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Abstract
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1 | INTRODUCTION

Neuroendocrine neoplasms (NEN) represent a diverse group of
uncommon cancers arising from the diffuse endocrine system, most
typically from gastroenteropancreatic (GEP) origins, and also from the
bronchopulmonary system or thymus.® NEN often produce symptoms
due to tumour growth, visceral/vascular obstruction or inappropriate
hormone hypersecretion, resulting in debilitating diarrhoea, nausea,

Peptide receptor radionuclide therapy (PRRT) is an effective treatment for both onco-
logical and hormone control and is a widely accepted standard of care treatment for
patients with neuroendocrine neoplasms (NEN). Its use is anticipated to increase sig-
nificantly, and this demands accurate tools and paradigms to assess treatment
response post PRRT. This article outlines the current role and future developments of
anatomical, molecular imaging and biomarkers for response assessment to PRRT,
highlighting the challenges and provides perspectives for the need to focus on a mul-
timodality, multidisciplinary and individualised approach for patients with this com-

plex heterogeneous disease.

biomarkers, molecular imaging, PRRT, radiology, response

flushing and pain; all of which have an impact on patients' quality of
life and function. In the setting of metastatic disease, systemic thera-
pies are required. Peptide receptor radionuclide therapy (PRRT) is an
effective treatment for both oncological, and hormone and symptoms
control. [Y”7Lu]Lu-DOTA-Octreotate is now considered standard of
care for patients with somatostatin receptor (SSTR) positive meta-
static well-differentiated GEP NEN based on the NETTER-1 trial and
multiple prior institutional series.>® There is also increasing
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prospective evidence that it is more effective compared to other treat-
ments including sunitinib (OCCLURANDOM)* and high-dose SSA (NET-
TER-2).5 Other comparative trials are ongoing (COMPETE NCT03049189
and COMPOSE NCT04919226), and for other SSTR-expressing malignan-
cies including paraganglioma and pheochromocytoma (NCT04711135,
NCT03206060). Many other PRRT trials are in progress, concepts include
evaluating dosimetry with PRRT, combination treatments, and the use of
new targets or radionuclides (3> Ac, 212Pb, *1Th). Hence, the use of PRRT
is anticipated to increase significantly, but this also demands accurate and
reliable tools to assess treatment response. Although several established
modalities are available to assess NEN, the current response assessment
paradigm to PRRT is not well established.

Response to PRRT has often relied on the use of conventional
imaging similar to other solid tumour malignancies. However, this
alone is inadequate given the significant tumour heterogeneity (within
and between patients), variable imaging phenotype and the biological
complexity of NEN. Molecular imaging using positron emission
tomography computer tomography (PET/CT) has the additional
advantages with its unique ability to assess molecular features rele-
vant for NEN, which includes evaluation of tumour SSTR expression
and burden (by [®®GalGa-DOTA-Octreotate) or tumour metabolic
activity ([*F]F-FDG). Importantly, the response to PRRT needs to
take into consideration the indications for treatment. Patients treated
predominantly for progressive disease necessitate the use of imaging
techniques to re-assess tumour size/burden for response. For patients
treated for symptoms secondary to hormone hypersecretion, hor-
mone biomarkers or quality of life parameters optimally need to be
used. A combination of methods is often required for most patients to
provide a comprehensive assessment tailored for the individual
patient scenario. Given the complexities, developing a one-size-fits-all
response assessment pathway is challenging. Hence, the current
expert consensus guidelines support different types and frequency of
follow-up according to disease and the clinical setting.®**

We aim to outline the role of anatomical, molecular imaging and
biomarkers for response assessment to PRRT for patients with NEN,
highlighting the challenges and perspectives for the need to focus on
an individualised approach.

2 | ANATOMICAL IMAGING
Accurate response assessment of GEP NEN following treatment with
PRRT is challenging and there is no consensus regarding which imag-
ing techniques to use to best assess response.??>!® Conventional ana-
tomical imaging plays an important role in the initial staging, restaging,
treatment response assessment and ongoing monitoring of NEN and
is often used in combination with molecular imaging. Computed
tomography (CT) and magnetic resonance imaging (MRI) are the most
frequently as they are widely available, relatively inexpensive and
offer very good contrast and spatial resolution allowing accurate mea-
surements of lesions.*

Most GEP NEN are hyper-vascular lesions, frequently with hyper-
vascular hepatic metastatic disease, and therefore it is important that

multiphase post contrast imaging is performed both in CT and MRI
examinations, including a late arterial phase to best depict the
lesions.'®> Both CT and MRI are crucial in the response assessment
after PRRT, but each imaging modality has its advantages and
disadvantages.

21 | CT

CT is widely accessible, inexpensive, fast, with relatively standardised
protocols and therefore examinations are easily reproduced. Many
patients will have CT imaging at baseline to stage the primary lesion
and identify the presence of metastatic disease. However, CT has
recognised limited ability to identify small lesions (particularly in the
liver), occult primary, small lymph node metastases or bone metasta-

ses and uses ionising radiation.*%”

22 | MRI

MRI offers improved lesion detection, has superior soft tissue resolu-
tion in the liver allowing for better detection of small hepatic lesions
and intralesional changes.'>® MRI does not use ionising radiation and
has the added benefit of functional techniques such as diffusion
weighted imaging (DWI). DWI is a fast-imaging technique that relies
on the difference in Brownian motion of water molecules in the differ-
ent tissues to obtain contrast. The mobility of water protons is
reduced in tumours (which have an increased cellular density), result-
ing in restricted diffusion which is visible as bright signal on DWI
imaging. DWI offers high signal contrast in liver metastases which
improves small liver lesion detection.'®?° Hepatocyte specific MRI
contrast agents are absorbed by functioning hepatocytes in the liver,
which are absent in neuroendocrine liver metastases. This results in
high contrast between the relatively bright signal of the background
liver parenchyma and low signal of the metastases. The use of these
agents is the technique of choice as it results in increased lesion con-
spicuity and improved reproducibility of measurements of lesions, and
avoids the need for optimal arterial phase contrast imaging which is
required with standard contrast agents to best depict hyper-vascular
neuroendocrine liver metastases.?°~2? However, MR is less available
and more expensive than CT, the examinations are more lengthy and
therefore more prone to imaging artefacts and reduced patient

tolerance.

2.3 | Response assessment after PRRT

CT and MRI largely rely on the assessment of lesion size and the
detection of new lesions. The tumour response criteria most widely
used for this are based on the revised Response Evaluation Criteria in
Solid Tumours (RECIST 1.1).2® The RECIST 1.1 criteria are widely
applied in oncology trials to assess tumour response to treatments

and are also utilised in the routine evaluation of NEN treatment
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response in some expert centres.?* It is well known that the use of
RECIST 1.1 has limitations in assessing tumour response in the gener-

ally very slow growing NENs,1325728

and that many treatments,
including PRRT, result in delayed growth or disease stabilisation,
rather than a reduction in size. RECIST 1.1 only allows limited lesion
selection (two lesions per organ, no more than five in total) which is
particularly limiting in NEN given the heterogenous nature and does
not encompass the evaluation of whole-body disease burden. More-
over, RECIST 1.1 does not include small nodal metastases that are
non-enlarged, and bone metastases cannot be included as target
lesions unless they have a measurable extra-osseous component.
Most importantly RECIST 1.1 does not take into account intralesional
treatment response such as necrosis and haemorrhage due to the
decreased vascularisation caused by PRRT, which can even lead to a
temporary increase in size of a lesion, a phenomenon called
‘pseudoprogression,’ 1214:29:30

Other tumour response criteria in other tumours, such as the Choi
criteria and modified RECIST (mRECIST), have so far failed to demon-
strate a benefit over standard RECIST in the assessment of tumour
response post PRRT. The Choi criteria were proposed in 2007 when
dramatic tumour density changes were observed within gastrointesti-
nal tumours following treatment with imatinib, combining changes
both in size and density on CT.2* mRECIST was developed to assess
treatment response in hepatocellular carcinoma where the disappear-
ance of all the enhancing tumour portion on arterial phase imaging is
considered a complete response.?*?>

Recently, tumour growth rate (TGR) has been identified as a
promising radiological biomarker that could be used to better under-
stand tumour growth dynamics in NEN.31732 TGR is based on change
in tumour volume per month which can be calculated based on mea-
surements of lesions on CT or MRI3132 |t enables identification of
subtle changes in tumour growth which can overcome the limitations
of RECIST 1.1 in the evaluation of NEN, particularly in those patients
with slow-growing tumours.>?> TGR was found to be useful for treat-
ment monitoring, but also as an early radiobiological marker able to
predict progression free survival and to identify patients with
advanced NEN who may need close radiological follow-up.®*%3 |t
could also possibly be used in the future to assess response to treat-
ment, including response to PRRT.33

There is possibly a role for whole body diffusion weighted MRI in
the future to assess for early response to PRRT. Vandecaveye et al.
found that the apparent diffusion coefficient (ADC) was a repeatable
early response marker and indicator of progression-free and overall
survival after PRRT for NEN; however, their study was limited and

more research in this area is needed.®*

3 | MOLECULARIMAGING

3.1 | Somatostatin receptor (SSTR) PET/CT

It is well established that SSTR represent a useful molecular target for
well-differentiated GEP NEN.3° 8Ga-labelled octreotide derivates
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DOTATOC, DOTATATE and DOTANOC PET/CT have shown excel-
lent imaging resolution for SSTR expressing NEN.2¢738 [“8Ga]Ga-
DOTA-octreotate (°®Ga-DOTATATE), “®Ga-DOTATOC, and [¢“Cu]
Cu-DOTA-octreotate are FDA-approved for NEN imaging. Its role in
localisation of primary tumour, staging and theranostics selection is
well established in consensus guidelines.3”*° SSTR PET/CT has high
sensitivity (range 90%-94%), specificity (90%-92%),*** high man-
agement impact (44%), and has incremental value over conventional
CT or MRI for identification and localisation of primary small bowel
NEN, small lymph node metastases and bone metastases, 16424445
allowing assessment of the true disease extent of NEN.

Its role in response assessment post PRRT is less defined and pro-
spective data is lacking. Currently, guidelines support SSTR PET/CT
restaging after PRRT to serve as a new molecular baseline for future
comparisons, recognising the frequent lack of response on anatomical
imaging for low grade tumours.*®#¢ It is especially useful to monitor
NEN lesions that are only visualised on molecular imaging and not
anatomical modalities (e.g. small non-enlarged nodes or osseous
metastases), at the time of suspected progression with equivocal ana-
tomical findings, and for theranostic assessment. 13164044 Refer to
Figure 1.

However, some recognised limitations of SSTR PET/CT relevant
to restaging include the inability to characterise small liver lesions
(better defined by arterial phase or hepatocyte specific MRI / CT), and
mis-interpretation of variant physiologic or inflammatory activity.*”
Importantly, changes in lesion SSTR intensity by standardised uptake
value (SUV) alone does not reflect progression or response. SUV vari-
ations may be influenced by several factors: (1) commencement or
increase of SSA therapy may lead to relative increase in tumour-
to-background ratio and tumours appear more intense*®-5% (2) signifi-
cant changes in tumour burden can be associated with tumour sink
effect,'*>* where an anatomical reduction in tumour size (response)
could be associated with increase in SSTR intensity likely related to
higher concentration of SSTR-expressing differentiated disease; (3) a
reduction of lesion intensity associated with an enlarging lesion could
reflect de-differentiated disease biology and SSTR imaging must be
interpreted with careful review of co-registered CT or anatomical
imaging for complex cases; and (4) lack of standardisation of imaging
protocols and influence of new scanner technologies on SUV. Refer to
Figures 2 and 3 for the roles of multimodality imaging.

To date, only a small number of retrospective studies have inves-
tigated the role of SSTR PET in PRRT response assessment. However,
evidence is limited as different methodologies were used®? > ranging
from assessments of functional lesion size, SSTR volume or intensity
of uptake, overall showing inconsistent results in outcome prediction,
likely related to the small retrospective sample cohorts. Large pro-
spective data using consistent methodology is required.

A standardised response assessment criteria for SSTR PET/CT
remain currently undefined but is desperately needed. Further studies
should evaluate quantitative uptake parameters and changes in SSTR
volumetric data as a potential imaging predictive or prognostic bio-
marker. To accomplish this, SSTR PET/CT restaging needs to be incor-

porated into prospective theranostics trials, to generate a
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(A) (A1)

t .
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FIGURE 1 Case showing the role of multi-modality imaging for assessment post-PRRT, highlighting the importance of SSTR PET/CT in the
diagnosis and response assessment of osseous disease. 63 years old female with metastatic Grade 2 small intestinal NEN. Pre-PRRT %8Ga-
DOTATATE PET/CT maximum intensity projection (MIP) images (A): Showed dominant RECIST 1.1 measurable liver metastases (black arrow); but
multiple small osseous and nodal involvement were non-measurable on CT, and these were apparent on SSTR imaging. Images A1, A2:
Representative small SSTR expressing bone metastases, not visible on CT. Images A3, A4: A small peritoneal metastasis was identified on SSTR
imaging, this was non-enlarged and only retrospectively identified on CT. Post PRRT MIP images (B) showed overall reduction of SSTR disease
burden. Whilst the dominant liver metastases remain stable based on RECIST 1.1, the other small non-measurable bone and nodal lesions have
significantly reduced in avidity and number on PET/CT. Image B1, B2: The bone metastases remain occult on CT. Image B3, B4: The small
peritoneal nodule became non-visible. This was accompanied by improvement of symptoms (bone pain), significant improvement of hormone
secretory symptoms (flushing and diarrhoea), and reduction of CgA from 821 to 200 ug/L.

(A) Before PRRT (B) After PRRT (C) Diagnostic CT (D) After PRRT

U 30 SUVbw
L 0 SUVbw

U 30 SUvow
L 0 SUvow

FIGURE 2 Case highlighting the importance of anatomical imaging, and potential limitations of SSTR PET/CT using SUV. 55 years male.
PNET G2 10%, with progressive liver metastatic disease. Before PRRT (image A) showed SSTR-expressing liver metastases. After PRRT (B):
Interval reduction of SSTR avidity at all sites of disease. However, the most dominant lesion in segment 4 had increased in size, with limited
characterisation on low-dose CT (differentials of unusual mixed response, pseudo-progression or de-differentiation). Characterisation with
diagnostic CT (C) confirmed a solid enhancing mass in segment 4, without features of necrosis, consistent with disease progression. Note the
other smaller PRRT-targeted lesions had reduced in size consistent with mixed treatment response. FDG PET/CT (D) showed associated intense
metabolic activity confirming proliferative disease in the solitary progressive segment 4 lesion. Biopsy of this lesion showed G3 disease, Ki-

67 70%.
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FIGURE 3 57 years old male with a
rectum NET and histopathologically
confirmed liver metastases (G2, ki67
10%). While many lesions are SSTR-
expressing, there were multiple CT-
morphologic obvious and SSTR2-negative
liver lesions continue to grow over time
showing discordant findings (top: Baseline
8Ga-DOTATOC PET/CT from July 2023,
bottom: ®®Ga-DOTATOC PET/CT &
performed 4 months later). This highlights
that NEN lesions can be heterogenous, in
this case not all lesions are SSTR
expressing, and anatomical imaging would
provide better lesion assessment including
for response assessment.

TABLE 1
assessment imaging.

Anatomical imaging

Journal of 50f 12
Neuroendocrinology —Wl LEYJ—

Pros and cons of anatomical imaging techniques (CT and MRI), and molecular imaging (SSTR and FDG PET/CT) for NEN response

Molecular imaging

CT MRI SSTR PET/CT FDG PET/CT
Pros e Accessible e NEN detection in o Highly sensitive for SSTR+ e Marker of metabolic
e Fast liver, brain lesions activity
e Standardised protocols e No ionising radiation e Small lesions: nodes, occult e Prognostic
e RECIST 1.1 e Liver specific contrast primary e Quantitative
agents e Non-measurable bone metastases assessment
e |Intralesional e Quantitative assessment
characterisation e Whole body assessment
e RECIST 1.1
Cons e Consistent technique is needed: e Less available o Small liver lesions (background e False-positive
multiphase post-contrast imaging, late e More expensive activity) findings
arterial phase e More time consuming e False-positive findings
o Small lesions: liver, nodes, occult primary e Prone to artefacts e Lesion SUV influenced by several

e Non-measurable lesions (bone)

standardised evaluation framework including response evaluation sim-
ilar to the approach of the PROMISE criteria for prostate cancer
assessment using prostate-specific membrane antigen (PSMA)
PET/CT.>®

3.2 | FDGPET/CT

[*8F]F-FDG (FDG) is a well-established PET tracer used in clinical
oncology for staging and restaging in many cancer types. For NEN,
there is evidence that FDG metabolic activity is closely correlated
with higher tumour grade (typically Grade 2 or 3 disease), poorly dif-

ferentiated disease, and worse prognosis.”” C There is increasing

factors (eg altered biodistribution)

support to use FDG PET/CT in selected patients with higher grade
NEN for theranostics PRRT selection.'®1¢ There is an increasing num-
ber of studies showing that a dual tracer approach is a useful prognos-
tic imaging biomarker in NEN.62%2 |ts role after PRRT is yet to be
established but treatment response to the prognostically significant
metabolically active components likely confers important prognostic
stratification to this patient cohort with higher-grade disease. Further
studies and prospective data are needed to establish its clinical use in
this evolving landscape for restaging post PRRT.

Occasionally, treatment-related ‘pseudo-progression’ can
occur, and molecular imaging can be useful to clarify this phenome-
non.'® Refer to Table 1 for a summary of anatomical and molecular

imaging.



KONG ET AL.

6 of 12 Journal of
—I—Wl LEY—M Neuroendocrinology

3.3 | Post-treatment SPECT/CT imaging

Whilst not performed universally, post-PRRT SPECT/CT imaging of y-
emissions are performed in many centres. Images are usually acquired
at 4-24 h post administration of [*”7”Lu]Lu-DOTA-Octreotate and can
be interpreted by qualitative measures and to perform quantitative
dosimetry. This provides information on early changes in response or
progression during PRRT cycles and may guide individual manage-
ment. A change in management in 27% was reported in one series;
patients with higher grade tumours had higher rate of management
change in terms of progressive disease.®® Further studies are needed
to evaluate its role as an early predictive or prognostic biomarker
during PRRT.

4 | BIOMARKERS

4.1 | Chromogranin A (CgA)

Several studies have evaluated longitudinal CgA measurement in mon-
itoring treatment response over time. In a large Dutch retrospective
analysis (N = 354), overall 265/354 (75%) patients had an elevated
CgA at baseline.®® At 12 weeks after the last therapy, the mean CgA
levels in patients with disease control continued to decline, whereas
CgA showed a significant increase in patients with progressive dis-
ease.’® Nevertheless, the CGA level can be impacted by demo-
graphics, patient comorbidities (cardiac and renal failure, gastritis,
hepatitis, inflammatory bowel disease, inflammatory conditions) or
medications (steroids, PPls, H2 antagonists, etc.).%* At this point, the
utility of CgA in this regard is not supported by current guidelines;
however, significant trends in CgA levels may be supportive of treat-

ment response.

4.2 | Peptide hormone markers
Up to 30% of NEN are functional, secreting peptide hormones with
associated syndromic manifestations which often prompted the
diagnostic journey in the first instance. Carcinoid syndrome is
found in 20% of patients with NEN.®®> PRRT is effective in the con-
trol of tumour load as well as peptide secretion in metastatic func-
tional NEN. The most common secreted peptide hormone is
serotonin, followed by catecholamines, insulin and ACTH, all of
which have potential for peptide flare or hormonal crisis post PRRT.
Therefore, the assessment of peptide hormones in functional NEN
not only provides longitudinal evidence for therapeutic response
but also assists in risk stratification for patients with uncontrolled
peptide secretion with potential peptide flare post PRRT. Less com-
mon peptides and their associated syndromes are listed in
Table 2.567¢7

A retrospective study of carcinoid patients who underwent
4 cycles of [*7Lu]Lu-DOTA-Octreotate noted a reduction in urine

5-HIAA from average 775 umol/day to 530 umol/day after 6 months.

All patients with symptomatic improvement post PRRT had a reduc-
tion in 5-HIAA.”® Patients with shorter post-treatment doubling time
of urine 5-HIAA had a higher risk of disease progression and disease-
specific mortality in a prospective study in which 7% of subjects had
PRRT.”%72 Urine 5-HIAA is recommended to monitor response to
PRRT treatment.®® Food restriction and 24-h collection remains a bar-
rier for patients. More recently, a spot urine 5-HIAA/creatinine ratio
of 5.3 mol/mmol was found to be non-inferior (AUC = 0.95, Cl 0.90-
0.99) and might replace the cumbersome 24-h urine collection for

monitoring in the future.”®

4.3 | Utility of peptide hormone markers
post PRRT

Carcinoid crisis has been reported in up to 3.5% of patients with carci-
noid syndrome post PRRT.”* Peptide flare can occur days to 2 weeks
post PRRT, therefore an initial increase in hormone concentration
does not negate long-term benefits. Follow-up monitoring of peptide
hormones is mandatory to down titrate peptide secretion therapy
such as glucocorticoids for insulinoma and metyrapone for ectopic
ACTH NEN to avoid toxicity. In the absence of a standardised
response assessment criteria, a complete peptide response post PRRT
can be defined as cessation of peptide blocker (e.g. metyrapone) with-
out symptom relapse and normalisation of peptide profile
(e.g. cortisol, ACTH). Conversely, partial peptide response can be
defined as dose reduction of peptide blocker without symptom
relapse and/or reduced peptide concentration on stable peptide
blocker. These definitions are consistent with the monitoring of post-
treatment response in functional non-NEN tumours such as primary

aldosteronism.””

44 | Liquid biomarkers

The commercially available NETest and the PRRT Predictive Quotient
(PPQ) have demonstrated favourable predictive impact/precision in
terms of disease identification and behaviour”® but also for treatment
response (NETest,”””® PPQ’7"7%). At present, these biomarkers can-
not be recommended for routine clinical care until there is a better
understanding on how they definitively play a role in clinical manage-
ment. This would be best evaluated as part of prospective clinical
trials.

The NETest is a transcriptomic signature for NEN based on upre-
gulated NEN tumoural gene co-expression networks measuring circu-
lating 51 marker transcriptomic mRNA signature.®® The mRNA
signature is mathematically interrogated to provide a score, scaled
0%-100%, referred to as the NETest score.28! The NETest metrics
for wide clinical applications have been shown to out-perform stan-
dard biomarkers such as CgA,828% and as interventional or response
biomarker for PRRT.8*

The baseline PPQ has also undergone development and validation

through a series of studies in patients treated with PRRT.””"7? The
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TABLE 2 NA = Not routinely available as a blood based biomarker, however immunohistochemistry staining might be available on tissue

specimens.

Tests to monitor
PRRT response

Secreted peptide hormone

(syndrome) Symptoms

24 h urine
5-hydroxy indole
acetic acid (5-HIAA)

Serotonin (Carcinoid)

Plasma
metanephrines

Catecholamines
(Pheochromocytoma,

paraganglioma)
Insulin (Insulinoma) Insulin, c-peptide,

glucose, HbA1c

Hypoglycaemia

ACTH (Ectopic Cushing's) ACTH, 8 am Moonlike facies, striae,
cortisol, 24 h urine hyperglycaemia, hypertension,
free cortisol peripheral oedema

Gastrin (Zollinger-Ellison) Gastrin Peptic ulcer

Vasoactive intestinal VIP Secretary diarrhoea,

peptide (VIPoma) hypokalemia

Glucagon (Glucagonoma) Glucagon Hyperglycaemia

Calcitonin Calcitonin Diarrhoea, flushing

Cholecystokinin (CCKoma)  NA

Diarrhoea, flushing, labile
blood pressure, bronchospasm

Hypertension, tachycardia

PRRT response

177Lu-DOTATATE. N = 22. Retrospective. 30% reduction in
HIAA in 56%.7°

177 u-DOTATATE or °Y-DOTATOC

N = 201. Systemic review. Biochemical response in 64%°*

177Lu-DOTATATE Or P°Y-DOTATOC. N = 26. Retrospective.
Transient worsening in 19%, Improved after 17 months in
58%.102

77| u-DOTATATE. N = 13
Retrospective. 77% achieved partial or complete cortisol
control. 1%

e 77Lu-DOTATATE Or P°Y-DOTATOC. N = 11.
Retrospective. Gastrin decreased from 4831 ml/L to 932.6
ml/L, 64% improved or stabilised.*%*

e 7Lu-DOTATATE. N = 7. Best tumour response PR
71.4%. Mean reduction of gastrin 87% (N = 3).19°

o 77Lu-DOTATATE. N = 1. Case report. VIP normalised at
12 month review.'®

o Y7Lu-DOTATATE. N = 5. Best tumour response 80%.
Mean reduction of VIP 80% (N = 2).1%°

e ?°Y-DOTATOC. N = 3. 2 responded with 12 m PFS.*%”
o 7Lu-DOTATATE. N = 8. Best tumour response 50%.
Mean reduction of glucagon 87% (N = 5).10°

Peptic ulcer, diarrhoea, weight -

loss
Growth hormone releasing  GH, IGF-1
hormone (Acromegaly)
GLP-1 NA Hypoglycaemia
IGF-2 NA Hypoglycaemia
PTHrP (PTH independent PTHrP, PTH, Hypercalcemia
hypercalcemia) calcium
Renin Renin, aldosterone Hypertension
Somatostatin NA Cholelithiasis, weight loss, -
(Somatostatinoma) diarrhoea
Vasopressin (SIADH) Copeptin Hyponatremia

PPQ is based upon peripheral blood NET-specific gene cluster expres-
sion (growth-factor signalome and metabolome, related to their roles
in radiosensitivity) integrated with Ki67 using a logistic regression
model.8>8¢ The PPQ has been prospectively evaluated using data
from 3 independent PRRT studies (N = 158).”? In this pivotal study,
treatment response was evaluated using the RECIST 1.1 criteria: in
the developmental cohort the PPQ predicted 100% of responders and
84% of non-responders (accuracy: 93%), and in the two validation
cohorts the PPQ was 95% accurate.”’ A follow-on analysis from these
3 studies (N = 122) evaluated serial NETest and baseline PPQ for
patients treated with PRRT: the NETest significantly decreased in
RECIST responders (p <.0001) and remained increased non-

responders (p < .0005).”® The PPQ response prediction demonstrated

a 99% accurate positive and 93% accurate negative prediction. Of
note CgA did not reflect PRRT treatment response.”®

4.5 | Other markers

Significant correlates in regard to PFS or OS (p < .05) have included
serum hepatic biochemistries such as elevated ALT or De Ritis ratio
(AST/ALT).2” Similarly elevated inflammatory markers included neu-
trophil counts, neutrophil:lymphocyte ratio, PCM (platelet x CRP mul-

18882 and the Inflammatory based index (derived from CRP and

tiplier;
albumin).?>?* However, its role in response assessment is yet to be

confirmed.
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5 | SYMPTOMS AND QUALITY OF LIFE
PARAMETERS

Treatment response should also include the assessment of symptoms
and quality of life parameters. In NETTER-1, quality of life assessment
was evaluated using the European Organisation for Research and
Treatment of Cancer quality-of-life questionnaires QLQ C-30 and G.I.
NET-21.72 Time to QoL deterioration (TTD) was longer in the [*7”Lu]
Lu-DOTA-Octreotate arm versus the control arm for global health sta-
tus (HR 0.406), physical functioning (HR 0.518), role functioning
(HR 0.580), fatigue (HR 0.621), pain (HR 0.566), diarrhoea (HR 0.473),
disease-related worries (HR 0.572), and body image (HR 0.425).72
Improvement in QOL has also been reported in several prior PRRT
studies.”®~?¢ Symptoms and patient-reported outcome or experience
measures form an important component of response assessment in

patients with NEN and should be incorporated into prospective trials.

6 | SUMMARY OF CURRENT CLINICAL
APPROACH AND PERSPECTIVES

The significant heterogeneity and complexity of NEN makes it difficult
to formulate a simple monitoring approach for patients post PRRT,
highlighting that a composite individualised approach using combined
modalities is required.

6.1 | Imaging choice

Anatomical imaging using CT or MRI remains the most available and
commonly used method to assess oncologic control or response. This
should be performed post-PRRT if lesions are measurable and espe-
cially for dominant liver disease. RECIST 1.1 criteria continues to be
widely used for theranostics trials. However, SSTR PET/CT is recom-

mended post-PRRT, particularly for patients with small primary

/ Grade 1 or indolent
pre-PRRT progression rate

Grade 2 or intermediate
pre-PRRT progression rate
3-6 m post-PRRT
Then 6-9 monthly

3-6 m post-PRRT
Then 9-12 monthly

Anatomical imaging if disease Anatomical imaging if disease

measurable measurable
QSTR PET/CT* SSTR +/- FDG PET/CT*

lesions, nodal or osseous disease given its high diagnostic accuracy
over anatomical imaging in these settings. It can also re-establish
lesion SSTR uptake and assess whole body molecular burden. For
patients with baseline FDG-avid disease (typically indicating higher
grade disease with inferior prognosis), FDG PET/CT may be useful to
assess treatment response of these prognostically significant compo-
nents, and should be considered. Hence, the choice of imaging post-
PRRT should be guided by the patient's baseline disease phenotype,
disease location and distribution, and a multimodality approach is

often required during longer term follow-up after PRRT.

6.2 | Frequency

Response assessment is typically performed 3-6 months after PRRT.
Subsequent monitoring frequency should be guided by the disease
grade, burden, growth kinetics, and expected mechanism or degree of
response.’*?” In general, patients with low grade indolent or limited
disease could be restaged less frequently (such 9-12 months). How-
ever, patients with poor prognostic factors such as higher grade, high
burden, metastatic FDG-avid disease, aggressive tumour behaviour or
severe endocrinopathy® would require more frequent imaging with
the appropriate conventional and molecular imaging modalities suited
to the individual scenario, such as every 3-6 months. Refer to
Figure 4 for a suggested imaging approach based on disease grade
and baseline phenotype.

6.3 | Biomarkers

Patients treated for hormone-secretory symptoms benefit from clini-
cal review and re-assessment of the relevant hormone markers after
PRRT. Although the trend of CgA (a non-specific marker) is useful, cli-
nicians need to be aware of its potential false positive confounding

factors. Urine 5-HIAA is a more accurate surrogate of serotonin

2-3 m post-PRRT
Then 3 monthly

Anatomical imaging if disease
measurable

SSTR +/- FDG PET/CT* /

G3 or rapid pre-PRRT \

progression

imaging phenotype

meeting) based on individual baseline phenotype

Imaging frequency and modality: indicated by tumour grade, pre-treatment progression and baseline

Anatomical imaging modality (CT and/or MRI): to be determined pre-PRRT (ideally at multidisciplinary

*PETI/CT: post-PRRT. Subsequent imaging indicated if lesions are better visualised on PET imaging at

baseline (e.g. small nodes or bone metastases), or at the time of progression on anatomical imaging

Clinical or biochemical suspicion of progression should prompt earlier review and imaging

FIGURE 4 Suggested approach for
imaging response assessment after PRRT.
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secretion and should be measured for response assessment after
PRRT and for prognosis in disease specific mortality. Other peptide
hormone measurements are individualised according to the relevant
secretory syndromes in order to dose-titrate peptide blocking thera-
pies. An immediate increase post PRRT may be due to peptide flare,
and markers should be measured at least 4 weeks post PRRT cycle to
assess treatment response. Whilst liquid biomarkers NETest and PPQ
are potentially beneficial for assessing response after PRRT, they are
not universally available at present, nor validated by prospective ran-

domised trials.

7 | FUTURE

Significant imaging advances are expected and being developed. In
terms of anatomical imaging, new imaging techniques such as dual
energy CT, hybrid imaging, DWI, and dynamic contrast enhanced MRI
are potential tools which may further improve individualised response
assessment in NEN post PRRT.22789? Radiomics is a fast-evolving
area of research in imaging, this coupled with machine-based learning
could in the future provide further insights into tumour response fol-
lowing PRRT*224%? pbut require further evaluation and validation. In
terms of molecular imaging (both SSTR and FDG), the use of quantita-
tive measures such as serial or whole body uptake parameters and
changes in volumetric data will likely serve as important biomarkers
for restaging, but further evaluation to determine which parameters
and its role is warranted. Incorporating restaging PET/CTs is needed
for prospective theranostics trials. Machine learning and future devel-
opments of automatic contouring programs can accelerate whole
body molecular imaging phenotype assessments, advancing into prac-
tical use. Standardised definition of SSTR imaging and biomarker
response assessment criterion is required for uniform patient assess-
ment, clinical trial planning and comparable research results. In terms
of novel biomarkers, more NEN specific biomarkers are needed,
requiring a high level of precision and stringent validation, whilst being
available for routine clinical care. The potential for longitudinal bio-

100

markers of PRRT response, such as circulating NET cells=*" or circulat-

ing tumoural DNA (ctDNA) have yet to be determined.

8 | CONCLUSION

NEN is a complex heterogenous disease. Which modality and how to
measure PRRT success need to be tailored for the individual patient in
the context of the indication for PRRT (oncological progression or
symptoms/uncontrolled hormone secretion, or both). Response to
PRRT currently requires a detailed, multimodality and individualised
approach, which is best delivered via an expert multidisciplinary team.
Anatomical, molecular imaging and peptide biomarker assessment
plays a crucial role in this. Future developments of advanced imaging
techniques and novel biomarkers will further enhance response
assessment to PRRT for individual patients with this complex hetero-

geneous disease.
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