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Abstract

PET/MR is a hybrid imaging technology with the potential to combine the molecular and
functional information of PET with the soft-tissue contrast of MR. Herein we review the technical
features and challenges of putting these different technologies together. We emphasize the
conceptual to make the material accessible to a wide audience. We begin by reviewing PET/CT, a
more mature multi-modality imaging technology, to provide a basis for comparison to the history
of PET/MR development. We discuss the motivation and challenges of PET/MR and different
approaches that have been used to meet the challenges. We conclude with a speculation about the
future of this exciting imaging method.

1. Introduction

This article is intended to provide an overview of key technical features and challenges
associated with combining PET and MR scanning which we will refer to as PET/MR even if
it entails coordinated scanning on PET and MR instruments in adjacent rooms. Whereas
others have provided excellent coverage of the technical detailsl=3, our goal is to emphasize
the conceptual in order to make this material most accessible. Intended to serve a clinical
audience, we focus on clinically relevant strategies and systems. We begin by reviewing the
history of PET/CT as it provides historical context and a useful reference with which the
motivation and development of PET/MR may be considered. We then describe the
challenges of combining PET and MR scanning so that readers may understand some of the
strategies used in building these systems. Subsequently we turn to specific examples of how
manufacturers have applied these strategies to build the systems that do PET and MR
scanning sequentially and simultaneously and consider the pros and cons of each approach.
We close with a dangerous activity: speculating about the future.

1. A. Brief history and adoption of PET/CT

Technical development of combined emission and x-ray tomography dates back to around
1990, when simultaneous SPECT and CT imaging was demonstrated by Hasegawa’s
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laboratory at UCSF.4 5 This pioneering work is remarkable in that it was a fully
simultaneous design with a shared detector system. Although this work did not lead to a
simultaneous SPECT/CT clinical scanner, it laid the groundwork for sequential hybrid
scanners. The same group demonstrated a sequential SPECT/CT system in 1996, which
was later commercialized as the GE Hawkeye in 1999.7 Around the same time, the first
hybrid PET/CT scanner was being developed by CTI PET Systems and tested at University
of Pittsburgh.® Shortly afterward, the first commercial PET/CT scanners were introduced in
2001: the GE Discovery LS and the Siemens Biograph.® These and all subsequent
commercial PET/CT and SPECT/CT scanners are sequential designs, where the PET or
SPECT data are acquired separately from the CT data and where the patient bed has
sufficient travel length to cover both fields of view.

Though the technical history of PET/CT is interesting in its own right, the clinical history of
PET/CT is even more interesting. When the first commercial scanners were introduced,
many questions were raised over clinical benefit versus economics, since the cost of hybrid
PET/CT systems was significantly higher than dedicated PET systems. However in about a
four year period, dedicated PET went from 100% to 0% market share, being completely
replaced by hybrid PET/CT in new systems sold.? The increased diagnostic accuracy of
PET/CT compared to PET20 is often identified as a contributing factor to the sudden demand
of hybrid systems. The increased throughput of PET/CT may have been a more significant
reason, however. The CT scan (less than one minute) replaced the lengthy transmission scan
(up to 20 minutes) for attenuation correction. Coincidentally, the emergence of lutetium-
based PET detectors enabled fully 3D image acquisition, reducing emission scan times from
40 minutes to less than 20 minutes. The greatly reduced scan time provided economic
justification for hybrid PET/CT and fueled its rapid adoption.

1. B. Motivation for PET/MR

The tremendous clinical value and economic success of PET/CT scanning has encouraged
the development of PET/MR. Yet, the system complexity and high cost of developing and
manufacturing PET/MR scanners are significant barriers to widespread proliferation. An
active area of PET/MR research is to identify its added value in order to justify its routine
use in a clinical environment. The superior soft tissue contrast of MR along with a suitable
PET radiopharmaceutical may make PET/MR preferred for identifying prostate cancer and
specifically the portion of the gland or adjacent tissue that is affected so that, for example,
radiation therapy treatment can be appropriately focused. The high sensitivity of MR for
identifying breast lesions coupled with the high specificity of!8F-FDG PET for identifying
cancer may lead to PET/MR replacing MR-only scanning in follow-up for x-ray
mammographic screening. In particular, PET/MR could be used to guide biopsy and
potentially reduce the number of samples needed as well as alleviate patient anxiety by
reducing the time interval between a patient receiving a conventional MR scan and a
definitive diagnosis. Besides improving sensitivity and specificity, that MR could avoid the
ionizing radiation of CT and yield lower patient radiation exposure with PET/MR than with
PET/CT is another motivator especially for pediatric patients and patients that undergo
repeated scanning.
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1. C. Brief history of PET/MR development

Early work towards PET/MR, described in articles published in 199711-14  predates the
emergence of clinical PET/CT in 200115 16, While soft tissue contrast available with MR is
generally superior to that with CT, the greater technical challenges of combining MR rather
than CT with PET gave PET/CT the inside track for clinical adoption. For reasons to be
described in section 2, a fundamental problem to overcome is that photomultiplier tubes
(PMTSs) do not function within the strong magnetic field required for MRI. Early PET/MR
designs entailed a ring of PET crystals inserted within the bore of the MR scanner and
coupling the crystals to PMTs via approximately 4 m long optical fibersl#4 17 so that the
PMTs could be placed at a distance from the strong magnetic field. This design was feasible
despite the loss of scintillation light within the long optical fibers because of the emergence
of new lutetium-based crystals, i.e. LSO, with their five-fold greater light output than the
then-state-of-art bismuth germanate!® (BGO) crystals. Even though others subsequently
built prototype systems using optical fibers®-21, the approach lost favor as the light loss
degrades the energy resolution and hence system performance. While fibers were obviated
by using a type of MR scanner in which the main magnetic field could be turned down
during PET scanning??, the 0.3 T low field strength achieved a signal-to-noise ratio that was
not clinically satisfactory. As such, none of these approaches has been used in current
clinical systems, the design of which is described in subsequent sections in this paper.

With regard to PET/MR systems that have been used to image humans, the first were brain-
only prototype imaging systems installed by Siemens for research use in the late 200052325,
The first systems built for clinical use were designed for body imaging. The first Philips
Healthcare Ingenuity TF PET/MR26 was installed at Mt. Sinai Medical Center in New York
as an alpha system in 2009 and then in its clinical configuration in January of 2010. The first
Siemens Biograph mMRZ7 was installed at the Technical University of Munich in
November of the same year. GE installed its PET/MR scanner, called by them a PET/CT
+MR,28 at University Hospital Zurich in 2011. As will be outlined in subsequent sections of
this paper, these scanners use different approaches to realize combined PET and MR
scanning.

2 Challenges of PET/MR
2. A. PET impacting MR

MR scanners are built to achieve very uniform strength of the main magnetic field, with
homogeneity of typically one part per million for a superconducting magnet??, so that the
protons resonate at virtually the same frequency. Placing materials in the magnet alters the
local magnetic field strength, causing the protons to spin at altered frequencies and causing
severe geometrical distortion and susceptibility artifact (signal void). When the “materials”
are patients (without implants) this effect is relatively small and could be compensated by
proper magnetic field shimming. With materials such as metals that are magnetic (or
ferromagnetic as physicists say), the distortion of the magnetic field is large and so too are
image artifacts. (In fact, patients with metallic implants face potential safety issues in
addition to scan quality issues and must be appropriately screened prior to imaging.)
Similarly, adding PET detectors within or near the MR bore degrades magnetic field
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homogeneity and causes image artifacts, particularly if the detectors include magnetic
metals. The challenge is then to construct the PET part of the combined scanner in such a
way to minimize the impact on the homogeneity of the magnetic field.

Electromagnetic interference (EMI) refers to electrical signals or currents in a circuit that are
created by electrical signals flowing in another circuit or being transmitted. When signals
occur in the range of frequencies used in radio transmissions, this may be called
radiofrequency (RF) noise. (In fact, the resonant frequencies for protons of water in 1.5 T
and 3.0 T scanners are 64 MHz and 128 MHz and bracket the range of frequencies used by
FM radio in the United States.) One type of electromagnetic interference that occurs in
everyday life is cross-talk between two telephone lines that run physically near each other.
Someone using one line to make a call might hear some of the conversation being carried on
the second line. Or, in the case of interference via transmission, a poorly constructed motor
or a purposefully created radio jamming signal may interfere with your reception of a TV or
radio program. These effects also can occur with PET detectors and all the associated
electronics to process counts and have the potential to create signals that are, for example,
detected in the MR coils used to create images. Owing to the low-intensity signals that form
MR images, the scanner is sensitive even to very low levels of undesired electromagnetic
signals.

Beside static magnetic field and RF field, insertion of PET detectors into the MR gantry also
compromises the performance of the MR imaging gradient system. A MR imaging gradient
is usually built with high spatial linearity and fidelity as well as fast switching time. The
presence of additional hardware within the gradient coil significantly alters the MR eddy
current characteristics of the system, possibly leading to lengthened switching time and
degraded spatial linearity. The gradient imperfection would impact the essential imaging
performance, including imaging spatial resolution, scan time and image homogeneity.

2. B. MR impacting PET

Photomultiplier tubes (PMT) convert the scintillation light produced by gamma-ray
interactions in the crystal into an electronic signal. Specifically, scintillation photons
reaching the photocathode at the entrance window of the PMT release electrons. Each such
photoelectron, a negatively charged particle, is attracted to the positive voltage toward the
back of the PMT in a cascading manner: an electron gains energy as it traverses the electric
field between a sequence of electrodes (dynodes) and knocks additional electrons off each,
achieving signal amplification. These moving electrons constitute an electric current in the
form of a pulse with an area that is proportional to the gamma-ray energy deposited in the
crystal, and in the case of a time-of-flight scanner, the pulse timing is sufficiently precise to
identify the approximate position of the positron annihilation. The presence of a magnetic
field creates a force (Lorentz force) on electrons that is perpendicular to their direction of
movement so that the electrons follow a curved trajectory. This defocuses the pulse spatially
and temporally so that PMTs do not function properly in the strong magnetic field of an MR
scanner.

During the acquisition of MR data, gradient coils are turned on and off in order to spatially
encode the MR signal. The associated changes in magnetic field induce electronic signals,
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that is eddy currents, in the PET electronics30. The faster and stronger the gradients are, the
greater the eddy currents. Likewise, the radiofrequency pulses that tip the protons from their
alignment with the main magnetic field may induce high-frequency voltage signals in the
PET electronics. Both the gradients and the radiofrequency excitations can interfere with the
PET signal analysis that includes detecting a photon, determining its energy, and
determining if pairs of detected events meet the energy and timing criteria to be considered a
coincidence event that would be attributed to photons created in positron annihilation.

Interestingly, not all the effects of MR on PET are deleterious. In fact, with a strong
magnetic field there are (Lorentz) forces that reduce the distance the positively-charged
positrons travel before they annihilate. The reduced positron range thus improves the
resolution with which the location of radionuclide can be determined3®. The effect is
relatively small with positrons emitted in 18F decay having a range of 0.5 mm and
potentially significant with positrons emitted in 82Rb decay having a range of 6.1 mm32 in
the earth’s magnetic field.

2. C. Attenuation Correction

The clinical standard for PET images is to correct the data for the absorption of the
annihilation photons by the body so that pixel values can be scaled to radioactivity
concentration units independent of the depth of the radiopharmaceutical within the body.
The initial approach for measuring absorption, and prior to the advent of combined PET/CT
scanners, was to perform a transmission scan using a radioactive source outside the body
emitting photons of 511 keV or of similar energy. The PET radiation detectors would
measure the photons that were transmitted through the body, and a map of the attenuation
properties would be reconstructed. Over the course of time various radionuclides and source
geometries were considered.

A big change came with the advent of PET/CT scanners wherein an x-ray source and CT
detectors were used to make the transmission measurements. This was considerably faster
and yielded much less noise compared to a radionuclide source with PET detectors. While
development was required to account for the difference in transmission at photon energies
used in CT vs. the 511 keV annihilation photons with PET, the technology matured and is in
wide-spread use.

In the case of PET/MR scanning, generally the intent is to infer the photon absorption
information from MR measurements. This is especially challenging because the underlying
physical phenomena that effect MR signals are different from those that impact photon
absorption. In PET and CT imaging photon absorption is due primarily to photon interaction
with electrons surrounding the atom: inner shell electrons in the case of photoelectric effect
and outer shell electrons in the case of Compton scatter. Thus electron density is a shared
property underlying photon absorption in PET and CT, and a relatively simple conversion
between CT Hounsfield units and PET attenuation factor is feasible. In MR imaging the
signal depends on the hydrogen nucleus and its local environment. As such, there is no
direct correspondence between the MR signal and photon absorption. In fact, an example
that illustrates this and is a current challenge in the field, is that cortical bone and air usually
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have very low MR signal and appear black MR images whereas cortical bone and air
represent the extremes in terms of photon absorption within a person.

Although vendors have provided acquisition protocols and data processing that infer photon
absorption from MR data, doing so robustly remains an active area of research in order to
improve quantification accuracy and reduce artifacts. This will be reviewed in section 3.

3. Strategies for PET/MR

3. A. Use of MR-friendly materials

“Primum non nocere” (“First do no harm.”) This maxim applies not just to medicine but
also to PET/MR design. MR and PET systems that achieve a certain level of performance
are expected to maintain their performance in a combined PET/MR system. In other words,
the presence of the PET hardware and electronics should not reduce MR imaging
performance, and vice-versa. Of course this is not an issue with tri-modality systems with
PET/CT and MR in separate rooms, assuming that the siting requirements of the individual
scanners are followed. For combined PET/MR systems there are several issues with PET
and MR compatibility which are discussed in the following sections.

One concern is whether the PET materials affect magnetic field uniformity and MR image
quality. Material compatibility is a relatively minor issue with one-room sequential
PET/MR. Although the PET gantry contains highly permeable magnetic shielding (mu-
metal), it is located far enough away that its effect on the MR imaging field of view is easily
corrected by shimming.33

Simultaneous PET/MR is more of a concern since the PET detectors (crystals and
electronics) are located inside the magnet bore and introduces a significant possibility of
distorting the magnetic field or gradients. MR compatibility depends on the materials’
magnetic susceptibility, the degree to which the material is magnetized when placed in a
magnetic field.3# Materials having high magnetic susceptibility must be avoided in the PET
detectors and integrated electronics. Fortunately the commonly used lutetium-based
scintillation crystals (LSO, LYSO) have acceptable magnetic properties.3® Even with careful
design, some degree of field distortion is inevitable but is corrected effectively by shimming.
Measurement of the static magnetic field (Bg) and the linear field gradient (B1) in a
commercial simultaneous PET/MR system compared to its base MR-only system
demonstrated that the inhomogeneity caused by the PET detectors in integrated PET/MR is
negligible.36

3. B. Reducing magnetic fields seen by photomultiplier tubes

For PET/MR scanners various strategies have been used to minimize the magnetic field in
the vicinity of the PMTSs to permit them to operate satisfactorily. Examples include turning
down the magnetic field when collecting PET data, placing the PMTs at a distance where
the field is weak (since field strength significantly diminishes with distance), and shielding
the PMTs using a metal alloy (often called mu-metal) that has high magnetic permeability.
While turning off the field is not feasible with superconducting magnets used in clinical MR,
both distance and magnetic shielding are viable options. For Philips Ingenuity PET/MR with
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its 3T magnet, the field strength in the vicinity of the PET detectors, 4.2 m from the magnet
isocenter, would be about 1 mT (20 times stronger than the earth’s magnetic field).
Although certain multichannel PMTs have been shown to operate in magnetic fields of less
than 10 mT27, the 1 mT field was still too strong for proper performance of the PMTs26 and
so it was reduced to about one-tenth of this by adding a sheet of mu-metal to the side of the
PET ring that faces the MR system.

3. C. Using PET detectors that are insensitive to magnetic fields

PMTs have been used in scintillation (Anger) cameras since their invention by Hal Anger in
1957. The avalanche photodiode (APD) was first considered as an alternative to the PMT in
nuclear medicine during the mid 1990s for a preclinical PET application3’. An APD is an
electronic chip that is similar to a PMT, in that both convert scintillation light into an
electrical signal with amplification. In a PMT, light releases electrons from the photocathode
which are then attracted to and accelerated to the first dynode, a positively-charged plate.
Incident electrons there knock off additional electrons that traverse toward the next dynode
with the process repeated in a succession of dynodes thereby achieving signal amplification.
In an APD there is an “avalanche” of electrons generated inside a semiconductor material.
As electrons accelerate through the semiconductor, they cause the emission of more
electrons (and electron vacancies called holes which travel in the opposite direction as
electrons), thereby amplifying the signal. Approximately a decade after their introduction
into nuclear medicine, the relative insensitivity of APDs to magnetic fields was realized with
the creation of a PET detector that could operate inside the field of a 7-T MR scanner38.
Specifically, a 3x3 array of APDs was used to identify the crystal of a 10x10 array of LSO
in which a gamma ray interacted. APD arrays were subsequently used in the first clinical
scanner that could simultaneously perform PET and MR imaging.

3. D. Reducing PET signal interference with MR

MR detects small radio frequency (RF) signals and therefore is very sensitive to
electromagnetic noise. A MR suite is thoroughly shielded to minimize such interference
from the ambient electromagnetic background in a hospital. The presence of PET detector
electronics and other supporting electronics within the same room (especially within the
same gantry) raises the concern that the PET subsystem may affect MR image quality.
Commercial systems are designed and tested to ensure that PET interference with MR is not
significant. An initial design strategy for PET/MR is to move as much PET electronics as
possible out of the gantry and into an equipment room and to route cabling through
appropriate RF filters. However the front-end PET electronics (amplifiers, pulse shaping,
digitizing, etc.) must still be located near the scintillation detectors and be shielded.

Sequential PET/MR acquires the PET and MR separately. During MR acquisition, the PET
detectors still experience scintillation events from scattered radiation and from natural
radioactivity of the lutetium-based crystals. These background events contribute
significantly to the MR noise floor, since the events generate noise that is picked up by the
RF coils.39 To minimize this issue, the high voltage to the PMTs is reduced during the MR
scan and is reset to its normal operating value after the MR scan and prior to the PET scan.33
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Simultaneous PET/MR implies that disabling the PET detectors during MR acquisition is
not an option. The PET detector modules are covered entirely with copper foil to shield RF
noise. Supporting electronics are located outside the imaging field of view adjacent to the
magnet and are also covered with copper foil. RF noise in MR images shows no significant
difference when measured with the PET detectors powered on or powered off.36

3. E. Reducing MR signal interference with PET

As noted in section 2, changing electronic or magnetic fields can induce electric currents
called eddy currents. In fact, in the Siemens prototype brain PET/MR scanner, fast-
switching magnetic gradients were identified as creating eddy currents that distort the PET
signals and reduce count rate. Although the count loss was only a maximum of a few percent
during a small fraction of the scanning time and a software correction was developed30,
generally such effects are mitigated by shielding around the PET detectors as well as signal
lines. Copper provides good electronic shielding, and in fact, the minor loss in counts was
attributed to a shielding defect.

Whereas with PET systems various electronics may be housed within the scanner gantry and
image reconstruction computers may even be placed in the scan room, this is not the case
with PET-MR and standalone MR systems; MR systems in general are more sensitive to
noise than PET systems. As such, while the PET component of the Philips Ingenuity TF
PET/MR is similar to the PET component of the Philips Gemini TF, in the PET/MR
configuration many of the electronics are relocated to an electrically shielded cabinet placed
in the MR equipment room. Even greater separation is used with the GE tri-modality
PET/CT+MR with the PET/CT Discovery 690 and Discovery 750w MR systems located in
completely separate rooms.

3. F. Attenuation correction

As noted previously, determining the photon attenuation of the PET gamma rays from the
MR data is nontrivial owing to the fundamentally different underlying physical processes of
PET and MR. Note that the “tri-modality” approach to PET/MR, namely the use of
individual PET/CT and MR scanners along with a docking shuttle bed for transporting the
patient, does not experience this issue since CT-based attenuation correction is available.
However the other PET/MR approaches do not generate co-registered CT images, and MR-
based attenuation correction must be developed with reasonable accuracy. Currently Philips
and Siemens use segmentation approaches, analogous to color-by-numbers. One approach is
to assign image voxels to two tissue classes in addition to air, namely lung and soft tissue,
based on an MR image. Another approach is to assign voxels to three or more tissue classes
by adding bone and/or differentiating soft tissue into fat and lean tissue. The tissue type or
segment of each pixel may be determined by (1) matching the patient’s MR scan to images
in a library of scans taken in other subjects, by (2) using image processing based on
anticipated shapes of various organs, or by (3) specialized MR scan sequences to identify
tissues by type. Although the library-matching approaches use registration with some
including stretching or warping transformations, human anatomy and body composition
differ across individuals so this can be unsatisfactory. Likewise, in the second method,
determining the shape of an organ such as lung based on typical lung shapes is problematic
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because of shape differences between individuals and is further complicated by differences
in tissue density across the lung and in a way that depends on the lung orientation relative to
gravity and occurrence of emphysema or other diseases. Further, most of the early
development of the methods was based on normal volunteers with normal anatomy. On top
of all this, implants (and attendant artifacts on MR images), abnormal anatomy, and
pathological conditions common in clinical patients make the first two methods
insufficiently reliable for routine clinical use.

The direction of current research on attenuation correction methodology is toward
specialized MR acquisition sequences that can identify different tissue types within
individual patients with few a priori assumptions about expected shape or composition. For
example, ultra short echo time (UTE) sequences can be used to image cortical bone*0-42,
With other than the specialized UTE sequences, the MR signals of cortical bone and that of
air are quite low and these regions appear as black in images, Figure 1. The bone signal is
low because the T2* (spin-spin relaxation in the presence of field inhomogeneity) is so fast
that the signals dephase before any conventional MR sequence collects the data. In contrast,
the signal from air is essentially noise since air has few hydrogen nuclei. Since these two
tissues lie at the extremes of photon attenuation in clinical PET imaging, differentiating the
tissues is critical for PET quantitative accuracy. With UTE imaging, the TE times are so
short, on the order of 100 microseconds or fractions thereof, such that bone signal has not
completely dephased, and bone appears as gray, Figure 1b. Using a dual-echo UTE
acquisition, data are also collected with a longer TE wherein bone signal is largely absent
and signal from all other tissues is essentially the same as the first echo. Images from the
two echoes may then be analyzed to produce an image that indicates bone, soft tissue, and
air (see Figure 1c).

Another specialized MR sequence may be used to differentiate fat and lean tissue??. As
these tissues have relatively similar attenuation at the energy of the PET annihilation
photons, the impact on attenuation correction is less than that of identifying bone. On the
other hand, these acquisitions can be performed quite rapidly and the ability to localize
abnormal FDG uptake to fat and lean tissues has clinical value. In brief, this may be
accomplished by using the two-point Dixon method of MR43, Figure 2. Hydrogen nuclei in
the vicinity of fat and water precess or rotate at slightly different speeds. MR data are
acquired at two times: one with the fat and water spins aligned or in-phase (IP) and one with
these spins 180 degrees apart or in opposed-phase (OP). In the IP image, signal in a pixel
equals that of water plus fat (IP = W + F) whereas in the OP image it equals water minus fat
(OP =W —F). Thus, the IP and OP images may be added and subtracted to yield images of
water and fat (IP + OP = 2W, IP — OP = 2F), Figures 2a and 2b.

4. Sequential Systems

4. A. PET and MR standard systems with software fusion

Just as software fusion of PET and CT images was the ancestor to and even motivated the
emergence of combined PET/CT scanners, the same can be said of software fusion of PET
and MR images relative to PET/MR. Software fusion of images acquired using single-
modality scanners is less expensive than using multimodality systems and is more accessible
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owing to the number of single-modality scanners. Software fusion is quite effective for rigid
structures. Automated registration algorithms are used routinely to fuse MR and PET brain
images. However for deformable structures, such as in the abdomen or head-neck regions,
software fusion is much less effective. Use of positioning aids can improve the consistency
of software fusion, but logistics and inaccuracies motivate the adoption of more integrated
systems.

4. B. PET/MR systems with PET and MR gantries in different rooms

Currently there is one commercially available PET/MR system that houses the PET and MR
components in separate rooms28. In the spectrum of PET/MR scanning systems this GE
PET/CT+MR system, Figure 3a, has the greatest simplicity, entailing standard PET/CT and
MR systems, respectively PET/CT Discovery 690 and Discovery 750w MR. Further,
availability of CT data avoids the challenge of determining attenuation data from MR data.
The unique feature of this system is a special trolley arrangement and coils that enable a
patient and scanner table-top to be shuttled from the PET/CT to the MR system. The concept
of separate scanners with a movable docking patient bed was first demonstrated for SPECT
+CT.44 Extending this concept to PET/CT+MR presented new technical challenges, namely
the development of a MR-compatible bed and the development of “glove coils” into which
the patient slides (in the same manner that the hand slides into a glove).

4. C. PET/MR systems with separate gantries in the one room

The Philips Ingenuity TF PET/MR, Figure 3b, is currently the only combined PET/MR
system designed with separate gantries that are housed in the same room?2%. The system is
essentially a combination of modified versions of a Philips Gemini TF PET scanner and a
Philips Achieva 3T MR scanner installed in a single room. There is a single patient table
located between the gantries. The table sits on a turn-table that can rotate the patient to be
head-first (or feet-first) for both PET and MR and has a range of motion (extended
compared to dedicated MR systems) that enables whole-body imaging. Moving a patient
from being positioned in one gantry to the other takes approximately a minute and can be
done without any manual intervention by the technologist.

5. Simultaneous Systems

The Siemens Biograph mMR, Figure 3c, is the first clinical simultaneous PET/MR
scanner?’. Its design is based on a prototype brain PET insert for a clinical MR scanner
developed by Siemens for research.24 45 The success of this prototype design and the
engineering knowledge gained led to the fully integrated whole body scanner. The Biograph
MMR is based on the Verio 3T MR platform which is modified to include the PET detectors,
electronics, cooling system, and other supporting hardware. The PET detectors are
constructed as blocks containing an 8x8 array of LSO crystals being read by a 3x3 array of
APDs. The block detectors are situated inside the magnet, between the gradient coils and RF
body coil. With the covers on, the Biograph mMR appears virtually identical to a
conventional MR system, with the exceptions that the bore length is slightly longer to
account for PET electronics adjacent to the magnet coils and that the patient bed and coils
are modified to reduce attenuation of 511 keV photons.
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6. Pros and Cons of the Scanner Designs

6. A. Field of view

Field of view is an essential consideration in PET and MR design, since it is the primary
factor underlying the cost of the scanner. A larger PET field of view necessitates more
crystals, PMTs or APDs, and electronic readout channels, adding significantly to the cost of
the scanner. A larger MR field of view means more highly uniform magnetic field, which
requires more magnet wiring, larger cryogenic system, and larger gradient and shim coils. In
brief, bigger scanners are more costly.

The higher cost of a larger scanner has to be weighed against the clinical advantages of a
larger scanner. A large field of view is desirable in a clinical environment. A large axial
field of view reduces scan time for whole-body PET and MR imaging, and an added bonus
is that PET count sensitivity improves as the patient is more completely surrounded by
detectors. A large transaxial field of view facilitates imaging obese patients and reduces
issues with patient compliance (claustrophobia, discomfort, etc.). A large transaxial field of
view permits arms-up imaging, reducing PET attenuation and minimizing MR-AC edge
truncation. The clinical desirability is reflected in the market trend from 60-cm bore
diameter in dedicated PET and MR scanners to 70-cm bore diameter in the newest MR
scanners and nearly 80-cm bore diameter in some PET/CT scanners.

A clear advantage of sequential PET/MR is that the respective PET and MR fields of view
are preserved. In contrast, a simultaneous PET/MR with the PET detectors within the MR
ring requires an overall reduction in usable field of view diameter. For example, the Siemens
Biograph mMR scanner is based on the Verio 3T MR scanner with 70-cm bore diameter.
The PET detector modules and associated packaging and shielding are about 5 cm thick,
thus reducing the PET/MR bore diameter to 60 cm.3¢ The smaller bore diameter is a clinical
limitation, and it also is an economic limitation since it uses a more costly 70-cm magnet.
About 27% of its highly uniform magnetic field region is not utilized for imaging but still
must be purchased.

6. B. Scanning time

“Sequential” means sequential. That is, the total scan time of a PET/MR study is the sum of
the scan times of the PET and MR studies, plus the time associated with moving the patient
from the MR to PET field of view. For the one-room design (Philips Ingenuity), the
additional time for the bed to retract, rotate, and extend is under a minute. For the two-room
design (GE PET/CT + MRI), the additional time can be considerably longer depending on
proximity and logistics.

“Simultaneous” scanning is truly simultaneous only when the PET and MR fields of view
exactly coincide. The degree of simultaneity depends on the particular clinical protocol. This
is particularly so with whole-body imaging, where the patient bed is stepped axially to
acquire PET and MR data over a specific time interval per bed position. Simultaneous
scanning is most efficient if the PET and MR scan periods match, since if the PET scan per
bed position is significantly longer than the MR scan per bed position, or vice-versa, then
one is idle while it waits for the other to complete. A logical approach is to specify the PET
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scan time per bed position to achieve the required count statistics and to fill that time with
appropriate MR whole-body pulse sequences (for example Dixon MR-AC followed by T1-
weighted and single shot turbo spin echo sequences). A localized diagnostic MR study may
also be acquired at a single bed position but is not simultaneous with the whole-body PET
study. The time-line of an example of a simultaneous PET/MR study is shown in Figure 4.
Many other scan protocols are possible, and a full discussion of PET/MR study designs is
found in the literature.46

6. C. Time-of-flight PET

Time-of-flight (TOF) PET refers to detection of positron annihilation photons with
extremely high temporal accuracy to further improve PET image quality. (Note that TOF
PET is not to be confused with time-of-flight MR imaging, in which a MR angiography
study is acquired by employing a pulse sequence which enhances visualization of flowing
blood.)

In PET systems (TOF and non-TOF), a pair of detected photons is deemed coincident if the
photons are detected “at the same time”. The threshold for the difference in detection time
that is considered “at the same time” depends on the timing accuracy of the PET detectors.
For example, for a non-TOF PET system the timing accuracy may be on the order of 5000
picoseconds (ps). This coincident window, which is the acceptable range of the timing
difference of detected events to be considered coincident, is set as small as possible to
minimize random coincidence events arising from unrelated positron decays but is not set
too small to inadvertently eliminate true coincidence events.

PET detectors operating in TOF mode are fast enough to resolve the location of the point of
annihilation within some margin of error on the line of coincidence and to use this
information during image reconstruction. The 511 keV annihilation photons travel at the
speed of light, so one photon interacts with its detector slightly earlier than the other photon
does, unless the annihilation event occurs equidistant from the two detectors. Using the
speed of light, one can calculate the spatial location on the coincidence line with precision
dependent on the timing resolution of the PET detectors. Modern clinical PET detectors
using lutetium-based crystals and PMTs have a timing resolution™ that is better than 600 ps.
Given such timing, the site of annihilation can be spatially localized with precision better
than 9 cm along the line connecting the crystals that detected the photons (i.e. the line of
response). While the location is not precisely known, the image reconstruction localizes
counts over this range, a distance that is significantly shorter than the diameter of the
scanner. By utilizing this enhanced information, TOF scanners have reduced image noise
compared to a non-TOF scanner, for an equal number of counts.?”: 48 The improved PET
performance from TOF may be exploited by shortening the scan duration and/or reducing
the injected radiopharmaceutical activity to reduce radiation dose to the patient, while
maintaining acceptable image quality.

Current sequential clinical PET/MR (and PET/CT) scanners use conventional PMT-based
detectors that are TOF-capable, having full-width at half-maximum (FWHM) timing

*Timing and spatial localization here are specified according to the full-width at half-maximum (FWHM).
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resolution in the range of 500 to 600 picoseconds. At this time, simultaneous clinical
PET/MR scanners use APD-based detectors which, although compatible with high magnetic
fields, have a timing resolution of 3600 picoseconds. This timing resolution corresponds to a
localization precision of 54 cm along the line of response, which is not appreciably smaller
than the field of view. Consequently, APD-based detectors are not considered to be TOF-
capable.

Patient motion is always a concern in medical imaging. In all cases measures are taken to
minimize gross patient motion (foam pads, tape, etc.). However internal patient motion from
bladder-filling, digestion, etc. also degrades images. Small movement is apparent as artifacts
in MR images because of the high spatial resolution, whereas in PET images it tends to be
noticed as increased blurring and reduced peak uptake of lesions. In combined PET/MR, a
further effect of motion is in misregistration of PET and MR images. For the case of
simultaneous PET/MR, the mation is “in-place”, meaning that a portion of the PET data
matches the MR data, thus mitigating the misregistration to some degree. For the case of
sequential PET/MR, the data are less correlated, especially if there is a long period of time
between the MR and PET acquisitions. (The situation is similar for PET/CT, though the time
between CT and PET is short.) The one-room sequential PET/MR design minimizes this
possibility since about a minute is required to reposition the patient on the scan table
between MR mode and PET modes. The two-room sequential design has a greater
possibility for motion to occur, since the patient must be unloaded from one table,
transported to the other room, and reloaded onto the other table.

An interesting development for simultaneous PET/MR is to perform MR-based motion
correction of PET data. While PET acquisition occurs for several minutes, MR is capable of
rapidly producing images or motion tracking signal (navigator) to serve as an anatomic and
temporal reference for the PET data. One could imagine the MR as taking a movie of the
patient during PET scanning. The PET data handling could offset the position of individual
photon coincidence pairs to account for the motion and thereby mitigate motion blurring. A
group at Massachusetts General Hospital (MGH) first demonstrated this approach with a
brain PET detector insert in a 3T MR scanner, showing accurate rigid-body motion
correction with 3 second temporal precision.® More recent work has shown the ability to
measure motion deformation fields with MR and to apply this information towards non-rigid
motion correction of simultaneously-acquired PET data.50-52

6. E. Attenuation correction

As described above, there are significant limitations associated with MR-based attenuation
correction of PET data. It is first worth noting that tri-modality sequential PET/MR (that is,
PET/CT co-registered to MR) utilizes CT-based attenuation correction and avoids the
quantitative inaccuracies of MR-based attenuation correction. Tri-modality systems are
valuable in MR-AC research since the same PET data are available for both CT-AC and
MR-AC, allowing for a direct comparison of MR-AC to the CT-AC standard.>3
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With the exception of the tri-modality design, both sequential and simultaneous PET/MR do
not have the ability to perform CT-AC, and thus the challenges of MR-AC cannot be
avoided at this time. Ultimately there might be a solution for this that simultaneously
reconstructs emission and transmission images solely using PET emission data. Researchers
have found evidence that this may be feasible with TOF PET (see section 7.A).

6. F. Complexity and amount of new engineering

The engineering complexity varies significantly between the three PET/MR designs. The tri-
modality sequential PET/CT + MR system is the least complex, with new engineering
residing primarily in the shuttle bed and docking system. The one-room sequential PET/MR
system has significant new engineering in the turntable patient bed and in the modified PET
gantry containing magnetic and electronic shielding. The acquisition workstation is also
enhanced to acquire both PET and MR data and to perform MR-AC.

By far the most new engineering is in the simultaneous PET/MR system. New PET detectors
with APDs are used for the first time in a commercial PET scanner. The magnet hardware
and cryogenic system are redesigned to integrate the PET detectors in the field of view while
allowing field service engineers access to the PET detectors and supporting electronics.
Electronic shielding is a greater challenge due to the proximity of the PET and MR
hardware, compared to the sequential design. Another major but often underappreciated
engineering challenge is the software and firmware that allows all components to function in
harmony in a fully integrated imaging system.

Of course, new engineering is associated with cost and reliability. An old engineering saying
is: “better, faster, cheaper — pick no more than two out of the three”. The PET/MR vendors
have done a remarkable job in providing amazing new technology in such a short period of
time. Economics, however, remains a major factor in clinical acceptance.

7. The Future

7. A. New technologies

Avalanche photodiodes (APDs) are more compact than photomultiplier tubes (PMTs) and
perform the same function: converting the scintillation light created in the crystal into an
electrical signal. A main disadvantage of APDs is that their timing precision is poor and
cannot support time-of-flight measurement. A special type of APD, called a silicon
photomultiplier (SiPM) overcomes this limitation. A SiPM consists of an array of many
miniature APD cells each operating in Geiger mode, which means that the signal from each
cell is all-or-nothing. The amount of scintillation light (and hence gamma-ray energy) is
indicated by the number of cells that fire. Like APDs, SiPMs are compact and insensitive to
magnetic fields but require cooling to reduce noise. However SiPMs have higher gain and
good timing resolution and thus are suitable for TOF PET/MR. The timing resolution of full-
ring prototype PET detectors with lutetium-based crystals has been demonstrated to be
better than 400 ps with analog SiPMs®* and better than 300 ps with digital SiPMs®®. Recent
work has suggested that timing resolution better than 200 ps may be feasible.>® With such
improved timing resolution over PMT-based detectors, SiPMs are poised to make a
significant impact on PET/CT as well as PET/MR, as availability and cost improve. In fact,
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Philips recently has announced a new PET/CT product (Vereos) using PET detectors with
digital SiPMs, which marks a significant development in clinical PET technology.

Another exciting potential future development is TOF-assisted attenuation correction for
PET/MR. It has long been a goal to use the attenuation information contained within the
PET emission data alone to reconstruct both attenuation and emission images.>’-59 However
crosstalk between the attenuation and emission information results in a large degree of
uncertainty in the images. Crosstalk arises from the fact that low activity and high
attenuation along a path through the body both result in a low number of recorded counts.
Recently it has been discovered that TOF provides extra information that greatly reduces the
crosstalk problem, allowing for attenuation correction solely from the emission data.60-62
This method is intriguing for PET/MR because it avoids many challenges associated with
MR-based attenuation correction. The method does not apply to current-generation
simultaneous PET/MR using APDs which are not TOF-capable. It may one day apply to
sequential PET/MR using PMTs already TOF-capable, as well as future generations of
simultaneous PET/MR having SiPM detectors.

7. B. New designs

We already have seen three significantly different commercial PET/MR designs: tri-
modality sequential PET/CT + MR, one-room sequential PET/MR, and simultaneous
PET/MR. A possible fourth design is analogous to PET/CT: an integrated sequential
PET/MR. In this design, the PET detectors would be adjacent to the MR magnet, and the
patient table would have extended travel to pass through both fields of view. A main
advantage of this design is that the bore diameter is preserved. Thus a 70-cm bore diameter
would be available for both PET and MR. Alternatively, a less expensive magnet with 60-
cm bore diameter may be used to control cost. However an integrated sequential PET/MR
would not be capable of simultaneous PET/MR acquisition since the PET and MR fields of
view would not overlap.

Another design consideration is the quality of the MR system. The three commercial
PET/MR systems all have used 3T magnets for optimal MR imaging performance. However
this comes at a significantly higher cost compared to lower-end 1.5T magnets. Similarly, the
cost of the PET detectors may be better contained by reducing the axial field of view, at the
expense of sensitivity and image quality. Thus a relatively low-cost PET/MR system
(integrated sequential with smaller bore size, field strength, and axial field of view) may be
feasible if there is clinical demand for such a scanner.

7. C. What is the clinical future of PET/MR?

The main focus of our discussion has been on technology. Ultimately many other factors
will determine the overall success of PET/MR in the clinical environment. Among these are
cost, clinical impact, reimbursement, and competing technologies. There is certain to be a
vibrant market for PET/MR in research and at academic medical centers. MR’s exquisite
image quality, soft tissue contrast, flexibility of pulse sequences, and advanced capabilities
of spectroscopic and functional imaging offer unique opportunities compared to CT.
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How will PET/MR fare in the routine clinical environment? At the moment the PET/MR
community is seeking to identify indispensable clinical applications that justify PET/MR,
the so-called “killer apps”.

Will breast cancer imaging be a killer-app? MR has exquisite sensitivity for staging breast
cancer and is, perhaps, too sensitive as to have false positives and lead to unnecessary
biopsies®3; up to 75% turn out to be benign®4. Will combining the specificity of PET and the
sensitivity and spatial resolution of MR produce a winner? It may with PET/MR particularly
considering that with separate PET/CT and MR, correlation is complicated due to the
deformability of breast tissue.

Will radiation therapy planning be a killer-app? PET/CT has already attracted much interest
for radiation therapy planning. Many centers utilize consistent patient positioning tools in
their clinical workflows and incorporate PET/CT in their treatment plans. While CT is the
workhorse in this arena, MR offers better soft tissue contrast and therefore might help to
better pinpoint the radiation beam to cancer while sparing normal tissue in, for example,
prostate cancer®>—%9, Indeed, there is growing interest in coupling radiation therapy’s linear
accelerators with MR scanners’0-72,

Another potential killer-app is motion-tracking and improved PET quantification with truly
simultaneous PET/MR scanning. Respiratory and cardiac motion causes some tumors to
move during imaging that leads to blurring in the image. With knowledge of the motion
from MR, the blurring could be removed during PET image reconstruction. Also, the high
spatial resolution available with MR could also be used to mitigate blurring (and
inaccuracies of image-derived radioactivity concentrations) of small objects due to partial
volume effects. Of course the size and motion degradations are often not independent such
as in the case of a small blood vessel. MR could provide the geometric information needed
to accurately determine an image-derived input function that could be used to quantify blood
flow to a tumor.

A benefit of PET/MR is reduced exposure to ionizing radiation compared to PET/CT. A
typical whole-body PET/CT study using low-dose CT may have an effective radiation dose
of 7 mSv from the injected 18F-FDG and 4 mSv from the CT. (The actual radiation dose
differs between imaging centers depending on injected activity and CT parameters.) New
technologies (improved TOF performance from SiPMs and improved CT image quality at
lower x-ray intensity from iterative reconstruction) promise to further reduce radiation dose
in PET/CT in the future. However, PET/MR eliminates the CT radiation which offers an
immediate and sizable reduction in radiation dose. The increasing attention on radiation dose
for pediatric patients and for patients receiving several follow-up PET/CT studies makes
PET/MR attractive.

Another immediate clinical benefit of PET/MR is the ability to perform PET and MR in one
session. Of course patient satisfaction is improved from the convenience of scheduling and
undergoing a single study instead of two. More importantly, there are medical benefits in
cases requiring sedation, more common for pediatric patients, for which PET/MR utilizes a
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single shorter sedation instead of multiple or longer sedations for separate PET and MR
studies.

Ultimately, it likely will be economics that determine the success of PET/MR in the clinical
environment. There are certain advantages of PET/MR compared to PET/CT, but will the
benefits outweigh the added cost? In this era of increasing regulation and decreasing
reimbursement, PET/MR will have to prove that clinical outcomes are economically
superior to the alternative (PET/CT and MR acquired independently, potentially with
software fusion). This argument will be easier if the cost of PET/MR systems drops as the
market increases or as cost-reduction engineering proceeds. As discussed earlier, the rise of
PET/CT and its rapid displacement of dedicated PET were truly remarkable. However the
bar already has been set high by the success of PET/CT, so the challenge of widespread
clinical acceptance is even higher for PET/MR. The next few years will be very interesting
as data on the relative clinical value of PET/MR are reported.
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Figure 1.
With most MR imaging sequences, bone and air both have low signal and appear black. (a)

In this axial image of the head, the skull is in the dark ring just outside the brain [TE = 2.46
milliseconds (ms)]. (b) Using an ultra-short echo time [TE = 0.070 ms] the data are collected
before T2* relaxation completes and thus the bone of the skull has appreciable signal and
appears gray. (c) Image processing methods may be applied to the first two images to
produce an attenuation map that accounts for bone (white) and soft tissue (gray).
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Figure2.
MR-AC data generated by the two-point Dixon method. From left to right: a) water image,

b) fat image, and c) segmented four-class attenuation map (lean tissue = white, adipose
tissue = pink, lung = blue, air = black). Note that the automated algorithm does not attempt
to identify bone (given lack of bone information in Dixon) and defaults to treating it as
water.
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Figure 3.
Photographs of (a) GE PET/CT+MR, (b) Philips Ingenuity TF PET/MR, and (c) Siemens

Biograph mMR.
(a) Photo Courtesy of GE Healthcare
(b) Photo Courtesy of Philips Healthcare
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Figure 4.
Illustration of an example simultaneous whole-body (WB) PET/MR study. PET and MR

WB data are acquired at multiple bed positions as shown. In this example three MR
sequences are acquired at each bed position, each designated by a different color. After the
WB scans are complete, an optional single-bed MR study may be acquired as in this
example with two lengthy pulse sequences. Single-bed PET data (not shown) also may be
acquired simultaneously with the single-bed MR study but will not be included in the WB
images.
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