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SUMMARY

The new technology of PET/MRI is a prototype of hybrid imaging, allowing for
the combination of molecular data from PET scanning and morphofunctional
information derived from MRI scanning. Recent advances regarding the technical
aspects of this device, especially after the development of MRI-compatible silicon
photomultipliers of PET, permitted an increase in the diagnostic performance
of PET/MRI translated into dose reduction and higher imaging quality. Among
several clinical applications, PET/MRI gains ground initially in oncology, where
MRI per se plays an essential role in the assessment of primary tumors (which
is limited in the case of PET/CT), including prostate, rectal and gynecological
tumors. On the other hand, the evaluation of the lungs remains an enigma
although new MRI sequences are being designed to overcome this. More clinical
indications of PET/MRI are seen in the fields of neurology, cardiology and
inflammatory processes, and the use of PET/MRI also opens perspectives for
pediatric populations as it involves very low radiation exposure. Our review aimed
to highlight the current indications of PET/MRI and discuss the challenges and
perspectives of PET/MRI at HC-FMUSP.

Keywords: Positron-Emission Tomography. Tomography, X-Ray Computed.
Magnetic Resonance Spectroscopy. Diagnostic Imaging. Review.

INTRODUCTION

Positron emission tomography/magnetic resonance imag-
ing (PET/MRI) stands out as the most advanced method
in the field of imaging diagnosis, in addition to being one
of the precursors of a new modality in the field, namely
molecular imaging. Combining the molecular informa-
tion made available by PET with the morphological and
functional data from MRI allows for a complete and de-
tailed assessment of the patient.

The idea underlying the development of hybrid tech-
nologies, i.e. technologies combining different diagnostic
methods, was first established in 1991 in Geneva when
Townsend et al. developed a PET unit with gaps between
its detectors, which permitted the integration of another
imaging method: as per the suggestion of Swiss cancer
surgeon Rudi Egeli, computed tomography (CT) was
chosen. The PET/CT concept was thus born. Nevertheless,
it only became a prototype for clinical use in 1998 in
Pittsburgh, offering sequential PET and CT acquisitions

with a diagnostic quality. About 300 patients underwent
PET/CT scans, with the promising results having encour-
aged the development of a PET/CT unit for commercial
use. Then, in 2001, the first PET/CT unit was made avail-
able by three different manufacturers. Its success was
instantaneous and significant for clinical routine, to the
extent that in 2006 exclusive PET units were no longer
marketed, and in 2008 more than 2,500 PET/CT units
were already available worldwide.!

At the same time, the idea of integrating MRI into
PET was also proposed. However, the technical difficulty
involved is much greater, given the incompatibility of PET
detectors with magnetic fields. Also in 1997, the possibil-
ity of simultaneous phantom PET and MRI acquisitions
was demonstrated.? Only in 2006, in Germany, after the
development of software that can be used to fuse PET
and MRI images, the first PET/MRI prototype was devel-
oped for exclusive evaluation of the brain.’ The PET/MRI
concept for use in humans has been proven, albeit with
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many technical limitations for its incorporation into
clinical practice. In 2010, the first PET/MRI unit became
commercially available. But as it involved the integration
of PET/CT and MRI units in the same room (Philips
Healthcare) or in different rooms (GE healthcare), it was
thus referred to as sequential technology. In 2011, the
first PET/MRI with integrated technology for simultane-
ous acquisitions (Siemens Healthcare) was launched for
clinical use.* More recently, in 2014, a more modern
model, also relying on an integrated, time-of-flight tech-
nology, was made available.

Shortly after its arrival in Brazil, PET/MRI was ini-
tially used for scientific purposes, especially as a research
tool, and has been showing promising results in several
fields, mainly oncology, neurology and cardiology. Cur-
rently included in the clinical routine at some centers and
referred for some indications, PET/MRI faces encourag-
ing prospect as the future of imaging diagnosis, for it
allows a noninvasive, functional assessment coupled to
a high morphological resolution.

TECHNICAL ASPECTS
General technical concepts
The combination of PET and MRI in a single unit that
permits simultaneous acquisitions, although intuitively
simple, is technically much more complex than it appears
to be. What made this integration impossible for many
years was the incompatibility between MRI’s strong mag-
netic field and PET’s photomultiplier tubes. The initial
solutions for this problem proposed that sequential ac-
quisitions should be made. One of such solutions was
the PET/CT and MRI trimodality system (General Electrics
- GE), where the patient undergoes sequential MRI and
PET/CT scans (following no previously defined order) in
separate rooms. This system uses a stretcher with a float-
ing device for patient transferring that prevents him or
her from moving about, which therefore allows for the
subsequent and accurate fusion of images.® After that, a
sequential PET/MRI system was launched, but it com-
prised a single unit (Ingenuity - Philips) where PET detec-
tors are separated from the magnet, linked by a connect-
ing table that transports the patient in order to acquire
the images from each component separately.® Although
more realistic, this latter solution remains sequential in
nature and loses a sense of simultaneity as far as acquisi-
tion is concerned.

It was necessary to create a PET detector with MRI-
compatible semiconductors in order to make a true ar-
chitectural fusion possible. The first solution for this

great challenge came about via avalanche photodiode
detectors (APD), which resist magnetic fields up to 9.4
Tesla. It was with this technology that the first commercial
simultaneous PET/MRI unit (Biograph - Siemens) was
launched.” Subsequently, a new technology of magnetic-
field-compatible PET detectors was developed, i.e. detec-
tors with silicon photomultipliers (SiPM).® Such technol-
ogy was implemented in the market as the second
simultaneous PET/MRI machine (Signa - GE) to be made
available. The detectors with SiPM displayed greater de-
tection sensitivity, hence promising clinical gains such as
dose reduction with better image quality and thus allow-
ing greater flexibility of PET/MRI protocols.”!! These are
the two PET/MRI machines available on the market of-
fering simultaneous acquisition. They are equipped with
3-Tesla magnetic field MR, with one of them relying on
time-of-flight (TOF) technology.

Following the great challenge of integrating the PET
detector crystals into a 3T magnetic field, the next chal-
lenge was a need for a very accurate correction of the
detected gamma rays due to the attenuation correction
(AC) caused by different types of tissues.

MR-based attenuation correction (MRAC) is broadly
based on a tissue classification using the T1-weighted
MRI sequence (T1w) Dixon,"** differently from the tissue
density on which PET/CT AC is based (CTAC). The post-
processed Dixon generates four distinct sequences, “Wa-
ter only” (or “Water”), “Fat only” (or “Fat”), “In-phase” (or

“IP”); and “Out-of-phase” (or “OP”). In combining such

tissue information, an algorithm in the unit makes a tis-
sue classification, namely air, lung, fat and soft tissue.
MRAC is generated by means of this tissue stratification.
This technique was already validated by some studies for
clinical use in the two modalities of simultaneous PET/
MRI units, either with or without time-of-flight (TOF)
technology.'*!” Another method used for generating the
MRI in the skull portion involves an atlas. This technique
is based on MRI recognition of anatomical patterns, gen-
erating what would be a pseudo-CT scan of the skull and
an attenuation correction map.'®

One problem that both current MRAC techniques
generate is that they do not correctly factor the “bone”
for that AC, which causes PET/MRI to still attract ongo-
ing criticism regarding standard uptake value (SUV) quan-
tification of bone lesions. To this end, recent MR-sequence
studies with the use of zero echo time (ZET) showed that
this technique can overcome the current technical limita-
tion, thereby generating a more accurate and reliable
quantitative MRAC.!?%0
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Technical concepts of image acquisition

PET/MRI acquisition is said to be truly simultaneous
when PET data are acquired while MRI sequences are
being performed in the same region. As is the case with
other sectional methods, it all begins with the acquisition
of MRI localizer images (the equivalent to a CT scout scan
in PET/CT), which aims at defining the imaging coverage
area and serves as a basis for programming both the PET
and MRI acquisition sequences. The region of the body
to be scanned is divided into smaller portions called “beds”
according to the size of the PET detector ring. The axial
length of the bed in the latest generation PET/MRI scan-
ner is 25 cm, with an axial bed position overlap of 23%.
Depending on the patient’s body length in a full-body
study (head to thigh), usually 5-7 beds are acquired. PET
imaging is acquired in sequential blocks of bed positions,
from cranial to caudal, and it is necessary to define be-
forehand how many beds are to be acquired and the
amount of time acquiring data at each single bed position.
The acquisition time of each bed is similar to that in
PET/CT, between 2-4 minutes, as recommended by in-
ternational guidelines, but modifiable in accordance with
the desired protocol. The MRI sequences are then pro-
grammed for each bed in accordance with the protocol
established for the context. Therefore, if longer MRI se-
quences within a particular segment of the body are re-
quired, it is important to program this in advance in
order for PET time to be proportional.

When PET acquisition is initiated, a sequence for
optimizing magnetic field homogeneity is quickly acquired
for each bed. The T1 Dixon referring to MRAC is sequen-
tially acquired. Altogether, the whole process takes less
than 30 seconds. Thereafter, the remaining anatomical
and functional sequences follow in accordance with the
stipulated protocol.

Once the simultaneous acquisition is completed, it is
possible to program new segmental acquisitions of some
region of interest, either simultaneous PET/MRI or MRI

- only scans, for instance, post-contrast sequences, without
necessarily involving PET acquisition. When everything is
finalized, then it is possible to proceed with post-processing
and generating the fusion of PET data, MRAC data and
other desired sequences, which are then sent for analysis.

CLINICAL APPLICATIONS

Oncology

Head and neck neoplasms

MRI plays an already well-established role in local staging
of head and neck neoplasms, especially in preoperatively
assessing the tumor’s relationship with adjacent structures,

detecting infiltration of the prevertebral fascia or peri-
neural dissemination. Furthermore, MRI is superior to
CT in detecting occult primary neoplastic sites in patients
with cervical lymph node metastases. With regard to im-
aging quality, besides MRI’s well-known superiority in
spatial resolution, it is associated with lower prevalence
of artifacts stemming from metal dental artifacts, which
usually hampers assessment when using CT.?! The same
applies to comparing PET/MRI versus PET/CT, favoring
the greater sensitivity of the former in T staging, detecting
occult primary neoplastic sites, and evaluating tumors of
the oropharynx and oral cavity.

In relation to N and M staging, there is an important
limitation of the imaging methods with respect to diag-
nostic accuracy. CT and MRI basically take into account
morphological alterations or, occasionally, biological
changes, such as increased vascularization and hyper-
cellularity detected by the functional sequences of dif-

fusion and perfusion MRI, respectively.???

PET imaging,
despite the spatial limitation of PET methods that does
not allow the diagnosis of metastases of less than 5 mm,
contributes with an evaluation at the molecular level, either
relative to glycolytic metabolism, with the widely available
FDG (fluorodeoxyglucose), or hypoxia, with the less known
18F-FMISO and 18F-FAZA. Therefore, the synergism of
hybrid imaging methods, especially PET/MRI, can min-
imize such limitation by combining morphological, bio-
logical/functional and molecular information.?*** In the
evaluation of metastatic disease, PET/CT does have a
relative advantage, given the higher prevalence of medi-
astinal lung and lymph node metastases, well-demon-
strated by PET/CT, as compared to PET/MRI, which still
needs to overcome some limitations regarding pulmonary
parenchymal evaluation. The importance of whole-body
evaluation is also due to the high prevalence (approxi-
mately 15%) of synchronous neoplasms, mainly in the
esophagus and lung.?!

In the evaluation of response to therapy, PET/MRI also
displays diagnostic accuracy similar to that of PET/CT,
with the additional ability to specify additional findings
possibly related to the disease. In a post-treatment context,
changes induced by the treatment, mainly surgery and
radiotherapy, lead to the distortion of the anatomy, which
hinders the differentiation between residual and relapsed
disease. There is no consensus regarding the ideal timing
for conducting a PET scan following the end of treatment.
Nevertheless, an interval of at least 8 weeks is recom-
mended in an attempt to minimize post-therapy inflam-
matory changes, hence avoiding false positives. For follow-
up, as recurrence usually occurs within two years after
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treatment, at least another two additional annual hybrid
PET studies (at 12 and 24 months) are recommended.

PET/MRI can also potentially assist in the planning
of radiotherapy. The development of new units compat-
ible with PET and MRI drives the use of PET/MRI for
delineating the primary tumor with more consistent data
than employing MRI alone.?6%’

As far as quantification by PET/MRI is concerned,
SUVmax measurements are comparable to those achieved
by PET/CT and applicable to studies in humans.?**° Semi-
quantitative data, such as standard uptake value (SUV),
total lesion glycolysis (TLG) and tumor metabolic volume
(TMV), made available by PET, can be used as prognostic
predictors, identifying patients at greatest risk of thera-
peutic failure who could benefit from a more aggressive
therapeutic approach and server as markers of survival.?32

Thus, PET/MRI could potentially replace PET/CT in
the evaluation of head and neck tumors, providing the
data required for staging, evaluating treatment response,
planning radiotherapy, and predicting the prognosis in
one single examination.

Thoracic neoplasms

Among the thoracic neoplasms with potential clinical
application, the ones that stand out the most are lung
cancer, mesothelioma, and breast cancer.

Lung cancer
PET/CT constitutes the reference imaging method for
the staging of non-small cell lung cancer, offering high
diagnostic accuracy for the detection and delineation of
primary tumors; CT scans are acquired during deep in-
spiration. Furthermore, the ability to detect regional
lymph node disease and distant metastases gives PET/CT
gold standard status in evaluating lung neoplasms.*
Recent studies indicate similar diagnostic accuracy
of PET/MRI in evaluating lung cancer, despite its low
ability to detect lung nodules by using conventional se-
quences, especially if those are smaller than 1.0 cm.** Still,
its multiparametric PET/MRI evaluation capability allows
this occasional limitation to be overcome. One of its po-
tentials relates to the use of T2-weighted high-resolution
sequences, which aid in characterizing thoracic wall inva-
sion. In addition, the integration of diffusion, ultra-short
echo-time sequences allows for a better evaluation of the
pulmonary parenchym.**?” For the assessment of N and
M staging, PET imaging has a high negative predictive
value, even though the positive predictive value is low.?
The incorporation of new sequences and radiopharma-
ceuticals, such as FLT, a marker of cell proliferation, can

be determinant when assessing lung neoplasms, espe-
cially so with regard to evaluating treatment response
and prognostic prediction.*>*

Breast cancer

The most prevalent malignant neoplasm in women is
also associated with a high mortality rate. Usually, breast
cancer staging is performed with MRI for local evalua-
tion and, in more advanced cases, with PET/CT for detec-
tion of lymph node disease and, mainly, distant metas-
tases. FDG PET/MRI may offer benefits for both local
and systemic staging.*! The first advantage is a lower
radiation exposure (about 50% of the PET/CT dose). The
second one refers to the detection rate of metastatic le-
sions, i.e. PET/MRI’s greater sensitivity when associated
with FDG makes it more suitable for hepatic, cerebral
and bone evaluation, but still limited for the identifica-
tion of lung lesions.***

A recent study evaluated the clinical usefulness of
FDG PET/MRI in breast cancer staging as compared to
either PET or MRI alone. MRI showed greater detect-
ability of metastatic lesions, and PET/MRI was respon-
sible for changing the course of medical action in one
third of the 36 patients who were analyzed.* Another
study demonstrated PET/MRI and MRI to have similar
performances, with high specificity when characterizing
regional lymph node disease.* In addition, the possibil-
ity of using semiquantitative PET and MRI parameters
can help characterize the expression of tumor biological
factors, with a good correlation with intratumoral het-
erogeneity, Ki-67, triple-negative breast cancer and lym-
phovascular invasion.*

Given the importance of breast cancer on a molecular
level, advancements in the development of new radiophar-
maceuticals can be potentially useful in evaluating breast
cancer. This applies to PET/CT with [**F|NaF (Fluoride)
which, in combination with FDG PET/CT, showed diag-
nostic accuracy superior to that of whole-body MRI and
bone scintigraphy with MDP.*” Another radiopharmaceu-
tical having potential applications in breast cancer is [*°F]
Fluoroestradiol (FES), an estrogen analog with a high cor-
relation with tumor expression of estrogen in both pri-
mary tumors and metastases.* FES PET shows very prom-
ising results, with a significant clinical impact (responsible
for changes in the medical course of action in 48% of pa-
tients with a clinical dilemma)**, and high conspicuity in
detecting heterogeneity in estrogen receptor expression. It
can potentially have a role as a predictor of treatment re-
sponse, since lesions that uptake this radiopharmaceutical

tend to respond to anti-hormonal therapy.*~!
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Abdominal neoplasms

The liver is one of the organs most commonly affected
by neoplasms, both primary (hepatocarcinoma and chol-
angiocarcinoma) and secondary (metastases, mainly
colorectal carcinoma). For this reason, hepatic evaluation
emerges as one of the main PET/MRI niches, capable of
coupling the evaluation with functional sequences (dif-
fusion and perfusion) and the use of a hepatobiliary
contrast agent with the molecular information derived
from PET. In doing so, it boosts diagnostic capacity. Fur-
thermore, the evaluation of pancreatic neoplasms, in-
cluding adenocarcinoma and neuroendocrine tumors,
and pelvic neoplasms, such as adenocarcinoma of the
prostate and gynecological malignancies, faces interest-
ing prospects with PET/MRI.

Liver

The evaluation of the liver comprises one of the promis-
ing clinical applications of PET/MRI, given the high
prevalence of hepatic metastases. Among the reasons for
that are the excellent diagnostic performance of MRI
when using functional sequences (diffusion and perfu-
sion) and hepatobiliary contrast, and the superb detection
ability of FDG PET to provide molecular information.

Some studies compared PET/MRI and PET/CT suit-
ability for hepatic evaluation, with interesting results.
Reiner et al.*?> demonstrated that PET/MRI, with T1-
weighted and T2-weighted sequences alone and without
the injection of a paramagnetic contrast agent, showed
a diagnostic accuracy similar to that of contrast PET/CT
relative to lesion detection. More recently, Lee et al.*?
demonstrated that PET/MRI with a hepatospecific con-
trast media had a diagnostic performance that was sig-
nificantly superior to those of CT and PET. This also
indicates the possibility of using PET parameters as
prognostic predictors of lower survival in the subgroup
of high-uptake patients following neoadjuvant chemo-
therapy. PET/MRI with other radiopharmaceuticals, such
as [*®Ga]DOTA-TOC, is also highly suitable for diagnos-
ing hepatic lesions, especially when combined with a
hepatobiliary contrast agent. This makes for the combi-
nation of MRI detection with PET molecular information,
i.e. somatostatin receptor expression in this specific case,
thereby allowing the identification of patients who could
benefit from peptide therapy.**

There is, therefore, an excellent niche for PET/MRI
in liver evaluation, especially for evaluating liver metas-
tases, with an excellent performance relative to detection,
characterization and prognostic prediction.

Pancreas
Recently, the use of PET/CT for staging pancreatic adeno-
carcinoma was shown to be an excellent complementary
method to the already well-established contrast CT. The
results were obtained in a prospective, multicenter study
conducted in England that evaluated the use of PET/CT
in the diagnosis, staging and management of patients
with suspected pancreatic cancer; staging required cor-
recting in 14% of the cases. Comparatively, 45% of the 550
patients assessed with contrast CT, in turn, involved
changes in the medical course of action. Furthermore, it
was proven to be cost-effective, being especially useful in
preventing unnecessary surgery in 20% of the patients.*
Few studies assessed the clinical use of PET/MRI in
pancreatic evaluation. Chen et al.*® correlated clinical
stage and prognoses for pancreatic and periampullary
tumors with imaging biomarkers, diffusion by using MR
spectroscopy, and glycolytic metabolism by using PET.
They concluded that PET/MRI imaging biomarkers can
predict clinical stage and progression-free survival in this
group of patients.

Neuroendocrine tumors (NETs)

Gastroenteropancreatic NETs constitute the most common
presentation of this tumor type and are often associated
with lymph node and liver metastases. Most NETSs have low
FDG avidity and a high expression of somatostatin receptors,
which depends directly on the cell proliferation index (the
higher the Ki-67 and, consequently, the lower the tumor
differentiation, the higher the FDG uptake and the lower
the expression of somatostatin receptors).>* The use of PET
radiopharmaceuticals analogous to somatostatin and the
different types of [®Ga]DOTA have a promising role in
evaluating NETs: they can be used in PET/MRI scans and
their detectability is similar to PET/CT.*” A recent study
compared PET/MRI with both DWI and MRI using a
hepatospecific contrast agent. Both methods were shown
to be highly accurate, with DWT having some limitations
when differentiating malignant from benign lesions.*®
Hence, the combination of MRI functional sequences, es-
pecially diffusion ones, with the PET information regard-
ing receptor expression may represent the best imaging
method in evaluating NETs.

Prostate

MRI represents the best method for diagnosing and stag-
ing prostate cancer. This, not only due to a better soft
tissue contrast, but mainly because of the functional se-
quence values, such as diffusion and perfusion.”®
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The images obtained from FDG PET have low sensi-
tivity for prostate cancer, since uptake is minimal in
early and well-differentiated tumors and urinary excretion
causes artifacts that undermine an appropriate analysis.
Therefore, FDG PET/CT is a limited method for the
evaluation of patients with prostate cancer. Other radio-
pharmaceuticals such as ®®*Ga-PSMA, '¥F-Choline and
"C-Choline are best suited for staging and evaluating the
biochemical recurrence of prostatic adenocarcinoma.®

PET/MRI with diffusion is considered a promising
tool in the pre-therapeutic evaluation of prostate tumors,
allowing for the acquisition of detailed anatomic data in
conjunction with molecular parameters. Choline, either
8F- or 1'C-marked, is the most studied tracer to date. How-
ever, ®Ga-PSMA has been gaining strength due to its high
diagnostic specificity. Choline PET/MRI can perform
staging more effectively than MRI alone does - in terms
of both primary tumor characterization and how it relates
to adjacent structures, especially the prostatic capsule, and
the possibility of guiding biopsy to an area of greater sus-
picion in clinically significant neoplasms. This reduces
sampling errors of occasional random biopsies and posi-
tively influences therapeutic management.*¢* Yet, caution
should be taken with false positives related to the use of
choline, such as increased uptake in cases of benign pros-
tatic hyperplasia and other findings not related to the
disease, such as inflammatory mediastinal lymph nodes.®®

In the context of tumor recurrence, usually detected
as biochemical recurrence due to increased serum levels
of prostate specific antigen (PSA), the evaluation using
conventional imaging methods has low sensitivity for
detecting disease outbreaks. ®Ga-PSMA stands out pre-
cisely as the best option for overcoming such limitations
and identifying biochemically recurrent prostate cancer
metastases. PET/MRI with *Ga-PSMA may be the only
imaging modality for conducting this evaluation, there-
by reducing the number of false positives.®+%¢

Thus, it is believed that PET/MRI with non-FDG
radiopharmaceuticals, especially ®Ga-PSMA, will represent
the modality of choice for evaluating prostate cancer, both
for staging it and carrying out a post-treatment evaluation,

probably dispensing with any other methods.

Uterus and ovaries

MRI plays a major role in the local staging of gynecological
malignancies, especially those of the uterine cervix, endo-
metrium and ovaries. On the other hand, FDG PET/CT
has greater accuracy in evaluating regional and distant
staging, since it adds molecular parameters to essentially
morphological alterations.®”*® Hence, PET/MRI might

be considered a superior method for detecting, staging
and restaging gynecologic malignancies, whose results
are similar to those obtained from multiple examina-
tions, all added up.®’

T2-weighted sequences appropriately evaluate myo-
metrial invasion in patients with endometrial cancer, cer-
vical neoplasm infiltration of parametria and the lateral
pelvic wall, and improved detection of ovarian and uterine
lesions.®”! Detectability of lymph node disease is enhanced,
which allows the selection of patients needing lymphad-
enectomy, as is accuracy in identifying distant metastases,

notably peritoneum, liver and bone metastases.”>”?

Lymphomas

FDG PET/CT can be considered one of the pillars in the
staging and evaluation of treatment response in high-grade
lymphomas, known as Hodgkin’s disease and diffuse large
B-cell non-Hodgkin’s lymphoma. The globally accepted
guidelines for the assessment of lymphoproliferative dis-
ease recommend the use of PET/CT for the staging, post-
treatment control and restaging of the disease, which, in
these cases, leads to high exposure to ionizing radiation.”

Hence, PET/MRI constitutes an immediate advantage
for the evaluation of this group of patients, represented
by young patients with a high chance of cure. This meth-
od involves less exposure to radiation, which therefore
minimizes its cumulative effects.”

Some studies with essentially preliminary data sug-
gest PET/MRI could possibly replace PET/CT, while keep-
ing similar diagnostic accuracy and good image quality.”®””
Diffusion has been widely investigated as an alternative
to PET imaging in the evaluation of patients with lym-
phoma. However, DWTI’s high sensitivity alone is not
enough to match the excellent accuracy of FDG PET. Still,
it may enhance diagnostic performance when added to
the PET/MRI protocol.”®7?

Neurology
Cerebral evaluation is the most promising field for PET/MRIL
Scholars say that the brain, from a functional standpoint,
never remains the same along different moments in time.
Thus, simultaneous PET and MRI acquisition permits
the multiparametric evaluation (structural, functional,
molecular) of different neurological pathologies, such as
neurodegenerative dementias and disorders, epilepsy, neo-
plasms and psychiatric conditions.®

In addition to providing high-resolution morpho-
logical data, several other MRI properties allow for the
evaluation of different brain processes: vascular anatomy
(angioresonance), tissue kinetics (diffusion), cerebral
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perfusion patterns (perfusion), tissue metabolite concen-
tration (spectroscopy), regional cerebral functional acti-
vation (functional MRI), brain fiber tract analysis (diffu-
sion tensor imaging - DTI), oxygen consumption patterns
(BOLD sequence), among others.?!

PET also encompasses a wide range of molecular pro-
cesses that can be evaluated: brain flow (H,"O), metabo-
lism (FDG), blood volume (C'*O), oxygen consumption
(**0O), vascular permeability (labeled amino acids), nucle-
ic acid synthesis (FLT), neurotransmitter evaluation
(DOPA), receptor evaluation (raclopride), angiogenesis
(*®F-RGB) are just a few examples.®?

This means that there can be a real-time image of a
multitude of complementary information. Nevertheless,
it is essential to define what is really necessary and what
could be just redundant. New techniques may demonstrate
a local functional change in degenerative or autoimmune
diseases even before the onset of clinical manifestations.
It is also possible to better understand the mechanism of
brain structures playing an important role in behavior
and cognition, as well as other interesting questions that,
until then, could only be evaluated in vitro or with histo-
logical studies.®®

Cardiovascular

Hybrid PET/MRI raised new prospects for cardiovascular
applications. PET/CT offered advances in the combined
anatomical and functional evaluation of coronary heart
disease and alterations in cardiac function, whereas MRI,
in the other hand, with its high-definition and dynamic
images, provides complementary information, such as
those on myocardial blood flow, influencing.®

MRI offers a number of advantages over conventional
methods such as CT and/or SPECT, some of which stand
out: good soft-tissue contrast coupled with a high spatial
resolution, myocardial perfusion evaluation, cardiac volume
and ventricular function calculation, identification of val-
vular morphology and the ability to differentiate scars from
viable myocardial tissue after infarction. PET, in turn, is
the reference examination for detecting hemodynamically
significant stenosis. Additionally, it can also be used to
evaluate myocardial blood flow in rest and stress, and also
to estimate coronary flow reserve.

Thus, the complementarity of PET/MRI information
seems to be very promising for cardiovascular evaluation.
More importantly, such information is readily applicable
to the detection and characterization of coronary artery
disease, evaluation of cardiomyopathies of different eti-
ologies (ischemic, inflammatory/infiltrative) and study
of myocardial viability. Furthermore, PET/MRI could be

used to evaluate inflammatory response following myo-
cardial infarction, atherosclerosis, thus identifying vulner-
able plaques. It could even be used in stem cell therapy
and characterization of neoangiogenesis.®®

New non-FDG radiopharmaceuticals could assist in
adding to the complementarity of PET information, such
as the myocardial perfusion tracers currently being in-
vestigated, namely "N-ammonia, *O-water, %Rb and
BF-flurpiridaz.88

Thus, fusion of the most advanced methods for car-
diac evaluation, i.e. PET and MRI, offers the best of the
two modalities in one same procedure. Despite the need
to establish its cost-effectiveness, PET/MRI could be the
only method for cardiac evaluation allowing for a more
complete evaluation of the main cardiac diseases and a
significant impact on the therapeutic course of action.

Inflammation/Infection

PET/MRI offers the opportunity to evaluate several in-
flammatory processes, whose pathophysiology involves
infileration of immune-mediated cells, increased blood
flow and capillary permeability, and transudation of pro-
teins to the region involved.

In addition to its excellent soft-tissue contrast, MRI
strengthens the analysis with the availability of sequenc-
es such as diffusion, which indirectly measures increases
in tissue cellularity. FDG PET, on the other hand, permits
the evaluation of processes with increased glucose con-
sumption in cell recruitment of inflammatory processes.®

In diseases of the musculoskeletal system, FDG PET is
highly sensitive in detecting joint changes, related both to
overload (degeneration) and synovial inflammation. With
MRI, the morphological analysis of structures such as bone
marrow, muscles, tendons, ligaments, cartilage, joint capsule
and fat becomes extremely viable. Thus, FDG PET/MRI
permits the detection and characterization of diseases such
as osteomyelitis, diabetic foot and rheumatoid arthritis.”%

In the evaluation of inflammatory bowel disease,
PET/MRI showed promising results when differentiating
inflammatory from fibrotic stenoses in patients with
Crohn’s disease. In addition to the simultaneous acquisi-
tion of PET/MRI (not feasible in the sequential acquisition
of PET/CT, which impairs the evaluation of intestinal
loops with constant peristalsis), information such as loca-
tion of different lesions in the gastrointestinal tract, de-
tection of extra-luminal disease, and differentiation of
fibrotic changes and inflammatory activity are essential
for the proper clinical management of patients.®

More recently, data from a preclinical study showed
the possibility of using PET/MRI with a specific radio-

Rev Assoc Mep Bras 2018; 64(1):71-84

i



Queiroz MA ET AL,

pharmaceutical, “*Cu-NODAGA, as a non-invasive, rapid,
sensitive and specific method for detecting Yersinia entero-
colitica infection. This approach was referred to as im-
munoPET and raised the prospect of using the method
to detect different pathogens.”

Pediatrics

One of PET/MRTI’s immediate advantages is the lower
exposure to ionizing radiation, with data ranging from
50 to 75% reduction relative to PET/CT. This becomes
even more relevant when multiple scans are requested, as
is the case with tumors submitted to different therapies.
This aspect alone would have a high enough impact so
as to guarantee the use of PET/MRI as a method of choice
in the pediatric population.®??

As an additional advantage, PET/MRI also allows for
multiparametric characterization of some pathologies,
thereby allowing a decline in the number of tests that
need to be performed.

Among the most promising fields, PET/MRI can be
used in children, oncology and neurology do stand out as
the main ones. The evaluation of lymphomas, primary
bone tumors, sarcomas, neuroblastomas and NETs are
some of the potential clinical indications. While, in neu-
rology, the detection of epileptogenic focus and brain
tumors stand out as major points of interest. In addition
to those, several other diseases may benefit from the use

of PET/MRI, such as inflammatory rheumatic processes.”>**

THe HC-FMUSP EXPERIENCE
The HC-FMUSP (Hospital das Clinicas, Faculty of Med-
icine, University of Sdo Paulo) was the first public hospi-
tal in Brazil to use the most advanced hybrid imaging
technology as it purchased a PET/MRI unit which was
made available both as a research tool and for clinical use
at its Nuclear Medicine Service at the Radiology Institute.
The unit is a Signa PET/MRI, a state-of-the-art GE
Healthcare system (Waukesha, USA), which integrates a
3.0T MRI with a PET that fully relies on high-resolution,
high-sensitivity simultaneous time-of-flight technology
(its sensitivity is about three times that of PET/CT).
Having started to operate on 26 April, 2016, the
PET/MRI unit at HC-FMUSP has already performed a
total of 30 scans for different indications, especially those
in oncology (83.3%), neurology (6.7%) and inflammatory
process (6.7%) using two radiopharmaceuticals, *F-FDG
(80%) and ®*Ga-DOTATOC (20%). Of the 30 patients, 18
were female (60%), with a mean age of 48.6 years (13-76 years).
The scan protocol included the T1 LAVA, DWI and T2
SSFSE sequences and, in selected cases, T2 PROPELLER,

T2 STIR and T2 CUBE, with a mean duration of 50.3 min-
utes (as compared to a mean of 25.1 minutes for PET/CT).

A comparison was drawn between PET/MRI and the
PET/CT, both of which were performed sequentially, rela-
tive to semiquantitative data (SUVmax from PET/MRI vs.
PET/CT SUVmax). The clinical impact of PET/MRI was
categorized as: 0, with no information added to PET/CT;
1, addition of information without clinical/oncological
relevance; and 2, addition of information with oncological/
therapeutic relevance.

With respect to semiquantitative data, SUVmax in
PET/CT scans was 7.4 (ranging from 2.2 to 18.7) and
PET/MRI scans was 10.9 (ranging from of 2.1 to 77.8).
For malignant lesions, the mean late SUVmax (obtained
from PET/MRI) was 82% higher than the early one (mea-
sured from PET/CT); whereas, for benign lesions, the
mean late SUVmax was 19% lower. PET/MRI exhibited
a clinical impact having potential therapeutic relevance
in 10% of the cases and added information without po-
tential therapeutic relevance in 53.3% of the studies.

A selection with the main clinical cases studied with
PET/MRI is illustrated in Figures 1 to 5, specifying the
respective clinical impact as compared to PET/CT.

The installation of the PET/MRI unit raised new
prospects in the field of advanced research, both basic
and clinical research, with the development of at least
six research projects already approved by the Research
Ethics Committee. They involve external funding and
some of them are already underway. They encompass
the most different fields, some of which stand out, name-
ly: a) oncology: neoplasms of the rectum, breast, prostate;
b) neurology: traumatic brain injury, dementia, multiple
sclerosis; and c) inflammation: inflammatory bowel
disease. Furthermore, different radiopharmaceuticals
are being used and produced in the radiopharmaceuti-
cal division at HC-FMUSP in an attempt to foster the
development of research, such as ¥*F-FDG (a marker of
glycolytic metabolism), '®F-NaF (a marker of osteoblas-
tic activity), "*F-FES (an estrogen analog), ®*Ga-PSMA
(a specific antigen from the prostatic membrane), **Ga-
-DOTATATE (a somatostatin analogue), ''*C-PK11195
(a neuroinflammation marker) and "C-PIB (a marker
of beta-amyloid plaques, used in the investigation of
Alzheimer’s disease).

Hence, it can be noticed that the PET/MRI unit at
HC-FMUSP faces the prospect of a promising future in
the institution. It will be used both in research purposes,
which involve a range of prospective projects and develop-
ment of different radiopharmaceuticals, and in translation
into clinical routine.
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FIGURE 1 Coronal MIP PET and axial slices of T2-weighted PET/CT and PET/MRI sequences. A 35-year-old male patient with a family history
of NEM1 syndrome underwent abdominal CT scan, which revealed a para-aortic nodule. He also underwent a MIBG scintigraphy yielding a nega-
tive result. A ®8Ga-DOTA PET scan was requested for investigation of neuroendocrine tumor. The patient had a history of thyroidectomy and
pituitary hyperplasia. ®¥Ga-DOTATATO PET/CT and PET/MR images revealed: focal areas in the body and tail of the pancreas, uncorrelated to
CT images and characterized as nodules on MRI with high T2 signal and diffusion restriction. This case demonstrates the superiority compared to

MRI soft tissue contrast.

PET/RM
" O

FIGURE 2 PET/CT (top) and PET/MRI (bottom) showing axial slices with T2-weighted sequences and diffusion. A female patient with
polycystic kidneys and pain on palpation of the left flank, undergoing investigation due to fever of unknown origin. The PET/CT and PET/MRI
studies showed an increase in glycolytic metabolism and diffusion restriction in multiple bilateral renal cysts, suggestive of an active inflamma-
tory/infeccious processes. The case demonstrates the possibility of correlating the molecular information of the PET (glycolytic metabolism of the
inflammatory process) with data from functional MRI sequences, namely diffusion (increased cellularity also related to the inflammatory

process), increasing the diagnostic conspicuity.
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FIGURE 3 PET/CT (top) and PET/MRI (bottom) showing axial slices with T2-weighted sequences and diffusion. Evaluation after chemothera-
py for diffuse lymphoma of large B cells. History of right nephrectomy due to lithiasis 4 months before the exam. History of a drain placed in the
biliary tract due to choledocholithiasis, repositioned 2 weeks before the exam. A PET/MRI scan allows for a more detailed evaluation of the
hepatic lesion seen on a PET/CT and considered suspicious for neoplastic process. On PET/MRI, the hepatic lesion is characterized by thick and
irregular walls, with a halo of edema and diffusion restriction, being more probably related to the inflammatory/infectious process. The case

demonstrates the superiority of PET/MRI in the evaluation of hepatic lesions.

FIGURE 4 Coronal MIP PET and axial slices of T1-weighted PET/MRI sequences. A 46-year-old female patient with a history of cervical cancer
treated with surgery and radiation therapy, underwent local recurrence investigation. A PET/MRI scan shows local recurrence in irregular lesions
with increased glycolytic metabolism in the retrovesical region, near the vaginal dome. The case shows a potential benefit of using PET/MRI for

the evaluation of gynecological neoplasias.
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FIGURE 5 Coronal MIP PET and axial slices of T1-weighted PET/MRI sequences and diffusion. Staging of non-small cell lung adenocarcinoma.

A PET/MRI scan shows the primary pulmonary mass in the left upper lobe, with signs of thoracic wall infiltration (cortical in the second rib) with

bilateral mediastinal lymph node metastases and multiple sparse bone metastases, as well as good morphological correlation in the MR

component. This case shows the excellent performance of PET/MRI for staging of lung neoplasia, despite the greater diagnostic capacity of CT in

parenchymal evaluations.

ConcLusioN

Simultaneous PET/MR], although widely used as a research
tool, could potentially be used in clinical translation as the
diagnostic modality of choice in different pathologies.

In oncology, its highest volume niche, the neoplasms
that currently require evaluation by PET/CT and MRI can
be naturally transferred to PET/MRI. The advantages far
exceed the convenience of conducting the examinations
at one single time and the lesser exposure to radiation
involved, which has been an increasingly worrying issue
in the radiological milieu. In this context, children and
pregnant women constitute a subgroup of patients who
could undoubtedly benefit from this new technology.

One of the most attractive applications of PET/MRI
is in neurology. The brain consists of a complex machine
which experiences constant changes from a functional
standpoint. Thus, the concurrent correlation between
anatomy and activity, besides being convenient, is also

extremely relevant for the detection of neurological dis-
eases. It has a high impact on neurodegenerative disorders,
such as Alzheimer’s disease, epilepsy and brain tumors.

PET/MRI once again offers the complementarity
between the molecular information from PET and the
anatomical-functional information from MRI for eval-
uating cardiovascular diseases. It permits a detailed
evaluation of myocardial perfusion and contributes to
the appropriate therapeutic management.

Accordingly, PET/MRI represents the next generation
of the molecular hybrid image, offering great possibility of
integration into the clinical routine.

Resumo

Tomografia por emissio de pésitrons/ressonidncia
magnética (PET/RM): atualiza¢io e experiéncia inicial
do HC-FMUSP
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A nova tecnologia PET/RM é o protétipo de diagnéstico
por imagem hibrido e permite combinar dados molecu-
lares obtidos da tomografia PET e informag¢des morfo-
funcionais derivadas da ressonidncia magnética. Avancos
recentes relativos a aspectos técnicos desse dispositivo,
principalmente apds o desenvolvimento de fotomultipli-
cadores de silicio compativeis com RM, permitiram uma
melhora do desempenho diagndstico da PET/RM tradu-
zida em reducdo da dose e qualidade superior das imagens.
Entre diversas aplica¢des clinicas, a PET/RM ganha espa-
¢o inicialmente no campo da oncologia, onde a RM tem
papel essencial na avalia¢io de tumores primarios (limi-
tado no caso da PET/TC), incluindo tumores de préstata,
reto e ginecoldgicos. Por outro lado, a avaliagio dos pul-
moes ainda é um enigma, a despeito de novas sequéncias
de RM que estdo sendo criadas para tentar resolver essa
questdo. Outras indica¢des clinicas da PET/RM sio en-
contradas no 4mbito da neurologia, cardiologia e de pro-
cessos inflamatdrios, nos quais a técnica também abre
perspectivas para pacientes pediatricos, ja que envolve
uma exposi¢io baixissima a radiagdo. Nossa revisdo teve
como objetivo destacar as indica¢des atuais da PET/RM
e discutir os desafios e perspectivas da aplicacdo dessa
técnica no Hospital das Clinicas da FMUSP.

Palavras-chave: Tomografia por Emissio de Pésitrons.
Tomografia Computadorizada por Raios X. Espectros-
copia de Ressondncia Magnética. Diagnéstico por Ima-
gem. Revisdo.
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