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Abstract

Combined PET/MRI is a proposed imaging modality for rectal cancer, leveraging the advantages
of MRI and 18F-fluorodeoxyglycose PET. Rectal cancer PET/MRI protocols typically include
dedicated pelvis bed positions utilizing small field of view T2 weighted imaging. For staging of
the primary tumor, PET/MRI can help delineate the extent of tumor better as well as the extent of
tumor beyond the muscularis propria. PET uptake may help characterize small lymph nodes, and
the use of hepatobiliary phase imaging can improve the detection of small hepatic metastases. The
most beneficial aspect of PET/MRI may be in treatment response, although current data is limited
on how to combine PET and MRI data in this setting. Limitations of PET/MRI include the
inability to detect small pulmonary nodules and issues related to attenuation correction, although
the development of new attenuation correction techniques may address this issue. Overall PET/
MRI, has can improve the staging of rectal cancer although this potential has yet to be fulfilled.
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Introduction

Combined PET/MRI is a proposed effective imaging modality for rectal cancer, leveraging
the advantages of MRI, functional MRI, and 18F-fluorodeoxyglycose (FDG)-PET. These
devices offer an appealing combination for imaging patients with rectal cancer, given the
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central role of MRI in rectal cancer staging and treatment response assessment. MRI is the
standard imaging modality for staging primary rectal tumors, but is limited in its ability to
detect metastatic disease, characterize lymph node involvement and predict pathologic
response after chemoradiation. Although there is promise for the role of PET/MRI in rectal
cancer, the role of simultaneous evaluation of PET and MRI and how to use the information
to improve the characterization of disease has yet to be defined. Below we discuss the
potential role of PET/MRI in patients with rectal cancer.

Proposed protocols

There are currently two FDA approved simultaneous PET/MRI devices in the United States:
the mMMR from Siemens and the Signa PET/MRI from GE Healthcare. Both systems have a
25-cm z-axis field of view and allow for the simultaneous acquisition of PET and MRI data.
Protocols for rectal cancer PET/MRI include a dedicated MRI of the pelvis, which includes
three-plane T2 weighted images (oblique axial, coronal and sagittal) and T1 weighted 3D
spoiled gradient echo images (LAVA or VIBE depending on the manufacturer) (Figure 1).
MR pulse sequence parameters used for these sequences in the setting of PET/MRI mirror
that of what is acquired on stand-alone MRI systems, and have been previously described in
depth (1). The acquisition of diffusion weighted imaging (DWI) and dynamic contrast
weighted imaging is not required, although many sites acquire DWI in the setting of
response assessment. One hindrance in the setting of PET/MRI that is not encountered with
routine MRI, is the requirement that all MRI sequences on hybrid scanners must have their
isocenter at the center of the PET field-of-view (FOV). Therefore, the initial selection of
PET FOV placement is a crucial initial step. Additionally, in the setting of low lying rectal
tumors, it may not be possible to plan an oblique-coronal sequence through the anus,
particularly if the PET FQV is too high relative to the anus.

In addition to the pelvis bed position, a whole-body PET acquisition is typically acquired.
Most centers acquire T1-weighted images and T2-weighted images at each bed position,
although there is significant variability in which T2-weighted images are acquired: single-
shot half Fourier (SSFSE/HASTE) or fast spin echo sequences (TSE/FSE). Although it is
possible to combine the pelvis bed position with the whole-body acquisition, most centers
perform each separately. DWI is often not used in the whole-body acquisition, as it rarely
aids in detection of metastatic disease compared to FDG-PET (2).

Finally, it is possible to acquire a dedicated liver MRI in addition to the pelvis and whole-
body acquisitions. This is not frequently performed, but can be beneficial given that the liver
is a common location for metastatic lesions. If a dedicated liver MRI is being performed,
hepatobiliary specific contrast is typically used.

Benefits in imaging of the primary tumor

At initial staging, the high soft tissue resolution provided by MRI allows for reliable
assessment of tumor stage and the circumferential resection margin that is required for
appropriate surgical planning (3,4). Although MRI is the reference standard for T-staging,
the combination of FDG-PET with MRI can help in both lesion detection as well as margin
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delineation of the primary tumor (5). Simultaneous evaluation of PET and MRI can improve
reader confidence and help characterize extension of tumor beyond the muscularis propria
(Figure 2). Overall, the combined benefit of PET/MRI is limited for staging of primary
tumors compared to MRI alone.

Benefits in imaging nodal disease

One of the central issues in rectal cancer MRI is the accurate characterization of small
lymph nodes. Nodes measuring greater than 1 cm are easily characterized as malignant on
MRI, but when nodes measure less than 1 cm and particularly less than 5 mm, the specificity
of MRI falls (6,7). Although not studied as extensively as MRI for nodal characterization,
hypermetabolism on PET appears to have a higher specificity than MRI, particularly in
small nodes (8), therefore it is possible that combining PET with MRI can help better
characterize small pelvic nodes (Figure 3) (8). Unfortunately DWI does not add value in
characterization in pelvic nodes, and uptake on FDG-PET is more valuable for nodal
characterization (9-11). One other unexpected benefit of PET/MRI, is that the longer PET
acquisition that is simultaneous to the MRI sequences of the pelvis appears to result in a
higher sensitivity for small perirectal nodes, particularly those that measure less than 5 mm
(12). Currently it is not clear if there is an SUV cutoff for determining positive disease on
FDG-PET in small perirectal nodes, but given the nodes small size and associated partial
volume artifact, uptake greater than background is generally considered positive.

The use of ultra-small paramagnetic iron oxide (USP10s) particles may play a role in
staging of rectal cancer. The use of ferumoxtran-10 (Sinerem/Combidex) has been evaluated
in one small series in rectal cancer patients, and demonstrated high signal intensity in
involved nodes as expected (13). Unfortunately, the future of this agent is unclear, and it is
currently not available. Off-label use of ferumoxytol (Feraheme) has been studied
preliminarily in the setting of prostate cancer and currently there is a Phase 1 study
evaluating its role in rectal cancer (14,15). How the use of USPIOs in the setting of
PET/MRI has yet to be explored.

Benefits in imaging metastatic disease

In the evaluation of metastatic disease, PET/MRI is particularly valuable for hepatic staging
both given that the liver is a common site for metastatic disease and that MRI is the
reference standard in liver imaging. Hepatobiliary phase (HBP) MRI of the liver is the
preferred imaging modality to identify colon cancer liver metastasis (4). Other investigators
have shown added value of whole body integrated PET/MRI over contrast enhanced CT
alone in the detection and characterization of metastatic lesions (16,17). Combining HBP
MRI in the setting of a rectal PET/MRI is feasible although care has to be taken to keep the
total scan length to a reasonable time (Figure 4 and 5). Results of one retrospective study
suggest PET/MRI may aid in the selection of more appropriate treatment strategies for
colorectal cancer patients, with the treatment strategy changed in 21% of patients after
PET/MRI added information to the CECT findings (18).
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PET/MRI for evaluation of treatment response

Although MR is frequently used for surgical planning after chemoradioation, MRI has
many limitations as a predictor of treatment response. Changes in tumor/node size do not
correlate well with response and DWI is often limited by artifact, therefore the combination
with FDG-PET may improve response characterization (Figure 6 and 7). It has been
demonstrated that percent change in tumor SUVmax and changes in DWI (apparent
diffusion coefficient) post-neoadjuvant therapy are predictors of outcome. Although
SUVmax is well established, it may not reflect the heterogeneous nature of the tumor.
Volume based PET parameters such as metabolic tumor volume (MTV) and total lesion
glycolysis (TLG) have been developed to measure metabolic activity in the entire tumor
mass. MTV represents the dual characteristics of tumor volume and extent of FDG uptake
by tumor tissues. TLG has been proposed as a more accurate parameter as it takes into
account SUVmean and MTV (19). One preliminary study postulated that a higher SUV to
ADC ratio indicates a more aggressive tumor (20), although given the tight inverse
correlation between SUV and ADC it is unclear what the additive value of DWI and SUV is
(2). 1t may be that DWI correlates more with changes in fibrosis and extracellular space,
while metabolism correlates with cellular density, although frequently these factors move
inversely (21). How one uses MRI and PET to improve characterization has yet to be
defined, but in general one looks for changes in FDG PET and changes in DWI/T2WI to
determine if there has been a response to tumor. In many cases, there may be disagreement
between changes in size/diffusion and changes in metabolism that might suggest a different
response than based on MRI alone (Figure 6).

FDG-PET is also valuable in identifying distant tumor recurrence, and in combination with
MRI, may assist in differentiating post therapy scar/desmoplastic reaction from residual
tumor or local recurrence (3). In the setting of recurrent tumor with suspicious lesions
PET/MRI had a sensitivity and specificity of 94% compared to pathology, although no
comparison to MRI or PET interpretations were provided (22). Non-operative management
of rectal cancer is an emerging trend with growing interest. Therefore, evaluation of
treatment response, and in particular the characterization of complete pathologic response, is
key. Current clinical oncology guidelines do not include metabolic assessments in the
evaluating response to therapy (23,24). It should be noted that there are competing
technologies for determining the presence of residual tumor, and approaches using
circulating microparticles, including tumor DNA, may provide additional information (25).

Limitations of PET/MRI

One of the main challenges in oncologic imaging using PET/MRI, is the limited ability of
MRI to image pulmonary nodules compared to CT. This limitation is primarily due to two
effects: (1) significant respiratory motion, and (2) inherent relatively low proton density of
lung parenchyma. Although conventional MRI sequences can typically image nodules
greater than 1 cm, smaller lesions are frequently missed (26). It should be noted that for
hypermetabolic lesions seen on PET, and anatomic correlate was seen over 95% of the time
on MRI, but the measurement accuracy of the visualized nodules is neither accurate nor
reproducible with current imaging techniques. Recent approaches have used a combination
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of respiratory gated techniques with ultrashort echo time (UTE) sequences, to overcome the
short T2* of the lung. These have shown promise in detecting smaller pulmonary nodules
(27), although they are not robust enough to use in routine clinical imaging.

Accuracy of PET quantification also remains a challenge in clinical imaging. Obtaining
accurate measurements of uptake on PET imaging requires an attenuation map to correct for
attenuation of photons. With PET/CT, attenuation maps are easily created by converting the
CT images into an attenuation map, but attenuation map creation poses a unique challenge in
PET/MRI, as MRI images reflect proton density rather than electron density. The standard
approach for attenuation correction in the pelvis uses two-point Dixon approaches and can
result in up to 20% error in pelvic lesions, with the highest error in bone lesions (28). A
number of novel approaches have been developed for pelvis applications that can minimize
this error, including use of zero echo time (ZTE) and UTE based imaging, as well as
utilization of deep learning techniques to convert MRI images directly into density maps
(29,30).

Reimbursement is another controversial issue with regards to clinical PET/MRI imaging.
Many insurance companies will not cover PET imaging once CT abdomen and pelvis has
been acquired, and organizations such as the Society of Surgical Oncologists have argued
against using PET imaging in rectal cancer (31). Although PET has limited role in T1/2
rectal cancers, it can have a significant impact in patients at higher risk for metastatic disease
(32).

One final limitation is that there currently are no agreed upon guidelines as to how to
interpret PET and MRI simultaneously. PET, for example, can have false positives in the
setting of inflammation, which may mimic recurrent disease (33). How to decide when PET
findings should drive the interpretation or MRI findings should be used has yet to be
delineated.

Currently there is no clear benefit in terms of diagnostic accuracy or tissue characterization
for the simultaneous acquisition of PET/MRI, compared to sequentially acquired MRI and
PET/CT. Simultaneous acquisitions do improve patient convenience and aid in fusion, but
this may justify the expenditure required to acquire a PET/MRI. The sequential acquisition
using PET/CT does provide improved imaging of pulmonary nodules.

Potential role for PET/MRI in clinical trials

The role of PET/MRI in evaluation of rectal cancer has yet to be defined. PET/MRI has
potential to develop into a staging and post-treatment imaging modality for rectal cancer,
with ability to provide prognostic information and potentially stratify patients for surgical
versus nonsurgical treatment. Currently it is difficult to include PET/MRI in the setting of
cooperative group or other national trials, given the limited availability of the technology.
Nonetheless, it may be possible to incorporate PET/MRI into future prospective randomized
studies at sites where it is available, in order to compare PET/MRI staging with standard of
care imaging. Acquiring this data would also facilitate additional studies to evaluate the role
of baseline and post neoadjuvant therapy PET/MRI; parameters for predicting response to
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neoadjuvant therapy; and development of standardized criteria to differentiate responders
from non-responders. As an initial step, the development of harmonized protocols across
PET/MRI sites would be valuable to allow for the pooling of data across sites that may
inform trial design in the future.

Conclusions

In rectal cancer, the role of PET/MRI has yet to be defined, although there is promise both in
initial staging and in evaluation of treatment response. The addition of hepatobiliary imaging
in addition to an abbreviated pelvic bed position can help increase the value of PET/MRI
relative to other modalities, although impacts the workflow of the study. Overall, issues
related to reimbursement, scanner availability and inclusions into clinical trials may impact
PET/MRISs role moving forward in rectal cancer staging.
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Figure 1:

Overview of components of a rectal cancer PET/MRI protocol. DWI and DCE acquisitions
in the pelvis may be considered optional, while a dedicated liver MRI using hepatobiliary
agents is also optional.
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Figure2:
43-year-old man with newly diagnosed rectal adenocarcinoma. PET/MRI demonstrates a

circumferential hypermetabolic rectal mass. On oblique axial (A-C) and coronal (D-F) T2-
weighted and PET images through the tumor soft tissue extending from the primary tumor
into the mesorectal fat is noted consistent with extramural vascular invasion (white and black
arrows).
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Figure 3:
53-year-old female with newly diagnosed rectal adenocarcinoma initially staged using PET/

MRI. PET imaging demonstrated a 6-mm hypermetabolic left internal iliac node (B, D and
F, solid circle) and an 8-mm left common iliac node (C, E and G, dotted circle).
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A

Figure 4
52-year-old man with a newly diagnosed rectal adenocarcinoma. A whole-body PET/MRI

with dedicated rectal and liver bed positions was performed (A). In the rectal bed position, a
5-mm right perirectal node is seen which demonstrates hypermetabolism consistent with
nodal metastatic disease (B circle, D and F black arrow). In the liver, a 6-mm caudate lobe
lesion was visualized on hepatobiliary phase imaging (C), which demonstrated
hypermetabolism (E and G, black circle) consistent with hepatic metastatic disease.
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Figure5:
65-year-old male status post abdominal-peritoneal resection with a nonspecific lesion on CT

(A and D). At hepatobiliary phase MRI (B and E) and FDG PET (C and F), no suspicious
features are identified. This case demonstrates how PET/MRI provides improved
characterizations of liver lesions compared to PET/CT.
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A pre=Tx fused PET B: post-Tx fused PET

C: pre-Tx DWI (b=800) [D: post-Tx DWI (b=800)

’

Figure®6:
72-year-old female with rectal adenocarcinoma before (A) and after chemoradiation (B).

Post-therapy images suggest residual tumor on T2 weighted images, given that there was
only a 24% reduction in tumor volume (B, white dotted circle). FDG-PET shows a marked
reduction in metabolic activity, with a reduction of the SUVmax from 13.7 to 4.5 (a 67%
reduction). DWI images show a decrease in tumor that demonstrates restricted diffusion (C,
white circle and D, white arrow). MRI indicated partial response on T2 weighted imaging,
while PET imaging suggests potentially a complete response. At pathology this was
confirmed a complete response.
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Figure7:
PET/MRI performed in a 53-year-old man three years after surgery with a rising CEA. Axial

T2 (A) demonstrates circumferential soft tissue thickening with heterogeneously mixed
hyperintense and hypointense signal intensity within the surgical bed (arrow). Fused axial
PET image (C) demonstrates intense FDG uptake within this circumferential soft tissue
mass consistent with local recurrence. Inferiorly in the same patient, the MRI appearance is
similar with semicircular T2 signal hypointensity (B, arrow), but FDG PET demonstrates an
absence of hypermetabolism (D) consistent with fibrosis. At pathology, one can see both
recurrent tumor (C and F, white arrows) as well as fibrosis surrounding the region of local
recurrence (C and F, open arrows). The addition of FDG PET increases reader confidence
and sensitivity for local recurrence.
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