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At IRCCS San Raffaele Scientific Institute, the research interests
of the molecular imaging group are to provide technical
capabilities and scientific expertise for integrating cutting-edge,
multi-modality imaging into basic, translational and clinical
research. Our research activity is particularly focused on the use
of integrated molecular imaging modalities, including a very
innovative fully hybrid PET/MR system, SIGNA™ PET/MR, with the
use of different PET radiopharmaceuticals, for in vivo studies in
different clinical settings.

In the evaluation of cancer patients, we utilize PET/MR for risk
stratification and monitoring response to therapy. We have also
investigated the clinical and the predictive/prognostic impact

of integrated molecular imaging modalities in neoplasms and
evaluated the development of innovative PET tracers for cancer.
The aim of the research is the set-up of new non-invasive diagnostic
imaging methods to be transferred into clinical practice to optimize
diagnosis, prognosis and therapy in oncology.

PET/MR can have a significant impact on the diagnosis, staging and
monitoring of soft-tissue cancers, particularly with the excellent
soft-tissue imaging properties of MR. Our group has particularly
studied the value of a fully integrated PET/MR in gynecological,
prostate, pancreatic neuroendocrine tumors (NETs) and brain
cancers. Here we present a summary of these findings and the
value of PET/MR as a one-stop-shop modality.

Endometrial cancer

In endometrial cancer (EC) patients, assessing deep myometrial
invasion (MI) and lymph node (LN) involvement preoperatively
is crucial. Surgical planning is typically based on information
provided by biopsy (histotype, tumor grade) and morphological
imaging-derived data (such as Ml and LN involvement).

To date, MR imaging is considered the most accurate imaging
technique for preoperative assessment of EC, due to its excellent
soft-tissue contrast resolution. MR can accurately assess the depth
of MI, which represents one of the most important morphological
prognostic factors and can impact patient management by aiding
in stratifying patients into low- versus intermediate-risk groups
before surgery.**

PET with [**F]fluoro-deoxyglucose ([**F]FDG) is well-established in
EC preoperative staging and is included in clinical guidelines for EC
management.* Evaluation of deep Ml and LN involvement, derived
respectively from MR and PET studies in patients with EC, has
shown to have good predictive value.>® In these cases, the use of a
fully integrated PET/MR offers the potential to merge the strengths
of PET with the superior soft-tissue contrast resolution of MR,
particularly in evaluating local tumor characteristics, such as the
depth of myometrial invasion.”

In Ironi et al, we aimed to assess the diagnostic performance of
hybrid [*®F]FDG PET/MR in EC staging, with a particular focus on Mi
and LN involvement detection.® PET/MR detected LN involvement
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with high diagnostic accuracy (sensitivity
[SN] of 0.8571, specificity [SP] of 0.9286,
accuracy of 0.9143), and a high negative
predictive value (NPV) for LN involvement
(NPV of 0.9630, positive predictive value
[PPV] of 0.7500). PET/MR detected all
primary tumors and correctly staged 27 of
the 36 women enrolled in the assessment
of MI.

In general, most studies demonstrated

an even detection rate between PET/MR
and PET/CT. However, the possibility to
merge PET and MR images using a hybrid
modality such as PET/MR, complementing
the single advantages of the two techniques,
is definitely of value in patients with
endometrial cancer.®

In our patient population, it has been
demonstrated that a fully integrated
PET/MR, such as SIGNA PET/MR, provides
good to high accuracy in detecting Ml

and LN involvement. In addition, it has
been shown that MR- and PET-derived
parameters can predict the presence of
lymphovascular space invasion (LVSI)

and correctly stratify patients according

to internationally accepted risk profiles.
As demonstrated in this study, PET and

MR provide a synergic role for predicting
LVSI preoperatively, with MR also being
predictive for the EC risk group, and might
play a decisive role in planning therapeutic
and surgical choice in view of personalized
treatment approaches.®

Figure 1. FDG PET/MR in endometrial cancer staging. (A, C) T2 PROPELLER (B, D) fused with PET.

(E) Whole-body PET.

Prostate cancer

It is well established that multiparametric
MR (mpMRI) is a primary imaging modality
for prostate cancer (PCa) assessment. It

is commonly used to detect the primary
tumor, guide biopsies and define the local
extent of the disease. Its usefulness for
local staging has been largely reported,
although local staging with MR might be
associated with limited sensitivity.?

The current EAU-ESTRO-SIOG guidelines
report that PET/CT is a valuable imaging
modality that might be considered in men
with high-risk diseases undergoing initial
staging. At diagnosis, whole-body staging
for high-risk PCa patients is strongly
recommended to identify those at risk of
extracapsular extension, locally advanced
disease and/or bone metastases.*®

Prostate-specific membrane antigen
(PSMA), a transmembrane protein with a
significantly increased expression in PCa
cells, can be used as an imaging biomarker
and has been introduced in clinical practice
for patient evaluation.

PET imaging using PSMA has gained
significant attention in the clinical
evaluation of PCa due to its superior
sensitivity compared to conventional
imaging and MR for detecting primary*2
and recurrent PCa*>** as well as

LN involvement.?7

Figure 2. FDG PET/MR in endometrial cancer staging. (A, B) PET, (C, E, G) T2 PROPELLER MR and (D, F, H) T2 PROPELLER MR fused with PET demonstrate endometrial cancer
and bilateral iliac LN involvement.
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At IRCCS San Raffaele, we have investigated
the clinical utility of PET/MR with [®Ga]Ga-
PSMA-11 both in high-risk PCa patients and
in biochemically recurrent PCa.

In Mapelli 2021 et al.’®, [**Ga]Ga-PSMA-11
detected intraprostatic lesions in all
high-risk patients. Additionally, in two of
the 22 patients, [*®Ga]Ga-PSMA-11 PET
also detected seminal vesicle uptake.
Whole-body [®*Ga]Ga-PSMA-11 images
revealed suspicious LN involvement

in seven of the 22 patients and bone
involvement in three of the 22 patients. MR

Figure 3. ®*Ga-PSMA PET/MR in PCa staging.
A 73-year-old man with biopsy proven PCa,
Gleason score of 9 (5+4). PSA at the time of
PET/MR was 6.4 ng/ml. (A) Whole-body PET
and (B) axial fused PET/MR.

images showed intraprostatic disease in all
patients, with 10 patients also presenting
extracapsular extension (ECE) and seven
patients presenting seminal vesicle
invasion (SVI). Five out of 22 patients had
pathologic pelvic LNs and one had bone
lesions. One of the most relevant patient
advantages we reported in this study

is the potential to receive a diagnostic
MR examination simultaneously to the
PET image acquisition, thus obtaining

all the necessary morphological and
multiparametric information for accurate
identification and characterization of the
primary tumor. Acquiring a simultaneous
PSMA-PET scan with the MR provides
additional information regarding primary
tumor characteristics, together with a
whole-body evaluation of the disease.
Further, the use of PET/MR reduces the
radiation exposure for the patient.’®

MR is expected to increase the diagnostic
accuracy of PET imaging for local staging
(ECE and SVI).* If used in combination with
PET, MR could provide complementary
information in the bone when PET findings
are equivocal or when metastatic lesions
do not show significant PSMA uptake.
Whole-body MR could be of added value in
monitoring the response to loco-regional
or systemic treatments.

In addition, our research was also focused
on the comparison of the value of PET/MR
with the use of [®*Ga]Ga-PSMA-11 and with
another PET tracer, [**Ga]Ga-DOTA-RM2,

a bombesin receptor antagonist with

high affinity for gastrin-releasing peptide
receptor (GRPR), that is also particularly
promising as a PET imaging tool in PCa.?

Based on our results, we could demonstrate
a potential complementary role of [**Ga]
Ga-PSMA-11 and [%Ga]Ga-DOTA-RM2 in
PCa staging in the clinical setting, with

the possibility to identify different sites of
disease by using a multitracer approach that
might improve the disease characterization,
which could ultimately have an impact on
patient management and follow-up.*®

We also conducted a systematic review and
meta-analysis of the diagnostic accuracy
obtained with PSMA PET/MR in patients
with primary PCa. Ten papers with a
sample size of at least 10 patients were
included, three were retrospective and
seven were prospective in design. All 10
studies (a total of 474 patients) had PET and
MR images acquired simultaneously on a
PET/MR system and had the main endpoint
as the diagnostic accuracy of PSMA PET/MR
in detecting primary prostate cancer. Seven
studies used [®Ga]Ga-PSMA-11 and the
remaining three used a fluorine-labelled
PSMA. In the qualitative analysis of each
paper included in the meta-analysis, the
authors suggest that the integrated PET/MR
system demonstrated better sensitivity
and diagnostic accuracy in detecting
primary PCa compared to mpMRI and also
to PET alone.*

Of particular relevance is the role of
PSMA-PET as a complementary modality
to mpMRI in primary prostate cancer
localization for PI-RADS® 3 lesions. In
local tumor staging, PET/MR provides an
added possibility to predict extracapsular
extension in patients with MR-occult
prostate cancer compared to the use of
PET/CT. PET/MR was also found to be
very useful for local and regional disease,
having almost equivalent performance in
detecting bone and visceral metastases
compared to PET/CT. The meta-analysis
supports the promising role of the
simultaneous acquisition of PSMA-PET
and mpMRI for intraprostatic tumor
detection in a whole-body, single-session

Figure 4. A 53-year-old man with biopsy proven PCa, Gleason score of 9 (5+4) and PSA at diagnosis of 3.13 ng/mL. (A) Axial PET, (B) fused PET/MR, (C) T2 with large
FOV, (D) T2 with small FOV and (E) DWI b1000 s/mm?.
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examination. The simultaneous acquisition
of PSMA-PET images and mpMRI provides
metabolic, structural and functional
information regarding PCa status.?%

In Ghezzo et al,”® we recently reported that
in patients with biochemically recurrent
PCa, combining MR with [®Ga]Ga-PSMA-11
PET resulted in sensitivity of 100% and
specificity of 69.2%, respectively. For
mpMRI, sensitivity and specificity were
87.1% and 69.2%, respectively. In 35
patients with pathological findings from
[®Ga]Ga-PSMA-11 PET, 31 were confirmed
as true positive by the composite reference
standard. The nine patients classified as
negative by integrated [%Ga]Ga-PSMA-11
PET/MR were all confirmed as true negative
at follow-up.t

The performance of [®*Ga]Ga-PSMA-11 PET
for the detection of local recurrence was
improved when combined with MR, while
it was minimally effective for the detection
of LN recurrence, in part due to the high
sensitivity of [*®Ga]Ga-PSMA-11 PET.

32 | SIGNA Pulse of MR — Autumn 2024

In addition to the PET/MR benefits
reported in Mapelli 2021 et al.’%, as noted
above, morphological imaging with MR
improves assessment of biochemical
recurrent disease, considering that the
determination of metastatic LNs is largely
determined by size. The combination

of PET and MR did not impact the
performance of PET examinations in the
other considered regions of recurrence.

Afully hybrid PET/MR paves the way to a
completely innovative imaging approach
for PCa recurrence with the simultaneous
acquisition of PET and mpMRI for
comprehensive (metabolic, structural and
functional) imaging information regarding
PCa status in a whole-body, single-session
examination with better soft-tissue contrast
and reduced radiation exposure.??’

Radiomics is an emerging method of
extracting features and quantitative metrics
from medical images, and its role in PCa

has been demonstrated.?® Our group is
particularly involved in this research field,

Figure 6. ®Ga-PSMA PET/MRin PCa
re-staging, LN and bone recurrences.
(A, D) PET and (B, C, E) fused PET/MR.

and recently we evaluated the role of
[*®Ga]Ga-PSMA-11 PET radiomics for the
prediction of post-surgical International
Society of Urological Pathology (»sISUP)
grade in primary PCa. The results support
the role of [*®Ga]Ga-PSMA-11 PET radiomics
for the accurate and non-invasive
prediction of psISUP grade. ISUP grade at
biopsy was upgraded in nine of 47 patients
after prostatectomy, resulting in a bACC =
85.9%, SN = 71.9%, SP = 100%, PPV = 100%
and NPV =62.5%, while the best-performing
radiomic model yielded a bACC = 87.6%,

SN =88.6%, SP = 86.7%, PPV = 94% and
NPV =82.5%.%

To establish an accurate correspondence
between PET/MR findings and histology,
facilitating a deeper understanding of
PET tracer distribution and enabling
advanced analyses like radiomics, we
recently proposed a new and very robust
workflow for co-registering prostate PET
images from a dual-tracer PET/MR study
with histopathological images of resected



prostate specimens. The method was optimized on images derived
from patients who underwent both [%Ga]Ga-PSMA-11 and [**Ga]Ga-
DOTA-RM2 PET/MR before radical prostatectomy. After surgery, in
vivo PET/MR images were co-registered to histopathological images,

by using ex vivo MR images of the specimen as an intermediate step.

Markers were visible on both the histopathological images and on
MR images. This approach that allows the quantitative assessment
of dual-tracer PET/MR diagnostic accuracy at a millimetric scale
might unveil radiotracer uptake mechanisms and identify new
PET/MR biomarkers, thus establishing the basis for precision
medicine and future analyses, such as radiomics.*®

A new project for our group currently in progress is the evaluation
of fully hybrid PET/MR with *F-labelled PSMA and mpMRl as a
one-stop approach for the diagnosis of clinically significant PCa.
This prospective PET/MR evaluation could ideally reduce the
number of false negative findings, while reducing the number of
unnecessary prostate biopsies in patients with low-risk, clinically
indolent PCa.

Pancreas NET

PET imaging with ¥Ga-DOTA-conjugated peptides is the standard
functional imaging modality to study well-differentiated pancreatic
neuroendocrine tumors (PanNETs) and is also included in the
European guidelines.®*

MR provides higher soft-tissue contrast compared to CT, along with
functional imaging sequences including diffusion-weighted imaging
(DWI). The consistent evidence for the superiority of PET/MR over
PET/CT for detection of liver lesions has the potential to be clinically
impactful by providing a more accurate number and distribution of
liver metastases, influencing the choice between any combination
of surgical, locoregional and systemic treatment options.*

As previously stated, radiomics is an emerging method for
optimizing the extraction of information from medical images.
In Mapelli et al,** we explored the potential to use imaging and

Figure 7. ®Ga-DOTATOC PET/MR in PanNET. (A, B) Axial water LAVA Flex and
(C, D) fused PET/MR.

radiomic parameters from [®*Ga]DOTATOC PET/MR imaging to
predict histopathological prognostic factors in patients with
PanNETs undergoing surgery.® PET/MR images were qualitatively
and quantitatively interpreted: PET-derived SUV max, SUVinean,
somatostatin receptor density (SRD), total lesion somatostatin
receptor density (TLSRD), MR-derived apparent diffusion
coefficient (ADC), arterial and late enhancement, necrosis,

cystic degeneration and maximum diameter parameters were
derived. Additionally, first- , second- and higher-order radiomic
parameters were extracted from both PET and MR scans. The
entire focal pathological [*Ga]DOTATOC uptake corresponding
to the primary tumor was manually segmented, slice-by-slice.
The PET-derived volumes of interest (VOIs) and MR-derived VOIs
(pre-contrast LAVA Flex T1-weighted and the axial T2-weighted
PROPELLER MR sequences) were contoured and radiomic features
were extracted. Next, we evaluated the correlation between
[®Ga]DOTATOC PET- and MR-derived imaging parameters and
the tumors’ histopathological prognostic factors, including
grade, LN involvement and ratio between positive LNs using the
nonparametric Spearman’s correlation coefficient.

Based on ROC analyses, both SUV . and SUV ean resulted in good
predictors of LN involvement. Specifically, SUVn., showed an AUC
of 0.850 (95% Cl: 0.60-1.00), with an optimal cut-off value of 90.960
and correspondent SN and SP of 60% and 100%, respectively.
Similarly, SUViean showed an AUC of 0.783 (95% ClI: 0.50-1.00), with
an optimal cut-off value of 54.540 and correspondent sensitivity
and specificity of 60% and 100%. Different correlations between
radiomic features and grade, LN involvement and vascular invasion
were identified. After adjustment for multiple comparisons,
statistical significance held true exclusively for two original Gray
Level Size Zone (GLSZM) texture features extracted from T2 MR
sequences. Specifically, original glszm Gray Level Variance (GLV)
and original GLSZM High Gray Level Zone Emphasis (HGLZE) both
showed a significant, high, inverse correlation of -0.830 with LN
involvement (p < 0.005, adjusted p =0.009). The gold standard

Figure 8. %Ga-DOTATOC PET/MR in PanNET. (A) PET, (B) axial post-contrast
water LAVA Flex, (C) fused PET/MR and (D) axial DWI b800 s/mm?.
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for our analysis was the histological examination, as all patients
underwent surgery. In this study, we demonstrated the role

of a fully hybrid PET/MR system for the synergic function of
imaging parameters from the two modalities and highlighted
the potential of imaging and radiomic parameters in assessing
histopathological features of PanNET aggressiveness.®

Recently, we also demonstrated that imaging parameters

derived from [®Ga]DOTATOC PET have strong predictive value

for DAXX/ATRX loss of expression in PanNETs, which represents a
negative prognostic factor for patients with PanNETs.* Currently,
radiological diameter, grade and Ki67 are the most reliable
preoperative parameters associated to tumor aggressiveness, upon
which choosing surgical intervention is based.

The results of the study showed that the information usually
obtained from biopsy, such as grade and Ki67, combined with
[®*Ga]DOTATOC PET parameters, including SRD, can be easily
applied to clinical practice to estimate the probability of DAXX
mutation in a more reliable way, thus supporting the clinical
decision-making process.

The relevance of molecular imaging parameters, together with MR
imaging with its high soft-tissue contrast, might be a valuable clinical
one-stop-shop, whole-body imaging tool in neuroendocrine tumors.

MotionFree Brain for pediatric neuro-oncology

In our institution, PET/MR is also applied to neuro-oncology
studies with [**C]Methionine (MET) and [**F]fluoro-ethyl-tyrosine
(FET) tracers. PET/MR imaging is particularly interesting in
pediatric patients, as the simultaneous acquisition of two

Absolute point displacement
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Figure 9. (A) Without MotionFree Brain, (B) with MotionFree Brain and (C)
absolute point displacement.
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important examinations, such as PET and MR, avoid repeated
sedations that are often required in this setting. In the context
of pediatric neuro-oncology, we recently validated the use of a
motion-correction tool for PET images.

Newer PET systems provide high spatial resolution, which is
important for visualizing and characterizing biological processes
in small structures, such as the brain. However, patient motion
during the acquisition can impact PET reconstruction and affect
the accuracy of SUV computations, as well as the qualitative
image evaluation.

A prototype of a data-driven and retrospective approach to
correct motion in brain PET imaging, MotionFree Brain, was tested
at IRCCS San Raffaele in a cohort of [*!C]Methionine brain PET
images of pediatric brain tumor patients studied on PET/MR.*
We investigated the impact of MotionFree Brain both qualitatively
and quantitatively in 27 pediatric patients with treated high-grade
glioma. MRAC and zero time echo (ZTE) sequences were acquired
during the 20-minute PET scan to generate attenuation correction
maps. Additional diagnostic MR sequences were acquired before,
during and after PET acquisition. All PET images were reconstructed
using the same parameters with and without a prototype version of
MotionFree Brain. The degree of motion was defined based on the
median value of the displacement of two points of the head during
the entire PET acquisition according to Spangler-Bickell et al.** The
degree of motion was classified as “low” (<1 mm) for 18 patients,
“medium” (between 1 and 2 mm) for five patients and “high” (>2
mm) for four patients. Twelve of the 27 patients had positive uptake,
accounting for 16 lesions.

Qualitatively, no difference was shown in negative patients,

while two lesions were more defined. Quantitatively, the mean
percentage differences with the relative standard deviation for
SUVinax, SUVimean, SUVpeak and MTV were: 2.66 + 1.91%, 1.65 + 1.71%,
2.77+2.11%, and 13.32 + 9.79%, respectively. Moreover, the
difference in the PET parameters increased with the degree of
motion of the patients. In conclusion, motion correction technology,
such as MotionFree Brain, improves the quality of PET imaging and
subsequent quantitative evaluation, such as SUVpean.

Conclusions

The clinical experience of PET/MR in IRCCS San Raffaele mainly
includes gynecological, prostate cancers, neuroendocrine and
brain tumors. These applications take advantage of the ability

of the PET component with specific radiotracers in functionally
characterizing neoplastic diseases, and of the MR component in
providing superior soft-tissue resolution and offering synergistic
information. The high soft-tissue and spatial resolution of MR is
crucial for the evaluation of local tumor extent, while PET is superior
at detecting nodal and distant metastatic disease. Furthermore,
PET/MR systems such as SIGNA PET/MR are capable of providing
potential prognostic insights and treatment response assessments.
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