N
N

N

HAL

open science

Imaging-guided precision medicine in non-resectable

gastro-entero-pancreatic neuroendocrine tumors: A
step-by-step approach

Laura Rozenblum, Fatima-Zohra Mokrane, Randy Yeh, Mathieu Sinigaglia,

Florent L. Besson, Romain-David Seban, Charline Zadro, Lawrence Dierickx,

Cecile N Chougnet, Ephraim Partouche, et al.

» To cite this version:

Laura Rozenblum, Fatima-Zohra Mokrane, Randy Yeh, Mathieu Sinigaglia, Florent L Besson,
et al.. Imaging-guided precision medicine in non-resectable gastro-entero-pancreatic neuroen-
docrine tumors: A step-by-step approach. FEuropean Journal of Radiology, 2020, 122, pp.108743.

10.1016/j.ejrad.2019.108743 . hal-02988286

HAL Id: hal-02988286
https://hal.sorbonne-universite.fr /hal-02988286
Submitted on 21 Dec 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License


https://hal.sorbonne-universite.fr/hal-02988286
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

Version of Record: https://www.sciencedirect.com/science/article/pii/S0720048X19303936
Manuscript 439d36¢cc83e9d3cel321a302¢357131f

Imaging-guided precision medicine in non-resectable gastro-entero-pancreatic neuroendocrine tumors: a

step-by-step approach
AUTHORS

Laura Rozenblum'*; Fatima-Zohra Mokrane?*"; Randy Yeh* Mathieu Sinigaglia’; Florent L. Besson®; Romain-

David Seban’; Charline Zadro?; Lawrence Dierickx’; Cecile N Chougnet®; Ephraim Partouche?; Paul Revel-

Mouroz?; Binsheng Zhao?; Philippe Otal?; Lawrence H. Schwartz?; Laurent Dercle™°

AFFILIATIONS

1. Sorbonne Université, Service de Médecine Nucléaire, AP-HP, Hopital La Pitié-Salpétriere, 75013 Paris,
France. (N° ORCID 0000-0002-6306-8008)

2. Radiology department, Toulouse University Hospital, 1 avenue du Professeur Jean Poulhes, 31059,
Toulouse, France.
New York Presbyterian Hospital, Columbia University, New York City, New York, USA

4. Memorial Sloan Kettering Cancer Center, Molecular Imaging and Therapy Service. New York, USA

5. Department of Imaging Nuclear Medicine, Institut Claudius Regaud - Institut Universitaire du Cancer
de Toulouse - Oncopole, Toulouse, France.

6. Department of Nuclear Medicine, Hopitaux Universitaires Paris-Sud, AP-HP; IR4M UMR 8081
Université Paris-Sud/CNRS, Orsay, France

7. Department of Nuclear Medicine, Institut Curie-René Huguenin, Saint-Cloud, France.

8. Endocrine oncology, Hospital Saint Louis, Paris, France (N° ORCID 0000-0001-5092-1201)

9. INSERM U1015, Gustave Roussy Institute, Université Paris-Saclay, Villejuif, F-94805, France

*Contributed equally

CORRESPONDING AUTHOR

Laura Rozenblum

Service de Médecine Nucléaire

Hopital La Pitié-Salpétriere, 75013 Pairs, France
Laura.rozenblum @ gmail.com

+0033 61822749

© 2019 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/


https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0720048X19303936
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S0720048X19303936
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step approach



ABSTRACT

The majority of gastroenteropancreatic (GEP) neuroendocrine tumors (NETs) are diagnosed at a non-resectable stage due
to non-specific clinical syndromes, late manifestations from mass effects, or incidental detection of a clinically silent
disease. Management strategies include curative or cytoreduction surgery, imaging-guided intervention, chemotherapy,
immunotherapy, and radionuclide therapies. In this step-by-step review, we provide a structured approach for
standardized reading and reporting of medical imaging studies covering content and terminology. This review explains
which imaging studies should be used for different NETs and what should be reported when interpreting these studies.
This standardized data collection guide should enable precision medicine for the management of patients with GEP-
NETs of neuroectodermal origin: gastrointestinal-NETs (giNETs) and pancreatic NETs (pNETs). To improve outcomes
from GEP-NETs, it contains a comprehensive evaluation of imaging aids for determining surgical non-resectability, and
serves as a surrogate measure for tumor differentiation and proliferation, assessing the spatial and temporal heterogeneity

of the tumor sites with prognostic and therapeutic implications.
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ABBREVIATIONS

ADC Apparent diffusion coefficient

CEUS Contrast enhanced ultra sound examination
CT Computed tomography

DEB Drug-eluting beads

DOPA Dihydroxyphenylalanine

DOTATOC DOTA?-Phe!-Tyr? octreotide

ECL Enterochromaffin-like

ENETSs European Neuroendocrine Tumor Society
EUS Endoscopic ultra sound examination
18F-FDG 18Fluoro-Fluorodeoxyglucose

68Ga Gallium-68

GEP Gastroenteropancreatic

giNET Gastro-intestinal neuroendocrine tumors
IACIG Intra-arterial injection of calcium

ICM: Immune-checkpoint modulators

Ifa: Interferon o

IOUS Intra operative ultra sound examination
MRI Magnetic resonance imaging

NET Neuroendocrine tumors

OS Opverall survival

PD-L1 Programmed death-ligand 1

PET Positron emission tomography

PERCIST PET Response Criteria in Solid Tumors
PF'S Progression-free survival

pNET Pancreatic neuroendocrine tumor

PRRT Peptide receptor radionuclide therapy
RECIST Response Evaluation Criteria in Solid Tumors
SIRT Selective internal radiotherapy

SSA Somatostatin analogs

SSTR Somatostatin receptor

SSTR-PET Somatostatin receptor PET

SSTR scintigraphy Somatostatin receptor scintigraphy
SUYV Standard uptake value

TAE Transarterial embolization

TACE Transarterial chemoembolization

WHO World Health Organization

Y-90 Yttrium-90



The progress in medical imaging has led to increase the prevalence of gastroenteropancreatic (GEP)
neuroendocrine tumors such as giNETs (gastro-intestinal) and pNET (pancreatic). GEP-NETs are rare tumors but with
relatively high prevalence [1], compared to other neoplasms with poor prognosis such as pancreatic ductal
adenocarcinoma [2]. This increase is due to a more frequent incidental detection of non-functional NETs [3, 4]. GEP-
NETs are the most common NET [5]; giNETs are second most prevalent gastrointestinal malignancies; and pNETs
represent 1-2% of all pancreatic neoplasms [6, 7].

At diagnosis, the majority of patients are not eligible to curative surgery, which is reserved for early-stage
curable disease [8]. This guide provides a step-by-step approach for standardized reading and propose a standardized
imaging case-report form to evaluate response to therapies in unresectable gastroenteropancreatic NETs (GEP-NETs)

(Table 1).

I. RISK STRATIFICATION

High-risk patients with the poorer prognosis are those with Multiple Endocrine Neoplasia (MEN) syndrome,
high tumor grade, and high tumor burden [9, 10]. High-risk patients should be guided toward treatment that is more
aggressive. Conversely, therapeutic options should not be exhausted too rapidly in low-risk patients because multiple
different treatments with long survival imply that the increasing residual toxicity has to be taken into account (Fig. 1)

[11-13].

Embryology

NETs include three types of heterogeneous epithelial neoplasms: foregut, midgut and hindgut. The
embryological origin predicts which molecular imaging approach will achieve the highest diagnostic accuracy (see Table
2) [11] to appraise the tumor burden and resectability.

Foregut NETSs (pancreas) are better-explored using somatostatin receptors (SSTR) scintigraphy (Octreoscan) or
SSTR PET (nowadays recommended when available) [22]. Indeed, somatostatin receptors 2, 3, and 5 are usually
overexpressed on the surfaces of neuroendocrine cells (over 80%). Therefore, SSTR-scintigraphy targeting ligands
imaging has been shown to be useful for staging; determining eligibility for SSTR-based therapy, and monitoring
response to therapy in foregut NETs. Depending on the SST analogues used for SSTR 68Ga-PET imaging, this technique
presents 81 to 100% sensitivity for detecting primary pancreatic tumors as well as metastatic disease [14]. For a
theranostic purpose, SSR imaging allows a better selection of patients for PPRT [15].

On the other hand, midgut NETs are better explored with 18F-DOPA-PET with a sensitivity of 93-100% [16].
18F-DOPA enters neuroendocrine tumors cells via the specific cell membrane bound LAT?2 transporter and
decarboxylated by the aromatic acid decarboxylase (AADC) to 18F-dopamine [17] (Fig. 5). However, this technique is

less specific than SSTR PET and does not allow a theranostic approach.

Hereditary NETs.

As 15% of NETs are hereditary, a MEN syndrome should always be ruled out in young patients with or without
familial history of cancer. MEN syndrome requires a different management, due to the association with other functional
and non-functional NETs observed in the skin, nervous system and smooth muscle tumors [18, 19]. MEN type 1 is a
hereditary condition highly associated with rare functional pNETSs such as VIPomas, glucagonomas or somatostatinomas.

These pNETSs are usually malignant, metastatic at diagnosis [3, 20-22], and can be associated with carcinoid syndrome



[23, 24]. There is also evidence that MEN syndrome is associated with therapeutically actionable mutations. This is

discussed in the section describing imaging-guided response assessment to targeted molecular agents.

Grade.

WHO Classification has recently been updated for pNETs [25, 26] : Grade-1 well-differentiated NETs (G1
NETs); Grade-2 well-differentiated NETs (G2 NETs); Grade-3 well-differentiated NETs (G3 NETs); Grade-3 poorly
differentiated neuroendocrine carcinomas (G3 NECs) [27]. G1-NETs are relatively indolent and differentiated from other
grades based on their Ki67 or mitotic index, cellular markers for proliferation, mitotic index and differentiation (Fig. 1).
Tumor-imaging phenotype can predict tumor grade. High expression of somatostatin receptor, high uptake of amino
acids, and low glucose uptake are indicative of a well-differentiated NET with low pathological grade that can guide
patient management [12, 28, 29]. On the other hand, 18F-FDG is highly informative for G3 NETs and NECs with Ki-
67>20% since poorly differentiated tumors have a high glucose turnover rate [30]. Moreover, 18F-FDG is more suitable
than 68Ga-DOTATATE for G2 tumors with high proliferative capacity (Ki67>10%) [31]. Those patients could benefit
from chemotherapy after PPRT or Somatostatin therapy (Fig. 4).

Tumor functional status.

Functioning NETs are associated with hormonal syndrome and are observed in up to 40% of patients [26, 32].
Improvement in imaging has increased the prevalence of nonfunctioning GEP-NETs, which are usually indolent, and are
detected either incidentally or due to non-specific symptoms such as pain or mass effects [23]. In non-resectable GEP-
NETs, a higher morbi-mortality is observed in functioning GEP-NETs as exemplified by the poorer prognosis observed
in patients with carcinoid syndrome. Nonfunctioning NETs have unpredictable behavior and a minor risk to metastasize

[33] (Fig. 2).

II. DIAGNOSIS OF NON-RESECTABILITY

The first step of a precision medicine based approach in non-resectable GEP-NET is to provide imaging
evidence that a curative surgical approach is not an option. The imaging of phenotypes of NETSs are displayed in Table 2-
3 and Fig 1.

CT, MRI and endoscopic ultrasound are the usual first-line imaging techniques, with high sensitivity (30-80%
and 85% respectively). Both MRI and CT techniques require a pre-contrast then arterial and portal enhanced acquisitions.
GEP-NETs appear typically hypervascular during late arterial phase. CT acquisition must be performed using a thin slice
thickness. MRI can help in grading NETSs, with ADC (apparent diffusion coefficient) inversely correlated with the tumor
grade (Fig. 3). Typical MRI sequences include T2 weighted images, and diffusion images. BILI sequences are used only

in case of biliary tract obstruction [8].

I1.1. Locoregional staging

GiNETs.
GiNETs are mostly located in the small bowel, and often go unnoticed. A fibrotic desmoplastic reaction,

observed in cases of mesenteric extension, is sometimes the only radiological sign and can preclude resectability [20, 34,



35]. First-line imaging techniques in GINET are CT and MRI. Contrast-enhanced CT-enteroclysis, with thin-section
acquisition detects up to 94% of giNETs [35-37]. Alternatively, small bowel MRI + enteroclysis can be used, but suffer
from intrinsic limitations due to slice thickness and motion artifact [20]. A crucial point is that the optimal imaging
techniques depend on giNET location. In rectal giNET, the best preoperative imaging technique is transrectal endoscopic
ultrasound, while pelvic MRI is best for T and N staging [38, 39]. For gastric giNETs, exact anatomical location is often
challenging both using molecular or anatomical imaging. While endoscopic US are often helpful, only ECLoma type 3

(one of three subtypes), appears as a solitary mass and can be diagnosed by imaging [40-43].

PNETs.

The most frequent functioning pNETS are insulinoma and gastrinomas [21]. Insulinomas are usually
intrapancreatic, while gastrinomas can be located anywhere within the “gastrinoma triangle” or other abdominal or extra-
abdominal organs [59-61]. CT, MRI (with diffusion-weighted imaging sequences), and endoscopic ultrasound for local
assessment are considered as first line imaging techniques (Fig. 7). CT and MRI are sensitive for the detection of small
pNETs because their hypervascularity can be appraised during the arterial phase [20, 22] (Fig. 2). Intra Operative
Ultrasound (IOUS) is a second-line imaging techniques in pNET and should be considered if there is a doubt about
resectability since it can diagnose most small pancreatic and peri-pancreatic NET lesions [44]. However, up to 10% of

insulinomas are not detected using conventional imaging [3].

Locoregional extension assessment.

The evaluation for radiographic evidence of non-resectability includes assessment of perivascular, perineural,
mesenteric, and intravascular extensions (Fig. 8). For instance, in pNET, a vascular and perineural involvement can
typically precludes resectability [45]. Second, mesenteric extension, also called fibrotic desmoplastic reaction, is
observed in up to 75% of midgut NETs and can cause bowel obstruction [35, 46, 47]. It appears as an irregular soft-tissue
mass and is variably associated with central calcifications [34]. Surrounding radiating strands in mesenteric fat are linked
with the degree of fibrosis caused by hormonally active substances, like serotonin. Alternatively, diffuse peritoneal
studding or ascites is seen. Third, a criterion for locoregional staging is the local vascular evaluation with the differential
diagnosis between bland and tumor thrombus: tumor thrombi tend to show imaging patterns identical to primitive lesions

on anatomical and functional imaging (e.g., high SSTR expression in tumor thrombi) [48] (Fig. 9).

I1.2. Metastatic staging

Risk of metastatic spread is proportional to size of the primary tumor (<1 cm: 20% compared to >2 cm: 70%)
[21]. Most frequent metastases are to liver, bone and lung; other common sites are ovaries, breast, skin/subcutaneous, and
brain [5] (Fig. 8). Detecting metastases is crucial prior to surgery with curative intent. However, the presence of
metastases does not preclude cytoreduction to decrease hormonal symptoms, improve quality-of-life and increase
survival. The detection rate of metastases varies with technique. 68Ga-DOTATOC-PET/CT outperforms MRI for the
detection of metastatic lymph nodes and pulmonary lesions, whereas MRI is superior for liver and bone lesions (Fig. 4,
10) [49, 50].

Liver metastases show a poorer prognosis and are observed in pNETs and giNETS. Liver metastases severely
compromise patient quality-of-life by decreasing hepatic metabolism of bioactive hormones, hastening their release into

the systemic circulation . Some patients (~20%) with liver NETs have limited liver metastases, and can be treated by



liver surgical or imaging guided resection [19]. The best imaging modalities to evaluate liver metastases are ultrasound
and MRI (Fig. 10). Transabdominal ultrasound is predominantly used to guide procedures (thermal ablation therapy or
biopsy) due to its low sensitivity (Fig. 11) [20]. Liver metastases are typically hypervascular on arterial phase, but can
present with variable enhancement patterns, even within the same patient [34, 50-52]. MRI with DWI is the most
sensitive imaging technique (95% sensitivity) [34, 36, 50, 53].

Lung metastases in NET's simulate other lung metastases and are easily diagnosed on CT. They often occur later,
explaining the paucity of the “lung metastases alone” situation. For suspicious lung nodules at early stages, diagnosis of
metastasis must be cautious, and a biopsy is needed for confirmation and is done after molecular imaging confirmation
and multidisciplinary tumor board discussion.

Bone metastases are more frequent when primary lesions are foregut and hindgut NETs [20, 54]. Their diagnosis
can be made using anatomical imaging (CT; dedicated MRI) but also using molecular imaging (68Ga-DOTATOC-
PET/CT) which presents a higher sensitivity and specificity (Fig. 4) [49]. Small sclerotic lesions (rather than lytic or

mixed) are frequently encountered and may represent a challenge for CT-image interpretation.

III. GUIDING SURGICAL APPROACHES IN NON-RESECTABLE PATIENTS

Palliative surgical debulking is proposed to patients with liver metastases or abdominal lymph nodes and is
usually only performed when greater than 90% of tumor burden can be removed [55]. There is a strong rationale
demonstrating that surgical resection in functioning GEP-NETs improves prognosis, quality of life and overall survival
[56-58].

A recurrence can occur after surgery. To detect these recurrences, MRI is preferred for liver metastases and
metabolic imaging allows whole-body assessment and detection of metastases at distance with higher sensitivity for
local-involved lymph nodes [49]. The best timing of surveillance is debated and relies on lifelong surveillance by CT or

MRI [59].

IV. GUIDING CYTOREDUCTION OR INTERVENTIONAL APPROACHES IN NON-RESECTABLE
PATIENTS

IV.1. Imaging guided thermal ablation.

Thermal ablation procedures are frequently used for liver lesions. Imaging guided liver cytoreduction using
thermal ablation is indicated in patients with small oligometastatic disease and is as effective as surgery with fewer
complications [60-62] (Fig. 12). Liver thermal ablation can also be combined with surgery or other imaging guided
interventional approaches, for palliative debulking. While alternative thermal ablation methods such as cryotherapy and
microwave-coagulation are extensively used, radiofrequency ablation is the only proven procedure according to
international guidelines [55, 63]. MRI remains the preferred technique for the exact assessment of number and location
of liver metastases during the treatment-planning phase [51, 61].

Imaging-guided thermal ablation can also be used for oligometastatic lung metastases [61, 62]. Additionally,
painful bone metastases can be treated, and pathological fractures in high-risk patients can be prevented using

vertebroplasty, kyphoplasty, and osteoplasty [64-66].

IV.2. Intra-arterial interventional radiology.



Intra-arterial interventional radiology is reserved for symptomatic patients with hepatic-predominant, non-
resectable NETs [89]. Pretreatment imaging helps patient assessments and reduces partial treatments rates. Intra-arterial
interventional radiology is used in liver metastatic patients since unlike normal liver parenchyma; liver metastases get
blood predominantly from the hepatic artery [90].

There are two goals of embolization: provoking tumor ischemia and increasing local drug concentrations by
directed intra-arterial chemotherapy [74, 90] (Fig. 11, 12). Tumor ischemia is a proven method of disease control in
neuroendocrine liver metastases. Additionally, directed intra-arterial chemotherapy injection allows increasing by more
than 20 fold the drug concentrations in the target region compared with intravenous injection [90].

Different embolization techniques have been used in treating liver metastases from NETs. Bland transarterial
embolization (TAE) and transcatheter chemoembolization (TACE) with catheter-infused chemotherapy or
chemoembolization using drug-eluding beads (DEB TACE) have been reported in the literature [74, 93-96]. Use of each
technique (TAE, TACE or DEB-TACE) can be different among institutions. TACE and TAE show similar results for
treatment of liver metastatic GI-NETS, as compared to pNETS (better response and improved OS with TACE) [67, 68].
Additionally, CTACE (or TAE in metastases of intestinal origin) is recommended in first intention, rather than DEB-
TACE, because of higher risk of biliary injuries (caused by ischemia) compared to conventional TACE or TAE [69].

These therapies result in symptom reduction in 50 to 100% of patients and are reserved for patients with non-
resectable hepatic-predominant NETs, especially if they are symptomatic despite targeted therapy [89, 97]. Although
some studies have reported an improved survival in patients treated with TAE or TACE, there are no randomized studies

to confirm this benefit and comparative studies are needed.

IV.3. Selective internal radiotherapy

Selective internal radiotherapy (SIRT) with Yttrium-90 (Y-90) microspheres targets multiple sites of disease
within the liver using arterially-delivered brachytherapy combined with intra-arterial embolization. Unlike other intra-
arterial treatments, the numbers and sites of liver metastases do not limit its use. SIRT involves selective intra-arterial
catheterization with radioactive microsphere injection under fluoroscopic guidance [70-72]. Recent studies support the
use of Y-90 SIRT in unresectable liver metastases, showing an overall objective response rate of 12% to 90% and
significant improvement in quality-of-life and/or symptoms [70, 73-75]. However, comparative clinical trials are required
to prove long-term efficiency [103].

During the work-up phase SIRT treatment simulation is performed few weeks before the actual treatment. First,
angiography is performed to evaluate the vascular anatomy of the liver. Then, arterial embolization of hepatic artery
branches feeding to the gastro intestinal tract, such as gastroduodenal artery and right gastric artery is performed to
prevent Y-90 reflux to GI tract. Finally, Technetium macro-aggregated albumin (same size as Y-90 microspheres) is
injected through a selective catheterization mimicking the SIRT procedure. A single-photon-emission CT is performed
immediately after, in order to: predict unwanted implantation of microspheres; detect arterio-venous shunts from the

hepatic arteries to the pulmonary system or ectopic implantation into the gastrointestinal tract.

V. GUIDING SYSTEMIC THERAPIES AND THERANOSTIC APPROACHES IN NON-RESECTABLE
PATIENTS



V.1. Internalized vector radiotherapy (IVR)

Peptide-receptor-radionuclide-therapy (PRRT) is effective for metastatic patients with limited options [76]. *°Y-
DOTATOC and """Lu-DOTATATE are the main radiopeptides. Y-90 has high tissue penetration (11 mm) and is used in
large tumors; Lu-177 provides better irradiation of small tumors because of its small tissue-penetration depth (2 mm)
[77]. ENETS guidelines recommended PRRT in G1 and G2 NETs after failure of first-line therapy for patients with high
uptake of tracer in all neoplastic foci on pre-treatment SSTR PET [22, 78] (Fig. 13). For lesions with low uptake or large
necrosis, PRRT can be done with palliative intent.

Medical imaging is key to evaluate the patient eligibility for PRRT. Examination for treatable lesions using
PRRT should be done on both planar and single-photon emission CT images, as was performed in the NETTER-1 trial
[79].

Grading of SSTR uptake with Octreoscan using visual Krenning scoring is required for patient selection prior to
PRRT [78, 80, 81]. Typically, PRRT is considered when the Krenning score is greater than 2, i.e. an uptake higher than
the physiological liver uptake (Fig. 14). As numerous European centers have used SSTR-PET for patient selection; it is
important to consider that SSTR-PET/CT result in higher Krenning scores compared to '''In-pentetreotide, especially for
lesions < 2cm. However, due to the uncertainty in the risk-benefit of PRRT for small lesions and because this score has
not been validated yet for SSTR PET; Krenning scores should be interpreted with caution in these cases [82].
Alternatively, scoring based on dual-tracer imaging (SSRT-PET; FDG-PET) was proposed for patient selection [83].
High SSTR uptake compared to FDG uptake favors PRRT, while high ratios of FDG to SSTR uptake predict resistance
to PRRT [84]. Additionally, treatment combinations can be proposed in the future: some authors have combined PRRT
with chemotherapy (Capecitabine, 5-FU) in patients with SSTR-positive and FDG-avid disease G3, and achieved
clinically relevant disease control with acceptable toxicity [85, 86].

Follow-up of patients treated with PRRT can be challenging, as it induces tumor lysis and cellular-integrity loss
rather than tumor-size reduction. However, studies show that decreased SUVmax on 68Ga-DOTATOC-PET may predict
responses after 1-2 PRRT cycles [87]. A favorable outcome is expected since both radiopeptides have comparable tumor-
response rates (~15-35%), are generally well-tolerated, and have mean PFS of up to 3 years [88]. The NETTER-1 trial
evaluated the effects of PRRT on G1 and G2 midgut NETs and showed survival (OS and PFS) and quality-of-life

benefits in the Luthatera arm, compared to SST analogs [89, 90].

V.2. Systemic cancer therapies
During the past decade, the treatment landscape has changed significantly. Figure six show major pathways

currently targeted in non-resectable GEP-NETs. Table 1is a template for standardized case-report forms.

Selection of target lesions

In patients with non-resectable primary tumors, baseline imaging is crucial to assess disease-extent, predict
cytoreduction, plan treatment, and guide cytoreduction. MRI is the best technique for liver assessment, while CT and
molecular imaging offer a complete cartography of disease extension. Performing several imaging modalities (combining
anatomical and molecular imaging) helps characterize disease as significant tumor heterogeneity may co-exist within the
same patient, and can prove useful for follow-up (Fig. 4) [5]. While the appearance of a new lesion using a new highly

sensitive imaging modality that was not used at baseline (i.e., new PET tracers) could be a progression, it could also be a



lesion that was previously there but not detected. In this situation, the new lesion cannot be considered as a progression

and should rather be considered as a "new baseline lesion" for this new imaging modality.

Response-assessment for chemotherapeutics.

Several cytotoxic chemotherapeutics are used in metastatic or unresectable NETs/NECs with poor overall
survival [91-93]. Tumor shrinkage (vs. growth) on anatomical imaging defines treatment response (vs. failure) to
cytotoxic drugs. NETs are predominantly slow-growing tumors and therefore, response assessment using Response-
Evaluation-Criteria-in-Solid-Tumors (RECIST) is limited because tumor burden is stabilized rather than decreased in
patients with the best survival [36, 52, 94]. Additionally, tumor size measurements may vary with contrast medium

injection protocols on either CT or MRI [36]. Consequently, disease nadir and baseline tumor burden should be used.

Response-assessment in targeted molecular agents.

Several targeted molecular agents are used. Somatostatin and its synthetic analogs are associated with a high
initial symptomatic response, but patients develop resistance to treatment over time [95]. Everolimus and Sunitinib
prolong survival for metastatic NETs. Everolimus may be beneficial for unresectable or metastatic well-differentiated
and non-functional giNETs [3, 96, 97]. There is a rationale for the therapeutic use of mTOR inhibitors since the
serine/threonine kinase 33 (STK33) is responsible for pNETs cells proliferation via the activation of the
PI3K/AKT/mTOR pathway [98].

Targeted agents can be cytostatic and alternative definitions of tumor response are explored. In targeted
therapies, the predictive value of a change in tumor density (a surrogate of decreased tumor vascularity in NETs
hypervascular lesions) on perfusion CT may outperform change in size [94]. Change in tumor density is implemented in
Choi criteria (Table 2). Functional imaging techniques may improve treatment response assessments, although there is no

recommendation regarding the use of PET Response Criteria in Solid Tumors (PERCIST criteria) (Table 2).

Response assessment in immune-checkpoint modulators.

Immune-checkpoint modulators (ICMs) such as anti-PD(L)1 and anti-CLTA4 are increasingly used in solid
tumors and aim to restore tumor elimination by immune cells. Although there is still no approval of check points
inhibitors in NETS, there is a rational suggesting that ICM such as anti- programmed death 1 (PD-1) or its ligand (PD-
L1) could benefit to GEP-NETs. First, the expression of programmed death-ligand 1 is associated with higher tumor
grade (G3) in metastatic GEP-NETs and is predictive and prognostic for survival [41]. Second, ICM are currently under
investigation in phase II clinical trials showing promising preliminary results.

The immune checkpoint inhibitor combination of nivolumab and ipilimumab induce a 44% overall response rate
in patients with high-grade neuroendocrine carcinoma - independent to primary and was well tolerated, according to
findings from the phase II DART trial. More than half of the patients (56%) had high-grade disease, and the most
common tumor sites were gastrointestinal (47%).[99] As a comparison, the overall response rate was 0% in patients with
low/intermediate grade tumors independent of primary site.[99] Clinical activity of spartalizumab was evaluated in
patients with well-differentiated nonfunctional NET and poorly differentiated GEP NEC. The disease control rate was
57.6% for pNET, 59.4% for giNET, and 19.0% for GEP NEC [100].
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Because of the distinct mechanisms of ICMs that restore the immune system's anti-tumor capacity,
unconventional immune-related phenomena are encountered in terms of tumor response and progression, and adverse
events. Radiologists should therefore be aware of new patterns of response and progression to immune therapies [101-
106]: (i) Hyper-progression defines an acceleration of tumor growth after the initiation of ICM therapy, as compared to
the period before treatment initiation used as a reference. Hyperprogression was reported in 9 to 29% of patients, and was
associated with a shorter overall survival; (ii) Pseudo-progression phenomena define a transitory progression in tumor
size or metabolism and can mislead the evaluation of cancer treatment efficacy. The pseudo-progression can be due to
either delayed therapeutic efficacy or immune cell infiltration; (iii) The abscopal effect defines a response outside of the
radiation field when radiation therapy is combined with ICM. The abscopal effect is triggered by several factors such as:
the modulation of the expression of molecules on the surface of tumor cells, increased expression of pro-inflammatory
cytokines, and enhancement of the recruitment of immune cells; (iv) Immune related adverse events (iRAE) can occur
theoretically at any site and at any time in patients treated with ICMs. The most frequent sites are lung, mediastinum
lymph nodes (sarcoidosis-like), enterocolitis, hypophysitis, thyroiditis, hepatitis, arthralgia and pancreatitis. Life-
threatening iRAE should be suspected in case of occurrence of pneumonitis and colitis. Medical imaging detects 74% of
irAE in patients treated with anti-PD1 [107] and guides patients and their health care providers towards specific
management. In immunotherapy, treatment beyond progression is allowed and iRECIST criteria should be used (Table 2)

[108].

VI. USE OF NEW DEVICE, HARDWARE, AND SOFTWARE

VI.1. Rationale for PET/MRI

The benefit of PET/MRI for patient outcomes, clinicians and the healthcare system remain to be determined [8].
PET/MRI protocols offer several advantages such as the possibility of one-stop-shopping, which can streamline
workflow and patient quality-of-care, lowering dose radiation, advanced motion correction algorithms, and high soft
tissue contrast images [8, 109]. Combination of these two highly sensitive techniques increases detection of lesions in the
primary tumor site, and the locoregional extent in the retroperitoneal compartment [110-115]. However, minimizing
radiation exposure of patients by replacing CT-scans with MRI and improved staging must be put into perspective in
patients with non-resectable GEP-NET since there is no evidence that reducing radiation exposure and detecting
additional lesions will dramatically improve patients’ survival. Additionally, co-registration of MRI and PET/CT (lower
time of acquisition, better cost-effectiveness and more accurate attenuation correction) might be more convenient for
several centers than PET/MRI.

Pivotal studies have demonstrated that quantitative imaging biomarkers could be used in patients with solid
tumors to predict response to systemic treatment such as targeted therapies and immune checkpoint blockers. This is a
very important point to consider in non-resectable GEP-NET since unconventional patterns of response and progression
have been observed with these new systemic treatment strategies. PET/MRI could provide alternative response imaging
biomarkers. Therefore, one point should be considered when using PET/MRI in precision medicine approaches: CT-scan
outperforms MRI for attenuation correction, which is the key role of morphological imaging although several new MR-
based approaches have been shown to substantially improve the PET-MRI images quality [116-118]. This needs to be

considered when PET is performed to optimize dosimetry planning and should be taken into account for the research of
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radiomics approaches deciphering treatment-induced changes in tumor imaging phenotype since radiomics features are

influenced by acquisition protocols [119-124].

VI.2. Rationale for the use of Artificial Intelligence

There is a rationale suggesting that artificial intelligence could be used in the future to develop signatures
designed to optimize the management of patients. The major drawback is that a large amount of well-annotated clinical
and imaging data is needed, which restricts its use in GEP-NET patients. The core assumption is that medical images
contain quantitative information that could be associated with specific imaging traits to tumor characteristics, prognosis,
optimal treatment or tumor response. The current research applications in GEP-NET are diagnosis (differential diagnosis
with intrapancreatic accessory spleen, pancreatic ductal adenocarcinomas, pancreatic metastases) [125, 126] and grade
prediction[127-130].However, further studies will need to take into account the fact that non-optimal image acquisition

may adversely impact the development of imaging signatures [119, 131, 132].

CONCLUSION

Imaging can guide precision-medicine approaches, personalize patient management and improve quality-of-life
and survival for GEP-NETs patients. Imaging can provide a comprehensive non-invasive evaluation of the spatial and
temporal heterogeneity of the tumor, and a broad spectrum of information such as stage, grade, non-resectability,
behavior, growth potential and sensitivity to treatment of the primary and metastatic disease (Fig. 4). This review

provides a structured approach to propose a standardized case-report form responding to clinicians’ need (Tables 1- 2).
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TABLES

Table 1: Imaging case report form: response to systemic cancer therapies

Abbreviations: FDG PET: Fluorodeoxyglucose Positron emission tomography, DOPA PET: dihydroxyphenylalanine
Positron emission tomography, SSTR: somatostatin receptor, PD: progressive disease, SD: stable disease, PR: partial

response, CR: complete response.
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Name: DOB: Imaging date: ID:

Imaging procedure: o CECT
o CE MRI

o SSTR imaging

o FDG PET
o DOPA PET
Date of Baseline:
Date of nadir:
Previous treatment: o Surgery

o Thermal ablation
o Liver embolization
o SIRT

o PRRT

| Chemotherapeutic

regimens

o Targeted molecular agents
0 Immunotherapy

Target lesions:

Location Size Density (HU) SUV max
Lesion 1
Lesion 2
Lesion 3
Lesion 4
Lesion 5
Response  compared to
Conclusion: baseline PD SD PR CR

Response compared to nadir  PD SD PR CR

Response criteria

RECIST 1.1 Choi iRECIST PERCIST
Type of drug Cytotoxic Cytostatic Immune therapy All
Disappearance of all
Complete response No lesions detected

metabolically active tumors
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- >30% decrease in sum of
Partial response longest diameters of target

lesions

- >20% increase in SLD of

o target lesions with an
Progressive disease

absolute increase of >5 mm;

-new lesion

Stable disease None of the above

- >10% decrease in
tumor size

- or >15% decrease in
tumor attenuation at
CT;

- no new lesion

->10% increase in SLD
of lesions;

- does not meet the
criteria

for partial response by

virtue of tumor
attenuation,

- new intratumoral
nodules,

or an increase in the
size of the existing

intratumoral nodules

- >30% decrease in sum of

longest diameters of target

lesions
- First PD is classified
unconfirmed (iUPD).

- If any original cause of PD
worsens or another cause of
PD appears on the follow-up
evaluation, then the PD is
confirmed (iCPD).

- If an iUPD is not confirmed,
the patient can be reclassified
as iSD, iPR, iCR if the lesion

progressively resolve.

->30% (0.8-unit) decline in
SUL peak between the most
intense lesion before treatment
and the most intense lesion

after treatment.

- >30% (0.8-unit) increase in
SUL peak

-or confirmed new lesion
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Table 2. Indication of medical imaging modalities in GEP-NETS: part 1.

Abbreviations: IACIG: selective intra-arterial injection of calcium with hepatic venous insulin gradients; DOPA :
dihydroxyphenylalanine, DOTATOC : DOTA’Phe'-Tyr® octreotide, SSTR scintigraphy: somatostatin receptor
scintigraphy; PRRT: Peptide Receptor Radionuclide Therapy.

** Reconstruction < 3 mm. Contrast-enhancement (acquisition: 15-25s after injection for angiography phase, 25-30s for
portal-venous inflow phase, 70-90s for venous phase).

in and out of phase Tl-weighted sequences. Transaxial dynamic gadolinium contrast-enhanced sequences with

acquisition at 30, 70 and 120 s and at 3—5 min after the injection. Diffusion weighted imaging.
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Anatomic Molecular Metastatic Surgery / Intra-arterial Internalized vector
imaging imaging sites Thermal interventional  radiotherapy
ablation radiology
treatments
Midgut CT** and/or 1. 18F-DOPA-
MRI##* PET
2. 68Ga-
DOTATOC-
PET or SSTR -Curative - Indications:
scintigraphy purpose: - Indication: - G1/G2 tumors after a
local non/oligo Metastatic failure of treatment with
Foregut CT#*#* and/or 1. 68Ga- metastatic unresectable somatostatin  analogue,
MRI*%% DOTATOC- disease liver metastases  chemotherapy or
PET or SSTR molecularly targeted
scintigraphy -Cytoreduction ~ -Symptoms therapies.
2. 18F-DOPA- purpose: reduction: - Pre-surgical treatment
PET metastatic main purpose (currently evaluated)
disease
Hindgut CT** and/or CT**/MRI*** -Cytoreduction - Radiopharmaceuticals:
MRI##* > NM - Symptoms purpose: -90Y-DOTATOC
reduction: if possible - 177Lu-DOTATATE
Insulinoma IACIG @if - 18F-DOPA- Frequency: if metastatic
difficult to PET 1. Liver disease
localize) 2. Lung
IACIG @af 3. Bone
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FIGURE LEGENDS

Fig. 1 Step by step imaging approaches for optimal management of unresectable P-NETs
Abbreviations: SSA: somatostatin analogs, Ifa: Interferon o, CT: computed tomography; MRI: magnetic resonance
imaging, FDG: Fluorodeoxyglucose, DOPA: dihydroxyphenylalanine, DOTATOC: DOTA’-Phe!-Tyr? octreotide, SSTR

scintigraphy: somatostatin receptor scintigraphy, SSTR: somatostatin receptor.

Fig. 2 Nonfunctioning pNETS:

Axial triphasic CT images illustrating incidental diagnoses of insulinoma and gastrinoma.

The insulinoma (a to c) is located at the body of the pancreas, but does not show the classical hyperenhancement pattern
despite a slight hyperenhancement at the portal venous phase.

Axial and portal venous phases CT (d to f) clearly identified the extrapancreatic gastrinoma.

While the insulinoma is clearly locally resectable, the gastrinoma needs a careful evaluation of the adjacent anatomical

structures (like the superior mesenteric vein) in order to assess local resectability.

Fig. 3 Unresectable GEP net

I: 50 years old male presented to radiology department in order to explore a chronic weight loss associated to abdominal
pain. Axial (a!, a®) and coronal (a?) enhanced CT confirmed the existence of a colonic wall thickening (yellow dotted
circle), with several enlarged lymph nodes (yellow arrow). The patient presented also several liver lesions, showing all

the same pattern: arterial hyperenhancement. The liver biopsy confirmed a grade II giNET.

II: 64 years old male presented to radiology department in order to explore a chronic abdominal pain and diarrhea.
Coronal (b'and axial b? enhanced CT confirmed the existence of an unresectable pancreatic mass (white arrow),
associated to several secondary liver lesions (white arrowheads) and a partially calcified desmoplastic reaction (yellow
dotted square).

In these two cases, the patients have clearly unresectable primitive lesion due to numerous liver lesions.

Fig. 4 Importance of the radiotracer

A 77 years old man with grade 2 (Ki67 between 15 and 20%) rectal NET underwent three different types of tracers
PET/CT modalities to study the disease spread within 10 days of interval. Because of the grade 2 status, a 8F-FDOPA
PET/CT (a') was first performed but fused axial and sagittal images (a2, a*, a*) showed only a slight uptake of the
primitive lesion (yellow arrow), no lesion in the hepatic parenchyma and only few minors uptakes in the vertebrae
(yellow dot). ®Ga-DOTATOC PET/CT was then performed (b'): it showed a high uptake of the tracor in the rectal tumor
(b*) Fused sagittal and axial images (b?, b*) showed multiples hepatic and bone metastases. Because of the Ki67 >10%,
an '8F-FDG PET/CT was finally performed (c'): it showed less hepatic and bone metastases than the %Ga-DOTATOC
but probably lesions with the worst prognosis (c?, c*). Interestingly, the left hepatic lesion with high uptake on '*F-FDG
(c?, black arrow) was hypometabolic on %¥Ga-DOTATOC (b?, black arrow) witnessing dedifferentiated cells within the

lesion.
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Fig. 5 Complementarity between anatomical and metabolic imaging

54 years old men with a grade 1 (Ki67< 2%) ileal NET had both anatomical and molecular imaging for initial staging of
his disease: MRI (a), and CT (b) and 18F-FDOPA PET (c, d and e¢). MRI and PET identified several liver lesions (orange
arrows). However, very small arterial intra hepatic foci did not show a clear uptake on PET imaging (yellow dotted
circles). MRI is very sensitive to liver lesions. 18F-FDOPA PET/CT demonstrates several bone metastases (d;
punctiform radiotracor uptake on L4 vertebrae), that can not be diagnosed on CT (b) or MRIL.

Multidisciplinary meeting decided to treat this patient with somatuline hormonotherapy.

Fig. 6 Theranostic pathways actioned for management of GEP NETs
Abbreviations: TKR: Tyrosine kinase receptor, EC: endothelial cell, PR: pericyte, CT: computed tomography, MRI:
Magnetic resonance imaging, PRRT: peptide receptor radionuclide therapy

FDG: Fluorodeoxyglucose, SST: somatostatin.

Fig. 7 role of metabolic imaging in “N”’ staging .

A 35-years old woman presents with a Grade 3 pNET (Ki-67 of 25%) at initial stating.

While MRI (including diffusion weighted imaging) did not identify liver lesions, several intra and retroperitoneal lymph
nodes presented a high diffusion signal (a, b, yellows circles) associated with a reduced ADC.

8F. FDG-PET/CT was performed in this patient with high grade pNET. It confirmed the pathological character of these
lymph nodes (axial fused PET/CT, c,d, and MIP,e ; white circles), and allowed a better comprehension of the disease
extend. In this case, baseline FDG-PET allows a complementary disease assessment, which is crucial for treatment

planning.

Fig. 8 Assessing unresectability using CT

74 years old man, diagnosed with a PNET is addressed for baseline staging and treatment planning. The pancreatic mass
is well-defined (yellow dotted curved line) on arterial (a) and portal venous phases (b). Moreover, the peritumoral
infiltration (white arrows) concerns more than 180° of the superior mesenteric artery (black dotted circle), precluding
thus any surgical approach. There are several liver lesions compatible with liver metastasis, presenting with a central
necrosis (star) both on arterial (c) and portal venous phases (d). Baseline CT also diagnoses an heterogeneous right

ovarian mass (e), which increased in size 3 years later (f).

Fig. 9 Tumoral thrombi highlighted by Octreoscan

A 51 years old woman suffered from epigastric pain and hormonal syndrome. An enhanced axial CT (a!) was performed,
revealing a 67x65mm mass of the head of the pancreas with invasion of the adjacent vessels (cruoric thrombi of the
inferior mesenteric vein and the portal vein). Biopsy revealed a grade 2 (Ki67 =5%) pancreatic NET. An octreoscan (a)
was then performed for staging. Axial fused images (a® ,a®) showed a large lesion of the pancreas with high expression of
the SST2 receptors (Krenning score =4) associated with a highlighted tracor uptake in the portal vein, inferior mesenteric
vein and splenic mesenteric vein, suggesting a tumoral invasion of the veins. Consequently, the patient could not been
treated by surgery and benefits from chemotherapy (streptozotocine + doxorubicine). After 4 cycles of chemotherapy, CT
(b)) showed a stable disease while maximum intensity projection (MIP) (b) and SPECT/CT octreoscan images (b?, b?)

revealed a partial response with a decreasing uptake of the pancreatic mass and of the vascular invasion. Due to the

26



incomplete response after chemotherapy and high uptake on the octreoscan (Krenning score =4) the patient was eligible
for targeted radionuclide therapy with YO0-DOTATOC and Lu 177-DOTATOC. Planar octreoscan image 1.5 years after

the IVR showed a nearly complete metabolic response (c).

Fig. 10 Liver metastases in pNET disease

Fig 10, a to d: Axial T1-weighted MRI images without contrast (a), followed by arterial (c) and portal venous phases (c)
and diffusion weighted images (d). Several small liver lesions can be distinguished (yellow arrows), presenting a rim
enhancement, and a high signal on diffusion weighted images, consistent with liver metastases from pNET origin.
Arterial phase and diffusion-weighted images better individualized the liver lesions than in portal phase, which
individualized fewer lesions.

Fig 10, e and f: three years later, the patient presented an increased liver tumoral volume and was addressed for TACE.
The angiography (e: arterial phase, f: delayed phase) confirms the existence on several liver lesions (yellow arrows),
beyond any local treatment, confirming thus the indication of TACE. The persistence of the arterial enhancement at the

delayed phase of angiography confirms the hyper-arterial character of these lesions.

Fig. 11 Intra-arterial interventional radiology for liver metastases of GEP nets: assessing response for TACE.

A 79 years old men with carcinoid syndrome due to liver metastases of a pancreatic neuroendocrine tumor, the liver mass
was clearly identified on arterial phase CT (a : yellow dotted contours) and US (b).

The patient underwent TACE in order to reduce his symptomatology. The cone beam CT performed directly after TACE
(coronal reconstruction, d) demonstrates the high lipiodol uptake in the tumors. CT examination performed 3 months
later demonstrates morphological tumor response, characterized by a size reduction and a high lipiodol uptake (e). This

radiological response was associated with a major decrease of the carcinoid syndrome.

Fig. 12 Cytoreduction concept and combination of several imaging guided techniques.

55 years old women with a resectable pNET had developed a unique liver metastasis (a, b: axial CT on arterial and
venous phases, yellow dotted circle). The patient was treated by TACE regarding the size of the lesion (more than 4 cm).
The first control using CT (c) showed a partial response, with a clear reduction of the metastasis. However, a residual
tumor was clearly identified (yellow arrow). The treatment was completed by thermal ablation (microwave, d). At 6

weeks follow up, no active lesion was remaining in the area of treatment (e).

Fig. 13 Theranostic approach of a small bowel neuroendocrine tumor

Patient with small bowel G1 neuroendocrine tumor (Ki67 = 1%), initially treated by somatostatin analogs and small
bowel resection due to bowel obstruction, presented with abdominal pain. A 68Ga- DOTATATE PET/CT showed
elevated somatostatin receptor expression within lymph node, omental and liver metastases (a', a?). Hepatic MRI also
showed multiple enhanced liver metastases (a’). The patient stopped somatostatin analogs and received 4 cycles of Lu-
177 DOTATATE radionuclide therapy. Planar images 2.5 hours after Lu-177 DOTATATE infusion showed tumor
targeting/localization of the radiopharmaceutical (b). 10 months later, 68Ga- DOTATATE PET/CT showed decreased
radiotracer avidity with increased size of centrally necrotic liver lesions (c!, ¢). MRI showed increasing size due

to necrosis of liver lesions, with decreasing viable enhancing peripheral soft tissue (c?).
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Fig. 14 68Ga-DOTATOC PET can select patients for IVR

68Ga-DOTATOC PET-CT performed (a, MIP) for staging of a 60 year old woman with ileal G1 NET : images showed
thyroid (b' ; fused axial PET/CT, b? : axial PET, b® : axial CT), hepatic and peritoneal metastasis (c' : fused axial
PET/CT, c? : axial PET, ¢? : axial CT), (red arrows). Histological confirmation was performed for the thyroid metastase.

Due to the high tracor uptake (Krenning score =3), the patient was eligible for IRV with Luthatera.
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