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Abstract

Hybrid PET/MR imaging is an emerging imaging modality combining positron emission
tomography (PET) and magnetic resonance imaging (MRI) in the same system. Since the
introduction of clinical PET/MRI in 2011, it has had some impact (e.g., imaging the components
of inflammation in myocardial infarction), but its role could be much greater. Many opportunities
remain unexplored and will be highlighted in this review. The inflammatory process post-
myocardial infarction has many facets at a cellular level which may affect the outcome of the
patient, specifically the effects on adverse left ventricular remodeling, and ultimately prognosis.
The goal of inflammation imaging is to track the process non-invasively and quantitatively to
determine the best therapeutic options for intervention and to monitor those therapies. While PET
and MR, acquired separately, can image aspects of inflammation, hybrid PET/MRI has the
potential to advance imaging of myocardial inflammation. This review contains a description of
hybrid PET/MRI, its application to inflammation imaging in myocardial infarction and the
challenges, constraints, and opportunities in designing data collection protocols. Finally, this
review explores opportunities in PET/MRI: improved registration, partial volume correction,
machine learning, new approaches in the development of PET and MRI pulse sequences, and the
use of novel injection strategies. (J Nucl Cardiol 2019)
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INTRODUCTION

Although early mortality in patients with acute myocardial infarction (AMI) has declined by
75% over the past half century?, these patients still remain at risk for late adverse events and
death?. Evidence suggests that infarct size34, extent of microvascular obstruction within
infarcted tissue, and extent of iron precipitation6-8 following hemorrhagic infarction are
independent predictors of left ventricular remodeling post-AMI, leading to heart failure.
Furthermore, this remodeling is associated with additional effects on myocardial tissue
remote from the AMI caused by an ongoing dysregulated pro-inflammatory process®10. The
target/substrate to be imaged in post-myocardial infarction is predominantly inflammatory
cells responding to aseptic injury. There is also growing evidence that the presence of iron in
the infarcted tissue following a hemorrhagic infarct plays a further role in modulation of
inflammation®:8,

Role of Inflammatory Cells

After AMI, pro-inflammatory processes stabilize the region of infarction with scar tissue
that strengthens the muscle to prevent the development of an aneurysm and reduce the
potential for sudden death from cardiac rupturel1-13, Two cellular hallmarks of this pro-
inflammatory stage include neutrophilsl# (peaking within the first few hours to days post-Ml
in humans and dogs) and classically activated (M1) macrophages (peaking between 3 and 10
days post-MI in humans and dogs)®15-20, The population of M1 macrophages is primarily
of myeloid origin, but may also include tissue resident macrophages within the myocardium
and those drawn from splenic reservoirs?1—24, These are the dominant inflammatory cell
types responding to MI. The pro-inflammatory period is followed by an anti-inflammatory
stage where the predominant cellular hallmark is the recruitment of alternatively activated
(M2) macrophages!3. Note that M1 and M2 macrophages are a simplification and the
picture is more complex with in-between macrophage phenotypes and the possibility for the
polarization to change2>26. Although it has been suspected that progression to heart failure
post-AMI is related to a sustained pro-inflammatory response?’+28, anti-inflammatory
clinical trials have yielded mixed results?®. If anti-inflammatory therapies are given too early
to reduce the “healing” inflammatory response, the patients are at increased risk of
aneurysm; if administered too late, there is an increased risk of negative local and remote
myocardial tissue remodeling. In order to develop effective therapies tailored to modify this
dynamic process towards improved clinical outcomes, a non-invasive cardiac imaging
method is required to detect the differential time course, post-AMI, of the inflammatory
processes in three myocardial tissues: (a) infarcted tissue with microvascular obstruction
(i.e., infarcted obstructed tissue, 10T), (b) infarcted tissue excluding the zone of
microvascular obstruction (i.e., infarcted not obstructed tissue, INOT), and (c) myocardial
tissue remote from the infarcted tissue (i.e., remote tissue, RT). These tissues may have
vastly different patterns and timing of the inflammatory response. However, if the
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appropriate therapy could be tailored for each patient early in the management and
progression of the disease process, using non-invasive imaging to differentiate between
neutrophils, M1 and M2 macrophages, then we could optimize therapy in real time, inform
treatment, and personalize care.

Given their divergent effects, non-invasive imaging that distinguishes between M1 and M2
macrophages is critical and hence an understanding of the differences that could be
exploited for imaging is essential. Glucose uptake in M1 macrophages is approximately
twice that of M2 macrophages and phagocytic activity of M2 is approximately twice that of
M130:31, Also, macrophage phenotype may be distinguished based on iron handling, as M1
exhibit an iron storage phenotype while M2 display an iron recycling phenotype32:33,
Macrophages are among the few mammalian cells to express the only recognized
mammalian iron export protein, ferroportin. Its activity is subject to regulation by the
endocrine hormone hepcidin, produced primarily in the liver in response to pro-
inflammatory cytokines, like inter-leukin-6, and elevated levels of iron. Systemic hepcidin-
ferroportin interactions induce ferroportin degradation and interrupt iron export34. In the
dog, serum hepcidin levels rise within 4-6 days post-MI (unpublished data), facilitating the
production of M1 macrophages and locally depriving the injured tissue of iron. In the canine
model of myocardial hemorrhage, Kali et al® suggest that elevated iron stalls macrophage
progression from M1 to M2, consistent with the interaction of hepcidin and ferroportin. This
in turn may delay the evolution of M2 activities needed to stabilize the scar, like fibroblast
formation, and may also damage RT by prolonging the pro-inflammatory activity of M1
macrophages.

MRI OF MYOCARDIAL INFLAMMATION

Post-MI MR is an attractive modality to use due to its high spatial resolution, excellent soft
tissue contrast, and ability to mitigate and/or measure cardiac and respiratory motion.

Functional Imaging

The capability of MRI to acquire “cine” images of wall motion throughout the cardiac cycle
during breath holds has resulted in cardiac MRI becoming effectively the gold standard for
the quantitation of ejection fraction, end-diastolic volumes, and end-systolic volumes, all
important in the definition of cardiac function with respect to progression towards heart
failure. The imaging of left ventricle wall strain showing wall fiber tracks has not been as
important. Although developed in the 1990s3° it has yet to establish itself for discriminating
INOT and 10T36. The imaging of smaller cardiac structures such as those associated with
the atria has been more difficult due to the thinness of the atrial wall, approaching the
resolution of MRI. Developments such as phase contrast flow imaging, where the velocity of
moving magnetic moments (flow) is proportional to the phase shift3’, and its successor, 4D
Flow, have been helpful in estimating effects of valve defects on regurgitant fraction in the
ventricles38. Attempts to apply 4D Flow to investigate effects of atrial fibrillation are in
development3®,
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“Scar” Imaging
It has been shown extensively that the distribution volume of gadolinium chelates such as
Gd-DTPA corresponds to the extracellular space in the myocardium. This is calculated as
the ratio of the concentration of Gd-chelate in the myocardium divided by the concentration
in the blood, which is often referred to as the partition coefficient and designated as A. The
volume of distribution can be calculated from A if the hematocrit is known, i.e., Vg= A x (1
— Hct). It has been shown in both humans and dogs that A in myocardial tissue post-Ml
increases from approximately 0.45 to 0.9 mL g~149-42, For a hematocrit of 0.4, this would
correspond to volumes of distribution going from 0.27 to 0.54 mL g~L. It has also been
shown that (a) this increase occurs within a few hours of occlusion/reperfusion injury*2, (b)
that it may be reduced when the post-MI injury has become chronic#243, (c) it represents a
marker of permanently damaged myocardium®4, as reversible injury such as stunning®° or
hibernation?® does not increase A substantially,® and (d) given MRI’s spatial resolution, it
allows the transmural extent of the infarct to be determined*”:48. Non-contrast-enhanced scar
imaging approaches have also demonstrated that scar following M1 can be characterized on
the basis of T1 mapping using modified look-locker with balanced steady-state free-
precession readouts at 3.0 T49:50,

Edema Imaging

The T2 relaxation rate increases in tissue containing an increase in extracellular water, i.e.,
edema, resulting in a hyperintense signal in T2-weighted MRI. The extent to which edema
correlates with the extent of inflammation post-MI still needs to be determined.

Iron Detection

T2*-weighted cardiac MR is effective in the detection and characterization of infarction/
reperfusion-induced myocardial hemorrhage’:8:51, Histological study of canine myocardial
infarction has shown that persistent microvascular obstruction post-MI culminates in the
development of ferric iron oxide crystals, an increased pro-inflammatory burden and adverse
remodeling. A postulated mechanism is that the conversion from M1 to M2 macrophages
may be delayed by this iron crystal formation leading to dysregulation of the inflammatory
response and progression to heart failure and/or an aneurysm at the site of infarction®.
However, in vivo validation of this hypothesis requires the non-invasive differential imaging
of M1 and M2 macrophages at the site of iron accumulation.

Myocardial Blood Flow

Myocardial blood flow is a major consideration when discussing myocardial inflammation
as it may play a major role in the degree and extent of the process. Myocardial blood flow
can be measured following a bolus injection of a gadolinium chelate with transmural
resolution®2:53, However, complete heart coverage may not always be possible and two bolus
injections to account for signal saturation are often employed®*2, increasing the amount of
Gd-chelate that is needed though methods are being developed to overcome these issues.
Comparison to determinations using PET has indicated the increased complexity of the use
of Gdchelates which have a much lower extraction fraction compared to PET methods such
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as those using 13N-Ammonia or 150-water®6-58, |t is important to note here that 13N-
Ammonia enters and is trapped in living cells while Gd-chelates are extracellular®®.

BOLD MRI Contrast

Blood Oxygen Level-Dependent (BOLD) contrast in MRI has been extensively applied for
the noninvasive study of the brain. Due to the decreased extraction fraction of oxygen when
blood flow increases, venous blood contains higher levels of oxyhemoglobin with a
corresponding decrease in the concentration of deoxyhemoglobin. When the venous
deoxyhemoglobin concentration falls, then T2* increases. Hence, the BOLD effect is an
indication of the venous concentration of deoxyhemoglobin. Li et al®0 have shown in normal
volunteers that following the administration of the hyperemic agent, dipyridamole, with
increased myocardial blood flow, there is an increase in T2* which is consistent with a
decrease in myocardial venous deoxyhemoglobin concentration as myocardial oxygen
supply exceeds demand®. In contrast, the administration of dobutamine resulted in an
increase in coronary blood flow but no significant change in T2* consistent with a lack of
change in myocardial venous deoxyhemoglobin concentration which is interpreted as a
balance between oxygen supply and demand. This seminal work laid the foundation for
future applications. However, not until recently has the BOLD measurement in the
myocardium been of sufficient accuracy to be used in routine cardiac assessment. Recently,
new MRI methods for the measurement of cardiac BOLD have shown considerable promise
indicating a potential to assess myocardial ischemia comparable with SPECT and PET
methodologiesb. As this has now been demonstrated in a canine model of ischemia, clinical
studies demonstrating feasibility are needed.

Chemical Exchange Saturation Transfer (CEST)

Chemical exchange saturation transfer (CEST) relies on the selective saturation and
exchange of protons from metabolites of interest to the free protons imaged with MR162-64,
CEST has been used to detect changes in protein concentration5®, glutamate®®, creatine’,
glycosaminoglycan, and most notably pH (acidoCEST)88.69 and D-glucose
(glucoCEST)7%-72 though it can be difficult to unravel changes in CEST signal from changes
in pH, T1, temperature, and other metabolites’3. To our knowledge, neither glucoCEST nor
acidoCEST has been attempted in the heart, although there would be some utility for
alternative measurements of perfusion and pH post-Ml. Cardiac CEST acquisitions are
challenging; however, recent promising results suggest its utility for measuring myocardial
creatine kinase’#~7® and hyaluronan synthesis’’ post-MI.

Labeling Inflammatory Cells

Iron particles of magnetite are strong negative contrast agents attenuating the MRI signal
through the strong susceptibility induced by ferromagnetism. Using iron particles to label
cells has been investigated using two different approaches. In one, inflammatory cells are
isolated from blood lymphocytes, labeled with iron particles (such as superparamagnetic
iron oxide (SPIO) particles) and then re-injected’8. In this scenario, detection of loss of MRI
signal within the myocardium signifies the presence of labeled cells once the blood
background is reduced, and provided the iron particles have not been released by dying
lymphocytes and either engulfed by other cells or lodged in the extracellular space. This
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signal may also be confounded by endogenous iron due to hemorrhage. Although it has been
shown that, under optimal conditions, individual cells can be seen, quantitation of label has
proven challenging due to (a) the difficulty in relating the magnitude of the loss of MRI
signal with the amount of iron particles’® and (b) the dilution of the label as labeled cells
proliferate. This effectively limits the quantitation of the number of cells. Note that labeling
cells with positive contrast (e.g., 1°F) may overcome this issue but dilutions due to
proliferation cannot be overcome89-82, In addition to phagocytic activity, monocytes and
macrophages possess iron export activity that is detectable by MRI. In the human THP-1
monocyte cell line, iron export prevails regardless of extracellular iron concentration®3,
These cells display both autocrine/paracrine regulation of ferroportin as well as the
endocrine response to hepcidin. In the multi-potent P19 cell line, extracellular iron
stimulates iron export through transcriptional regulation, whereas the presence of hepcidin
knocks it back down via post-translational modification36:84-86, Thus, processes governing
the up and downregulation of iron export co-exist and contribute an MR visible signal that
will be influenced by proinflammatory signaling through hepcidin, the inherent iron
recycling activity of M2 macrophages, and the iron released from SP1O degradation.

In the second approach, SPIO particles or perfluorocarbon agents are injected intravenously,
hypothesizing that macrophages will engulf them and allow their detection. It has been
shown in vitro that their engulfment rate in M2 macrophages is approximately 50% greater
than for M1 macrophages®0. However, using this method, the MRI signal will be related to
the uptake of particles by both M1 and M2 macrophages, making it difficult to determine the
relative contribution of each cell population to the signal change.

MRI reporter genes that deliver strong contrast have been difficult to develop8. One of the
best approaches involves introducing genes from magnetotactic bacteria in mammalian cells
for the biosynthesis of membrane-enclosed SP10-like particles called magnetosomes8®. The
technology was initially attempted using single gene expression systems87. If this
technology could be implemented such that the concentration of iron particles in mammalian
cells was equal to that in magnetotactic bacteria, theoretical calculations indicate that as few
as 3 cells could be detected in small animals and as few as 2,600 cells in large animals and
humans®’. This would correspond to a major breakthrough. For example, white blood cells
from the peripheral circulation (e.g., monocytes) could be isolated and transfected with the
MR reporter gene expression system, which could be programmed to produce
magnetosome-like iron particles upon promoter activation. For example, the receptor gene
could be engineered to signal, by production of iron particles, a molecular event involved in
differentiation of the monocyte into an M1 macrophage. One of the main obstacles
remaining is the acceptance of genetically modified cells for human use, although this
strategy is now permitted in some therapeutic applications®8.

PET IMAGING POST-MYOCARDIAL INFARCTION

Although there are a large number of PET probes for cardiac investigation that have been
developed, see Figure 1, clinical practice to date for use in post-MI patients has used only a
few89. PET imaging post-MI is most commonly done with 18F-FDG although suppression of
healthy myocyte glucose uptake is needed concurrent with flow tracers to evaluate ischemia.
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However, other tracers that target translocator protein (TSPO) receptors in inflammatory
cells, such as 18F-GE180 or 18F-FEPPA, may be used to target macrophages specifically.

Glucose Metabolism

Blood Flow

Inflammation can be measured with 18F-FDG due to the increased presence of GLUT1
transporters on macrophages. Due to this, uptake of glucose is upregulated in areas of
inflammation. The non-specificity of 18F-FDG for evaluating cardiac inflammation is,
however, compounded by uptake in normal myocytes which must be suppressed for
successful, unambiguous detection of inflammation. The failure, at times, to effectively
suppress that uptake by either dietary modification (high fat), overnight fasting, or heparin
injection may result in failure of the test. Five percent of the time this test fails even under
the best diet and fasting protocols®. The reduced spatial resolution of 18F-FDG-PET
compared to 3T MRI makes it difficult to uniquely identify 18F-FDG uptake in the three
tissue regions post-MI: 10T, INOT, and RT. Although in vivo cardiac imaging reflects the
significant uptake by inflammatory cells, it may not allow the distinction between M1 and
M2 inflammatory cells.

It has been shown in vitro that 18F-FDG uptake in M1 macrophages is greater than in M2
macrophages. Uptake in M1 macrophage is twice that of M2 when differentiated from the
human THP-1 monocyte cell line®0. In contrast, when using primary monocytes from human
blood, the uptake of 18F-FDG in M1 macrophages is ten times greater than M2°L. This is
further obscured as uptake of 18F-FDG by neutrophils and monocytes may be similar to that
of M1 macrophages. Although compartmental analysis allows the quantitation of glucose
metabolism in units of mmol per gram per minute, there has been little or no attempt to
evaluate quantitative 18F-FDG uptake post-MI in macrophages. The upregulation of 18F-
FDG metabolism in inflammatory cells must be very large for this to be seen in infarcted
tissue since the density of inflammatory cells in infarcted tissue would be much lower than
that of myocytes in normal and remote tissue. It is unknown at this time if myocardial
suppression of 18F-FDG uptake affects uptake of 18F-FDG in inflammatory cells. However,
work reported of 18F-FDG studies in cardiac sarcoidosis indicates that if uptake is
suppressed in inflammatory cells it is not sufficient to eliminate the strong signal of
inflammation92.

Historically, PET myocardial blood flow measurements have used 13N-Ammonia, 150
water, or 82Rb. At centers using PET/CT, 82Rb is often used since it does not require an on-
site cyclotron, as opposed to 13N-Ammonia (10-minute half-life) and 150-water (2-minute
half-life). However, the 82Rb positron range reduces effective spatial resolution and, to date,
no manufacturer of 82Rb/82Sr generators has produced an MR-compatible system. In this
context, 13N-Ammonia is attractive for cyclotron-equipped sites and it has both high first
pass extraction fraction and good retention characteristics®3. However, the 10-minute half-
life makes stress/rest studies expensive. More development of a repeat injection strategy
would lower costs substantially by greatly reducing the length of the exam%. Alternatively,
18F_flurpiridaz is attractive due to its very high extraction and retention characteristics, but
the cost of the tracer may negatively impact its implementation. Additionally, the long half-
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life makes it difficult to conduct stress/rest exams during a single imaging session as the
traditional approach requires waiting for the tracer to have decayed between the stress and
the rest scans. Whereas the measurement of blood flow reserve is important in the scenario
of stable coronary disease, its value post-MI has not been established. Perhaps its impact
would be better known if PET blood flow studies, using 13N-Ammonia, could be combined
with inflammation using 18F-FDG in the same imaging study. Perhaps, in the future this will
be possible if repeat injection studies are developed and clinically implemented.

Imaging Macrophages

Many PET ligands have been developed to detect upregulation of the mitochondrial
translocator protein (TSPO) in activated microglia, the tissue resident macrophages of the
brain%. However, it is not known to what extent TSPO upregulation distinguishes between
pro- and anti-inflammatory macrophages. In addition, there is the added limitation that a
polymorphism affects TSPO binding®6. Recently, it has been shown® in mice and humans
that myocardial inflammation post-MI could be detected using a TSPO-PET ligand.
However, in vitro work®! suggests that this compound is taken up by other inflammatory
cells besides M1 macrophages. (It has been reported that the uptake in M1 macrophages is
four times greater than the uptake in M2 macrophages, neutrophils, monocytes, T/MK cells,
and B cells.%) The one real advantage over 18F-FDG is that uptake of TSPO-PET ligands in
the normal myocardium does not have to be suppressed in order to detect inflammatory cells
remote from the infarcted tissue. However, almost all research has been related to uptake in
microglia and there is a need for more research into the in vivo uptake of TSPO-PET ligands
by inflammatory cells.

Injecting Labeled Inflammatory Cells

Although labeling white blood cells has been practiced in nuclear medicine for decades to
detect sites of inflammation, imaging these cells within the myocardium has not been
possible8. This is due to (a) partial volume effects and (b) the lack of retention of the tracer
within the labeled cells®®. As it has been demonstrated that 111In-labeled white blood cells
do accumulate in the IOT if injected approximately 24 hours prior to sacrifice, further
imaging innovation to achieve the goal of imaging labeled inflammatory cells in the IOT
may be worthwhilel00, A recently developed new PET probe (89Zr-DBN) that labels the
(white blood) cell plasma membrane in a stable manner®® addresses tracer leakage. The
attractiveness of a 89Zr label is its long half-life (3.3d) which would allow the initial high
background activity in the left ventricular cavity to be reduced/cleared, though this also
leads to a potential for somewhat higher radiation exposure from this isotope, similar to
what is seen in 111In-labeled white blood cells®. However, effective implementation will
require high spatial resolution anatomic images of the heart (by CT or MRI) that are reliably
registered to the PET image to allow for effective partial volume correction and confidence
in the location of regions of interest corresponding to 10T, INOT, and RT identification.
Although quantitation of the 89Zr signal is relatively simple and reliable compared to
quantitation of SPIO iron particles by MRI, there is still the problem of quantitation of the
number of cells. Obtaining the absolute number of cells rather than a relative amount of
inflammation would be ideal for determining the efficacy of anti-inflammatory therapy,
comparison to histology, or future research into the mechanism of inflammation post-Ml.
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Inflammatory cell proliferation and resultant dilution of the label interferes with reliable
quantitation. As has been shown by Blackwood et al, one likely advantage over MRI is that,
as cells die, 89Zr-labeled debris will likely not be engulfed by other cells11, whereas the
SPIO particles released by labeled cells as they die have been reported trapped in other cells
and in the interstitium of the myocardium192.103, Reporter genes have also been developed
for PET. Cells that are transfected and transplanted directly into the myocardium can be
visualized after injection of the needed radiolabeled substrate194.105, To date, tracking
intravenously injected PET reporter gene-expressing cells within 10T, INOT, and RT has not
been accomplished and there remains the general prohibition of injecting genetically
modified cells into humans. Nevertheless, it might be worth investigating if 89Zr-labeled
cells could be developed that would allow visualization of inflammatory cells in the 10T,
INOT, and RT regions, if hybrid PET/MRI were used to identify the anatomical location of
the 89Zr activity. Figure 1 summarizes the currently available PET probes and MRI agents
discussed.

HYBRID PET/MR TECHNOLOGY

In Figure 2, the sensitivity, spatial resolution, and approximate maximum sample diameter
of PET and MRI are compared and contrasted with other major imaging modalities (SPECT,
CT, and optical) for large animal and human imaging. It should be emphasized that hybrid
PET/MRI is a convergence of PET and MRI and unlike PET/CT, which is a sequential
acquisition technology, hybrid PET/MRI allows simultaneous acquisition over the same
anatomical site. As such, although both PET and MRI are mature technologies when used
independently, their combination with hybrid PET/MRI adds a distinct additional nuance
that may take many years to explore and determine the value of hybrid PET/MRI over
sequential PET and MRI.

The engineering feat of integrating a PET ring into the bore of an MRI required a major
redesign of whole-body PET technology6. The equipment challenges that remain include
(a) optimization of the RF/MRI receive coils to reduce the attenuation of the PET signal
while maintaining similar performance to dedicated MRI only coils and (b) MR-based PET
attenuation correction (MRAC) that compares well with CT-based PET attenuation
correction (CTAC). A recent publication demonstrated high MR performance and low PET
signal attenuation with a 32-channel RF array designed prospectively for cardiac PET/
MRI107 Furthermore, MR-derived attenuation correction of the heart using manufacturer-
provided software shows excellent correlation with corrections using CT106.108,109,

Hybrid PET/MR in Cardiology

The major limitation in standalone PET (i.e., sequential PET/CT) has been the collection of
data while the heart moves through the combined cardiac and respiratory cycles. This is in
contrast to cardiac MRI, wherein ECG synchronization of the cardiac cycle can be combined
with breath hold or respiratory gating!10. However, respiratory gating of PET results in loss
of 50% of the data and dividing the cardiac cycle into eight phases results in a total loss of
15/16th of the collected data for each component phase. Methods have been developed to
register cardiac MR images taken at different times in the respiratory cycle!11:112 put to date
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they have not been effectively used to reduce/eliminate the effect of motion on the PET data
without sacrificing some MRI capabilities!13-118, |t is possible that the respiratory and
cardiac motion of the heart could be tracked by MRI (e.g., with 3D navigator echoes and
motion-sensitive MRI acquisitions) and PET lines of response shifted to a fixed cardiac
location (e.g., end diastole at functional residual capacity)1’.

Accurate registration to MRI is needed to effectively implement partial volume correction of
cardiac PET. Although conceptually simultaneous PET/MRI over the heart has the needed
information, this has yet to be achieved. Figure 3 shows the importance of PET registration
to MR to relate the extent of inflammation to the post-MlI tissue types defined by contrast-
enhanced MRI. Also, with good suppression of normal 18F-FDG myocyte uptake, it is only
by MRI registration that the extent of 18F-FDG uptake associated with the different post-MI
tissue types can be identified. The appeal of “perfect” registration is shown in Figure 4
where the FDG-PET and post-contrast MRI images are perfectly registered as the data were
taken after euthanasial®. Notice the potential for subtransmural PET signal localization.

Future Opportunities with Hybrid Cardiac PET/MRI

Prior to hybrid imaging in PET (i.e., PET/CT), the use of PET radiopharmaceuticals was
dependent on low (but not zero) non-specific binding for anatomical localization of signal.
With automatic registration of the MRI image to the PET distribution, the trend to develop
PET probes without non-specific binding can now be further engaged without the need of
additional radiation dose from CT. For example, this enables the tracking of PET labeled
cells. As outlined in the section “Injecting Labeled Inflammatory Cells,” the tracking of
897r-labeled cells would be possible if hybrid PET/MRI reliably registered the PET and
MRI images, whereas this may not be reliably done with PET/CT or sequential PET/MR.
897y with its 3.3-day half-life is attractive for longitudinal imaging since it can be tracked
within the body for as long as 30 days!18.

Hybrid PET/MRI Protocols

An opportunity and challenge for hybrid PET/MRI is to optimize the combined PET and
MRI protocols. One of the issues post-Ml is delivery to an area of IOT. A bolus injection of
gadolinium chelate does not penetrate 10T and hence allows its discrimination from the
INOT. Although this lack of penetration of the MR contrast agent allows the discrimination
of the three post-MI tissue types, the lack of penetration of 18F-FDG blocks information
regarding the presence or absence of inflammatory cells in the I0T. A bolus injection of 18F-
FDG does not penetrate this zone sufficiently to give inflammatory cells the opportunity to
sequester the tracerl90. A novel and now possible approach would be to maintain a high
blood concentration of tracer for a sufficiently long period of time to allow increased
delivery of the tracer, even to the regions of severely compromised flow. This could be
accomplished by a constant infusion of 18F-FDG and a Gd-chelate. If the Gd-chelate were
able to penetrate the IOT during a 40-minute infusion, then it is likely that 18F-FDG would
also be delivered sufficiently to somewhat penetrate IOT and INOT. A slow infusion would
allow accurate 3D T1 maps to be collected as tissue concentrations would not change
appreciably during the acquisition and this would match the 3D data collection of 18F-FDG-
PET. Normally 3D T1 maps cannot be accurately collected after a bolus injection of Gd-
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chelate. This would provide unprecedented 3D data matched in time and space between 18F-
FDG-PET and Gd-chelate/MRI. As the concentration of Gd-chelate would not change
appreciably during the 3D T1 map data collection, subtle changes in the extracellular
volume could be detected in the remote myocardium119-121,

One of the major differences between PET and MRI is the flexibility in binning the data
after the acquisition. PET data can be collected in list-mode, where the location and time of
individual PET events is recorded in a large raw data file. If physiological timing markers
are also recorded, it is possible to reconstruct PET images at any point within the respiratory
and cardiac phases, hence allowing the elimination of data corrupted by motion of either
physiological origin and/or associated with patient bulk movement. MRI data are typically
collected in a rigid format corresponding to a patterned projection in k-space and MRI
images are difficult to accurately reconstruct from an incomplete set of k-space data.
Recently, this constraint of MRI has been addressed using a novel approach to randomize k-
space data collection that would then allow matching in time of MRI with “random” PET
list-mode image creation122-125 This will harmonize the way PET and MRI data is
collected and used, which is important to fully realize the benefits of simultaneous
acquisition such as improved PET to MRI registration.

Hybrid PET/MRI as a Convergent Technology

The convergence of PET and MRI will provide medical imaging with a new imaging
modality. To achieve convergence, there is a need for near-perfect registration between PET
and MRI as well as other factors outlined in Figure 5. A major limitation of PET is the one
common signal (511 keV annihilation radiation) for all PET radioisotopes. This limits PET
to a single radiopharmaceutical during any one data collection, whereas in MRI there is the
capacity to collect a variety of image contrasts based on different pulse sequences and
interactions of protons with static and varying magnetic fields. For example, a post-MI study
that requires both blood flow (e.g., 13N ammonia) and inflammation (e.g., 18F-FDG) by PET
is difficult to achieve in a single imaging session. One possibility is to perform myocardial
blood flow measurements using contrast-enhanced MR1126 or BOLD MRI127 which could
reduce acquisition time and dose during cardiac examinations, as shown in Figure 6. This
would be especially useful in diseases such as cardiac sarcoidosis where it would be
advantageous to study blood flow and inflammation92-128, Reducing the acquisition time and
dose would allow investigators to try new studies which would presently not be possible due
to the length of the scan and the patient’s ability to withstand it. One potential with hybrid
PET/MRI is the use of the Tofts model2® to quantify Kians, @ transfer constant related to
tissue perfusion, during a constant infusion and how this relates to PET tracer dynamics!0,
The replacement of FDG-PET with glucoCEST is intriguing but issues with sensitivity of
CEST and the fact that different glucose pools are being detected requires significant
development!31, CEST measurements sensitive to creatine kinase, hyaluronan synthesis, or
pH may hold more promise in combination with complementary PET imaging.

Avrtificial Intelligence in Hybrid PET/MR

In an extensive state-of-the-art review on artificial intelligence in cardiovascular disease,
cardiac PET and cardiac MRI are treated separately32. The major limitation for the
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application of Al to hybrid PET/MRI for the detection of disease is the absence of a large
cohort of “ground truth” data needed for the training sets. Some of the outcomes of Al as
applied separately to PET and MRI suggest some applications to improve the quality of
information. For example, the 2016 Kuggle Data Science Bowl competition provides more
than 1000 cardiac cine MR data sets and the Al developed has shown that left ventricular
end-systolic and enddiastolic volumes can be determined!33. If this approach could be used
to identify these volumes and also the epicardial and the endocardial borders at the same
respiratory and cardiac phases as in the PET data simultaneously collected, then this could
allow identification of the location of these cardiac structures in the PET images, even if in
the PET images these structures were not visible. Not only would this automation reduce
image analysis, but it would also allow the identification of the same structures in the PET
data. Unfortunately, to the best of our knowledge, the needed PET ground truth data are not
available, even for the development of machine learning approaches to assist in the
determination of diagnostic values. It would be of considerable value if there were cardiac
PET/CT and MRI data of the same patients even if acquired separately. For example, the
Alzheimer’s Disease Neuroimaging Initiative archived data sets include brain PET and MRI
images of the same patient and would allow sufficient training sets to develop Al for joint
PET/MRI reconstructions, partial volume correction, MR-derived attenuation correction, and
dose reduction, to name a few. These findings, in turn, could be tested with true hybrid
PET/MRI data sets. Unfortunately, there are no such large data sets for separate cardiac PET
and cardiac MRI on the same patients. It seems inevitable that the data would have to be
collected on hybrid PET/MRI systems to test joint reconstruction, kinetic modeling, and
partial volume correction. As we have suggested already, optimizing Al outcomes of
combined simultaneously acquired PET and MRI data will require data collection protocols
which are very different than what is collected for standalone MRI. Both supervised and
unsupervised approaches should be explored with respect to combined connected model
analysis. The number of fitted parameters should be small and restricted in supervised
approaches, whereas in the unsupervised approach many more parameters can be
investigated!32. Another example would be the use of MRI-guided PET reconstruction to
reduce radiation dose by constraining the PET reconstruction to reduce the effect of noise.

A common Al approach is to try to simulate another, gold-standard modality, e.g.,
generating a pseudo-CT with MRI for MRAC or predicting Gd-enhanced images with non-
contrast MRI. Can we use this approach with matched MRI and PET to predict regions of
inflammation? That is, can we get enough information from multiparametric MRI1 (Gd-
enhanced, blood flow, T2-weighted, T2*-weighted, and CEST) to predict where
inflammation should be and validated with FDG-PET or TSPO-PET?

PRECLINICAL BENCH MARKING USING ANIMAL MODELS

Significant advances in cardiac imaging have often required the use of animal models
allowing for the establishment of ground truth directly from tissue. Both small animal and
large animal models have been effective. For example, most recently, Thackeray et al®7 used
an infarct mouse model to test the use of a TSPO-PET ligand before moving to human
studies. In contrast, large animal models, although more expensive, are needed since the
physiology of the models better reflects the human condition and/or the imaging cannot be
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easily scaled up to humans if a small animal model were used. For example, most recently,
Yang et al developed cardiac BOLD applications in the canine as a rodent model would not
have been of value in developing cardiac BOLD for human application6. Translation of
therapeutic interventions from rodents to humans has, in general, had a high failure rate34,
For the development of imaging biomarkers, this problem is exacerbated by the non-linear
scaling from rodent to human imaging modalities86:135-137 |n contrast, large animal models
have a reasonable translation record38:139 and little or no issues with scaling of PET and
MRI since studies use human imaging equipment. Regarding coronary artery disease and
inflammation, (a) infarcted myocardium results in an increase in the distribution volume of
Gd-DTPA, characteristic of permanently damaged myocardium, in dogs and
humans?#1:46.140-142 bt the increase in the distribution volume in rats also occurs in
reversibly damaged tissuel43; (b) the time course of neutrophil and macrophage activity
following AMI is similar in dogs and humans, but different in rodents15144-146. (c)
inflammatory cell response post-AMI has the same cell markers in humans and dogs®147;
and (d) the course of hemorrhage and iron precipitation following AMI is similar between
humans and dogs. There has been some debate regarding the use of porcine rather than
canine models for the study of the evolution of acute infarction. The presence of collateral
vessels in the canine myocardium is more relevant to AMI in older humans (> 50 years of
age), while the lack of collaterals in pigs provides a better model for sudden death. Since
progressive heart disease following AMI is predominantly seen in older individuals, the
canine model is superior imaging inflammation post-M1148.149,

SUMMARY

Standalone myocardial post-MI MRI can provide discrimination of the three tissue types:
IOT, INOT, and RT. It also can provide functional information, extent of edema, and extent
of hemorrhage. It can partially track/detect inflammatory cells if they can be labeled with
iron particles or 19F. Standalone PET (i.e., PET/CT) can quantify inflammation with 18F-
FDG or TSPO-targeted tracers, but not specifically with respect to pro-inflammatory vs. the
anti-inflammatory signal and, in the case of 18F-FDG, requires myocardial suppression
which is not always successful. Hybrid PET/MRI, even with its current state of non-optimal
cardiac registration, provides a complementary story that will allow the relationship between
scar formation and inflammation to be discovered as is being done in other cardiac
conditions such as sarcoidosis?21%0,

To date, the primary use of hybrid PET/MRI is to perform combined PET and MRI
procedures in a single procedure primarily as a tool of convenience rather than as a means of
greater understanding of pathophysiological mechanisms. To achieve the latter, there are
four important areas of development that are required: (a) far better registration than what is
available today that does not significantly sacrifice the acquisition of PET data; (b)
synchronized, simultaneous acquisition of PET and MRI where MRI must have the same
flexibility as list-mode PET; (c) integration of quantitative and novel MRI techniques such
as cardiac BOLD; and (d) an approach that combines the large number of PET probes and
determinants of MRI contrast in novel synergistic ways (see Figure 1). This will not only be
impactful with currently available PET probes but would make it possible to develop new
PET probes or combined PET/MRI strategies that could quantitate and differentiate between
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the different inflammatory cell phenotypes. Discrimination between the pro- and anti-
inflammatory processes in the three tissue types post-MI will be critical for the development
of inflammatory therapies and for implementation in the individual patient.
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Figure 1.
Availability of PET tracers and MRI approaches for a convergent hybrid PET/MRI approach

to the study of cardiac inflammation post-MI. This figure is an attempt to integrate the PET
tracers and MRI approaches available for the study of inflammation post-MI under the
categories of myocyte glucose metabolism, detection of inflammatory cells, measurement of
blood flow, examination of changes in the extracellular matrix (not discussed in the review),
and cell death (apoptosis section). The intent is to suggest a synthesis of the available
independent toolbox for PET and MRI into hybrid PET/MRI.
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Figure 2.
Comparison of the capability of different large animal and human molecular imaging

modalities. This figure uses a log-log scale of sensitivity on the vertical axis and spatial
resolution on the horizontal axis to demonstrate the capabilities of several imaging
modalities. The limit on spatial resolution is shown as the left edge of each shape, while the
approximate maximum sample size, which is dependent on both instrument design and
signal attenuation, is shown as the right edge. The height of each shape shows the range of
sensitivity estimates. This figure was first published by Goldhawk et al, using data from
several sources and is used with permission,87:135-137,151-154
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Figure 3.
Longitudinal comparison of inflammation post-MI with PET/MR in a canine model. This

figure shows the progression of a myocardial infarction from day 0 (top) to day 21 (bottom).
On the left are a multiplanar reconstruction of 3D T1-weighted images showing a 4-chamber
view of the heart, acquired 20 minutes after a bolus injection of Gd-DTPA, in the middle is
an 18F-FDG image and on the right is a combined PET/MR image. Myocardial glucose
uptake is suppressed by lipid infusion and heparin injection. These images show that the
areas of inflammation decrease over time.
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Figure 4.
Post-mortem images of the left ventricle in a canine model. Hybrid PET/MRI after constant

simultaneous infusion of FDG and Gd-DTPA in a large animal model of inflammation post-
MI. Registration is “Perfect” as the PET/MRI were acquired post-euthanasia. Arrows
indicate center of infarct (blue) and edges of infarct (orange). Notice that inflammation by
PET extends beyond the infarct into the “remote” left ventricular myocardium but is not
transmural in this “remote” region. Uptake of FDG in the “remote” myocardial tissue PET
images could be further improved by MRI-guided partial volume correction. Suppression
was achieved through lipid infusion, heparin injection, and fasting.
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Conventional vs convergent approaches to cardiac hybrid PET/MRI protocols. To date, most
clinical applications of hybrid PET/MRI in cardiology have adopted protocols that were
developed for sequential PET/MRI, which results in good PET and MRI images that are
analyzed separately. However, good registration of PET and MRI is not always achieved.
With an approach which treats hybrid PET/MRI as a new imaging modality, achieved
through the convergence of the two modalities, cardiac PET/MR images could be achieved
which are not possible with sequential acquisitions. An example of this potential is shown in

Figure 4.
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Imaging myocardial perfusion reserve and inflammation with a convergent PET/MRI
protocol. Using the current state of practice, imaging myocardial perfusion and
inflammation sequentially would take approximately 140 minutes, unacceptably prolonging
the exam. Using convergent technology, this could be reduced to 60 minutes with near-
perfect registration, using a rapid dual-injection for 3N-ammonia for measuring rest and
stress blood flow, as suggested by Rust et al.% However, when injecting the tracer
beforehand or using alternate tracer delivery, and using BOLD MRI instead of PETS1, it
could be reduced even further, to 30 minutes or less.
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