
ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2023

Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 1897

Monitoring of neuroendocrine
tumor patients undergoing
systemic therapies

OLOF PETTERSSON

ISSN 1651-6206
ISBN 978-91-513-1690-1
URN urn:nbn:se:uu:diva-494447



Dissertation presented at Uppsala University to be publicly examined in H:son
Holmdahlsalen, ing. 100/101, 2 tr, Dag Hammarskjölds Väg 8, 752 37 Uppsala, Uppsala,
Thursday, 16 March 2023 at 09:15 for the degree of Doctor of Philosophy (Faculty of
Medicine). The examination will be conducted in English. Faculty examiner: Adjunct
professor Håkan Geijer (Department of Radiology, Faculty of Medicine and Health, Örebro
University).

Abstract
Pettersson, O. 2023. Monitoring of neuroendocrine tumor patients undergoing systemic
therapies. Digital Comprehensive Summaries of Uppsala Dissertations from the Faculty of
Medicine 1897. 90 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-1690-1.

Monitoring of neuroendocrine tumor (NET) patients undergoing systemic therapies is
troublesome as biomarkers capable of detecting tumor responses have been difficult to establish.
Changes in the sum of target lesion diameters are used to evaluate the effects of therapy
according to the response evaluation criteria in solid tumors (RECIST 1.1). However, as NETs
tend to stabilize or increase in size when responding to therapies, monitoring based on changes
in tumor diameters is often ineffective.

The overall aim of these doctoral studies was to investigate novel methods for therapy
monitoring in NET patients undergoing systemic therapies.

In patients with pancreatic NETs (PanNETs) who underwent Peptide Receptor Radionuclide
Therapy (PRRT) with 177Lu-DOTATATE at Uppsala University Hospital (n=151), we
investigated if arterial-phase tumor attenuation and contrast-enhancement in the liver metastases
on computed tomography (CT) changed during PRRT (Paper I).

Tumor growth rate (TGR) allows for quantitative assessment of tumor dynamics expressed
as percentage per month. In the same cohort as described above, TGR was calculated before
and during/after PRRT (Paper II).

While 68Ga-DOTA-somatotstatin analog (SSA) PET/CT is essential in the evaluation of NET
patient eligibility for PRRT, temporal changes in the tumor uptake of 68Ga-DOTA-SSA have
not been shown to reflect PRRT outcome. Tumor-to-blood (TBR) ratio may be closer correlated
than SUV to the net influx rate (Ki). The institutional database of the University Hospital in
Essen was screened for NET patients, who had undergone at least two cycles of PRRT and
68Ga-DOTA-SSA PET/CT. TBR and tumor-spleen ratio (TSR) were calculated in up to nine
lesions per patient (Paper III).

Data on imaging were investigated for possible associations with outcome parameters such
as progression-free survival and overall survival (Papers I-III).

46 PanNET patients with data on Ki-67 from at least two biopsies (Botling et al. 2019) at
Uppsala University Hospital were screened for inclusion to describe TGR in PanNET patients.
TGR was calculated to elucidate if changes in tumor grade may be reflected in changes in TGR.
(Paper IV).

In summary, the thesis investigates tools based on morphologic and functional imaging for
monitoring of NET patients undergoing systemic therapies.
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 Abbreviations 

BR Best response 
CECT Contrast-enhanced computer tomography 
CEUS Contrast-enhanced ultrasound 
CgA Chromogranin A 
CR Complete response   
CT Computed tomography 
DCG Dense core granule 
FDG fluorodeoxyglucose 
GCC Goblet cell carcinoma 
GEP-NETs Gastroenteropancreatic neuroendocrine tumors 
GIST Gastrointestinal stromal tumor 
HPF High-power field 
HPT-JT Hyperparathyroidism-jaw tumor syndrome 
HR Hazard ratio 
HU Hounsfield Units 
IFN-α Interferon-alpha 
LAR Long-acting repeatable 
LCNEC Large-cell neuroendocrine carcinoma 
MEN1 Multiple endocrine neoplasia type 1 
MEN2 Multiple endocrine neoplasia type 2 
MRI Magnetic resonance imaging 
MTC Medullary thyroid carcinoma 
mTOR mammalian Target of rapamycin 
NEC Neuroendocrine carcinoma 
NET Neuroendocrine tumor 
NF Non-functioning   
NF1 Neurofibromatosis type 1 
OS Overall survival 
PanNET Pancreatic neuroendocrine tumor 
PCC Pheochromocytoma 
PD Progressive disease 
PET/CT Position emission tomography/computed tomography 
PFS Progression-free survival 
PGL Paraganglioma 
Ppoma Pancreatic polypeptide-secreting tumor 



 

PR Partial response 
RECIST 1.1 Response evaluation criteria in solid tumors 1.1 
PERCIST 1.0 Positron emission tomography response criteria in solid tumors 
PRRT Peptide receptor radionuclide therapy 
RET Rearranged during transfection 
ROC Receiving operator characteristics 
ROI Region of interest 
SCLC Small-cell lung carcinoma 
SD Stable disease 
SRS Somatostatin receptor scintigraphy 
SSA Somatostatin analog 
SUV Standardized Uptake Value 
Syn Synaptophysin 
TBR Tumor-to-blood ratio 
TGR Tumor growth rate 
TSR Tumor-to-spleen ratio 
TSC Tuberous sclerosis complex 
VEGF Vascular endothelial growth factor 
VEGFR Vascular endothelial growth factor receptor 
vHL von Hippel-Lindau 
VIP Vasoactive intestinal peptide 
WHO World health organization 
ZES Zollinger-Ellison syndrome
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Introduction 

The neuroendocrine tumors (NETs) comprise a variety of heterogeneous neo-
plasms that originate from the endocrine glands, endocrine islets or scattered 
cells in the exocrine parenchyma. The scattered cells in the exocrine paren-
chyma are found in the respiratory and in the digestive tracts, known as the 
diffuse endocrine system. The term “neuroendocrine” refers to the identifica-
tion of dense core granules (DCGs), similar to the DCGs storing monoamines 
in the serotonergic neurons. The term also describes the synthesis and secre-
tion of the monoamines [1-3].  

Imaging of NET patients undergoing systemic therapies relies on the re-
sponse evaluation criteria in solid tumors (RECIST), proposed in 2000 and 
later revised to the current RECIST 1.1. RECIST 1.1 is used to describe tumor 
response based on changes in the sum of the tumor diameters in morphological 
studies, commonly computed tomography (CT) or magnetic resonance imag-
ing (MRI). RECIST 1.1 include recommendations for the evaluation of non-
target lesions and any new lesions [4, 5]. 

Patients with advanced disease, metastatic or inoperable locally invasive 
NETs often undergo systemic treatments such as chemotherapies and may be 
treated with targeted molecular agents. Peptide receptor radionuclide therapy 
(PRRT) with 90Y-DOTATOC or 177Lu-DOTATATE has emerged as a prom-
ising option for therapy, often initiated when other regimens have failed [6-
8]. 

This thesis describes NET patients undergoing systemic therapies, in par-
ticular patients with pancreatic NET (PanNET) undergoing PRRT with 177Lu-
DOTATATE. 

The neuroendocrine tumors 
Briefly on epidemiology 
Due to their scarcity, the incidence of the neuroendocrine neoplasms has been 
troublesome to accurately describe. A small series from central Italy reported 
incidences at slightly below one per 100 000 persons and year, while a study 
from the Netherlands reported slightly below two per 100 000 inhabitants and 
year [9, 10]. A rather large series from the US reported an incidence of four 
per 100 000 individuals and year [11]. 
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While some reports state equal distribution among the genders, there may 
be some female preponderance, and two large series from the US report a 
slightly higher incidence in the black population [9-13]. 

The most common primary sites of the neuroendocrine neoplasms are the 
gastrointestinal tract, slightly more than 60% of the patients, in particular the 
small intestine and the appendix; and the lungs with slightly more than 20% 
of the patients [10-13]. In more than 10% of the patients with metastatic dis-
ease the site of the primary tumor is unknown [3, 13].  

The likelihood of metastatic disease at presentation varies with the site of 
the primary tumor, where tumors of the small intestine are unlikely to cause 
symptoms before the disease is metastatic. In contrast, lung tumors are more 
likely to give rise to symptoms in less advanced stages and are thus more likely 
to present with limited disease [13]. 

In a large five-decade analysis of neuroendocrine neoplasm patients in the 
US, the five-year survival rate was 67.2% across all types of primary tumors, 
a slight increase from earlier reported 59.5% in a similar, somewhat smaller 
cohort. The disease stage paralleled overall survival (OS) irrespective of site 
in nearly all types of primary tumor. The five-year survival rate in cases of 
regional disease was 71.7%. In metastatic disease, the five-year survival was 
38.5%. The five-year survival rate of non-staged lesions was 48.3%, possibly 
reflecting a biological behavior similar to advanced stages of disease. Gener-
ally, favorable five-year survival rates were reported in patients with bron-
chopulmonary (73.5%), appendiceal (71.0%) and rectal (88.3%) neuroendo-
crine neoplasms. On the other end of the spectrum, hepatic (18.4%) and pan-
creatic (37.5%) experienced poorer five-year survival rates [11, 12].  

Briefly on the histology of the neuroendocrine neoplasms 
Well-differentiated NETs that produce neuroendocrine markers such as Chro-
mogranin A (CgA) and Synaptophysin (Syn) are usually arranged in organoid 
or neuroendocrine shapes with nesting, trabecular or serpentine growth pat-
terns. The tumor cells are small with round or oval nuclei, inconspicuous nu-
cleoli and fine to coarsely granular chromatin pattern [3]. 

Immunocytochemical staining patterns for neuroendocrine carcinomas 
(NECs) are more limited and may demonstrate diffuse expression for Syn and 
faint or focal staining for CgA. Tumor cells display “sheetlike” proliferation 
with irregular nuclei, high mitotic features and less cytoplasmic secretory 
granules [3].  

To be classified as a NEC, the neuroendocrine component of the tumor has 
to exceed 30%. Tumors with neuroendocrine components, but with too dom-
inant non-neuroendocrine parts, are classified as mixed adenoneuroendocrine 
carcinomas [3, 14]. 



 13

Terminology and classification of the neuroendocrine neoplasms 
Historically, there has been some confusion concerning the classification of 
neuroendocrine neoplasms. The pathologist Siegfried Oberndorfer invented 
the word “carcinoid” to describe the benign behavior of carcinoma-like ar-
gentaffin-positive atypical tumors of the small bowel [3]. 

The term “carcinoid” has over the years been criticized as an imprecise and 
obsolete term that lumps together tumors of different etiologies, management 
and prognosis. While “carcinoid” implies benign behavior, many neuroendo-
crine neoplasms behave in a malignant manner with local invasion, metastases 
and recurrence after resection [3, 12, 15]. 

In 1980, the World Health Organization (WHO) applied the term “NET” 
to describe all NETs except pulmonary neuroendocrine tumors. This reform 
led to even more confusion as pathologists described all endocrine tumors as 
“carcinoid” while clinicians used “carcinoid” for the clinical constellation of 
flushing, diarrhea and bronchospasm associated with the hypersecretion of 
vasoactive amines such as serotonin and histamine [3, 16].  

In 2000, WHO established a revised classification for gastroenteropancre-
atic neoplasms that identified three categories regardless of the site of origin; 
well-differentiated neuroendocrine tumors with probably benign behavior, 
well-differentiated neuroendocrine tumors with uncertain behavior and poorly 
differentiated neuroendocrine carcinomas with high-grade malignant behavior 
[3, 17]. 

In 2010, the WHO classification was again revised, characterizing neuro-
endocrine neoplasms from the gastrointestinal tract as G1, G2 or G3 based on 
mitotic count per ten high-power fields (HPFs) and Ki-67 index [3, 18]. 

In the WHO grading from 2022, a focus was put on mitotic rate, Ki-67 and 
the presence or absence of tumor necrosis. Tumor necrosis is used for grading 
of tumors in the upper aerodigestive tract and in the salivary glands, tumors in 
the lung and thymus and in the thyroid. See also Table 1. 
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Table 1. The 2022 WHO grading for neuroendocrine neoplasms [19]. 
Neuroendocrine neoplasm Classification Diagnostic criteria 

Gastrointestinal and pancreatobiliary tract  

Well-differentiated NET NET, G1 <2 mitoses/2mm2 and/or  
Ki-67<3% 

 NET, G2 2-20 mitoses/2mm2 and/or  
Ki-67 3-20% 

 NET, G3 2-20 mitoses/2mm2 and/or  
Ki-67 >20% 

Poorly differentiated NEC Small cell NEC Same as NET G3, and small cell 
morphology 

 Large cell NEC Same as NET G3, and large cell 
morphology 

Upper aerodigestive tract and salivary glands  

Well-differentiated NET NET, G1 <2 mitoses/2mm2 and  
no necrosis, and Ki-67<20% 

 NET, G2 2-10 mitoses/2mm2 and  
no necrosis, and Ki-67<20% 

 NET, G3 >10 mitoses/2mm2, and/or  
Ki-67<20% 

Poorly differentiated NEC Small cell NEC Same as NET G3, and small cell 
morphology 

 Large cell NEC Same as NET G3, and large cell 
morphology 

Lung and thymus   

Well-differentiated NET Typical carcinoid, NET G1 <2 mitoses/2mm2 and no necrosis 

 Atypical carcinoid, NET 
G2 

2-10 mitoses/2mm2 and and/or 
necrosis 

 Carcinoids/NETs with  
elevated mitotic counts 
and/or Ki-67 index 

Atypical carcinoid morphology 
and >10 mitoses/2mm2 and/or 
Ki-67>30% 

Poorly-differentiated NEC Small cell carcinoma >10 mitoses/2mm2, small cell 
morphology 

 Large cell NEC >10 mitoses/2mm2, large cell 
morphology 

Thyroid   

Medullary thyroid carci-
noma (MTC) 

Low-grade MTC <5 mitoses/2mm2, no necrosis, 
Ki-67<5% 

 High-grade MTC ≥5mitoses/2mm2, or necrosis,  
or Ki-67≥5% 
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Some genetic implications in the neuroendocrine tumors 
The NETs originate from the neuroendocrine cells most commonly located in 
the endocrine glands. The neuroendocrine cells can also be found in the gas-
trointestinal tract and in the bronchopulmonary systems. Neuropeptide secre-
tion is a hallmark of the disease. The survival of NET patients with well-dif-
ferentiated tumors is about median 10 years. NETs feature in at least 10 ge-
netic syndromes such as multiple neuroendocrine neoplasia types 1, 2 and 4 
(MEN1, MEN2 and MEN4), neurofibromatosis type 1 (NF1), von Hippel-
Lindau (vHL), the familial pheochromocytoma (PCC) and paraganglioma 
(PGL) syndromes, the pylocytemia and paraganglioma syndrome, the tuber-
ous sclerosis complexes and the hyperparathyroidism-jaw tumor syndrome 
(HPT-JT) syndrome [20]. 

MEN1 
One of the first described autosomal dominantly inherited complex endocrine 
syndromes, MEN1 has a penetrance of over 90% by age 40 and is present in 
about three out of 100 000 individuals. MEN1 gene carriers most frequently 
develop tumors in the parathyroid glands (95%), in the endocrine cells of the 
pancreas or the duodenum (40-80%) or in the anterior part of the pituitary 
gland (20-40%). MEN1 is present when at least two of these tissues are af-
fected by tumors and the familial MEN1 includes at least one relative with a 
corresponding tumor. Aside from the above-mentioned tumor locations, 
MEN1 patients may develop both endocrine and non-endocrine tumors in a 
number of different locations. The thymic and the pancreatic tumors often be-
come metastatic and are the most lethal MEN1 lesions [20]. 

In 1988, MEN1 gene was linked to chromosome 11 and in 1997 the gene 
was identified by positional cloning [21, 22].  

The proportion of MEN1 patients with an inactivating MEN1 mutation has 
been estimated to 75-95%. These days, more than 1000 mutations have been 
identified, most of which lead to a truncation of the protein. MEN1 mutations 
are most often found in young probands with multiple lesions per organ [20, 
23].  

Notably, the lack of a MEN1 mutation does not exclude MEN1. There may 
be other genes giving risk to syndromes similar to MEN1. A germ-line muta-
tion in the CDKN1B gene has been linked to a MEN1-like phenotype in both 
rats and humans [20, 24]. 

In most cases, MEN1 tumorigenesis depends on a two-hit model where a 
somatic mutation hits the wild-type allele. However, some data indicate that 
some NETs, such as duodenal NETs, in MEN1 do not require complete gene 
inactivation [20, 25]. 

The MEN1 protein, menin, is a 610-amino acid residue ubiquitously ex-
pressed protein with tissue-specific functions. Menin is a scaffold protein that 
cross talks with multiple partners and thus regulates gene transcription through 
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multiple signaling pathways. Menin is primarily a nuclear protein, but lesser 
amounts can be detected in the cytoplasm and in the cell membrane. Menin is, 
in different tissues, capable of both negatively and positively regulating gene 
expression; it acts as a tumor suppressor in endocrine organs but has also a 
function in leukemogenesis [20, 21, 26].  

MEN2 
MEN2 is an autosomal dominant inherited disorder characterized by the de-
velopment of multiple endocrine MTC, PCC and parathyroid adenomas. 
MEN2 is caused by gain-of-function mutations in the rearranged during trans-
fection (RET) proto-oncogene on chromosome 10, encoding a receptor tyro-
sine kinase, leading to autonomous activation in the RAS/MAPK and 
PI3K/AKT pathways [20, 27-29]. 

MEN2 is divided in two subtypes, MEN2A, accounting for 95% of the 
cases, and MEN2B, about 5% of the cases. MEN2A is further divided in four 
subtypes; classical MEN2A, MEN2A with cutaneous lichen amyloidosis 
(CLA), MEN2A with Hirschsprung’s disease and FMTC. [20, 29-31]. 

Classical MEN2A 
The classical MEN2A is the most common out of the four phenotypes, char-
acterized by the development of MTC and PCC and/or primary hyperparathy-
roidism in the same patient, or two or more tumors in multiple members of the 
same family. In 95% of the cases, classical MEN2A is caused by RET 
germline variants in codons 609, 611, 618, 620 or 634. The phenotype has also 
been associated with mutations in codons 533, 630, 631, 633, 66, 790, 804 
and 891 [29, 32]. 

MTC develops in almost all MEN2A patients, typically as multifocal, bi-
lateral lesions, and is usually the first manifestation of the disease [29, 33]. 

PCC is prevalent in 17-42% of MEN2A cases and can occur as the first 
manifestation, but in 64-93% of cases the diagnosis is made simultaneously 
with or subsequent to the MTC diagnosis. Patients are typically around 40 
years of age at diagnosis. 50% of the patients are asymptomatic at diagnosis. 
Hypertensive crisis is rare. Bilateral and extra-adrenal disease, respectively, 
are considered to be rare. Death due to PCC is very rare [29]. 

Primary hyperparathyroidism has been reported with a prevalence of 19-
35%, but is very rarely the first manifestation of MEN2A. Median age at di-
agnosis had been reported at between 35 and 46 years of age. The majority of 
cases are asymptomatic at diagnosis. Hypercalcemic crisis is very rare but can 
be fatal. The disease can be either unilateral or bilateral [29]. 

MEN2A with CLA 
Cutaneous lichen amyloidosis in MEN2A is associated with RET germline 
variants in codon 634. A few cases have also been described with variants in 
codons 611 and 804 [34-36]. 
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Cutaneous lichen amyloidosis is associated with lesions in the scapular re-
gion with amyloid deposited in the upper dermis. The lesions are associated 
with intense pruritus. Sun exposure often alleviates the pruritus, while stress-
ful periods worsen the symptoms. CLA is often present in early life and may 
be the first manifestation of MEN2A. There seems to be a female preponder-
ance. The prevalence of MTC is approximately 95%, PCC 50% and primary 
hyperparathyroidism 15%, respectively [29]. 

MEN2A with Hirschsprung’s disease 
Hirschsprung’s disease in MEN2A is considered to be caused by RET 
germline variants in codons 609, 611, 618 and 620, located in exon 10. 
MEN2A cases with mutations in codons 648 and 804 have also been described 
[37, 38]. 

The gastrointestinal symptoms in Hirschsprung’s disease occur at the age 
of mean one year, but will often be apparent shortly after birth and is usually 
the first disease manifestation. Death in infancy or early childhood related to 
complications of Hirschsprung’s disease has been reported in up to 38% of 
cases. The prevalence in exon 10 variants of MTC has been reported at 77%, 
PCC 17% and primary hyperparathyroidism 3% [29, 39]. 

FMTC 
FMTC has been associated with RET germline of many codons, in particular 
codons 533, 768 and 804 [40, 41]. 

According to the revised American Thyroid Association guidelines on 
MTC, FMTC is characterized by the presence of a RET germline mutation in 
families or single individuals with MTC who never develop PCCs or primary 
hyperparathyroidism. However, as many variants known to cause MTC also 
cause PCCs or primary hyperparathyroidism, but with decreased penetrance, 
the clinical relevance of the FMTC phenotype has been questioned [29, 42]. 

MEN2B 
MEN2B is characterized by the development of MTC, PCCs and a range of 
extra-endocrine features such as ganglioneuromas, musculoskeletal and oph-
thalmologic abnormalities. Virtually all MEN2B patients develop aggressive 
MTC leading to a relatively short life span in many MEN2B patients. 50% of 
the MEN2B patients develop PCCs, often with multiple and bilateral lesions. 
About 75% of the MEN2B patients have marfanoid features, often with prox-
imal muscle wasting [29, 43]. 

The syndrome is in the vast majority of cases caused by RET germline var-
iants either in codon 918 or 883. Here, approximately 95% of the cases are 
caused by variants in codon 918, while less than five percent are caused by 
variants in codon 883. Some rare double germline variants have also been re-
ported to cause MEN2B [29, 40, 44].  



 18 

MEN4 
MEN4, previously known as MENX, is thought to represent a syndrome sim-
ilar to MEN1, predisposing mainly to the development of parathyroid and pi-
tuitary adenomas. MEN4 is inherited in an autosomal dominant manner 
through germline mutations in CDKN1B. CDKN1B encodes the 196-amino 
acid residue cyclin-dependent kinase inhibitor p27kip1. Eight different hetero-
zygous loss-of-function mutations in CDKN1B have been identified in pa-
tients with MEN1-like tumors. Future studies may shed more light on the pen-
etrance and phenotype of the different mutations in CDKN1B [20, 23, 24]. 

NF1 
NF1, previously known as the von Recklinghausen’s disease, is an autosomal 
dominantly inherited disorder occurring in about one in 3000 to one in 4000 
individuals, characterized by café au lait spots, peripheral neurofibromas, 
Lisch nodules, axillary freckling, skeletal dysplasia and optic gliomas. The 
gene for NF1 has been localized to the long arm of chromosome 17 and the 
syndrome is caused by loss-of-function mutations. Penetrance in affected in-
dividuals is nearly 100% by five years of age but the expression of the disease 
is highly variable both within and between families [20, 45, 46]. 

NETs in the NF1 patients are less common but include PCCs and duodenal 
NETs [20]. 

VHL 
VHL is an autosomal dominantly inherited disease affecting approximately 
one in 36 000 individuals. Typical manifestations include hemangioblastomas 
of the retina and the central nervous system, renal cell carcinoma, PCC and 
renal, pancreatic and epididymal cysts [20, 47]. 

The human VHL gene is located on the short arm of chromosome 3, encod-
ing either a 30 kDa full-length protein or a 19 kDa protein, generated by alter-
native translation. Both isoforms of the protein can suppress tumor formation 
and regulate hypoxia-inducible factor-α. VHL is subdivided into typical or 
type 1 VHL (truncating mutations), including manifestations such as heman-
gioblastomas and renal cell carcinomas; and type 2 VHL (missense mutations) 
including PCCs. In other words, once a PCC develops, the classifications be-
comes type 2 VHL. Furthermore, type 2 VHL can be further subclassified into 
type 2A with PCCs and other typical VHL manifestations except renal cell 
carcinomas; type 2B including the full spectrum of VHL manifestations; and 
type 2C with isolated PCCs [20, 48]. 

The PCC and PGL syndromes 
Apart from the classic genetic syndromes MEN2, NF1 and VHL, there are 
various more recently described diagnoses with a distinct heterogeneity in 
terms of affected organs, penetrance and modes of inheritance [20]. 
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Familial PGL 
The familial PGL syndromes types 1-5 are autosomal dominantly inherited 
and caused by loss-of-function mutations in the SDHD gene (PGL1), SDHAF2 
gene (PGL2), SDHC gene (PGL3), SDHB gene (PGL4) and SDHA gene 
(PGL5), respectively. The loss-of-function mutations in these syndromes 
cause disruptions in the tricarboxylic acid cycle leading to the accumulation 
of oncometabolites, with different phenotypes in the various PGL syndrome 
subtypes [20, 49]. 

The familial PGL type 1 syndrome has an almost complete penetrance for 
parasympathetic head/neck tumors. Both head/neck paragangliomas and phe-
ochromocytomas occur, and frequently multifocal lesions [50]. 

The familial PGL type 2 syndrome has only been identified in a few Euro-
pean families with parasympathetic lesions. SDHAF2 mutations do not appear 
to have an important role in the development of PCCs and are rare in 
head/neck paragangliomas [51, 52]. 

The familial PGL type 3 syndrome is also a very rare syndrome. SDHC 
mutations have only been found in a few families, mainly with head/neck 
paragangliomas. Around 10-50% of the cases are familial and follow an auto-
somal dominant mode of inheritance with reduced penetrance. The trait is al-
most exclusively transmitted through affected fathers suggesting maternal im-
printing of the disease gene [53-55]. 

The familial PGL type 4 syndrome is slightly more associated with recur-
rent or malignant extra-adrenal PCCs and PGLs, compared with the familial 
PGL type 1 syndrome. In other words, SDHB mutations are associated with 
higher morbidity and mortality compared with SDHD mutations [50, 56]. 

The familial type 5 syndrome appears to be associated with a significant 
number of apparently sporadic PGLs and PCCs. Moreover, inactivating mu-
tations in the SDHA gene have been described as a rather common oncogenic 
event in GIST patients [57, 58]. 

Familial PCC and PGL syndromes 
Germline mutations in the FP/TMEM127 gene have an estimated penetrance 
of about 30% for the development of PCCs whereas PGLs are less frequent. 
FP/TMEM127 has features of a classic tumor-suppressor gene and encodes 
for a transmembrane endosomal protein that can affect mTOR signaling, a 
pathway relevant for protein synthesis and cell survival. Mutations in 
FP/TMEM127 have been described in 1-2% of apparently sporadic unilateral 
cases of PCCs [59-61].  

Myc-associated factor X (MAX) associated familial PCC and PGL is an 
autosomal dominant disorder associated with an increased risk of PCC and 
PGL development. Germline mutations in MAX may be responsible for ap-
proximately one percent of PCC/PGL in patients without other known muta-
tions [62, 63]. 
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Heterozygous fumarate hydratase FH germline mutations cause the auto-
somal dominant syndrome hereditary leiomyomatosis and renal cell cancer, 
characterized by cutaneous piloleiomyomas, uterine leiomyomas and papil-
lary type 2 renal cancer. FH mutations have recently been described in 
PCC/PGL patients and may be present in about one percent of cases [64-66]. 

Tuberous sclerosis complex 
Tuberous sclerosis complex (TSC) is an autosomal dominantly inherited dis-
order characterized by the formation of hamartomas in wide range of tissues. 
Mutations in either the TSC1 or TSC2 tumor suppressor genes are responsible 
for both the familial and the sporadic forms of the disease [67, 68]. Moreover, 
TSC mutations may be found but are a less frequent feature in PanNET pa-
tients [69].  

HPT-JT 
HPT-JT is an autosomal dominantly inherited multiple neoplasia syndrome 
primarily characterized by hyperparathyroidism due to parathyroid tumors. 
30% of the HPT-JT subject may also develop ossifying fibromas, primarily of 
the maxilla and the mandible. Kidney lesions may also occur. Linkage analy-
sis assigned the HRPT2 locus to a region within 1q24-q32. HRPT2 is a ubiq-
uitously expressed, evolutionarily conserved gene encoding a 531-amino acid 
residue protein, most likely with a role as a tumor suppressor [70, 71].  

Types and clinical features of the NETs 
Gastroenteropancreatic NETs 
Gastroenteropancreatic NETs (GEP-NETs) usually present at approximately 
50-60 years of age. The majority of the tumors are non-functioning and thus 
produce none or vague symptoms, making the GEP-NETs a challenge to di-
agnose. Some tumors such as insulinomas, give rise to a quite distinct clinical 
syndrome. GEP-NETs are subdivided into the carcinoids of the gastrointesti-
nal tract, appendiceal NETs, gastric NETs and colorectal NETs, and the pan-
creatic NETs [3, 72]. 

Appendiceal NETs 
Appendiceal NETs constitute 50% of all primary tumors of the appendix. 
Aside from the small intestinal NETs, the benign appendiceal NETs are the 
second most common NETs of the gastrointestinal tract. Malign appendiceal 
NETs are the third most common malignant NETs of gastrointestinal tract. 

Most appendiceal NETs remain asymptomatic and are diagnosed postop-
eratively on histopathology. The vast majority of appendiceal NETs are less 
than 1 cm in diameter, 15% are 1-2 cm in diameter and five percent are more 
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than 2 cm in diameter. Tumor size of more than 2 cm correlates to an increased 
potential for metastases and a less favorable five-years survival rate [73]. 

Appendectomy is recommended for appendiceal NETs of up to 2 cm, while 
right hemicolectomy should be reserved for tumors larger than 2 cm. In cases 
of goblet cell carcinomas (GCC), right hemicolectomy is the treatment of 
choice, regardless of tumor size. Women with GCCs should also undergo bi-
lateral salpingo-oophorectomy [73]. 

Gastric NETs 
Gastric NETs are rare tumors subdivided into three categories. Type I is asso-
ciated with chronic atrophic gastritis, type II is associated with the Zollinger-
Ellison syndrome (ZES) and MEN1 and type III tumors are sporadic, large, 
solitary and invasive tumors that occasionally give rise to an atypical carcinoid 
syndrome mediated by the release of serotonin and histamine [3]. 

Generally, patients with sporadic ZES and positive pre-operative imaging 
should undergo surgery. Although somewhat controversial, surgical explora-
tion is also favorable in these patients even when the pre-operative imaging is 
negative given that there is no medical contraindication [6, 74, 75]. Moreover, 
intraoperative peritumoral lymph node removal most likely both has a prog-
nostic value and increases survival [6, 75, 76]. 

Another dilemma is the surgical treatment of ZES in MEN1 patients. Here, 
the gastrin hypersecretion of ZES can often de well controlled medically and 
surgery is not recommended for tumors of 2 cm or less [6, 75, 77]. 

Colorectal NETs 
Colorectal neuroendocrine neoplasms are associated with a rather aggressive 
clinical course and a poor prognosis. These tumors make up less than one per-
cent of the gastrointestinal malignancies and treatment guidelines are largely 
based on extrapolation from data on small-cell cancer of the lung [78]. 

When the disease in confined to the primary tumor with regional lymph 
nodes, resection and thereafter targeted radiation therapy coupled with cyto-
toxic chemotherapy may be of benefit [78]. 

Neuroendocrine tumors in the pancreas 
While most PanNETs are sporadic, some occur as part of an inherited syn-
drome, e.g. MEN1, responsible for 20-30% of gastrinomas and less than five 
percent of insulinomas and RFTs. VHL and neurofibromatosis are among 
other rare causes of inherited PanNETs [6]. 

Generally, attempted curative resection or enucleation/local resection de-
pending on the extensiveness of the tumor is recommended for sporadic non-
functioning PanNETs larger than 2 cm [6].  

While the vast majority of PanNETs are non-functioning, some tumors 
with secretion of biologically active peptides give rise to specific clinical syn-
dromes.  
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Insulinomas are the most common functioning NETs of the pancreas, with 
an incidence of 1-3 per million inhabitants per year. Less than 10% of the 
insulinomas are malignant. Approximately 10% of the patients harbor multi-
ple tumors. Insulinomas are β-cell neoplasms of the pancreatic islets and ap-
proximately five percent appear as part of the MEN1 syndrome. Insulinomas 
can be responsible for excessive insulin secretion. The Whipple triad consists 
of symptoms of hypoglycemia, plasma glucose levels ≤2.2 mmol/L and relief 
of the symptoms after glucose administration. Fulfillment of the Whipple triad 
leads to suspect insulinoma while the definite diagnosis requires six criteria 
including elevated proinsulin, C-peptide, insulin, β-hydroxybutyrate levels 
and the absence of sulfonylurea in the plasma and/or the urine [79].  

Prior to surgery or in patients with metastatic insulinomas, the hypoglyce-
mia associated with the disease needs to be controlled, often by both frequent 
meals and drug therapy. Here, diazoxide inhibits insulin release by direct ac-
tion on the β cells. Glucocorticoids such as prednisolone can also be effective. 
mTOR inhibitors such as everolimus and rapamycin have also been reported 
to control the insulin hypersecretion and hypoglycemia [79]. Isolated sporadic 
insulinomas are often cured by resection [3, 6, 79]. Patients with localized but 
inoperable insulinomas may undergo endoscopically guided or percutaneous 
ablative therapy [80, 81].  

Gastrinomas are nearly as common as insulinomas, 0.5-2 per million indi-
viduals and year, but are vastly more often malignant and are usually located 
in the pancreas or in the duodenum. In 25% of patients, the gastrinoma is as-
sociated with MEN1. Due to the hypersecretion of acid from the uncontrolled 
production of peptide hormone gastrin, gastrinomas give rise to the ZES or 
severe peptic ulcer disease. At surgery, 70-85% of the gastrinomas are found 
in the duodenal or pancreatic head area, the “gastrinoma triangle” [3, 79]. 

Pancreatic polypeptide-secreting tumors (Ppomas) are exceedingly rare, 
but the third most common type of PanNET. Patients may present with weight 
loss, jaundice and abdominal pain. The diagnosis of Ppoma is confirmed by 
measuring elevated levels of pancreatic polypeptide [3, 82]. 

VIPomas are also very rare, with an incidence of 0.05-0.2 per million per 
year. The vast majority of VIPomas occur in the pancreas, with a small mi-
nority located in the duodenum. Similar to insulinomas and gastrinomas, some 
VIPomas are associated with MEN1. The overproduction of vasoactive intes-
tinal peptide gives rise to the Verner-Morrison or WDHA (watery diarrhea, 
hypokalemia, achlorhydria) syndrome. The vasodilatory effect of the vasoac-
tive intestinal peptide (VIP) may also cause flushing. Secretory diarrhea, ele-
vated fasting levels of VIP during the diarrhea and the presence of a pancreatic 
islet cell tumor secures the diagnosis of VIPoma. Complete resection, prefer-
ably including staging of regional lymph nodes, is the only option for curative 
therapy. Cholecystectomy is likely of benefit to facilitate later treatment with 
somatostatin analogs [3, 79, 83, 84]. 
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Glucagonomas are also very rare, with an incidence of 0.01-0.1 per million 
per year, usually malignant, and occur only in the pancreas, usually in the sixth 
decade of life and are found in three percent of the MEN1 patients. The glu-
cagonoma syndrome is characterized by diabetes, dermatitis (necrolytic mi-
gratory erythema), deep vein thrombosis and depression. Glucagonoma may 
be suspected in patients with the typical erythematous rash. Many glu-
cagonoma patients present with metastatic disease. Patients who are candi-
dates for surgery often undergo distal pancreatectomy or pancreaticoduode-
nectomy depending on tumor location. Systemic therapies are often adminis-
tered after surgery [3, 79, 83, 85, 86]. 

Somatostatinomas are even less common than the Ppomas, VIPomas and 
the glucagonomas. There are duodenal and pancreatic somatostatinomas. The 
duodenal tumors are usually small at diagnosis and may present with gastro-
intestinal bleeding or jaundice due to ampullary obstruction. Immunohisto-
chemical staining after resection establishes the diagnosis. The duodenal so-
matostatinomas may have some association with the von Recklinghausen dis-
ease. The pancreatic somatostatinomas are usually larger than the duodenal 
tumors at diagnosis and may present with the somatostatinoma syndrome of 
cholelithiasis, hyperglycemia and steatorrhea. Patients with localized disease 
should undergo anatomic resection, often pancreaticoduodenectomy [3, 83].  

Apart from the functional and rare functional neuroendocrine tumors, there 
are a number of other very rare hormone-producing tumors such as the corti-
cotrophin-producing tumors and the growth hormone-releasing hormone-pro-
ducing tumors [79, 83]. 

Neuroendocrine tumors of the genitourinary tract 
Neuroendocrine tumors in the genitourinary tract are very rare, only 50 cases 
have been reported since these tumors were first described by Resnick and 
colleagues in 1966. These tumors have been reported to occur in the urinary 
bladder, the prostate, the urethra and in the renal pelvis but not in the renal 
parenchyma [87]. 

These tumors may present with abdominal pain and/or mass, weight loss 
or hematuria. Hormone production is rare. Up to 20% of the tumors are 
asymptomatic [87]. 

Due to the rarity of these tumors, the clinical behavior and prognosis of the 
neuroendocrine neoplasms of the genitourinary tract is uncertain. While more 
than 25% of these tumors have been described with regional lymph node or 
distant metastases, the majority have been cured by resection [87]. 

Neuroendocrine neoplasms of the lungs 
The neuroendocrine neoplasms of the lung are subdivided into typical car-
cinoid, atypical carcinoid, large cell NEC and small cell carcinoma in order of 
worsening prognosis. The clinical presentation including therapy and natural 
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history of the disease depends on the biological aggressiveness and the ana-
tomical location of the tumor [3]. 

The typical lung carcinoids 
The typical carcinoids comprise approximately two percent of the lung NETs, 
usually occur in individuals between 45 and 50 years of age and have no sex 
predilection or association with smoking history [3, 88]. 

Patients with centrally located typical carcinoids tend to present with signs 
of airway or chest disease such as recurrent infections, chest pain, cough, 
wheezing, dyspnea or pneumonia. Peripherally located tumors are generally 
asymptomatic. The carcinoid syndrome is unusual but may been seen in the 
context of liver metastases. Although lymph node metastases develop in less 
than 20% of the typical carcinoid patients, lobectomy with lymph-node dis-
section is recommended. Survival rates are much more favorable in patients 
with typical than with atypical carcinoids [3, 88]. 

The atypical lung carcinoids 
Atypical carcinoids differ from typical carcinoids by the number of mitoses 
per ten high-power fields (2 mm2) and/or the presence of necrosis. Clinical 
characteristics are similar to the typical carcinoids, but present a slightly 
higher age. Also, tumors are more often peripherally located and symptoms 
are often vague. Lobectomy with lymph-node resection is recommended for 
localized disease. In cases of unresectable tumors, platinum-based chemother-
apy with or without radiotherapy is often the treatment of choice [3, 88]. 

The large-cell NECs of the lung 
Large-cell NECs (LCNECs) are biologically and clinically very similar to 
small-cell lung carcinomas. LCNECs were reclassified by in 2015 by WHO 
as neuroendocrine tumors, together with the carcinoids and small-cell lung 
carcinomas (SCLCs). The cytological and immunohistochemical features of 
the LCNECs are very different from features of the classic large-cell carcino-
mas. The LCNECs appear to have a higher proliferative rate and a higher ex-
pression of Bcl-2 than the classic large-cell carcinomas. Also, the number of 
genetic alterations seem to be higher in the LCNECs than in the typical or 
atypical carcinoids but lower than in the SCLCs [88-90]. 

The clinical presentation and the natural history of the LCNECs are quite 
similar to the SCLCs. There is a heavy association with tobacco use, male 
gender and presentation at a slightly higher age than in typical or atypical car-
cinoid patients (median age 60 years). Symptoms at presentation are often fa-
tigue, cough, dyspnea and hemoptysis along with other components of the 
clinical picture of malignancy such as weight loss. In contrast to the SCLCs, 
the LCNECs are more often peripherally located and the disease is more likely 
to be limited at presentation [3]. 
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The small cell lung carcinomas 
The SCLCs are composed of small cells with scant cytoplasm and faint or 
absent nucleoli. Histologically, there are more than 10 mitoses per 2 mm2 and 
often necrosis [88]. 

In similar to LCNECs patients, SCLC patients are predominantly men of a 
slighter older age (mean age 65 years) with a heavy smoking history. The clin-
ical presentation is also similar, where SCLCs more often are centrally located 
and frequently are metastasized to extra thoracic locations such as bone, brain, 
liver and adrenals. Patients with stage I or IIa disease may undergo surgical 
resection and adjuvant chemotherapy with cisplatin/carboplatin and etoposide 
[3, 88].  

SCLCs are high grade neuroendocrine tumors with a poor prognosis; an 
analysis of 133 resected tumors reported 16.4% five-year overall survival and 
12.3% ten-year overall survival [91].  

Diagnostic imaging of the NETs 
Morphological imaging of the NETs 
For diagnostic imaging of the neuroendocrine neoplasms, the most widely 
used tomographic modalities are CT and MRI. CT should be performed in-
cluding a triple-phase examination of the liver, before and during intravenous 
contrast-enhancement in the late arterial phase. Hypervascular liver metasta-
ses, frequent with the PanNETs are often best depicted in the late arterial 
phase. The whole abdomen should be scanned in the portal-venous phase [92-
94]. 

Monitoring of neuroendocrine neoplasms undergoing systemic therapies 
relies heavily on RECIST 1.1. Triple-phase CT is the standard imaging mo-
dality although MRI is sometimes preferred in young patients [5, 93, 95]. 

MRI is superior to CT for imaging of the liver, bile ducts and the pancreas. 
MRI including diffusion weighted imaging can be used to distinguish between 
benign and malignant lesions without the need for an intravenous contrast 
agent. An additional advantage of MRI is the availability of hepatocyte-spe-
cific intravenous contrast agents. The major drawback of MRI is its limited 
availability compared with CT, even at academic centers [93, 95-99]. 

Ultrasound is another powerful and cost-efficient method. Contrast-en-
hanced ultrasound (CEUS) is frequently used to differ benign from malignant 
liver lesions. Endoscopic ultrasound is the most sensitive technique for detec-
tion of PanNETs and allows for image-guided biopsies [95, 100-103].  

Although ultrasound can be a vital diagnostic tool in several aspects of the 
characterization of NETs, CT or MRI are preferred for imaging in clinical 
trials, occasionally with the addition of CEUS [93]. 
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RECIST 1.1, some potential strengths and limitations 
The RECIST criteria were proposed in 2000 by a joint effort of the European 
Organization for Research and Treatment of Cancer, the United States Na-
tional Cancer Institute and the National Cancer Institute of Canada. In RE-
CIST the diameters of the target tumors are measured on CT/MRI and the sum 
of these target lesion diameters is calculated. The sum, at treatment start and 
follow-up examinations is used to evaluate the response. The appearance of 
any new lesions is also noted. In 2009, the RECIST 1.1 criteria were proposed 
as a revision of the RECIST criteria. RECIST 1.1 include recommendations 
for lymph node measurements and non-target lesions among other updates [4, 
5, 104]. 

In RECIST 1.1, the therapy response is classified in four categories as com-
plete response (CR), partial response (PR), progressive disease (PD) or stable 
disease (SD). CR is defined as complete disappearance of all target lesions, 
normalization of any enlarged lymph nodes and no new lesions. PR is defined 
as at least 30% reduction in the sum of diameters of the target lesions, com-
pared with baseline and no new lesions. PD is defined as an increase of at least 
20% in the sum of target lesion diameters and/or new lesions. The absolute 
increase must be at least five millimeters. SD is reported when there is neither 
sufficient decrease or increase in the sum of the diameters to define PR or PD. 
Both PD and SD are reported with the smallest sum on study, known as “na-
dir”, as reference [5]. 

In the situation when there is an increase in size of non-target lesions, even 
in the face of SD or PR of target lesions, unequivocal progression and thus PD 
can be reported. However, PD defined solely on the basis of unequivocal pro-
gression of non-target lesions is rare [5].  

There are several potential weaknesses associated with the evaluation of 
tumor response based solely on the sum lesion diameters. Very small tumors 
may be difficult to measure accurately and larger masses often form conglom-
erates, causing difficulties with inter-observer reproducibility. Time differ-
ences for scanning relative to contrast-media administration start may cause 
problems in comparing serial examinations. This problem may be particularly 
apparent when imaging neuroendocrine tumor liver metastases, as these are 
often best visualized in the late arterial phase, adding extra requirements on 
the timing of scanning in relation to contrast-medium administration [104].  

Some problems of evaluating changes in tumor size in therapy monitoring 
were addressed in 2005, in the context of imatinib treatment of gastrointestinal 
stromal tumors (GIST). Much like the NETs, GISTs typically change little or 
not at all in size, even when responding to therapy and size changes per se 
probably correlate poorly to the clinical outcome. The Choi criteria were pro-
posed, combining changes in tumor size and tumor attenuation to evaluate 
treatment response [104-107].  
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While RECIST 1.1 constitutes the gold standard for evaluating treatment 
response in solid tumors, one should be aware of its limitations, especially 
when evaluating response in slow growing tumors such as GISTs and NETs 
[104-106]. 

Other morphological features on CT for assessment of PanNETs 
Apart from the size measurements which are the mainstay for describing tu-
mor morphology, some data indicate that other features such as tumor density, 
vascularity and the regularity of the margins of the lesions may be associated 
with the histopathological features such as the WHO grade of the PanNET 
[108-113]. Some morphological features, such as tumor contrast-enhancement 
and the regularity of the margins may also be associated with outcome param-
eters such as OS [114, 115].  

Another potentially valuable tool in the characterization of PanNETs is tex-
tural analysis, based mainly on various metrics on pixel heterogeneity versus 
homogeneity within the tumors. A few studies indicate that tumor heteroge-
neity could be associated with outcome parameters such as PFS [112, 113].  

Functional imaging of the NETs 
In molecular imaging, radiolabeled somatostatin analogs (SSAs) are often 
used, as 80-100% of well-differentiated PanNETs express somatostatin recep-
tors. Previously, somatostatin receptor scintigraphy (SRS) with 111ln-pentre-
otide was the method of choice for functional imaging [93]. 

The Krenning score was developed for planar scintigraphy with 111ln-pen-
treotide single photon emission computed tomography (SPECT). Using the 
Krenning score, the lesion with the highest uptake is classified as 0 (no up-
take), 1 (very low uptake), 2 (uptake slightly less or equal to the liver uptake), 
3 (uptake higher than the liver), 4 (uptake higher than the spleen). While de-
veloped for 111ln-pentreotide SPECT, the Krenning score has subsequently 
also been used with 68Ga-DOTA-SSA-positron emission tomography/com-
puted tomography (PET/CT) [116, 117].  

SRS has been gradually replaced by 68Ga-DOTA-SSA-PET/CT, where the 
positron emitter 68Ga is used to label the somatostatin analogs, commonly re-
sulting in the preparations 68Ga-DOTATOC, 68Ga-DOTANOC or 68Ga-DO-
TATATE. While these preparations in vitro have slightly dissimilar affinities 
for the somatostatin receptor subtypes, the differences in the clinical settings 
are negligible. Generally, 68Ga-DOTA-SSA PET/CT is vastly superior to SRS 
due to higher temporal resolution, better tissue contrast and the more favorable 
kinetics of the 68Ga-labeled preparations [92-94]. 

While 68Ga-DOTA-SSA-PET/CT is essential for evaluation of eligibility in 
patients considered for PRRT, temporal changes in the uptake of 68Ga-DOTA-
SSA have not yet been shown to reflect therapy outcome [118, 119]. Although 
some data indicate that a decreasing tumor-to-spleen (TSR) standardized 
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uptake value ratio (SUVT/S) may be associated with a longer PFS in PanNET 
patients undergoing PRRT with 90Y-DOTATATE or 177Lu-DOTATATE, the 
tracer uptake may be influenced by the administered PRRT itself [119]. More-
over, SUVmax seems to correlate poorly to net influx values (Ki) in tumors with 
a high expression of somatostatin receptors [120]. Recent data indicate that 
the tumor-to-blood (TBR) ratio may have a closer correlation than SUV to Ki, 
implying that changes in SUV per se may not be useful in therapy monitoring 
of NETs undergoing radionuclide therapies [121]. 

With increasing Ki-67 index, cellular somatostatin receptor (SSTR) expres-
sion tends to decrease and so does tumor uptake on 68Ga-DOTA-SSA-
PET/CT. The situation is usually the reverse for metabolic imaging by 18FDG-
PET/CT, with lesions becoming more 18FDG avid with increasing prolifera-
tion. Thus, 18FDG-PET/CT may be preferred for patients with high-grade 
NETs and neuroendocrine cancers (NECs). Moreover, some data indicate that 
low-grade NETs also may be 18FDG avid [94]. 

Similar to the morphological evaluation in RECIST 1.1, there is the Posi-
tron Emission Tomography Response Criteria in Solid Tumors 1.0 (PERCIST 
1.0) for response evaluation with fluorine 18 fluorodeoxyglucose PET. In 
PERCIST 1.0, a single target lesion is selected on the basis that the most FDG 
avid tumor focus corresponds to the most aggressive portion of the lesion 
[122]. While relevant in 18FDG-PET/CT evaluation of solid tumors, PERCIST 
1.0 will not be further explored in this thesis. 

Oncologic management of the NETs 
Neuroendocrine tumors, being a spectrum of various histological entities and 
different clinical behaviors, require a multidisciplinary approach including ra-
diologists, nuclear medicine physicians, pathologists, oncologists, endocrinol-
ogists and sometimes pulmonologists and gastroenterologists [3]. 

Complete resection of the primary tumor including regional lymph nodes 
is the only curative therapy for patients with neuroendocrine neoplasms. How-
ever, surgery is highly dependent on the stage of the disease. Here, the pres-
ence of extra-abdominal metastases and/or diffuse peritoneal carcinomatosis 
may severely limit the options for resection. Also, right heart failure renders 
some patients inoperable [123]. 

As approximately 50% of the patients present with metastatic disease, cu-
rative resection is often not possible. Here, palliative surgery including 
debulking or removal of the primary tumor may be an option, depending on 
tumor location and involvement of surrounding tissues. Typically, about 90% 
removal of the tumor is required for symptom control and may also increase 
the effects of the systemic therapies [123]. 

Surgery is also recommended for patients with well-differentiated liver dis-
ease. In patients who are not candidates for surgery, embolization, 
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chemoembolization, or focal ablative therapies such are radiofrequency and 
microwave ablation may be useful to treat liver metastases [123]. 

Systemic therapies of the NETs 
The use of SSAs is standard first-line therapy in functioning NETs. Using 
slow-release formulations, improvement of flushing and diarrhea is achieved 
in 70-80% of patients. SSAs are generally well-tolerated except for mostly 
transient gastrointestinal side-effects such as diarrhea, abdominal discomfort, 
flatulence and nausea [124]. 

In progressive disease, PRRT may be considered to improve symptoms, 
although the efficacy may not be durable. Acute aggravation of symptoms 
such as worsening of hypoglycemia in insulinoma or diarrhea in carcinoid 
syndrome, may occur during or after PRRT, and careful observation is war-
ranted [124]. 

Other treatment options for uncontrolled symptoms include the mTOR in-
hibitor everolimus, particularly in metastatic insulinoma. Metastatic gas-
trinoma may be well-controlled with proton-pump inhibitors. SSAs are stand-
ard of care in PanNET patients secreting VIP, glucagon and other bioactive 
compounds. PRRT are likely to be effective for symptom control in functional 
PanNETs refractory to SSAs [124, 125]. 

Antiproliferative medical treatment options includes targeted drugs and 
systemic chemotherapy. Predictive factors for therapy selection are lacking. 
Therapy choice is based on clinical and pathological features such as tumor 
extent, growth behavior and SSTR imaging. SSAs and Interferon-alpha (IFN-
α) are the oldest targeted drugs while the mTOR inhibitor everolimus and the 
small-molecule oral kinase inhibitor sunitinib more recently have been intro-
duced in the management of NETs. None of these drugs provide a cure but 
rather disease stabilization [124, 126-129].  

Somatostatin analogs 
The peptide hormone somatostatin was due to its short half-life of approxi-
mately two to three minutes never developed for clinical use. In contrast, the 
synthetic long-acting analogs lanreotide and octreotide are used to treat symp-
toms related to the peptide hypersecretion in functionally active NETs. Fur-
thermore, the SSAs inhibit tumor NET growth. SSAs constitute the first line 
therapy for patients with local advanced inoperable and disseminated well-
differentiated low-grade small intestinal and PanNETs [3, 127]. 

Lanreotide was evaluated in the randomized double-blind placebo-con-
trolled multicenter phase III trial CLARINET [130]. 204 patients harboring 
moderately differentiated or well-differentiated non-functioning somatostatin 
receptor-positive G1 or G2 NETs received lanreotide (n=101) or placebo 
(n=103). At 24 months, the estimated rates of PFS were 65.1% (95% CI 54.0-
74.1) in the lanreotide group and 33.0% (95% CI 23.0-43.3) in the placebo 
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group. No median PFS was reached in the lanreotide group. Half of the pa-
tients in the lanreotide group had drug related adverse events, most commonly 
diarrhea [130]. 

Octreotide long-acting repeatable (LAR) was evaluated in the randomized, 
double-blind, placebo-controlled multicenter phase IIIB trial PROMID. 85 pa-
tients harboring well-differentiated metastatic midgut NETs received oc-
treotide (n=42) or placebo (n=45). An interim analysis reported time to pro-
gression median 14.3 months (95% CI 11.0-28.8) in the octreotide LAR group 
compared to median 6.0 months (95% CI 3.7-9.4) in the placebo group. The 
most frequently observed severe adverse events were symptoms from the GI 
tract, and fatigue and fever. In the follow-up study, median 96 months after 
randomization, there was a trend towards improved survival among the NET 
patients with a low tumor hepatic tumor load receiving octreotide LAR com-
pared to placebo. However, OS in the octreotide LAR group was not signifi-
cantly longer than in the placebo group [131, 132]. 

Lanreotide and Octreotide are registered drugs for NETs in Europe. Lanre-
otide is available only as long-acting formulations administered by deep sub-
cutaneous injections. Octreotide is available as short-acting subcutaneous in-
jection formulations and as long-acting intramuscular injection formulations. 
In cases of refractory carcinoid syndrome or uncontrolled specific symptoms 
related to functionally active NETs, SSA doses may be increased to above-
label doses by shortening the intervals between the injections [127].  

Peptide receptor radionuclide therapy 
As SSTRs frequently are expressed in NETs, especially in patients with well-
differentiated tumors, and due to the arising possibilities to evaluate receptor 
expression by 68Ga-DOTATOC-PET/CT, radionuclide therapies targeting 
SSTR have evolved in many parts of the world. Administration of high activ-
ities of SSTR-binding ligands is known as PRRT and is currently an estab-
lished treatment modality for patients with inoperable locoregional or meta-
static NETs [133].  

The optimal place and time in the therapeutic sequence has not yet been 
clearly defined and no ideal treatment protocol has been established. The orig-
inal protocol of four cycles of 7.4GBq of 177Lu-DOTATATE administered 
within six- to eight-weeks intervals has been modified by applying kidney and 
bone marrow dosimetry to allow for more than four cycles [134-136]. More-
over, some data indicate that dosimetry-based protocols may prolong PFS and 
OS, compared with the original four-cycle protocol [135]. In other words, in-
dividualized PRRT protocols based on absorbed doses in the kidney and bone 
marrow may lead to higher response rates than fixed protocols. However, 
some aspects such as the correlation between kidney doses and nephrotoxicity 
still need to be investigated [137].  

For treatment with PRRT, a few requirements need to be fulfilled. PRRT 
is applied in locoregionally advanced inoperable or metastatic G1 or G2 
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NETs. Patients with well-differentiated G3 NETs who are unsuitable for 
chemotherapy or have failed a trial of chemotherapy may also benefit from 
therapy. There needs to be sufficient tumor uptake on SSTR imaging and suf-
ficient bone marrow function. Creatinine clearance should be more than 50 
ml/min. The Karnofsky index should be more than 50. Expected survival 
needs to be more than three months [133].  

The randomized controlled phase III trial NETTER-1, assigned 229 ad-
vanced midgut NET patients to undergo either PRRT with 177Lu-DOTATATE 
at a dose of 7.4GBq plus best supportive care including octreotide LAR every 
eight weeks (n=116) or octreotide LAR alone every four weeks (n=113). At 
month 20, median PFS had not been reached in the PRRT with 177Lu-DOTA-
TATE group and median 8.4 months (95% CI 5.8-9.1) in the octreotide LAR 
group (Hazard Ratio (HR) for disease progression or death in the PRRT with 
177Lu-DOTATATE group versus octreotide LAR group 0.21 (95% CI 0.13-
33)). Adverse events in the PRRT with 177Lu-DOTATATE group included 
fatigue, asthenia, abdominal pain and diarrhea. In the final analysis, five years 
after the last patient was randomly assigned to one of the two groups, no sig-
nificant difference in median OS was reported in the PRRT with 177Lu-DO-
TATATE group versus octreotide LAR therapy alone [117, 138]. 

A retrospective analysis of 443 NET patients undergoing PRRT with 177Lu-
DOTATATE in a Dutch cohort reported OS median 63 months (95% CI 55-
72) and PFS median 29 months (95% CI 26-33) [139]. Another retrospective 
analysis of 102 NET patients undergoing PRRT with 177Lu-DOTATATE re-
ported PFS median 24 months (95% CI 17-28) and OS median 42 months 
(95% CI 29-61). Some bone marrow toxicity was reported [136]. 

A comparative cohort study of 910 NET patients undergoing PRRT with 
90Y-DOTATOC and 141 NET patients undergoing PRRT with 177Lu-DOTA-
TATE group, survival was comparable between the groups. However, a higher 
number of cases of transitory hematotoxicity were reported among the patients 
receiving PRRT with 90Y-DOTATOC [140]. 

In NET patients who benefited from the initial cycles of PRRT but again 
progressed after an interval after finished therapy, re-treatment with PRRT, 
“salvage therapy”, may be beneficial. Some data indicate that salvage therapy 
may be safe and lead to a favorable outcome after an initial response to PRRT 
and later progression [141-144].  

mTOR inhibitors 
mTOR is an intracellular serine/threonine kinase that regulates various cata-
bolic and anabolic processes and is involved in cell survival, proliferation and 
metabolism. mTOR interacts with several proteins mTOR complexes 1 and 2. 
Aberrant signaling in the mTOR pathway has been implicated in neuroendo-
crine tumorigenesis and targeting of mTOR components has emerged as a 
treatment strategy for patients with advanced NETs [128]. 
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The efficacy and safety of the direct inhibitor of the mTOR pathway evero-
limus was evaluated in the RADIANT 1-4 trials [145-150]. 

The RADIANT-1 multicenter phase II trial evaluated the antitumor activity 
of oral everolimus in patients with advanced PanNETs with progression dur-
ing or after chemotherapy. Patients treated with everolimus alone (n=115) had 
PFS median 9.7 months (95% CI 8.3-13.3) while patients treated with a com-
bination of everolimus and octreotide LAR had PFS median 16.7 months 
(95% CI 11.1-not reached). The treatment with everolimus with or without 
concomitant octreotide LAR was generally well-tolerated [145]. 

The RADIANT-2 multicenter, double-blind phase III trial randomized Pan-
NET patients with advanced tumors to receive either everolimus and oc-
treotide LAR (n=216) or placebo and octreotide LAR (n=213). 37 patients in 
the everolimus plus octreotide group completed the trial. 34 patients in the 
placebo plus octreotide group completed the trial. PFS evaluated by local in-
vestigator-assessed analysis was favorable in the everolimus plus octreotide 
LAR group HR 0.78 (95% CI 0.62-0.98) [146]. 

The RADIANT-3 multicenter double-blind phase III trial randomly as-
signed 410 low-grade or intermediate-grade PanNET patients to receive either 
everolimus (n=207) or placebo (n=203). PFS was median 11.0 months in the 
everolimus group and median 4.6 months in the placebo group (HR 0.35 (95% 
CI 0.27-0.45)). The most common adverse events were stomatitis, rash, diar-
rhea, fatigue and infections [147]. 

The RADIANT-4 multicenter double-blind phase III trial randomly as-
signed patients with advanced, progressive, well-differentiated non-functional 
gastrointestinal or lung NETs to receive either everolimus (n=205) or placebo 
(n=97). PFS was median 11.0 months (95% CI 9.2-13.3) in the everolimus 
group compared with 3.9 months (95% CI 3.6-7.4) in the placebo group (HR 
0.48 (95% CI 0.35-0.67)). The most common adverse events were stomatitis, 
diarrhea, fatigue, infections, rash and peripheral edema [148].  

A subgroup analysis evaluated patients with GI NETs (n=175) and NET 
patients with a primary tumor of unknown origin (n=36) in the RADIANT-4 
trial. In the GI NET group, PFS was median 13.1 months (95% CI 9.2-17.3) 
among the patients receiving everolimus (n=118) versus median 5.4 months 
(95% CI 3.6-9.3) in the placebo group (n=57) (HR 0.56 (95% CI 0.37-0.84)). 
Among the patients with a NET of unknown origin, PFS was median 13.6 
months (95% CI 4.14-not reached) in the everolimus group (n=23) versus 7.5 
months (95% CI 1.9-18.5) in the placebo group (n=13) (HR 0.60 (95% CI 
0.24-1.5)) [150]. 

Another subgroup analysis evaluated patients with NETs of lung origin in 
the RADIANT-4 trial. PFS in the patients treated with everolimus (n=62) was 
median 9.2 months (95% CI 6.8-10.9) versus median 3.6 months (95% CI 1.9-
5.1) in the placebo group (n=27) (HR 0.50 (95% CI 0.28-0.88)) [151]. 

Everolimus is registered for therapy of advanced, progressive G1 or G2 
non-functional NETs of GI or lung origin and may improve symptoms from 
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NET-related endocrine hypersecretion, especially in cases of metastatic insu-
linomas. The adverse events of everolimus are generally mild to moderate in 
severity and often include stomatitis, skin rash and diarrhea. Also, opportun-
istic infections such as aspergillosis and candidiasis may occur. Generally, the 
adverse events exhibit a quite distinct profile and are often manageable [127, 
146-148].  

Other targeted drugs 
Sunitinib malate is a small-molecule oral kinase inhibitor with activity against 
a number of tyrosine kinase receptors including vascular endothelial growth 
factor receptors, platelet-derived growth factor receptors, KIT and RET. 
Sunitinib malate may have antitumor activity in progressive, unresectable, lo-
cally advanced or metastatic PanNET patients [127, 129, 152]. 

A phase II trial testing the safety and efficacy of sunitinib in advanced NET 
patients reported time to progression median 7.7 months (95% CI 6.5-12.5) in 
PanNET patients (n=66) and median 10.2 months (95% CI 9.2-17.4) in small 
intestinal/colorectal NET patients (n=41). OS was median 25.3 months (95% 
CI 25.3-not reached) in the small intestinal/colorectal NET patient cohort 
(n=41). No median OS was reported among the PanNET patients [152]. 

A phase III trial testing sunitinib versus placebo in PanNET patients har-
boring well-differentiated advanced tumors reported PFS median 11.4 months 
in the sunitinib group (n=86) compared to PFS median 5.5 months in the pla-
cebo group (n=85). Median OS was not reached. The most common adverse 
events associated with sunitinib were nausea, vomiting, diarrhea and fatigue 
[129]. 

For the treatment of PanNETs, sunitinib is administered once daily as con-
tinuous therapy. Sunitinib should be interrupted three to four weeks before 
and at least two weeks after any surgery due to the risk of impaired wound 
healing and the potential bleeding risk. The most common adverse events in 
the treatment of PanNETs were reported to be diarrhea, nausea, vomiting and 
fatigue. Moreover, hypertension, an on-target VEGF-1 inhibition adverse 
event, is quite common [127].  

Chemotherapy 
Systemic chemotherapy is indicated in local advanced or progressive Pan-
NETs and in G3 neuroendocrine neoplasms. Chemotherapy may also be used 
in NETs with primary tumors in the thymus, lung, stomach, colon and rectum 
under certain conditions; high levels of Ki-67, rapidly progressive disease or 
failure of other systemic therapies [153]. 

Chemotherapy based on streptozocin is among the treatment options for G1 
or G2 PanNETs with a high tumor burden or progressive disease. Doxorubicin 
may be added but is limited by its cumulative cardiotoxicity. If streptozocin 
fails, temozolomide with or without capecitabine, dacarbazine, oxaliplatin 
combinations with fluoropyrimidine, or irinotecan-based therapy may be 
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used. In neuroendocrine carcinomas, chemotherapy is an essential part of the 
approach both for localized and metastatic disease. Platinum-based chemo-
therapy is generally indicated in patients with adequate organ function and 
performance status [153].  

Interferon alpha 
IFN-α is a cytokine with potential antiviral, antiproliferative and antitumor 
effects. IFN-α can be used as monotherapy or in combinations with chemo-
therapies or SSAs for treatment of metastatic NETs [126].  

A prospective randomized trial reported a reduced risk of tumor progres-
sion in midgut NET patients (n=33) undergoing a combination therapy of IFN-
α and Octreotide, compared to the NET patients (n=35) undergoing octreotide 
monotherapy (HR 0.28, 95% CI 0.16-0.45). There was no significant differ-
ence in between the two groups in OS [154].  

Despite the doubtful effects on survival, IFN-α may still have a role in con-
trol of carcinoid syndrome in receptor-negative NET patients or in NET pa-
tients resistant or intolerant to SSAs. There may also be a role for IFN-α as an 
anti-proliferative agent in small-volume diffuse G1 or G2 tumors or as a 
bridge to other therapies such as PRRT [126]. 

The most frequently used recombinant IFN preparations have been IFN-
α2a and IFN-α2b, differing from one another by a single amino-acid residue. 
Pegylated (PEG) forms of IFN are a recent addition. IFN-α should be inter-
rupted three to four weeks before surgery, PRRT or trans arterial emboliza-
tion/chemoembolization and for at least two to four weeks thereafter. IFN 
should not be used in elderly patients due to the risk of impaired hepatic, renal, 
bone marrow or cardiac function or in patients with severe autoimmune dis-
eases [127]. 

Due to the higher frequency of adverse events, IFNs need to be interrupted 
more often than SSAs. Several different adverse events have been reported. 
Fever and flu-like symptoms, affecting about 90% of patients and commonly 
occurring within one to two hours after the injection. Fatigue or weight loss is 
seen in about 50% of the patients. Myelosuppression, leading to leukopenia, 
lymphopenia, anemia and thrombocytopenia is sometimes seen. Autoimmune 
disorders are seen in about 20% of the patients. Mild hepatotoxicity has been 
reported in 30% of the patients. Also, psychiatric side effects, especially de-
pression sometimes occur. If standard IFN therapy is not tolerated, PEG-IFN-
α2b may instead be used [127].  

Tumor growth rate 
Describing growth patterns of tumors has been sought since the early days of 
cancer research and many mathematical models have been proposed, but there 
is still no clear consensus on the growth pattern of solid tumors [155-157].  
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Due to the limitations of RECIST 1.1 for evaluation of NET therapy re-
sponse on CT/MRT, other tools have been tested. Several recent studies have 
reported promising results on tumor growth rate (TGR) in NET patients un-
dergoing different therapies and watch-and-wait. Moreover, differences in 
TGR, both before and during treatment have been found to associate with dif-
ferences in outcome parameters such as PFS [158-160]. 

TGR may be a useful tool for describing changes in the sum of tumor di-
ameter, including time as a parameter, which allows for quantification of tu-
mor kinetics, expressed as percentage change per month. TGR can be calcu-
lated according to a previously published formula [158, 159, 161-163]: 

TG = 3*(LOG(D2/D1))/time (months) 
TGR = 100*(EXP(TG)-1) 

where TG is tumor growth, D1 is the sum of lesions at the earliest time point 
(e.g. the baseline study). D2 is the sum of lesions at the later point in time (e.g. 
a follow-up study). Time is typically calculated according to the formula: (late 
date – early date + 1)/30.44. 

Notably, while emerging data point toward TGR as a promising tool for 
quantification of tumor kinetics, there appears to be a number of issues to ad-
dress before a potential application clinical practice. TGR does not offer a 
solution to describe new lesions or non-target lesions and the disappearance 
of lesions on imaging is also troublesome to quantify. In particular, TGR falls 
short in the context of unequivocal progression on non-target lesions. 
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Aim of the thesis 

The overall aim of these doctoral studies was to investigate novel methods for 
morphological and functional imaging of NET patients undergoing systemic 
therapies. Moreover, we aimed to relate imaging data to outcome parameters 
such as PFS and OS.  

It should be noted that the present work did not intend to replace RECIST 
1.1 for morphological therapy monitoring. 

Specific aims: 
I To measure changes in arterial-phase attenuation and contrast-en-

hancement on multiphase CT in PanNET patients undergoing PRRT 
with 177Lu-DOTATATE (n=151) in relation to the outcome parame-
ters PFS and time to best response. 

II To calculate TGR before and during PRRT with 177Lu-DOTATATE 
in PanNET patients (n=151) and relate changes in TGR to the outcome 
parameters PFS and OS.  

III To calculate TBR and TSR on 68Ga-DOTATOC-PET/CT in NET pa-
tients undergoing PRRT with 177Lu-DOTATATE (n=139) and relate 
changes in TBR and TSR to PFS and OS.  

IV To calculate TGR in a cohort of PanNET patients transforming to a 
higher tumor grade during systemic therapies at Uppsala University 
Hospital (n=46) and relate changes in TGR to changes in the Ki-67 
index. 
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Materials and Methods 

Patients, papers I and II 
The study was approved by the Local Ethics Committee for Human Ethics in 
Uppsala, Sweden (reference number: 2010/177) and all patients provided writ-
ten informed consents. The Declaration of Helsinki was followed. All patients 
with a PanNET diagnosis who had undergone PRRT with 177Lu-DOTATATE 
at Uppsala University Hospital between 2006 and 2018 (n=151) were identi-
fied in the hospital’s radiological information system and picture archiving 
and communication system. 

PRRT comprised 7.4 GBq per treatment cycle, and the number of cycles 
were tailored according to kidney and bone marrow dosimetry [135]. 

Only patients with at least one hypervascular liver metastasis on contrast-
enhanced computer tomography (CECT) of adequate quality at baseline were 
included. Patients with heavily calcified metastases were excluded due to the 
risk of partial volume effects. 

Patients and PRRT, paper I 
Apart from the criteria described above, only patients with at least one follow-
up CECT after therapy were included. Only the arterial post-contrast CT was 
assessed and patients who lacked CECT at baseline or at follow-up were ex-
cluded. Lastly, follow-up CECT needed to have been undertaken preferably 
within three months and at the latest six months after the last cycle of PRRT. 

The baseline CECT, within one month before PRRT, was assessed. During 
PRRT, the CECT before the fifth cycle was evaluated. If the patient had un-
dergone less than five cycles of PRRT, the CECT before the third cycle was 
read. These measurements, undertaken on the CECT before the fifth or third 
treatment cycle are henceforth referred to as “mid-treatment”. Follow-up 
CECT was in the vast majority of patients executed at three months and at the 
latest six months after the last PRRT cycle. 

Data on Ki-67 and tumor grade at baseline were collected from the 
pathologists’ reports on biopsies of liver metastases or the primary PanNETs. 
Data on Chromogranin-A at baseline were obtained from the patients’ labor-
atory reports. 
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Inclusion criteria, paper II 
Only patients with at least one hypervascular liver metastasis were included. 
At least one follow-up scan was required. However, the portal-venous con-
trast-enhancement phase was preferred and patients were included given that 
baseline and follow-up scans in equal or similar timing were available. Con-
trast-enhanced MRIs were assessed when no CECT of adequate quality were 
available. 

The sum of tumor diameters was obtained according to the modified RE-
CIST 1.1 criteria on CECT/MRI. We assessed the patients at four points be-
fore/during treatment (Please see “Calculation of TGR”). 

Patients, paper III 
The local ethics committee (University of Duisburg-Essen, Medical faculty; 
protocol number: 22-10737-BO) approved the retrospective analysis of avail-
able patient data. The Declaration of Helsinki was followed. 

The institutional database of the University Clinic Essen was screened for 
NET patients who had undergone least two cycles of PRRT with 177Lu-DO-
TATOC and 68Ga-DOTATOC-PET/CT for baseline and follow-up imaging. 

Treatment was performed in accordance with European Association of Nu-
clear Medicine guidelines on PRRT and more specifically, according to the 
NETTER-1 treatment protocol starting in 2017 [138, 164]. The patients in the 
present study underwent a mean of 3.4 PRRT cycles. The mean cumulative 
activity per patient was 23.1 GBq 177Lu-DOTATOC. 

Patients, paper IV 
The study was approved by the Ethical Review Board in Uppsala (reference 
numbers 2015/533, 2012/160). Patients who were alive provided written in-
formed consents. 

The present study included patients from a previously described cohort of 
PanNET patients treated at Uppsala University Hospital, between 1980 and 
2016, with sporadic disease and biopsied at least twice during the disease 
course [165]. 

Inclusion criteria were at least two CECTs of adequate quality during the 
disease course and at least one lesion discernible on CECT.  

Image analysis 
Image analysis, paper I 
For each patient, the liver metastasis with the highest attenuation in the late 
arterial contrast-enhancement phase at baseline and at the mid-treatment and 
follow-up CECT were outlined manually using an irregular region of interest 
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(ROI). The lesion was also outlined in the non-contrast-enhanced examina-
tion. The mean attenuation (HU), maximum attenuation (HU) and transversal 
surface area (cm2) were noted.  

The fold changes (%) of the arterial tumor attenuation, contrast-enhance-
ment and transversal tumor area on CECT at baseline to follow-up, between 
baseline and mid-treatment and between mid-treatment and follow-up were 
calculated. The combined fold changes in arterial tumor attenuation and trans-
versal tumor area between these time points were also assessed.  

A ROI was also placed in the abdominal aorta at the level of the coeliac 
trunk to approximate the attenuation in the hepatic arterial branches, from 
which the tumor vessels of the liver metastases are derived. 

Image analysis, paper II 
In each patient, the sum of the longest diameters of three hypervascular liver 
lesions, two lymph node metastases and the primary tumor was measured in 
each patient. The RECIST 1.1 criteria were used to guide selection and defi-
nition of the tumor lesions. For each patient, CECT/MRI examinations per-
formed in similar contrast-enhancement phases were assessed at the different 
points. When only an arterial phase CECT/MRI was available at baseline, this 
contrast-enhancement phase was consistently assessed in the CECT/MRI ex-
aminations at all other points. 

The measurements of the sum of tumor diameters were based on the RE-
CIST 1.1 criteria, with modifications of the number of lesions measured per 
organ, three instead of two per organ, and of the maximum interval between 
the baseline examination and the first therapy; seven instead of four weeks. 

Image analysis, paper III 
The 68Ga-DOTATOC-PET/CT examinations were read by two independent 
readers (Weber, M., Pettersson O.J.), blinded for all clinical and imaging in-
formation except the type disease and the type of examination. 

Standard Uptake Values (SUV) in the reference organs, namely the blood 
in the left ventricle and in the aorta, the kidney and the spleen were recorded 
as SUVmean and SUVmax. 

Tumor uptakes were categorized high, intermediate or low based on com-
parisons with the kidney and the liver, respectively. SUVmean and SUVmax were 
recorded for all up to three lesions of each category. In other words, up to nine 
lesions were described in all patients. 

The ratios between the SUVmax of the tumor and the SUVmean of the left 
ventricle for TBR were calculated. For TSR measurements, the SUVmax of the 
tumor was divided by the SUVmean of the spleen. Due to a high inter-reader 
variability when the aorta was used as reference organ in a prior exploratory 
study, the blood pool of the aorta was dismissed as reference. In other words, 
only the blood in the left ventricle was used as reference for the TBR record-
ings. 



 40 

In cases of disagreement between the readers, repeat blinded readings were 
carried out and lastly, any conflicting final recordings were settled in consen-
sus. 

Image analysis, paper IV 
Lesions were defined, measured and summarized according to RECIST 1.1 
[5]. The portal-venous phase was preferred for the lesion evaluation. When no 
portal-venous phase was available or when lesions were only visible in the 
late arterial phase, the latter was used.  

While RECIST 1.1 sets a maximum of up to two target lesions per organ, 
up to three liver lesions, two enlarged lymph nodes and the primary tumor 
were delineated in each patient. In addition to the evaluation of the target le-
sions, we noted the appearance of any new lesions in the examinations.  

Outcome parameters 

Outcome parameters, papers I and II 
The patients underwent clinical, biochemical and radiological assessment at 
least every three to six months following PRRT. CECT/MRI was assessed 
according to RECIST 1.1 whereby the maximum percentage decrease in the 
sum of tumor diameters (maximum two per organ, maximum five in total) 
compared to baseline was calculated to establish the best response. The ap-
pearance of any new lesions was also registered. Time to best response was 
defined as the time from initiation of PRRT to the time of best response (BR) 
RECIST 1.1. 

PR was defined as at least 30% reduction in the sum of tumor diameters, 
and no new lesions. A 20% increase in the sum of tumor diameters and/or the 
appearance of new lesions was categorized as PD and together with the pa-
tients’ clinical and biochemical data allowed for establishing PFS. OS was 
defined as the interval from initiation of therapy until death, or until the last 
known contact. CR was defined as the disappearance of all malignant lesions 
including normalization of pathological lymph nodes. SD was defined as tu-
mor response not fulfilling the criteria for PR, PD or CR. 

The RECIST 1.1 data were used to evaluate patient outcome as either CR, 
PR, SD or PD. 

Outcome parameters, paper III 
TBR at baseline and changes in TBR and TSR from baseline to follow-up 
were tested for correlation with PFS and OS. PFS was defined as the interval 
from the start of PRRT until clinical, radiological or an interdisciplinary tumor 
board decision of progressive disease, or until the death of the patient. OS was 
defined as the interval from initiation of therapy until the last follow-up or 
death.  
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Calculation of TGR 

Calculation of TGR 
Calculation of TGR is based on the change of the sum of diameters for the 

target lesions and additionally incorporates time as a parameter, allowing for 
quantitative assessment of the tumor kinetics, expressed as the percentage in-
crease or decrease per month. TGR can be calculated according to a previously 
published formula [158, 159, 161-163]: 

TG = 3*(LOG(D2/D1))/time (months) 
TGR = 100*(EXP(TG)-1) 

where TG is tumor growth, D1 is the sum of lesions at the earliest time point 
(e.g. the baseline study). D2 is the sum of lesions at the later point in time (e.g. 
a follow-up study). Time is typically calculated according to the formula: (late 
date – early date + 1)/30.44. 

Calculation of TGR, paper II 
TGR was calculated for one interval before initiation of treatment and for two 
different intervals during PRRT. TGR was calculated between baseline and 
the most recent examination before baseline, within twelve months [158]. 
Lastly, TGR was calculated between baseline and at about ten months there-
after (TGR10).  

To extract the cohort of patients surviving and not progressing for at least 
three months from baseline, separate tumor growth rates were calculated after 
the three-months landmark had been applied. TGR at the various intervals in 
the survival analysis were designated “TGR0surv”, “TGR4surv” and “TGR10surv” 
(please see also “Statistical methods, paper II” below). 

Calculation of TGR, paper IV 
Baseline was defined as the first available CECT of sufficient quality. Lesions 
that were defined at the baseline examination and could later not be delineated 
were then give the value 0. If the lesion later again could be delineated in a 
similar post-contrast phase, the lesion was defined and measured. 

Statistical analysis 

Statistical analysis, paper I 
Wilcoxon’s signed-rank test was used to test for differences in changes be-
tween baseline and follow-up in arterial attenuation and contrast-enhancement 
in the liver metastases. Correlations between CECT data and BR RECIST 1.1., 
time to BR, PFS and OS were tested by linear regression.  
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Two-sided tests were used. The significance level was set at p<0.05. The 
software JMP 14 (SAS Institute Inc., Cary, NC, USA) was used to run the 
statistical analyses including the regression models. 

Statistical analysis, paper II 
Kruskal-Wallis one-way ANOVA and Mann-Whitney U test were carried out 
to compare TGR between groups. Shapiro-Wilk test was used to test for non-
normal distribution vs normal distribution. Receiving operator characteristics 
(ROC) curves were used to search for cut-offs for TGR at the different inter-
vals. Univariate and multivariable Cox regression and Kaplan-Meier plots 
were used to test the biomarkers against outcome parameters. To avoid the 
potential bias “responders must live long enough for response to be observed 
and for TGR to be measured”, the landmark method was used in the survival 
analysis [158, 166]. In line with a recent study, a three-months landmark was 
set [158]. Thus, patients who died within three months of baseline or with 
progressive disease at three months or earlier were excluded from the survival 
analysis. 

Two-sided tests with p<0.05 were considered significant. In the Shapiro-
Wilk test, p<0.05 was used to test the hypothesis of non-normal distribution. 

The statistical analyses in paper II were carried out using R 3.6.3 (R: A 
language and environment for statistical computing, R Foundation for Statis-
tical Computing, Vienna, Austria. “https://www.R-project.org/”) with the 
packages “dplyr”, “ggfortify”, “ggplot2”, “ggsci”, “plotROC”, “ranger” and 
“survival”. 

Statistical analysis, paper III 
The impact of TBR at baseline as well as the impact of changes in TBR, and 
TSR on PFS and OS were tested by time-to-event analyses, namely univariate 
and multivariable Cox regression with Hazard Ratios. Data on these time-to-
event models were visualized by Kaplan-Meier plots. Log-rank tests were 
used to test for decreasing versus stable/increasing TBR and TSR against PFS 
and OS. 

Two-sided tests with p<0.05 were considered significant. 
SPSS version 27.0 (IBM Corp. Released 2020. IBM SPSS Statistics for 

Mac, Version 27.0. Armonk, NY: IBM Corp) was used for the statistical anal-
ysis. 

Non-specific fluctuations in SUVmax, paper III 
Based on a test-retest study where non-specific fluctuations of up to 25% in 
SUVmax were described, the categories of stable TBR and stable TSR were 
introduced [167]. 
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Statistical analysis, paper IV 
Mann-Whitney U tests were carried out to test for differences between the 
PanNET patients who increased in grade according to Ki-67 on serial biopsies 
versus patients who did not increase in grade between the biopsies 

Two sided tests with p<0.05 were considered significant. 
Spaghetti plots were used to visualize TGR on an individual level in the 

transforming and an in the non-transforming groups. Box plots were used vis-
ualize data on a group level. 

The statistical analyses were carried out using R 3.6.3. R Core Team 
(2020). R: A language and environment for statistical computing. R Founda-
tion for Statistical Computing, Vienna, Austria. URL https://www.R-pro-
ject.org/. 
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Results 

Baseline patient characteristics 

Baseline patient characteristics, paper I 
Out of the original 151 patients, 52 had liver metastases and were available 
for inclusion. Thus, the study cohort comprised 52 PanNET patients (27 men, 
25 women), median age 60 years (range 29-80) at the start of therapy. Ki-67 
index was available in 50 patients, median at 8% (range 1-30). In the majority 
of patients (n=45), Ki-67 was reported from biopsies of liver lesions, other-
wise from the primary tumor (n=5). Six patients had grade 1 PanNETs, 41 had 
grade 2 and three subjects harbored grade 3 tumors.  

The patients harbored at least one hypervascular liver lesion (Figure 1) and 
there were extrahepatic metastases in lymph nodes (n=20), bone (n=9), ad-
renal glands (n=3), ovaries (n=1), peritoneum (n=1), and bile ducts (n=1). Ex-
tension of the primary PanNET with tumor infiltration into the stomach wall 
(n=2) and the spleen (n=2) were also found. 

P-Chromogranin-A was available in 48 patients, median 21 nmol/L (range 
2 nmol/L to a 168-fold on the upper reference limit). All patients had high 
tumor uptake on somatostatin receptor imaging (Krenning score 3-4). 
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Figure 1. Transversal CECT images in the arterial phase of a liver metastasis at 
baseline (A), before the third cycle of treatment (B) and at follow-up (C). 
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Baseline patient characteristics, paper II 
Out of the 151 patients who had undergone PRRT with 177Lu-DOTATATE at 
Uppsala University Hospital between 2006 and 2018, 67 patients had under-
gone CECT/MRI of adequate quality at baseline and were included. The in-
terval between the baseline examination and the first treatment was mean 1.49 
weeks (range 0.13 to 6.70 weeks).  

Baseline patient characteristics are described in table 2. 

Table 2. Baseline patient characteristics, paper II. *range 1.3 nmol/L to 168-fold the 
upper reference value (n=61), **biopsies were taken from a liver metastasis (n=51) 
or the primary tumor (n=8), ***the primary tumor could not be identified on the 
baseline examination, ****5-hydroxyindolacetic acid, †adrenocorticotropic hor-
mone, ††vasoactive intestinal peptide.  

Baseline characteristics (n=67) Value 

Age (median, range) 60, 29–77 
Gender (n=67)  

Male 43 
Female 24 

Chromogranin-A (nmol/L)* 18.25 
Ki-67% (median, range)** 10–30 

Not specified 8 
Grade (based on Ki-67)  

Grade 1 7 
Grade 2 46 
Grade 3 5 
Not specified 8 

Metastases in or overgrowth to  
Liver 67 
Lymph nodes 30 
Bone 12 
Adrenal glands 4 
Spleen 3 
Peritoneum 2 
Stomach 2 
Ovaries 1 

Number of liver lesions (diameter ≥10 mm)  
Only one lesion 1 
Two lesions 7 
Three or more lesions 59 

Number of lymph nodes (short axis ≥15 mm)  
One lymph node 15 
Two or more lymph nodes 15 
No enlarged lymph nodes 37 

Primary tumor  
Not resected  47 
Resected 11 
Not delineated*** 9 
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Type of tumor  
Non-functioning 41 
Glucagonoma 5 
Gastrinoma 4 
Calcitoninoma 1 
Insulinoma 1 
5HIAA**** 1 
ACTH/G† 1 
VIPoma†† 1 
Not specified 12 

Baseline patient characteristics, paper III 
Out of 438 screened patients, 262 NET patients had undergone at least two 
cycles of PRRT with 177Lu-DOTATATE and/or 90Y-DOTATOC. The present 
study focused on the 139 patients that had undergone PRRT with 177Lu-DO-
TATATE (Figure 2). 

Among these patients (n=139), 78/139 (56%) were men and 61/139 (44%) 
were women. Mean (range) patient age was 62.1 (27.8-84.4) years. The pan-
creas was the most common (n=47, 34%) site of the primary tumor. Most pa-
tients (n=75, 54%) had grade 2 tumors, while the grade was unknown in a few 
patients (n=20, 14%). For an overview of baseline patient characteristics, 
please see Table 3. 

Table 3.  
Baseline patient  
characteristics (n=139) Units Quantity 

Age, years Mean (range) 62.1 (27 - 85) 
Sex Men, n (%) 78 (56) 
 Women, n (%) 61 (44) 
Primary tumor site Pancreas, n (%) 47 (34) 
 Midgut, n (%) 40 (29) 
 Lung/thymus, n (%) 12 (9) 
 Hindgut, n (%) 11 (8) 
 Others, n (%) 13 (9) 
 Unknown, n (%) 16 (12) 
Histopathological grade G1, n (%) 35 (25) 
 G2, n (%) 75 (54) 
 G3, n (%) 9 (6) 
 Not available 20 (14) 
Main metastatic sites Liver, n (%) 122 (88) 
 Bone, n (%) 59 (42) 
 Lungs, n (%) 5 (4) 
TBR TBRmean, mean (range) 22.4 (3.8 – 169.7) 
Prior therapies Somatostatin analogs, n (%) 96 (69) 
 Chemotherapy, n (%) 37 (27) 
Chromogranin-A Mean (range) [ng/mL] 2647.2 (19.4 – 109.4) 
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Figure 2. Flow-chart of the included NET patients, paper III. The present study fo-
cused on the patients that had undergone PRRT with 177Lu-DOTATATE (n=139). 
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Patients’ characteristics, paper IV 
Patients were screened for inclusion from a previously described cohort of 
PanNET patients (n=46) treated at Uppsala University Hospital between 1980 
and 2016 [165]. Data on Ki-67 index were available from at least two biopsies. 

In 35 of these 46 patients, at least two CECTs of adequate quality were 
available. These 35 patients also had lesions that could be delineated accord-
ing RECIST 1.1.  

A transformation to a higher grade had occurred in 21 out of the 34 patients. 
19 out of these 21 patients increased from G1 or G2 to G3, while two out of 
the 21 patients increased from G1 to G2. For further description of the cohort, 
please refer to the report by Botling and colleagues [165]. 

Arterial tumor attenuation and tumor area, paper I 
The maximum arterial attenuation in the metastases at baseline, (mean (SD)) 
217 (62) HU, decreased at follow-up, 198 (62) HU (p=0.025, n=52) and also 
from mid-treatment, 238 (80) HU, to follow-up 197 (64) HU (p=0.0004, 
n=43), but not between baseline and mid-treatment (p>0.05, n=43). There was 
a non-significant increase in the arterial tumor attenuation from baseline to 
mid-treatment (p>0.05) (Table 4). 
The tumor area in the arterial phase decreased from baseline (mean (SD)) 16 
(17) cm2 to follow up 12 (15) cm2 (p=0.013, n=52). 

Table 4. Tumor area, attenuation and contrast-enhancement at baseline, mid-treat-
ment and follow-up. 
Tumor parameter Baseline 

(mean (SD)) 
Mid-treatment 
(mean (SD)) 

Follow-up 
(mean (SD) 

Number of patients  
included (n) 

Transversal area 16 (17) 12 (12) 12 (15) 52 
Maximum arterial  
attenuation 

217 (62) 238 (80) 198 (62) 52 (43 at mid-treatment 

Maximum contrast-
enhancement 

107 (53) 114 (68) 101 (72) 37 (28 at follow-up) 

Tumor morphology and outcome parameters, paper I 
The arterial tumor attenuation and the contrast-enhancement increased non-
significantly between baseline and mid-treatment. However, the fold changes 
in contrast-enhancement between these examinations correlated with both 
PFS (R2=0.33, p=0.0002, n=37, Figure 2) and time to BR (R2=0.34, p<0.0001; 
n=37, Figure 3). There was a significant but very weak correlation between 
the fold changes in contrast-enhancement and OS (R2=0.16, p=0.0129, n=37).  

There was no correlation between the contrast-enhancement in the metas-
tases and that in the aorta, at either baseline or follow-up 
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Figure 3. Scatterplot of delta contrast-enhancement from baseline to mid-treatment 
and PFS and a regression line (R2=0.33, p=0.0002, n=37). 

Figure 4. Scatterplot of delta contrast-enhancement from baseline to mid-treatment 
and time to best response, and a regression line (R2=0.34, p<0.0001; n=37). 
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TGR before and during PRRT, paper II 
TGR0 was calculated between CT/MRI performed mean 4.00 months (range 
1.22 to 11.63) before baseline and the baseline examination (n=57), TGR4 was 
calculated between the baseline examination and a study at mean 4.47 months 
after baseline (range 2.10 to 6.47 months) (n=56) and TGR10 was calculated 
between the baseline examination and a study at mean 9.94 months (range 
8.05 to 11.99 months) (n=57) after baseline.  

On the group level, TGR0 was mean (SD) 5.98 (8.66)%/month, TGR4 -3.36 
(4.16)%/month and TGR10 -3.01 (2.92)%/month. Thus, TGR0 was 
8.29%/month higher than TGR4 (median of difference by Mann-Whitney U 
test, unpaired, 95% CI 6.61-10.25; p<0.001). TGR0 was 7.85%/month higher 
than TGR10 (95% CI 6.19-9.76, p<0.001) (ANOVA p<0.001 between the 
three groups). There was no significant difference between TGR4 and TGR10 
(median of difference=0.49, 95% CI -0.76-1.78, p=0.41). 

Shapiro-Wilk normality test indicated that TGR0 deviated from a normal 
distribution (p<0.001) in the present cohort, while both TGR4 (p=0.77) and 
TGR10 (p=0.24) followed a normal distribution. 

Attempts to identify a cut-off for TGR during PRRT, paper II 
Although several ROC curves for TGR against survival parameters were gen-
erated, no useful cut-offs for TGR before or during PRRT could be identified. 
Thus, we set the cut-off for TGR4surv and TGR10surv at 0.5%/month and for 
TGR0surv at 4%/month, based on earlier studies [158, 159, 163]. 

Impact of TGR on patient outcome, paper II 
In the survival analysis, the patients (n=55) with a CECT/MRI of adequate 
quality between baseline and ten months were divided into two groups based 
on the 0.5%/month cut-off. Among these 55 patients, 50 patients had a 
TGR10surv <0.5%/month and five patients had a TGR10surv ≥0.5%/month. The 
group with the TGR10surv ≥0.5%/month had a shorter median PFS (me-
dian=16.0 months), than the group with TGR10surv <0.5%/month (median=31.5 
months) (Hazard Ratio [HR] 2.82; 95% CI 1.05-7.57, p=0.040; Figure 5, Ta-
ble 4). TGR10surv (≥0.5%/month vs <0.5) did not have a significant impact on 
OS (HR 2.145; 95% CI 0.783-5.879, p=0.14). 

Apart from TGR, patients with a Ki-67 less than 10% at baseline had a 
longer PFS both in the univariable (HR 0.39; 95% CI 0.17-0.91, p=0.029, 
n=53) and in the multivariable analysis (HR 0.38; 95% CI 0.16-0.93, p=0.033, 
n=53). 

TGR10surv (≥0.5%/month vs <0.5) did not have a significant impact on PFS 
(HR 2.73; 95% CI 0.99-7.55, p=0.053) in the multivariable analysis. See Table 
5 for an overview of the impact of TGR and other variables on PFS. 
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Figure 5. Kaplan-Meier plot of PFS. Patients with TGR10surv <0.5%/month (solid 
line, n=50) and those with TGR ≥0.5%/month (dashed line, n=5). 

 
 

Table 5. Univariate and multivariable COX regression for PFS. In the multivariable 
model, only the parameters were included that had a significant impact on PFS. 
TGR10surv and TGR4surv denote tumor growth rates in the survival analysis.  

Parameter Type of parameter Univariate HR 
(95% CI) p Multivariable HR 

(95% CI) P 

Age at first 
therapy 
(n=60) 

Continous variable 1.02 (0.98-1.05) 0.33 - - 

Gender 
(n=60) Male (vs female) 0.66 (0.31-1.39) 0.27 - - 

Ki-67 at base-
line (n=53) <10 (vs ≥10) 0.39 (0.17-0.91 0.029 0.38 (0.16-0.93) 0.033 

Ki-67 at base-
line (n=53) Continous variable 0.97 (0.97-1.08) 0.25 - - 

TGR10surv 
(n=55) 

≥0.5% /months  
(vs <0.5) 2.82 (1.05-7.57) 0.040 2.73 (0.99-7.55) 0.053 

TGR4surv 
(n=52) 

≥0.5% /months  
(vs <0.5) 2.01 (0.68-5.89 0.20 - - 

 



 53

Tumor-to-blood ratio, Tumor-to-spleen ratio and patient 
outcome, paper III 

Tumor-to-blood ratio and Tumor-to-spleen ratio, paper III 
Mean TBR at baseline was mean (range) 22.4 (3.8 – 169.7). New lesions were 
observed in 27/139 patients. TBR increased from baseline to follow-up in 
28/139 patients. TBR decreased from baseline to follow-up in 84/139 patients. 
TSR increased in 28 patients. TSR decreased in 70 patients. TSR could not be 
defined due to splenectomies in fourteen patients. 

Patient outcome, paper III 
Patient outcome was characterized according to RECIST 1.1[5]. 

CR was recorded in 1/139 (1%) patients, PR in 10/139 (7%) patients, SD 
in 83/139 (60%) patients and PD in 42/139 (30%) patients. In 3/139 (2%) pa-
tients, diagnostic imaging was incomplete. For an overview of patient out-
come, see Table 6. 

Table 6. Overview of the follow-up characteristics. 
Follow-up patient  
characteristics (n=139) Parameter Quantity 

Treatment response CR, n (%) 1 (1) 
 PR, n (%) 10 (7) 
 SD, n (%) 83 (60) 
 PD, n (%) 42 (30) 
 Incomplete imaging 3 (2) 
PFS Progression, n (%) 107 (77) 
 PFS, mean 20.1 
OS 
 

Deceased, n (%) 
OS, mean 

77 (55) 
64.9 

TBR, TSR and PFS 
Mean follow-up until PD was 22.3 months. Disease progression was described 
in 107/139 (77%) patients. There was no significant difference in median PFS 
between patients with below vs above the median TBR (17.0 months vs 23.7 
months, p=0.06) at baseline. Please see also Figure 6. 

Quartile comparisons of differences in TBR at baseline versus shorter PFS 
revealed associations between the first quartile and third quartile of TBR (14.4 
months versus 23.7 months, p=0.03) and the fourth quartile (14.4 months ver-
sus 24.1 months, p=0.02) versus shorter PFS. For Kaplan-Meier plots of base-
line TBR versus shorter PFS, see Figure 6. 

Patients without PD on first imaging after baseline and an increasing TBR 
between baseline and follow-up had a shorter PFS than the rest of the cohort 
TBR (HR 2.13 [95%CI 1.18-3.85]; p=0.01, n=94). In the multivariable anal-
ysis, increasing TBR was likewise associated with a shorter PFS (HR=3.29 
[95%CI 1.62-6.68]; p<0.01, n=94). Moreover, the presence of bone 
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metastases at baseline (HR 0.38 [95%CI 0.18-0.77]; p<0.01, n=94) and the 
lung or thymus as location of the primary tumor (HR 14.2 [95%CI 1.96-
102.7]; p=0.01, n=94) were associated with shorter PFS. For an overview of 
Hazard Ratios from baseline to follow-up associated with shorter PFS, see 
Table 7. 

TSR could not be associated with shorter PFS in the present cohort 
(p=0.74). 
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Figure 6. Kaplan-Meier plots of a) below (blue) versus above (yellow) the median 
TBR at baseline before PRRT, against shorter PFS (17.2 versus 23.7 months, 
p=0.06) and b) quartile comparisons of baseline TBR versus shorter PFS, where the 
first quartile had a lower PFS than the third quartile (14.4 months versus 23.7 
months, p=0.03) and the fourth quartile (14.4 months versus 24.1 months, p=0.02). 
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Table 7. Factors from baseline to follow-up, associated with shorter PFS in patients 
without PD on first imaging from baseline to follow-up (n=94).  
HR=Hazard Ratio; CI=confidence interval; TBR=Tumor-to-blood ratio; AP=alka-
line phosphatase; LDH=lactate dehydrogenase; PR= partial response; CR=complete 
response; SD=stable disease.  
Parameter p= HR 95% CI, Low 95% CI, High 

Increasing TBR <0.01 3.29 1.62 6.68 
Bone metastases at baseline <0.01 0.38 0.18 0.77 
Primary tumor, lung/thymus 0.01 14.20 1.96 102.71 
Primary tumor, hindgut 0.14 2.92 0.70 12.16 
Primary tumor, unknown 0.16 3.31 0.63 17.49 
Primary tumor, pancreas 0.17 2.32 0.70 7.72 
Primary tumor, midgut 0.67 1.33 0.36 4.86 
Grade 0.43 1.26 0.71 2.21 
Baseline AP 0.45 1.00 1.00 1.00 
Baseline LDH 0.37 1.00 1.00 1.01 
CR/PR vs. SD 0.15 0.56 0.26 1.23 

TBR, TSR and OS 
OS, that is time until death or last follow-up, in the present cohort was mean 
37.9 months. 77/139 (55%) patients died during follow-up. There was no sig-
nificant difference in OS between patients with below versus above median 
TBR at baseline (median OS 36.0 versus 55.4 months, p=0.08, n=139). Pa-
tients with TBR at baseline in the first quartile had a shorter OS than patients 
in the second (32.5 months versus 41.8 months; p=0.03), third (32.5 months 
versus 69.2 months; p<0.01), and fourth (32.5 months versus 42.7 months; 
p=0.03) quartiles. For Kaplan-Meier plots of differences in TBR at baseline 
vs OS, see Figure 7. 

Increasing TBR from baseline to follow-up was associated with shorter OS 
in both the univariate (HR 1.87 [95%CI 1.22-2.86]; p<0.01, n=139) and in the 
multivariable (HR 1.94[95%CI 1.13-3.32]; p=0.02, n=139) analyses. Apart 
from increasing TBR, the absence of PD on first imaging after baseline was 
associated with a longer OS (HR 0.45[95%CI 0.25-0.81]; p=0.01, n=139). No 
other of the tested variables such as the presence of bone metastases or the site 
of the primary tumor were significantly associated with OS. See also Table 8.  

When comparing changes in TSR from baseline to follow-up, patients with 
new lesions had a shorter median OS compared with patients with increasing 
TSR (24.2 versus 41.8 months, n=125) and decreasing TSR (24.2 versus 55.4 
months, n=125). However, no association was found between changes in TSR 
as an independent factor and OS. 
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Figure 7. Kaplan-Meier plots of a) below vs above median TBR versus OS (36.0 
versus 55.4 months, p=0.08, n=139) at baseline and b) quartile comparisons of TBR 
at baseline vs OS where TBR at baseline in the first quartile had a shorter OS than 
patients in the second (32.5 months versus 41.8 months; p=0.03), third (32.5 months 
ver-sus 69.2 months; p<0.01), and fourth (32.5 months versus 42.7 months; p=0.03) 
quartiles. 
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Table 8. Factors from baseline to follow-up during PRRT, associated with shorter 
OS (n=139).  
HR=Hazard Ratio; CI=confidence interval; TBR=Tumor-to-blood ratio; AP=alka-
line phosphatase; LDH=lactate dehydrogenase; PR= partial response; CR=complete 
response; SD=stable disease. 

Parameter p= HR 95% CI, Lower 95% CI, Higher 
Increasing TBR 0.02 1.94 1.13 3.32 
Bone metastases at baseline 0.18 1.44 0.84 2.48 
Primary tumor, lung/thymus 0.96 1.03 0.31 3.37 
Primary tumor, hindgut 0.90 0.94 0.32 2.72 
Primary tumor, unknown 0.18 2.05 0.73 5.81 
Primary tumor, pancreas 0.87 0.94 0.44 2.01 
Primary tumor, midgut 0.50 0.78 0.37 1.62 
Grade 0.75 1.01 1.00 1.01 
Baseline AP 0.93 1.00 1.00 1.00 
Baseline LDH 0.11 0.45 0.25 0.81 
No PD at first follow-up 0.01 0.45 0.25 0.81 

TGR and Ki-67 in PanNET patients, paper IV 

TGR in the PanNET patients, paper IV 
The mean TGR in the total cohort was 0.21%/months (Standard Deviation 
(SD) 24.98, range -277.04, 317.35, n=35). 

The twenty-one patients that underwent any grade increase had a mean 
TGR of 0.56%/months (SD 30.70; range -277.04, 317.35) (Figure 8 and Fig-
ure 10). 

The fourteen patients that did not undergo any grade increase had a mean 
TGR of -0.26%/months (SD 14.14; range -76.01, 88.96) (Figure 9 and Figure 
10). There was no significant difference in TGR between the patients that in-
creased in grade versus the patients that did not increase in grade between the 
biopsies (p=0.29, 95% CI -1.79, 0.52, n=35) (Figure 10). 
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Figure 8. Spaghetti plot of TGR in the PanNET patients (n=21) where an increase in 
grade occurred between the two biopsies. TGR was mean 0.56%/months, visualized 
by the solid horizontal line. Up to twenty-three examinations were read in each pa-
tient. 

 
Figure 9. Spaghetti plot of TGR in the PanNET patients where no increase in grade 
occurred between the biopsies. TGR was mean -0.26%/months, visualized by the 
horizontal solid line. 
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Figure 10. Box plots of TGR in PanNET patients where an increase in grade did not 
occur (left, n=14) and did occur (right, n=21) between the biopsies. There was no 
significant difference between the two groups (p=0.29). 
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Discussion 

Tumor contrast-enhancement for monitoring of PRRT with 
177Lu-DOTATATE in pancreatic neuroendocrine tumor patients, 
paper I  
In the present study, we investigated if tumor attenuation and contrast-en-
hancement in the liver metastases in PanNET patients in the post-contrast ar-
terial phase CT changed during PRRT with 177Lu-DOTATATE. These param-
eters were measured at baseline, during treatment and at follow-up. The arte-
rial attenuation decreased from baseline to follow-up (p=0.024, n=52) and 
from mid-treatment to follow-up (p=0.0004, n=43). Conversely, the arterial-
phase contrast-enhancement in the tumor increased non-significantly from 
baseline to follow-up and these changes in contrast-enhancement correlated 
moderately with PFS (R2=0.33, p=0.0002, n=43) and with time to best re-
sponse (R2=0.34, p<0.0001; n=37). 

There are several limitations of the present study. Limitations include the 
single-reader, single-center retrospective design and the fairly small number 
of included patients. Thus, the present work should be regarded as exploratory 
and needs validation in a larger cohort, preferably in a prospective setting. 
Moreover, patients with other types of NETs undergoing other regimens than 
PRRT should be investigated.  

Tumor growth rate in pancreatic neuroendocrine tumor patients 
undergoing PRRT with 177Lu-DOTATATE, paper II 
TGR was calculated before and during PRRT with 177Lu-DOTATATE, where 
patients were screened for inclusion from the same cohort as in paper I. TGR 
decreased from 5.98%/month before baseline to -3.18%/months during ther-
apy. Patients with a TGR of at least 0.5%/months from baseline to the ten 
months follow-up had a shorter median PFS (HR 2.82; 95% CI 1.05-7.57, 
p=0.040, n=55) than patients with a TGR of less than 0.5%/months. 

TGR during therapy was rather low in the present study, -3.18%/months, 
compared with studies reporting TGR in SI-NET and PanNET patients under-
going a range of systemic therapies and watch-and-wait [158, 159]. This may 
imply that PRRT leads to a more negative TGR in PanNET patients than in 
other NET patients. This impact of PRRT on TGR could reflect the high cy-
toreductive potential of PRRT in PanNET patients [7, 135, 139, 168]. 
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As the vast majority of patients harbored grade 2 tumors, a subgroup anal-
ysis based on the WHO grading was not feasible in the present material. In-
stead, a Ki-67 index cut-off was set at ten percent [130, 169]. Using this cut-
off Ki-67 was associated both in the univariable (HR 0.39 [95% CI 0.17-0.91]; 
p=0.029, n=53) and in the multivariable (HR 0.38 [95% CI 0.16-0.93]; 
p=0.033, n=53) analysis. 

Strengths in the present study include the rather homogenous cohort of Pan-
NET patients undergoing PRRT with 177Lu-DOTATATE, in contrast to earlier 
studies including mixtures of NET patients undergoing various systemic ther-
apies and watch-and-wait [158-160].  

The present study suffers from its retrospective single-center single-reader 
explorative design. Also, more than 50% of the patients from the total cohort 
had to be excluded to achieve a homogenous cohort. Consequently, the num-
ber of included patients was rather small. Thus, further studies may need to 
include a larger number of patients and TGR should preferably be evaluated 
in a prospective manner. 

Changes in Tumor-to-blood ratio in neuroendocrine tumor 
patients undergoing PRRT with 177Lu-DOTATATE, paper III 
In the present study, increasing TBR on 68Ga-DOTATOC-PET/CT from base-
line to follow-up was associated with a shorter PFS both in the univariate (HR 
2.13 [95%CI 1.18-3.85]; p=0.01, n=94) and in the multivariable analysis (HR 
3.29 [95%CI 1.62-6.68]; p<0.01, n=94). Similar associations were found be-
tween an increasing TBR and a shorter OS, both in the univariate (HR 1.87 
[95%CI 1.22-2.86]; p<0.01, n=139) and in the multivariable (HR 1.94 [95%CI 
1.13-3.32]; p=0.02, n=139) Cox regression. These findings may imply that 
patients with an increasing TBR during PRRT with 177Lu-DOTATATE could 
be at risk of a worse outcome compared with patients where the TBR is stable 
or decreasing during therapy. In other words, an increasing TBR may be an 
independent risk factor for shorter survival. 

Apart from the TBR from baseline to follow-up, the present study also 
tested if differences in TBR at baseline could be associated with shorter PFS 
and OS. Quartile comparisons of differences in TBR at baseline versus shorter 
PFS revealed associations between the first quartile and third quartile of TBR 
(14.4 months versus 23.7 months, p=0.03) and the fourth quartile (14.4 
months versus 24.1 months, p=0.02) versus shorter PFS. Similar associations 
were found in quartile comparisons between TBR and OS. These data may 
suggest that early differences in TBR could be of prognostic value in NET 
patients planned to undergo PRRT with 177Lu-DOTATATE. 

Aside from TBR as a factor associated with changes PFS and OS, a range 
of other variables were included in the multivariable analysis. Among these 
variables, primary tumor in the lung/thymus was associated with shorter PFS 
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(HR 14.2 [95%CI 1.96-102.7]; p=0.01, n=94) but not significantly associated 
with shorter OS (HR 1.03[95%CI 0.31-3.37]; p=0.96, n=139). Moreover, and 
in line with previously published data, lack of progression during PRRT was 
associated with a longer OS (HR 0.45 [95%CI 0.25-0.81]; p=0.01, n=139) 
[139]. 

In contrast to a previous study on the associations between TSR and patient 
outcome, the present study did not find any robust associations between TSR 
and differences in PFS or OS [119]. 

No association was found between tumor grade and differences in PFS or 
OS. This lack of association may be due to the relatively low number of sub-
jects with a G3 tumor in the present study. Moreover, due to the high inter-
tumoral heterogeneity of NETs, the tissue in the biopsied lesion may not be 
representative of the grade of the primary tumor [170]. 

Strengths of present study include the large number of patients, the long 
follow-up leading to a relatively high number of events in the survival anal-
yses and the independent reading of two blinded readers. Moreover, as up to 
nine lesions were recorded in each patient, the collected data are likely to pro-
vide a more or less representative picture of the tracer uptake in the tumor load 
of each patient. 

Among limitations are the retrospective single center design, the lack of a 
validation cohort, the risk of bias in each reader’s lesion delineation and the 
low number of G3 NET patients in the cohort. Moreover, the differences in 
administered uptake and varying uptake times is often a dilemma when com-
paring data from different PET studies.  

The present findings need prospective evaluations to further validate the 
results. Moreover, as the present study included a wide spectrum of tumors 
with varying degrees of uptake, future studies may investigate which lesions 
that have the closest associations with the outcome parameters 

Tumor Growth Rate in pancreatic neuroendocrine tumor patients 
undergoing systemic therapies, paper IV 
TGR was mean 0.21%/months (SD 24.98) in the present cohort of 35 patients 
undergoing systemic therapies at Uppsala University Hospital. The mean 
TGR was numerically but not significantly higher in patients with tumors that 
increased in grade during the disease course (0.56%/months (SD 30.70), 
n=21) compared with patients that did not increase in grade (-0.26%/months 
(SD 14.14), n=14). 

11 patients from the initial cohort could due to either missing examinations 
or no discernible lesions on imaging not be included. The fairly low number 
of included patients (n=35) was a major weakness in the present study and 
may explain why we failed to demonstrate a significant difference between 
two groups. 
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A major drawback of TGR is that the occurrence of new lesions cannot be 
reproducibly described. Therefore, any new lesions were manually recorded. 
In a third (7/21) of patients who increased in tumor grade and in approximately 
a third (5/14) of patients without increasing tumor grade, new lesions appeared 
during the observation period. In other words, no apparent difference in the 
likelihood of new lesions was found between the two groups. 

TGR does not account for changes in non-target lesions, another reason 
why TGR should not be regarded as a potential tool to replace RECIST 1.1 
[158, 159, 163, 171], but instead as an adjunct to render additional data to 
improve therapy monitoring. 

Due to the small number of patients, the value of TGR as a reflection of 
tumor grade should be evaluated in a larger and preferably more homogenous 
cohort. 
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Conclusion 

The present thesis investigates novel methods for monitoring of NET patients 
undergoing systemic therapies.  

In paper I, arterial attenuation decreased from baseline to follow-up 
(p=0.024, n=52) and from mid-treatment to follow-up (p=0.0004, n=43). Con-
versely, the arterial-phase contrast-enhancement in the tumor increased non-
significantly from baseline to follow-up and these changes in contrast-en-
hancement correlated moderately with PFS (R2=0.33, p=0.0002, n=43) and 
with time to best response (R2=0.34, p<0.0001; n=37). In conclusion, moni-
toring of changes in tumor vascularity may be useful for early detection of 
treatment response. 

In paper II, TGR decreased from 5.98%/months before baseline to -
3.18%/months during therapy. Patients with a TGR of at least 0.5%/months 
from baseline to the ten months follow-up had shorter median PFS (HR 2.82; 
95% CI 1.05-7.57, p=0.040, n=55) than patients with a TGR of less than 
0.5%/months. TGR had no significant impact on OS in the present cohort. In 
conclusion, TGR seems to decrease during PRRT with 177Lu-DOTATATE 
and that differences in TGR during PRRT may be associated with differences 
in patient outcome. 

In paper III, increasing TBR from baseline to follow-up was associated 
with shorter PFS both in the univariate (HR 2.13 [95%CI 1.18-3.85]; p=0.01, 
n=94) and in the multivariable analysis (HR 3.29 [95%CI 1.62-6.68]; p<0.01, 
n=94). Similar associations were found between an increasing TBR and 
shorter OS, both in the univariate (HR 1.87 [95%CI 1.22-2.86]; p<0.01, 
n=139) and in the multivariable (HR 1.94 [95%CI 1.13-3.32]; p=0.02, n=139) 
analysis. TSR as an independent factor had no significant impact on PFS or 
OS in present material. In conclusion, the present work points toward changes 
in TBR as a potential tool for monitoring of NET patients undergoing PRRT. 

In paper IV, TGR was mean 0.21%/months (SD 24.98) in the present co-
hort of 35 PanNET patients undergoing systemic therapies. The mean TGR 
was numerically but not significantly higher in patients that increased in grade 
during the disease course (0.56%/months (SD 30.70), n=21) as compared to 
patients that did not increase in grade (-0.26%/months (SD 14.14), n=14). In 
conclusion, the present study described TGR in a cohort of PanNET patients 
undergong systemic therapies. There was no significant difference in TGR in 
the PanNET patients undergoing an increase in grade compared with the Pan-
NET patients that did not increase in grade during the observed period. 
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Perspectives on future studies 
In paper I, changes in tumor area, arterial-phase attenuation and contrast-en-
hancement were investigated in PanNET patients undergoing PRRT 
with177Lu-DOTATATE. Also, data were tested for correlations with patient 
outcome. The changes in the morphological parameters described in this study 
should be evaluated in larger cohorts, preferably in a prospective manner and 
in patients with other NET types. Also, NET patients undergoing other thera-
pies than PRRT could be investigated in future studies. 

In paper II, TGR was calculated in PanNET patients undergoing PRRT 
with 177Lu-DOTATATE. Also, associations between differences in TGR and 
differences in patient outcome were investigated. While there are a few retro-
spective and explorative studies on TGR in NET patients, TGR as a tool in 
therapy monitoring should be evaluated prospectively in larger cohorts. 

In paper III, TBR and TSR were calculated in NET patients undergoing 
PRRT, in a single-center retrospective design. Differences in TBR and TSR 
were tested for associations with PFS and OS. Up to nine lesions, based on 
uptake intensity, were defined in each patient. It may be of value to investigate 
if the low-uptake or the high-uptake lesions have the strongest associations 
with patient outcome. Moreover, changes in TBR and TSR in NET patients 
during PRRT should be investigated prospectively and preferably in multi-
center designs. 

In paper IV, TGR was calculated in PanNET patients undergoing systemic 
therapies. All patients had been biopsied at least twice and it was investigated 
if differences in tumor grade were reflected in differences in TGR. Associa-
tions between TGR and Ki-67 should be investigated in larger preferably more 
homogenous cohorts, to elucidate if an increased tumor grade may be reflected 
in changes in TGR.     
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Populärvetenskaplig sammanfattning 

Uppföljning av patienter med neuroendokrina tumörer 
under icke-kirurgiska behandlingar, sammanfattning på 
svenska 
Neuroendokrina tumörer (NET) utgör ett brett spektrum av heterogena tumö-
rer utgående från endokrina körtlar, endokrina pankreasöar eller från spridda 
celler i det exokrina parenkymet. De spridda cellerna kan återfinnas både i 
luftvägarna och i magtarmkanalen. Termen ”neuroendokrin” härrör från syn-
tesen och sekretionen av monoaminer, vilket liknar processer i serotonerga 
neuroner.  

Morfologisk avbildning av NET 
Morfologisk avbildning och uppföljning av NET-patienter görs oftast med da-
tortomografi (DT) eller magnetresonanstomografi (MRT). För utvärdering av 
behandlingsrespons används response evaluation criteria in solid tumors (RE-
CIST), beskrivna 2000 och senare reviderade till RECIST 1.1.  

Vid RECIST 1.1 klassificeras terapirespons i fyra kategorier som komplett 
respons (CR), partiell respons (PR), progressiv sjukdom (PD), respektive sta-
bil sjukdom (SD). CR innebär att samtliga tidigare beskrivna lesioner har 
regredierat. PR innebär en minskning motsvarande minst 30% av summan av 
tumörförändringarnas diametrar jämfört med undersökningen vid behand-
lingsstart, och inga nytillkomna tumörförändringar. PD innebär en ökning 
motsvarande minst 20% av summan av tumörförändringarnas diametrar 
och/eller tillkomst av nya tumörförändringar. SD rapporteras i de fall där det 
varken föreligger tillräcklig minskning eller ökning av tumörförändringarnas 
diametrar för att ange PR eller PD, samt frånvaro nytillkomna förändringar. 
Det kan även finnas ”non-target lesions”, dvs andra tumörförändringar än de 
som definierats vid behandlingsstart. I situationer där enbart dessa föränd-
ringar tydligt ökat i utbredning, anges PD. 
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Molekylär avbildning av NET 
Vid molekylär avbildning av NET används radionuklidmärkta somatostati-
nanaloger (SSA), då i synnerhet väldifferentierade tumörer ofta uttrycker so-
matostatinreceptorer. Tidigare användes skintigrafi med 111ln-pentreotid, en 
metod som på senare år ersatts av positronemissionstomografi med spårämnet 
68Ga-DOTA-SSA kombinerat med datortomografi. Det finns olika bered-
ningar för molekylär avbildning av NET, men ofta används 68Ga-DOTATOC. 
68Ga-DOTATOC-PET/DT har både bättre tidsupplösning och ger bättre kon-
trast mellan vävnader jämfört med skintigrafi. 

Emedan 68Ga-DOTATOC-PET/DT är avgörande för att bedöma lämplig-
het för PRRT hos NET-patienter, har förändringar i standardiserat upptag 
(SUV) över tid ej visat sig vara applicerbart för att utvärdera terapirespons. 
Nyligen har det visats att medan SUVmax korrelerar relativt illa mot nettoin-
flödet (Ki) av spårämnet, särskilt vid tumörer med höga receptoruttryck. Där-
emot har kvoten mellan tumörens och blodets SUV en tätare korrelation mot 
Ki. Kvoten kan betecknas tumör-till-blod-kvot (TBR) och kan vara användbar 
vid utvärdering av behandlingsrespons. Även kvoten mellan tumörens och 
mjältens SUV (TSR) kan vara relevant vid terapimonitorering. 

Tumörens tillväxthastighet 
Man har sedan begynnelsen av cancerforskningen försökt beskriva tillväxt-
mönstren av solida tumörer. Det finns fortfarande ingen riktig konsensus om 
tillväxtmönstren av solida tumörer. 

Det finns några studier som pekar på att tumörens tillväxthastighet (TGR) 
kan vara ett användbart verktyg vid beskrivning av NET under olika terapier 
respektive vid exspektans. En del data tyder även på att skillnader i TGR kan 
vara associerade med progressionsfri överlevnad. 

TGR kan användas för att beskriva förändringar över tid i tumörernas dia-
metrar och uttrycks som procentuell förändring per tidsenhet, oftast per må-
nad. 

Det finns en rad utmaningar kopplade till tumörbiologi vid TGR. TGR är 
designat för att beskriva skillnader i definierade förändringar över tid, medan 
nytillkomna förändringar respektive kraftigt krympande förändringar är svåra 
att hantera med TGR.  

Behandling med radionuklidterapi 
Patienter med spridd eller på annat vis inoperabel sjukdom genomgår ofta ke-
moterapi, målstyrda behandlingar eller andra icke-kirurgiska terapier. Peptid-
receptor-radionuklid-terapi (PRRT) med 90Y-DOTATOC eller, vanligare, 
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177Lu-DOTATATE, har på senare år i stigande grad börjat användas hos tera-
piresistenta NET-patienter. 

Den aktuella avhandlingen beskriver terapimonitorering av NET-patienter 
under olika former av icke-kirurgiska behandlingar. Tonvikt läggs vid NET-
patienter med primärtumören i pankreas, behandlade med PRRT med 177Lu-
DOTATATE. 

Avhandlingens syften 
Det övergripande syftet med avhandlingen var att utreda olika sätt av att över-
vaka terapirespons hos NET-patienter under icke-kirurgiska behandlingar, 
med hjälp av morfologiska respektive funktionella avbildningsmetoder. En yt-
terligare målsättning var att relatera fynden vid avbildning till skillnader i 
olika överlevnadsparametrar såsom progressionsfri överlevnad respektive to-
tal överlevnad. 

Specifika målsättningar 
I. Att mäta om förändringar sker i artärfasattenueringen respektive 

i kontrastuppladdningen vid flerfas-DT, i levermetastaser hos 
NET-patienter med primärtumören i pankreas, under PRRT med 
177Lu-DOTATATE. Fynden relaterades även till progressionsfri 
överlevnad (PFS) och tid till bästa svar. 

II. Att beräkna TGR före respektive under PRRT med 177Lu-
DOTATATE hos NET-patienter med primärtumören i pankreas. 

III. Att beräkna TBR respektive TSR vid 68Ga-DOTATOC-
PETC/CT hos NET-patienter under behandling med PRRT. 
Skillnader i uppmätta data testades även mot progressionsfri 
överlevnad respektive total överlevnad (OS). 

IV. Att beräkna skillnader i TGR i en kohort av NET-patienter med 
primärtumören i pankreas, som under behandling transformerat 
till en högre grad enligt Ki-67-index. 

Delarbete I: Skillnader i tumörens kontrastuppladdning 
för övervakning av pankreas-NET-patienter under 
PRRT med 177Lu-DOTATATE 
Pankreas-NET-patienter under behandling med PRRT med 177Lu-
DOTATATE vid Akademiska sjukhuset i Uppsala mellan 2006 och 2018 un-
dersöktes för skillnader i artärfasattenuering respektive kontrastuppladdning 
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vid flerfas-DT, dvs. DT innan respektive efter injektion av intravenöst kon-
trastmedel. Även uppgifter noterades från blodprover. 

Undersökningarna utvärderas vid behandlingsstart, under behandling samt 
efter avslutad behandling. Som utfallsmått användes tid till bästa svar, PFS 
samt OS. 

Av 151 pankreas-NET-patienter hade 52 patienter levermetastaser och 
kunde således inkluderas i studien. Artärfasattenueringen minskade i synner-
het mellan undersökningen under behandlingen och undersökningen efter av-
slutad behandling, men även mellan undersökningen under behandling och 
efter avslutad behandling. Med andra ord uppmättes de största skillnaderna i 
artärfasattenuering vid relativt sena stadier av PRRT. 

Även tvärsnittsarean av levermetastaserna minskade något mellan under-
sökningen vid behandlingsstart och de uppföljande undersökningarna. Med 
andra ord minskade tumörstorleken en aning en under PRRT.  

Kontrastuppladdningen i metastaserna ökade en aning under behandlingen, 
men ökningen var ej statistiskt säkerställd. Vidare fanns ett samband mellan 
tidiga skillnader i kontrastuppladdning och tid till bästa svar respektive PFS. 
Sambandet mellan skillnader i kontrastuppladdning och OS var betydligt sva-
gare. 

Sammantaget antyder fynden att skillnader i metastasernas artärfasattenue-
ring och kontrastuppladdning kan relateras till skillnader i hur det går för pa-
tienter med pankreas-NET under PRRT. 

Delarbete II: Tumörens tillväxthastighet i pankreas-
NET-patienter under PRRT med 177Lu-DOTATATE 
Ur motsvarande kohort som delarbete I inkluderades pankreas-NET-patienter 
med minst en hypervaskulär levermetastas och åtminstone en uppföljande 
undersökning. Med andra ord, minst två bedömbara undersökningar krävdes. 
Vid varje undersökning mättes och summerades diametrarna av upp till tre 
leverförändringar, två förstorade lymfknutor samt primärtumören.  

Patienterna bedömdes vid fyra tidpunkter före, under respektive efter be-
handling och TGR beräknades. Även skillnader i tumörens proliferationsindex 
(Ki-67), ålder och kön undersöktes. Som utfallsmått användes PFS och OS. 

Av 151 pankreas-NET-patienter hade 67 patienter kontrastmedelsförstärkt 
DT eller MRT av acceptabel kvalitet och kunde således inkluderas. På grupp-
nivå minskade TGR påtagligt när man jämförde undersökningar innan be-
handlingsstart med undersökningar under PRRT. Det var ingen säkerställd 
skillnad på gruppnivå vid jämförelser mellan undersökningar vid tidiga re-
spektive sena stadier av PRRT. 

Retrospektiv överlevnadsanalys visade att patienter med TGR på minst 
0,5%/månad mellan en undersökning vid behandlingsstart och en 
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undersökning ungefär 10 månader senare hade kortare PFS jämfört med pati-
enter med en TGR under 0,5% per månad. Även patienter med ett Ki-67 under 
10% uppvisade längre PFS jämfört med patienter med ett Ki-67 över 10%. 

Sammantaget förefaller TGR minska under PRRT med 177Lu-
DOTATATE. Dessutom verkar skillnader i TGR vara associerade med skill-
nader i PFS.  

Delarbete III: Ändringar tumör-till-blod-kvoten som 
prognostisk markör för progressionsfri överlevnad och 
total överlevnad hos NET-patienter under PRRT 
PRRT-behandlade NET-patienter vid Universitetssjukhuset i Essen (n=438) 
screenades för inkludering i studien. Kraven för inkludering var minst två cyk-
ler av PRRT 177Lu-DOTATATOC och molekylär avbildning med 68Ga-
DOTATOC-PET/DT vid behandlingsstart och vid minst en uppföljning. 

Patienterna behandlades i enlighet med riktlinjerna från den europeiska för-
eningen för nuklearmedicin och mer specifikt enligt erfarenheterna från 
NETTER-1-studien. Patienterna behandlades i genomsnitt med 3.4 cykler av 
PRRT. Den genomsnittliga kumulativa aktiviteten per patient var 23.1 GBq 
177Lu-DOTATATOC. 

TBR definierades som kvoten mellan tumörens aktivitet och aktiviteten av 
blodet i vänster ventrikel. TSR definierades som kvoten mellan tumörens ak-
tivitet och aktiviteten i mjälten. 

I varje patient utvärderades upp till nio förändringar, uppdelade enligt upp-
tagsintensitet. 

Utöver TBR respektive TSR undersöktes en rad andra variabler; närvaro 
av skelettmetastaser vid behandlingsstart, lokalisationen av primärtumören, 
tumörgrad, blodproverna alkalisk fosfatas och laktatdehydrogenas, progressiv 
sjukdom vid första undersökningen efter behandlingsstart.  

Av 438 screenade patienter inkluderades 262 NET-patienter, behandlade 
med minst två cykler av PRRT med antingen 177Lu-DOTATATE eller 90Y-
DOTATOC. Studien valde att fokusera på 139 patienter behandlade med en-
bart 177Lu-DOTATATE. 

Av dessa 139 patienter var 78 män, medan 61 var kvinnor. Medelåldern var 
62,1 år. Hos 47 patienter återfanns primärtumören i pankreas, vilket innebar 
att pankreas-NET var den vanligaste patientkategorin. En majoritet, 47 pati-
enter, hade tumörer av grad 2. I 20 patienter var primärtumören av okänd grad. 
TBR kunde definieras i samtliga 139 patienter. TSR kunde definieras 125 pa-
tienter; 14 patienter hade genomgått borttagning av mjälten.  

TBR respektive TSR uppmättes vid behandlingsstart och under behandling. 
Ökande TBR var associerat med kortare PFS och OS. Någon sådan associat-
ion kunde ej identifieras för TSR. Vidare var närvaron av skelettmetastaser 



 72 

vid behandlingsstart associerat med kortare PFS. Även patienter med primär-
tumör i lungorna eller i thymus hade kortare PFS. Frånvaro av progressiv sjuk-
dom vid den första undersökningen efter behandlingsstart var associerat med 
kortare OS. Inga samband kunde påvisas mellan skillnader i TSR och PFS 
respektive OS. 

Delarbete IV: Tumörens tillväxthastighet hos patienter 
med neuroendokrina pankreastumörer under icke-
kirurgiska behandlingar 
Ur en tidigare beskriven kohort av pankreas-NET-patienter behandlade med 
icke-kirurgiska terapier, och provtagna med vävnadsprover, vid Akademiska 
sjukhuset i Uppsala screenades patienter för inkludering (Botling och kolle-
ger, 2020). Kohorten omfattade totalt 46 patienter och kravet för att ingå i 
studien var att det fanns åtminstone två stycken kontrastmedelsförstärkta da-
tortomografier av adekvat kvalitet. 

Vid varje undersökning uppmättes upp till tre stycken leveförändringar, två 
stycken förstorade lymfknutor samt primärtumören. Därutöver antecknades 
eventuella nytillkomna förändringar. TGR beräknades mellan närmast samt-
liga tillgängliga undersökningar. 

Ur kohorten av 46 patienter fanns undersökningar av adekvat kvalitet hos 
35 patienter. Hos 21 patienter ökade Ki-67-index i en sådan omfattning av 
tumörens grad ökade. 19 av dessa 21 patienter ökade till grad 3. På gruppnivå 
var TGR något högre i de patienter som ökade i grad jämfört med de patienter 
som inte ökade i grad, men denna skillnad i TGR var ej statistiskt säkerställd.  

Konklusion 
I delarbete I beskrev vi skillnader i tumörstorlek, artärfasattenuering och kon-
trastuppladdning under behandling vid PRRT, hos pankreas-NET-patienter. 
Samtliga dessa parametrar ändrades något under PRRT, även om ändringen i 
kontrastuppladdning ej var statistiskt säkerställd. Det var även en association 
mellan skillnaderna i kontrastuppladdning och skillnader i hur patienterna sva-
rade på behandling. 

I delarbete II beskrev vi skillnader i TGR hos pankreas-NET-patienter före, 
under respektive efter PRRT. I vår kohort minskade TGR under behandling 
jämfört med innan behandlingsstart. Dessutom verkade det finnas ett samband 
mellan skillnader i TGR och PFS. 

I delarbete III beskrev vi skillnader i TBR respektive TSR hos NET-pati-
enter under PRRT. I vår kohort fann vi ett samband mellan ökande TBR och 
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kortare PFS respektive kortare OS. Inga associationer kunde konstateras mel-
lan skillnader i TSR och PFS eller OS.  

I delarbete IV beskrev vi TGR hos pankreas-NET-patienter behandlade 
med olika icke-kirurgiska terapier, i en kohort där vävnadsprover tagits vid 
minst två tillfällen hos samtliga patienter. Inga statistiskt säkerställda skillna-
der kunde konstateras. 

Sammantaget förefaller de neuroendokrina tumörernas kontrastuppladd-
ning, tillväxthastighet och tumör-till-blod-kvot ändras något under PRRT. 
Möjligen kan det även finnas samband mellan skillnader i dessa parametrar 
och skillnader i terapisvar. 

Perspektiv inför framtida studier 
I delarbete I beskrevs morfologiska skillnader i levermetastaser hos pankreas-
NET-patienter under PRRT, och hur de undersökta parametrarna kan vara as-
socierade med utfall. Endast 52 patienter inkluderades, och vid ett flertal av 
analyserna ännu färre. Det vore i framtida studier värdefullt att göra motsva-
rande mätningar i större kohorter, gärna prospektivt, vid andra typer av NET-
patienter och under andra former av icke-kirurgiska behandlingar. 

I delarbete II fanns på liknande vis problemet med ett ganska litet antal 
patienter och retrospektiv studiedesign. Sannolikt vore det värdefullt att pro-
spektivt utvärdera TGR, i synnerhet eventuella samband mellan TGR och 
överlevnadsparametrar. 

I delarbete III utvärderades skillnader TBR respektive TSR, under PRRT, 
och deras samband med PFS och OS. Upp till nio förändringar per patient 
definierades. Dels vore det måhända värdefullt att undersöka om lågintensiva 
eller högintensiva förändringar har de tydligaste sambanden med terapisvar, 
dels vore det värdefullt att utvärdera resultaten prospektivt, vid flera center 
och vid andra terapiformer. 

I delarbete IV beräknades TGR hos pankreas-NET-patienter under icke-
kirurgiska behandlingar. Syftet var att undersöka om ändringar i tumörens 
grad under behandling återspeglades i TGR. Det vore sannolikt värdefullt att 
undersöka eventuella samband mellan TGR och Ki-67 i större och något mer 
homogena kohorter.  
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