenuation and scatter correc-
tion on hon-AC PET images in the image domain,>®
estimation of attenuation correction factors in the
sinogram domain,*® estimation of accurate PET
AC maps from the outcome of MLAA ap-
proaches,®® and synthetic CT generation from
non-AC PET images.®' Overall, these approaches
have reported quantitative bias of less than 10%
for the recovery of activity concentration
compared to ground truth CT-based AC of PET
data, which is considered as clinically tolerable er-
rors. A comparison of segmentation-based, atlas-
based, and deep learning-based synthetic CT
generation from MR images are depicted in Fig. 4.

Hardware-based Attenuation Correction

In addition to photon attenuation within the pa-
tient’s body, MR equipments (eg, MR coils, patient
positioning devices, and so forth) inside the PET
FOV cause significant photon attenuation which
should be taken into account for quantitative PET
imaging.®? Rigid MR hardware could be easily
modeled within PET image reconstruction using
a predetermined attenuation map. However, flex-
ible MR hardware (eg, carotid coils and head-
phones) require localization, including markers,
ultra-short echo time sequences, and depth cam-
eras, before applying AC.%*%* In addition, novel
MR hardware has been designed to have a light-
weight and low density in order to reduce photons
attenuation within PET imaging.®%:¢°

Strategies for Dealing with Body Truncation

Oncological PET/MR imaging suffers from inho-
mogeneity of the magnetic field and nonlinearity
of the gradient field which leads to geometric
distortion and truncation in the transverse plane
(patients’ arms are normally truncated), consid-
ering that the MR FOV is smaller than the typical
60 cm PET FOV. This geometric distortion or
body truncation would be reflected in MRI-
derived AC maps, wherein MLAA algorithms
were suggested to predict the missing areas in
the resulting PET AC maps. The other approach
to address the truncation issue (employed in clin-
ical routine) is magnetic field harmonization based
on gradient enhancement (HUGE), which compen-
sates for the gradient and magnetic field inhomo-
geneities through optimizing readouts for each
arm and the entire slices at the margin of the MR
FOV.®” In addition, deep learning approaches
have enabled the completion of the truncated
MR-derived AC maps relying only on the truncated
MR images,®® or applying direct attenuation and
scatter correction in the image domain.®® Repre-
sentative PET images reconstructed using HUGE
plus Dixon and Dixon plus MLAA are shown in
Fig. 5.

Metal Artefact Reduction Techniques

Due to the susceptibility of MR magnetic fields to
metallic objects, the presence of dental fillings,
endoprostheses, and surgical devices would
result in voids and/or distorted areas in MR images
which would adversely impact the MRI-derived
PET AC maps, and consequently PET quantifica-
tion and lesion detectability.”®”" To address the
issue of metallic artifacts in PET/MR imaging,
dedicated MR sequences have been developed
to show no or less susceptibility to metal implants.
This includes the MAVRIC sequence, which works
on the basis of multispectral 3D data acquisition
with low sensitivity to metal implants.”! However,
due to the very long acquisition time, its clinical
application for MRI-guided AC was not practically
feasible.”? MLAA algorithms are alternative ap-
proaches to estimate and/or correct PET AC
maps from raw PET data.”® Atlas-based AC map
generation and impainting methods are also
capable of diminishing the adverse impact of
metal artifacts in PET AC maps.®' Similar to body
truncation, deep learning approaches could be
employed to compensate for metal artifacts in
the PET AC map,®® or directly apply attenuation
and scatter correction in the image domain to
avoid the negative impact of metal artifacts.”*
Nevertheless, none of the proposed metal artifact
reduction methods have provided reliable and
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Fig. 4. Representative synthetic or pseudo-CT images generated by segmentation-based, atlas-based, and deep
learning-based methods along with the corresponding PET images and the bias maps with respect to the refer-
ence CT-based PET AC. (A) MR images, (B) Reference CT, (C) Deep learning-based AC map, (D) Atlas-based AC map,
(E) Segmentation-based AC map, (F) PET-CT, (G) PET-deep, (H) PET-atlas, (/) PET-segmentation, and (J), (K), and (L)
shows their corresponding bias map with respect to the reference PET-CT, respectively. (Reprinted under a Crea-
tive Commons License.>")
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Fig. 5. (Top row) '8F-PSMA PET images reconstructed with four different AC approaches, (Bottom row) corre-
sponding AC maps obtained from standard Dixon, MLAA with Dixon prior, HUGE with Dixon, HUGE with Dixon,

and bones. (Reprinted under a Creative Commons License from Springer Nature.

robust image reconstruction in the context of clin-
ical PET/MR imaging, and as such, this issue war-
rants further investigation.®

MAGNETIC RESONANCE IMAGING-GUIDED
MOTION CORRECTION IN POSITRON
EMISSION TOMOGRAPHY/MAGNETIC
RESONANCE IMAGING

Patient motion during PET imaging is a major
source of image quality degradation leading to
blurred structures, misalignment between PET
and MR images (or AC map), and quantification er-
rors.”® An advantage of simultaneous PET/MR im-
aging (compared to PET/CT) could be the
capability of MR imaging to provide the required in-
formation for motion correction, wherein cardiac,
respiratory, and gross patient motions could be
detected by MR sequences. Cardiac PET/MR im-
aging, in contrast to PET/CT, requires longer acqui-
sition time and thus is more susceptible to patient
and internal organ movements, wherein a mean
misalignment error of 7 =+ 4 mm between PET and
AC images was observed in 90% of the subjects.”®
To avoid gross motion errors, strict quality control
of MRI-guided AC is required in cardiac PET imag-
ing, where multiple AC sequences could be ac-
quired (no issues with radiation dose) to select the
most appropriate one for PET AC. MRI-guided mo-
tion estimation is an efficient approach for artifact-

50)

free PET AC owing to the absence of exposure to
ionizing radiation, wherein fast MR sequences,
such as 3D multi-echo could be triggered several
times by control devices such as EEG electrodes
or respiratory belts.”” MR sequences that allow
for the direct estimation of motion vectors in MR
space are attractive options for AC of PET data
and have shown promising results in FDG PET/
MR cardiac imaging.”®7° A disadvantage of these
approaches would be the time needed for dedi-
cated MR sequences and the navigation capabil-
ities within PET imaging which may confine
diagnostic MR imaging.

Respiratory motion correction could be con-
ducted using only the emission data; however,
since these methods rely on regions with high up-
take to estimate the underlying motion vectors,
they are not applicable to radiotracers with low
target tracer uptake.®° MLAA algorithms and
deep learning-based AC solutions could address
the issue of emission and AC image mismatches.
However, they are not capable of correcting the
emission data for patient or internal organ move-
ments within PET imaging. In this regard, MRI-
guided approaches with the capability of providing
real-time motion assessment would be the optimal
solution for applying motion correction to PET data
as well as corresponding AC maps.

In brain PET imaging, due to head bulk motion,
motion-corrected image reconstruction (MCIR)



could be conducted, wherein motion information is
extracted from MR imaging (magnetization-pre-
pared rapid gradient echo) within PET acquisition
(gated PET image reconstructions are transformed
to a common gate a posteriori).2' An example of
MRI-guided PET motion correction is presented
in Fig. 6.

Deep learning approaches have been success-
fully applied to estimate motion information from
navigator MR sequences (using generative adversa-
rial neural networks), where improved quantitative
accuracy, as well as superior visualization quality,
was reported compared to the reconstruct-
transform average approach.®%28% Radial schemes
of MRI acquisitions were employed to estimate and
model organ motion in abdominal PET/MR imaging
and conducting PET and MR MCIR. Using this strat-
egy, both PET and structural MR images will be cor-
rected for internal organ motion (sharper organ
boundaries), thus offering improved diagnostic
accuracy.®*

MAGNETIC RESONANCE IMAGING-GUIDED
PARTIAL VOLUME CORRECTION IN HYBRID
POSITRON EMISSION TOMOGRAPHY/
MAGNETIC RESONANCE IMAGING

Adistinct advantage of simultaneous PET/MR imag-
ing is the possibility of using prior knowledge
extracted from MR images to enhance the quality
of PET image reconstructions (MRI-guided PET
reconstruction).8® Statistical priors, extracted from
the anatomic MRI data, could be employed within
PET image reconstruction (modeled in the system
matrix) to improve image reconstruction conver-
gence, suppress noise, enhance the quantitative ac-
curacy, and perform partial volume correction.®%-87

with motion corrected

reference
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Partial volume correction (PVC), which leads to
enhanced quantitative accuracy as well as
improved visual quality of PET images, could
greatly benefit from high-contrast structural MR
images perfectly aligned to the PET signals in
simultaneous PET/MR imaging.8” PVC ap-
proaches relying solely on MR signals to perform
PVC, would cause factitious signals in case of mis-
matches between emission and structural infor-
mation.®® Moreover, these approaches tend to
suppress signals present only in PET images with
no counter structure in MR images. To address
this issue, synergistic PET and multiparametric
MR priors are employed to diminish the sensitivity
to signal mismatches between PET and MRI data
and preserve the unique structures in PET images,
such as lesions with no equivalent edges/signals
on MR images.®® Nevertheless, these approaches
may show high sensitivity to the high noise levels in
PET images since strong noise signals would be
regarded as genuine structures.™

To match the resolutions of PET and MR im-
ages, MR images are commonly down-sampled
to PET images since increased noise levels and
Gibbs artifacts are observed when PET data are
upsampled. In this regard, a smooth Lange prior
was considered in MRI-guided PET image recon-
struction (maximum a posteriori) to perform PVC
at a high spatial resolution on PET images.®”

Recently, deep learning solutions have been
proposed to apply post-reconstruction PVC either
with or without using MRI support.8%°° The aim of
these approaches was to apply fast PVC without
the need for co-registered structural MR informa-
tion. An example of this approach is presented in
Fig. 7. The bulk of research in MRI-guided PET im-
age reconstruction and post-reconstruction PVC

0.6
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motion difference corrected difference

Fig. 6. MRI-guided PET motion correction. MR and PET images before and after motion correction are presented
together with the difference maps before and after motion correction. (P M Johnson et al 2019. Rigid-body mo-
tion correction in hybrid PET/MRI using spherical navigator echoes, Physics in Medicine & Biology, 64 (8), NT03.

DOI 10.1088/1361-6560/ab10b2.53)
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deepPVC
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Fig. 7. Deep learning-based partial volume correction of PET data with and without using anatomic MRI infor-

mation. (Reprinted with permission from Springer Nature.

has been conducted in brain PET/MR imaging,
which is less vulnerable to misalignment errors.
The feasibility of MRI-guided PET PVC in other
body regions and whole-body imaging warrants
further research and development efforts.®"

SUMMARY AND FUTURE PERSPECTIVES

Over a decade has passed since the introduction
of hybrid PET/MRI scanners into clinical practice
and yet this technology has yet to found its niche
in clinical setting. This could be attributed to the
lack of key applications or irreplaceable features
of this modality compared to hybrid PET/CT imag-
ing, rather than its technical challenges/limitations,
including attenuation correction for PET data.
Owing to the continuous advances in detectors
and electronic readouts, the trend is toward devel-
oping compact PET inserts for existing MRI scan-
ners providing high spatial resolution and
reasonable cost. This technology is attracting
much attention in research environment owing to
the fact that simultaneous PET/MR imaging would
enable accurate motion correction of PET data,
partial volume correction, MRI-assisted PET im-
age reconstruction or low-dose PET imaging,
and MRI-based cardiac or respiratory gated
imaging.

90)

Owing to the extraordinary performance of
artificial intelligence or deep learning approaches,
algorithms belonging to this category are predom-
inately employed to address the major challenges
in PET/MR imaging, such as AC synthetic CT esti-
mation from MR images, body truncation, attenu-
ation and scatter correction of PET data, noise
and metal artifact reduction.
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