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Abstract

ABSTRACT

Aida Kiviniemi

NEW BIOMARKERS IN GLIOMA – PET/CT IMAGING AND THE PROGNOSTIC VALUE OF 
SOMATOSTATIN RECEPTOR SUBTYPE 2

University of Turku, Faculty of Medicine, Department of Clinical Physiology 
and Nuclear Medicine, Doctoral Programme of Clinical Investigation, Turku 
PET Centre, Turku University Hospital, Turku, Finland

Gliomas are brain tumors with dismal prognoses. They are classified based on 
histology and molecular biomarkers that guide therapeutic decision-making. 
Somatostatin receptor subtype 2- (SSTR2) targeted radionuclide therapy has 
been suggested as a novel treatment approach for gliomas. However, SSTR2 
expression in different glioma entities is still controversial. Therefore, a 
method is needed for in vivo detection of SSTR2 in gliomas, which would help 
in the selection of patients for radionuclide therapy.

Aims of this doctoral thesis were 1) to study the potential of positron emission 
tomography/computed tomography (PET/CT) to detect SSTR2 in gliomas 
in vivo, which would benefit the planning and follow-up of SSTR2-targeted 
radionuclide therapy, 2) to characterize SSTR2 expression in gliomas and 
explore its impact on survival, and 3) to evaluate serum glial fibrillary acidic 
protein (GFAP) and epidermal growth factor receptor (EGFR) as circulating 
biomarkers.

First, animal glioma models were studied for SSTR2 expression with PET/
CT, autoradiography, and immunohistochemistry. Secondly, a prospective 
clinical study was conducted to examine the value of SSTR2 PET/CT and 
serum GFAP and EGFR in 27 patients with malignant glioma. Thirdly, SSTR2 
expression and its impact on survival was retrospectively evaluated in 184 
patients with glioma.

SSTR2 expression was detected in experimental gliomas, but the value 
of SSTR2-targeted PET/CT was limited. Also, in patients with malignant 
glioma, PET/CT could not predict SSTR2 expression in tumor tissue. In 
contrast, SSTR2 expression associated with oligodendrogliomas and improved 
prognoses, which was confirmed in the retrospective setup. Serum GFAP 
correlated with glioblastomas and tumor burden, whereas circulating EGFR 
was not related to tumor EGFR expression.
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In conclusion, SSTR2 and serum GFAP are potential new biomarkers with 
diagnostic, prognostic, and/or therapeutic value. SSTR2 PET/CT has limited 
value in selecting glioma patients for radionuclide therapy.

Keywords: Glioma, Somatostatin receptor, PET, serum GFAP, 
oligodendroglioma
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TIIVISTELMÄ

Aida Kiviniemi

GLIOOMAN UUDET BIOMARKKERIT – SOMATOSTATIINIRESEPTORIEN PET/TT -KUVANTA-
MINEN JA VAIKUTUS ENNUSTEESEEN

Turun yliopisto, Lääketieteellinen tiedekunta, Kliininen fysiologia ja isotoop-
pilääketiede, Turun yliopiston kliininen tohtoriohjelma, Valtakunnallinen 
PET-keskus, Turun yliopistollinen keskussairaala, Turku, Suomi

Glioomat ovat pahanlaatuisia aivokasvaimia, joilla on taipumus uusiutua no-
peasti. Kudosnäytteistä määritettävät molekyylipatologiset merkkiaineet ovat 
tärkeitä glioomien luokittelussa sekä ennusteen ja hoitovasteen arvioinnissa. 
Huonon ennusteen vuoksi glioomien uusia hoitomenetelmiä tutkitaan inten-
siivisesti.

Tämän väitöskirjatyön tarkoituksena oli tutkia somatostatiinireseptorien (ala-
tyyppi 2, SSTR2) ilmentymistä glioomissa sekä histologian että positroniemis-
siotomografia/tietokonetomografiakuvauksen (PET/TT) avulla. Taustalla oli 
ajatus SSTR2:een sitoutuvasta radiolääkkeestä, jota on ehdotettu uusiutunei-
den pahanlaatuisten glioomien hoitomuodoksi. Hoidon edellytyksenä on, että 
kasvaimet ilmentävät SSTR2:a, johon sekä PET-merkkiaine että radiolääke 
pääsevät sitoutumaan. Lisäksi tavoitteena oli potilaiden verinäytteistä tutkia 
mahdollisia biomerkkiaineita (GFAP, glial fibrillary acidic protein sekä EGFR, 
epidermal growth factor receptor) glioomien luokittelua ja seurantaa varten.

SSTR2:n ilmentymistä ja PET/TT-kuvantamista tutkittiin sekä kokeellises-
sa eläinmallissa että 27 potilaalla, jotka sairastivat pahanlaatuista glioomaa. 
Potilaiden verinäytteistä määritettiin lisäksi GFAP- sekä EGFR–pitoisuudet. 
Lopuksi SSTR2:n ilmentymistä tutkittiin retrospektiivisesti 184 glioomanäyt-
teestä sekä ilmentymisen yhteyttä potilaan ennusteeseen.

Kokeellinen gliooma ilmensi SSTR2:a, mutta PET/TT-kuvauksen hyöty tämän 
arvioimiseksi jäi alhaiseksi. Glioomapotilailla ei myöskään löytynyt yhteyttä 
kudosnäytteen SSTR2:n ilmenemisen ja PET-merkkiainekertymän välillä. Sen 
sijaan SSTR2:n ilmeneminen näytti liittyvän vahvasti aivokasvainten oligo-
dendrogliaaliseen alatyyppiin sekä suotuisampaan ennusteeseen. Tämä yhteys 
vahvistettiin retrospektiivisessä työssä. Korkean seerumin GFAP-pitoisuuden 
todettiin lisäksi liittyvän aggressiivisiin glioblastoomiin sekä kasvaimen ko-
koon. Seerumin EGFR-pitoisuus sen sijaan ei liittynyt kasvainkudoksesta teh-
tyihin EGFR-määrityksiin.



Tiivistelmä

Tulokset viittaavat siihen, että SSTR2 ja seerumin GFAP voivat toimia sekä 
luokittelevina että ennusteellisina biomerkkiaineina glioomien hoidossa ja/tai 
seurannassa. PET/TT-kuvantamisella on kuitenkin vähäinen merkitys radio-
lääkehoidon arvioinnissa.

Avainsanat: Gliooma, somatostatiinireseptori, PET, seerumin GFAP, oligo-
dendrogliooma
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Introduction

1 INTRODUCTION

Gliomas are diffusely infiltrating brain tumors classified as astrocytomas or 
oligodendrogliomas based on the cell of origin. Adult gliomas are graded 
as II, III, or IV with increasing aggressiveness. These traditional diagnostic 
principles have been integrated in the new 2016 World Health Organization 
(WHO) classification with molecular markers, which more accurately predict 
the patient outcome.

WHO classification guides therapeutic decision-making and emphasizes the 
importance of molecular biomarkers in gliomas. In addition to diagnostic 
guidance, biomarkers may provide information on the patient outcome 
(prognostic biomarker) or predict the response to certain therapies (predictive 
biomarker). The most powerful diagnostic and prognostic biomarker in 
gliomas today is isocitrate dehydrogenase (IDH) mutation. Biomarkers in 
the WHO classification are based on the analysis of biopsied tumor tissue. 
However, there has been increasing interest in “liquid biopsies,” which use 
blood samples to allow for minimally invasive diagnoses and follow-up.

Due to diffuse infiltration, glioma recurrence is a rule rather than an 
exception, despite the optimal standard of care. Therefore, new treatment 
strategies in glioma management have been intensively studied. Pilot 
studies have reported beneficial responses to radionuclide therapy targeting 
somatostatin receptor subtype 2 (SSTR2) in gliomas. A method to detect in 
vivo SSTR2 expression in gliomas, however, is required to select patients who 
are likely to benefit from this demanding procedure. Furthermore, SSTR2 
expression in gliomas is still controversial with conflicting results.

We aimed to examine SSTR2 expression with in vivo positron emission 
tomography (PET) imaging in rat and mice gliomas in an attempt to 
provide an experimental model for treatment strategies targeting SSTR2. 
A prospective clinical study was conducted to evaluate the ability of PET/
computed tomography (CT) using tracers that bind to SSTR2 to detect high-
grade glioma patients with high receptor density suitable for radionuclide 
therapy. Of particular interest was the association between SSTR2 expression, 
the oligodendroglioma component, and a favorable outcome, which led us 
to more extensively characterize SSTR2 expression and assess its diagnostic 
and prognostic values in a retrospective study including 184 glioma samples. 
Furthermore, serum levels of glial fibrillary acidic protein (GFAP) and 
epidermal growth factor receptor (EGFR) were studied as potential liquid 
biomarkers.
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We hypothesized that SSTR2 and serum GFAP and EGFR may provide 
diagnostic, prognostic, and/or predictive value in gliomas.
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2 REVIEW OF THE LITERATURE

2.1 General characteristics and epidemiology of gliomas

Gliomas are brain tumors originating from glial cells that support and 
surround the neural cells of the brain. They are designated as astrocytomas or 
oligodendrogliomas, depending on the cell of origin. Traditionally, they have 
been classified into highly aggressive WHO grade IV glioblastomas, anaplastic 
WHO grade III gliomas, or diffuse WHO grade II gliomas, indicating their 
growth potential and aggressiveness (Louis et al. 2007).

In the US, gliomas account for approximately 27% of all primary brain tumors 
and 80% of malignant primary brain tumors (Ostrom et al. 2015). The annual 
age-adjusted incidence of gliomas is about 50 new tumors per one million 
people, equating to almost 300 new gliomas in Finland (population 5.5 
million) per year (Focus Oncologiae 2011). Although gliomas are rare, they 
are a significant cause of morbidity and mortality since the most frequent 
glioma, the WHO grade IV glioblastoma, is also the most aggressive, with 
a median survival of only 15 months (Stupp et al. 2005). In contrast, grade 
II gliomas are slow-growing, and despite their intrinsic tendency to progress 
over time to grades III or IV, they carry a better prognosis, with a median 
survival of up to 12 years (Okamoto et al. 2004).

2.2 Initial evaluation and treatment of gliomas

Glioma symptoms vary depending on the brain area affected, and may include 
seizures, motor and sensory weakness, mental status changes, problems with 
speech, headache, and nausea. Brain magnetic resonance imaging (MRI) is 
the modality of choice for initial evaluation and differential diagnosis when 
a brain tumor is suspected. Gliomas typically present as space-occupying 
lesions with peritumoral edema. High-grade gliomas (HGG, WHO grades 
III and IV) with an interrupted blood-brain barrier (BBB) commonly show 
enhancement after contrast administration, whereas low-grade gliomas 
(WHO grade II) usually do not. However, substantial overlap exists in the 
enhancement pattern, and consequently, a third of non-enhancing gliomas in 
adults are actually high-grade (Henson, Gaviani, and Gonzalez 2005).

In addition to conventional MRI (T1 pre- and post-contrast, T2, and FLAIR, 
i.e., fluid attenuation inversion recovery) and the structural information it 
provides, there are several advanced MRI techniques in clinical use nowadays 
that play a major role in diagnosis, grading, prognosis, surgical planning, 
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and assessment of treatment response in gliomas: MR perfusion, diffusion-
weighted imaging (DWI), MR spectroscopy (MRS), diffusion-tensor imaging 
(DTI), and functional MRI (fMRI) are among the most important ones 
(Mohammadzadeh et al. 2016). MR perfusion estimates tumor vascularity 
and angiogenesis, where higher perfusion values indicate higher malignancy 
(Sadeghi et al. 2008). In contrast, DWI reflects the random microscopic 
motion of water molecules, which is restricted in tumor areas of increased 
cellularity, indicating a higher grade (Higano et al. 2006). MRS detects tissue 
metabolites, which are unique in gliomas compared to a normal brain. DTI 
and fMRI are especially used in surgical planning (Tieleman et al. 2009). 
DTI provides a three-dimensional view of the white matter tracts and their 
relationship to the tumor, which guides the neurosurgeon to reduce the risk 
of injury to critical tracts. In contrast, fMRI is used to localize sensory and 
motor cortices and essential language areas to allow for maximal tumor 
resection while preserving essential brain functions. The fMRI is based 
on blood oxygenation level dependent (BOLD) imaging, which measures 
neuronal activity indirectly while the patient is performing a task.

The multimodal management of gliomas begins with surgical resection 
whenever possible, while preserving neighboring eloquent brain areas. In 
glioblastomas, the maximal safe surgical resection is followed by radiotherapy 
and chemotherapy with temozolomide given both concomitantly and 
as an adjuvant treatment after radiotherapy (Stupp et al. 2005). General 
recommendations for the postoperative therapy of anaplastic and diffuse 
gliomas also include radiotherapy and/or chemotherapy, but especially 
in diffuse gliomas, the treatment guidelines are not as straightforward. 
Chemotherapy with PCV (procarbazine, CCNU, i.e., lomustine and 
vincristine) or temozolomide is favored in oligodendroglial tumors 
with 1p/19q codeletion. However, to date it is not clear which agent and 
combination with radiotherapy is optimal or whether radiotherapy could be 
deferred in 1p/19q codeleted tumors (Soffietti et al. 2010; Weller et al. 2014).

Treatment planning in gliomas is increasingly being based on certain 
molecular markers, such as 1p/19q codeletion in oligodendrogliomas, 
which predict better responses to chemotherapeutic agents.  The 
promoter methylation of the DNA repair enzyme O6-methylguanine-
DNA-methyltransferase (MGMT) is related to the beneficial response to 
temozolomide and now guides the treatment decision in elderly glioblastoma 
patients who receive radiotherapy only if the tumor shows no MGMT 
methylation (Hegi et al. 2005; Weller et al. 2014). 

Despite multimodality treatment, however, tumor recurrence is also the 
norm in low-grade gliomas. This limited response to standard therapies is 
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believed to result mostly from the diffuse infiltration of the tumor cells into 
the surrounding brain, which shelters them from surgery, radiation, and 
chemotherapy in case the blood-brain barrier (BBB) is intact (Cuddapah et 
al. 2014).

2.3 1HZ������:+2�JOLRPD�FODVVLŵFDWLRQ

Gliomas have traditionally been classified according to their histology into 
astrocytomas, oligodendrogliomas, and oligoastrocytomas based on the 
assumed cell of origin. Additionally, the WHO classification of adult gliomas 
has assigned grades II–IV with respect to the grade of malignancy (Louis et 
al. 2007). Grade II gliomas are encountered in younger patients and regarded 
as low-grade, despite their substantial risk for malignant transformation 
over time, whereas grades III–IV are denoted as malignant or high-grade 
gliomas. The last decade, however, has witnessed expanding knowledge on 
the molecular basis of gliomas, discriminating glioma entities that predict 
patient outcome better than histological classification (Hartmann et al. 2010; 
Reuss et al. 2015). The discovery of mutations in the gene encoding isocitrate 
dehydrogenase-1 (IDH1) in a glioblastoma genome-wide sequencing study 
in 2008 was an especially significant landmark, and was followed by several 
studies identifying frequent IDH1 mutation in gliomas at grades II and III, 
with incidences of up to 80% (Kloosterhof et al. 2011; Parsons et al. 2008). 
These advances have been acknowledged with the new 2016 revision of the 
WHO classification of tumors of the central nervous system, which combines 
histological and molecular features for an integrated classification (Louis et 
al. 2016). Major glioma entities are now distinguished by their IDH1 (or less 
commonly, IDH2) status, as well as the combined loss of the chromosomal 
arms 1p and 19q (1p/19q codeletion), as demonstrated in the diagnostic flow 
chart in Figure 1. The 1p/19q codeletion accompanying IDH mutation is the 
defining feature of oligodendrogliomas, therefore eliminating the diagnosis 
of mixed oligoastrocytomas by segregating them into oligodendrogliomas or 
astrocytomas if 1p/19q is intact. Histological tumor type and WHO grading 
are retained in the new classification, however, in case of discrepancy between 
the molecular and histological features, it is the genotype that rules over 
histology.

2.4 Diagnostic, prognostic, and predictive values of molecular markers

Molecular markers may be used as biomarkers to diagnostically help the 
pathologist in classifying the tumor (diagnostic biomarker), to evaluate the 
patient outcome (prognostic biomarker), or to predict the response to certain 



18

Review of the literature

therapies (predictive biomarker). Most powerful and clinically significant 
biomarkers in gliomas are IDH mutation, 1p/19q codeletion, alpha-
thalassemia/mental retardation syndrome X-linked (ATRX) mutation, and 
MGMT methylation, which are all assessed from tissue specimens.

2.4.1 Tissue biomarkers

Patients with IDH-mutated gliomas have beneficial outcomes compared to 
their wildtype counterparts. This benefit can even be seen across different 
WHO grades since patients with IDH-mutant glioblastomas have substantially 
improved survival times compared to patients with IDH-wildtype anaplastic 
astrocytomas (Hartmann et al. 2010). Furthermore, grades II and III IDH-
mutant astrocytomas have similar overall survival rates, emphasizing the 
superior prognostic accuracy with IDH status compared to histology alone 
(Reuss et al. 2015).

The codeletion of 1p/19q is a highly relevant biomarker with diagnostic, 
prognostic, and predictive values. The 1p/19q codeletion characterizes 
oligodendroglial tumors and is associated with beneficial outcomes (Gorlia 
et al. 2013). Furthermore, 1p/19q codeletion predicts a superior response to 
chemotherapy (Cairncross et al. 2013; van den Bent et al. 2013). 

Mutation and subsequent loss of ATRX expression is characteristic for IDH-
mutant astrocytomas and is almost mutually exclusive with 1p/19q codeletion 
(Wiestler et al. 2013). Loss of ATRX expression has a role in tumor cells in 

Figure 1. A simplified algorithm for the updated 2016 WHO classification of gliomas based 
on histological and genetic features. ATRX loss and TP53 mutation are characteristic but not 
required for diagnosis. Modified from Louis DN et al. (2016) Acta Neuropathol 131:803–820.
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maintaining the length of telomeres, a region of repetitive DNA at each end 
of the chromosome (Heaphy et al. 2011). IDH-mutant astrocytomas with 
ATRX loss have better prognoses compared to IDH-mutant astrocytomas 
with retained ATRX expression (Wiestler et al. 2013). The definition of ATRX 
status is included in the new WHO classification, but is not mandatory for 
diagnosis.

As noted earlier, promoter methylation of the MGMT gene is a strong 
predictor of a beneficial response to alkylating chemotherapy (i.e., 
temozolomide) in newly diagnosed glioblastomas (Hegi et al. 2005). This is 
particularly relevant for treatment planning for elderly glioblastoma patients 
who usually have decreased tolerance for aggressive multimodality treatment. 
Therefore, monotherapy with temozolomide for patients whose tumors show 
MGMT promoter methylation and radiotherapy alone for patients whose 
tumors lack MGMT promoter methylation is justified nowadays in the clinical 
practice (Weller et al. 2014). Retrospective studies have also implicated a 
potential prognostic value of MGMT promoter methylation in IDH-mutant 
anaplastic astrocytomas (Wick et al. 2013). However, because MGMT 
promoter status is not known to be a diagnostic criterion for subtyping 
gliomas, it was not included in the new diagnostic WHO classification. 

2.4.2 Liquid biomarkers

Established molecular diagnostics in gliomas, including IDH mutation and 
1p/19q codeletion, are based on the analysis of biopsied or surgically resected 
tumor tissue. However, glioblastomas in particular are known to present 
significant intratumor heterogeneity with areas of different genetic alterations 
within the same tumor (Sottoriva et al. 2013). Consequently, molecular 
diagnostics from tumor tissue may be hampered by sampling error. Moreover, 
serial invasive tumor biopsies in the longitudinal monitoring of treatment 
response are not feasible. To solve this problem, advanced MRI techniques 
visualizing the whole tumor (perfusion and diffusion imaging) and “liquid 
biopsies” have been increasingly studied to allow for a minimally invasive 
diagnosis and follow-up of the heterogeneous tumor entity (Best et al. 2015; 
ElBanan et al. 2015).

Liquid biopsy is based on the biomolecules (proteins and nucleic acids) that a 
tumor cell or surrounding microenvironment release into circulation. Plasma 
and serum are routinely obtained from a peripheral venous blood sample, and 
are the most studied source of liquid biomarkers. Additionally, extracellular 
vesicles, platelets, or even complete circulating tumor cells can be extracted 
from collected blood and used to detect tumor-derived biomolecules (Best et 
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al. 2015). In gliomas, biomarkers can also be isolated from cerebrospinal fluid 
(CSF) surrounding the brain. However, collecting CSF is more invasive and 
carries potential risks compared to routine peripheral blood sampling.

2.4.2.1 Serum GFAP and EGFR

Glial fibrillary acidic protein (GFAP) is an intermediate filament expressed 
almost exclusively in astrocytes, where it acts as a member of the cytoskeleton. 
Serum levels of GFAP are known to be elevated after stroke and traumatic 
brain injury (Herrmann et al. 2000; Vos et al. 2010). Increased levels of 
circulating GFAP have also been detected in primary grade III and grade IV 
gliomas, suggesting a potential diagnostic value (Brommeland et al. 2007; 
Husain et al. 2012; Jung et al. 2007). In contrast, patients with metastatic brain 
lesion and healthy controls have not shown elevated serum GFAP, which may 
provide complementary data in the differential diagnosis of metastasis versus 
primary brain tumor (Jung et al. 2007). However, the prognostic value of 
circulating GFAP or its association with tumor burden in recurrent gliomas 
has not previously been studied.

Amplification of the epidermal growth factor receptor (EGFR) gene resulting 
in overexpression of EGFR is a hallmark of primary glioblastomas and is 
associated with low rates of survival (Ohgaki and Kleihues 2007; Shinojima 
et al. 2003). EGFR amplification is detected in approximately 40% of de 
novo glioblastomas, and half of these additionally demonstrate EGFRvIII 
mutation, rendering EGFR and EGFRvIII attractive targets for therapy and 
raising the need for a circulating biomarker for treatment monitoring (Hegi, 
Rajakannu, and Weller 2012). Elevated levels of serum EGFR have been 
detected in patients with glioblastomas compared to anaplastic astrocytomas 
and healthy controls (Quaranta et al. 2007). However, the prognostic value or 
the association between serum and tumor tissue EGFR status has not been 
studied.

2.5 Somatostatin receptors

Somatostatin receptors (SSTR) are a family of G protein-coupled trans-
membrane receptors consisting of five different subtypes (SSTR1–5). In 
rodents, SSTR2 mRNA is further spliced, giving rise to two protein isoforms, 
SSTR2A and SSTR2B, which differ in length and composition of intracellular 
carboxy-termini (Vanetti et al. 1992). A 2.3 Kb transcript corresponding to 
SSTR2B has also been identified in human tissue, suggesting that alternative 
splicing exists in human SSTR2 mRNA (Patel et al. 1993).
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SSTRs are differentially distributed throughout the central nervous system 
and peripheral tissues, where they mediate the neuronal and hormonal effects 
of somatostatin. SSTR2 is considered the most abundant subtype in the 
brain, where it is expressed in neurons and neuropil, especially in the cortex, 
amygdala, and hippocampus (Cole and Schindler 2000; Videau et al. 2003). 
Somatostatin plays a key role in the control of pituitary hormone release, 
providing a therapeutic target for long-acting somatostatin analogs such as 
octreotide and lanreotide, which are used in the treatment of acromegaly for 
inhibiting growth hormone secretion (Lamberts et al. 1996). Furthermore, in 
the central nervous system, somatostatin acts as a neuromodulatory agent, 
mediating various motor, cognitive, and sensory effects (Viollet et al. 2008). 
Interestingly, reduced somatostatin levels and deficits in SSTR2 expression 
have been associated with neuropsychiatric and neurodegenerative disorders, 
such as major depression and Alzheimer’s disease, respectively, with potential 
therapeutic targeting (Adori et al. 2015; Lin and Sibille 2013).

2.5.1 Somatostatin receptors in human cancer

SSTRs have been identified in various solid tumors with the most notable 
expression in neuroendocrine tumors (NETs), neuroblastomas, meningiomas, 
and lymphomas (Reubi et al. 1992). SSTR expression is usually related to 
tumor differentiation with well-differentiated NETs expressing SSTR in 
the majority of cases, whereas the less differentiated NETs often lack SSTR 
(Theodoropoulou and Stalla 2013).

Somatostatin analogs predominantly targeting SSTR2 have the potential to 
block tumor growth via direct and indirect mechanisms. The antiproliferative 
action is mediated by inhibiting the effects of growth factors and 
downregulating their synthesis by blocking the tumor cell cycle progression, 
inducting apoptosis, and inhibiting angiogenesis (Theodoropoulou and Stalla 
2013). Furthermore, SSTR2 itself is considered to be a tumor suppressor, 
demonstrating a significant reduction of pancreatic tumor growth after 
adenoviral vector-based SSTR2 gene transfer in a pancreatic cancer model 
(Vernejoul et al. 2002). In clinical practice, somatostatin analogs are used in 
NETs for supportive care to alleviate the hypersecretion-related symptoms in 
patients with the carcinoid syndrome, but also as an option to stabilize the 
tumor growth (Eriksson et al. 2008).
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2.5.2 SSTR2-targeted radiotherapy in cancer

Radionuclide therapy targeting SSTR2 employs somatostatin analogs 
that are radiolabeled with β--emitting isotopes. The most commonly used 
derivatized somatostatin analogs are DOTA-Tyr3-Octreotide (DOTATOC) 
and DOTA-Tyr3-Octreotate (DOTATATE), which have the highest affinity 
for SSTR subtype 2 (Reubi et al. 2000). The β--emitting isotopes mediating 
the targeted radiation therapy include Yttrium-90 (90Y) and Lutetium-177 
(177Lu). Both 90Y-DOTATOC and 177Lu-DOTATATE are widely used in clinical 
practice to target metastatic or inoperable NETs abundantly expressing 
SSTR2 and leading to partial or complete objective responses in up to 30% 
of NET patients (Bodei et al. 2013). Diagnostic imaging with PET/CT using 
Gallium-68- (68Ga) based peptides is used for staging and to identify tumors 
that overexpress SSTR2, predicting the response to targeted radionuclide 
therapy (Maecke and Reubi 2011). Encouraging results have also been 
reported for other SSTR2-positive tumors, including recurrent meningiomas 
and childhood neuroblastomas treated with 90Y-DOTATOC or 177Lu-
DOTATATE (Bartolomei et al. 2009; Gains et al. 2011).

2.5.3 SSTR2-targeted radiotherapy in gliomas

Three pilot studies have investigated the role of SSTR2-targeted radionuclide 
therapy with 90Y-DOTATOC in gliomas (Heute et al. 2010; Merlo et al. 
1999; Schumacher et al. 2002). To circumvent BBB, 90Y-DOTATOC was 
locoregionally delivered to the resection cavity or to the solid tumor in all 
cases presented. In general, radionuclide therapy was well tolerated. Eleven 
patients with a progressive glioma of grades II–IV were included in a study by 
Merlo et al. (1999). They found that a low activity-to-dose ratio (i.e., injected 
activity divided by the tumor dose) was related to a favorable treatment 
response (no progression on MRI and clinically stable for a progression-free 
survival period), and is indicative for high SSTR2 expression and specific 
binding of 90Y-DOTATOC. A beneficial response was reported in 7 out of 11 
gliomas, including one glioblastoma. In an extended pilot study including 
only grade II–III gliomas, Schumacher et al. also examined the applicability 
of locally injected 90Y-DOTATOC in newly diagnosed low-grade gliomas and 
found this approach feasible for further trials (Schumacher et al. 2002). The 
most recent study included three patients with recurrent glioblastomas with 
a positive 68Ga-DOTATOC PET/CT performed in one of the patients (Heute 
et al. 2010). Exceptionally encouraging results were reported with a complete 
remission in one patient, who was still alive four years after admission to the 
study, and partial response in the other two, who experienced only minor 
side effects. However, for a wider acceptance of this technically demanding 
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procedure, further clinical trials and a clear definition of the patients who are 
most likely to benefit from it are needed.

2.5.4 SSTR2 expression in gliomas

Studies on SSTR2 expression in gliomas have demonstrated controversial 
results. Reubi et al. concluded from their autoradiographic assays that 
SSTRs are expressed predominantly by low-grade and anaplastic gliomas, 
with 10 out of 12 astrocytomas and 2 out of 4 oligodendrogliomas showing 
SSTR expression, whereas only 1 out of 20 glioblastomas showed binding 
of the radiolabeled somatostatin analog in vitro (Reubi et al. 1987). Similar 
results with low SSTR2 expression in glioblastomas were reported in another 
study using reverse transcription polymerase chain reaction (RT-PCR), 
immunohistochemistry (IHC), and autoradiography (Cervera et al. 2002). 
In oligodendrogliomas, however, the tumors were mostly SSTR2-negative 
in autoradiography, despite high mRNA by RT-PCR (Cervera et al. 2002). In 
contrast, others have reported opposite results by showing SSTR expression 
mainly in high-grade gliomas. In a series of 8 diffuse astrocytomas, 10 
anaplastic astrocytomas, and 32 glioblastomas, immunohistochemistry with 
polyclonal antibody demonstrated positive SSTR2A in 44% of glioblastomas, 
but in only 10% of anaplastic and 0% of diffuse astrocytomas (Mawrin et al. 
2004). The authors concluded that the loss of differentiation in glioblastomas 
was associated with increased expression of SSTR1, SSTR2A, and SSTR3. No 
oligodendroglial tumors were included in this study. Dutour et al. reported 
expression of SSTR2 mRNA by Northern blot in 6 out of 9 gliomas, with the 
highest expression detected in one glioblastoma and two oligodendrogliomas 
(Dutour et al. 1998). In summary, several studies show variable results 
regarding SSTR2 expression in gliomas. A limited number of cases have been 
included in the studies, with 50 gliomas being the largest cohort of samples 
(Mawrin et al. 2004). The number of oligodendrogliomas included in the 
studies has been even further limited. A more systematic characterization of 
SSTR2 expression in gliomas is needed with emphasis on molecular profiling 
and SSTR2-targeted therapies readily available.

Since autoradiographic or Northern blot analyses are unable to define 
the exact location of SSTR2 expression, IHC with the ability to detect 
subcellular structures would be the preferred method. Until recently, 
however, the available antibodies for IHC have been polyclonal, which 
display heterogeneity from batch to batch and cross-reactivity with other 
antigens (Reubi et al. 1999). A monoclonal antibody (UMB-1) targeting 
the intracellular C-termini of SSTR2A was recently developed and is now 
commercially available, showing considerably more effective and cleaner 
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staining compared with polyclonal antisera (Fischer et al. 2008). IHC with 
UMB-1 has subsequently been widely studied and used, and is now the 
recommended method of choice for SSTR2A detection (Korner et al. 2012).

2.6 Positron Emission Tomography

Positron Emission Tomography (PET) allows the visualization and 
quantification of different biochemical processes in vivo. PET uses radioactive 
tracers that accumulate to areas such as increased metabolic activity or 
cell proliferation, or that act as specific agents that bind to tumor-specific 
receptors or antigens.

The procedure of PET imaging is depicted in Figure 2. After labelling with 
a positron-emitting isotope (e.g., 18F, 11C, or 68Ga), the radioactive tracer is 

Figure 2. Procedure of PET imaging. Modified from Rudroff et al. (2015) J Appl Physiol 
118:1181–1190.
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intravenously injected into the patient, where it accumulates in its target 
tissue. The isotope decays by releasing a positron, which traverses a very 
short distance in the tissue (range) before it combines (annihilates) with an 
electron. In the process of annihilation, a pair of 511 keV photons are emitted 
in opposite directions, where the coincident photons are detected by the 
scintillation crystals in the PET scanner (Basu et al. 2011).

Most of the PET scanners are now hybrid devices in which PET and computed 
tomography (CT) are fused together. CT adds two important features: 
first, it allows for more accurate anatomic location, and second, it helps to 
correct the attenuation of the photons due to their energy loss in the body. 
Several additional corrections are made, including for random and scattered 
coincidences. To obtain a diagnostic image, the raw data must be further 
reconstructed. Several algorithms are possible, but the iterative reconstruction 
methods have largely become the standard approach (Mittra and Quon 
2009). PET images typically have worse spatial resolution compared to CT 
and magnetic resonance (MR) images. This is mostly related to fundamental 
limitations, including the detector size, positron range, and noncollinearity of 
the annihilated photons (Basu et al. 2011). However, PET enables molecular 
and functional imaging that are not available with MRI or CT at the moment.

Tracer uptake can be semiquantitatively analyzed by calculating a Standardized 
Uptake Value (SUV), which depends on the radioactivity concentration 
measured by the PET scanner within a region of interest, the decay-corrected 
amount of injected radiolabeled tracer, and the weight of the patient. 

2.6.1 Clinical PET imaging in gliomas

The most common PET tracer for oncologic imaging has traditionally been 
18F-fluorodeoxyglucose (18F-FDG), which accumulates in the majority of 
tumors due to their increased glucose metabolism. However, the visualization 
of brain tumors with 18F-FDG PET is poor due to the high physiological 
uptake by the normal brain tissue. Consequently, most commonly used 
PET tracers for gliomas in the clinical setting are amino acid tracers such 
as 11C-methionine (11C-MET), 18F-fluoroethyl-L-tyrosine (18F-FET), and 
18F-fluoro-L-phenylalanine (18F-FDOPA), which have an increased uptake 
in gliomas due to elevated amino acid utilization in tumor cell proliferation 
(Galldiks, Langen, and Pope 2015). Amino acid PET provides additional 
information to standard MRI and may help in the clinical dilemmas of 
detecting tumor tissue when MRI is inconclusive, differentiating true glioma 
progression from postradiation treatment effects (pseudoprogression or 
radiation necrosis) and detecting progression in the non-enhancing tumor 
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after antiangiogenic treatment with a possible pseudoresponse in the contrast-
enhancing tumor portion (Galldiks, Langen, and Pope 2015).

2.6.2 PET imaging of somatostatin receptors

Imaging SSTR-expressing tumors has been performed for several decades 
with conventional gamma camera scintigraphy and single-photon emission 
computed tomography (SPECT)/CT using octreotide as a tracer radiolabeled 
with Indium 111 (111In). However, scintigraphy yields planar 2D images with 
rather poor spatial resolution and low sensitivity to detect small lesions. In 
addition, 111In has a long physical half-life of 2.8 days, resulting in at least 
a 24-hour delay between the radiotracer injection and image acquisition 
(Virgolini et al. 2010). Accordingly, PET tracers labeled with Gallium 68 (68Ga; 
physical half-life 68 min) have been developed to allow SSTR imaging with 
PET/CT, providing superior detail, speed, and lower radiation dose to the 
patient compared to SSTR scintigraphy (Virgolini et al. 2010). 

PET/CT using 68Ga-labeled somatostatin analogs is widely used in the clinical 
management of NETs to localize primary tumors, detect sites of metastasis or 
recurrent disease, and to determine SSTR status and select patients for SSTR-
targeted radiotherapy (Hofman, Lau, and Hicks 2015; Loimaala et al. 2014). 
Three DOTA-chelated somatostatin analogs are available for clinical imaging: 
68Ga-DOTATOC, 68Ga-DOTA-1NaI3-octreotide (68Ga-DOTANOC), and 
68Ga-DOTATATE. All three radiotracers have the highest affinity for SSTR2. 
68Ga-DOTATOC shows additional binding to SSTR5, and 68Ga-DOTANOC 
to SSTR3 and SSTR5 (Reubi et al. 2000; Wild et al. 2003). 68Ga-DOTATATE 
has a predominant affinity only for SSTR2 (Reubi et al. 2000). Only subtle 
differences between the tracers, however, has been observed in clinical utility 
(Kabasakal et al. 2012; Velikyan et al. 2014).

In neuroendocrine tumors, SUV in 68Ga-DOTATOC PET/CT has been shown 
to correlate with SSTR2 expression determined by immunohistochemistry, 
whereas no association with SSTR3 or SSTR5 immunostaining was reported 
(Miederer et al. 2009; Mussig et al. 2010). A similar correlation between 68Ga-
DOTATOC uptake and SSTR2 mRNA analyzed by RT-PCR has been found in 
normal human tissue (Boy et al. 2011).

The benefit of PET/CT with 68Ga-DOTA-peptides has been studied in a 
number of other tumors as well, including meningioma, neuroblastoma, and 
pheocromocytoma (Hofman, Lau, and Hicks 2015). In meningiomas known to 
overexpress SSTR2, 68Ga-DOTATOC PET/CT potentially improves the tumor 
delineation for radiation treatment planning (Nyuyki et al. 2010). Furthermore, 
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increased pretreatment of 68Ga-DOTA-peptide uptake is associated with 
beneficial response to SSTR2-targeted radionuclide therapy in progressive 
meningiomas after failure of standard treatment options (Seystahl et al. 2016).

2.6.3 SSTR PET in gliomas

SSTR imaging in gliomas was studied two decades ago with conventional 
scintigraphy using 111In-DTPA-octreotide. These two studies showed that 
111In-DTPA-octreotide uptake was dependent on the integrity or disruption 
of the BBB (Haldemann et al. 1995; Schmidt et al. 1998). Haldemann et al. 
demonstrated positive SSTR scintigraphy in all six gliomas with disrupted 
BBB; however, only two (anaplastic oligodendroglioma and low-grade 
astrocytoma) presented SSTR expression in the in vitro autoradiography 
of the resected tumor, while no SSTR expression was observed in the other 
four glioblastomas. Conversely, false negative scintigraphy was noted in 
astrocytomas grades II–III with positive SSTR autoradiography but intact 
BBB (Haldemann et al. 1995). These results suggest a limited role for SSTR 
scintigraphy for tumor detection or delineation in gliomas with variable SSTR 
expression.

More recently, a pilot study including three recurrent glioblastomas treated with 
locoregional SSTR radionuclide therapy with 90Y-DOTATOC demonstrated 
encouraging results, with a complete remission in one patient and partial 
remission in the other two with only minor side effects (Heute et al. 2010). 
68Ga-DOTATOC PET in the case of complete remission showed increased 
tracer uptake prior to therapy, which was normalized in follow-up scans. Since 
tumor SSTR2 expression is mandatory for successful therapy, we hypothesize 
that 68Ga-DOTA-peptide PET/CT could provide a method to select patients 
likely to benefit from radionuclide therapy with 90Y-DOTATOC. Moreover, 
in addition to the superior spatial resolution compared to scintigraphy, 
SSTR PET/CT enables dynamic kinetic analyses to quantify the target 
receptor occupancy. As reviewed and debated by Sharma et al., 68Ga-DOTA-
peptide PET/CT is unlikely to have a major role in glioma imaging with one 
exception. Radionuclide therapy with 90Y-DOTATOC is the one condition 
where it is potentially useful by showing in vivo SSTR2 expression prior to 
therapy and providing proper patient selection (Sharma et al. 2013). To the 
best of our knowledge, there has not been any systematic assessment of 68Ga-
DOTA-peptide PET/CT in high-grade gliomas prior to our study.
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2.7 Glioma animal models

Rat brain tumor models have been used extensively for several decades to 
assess the efficacy of innovative approaches for the treatment of brain tumors. 
The advantages of rat brain tumor models (as opposed to mouse models) are 
their longer survival and greater tumor size, permitting better in vivo imaging 
and larger amounts of therapeutic agents administered, to mention a few 
(Barth and Kaur 2009). However, the ability to produce genetically engineered 
and manipulated tumor cell lines has also increased the use of mouse models 
over the past decade (Kegelman et al. 2014).

The most popular rat brain tumor models are based on the syngeneic orthotopic 
approach, indicating reproducible tumors transplanted into the brain of a 
genetically similar host through stereotactic injection. A C6 glioma and 9L 
gliosarcoma have been widely used (Barth and Kaur 2009). However, their 
growth patterns are rather circumscribed in contrast to the infiltrative border 
typically seen in human gliomas. Also, the tumors are strongly immunogenic. 
In contrast, F98 and BT4C gliomas show an infiltrative growth pattern and 
weak immune response, mimicking the authentic human tumor (Barth 
and Kaur 2009). BT4C gliomas further demonstrate small necrotic areas, 
neovascularization, and high cellularity with marked pleomorphism and 
nuclear atypia typical for human high-grade gliomas.

SSTR2 has been studied as a potential therapeutic target in only a few glioma 
models. Barbieri et al. detected SSTR1-3 and SSTR5 mRNA in C6 glioma 
cells in vitro, where they mediated antiproliferative effects via inhibition of 
extracellular signal-regulated kinase (ERK)1/2 activity (Barbieri et al. 2008). 
Somatostatin and SSTR agonists also strongly inhibited tumor growth in 
vivo in nude mice xenografted with C6 glioma cells (Barbieri et al. 2009). 
Somatostatin acting on SSTR1, SSTR2, and SSTR5 showed the highest 
efficacy, although combined SSTR1 and SSTR2 agonists maximally reduced 
the tumor neovascularization. Another study using nude mice xenografted 
with DBTRG-05 glioblastoma cells showed that a somatostatin analog 
linked to a chemotherapeutic doxorubicin molecule significantly inhibited 
tumor growth compared to animals treated separately with equimolar doses 
of doxorubicin or somatostatin analog only (Pozsgai et al. 2010). Despite 
increasing interest in SSTR2-targeted therapies, there are no studies focusing 
on SSTR2 expression, targeting, and imaging in orthotopic syngeneic rat 
glioma models and providing the best available model simulating human 
high-grade glioma.
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3 AIMS OF THE STUDY

The aim of this doctoral thesis was to study new potential biomarkers in 
gliomas with special emphasis on characterizing tissue SSTR2 expression 
and studying the potential of PET/CT to detect SSTR2 in gliomas that would 
benefit the procedure of SSTR2-targeted radionuclide therapy. More specific 
aims of each substudy were as follows:

I. To characterize SSTR2 expression in a rat orthotopic and mouse 
xenograft BT4C glioma model and to visualize the tumor in vivo 
with PET/CT using 68Ga-DOTATOC and 18F-FDR-NOC, a novel 
tracer targeting SSTR2.

II. To prospectively use PET/CT to evaluate the potential of 68Ga-
DOTANOC or 68Ga-DOTATOC to target SSTR2 in primary or 
recurrent high-grade glioma, to in vivo detect patients suitable 
for SSTR2-targeted radionuclide therapy, and to examine the 
relationship between 68Ga-DOTA-peptide uptake with BBB 
integrity and SSTR2 immunohistochemistry. 

III. To prospectively study the serum levels of two potential liquid 
biomarkers, GFAP and EGFR, in patients with primary or recurrent 
high-grade glioma, and to examine their association with tumor 
burden in MRI, other prognostic molecular markers, and survival.

IV. To extensively characterize SSTR2 expression by immunohisto-
chemistry and explore its impact on survival in a retrospective 
cohort of glioma entities using the specific molecular signatures of 
the updated 2016 WHO classification.
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4 MATERIALS AND METHODS

4.1 BT4C cell line and animal models (I)

The BT4C rat glioma cell line was originally derived from fetal BDIX rat brain 
cells transferred to long-term culture after in vivo exposure to N-ethylnitrosurea 
(Laerum and Rajewsky 1975). Cells were grown in Dulbecco’s modified 
Eagle medium (DMEM), supplemented with 10% fetal calf serum (Gibco, 
Paisley, Scotland), 2 mM glutamine, 2 mM sodium pyruvate, and 50 µg/mL 
streptomycin at 37° C in the presence of 5% CO2.

Stereotactic injections of BT4C cells into the brain of nine male BDIX rats 
(Charles River, France, weighing 263–354 g) were performed as described 
earlier (Tyynelä et al. 2002). Briefly, rats were anesthetized intraperitoneally 
(i.p.) with ketamine and medetomidine and placed into stereotactic apparatus 
(Kopf Instruments, Tujunga, CA, USA). A total of 10,000 BT4C cells in 5 µL 
of Optimem medium were slowly injected with a 25 µL Hamilton syringe 27 
G needle (Hamilton, Bonaduz, Switzerland) into the right corpus callosum 
(coordinates: 1.0 mm caudal to bregma and 2.0 mm right to sutura sagittalis 
at a depth of 2.5 mm). The needle was left in place for 5 min before removal to 
avoid backflow. The presence of a tumor was verified by an MRI T2-weighted 
spin-echo sequence using a 4.7 T magnet (Magnex, Abington, UK) 13 days 
after the BT4C cell injection. For the subcutaneous tumor model, 16 male 
athymic nude mice (Harlan) were kept under isoflurane anesthesia while 
250,000 BT4C cells in 100 µL of Matrigel (Matrigel Matrix, BD Biosciences) 
were injected subcutaneously into the neck and left limb of each mouse.

4.2 Preparation of radiotracers (I, II)

68Ga was obtained from a 68Ge/68Ga generator (Eckert & Ziegler, Berlin, 
Germany). For the radiosynthesis of 68Ga-DOTATOC and 68Ga-DOTANOC, 
a fully automated synthesis device was used (Modular Lab, Eckert & Ziegler 
Eurotope GmbH, Berlin, Germany) as previously described (Belosi et al. 
2013). In animal studies, the radiochemical purity of 68Ga-DOTATOC 
exceeded 99%, and the specific radioactivity was 18 GBq/µmol (median). In 
human studies, the corresponding values for 68Ga-DOTATOC were 97% and 
27 GBq/µmol, and for 68Ga-DOTANOC 100% and 32 GBq/µmol, respectively. 
The novel tracer 18F-FDR-NOC in study I was prepared by conjugating the 
18F-fluorodeoxyribose as a prosthetic group to the somatostatin analog NOC 
peptide (Rinne et al. 2016). The radiochemical purity of 18F-FDR-NOC was 
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99% and specific activity 33 GBq/µmol. Corresponding measurements for 
18F-FDG were > 95% and 0.3–1 TBq/µmol.

4.3 SSTR2 PET/CT in animal models (I)

A dedicated small animal PET/CT scanner with an axial FOV of 12.5 cm 
was used (Inveon Multimodality PET/CT, Siemens Medical Solutions, 
Knoxville, TN, USA). All nine rats and eight mice were studied with 68Ga-
DOTATOC, and an additional eight mice with 18F-FDR-NOC prior to ex vivo 
biodistribution and autoradiography measurements. PET/CT was performed 
23–25 days after stereotactic and 26–30 days after subcutaneous BT4C 
injections. A 60-min dynamic acquisition consisting of 38 time frames (12 × 
5 s; 12 × 30 s; 8 × 60 s; 3 × 300 s; and 3 × 600 s) started at the time of injection 
via a tail vein catheter (68Ga-DOTATOC rats 30.8 ± 3.2 MBq and mice 11.6 
± 2.1 MBq; 18F-FDR-NOC 13.5 ± 1.1 MBq). Animals were anesthetized with 
isoflurane and kept on a warm pallet during the imaging procedure. A static 
20-min 18F-FDG PET/CT starting 45 min after injection (14.5 ± 0.4 MBq) 
was performed on eight mice undergoing 18F-FDR-NOC PET/CT on the 
previous day. A CT was used for attenuation correction, and PET images were 
iteratively reconstructed using a two-dimensional ordered subsets expectation 
maximization algorithm (OSEM2D, 4 iterations, 16 subsets) and a 128 × 128 
× 159 matrix size.

4.3.1 PET analysis in animal models

Analyses were performed using software developed in-house (Carimas 2.8; 
http://www.turkupetcentre.fi/carimas/). Spherical volumes of interest (VOI) 
were defined on the tumor, normal brain, heart, liver, and kidney. The brain 
tumor was localized next to the cranial drill hole. Radioactivity concentrations 
were corrected for the injected dose, the radioactivity remaining in the tail, 
and decay. Results are presented as mean SUVmax for tumor and mean 
SUVaverage for other organs. Time-activity curves (TACs) were extracted 
from the corresponding dynamic images. Tumor uptake in 18F-FDG PET/CT 
was reported as scaled SUV that takes into consideration the measured blood 
glucose levels.

4.3.2 Ex vivo biodistribution, radiotracer stability, and autoradiography

Animals were euthanized immediately after 68Ga-DOTATOC or 18F-FDR-
NOC PET/CT. Radioactivity concentration in excised organs was measured 
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with a gamma counter (Triathler Gamma with external 3’’ NaI detector, 
Hidex Oy, Turku, Finland) to determine the ex vivo biodistribution of the 
radiotracer. Measured radioactivity was corrected for decay, weight of the 
organ and animal, and background radioactivity, and was expressed as SUV. 
Infiltrative brain tumors could not be separately measured with the gamma 
counter. The in vivo stability of 68Ga-DOTATOC and 18F-FDR-NOC at 60 min 
post-injection was measured from plasma by radio high-performance liquid 
chromatography (HPLC) analysis.

Autoradiography analysis was performed to determine tracer uptake in the 
tumor, brain, and muscle. After gamma counting, tissues were frozen and 
cut into serial 8- and 20 µm cryosections, with a cryomicrotome at -15° C 
thaw-mounted onto microscope slides and opposed to an imaging plate 
(Fuji Imaging Plate BAS-TR 2025, Fuji Photo Film Co., Ltd., Tokyo, Japan). 
After an exposure time of 2.5 h for 68Ga-DOTATOC and 4 h for 18F-FDR-
NOC, the imaging plates were scanned with the Fuji Analyzer BAS-5000 
(Fuji Photo Film Co., Ltd., Tokyo, Japan; internal resolution of 25 µm). 
Radioactivity of the tumor, brain, and muscle was measured from the 20 µm 
sections and expressed as photostimulated luminescence units per square 
millimeter (PSL/mm2) using Tina 2.1 software (Raytest Isotopenmessgeräte 
GmbH, Straubenhardt, Germany). Circular ROIs were defined for the tumor 
in accordance with hematoxylin and eosin (H&E) staining from areas with 
the highest tumor cellularity. Several tissue sections were analyzed for each 
animal, and results are expressed as mean ± standard deviation (SD).

4.3.3 SSTR2A immunohistochemistry and Western blot analysis in animal models

SSTR2A immunostainings and H&E were performed on the 8 µm slides. 
Monoclonal antibody UMB-1 (Abcam, Cambridge, UK) was used for SSTR2A 
IHC employing a Ventana Benchmark XT or LabVision autostainer. Western 
blot analysis was performed on BT4C cells using rat adrenal gland, kidney, and 
spleen as positive controls.

4.4 Patient characteristics in the prospective study (II, III)

Thirty patients with radiologically suspected primary or recurrent HGG 
scheduled for tumor resection between 2011 and 2013 were prospectively 
enrolled (mean age 52 years; range 18–76 years). A 68Ga-DOTA-peptide 
PET/CT was performed prior to surgical resection with a mean interval of 
19 days. Two patients with final diagnoses of metastatic adenocarcinoma and 
malignant lymphoma were excluded from the final analyses. Additionally, 
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PET/CT was not performed on one patient due to a scheduling problem, 
but the tumor sample was included for SSTR2 IHC. Finally, 27 patients with 
primary (n=17) or recurrent (n=10) HGG underwent 68Ga-DOTA-peptide 
PET/CT. Preoperative venous blood samples were obtained. Additionally, 
postoperative blood samples were collected 2–5 days after surgical resection 
in 20 of these patients. In study III, serum samples of 13 healthy subjects 
(mean age 54 years) without history of cancer or neurological symptoms were 
used as controls.

4.4.1   68Ga-DOTA-peptide PET/CT in patients with high-grade glioma (II)

PET/CT of the brain was performed using a GE Discovery VCT PET/CT 
Scanner (General Electric Medical Systems). Dynamic PET was acquired 
over 60 minutes (8 x 15; 6 x 30; 5 x 180; 4 x 300; and 2 x 600 s frames) 
after intravenously injected 68Ga-DOTANOC (123 MBq, median) or 68Ga-
DOTATOC (130 MBq, median). 68Ga-DOTATOC was used for the first 
three patients, after which it was replaced by 68Ga-DOTANOC due to poor 
availability of the DOTATOC precursor. A low-dose CT (120 kV, 10–95 mA, 
noise index 25, slice thickness 3.75 mm) was used for attenuation correction. 
PET images were reconstructed (256x256 matrix, OSEM3D, three iterations, 
28 subsets, 4.8 mm Hanning postfilter), yielding to a pixel size of 1.4 mm. A 
60-min duration was determined after a 90-min dynamic PET was performed 
on one patient and 5-min static scans were performed on three patients 96 
min post-injection, which confirmed that the tumor uptake did not increase 
after 60 min. One patient underwent a static PET scan (28 to 58 min post-
injection) due to mild claustrophobia. Dynamic PET was discontinued in two 
patients at 53 min and 36 min post-injection due to dyspnea and numbness 
of the arm, respectively. Clinical preoperative MRI nearest in time to the PET 
scan (mean interval 14 days) was employed, and post-contrast T1-weighted 
images (MRI-T1-Gad) were used to define the tumor volume with contrast 
enhancement.

4.4.2 Quantitative PET analysis of high-grade gliomas (II)

Analyses were performed using software developed in-house (Carimas 2.7). 
PET and MRI-T1-Gad images were co-registered, and spherical volumes of 
interest (VOI) were manually placed over the tumor area with maximum 
activity. VOIs for contralateral normal brain white matter, nasal mucosa, 
pituitary gland, and skin of the occiput were also defined and SUVmax were 
calculated. Tumor mean SUVmax 30–60 min post-injection was used for 
further analyses.
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A Logan plot with skin as reference tissue was used for tracer kinetic 
modeling. We used 5 min as the starting point for a linear regression model 
that was optimized against the normalized tumor and reference tissue TACs, 
with the slope being the distribution volume ratio (DVR). Binding potential 
(BP) corresponds to the density of available receptors and is calculated as BP 
= DVR – 1.

4.4.3 Delineation of tumor volumes in PET and MRI (II, III)

Tumor volumes were delineated using iPlan RT Treatment Planning software 
(Brainlab, Munich, Germany). PET and MRI images were coregistered and 
tumor volume contoured in PET using a threshold of 40% SUVmax (VPET). 
Contrast-enhancing tumor volume in T1w MRI (VT1-Gad) was delineated by 
thresholding the enhancing tumor and then manually adjusting the contours. 
To compare tumor volumes between PET and MRI, overlapping volumes of 
VPET and VT1-Gad were determined and Dice similarity coefficient (DC = [2 
x intersection]/[VPET + VT1-Gad]) was calculated. A DC value of 1 indicates 
perfect similarity between the volumes, while a value of 0 indicates no 
similarity.

In study III, necrotic tumor volume was manually outlined in preoperative 
MRI-T1-Gad, with guidance from standard T2-weighted and FLAIR images. 
Enhancing residual tumor volumes were correspondingly delineated in 
postoperative clinical MRI performed 1–4 days after operation.

4.5 Patient characteristics in the retrospective study (IV)

A retrospective analysis was performed on adult patients with newly diagnosed 
supratentorial glioma, grades II–IV, who underwent surgical resection or biopsy 
at Turku University Hospital from January 2005 through December 2013. A 
total of 184 glioma samples were obtained from Auria Biobank (TYKS-SAPA, 
Turku University Hospital, Turku, Finland). Clinical data were collected from 
the electronic patient data system. Tumor samples were studied for SSTR2A 
expression and established molecular markers. With all the molecular data 
available, gliomas were re-assessed by an experienced neuropathologist and 
diagnosed according to the new WHO classification (Louis et al. 2016).
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4.6 Molecular markers in human gliomas (II, III, IV)

Formalin-fixed paraffin-embedded tumor tissues were sectioned at 3 µm (II, 
III) or 4 µm (IV) and used for analyses. Different antibodies employed for 
IHC are listed in Table 1. In studies II and III, all stainings were performed 
on whole tissue sections. In study IV, IHC for IDH1 R132H (the most 
common IDH1 mutation), ATRX, and p53 mutation were performed using 
tissue microarray (TMA) blocks. TMA blocks were built by annotating most 
representative tumor areas in scanned H&E slides (Pannoramic Viewer, 
3DHistech, Budapest, Hungary) and automatically transferring corresponding 
tissue cores from paraffin-embedded glioma samples into blocks using TMA 
Grand Master (3DHistech, Budapest, Hungary).

In studies II and III, MGMT promoter methylation was studied by 
pyrosequencing (Tuononen et al. 2012) and EGFR amplification by silver in 
situ hybridization (Ålgars et al. 2011). A 1p/19q codeletion was detected by 
fluorescent in situ hybridization using a Vysis 1p36/1q25 and 19q13/19p13 
FISH probe kit (Abbot Laboratories, Abbot Park, IL). A p53 mutation was 
regarded as positive if nuclear staining was detected in more than 10% of 
neoplastic cells. EGFR IHC was reported using a scoring system previously 
described and also utilized for SSTR2A IHC (Ålgars et al. 2011). ATRX 
mutation was identified in case of lost nuclear staining in tumor cells while 
remaining positive in non-neoplastic cells.

In study IV, samples with negative or failed IDH1 IHC were subjected 
to direct Sanger sequencing to examine codons 132 and 172 in order to 
determine the mutation status of IDH1 and IDH2 genes, respectively. DNA 
was extracted from cylindrical paraffin-embedded tissue samples, and 
PCR amplification products were disposed to sequencing described by 
Hartmann et al. (Hartmann et al. 2009). Sequencing was performed in a 
forward direction at Eurofins Genomics (Ebersberg, Germany) using an 
ABI3730XL sequencer (ThermoFischer Scientific, MA, USA). The sequences 
were analyzed using Sequencer™ 5.1, and single ambiguous sequences after 
repetition were grouped in the NOS category. 

4.7 SSTR2A immunohistochemistry in human gliomas (II, IV)

To disregard the expected SSTR2A expression in microglia and macrophages, 
SSTR2A IHC was performed as double staining using UMB-1 and CD68 
antibodies. Double stainings were performed on whole paraffin tissue sections 
and not TMAs in order to also recognize the heterogeneous staining pattern. 
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Table 1 Primary antibodies and methods used for immunohistochemistry.

Antibody Clone Manufacturer Method Detection Study
SSTR2 UMB-1 Abcam, 

Cambridge, 
UK

Ventana 
Benchmark XT 
Autostainer 
(Ventana 
Medical 
Systems, 
Strasbourg, 
France)

ultraVIEW 
Universal Detection 
Kit (Ventana, 
Strasbourg, France)

II, IV

SSTR3 Rabbit 
polyclonal 
(ab28680)

Abcam, 
Cambridge, 
UK

Labvision 
Autostainer 
(Thermo 
Scientific Inc., 
Kalamazoo, 
MI)

BrightVision 
Detection Kit 
(Immunologic, 
Duiven, the 
Netherlands)

II

SSTR5 Rabbit 
polyclonal 
(ab5681)

Millipore, 
Billerica, MA

Labvision 
Autostainer

BrightVision 
Detection Kit

II

EGFR 5B7 Ventana, 
Strasbourg, 
France

Ventana 
Benchmark XT 
Autostainer

ultraVIEW 
Universal Detection 
Kit

II, III

IDH1 
R132H

H09 Dianova, 
Hamburg, 
Germany

Ventana 
Benchmark XT 
Autostainer

ultraVIEW 
Universal Detection 
Kit

II, III, 
IV

CD68 PG-M1 Dako, 
Glostrup, 
Denmark

Ventana 
Benchmark XT 
Autostainera

ultraVIEW 
Universal 
Detection Kit + 
Universal Alkaline 
Phosphatase Red 
Detection Kit 
(Ventana)a

II, IV

Ki67 30-9 Ventana, 
Strasbourg, 
France

Ventana 
Benchmark XT 
Autostainer

ultraVIEW 
Universal Detection 
Kit

II, III

GFAP EP671Y Ventana, 
Strasbourg, 
France

Ventana 
Benchmark XT 
Autostainer

ultraVIEW 
Universal Detection 
Kit

III

p53 Bp53-11 Ventana, 
Tucson, AZ

Ventana 
Benchmark XT 
Autostainer

ultraVIEW 
Universal Detection 
Kit

II, IV

ATRX Rabbit 
polyclonal 
(HPA001906)

Sigma-Aldrich, 
St Louis, MO

Ventana 
Benchmark XT 
Autostainer

ultraVIEW 
Universal Detection 
Kit

IV

aSSTR2 + CD68 double staining
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The chromogen used for CD68 detection was red, while SSTR2A staining was 
brown.

Staining intensity for SSTR2A reaction was reported as 0 (negative), 1 (weak), 
2 (moderate), or 3 (strong). Due to the heterogeneous staining pattern, we 
evaluated both the most common staining intensity (minimum 50% of 
tumor area) and the highest staining intensity (minimum 10% of tumor 
area). Additionally, the localization of staining (cytoplasmic, membranous, 
or both) was observed. SSTR2 IHC was scored first independently by an 
experienced neuropathologist and then in consensus with a research fellow. 
In study II, SSTR2A IHC was regarded as positive if the sum of the highest 
and most common staining intensities was ≥ 4. In study IV, SSTR2A IHC was 
regarded as positive if the most common staining intensity was 2 or 3, or if the 
highest staining intensity was 3. In study II, SSTR3 and SSTR5 IHC were also 
performed.

4.8 Serum GFAP and EGFR measurements (III)

Venous blood samples were centrifuged at 2500×g for 10 min and supernatants 
were stored at -70° C. Serum GFAP and EGFR levels were determined using 
commercially available sandwich enzyme-linked immunosorbent assay 
(ELISA) kits from BioVendor (Brno, Czech Republic) and OncogeneScience 
(Cambridge, USA), respectively. Samples were diluted 1:3 for GFAP ELISA 
and 1:50 for EGFR ELISA and were run in duplicates with a volume of 100 µl 
pipetted into each ELISA well. A biotin-labeled anti-GFAP-antibody and an 
alkaline phosphatase-labeled anti-EGFR-antibody specifically recognizing the 
extracellular domain of EGFR were employed. The absorbance was measured 
by reading the plate at 450 nm for GFAP and at 650 nm for EGFR. Reported 
concentration values are the mean absorbances of the duplicates. The limit of 
detection defined as the mean absorbance of the blanks (calibrator diluent) 
plus 3 SD (Ablank + 3 × SDblank) was measured and calculated as 0.014 ng/ml for 
GFAP. All values below this detection limit were defined as 0 ng/ml, which 
also was applied in case the other absorbance measurement of a duplicate was 
below the detection limit. Serum EGFR ELISA assays for HGG patients and 
control subjects were performed at separate times; therefore, 24 samples from 
HGG patients were re-analyzed for serum EGFR to test the reliability of the 
measurement.
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4.9 Ethical considerations (I–IV)

All animal care and experiments were approved by the national Animal 
Experiment Board in Finland (21.12.2011 PH1296A) and carried out 
in compliance with Finnish laws relating to the conduct of animal 
experimentation. (I)

The registered prospective clinical study (ClinicalTrials.gov NCT01460706) 
was approved by the Ethics Committee of the Hospital District of Southwest 
Finland and the Finnish Medicines Agency. All patients and healthy control 
subjects gave written informed consent prior to participation. (II, III)

The retrospective study was approved by the Ethics Committee of the 
Hospital District of Southwest Finland and Auria Biobank. The samples were 
obtained from Auria Biobank (TYKS-SAPA, Turku University Hospital, 
Turku, Finland), and in accordance with the Finnish Biobank Act, a separate 
informed consent from individual patients was waived. (IV)

4.10 Statistical analysis

Data are presented as mean ± standard deviation. Normality was tested with 
the Shapiro-Wilk test. Comparisons between two variables were performed 
with a Student’s t-test or the Mann-Whitney U test, with Bonferroni 
correction as appropriate for continuous and cross-tabulation with a Chi-
square test or Fisher’s exact test as appropriate for categorical variables. 
Comparisons between more than two variables were carried out with one-
way ANOVA or a Kruskal-Wallis test as appropriate. Correlations between 
two variables were studied using Pearson or Spearman’s rank correlation 
where applicable. A Kaplan-Meier with Log-Rank test and univariate and/or 
multivariate Cox proportional hazards regressions were performed to assess 
survival data. Overall survival (OS) was defined as the time from surgical 
resection to death or until the end of the follow-up. Progression-free survival 
(PFS) was defined as the time from surgical resection to tumor progression in 
MRI, deterioration in clinical symptoms, or the end of the follow-up (II, III), 
or as the time from surgical resection to the first tumor progression indicated 
by re-resection, the start of a new treatment regimen, death, or the end of 
the follow-up (IV). In study III, receiver operating characteristic (ROC) curve 
analysis was used to evaluate the ability of serum biomarkers to differentiate 
glioblastomas and to provide cutoff value for the Kaplan-Meier curve. 
Agreement between repeated measurements was assessed with intraclass 
correlation coefficient ICC (3,1) and Coefficient of Repeatability (CR).
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All tests were two-sided, and statistical significance was set at p < 0.05. 
Statistical analyses were performed using SPSS Statistics software versions 
17.0 for Mac (SPSS Inc., Chicago, IL,USA), 21.0 for Mac, or 24.0 (IBM Corp., 
Armonk, NY, USA).
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5 RESULTS

5.1 BT4C glioma models (I)

Stereotactic BT4C injections induced orthotopic tumors in seven out of 
nine rats as confirmed by MRI 13 days after injection. All rats, however, 
underwent 68Ga-DOTATOC PET/CT. H&E staining demonstrated orthotopic 
tumors with high cellularity and marked pleomorphism, small necrotic areas, 
neovascularization, and infiltrative border, mimicking human high-grade 
gliomas. Mean tumor size was 4 × 3 mm.

Subcutaneous BT4C xenografts were successfully induced into the neck and 
left limb of each mouse (n=16). Histologically, they resembled orthotopic 
BT4C gliomas, but without infiltrative border and with less neovascularization 
and necrosis. Mean tumor size was 5 × 5 mm.

5.1.1 Visualization of BT4C gliomas with SSTR2 PET/CT is limited

Rat orthotopic gliomas were only modestly visualized with 68Ga-DOTATOC 
PET/CT. Tumor mean SUVmax (30–60 min post-injection) was 0.6 ± 0.3, and 
the ratio between the tumor and a contralateral normal brain was 2.0 ± 0.6. 
One PET/CT of a rat bearing a tumor failed due to wrong table positioning. 
In subcutaneous mice xenografts, the visualization was even poorer, with only 
6/16 tumors detectable with 68Ga-DOTATOC (mean SUVmax 0.4 ± 0.1) and 
3/16 tumors detectable with 18F-FDR-NOC (mean SUVmax 0.5 ± 0.1) PET/
CT. In contrast, 18F-FDG PET/CT showed an increased uptake in all 16/16 
subcutaneous mice xenografts with mean scaled SUVmax of 1.4 ± 0.7.

5.1.2 Ex vivo biodistribution and autoradiography demonstrate tracer uptake in BT4C 
tumor

Ex vivo tissue radioactivity measurements at 60 min after injection are 
presented in Table 2. Subcutaneous mice xenografts showed a high uptake 
of both 68Ga-DOTATOC and 18F-FDR-NOC compared to the reference tissue 
muscle (68Ga-DOTATOC p = 0.001, Mann-Whitney U test; 18F-FDR-NOC 
p < 0.001, Student’s t-test). The 18F-FDR-NOC showed a higher uptake in 
both tumor and reference tissue, resulting in lower tumor-to-muscle ratios 
compared to 68Ga-DOTATOC (p = 0.002, Mann-Whitney U test). Orthotopic 
rat gliomas were not analyzed with a gamma counter in order to obtain intact 
brain tumor for autoradiography analysis.
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Ex vivo biodistribution of 68Ga-DOTATOC showed high values in the kidneys 
and urine and low values in other non-target organs, confirming the renal 
excretion of 68Ga-DOTATOC. In contrast, 18F-FDR-NOC was eliminated via 
the kidneys, but also via a hepatobiliary pathway, as indicated by signifantly 
increased radioactivity in the liver and small intestine compared to 68Ga-
DOTATOC (p = 0.001 for both tissues, Mann-Whitney U test).

In vivo stability of 68Ga-DOTATOC in rat and mice plasma at 60 min after 
injection was excellent, with the percentage of intact 68Ga-DOTATOC at 99–
100%. Also, 18F-FDR-NOC showed high in vivo stability with corresponding 
percentages of 94–96%.

Autoradiography analysis (Figure 3) demonstrated significant 68Ga-DOTATOC 
uptake in the orthotopic rat glioma (9.8 ± 1.8 PSL/mm2) compared to a 
contralateral normal brain (0.2 ± 0.1 PSL/mm2, p = 0.002, Mann-Whitney U 

Table 2. Ex vivo tissue radioactivity measurements at 60 min after injection with 68Ga-
DOTATOC and 18F-FDR-NOC. (Original publication I. Reprinted by permission of Taylor & 
Francis Ltd, www.informaworld.com).

Rat orthotopic BT4C 
glioma Mice subcutaneous BT4C tumor

68Ga-DOTATOC
n=9

68Ga-DOTATOC
n=8

18F-FDR-NOC
n=8 P

Tumor NA 0.31±0.11 0.38±0.04 *
Muscle 0.10±0.04 0.05±0.02 0.08±0.01 *
Brain NA 0.02±0.02 0.03±0.00 *
Heart 0.24±0.06 0.10±0.04 0.27±0.04 **
Lung 0.70±0.14 0.34±0.09 0.81±0.07 **
Liver 0.47±0.40 0.12±0.03 4.54±0.34 **
Pancreas NA 0.63±0.23 0.68±0.23
Spleen 0.56±0.57 0.10±0.03 0.25±0.04 **
Small intestine 0.60±0.20 0.18±0.05 1.42±0.69 **
Kidney 9.21±4.87 2.73±1.16 2.68±0.29
Skin 0.33±0.09 0.31±0.11 0.41±0.05 *
Blood 0.65±0.16 0.28±0.12 0.71±0.10 **
Plasma 1.12±0.25 0.25±0.10 0.66±0.11 **
Urine 113±55.3 41.0±15.8 26.5±12.3
Tumor-to-muscle ratio NA 6.46±0.77 4.79±0.64 *
Tumor-to-brain ratio NA 22.3±9.08 15.1±1.91 *

Results are expressed as SUVs (mean±SD). NA=not analyzed. *p < 0.05; **p ≤ 0.001 between 
68Ga-DOTATOC and 18F-FDR-NOC in nude mice bearing subcutaneous BT4C tumors.
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test) or muscle (1.2 ± 0.4 PSL/mm2, p = 0.002) with a mean tumor-to-brain 
ratio of 68 ± 30 and tumor-to-muscle ratio of 9.2 ± 3.8. Also, subcutaneous 
mice xenografts presented high uptakes of both 68Ga-DOTATOC (17 ± 7.5 
PSL/mm2) and 18F-FDR-NOC (75 ± 18 PSL/mm2) with mean tumor-to-muscle 
ratios of 6.7 ± 1.5 and 4.3 ± 0.8, respectively.

5.1.3 SSTR2 immunohistochemistry and Western blot analysis

Orthotopic rat gliomas showed positive SSTR2 staining in more than 95% of 
the tumor cells. The staining pattern was mainly cytoplasmic, but membranous 
staining was also detected. Subcutaneous mice xenografts showed more 
heterogeneous SSTR2 expression compared to orthotopic gliomas with 
positive staining in 40–80 % of the tumor cells.

Western blot analysis demonstrated SSTR2 expression of BT4C glioma cells 
by giving two major bands at ¾30–32 kDa near the expected SSTR2 molecular 
size. Same major bands were detected in rat control tissue.

(A)

(B)

(C)

(D)

(E)

(F)

Figure 3. Autoradiography demonstrates high tumor uptakes of 68Ga-DOTATOC and 18F-FDR-
NOC. Representative autoradiographs showing (A) an uptake of 68Ga-DOTATOC in rat 
orthotopic BT4C glioma, (C) an uptake of 68Ga-DOTATOC in subcutaneous BT4C tumor, and 
(E) an uptake of 18F-FDR-NOC in another subcutaneous BT4C tumor. The (B, D, F) Lower panel 
shows H&E stainings of the corresponding sections. The Arrow indicates tumor in the rat brain. 
Bar = 1 mm (Original publication I. Reprinted with permission of Taylor & Francis Ltd, www.
informaworld.com).
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5.2 SSTR2 PET/CT in patients with high-grade gliomas (II)

5.2.1  68Ga-DOTA-peptide uptake associates with blood-brain barrier disruption

All 19 HGGs with tracer uptake demonstrated disrupted BBB in MRI, whereas 
no uptake was detected in tumors with intact BBB. Rapid peak in tumor uptake 
was followed by a gradual decline, reaching a plateau in 15 min. SUVmax in 
tumors with uptake was 2.3 ± 1.3 (range 0.5–5.7), and it correlated with VT1-

Gad (r = 0.713, p = 0.001, Spearman’s rank correlation). Binding potential (BP) 
was determined in patients with dynamic PET and tumor uptake. BP was 1.0 
± 1.1, and it correlated with tumor SUVmax (r = 0.868, p < 0.001). Negative 
BP values were found in HGGs with SUVmax < 1.0 and indicated a lower 
concentration of available receptors in the tumor compared to reference tissue 
(skin).

The difference in VPET (9.3 ± 9.5 cm3) and VT1-Gad (12.9 ± 11.7 cm3) was 
nonsignificant (p = 0.559, Mann-Whitney U test). The [VPET]/[VT1-Gad] tumor 
volume proportion was 1.05 ± 0.87. The dice similarity coefficient between 
VPET and VT1-Gad was 0.41 ± 0.19.

5.2.2  68Ga-DOTA-peptide uptake does not correlate with SSTR2 expression by 
immunohistochemistry

SSTR2 IHC was positive in 9 HGGs and negative in 19 HGGs. Positive SSTR2 
IHC was demonstrated in 4 out of 9 anaplastic astrocytomas, 2 out of 2 
oligodendrogliomas, 2 out of 3 oligoastrocytomas, and 1 out of 2 glioblastomas 
with an oligodendroglioma component (GBMO). Negative SSTR2 IHC was 
shown in 10 glioblastomas, 1 secondary glioblastoma, and 1 gliosarcoma. SSTR2 
IHC was not related to tracer uptake and SUVmax, as demonstrated in Figure 
4. In fact, 7 out of 8 HGGs with no 68Ga-DOTA-peptide uptake were classified 
as SSTR2 positive, while 17 out of 19 HGGs with tracer uptake were classified 
as SSTR2 negative. Since most HGGs demonstrated patchy areas of SSTR2 
expression, though regarded as SSTR2 negative, we studied whether SUVmax or 
BP associates to the highest staining intensity observed. However, no association 
was found (SUVmax p = 0.613; BP p = 0.655, Kruskal-Wallis test).

SSTR3 immunoreactivity was detected in cells bordering necrosis in seven 
glioblastomas. One anaplastic astrocytoma displayed positive SSTR3 staining 
in approximately 30% of tumor cells. SSTR5 expression was not detected 
in any of the tumor specimens studied. SSTR2 expression in microglia 
and macrophages was not assessable due to intense CD68 reactivity. The 
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distribution and number of microglia and macrophages was heterogeneous. 
Within the cellular part of the tumor, variable diffuse infiltration was 
observed, whereas dense clusters of microglia and macrophages were detected 
along the necrosis border in glioblastomas.

5.2.3 Association of SSTR2 immunohistochemistry with molecular markers and survival

In our prospective PET/CT study including 28 HGG patients, positive SSTR2 
IHC corresponded with IDH1 mutation (p = 0.007, Chi-square test), lower 

Figure 4. 68Ga-DOTA-peptide uptake in high-grade gliomas does not correspond to SSTR2 
immunohistochemistry. Axial-fused PET/MR images 30–60min post-injection, corresponding 
contrast-enhanced T1-weighted MR images, and tumor SSTR2 IHC from three different 
patients. Primary glioblastoma presents (A) 68Ga-DOTANOC uptake, (B) contrast-enhancement 
in MRI-T1-Gad, and (C) patchy areas of positive SSTR2 staining. Another primary glioblastoma 
shows (D) 68Ga-DOTANOC uptake and (E) contrast-enhancement. However, (F) SSTR2 IHC 
was negative. Primary oligoastrocytoma represents (G) no 68Ga-DOTANOC uptake and (H) 
no contrast enhancement, but (I) high SSTR2 expression in IHC was detected. Color-scale in 
PET images is set to maximum (red) 10000 Bq/ml and minimum (blue) 0 Bq/ml. Bar = 50 µm 
(Original publication II. Reprinted with permission of SpringerOpen).
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tumor grade (p = 0.005), and oligodendroglioma component (p = 0.010). 
Furthermore, Ki67 was significantly lower in SSTR2-positive HGGs (14.4 ± 
10.5) compared to SSTR2-negative HGGs (41.1 ± 25.6, p = 0.001, Student’s 
t-test). Association between SSTR2 IHC and MGMT promoter methylation 
was not significant (p = 0.080, Chi-square test), but it is notable that all 
SSTR2-positive HGGs contained MGMT promoter methylation, whereas all 
unmethylated HGGs were SSTR2 negative. Positive SSTR2 IHC was related 
to the absence of EGFR amplification (p = 0.021). However, no association 
was found between SSTR2 and EGFR IHC. In multivariate Cox regression 
analysis (backward Wald), SSTR2 expression was an independent prognostic 
factor for prolonged PFS after adjustment to histological grade (HR 0.161, CI 
0.037–0.704, p = 0.015).

5.3 Serum GFAP and EGFR in high-grade glioma patients (III)

5.3.1 Preoperative serum GFAP

Of the patients, 12 out of 14 (86%) with glioblastoma and 3 out of 13 (23%) 
with anaplastic glioma had preoperatively detectable serum GFAP levels 
(≥ 0.014 ng/ml). All control subjects but one showed zero serum GFAP 
(detection limit 0.014 ng/ml). Serum GFAP was significantly higher in 
glioblastoma patients (0.079 ± 0.100) compared to anaplastic glioma patients 
(0.012 ± 0.028; p = 0.003, Mann-Whitney U test) or controls (p = 0.001). 
No difference was observed between anaplastic glioma patients and control 
subjects (p = 1.000). Serum GFAP levels for primary and recurrent HGGs 
were 0.055 ± 0.098 and 0.032 ± 0.038, respectively (p = 0.979).

Preoperative serum GFAP values significantly correlated to enhancing tumor 
volume and necrotic tumor volume in MRI both in primary (r = 0.64, p = 
0.005 and r = 0.73, p = 0.001, respectively, Spearman’s rank correlation) and 
in recurrent HGGs (r = 0.76, p = 0.011 and r = 0.64, p = 0.047, respectively).

Patients with IDH1-mutant HGGs showed significantly lower serum GFAP 
levels (0.012 ± 0.033 ng/ml) compared to IDH1-wildtype HGGs (0.061 ± 0.091 
ng/ml, p = 0.016, Mann-Whitney U test). No difference in serum GFAP was 
observed in relation to 1p/19q codeletion or MGMT promoter methylation 
status. In contrast, serum GFAP values correlated to the Ki67 proliferation 
index (r = 0.78, p < 0.001, Spearman’s rank correlation). All HGGs expressed 
GFAP detected by immunohistochemistry (GFAP-positive cells 87 ± 20%), the 
extent of which, however, did not correlate to serum GFAP levels (p = 0.761).



46

Results

ROC analysis for the differentiation of glioblastoma from anaplastic glioma 
or control patients produced a serum GFAP cut-off value of 0.01 ng/ml with 
a sensitivity of 86% and a specificity of 85% (AUC 0.86, p < 0.001, CI 0.72–
0.99). Univariate Cox regression analysis revealed that a serum GFAP value of 
> 0.01 ng/ml predicted poorer PFS in primary HGGs (Hazard ratio 5.9, p = 
0.032, CI 1.2–29.9).

5.3.2 Preoperative serum EGFR

No statistical difference was observed in preoperative serum EGFR values 
between glioblastoma patients (52.6 ± 11.0 ng/ml), anaplastic glioma patients 
(50.6 ± 9.2 ng/ml), and control subjects (55.8 ± 7.8 ng/ml, p = 0.391, One-
way ANOVA). Serum EGFR values did not correlate to enhancing or necrotic 
tumor volumes in MRI, nor to the Ki67 proliferation index. Furthermore, 
serum EGFR showed no variation in relation to IDH1, 1p19q, or MGMT 
status.

We tested the potential of serum EGFR as a surrogate marker for EGFR status 
in the tumor tissue. However, no association was found. No difference in 
serum EGFR was observed between HGG patients with EGFR amplification 
(54.5 ± 12.0 ng/ml) or without EGFR amplification (50.5 ± 9.2 ng/ml, p = 
0.351, Student’s t-test). All HGGs studied showed positive staining in 
EGFR immunohistochemistry, with the most common staining intensity 
varying from 0 to 3. Location was most commonly both cytoplasmic and 
membranous. Intensity or location of EGFR IHC, however, was not associated 
with serum EGFR (p = 0.418 and p = 0.206, respectively, Kruskal-Wallis 
test), nor with EGFR amplification (p = 0.091 and p = 0.943, respectively, 
Chi-square test). For repeated EGFR ELISA measurements, ICC(3,1) was 
0.764 (CI 0.532–0.890) and CR 14.5 ng/ml, indicating a moderate agreement 
between measurements.

5.3.3 Postoperative serum GFAP and EGFR

A significant increase in postoperative serum GFAP levels was detected in 13 
out of 20 (65%) HGG patients compared to preoperative values (p = 0.003, 
Wilcoxon signed-rank test). No correlation between postoperative serum 
GFAP and enhancing residual tumor volume in post-surgical MRI was found 
(p = 0.372, Spearman’s rank correlation). Postoperative serum EGFR levels 
did not differ from those observed preoperatively (p = 0.354), nor did they 
correlate with enhancing residual tumor volume.



47

Results

5.4 SSTR2A expression in the retrospective cohort of glioma samples (IV)

A total of 184 gliomas in the retrospective study included 101 glioblastomas 
(93 IDH-wildtype, 3 IDH-mutant, 5 NOS), 60 astrocytomas (22 IDH-wildtype, 
37 IDH-mutant, 1 NOS), and 23 oligodendrogliomas (19 IDH-mutant and 
1p/19q-codeleted, 4 NOS). Direct sequencing detected one IDH2 mutation 
in a grade II astrocytoma, and six additional IDH1 mutations were identified. 
Four oligodendrogliomas with 1p/19q codeletion and typical oligodendroglial 
histology were designated to the NOS group since IDH1/IDH2 mutation 
could not be detected. 

Representative IHC images of different staining intensities used for SSTR2A 
IHC scoring are shown in Figure 5. High SSTR2A expression significantly 
associated with oligodendrogliomas, whereas the majority of glioblastomas 
were negative for SSTR2A immunostaining (Table 3). SSTR2A expression 

Figure 5. SSTR2A immunohistochemistry. Intensity of SSTR2A staining was scored as (A) 
0=negative, (B) 1=weak, (C) moderate=2, or (D) strong=3. Location was designated to be (B, 
C) cytoplasmic or (D) both membranous + cytoplasmic. Endothelial cells served as an internal 
positive control. Diagnoses include glioblastoma (A, B), astrocytoma IDH-mutant (C), and 
oligodendroglioma IDH-mutant and 1p/19q-codeleted (D).
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significantly varied between glioma entities evaluated by the most common 
staining intensity (minimum 50% of tumor area, p < 0.001, Fisher’s exact test).

The most common pattern of SSTR2A staining was predominantly negative in 
glioblastomas (97%), IDH-wildtype astrocytomas (86%), and in the majority 
of IDH-mutant astrocytomas (65%). Within the negative tumor bulk, however, 
tumor cell clusters with intensive SSTR2A staining were identified, resulting 
in a heterogeneous staining pattern. We scored the tumor as SSTR2A positive 
if the most common intensity was 2 or 3, or if the highest intensity was 3. 
This translated to a positive SSTR2A IHC in 12 IDH-wildtype glioblastomas 
(13%), 5 IDH-wildtype astrocytomas (23%), 10 IDH-mutant astrocytomas 
(27%), and 15 IDH-mutant and 1p/19q-codeleted oligodendrogliomas (79%), 
demonstrating a significant association between SSTR2A expression and 
glioma type (p < 0.001, Fisher’s exact test). Accordingly, SSTR2A expression 
was related to IDH mutation since the majority (60%) of SSTR2A-positive 
gliomas harbored IDH mutation (p < 0.001, Fisher’s exact test). No association 
between SSTR2A expression and ATRX mutation was observed (p = 0.469).

In glioblastomas and astrocytomas, the SSTR2A expression was mainly 
located in the cytoplasm, whereas in the majority of oligodendrogliomas, 
the staining pattern was additionally membranous (Table 3, p < 0.001, 
Fisher’s exact test). Oligodendrogliomas NOS (n=4) were not included in 
the final analyses, but it is noteworthy that they all presented an SSTR2A 
intensity of 3 as the most common staining. Furthermore, in three cases, the 
staining was mostly membranous, following the pattern of 1p/19q-codeleted 
tumors. A high number of CD68-positive microglia and macrophages were 
detected in the tumor zone, bordering necrosis in glioblastomas. No SSTR2A 
immunoreactivity in microglia and macrophages could be detected through 
the intense red staining of CD68.

Table 3 SSTR2A IHC scoring in different glioma entities (IDHwt=IDH-wildtype, 
IDHmut=IDH-mutant, C=cytoplasmic, M+C=membranous+cytoplasmic)

most common 
intensity

highest intensity location

0 1 2 3 0 1 2 3 C M+C
GLIOBLASTOMA (n) IDHwt (n=93) 90 1 1 1 57 15 9 12 26 11

IDHmut (n=3) 3 0 0 0 0 2 1 0 2 1
ASTROCYTOMA (n) IDHwt (n=22) 19 2 1 0 12 2 3 5 10 0

IDHmut (n=37) 24 5 5 3 9 9 10 9 24 4
OLIGODENDRO- 
GLIOMA (n)

IDHmut, 1p/19q-
codel (n=19)

4 1 7 7 0 0 4 15 7 12
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No difference in OS or PFS was observed in glioblastomas according to 
SSTR2A status (p = 0.173 and p = 0.114, respectively, Log-Rank test). In 
contrast, patients with SSTR2A-positive grade II or III glioma showed clear 
survival benefit compared to SSTR2A-negative gliomas (OS p = 0.005, PFS p = 
0.052, Log-Rank test). This benefit, however, may be related to the association 
between SSTR2A and oligodendrogliomas and their favorable outcome since 
no significant difference in OS (p = 0.383) or PFS (p = 0.272) was observed 
within IDH-mutant and IDH-wildtype astrocytomas. In the multivariate Cox 
regression analysis of grade II and III gliomas, both IDH mutation (HR 5.1, 
CI 2.4–11.0, p < 0.001) and positive SSTR2A (HR 2.7, CI 1.2–5.8, p = 0.013) 
remained independent factors that were significantly associated with longer 
overall survival after adjustment for age, preoperative KPS, and resection type.
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6 DISCUSSION

6.1 BT4C glioma models express SSTR2

Experimental glioma models that study SSTR2-targeted therapies are 
warranted, as the clinical interest in SSTR2-targeted radionuclide therapy 
in gliomas has grown (Heute et al. 2010; Merlo et al. 1999; Schumacher et 
al. 2002). In addition, the detection of SSTR2 in vivo with PET/CT would 
be highly beneficial for the planning and follow-up of treatment strategies 
targeting SSTR2. Therefore, we examined SSTR2 status in two BT4C glioma 
models (orthotopic rat glioma and mice xenograft) and assessed whether 
SSTR2 expression could be visualized by PET/CT using two different tracers 
targeting SSTR2, 68Ga-DOTATOC, and 18F-FDR-NOC.

High tumor uptake of 68Ga-DOTATOC was detected in orthotopic rat 
gliomas by autoradiography, indicating active receptor binding since 
DOTATOC predominantly binds to SSTR2 (Reubi et al. 2000). In line with 
this, SSTR2 expression was immunohistochemically observed in the majority 
of tumor cells. However, passive tumor accumulation of 68Ga-DOTATOC 
in addition to active binding cannot be ruled out since orthotopic rat BT4C 
gliomas are known to manifest disrupted BBB, as indicated by MRI contrast 
enhancement (Thorsen et al. 2003). The cytoplasmic location of the SSTR2 
immunostain corresponds to a previous in vivo study, in which internalization 
of membranous SSTR2 in rat AR42J tumor cells was already seen 2.5 min 
after intravenous injection of the SSTR2 agonist and was still detectable 6 h 
after injection (Waser et al. 2009). In our study, SSTR2 IHC was performed 
on tissue samples collected 60 min after intravenous injection with 68Ga-
DOTATOC. Unfortunately, in this study we did not analyze SSTR2 IHC from 
intervention-naïve rat gliomas.

Mice with BT4C xenografts underwent PET/CT with 68Ga-DOTATOC, 
18F-FDR-NOC, and also 18F-FDG. High tumor uptake of both 68Ga-
DOTATOC and 18F-FDR-NOC were detected by autoradiography but also 
by ex vivo tissue radioactivity measurements. SSTR2 IHC was positive 
in xenografts, but showed more heterogeneous expression compared to 
orthotopic gliomas. Moreover, Western blot detected SSTR2 expression 
in the BT4C cell line. Despite the positive ex vivo results, however, 68Ga-
DOTATOC and 18F-FDR-NOC performed rather poorly with PET imaging in 
vivo. Autoradiography is known to have higher sensitivity compared to PET, 
especially with small target lesions (Schmidt and Smith 2005). Since mean 
tumor size in orthotopic gliomas was only 4 × 3 mm, it can be speculated that 
68Ga-radionuclide may not be optimal for imaging small target lesions due 
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to its high positron energy and corresponding large positron range in tissue, 
resulting in limited spatial resolution and lower image quality.

We employed a novel tracer, 18F-FDR-NOC, to study whether glycosylation of 
the tracer peptide would improve tumor uptake and induce sufficient signal 
intensity for visualization with PET (Li et al. 2014). Elevated tumor uptake 
and high tumor-to-organ ratios have previously been reported using SSTR2 
agonists conjugated with different carbohydrates such as glucose and maltose 
(Schottelius et al. 2002). In mice xenografts, significantly higher tumor 
uptake was detected with 18F-FDR-NOC compared to 68Ga-DOTATOC by 
autoradiography and ex vivo radioactivity measurements. Tumor visualization 
with 18F-FDR-NOC PET/CT, however, was not improved. Furthermore, 
we found a high uptake of 18F-FDR-NOC in almost all non-target organs, 
including the liver corresponding to less-favorable pharmacokinetics and 
excretion via the hepatobiliary pathway compared to 68Ga-DOTATOC, which 
is eliminated exclusively through the kidneys.

We conclude that orthotopic rat BT4C glioma and mice BT4C xenograft 
express SSTR2 as demonstrated with autoradiography, tissue radioactivity 
measurements, IHC, and Western blotting. Especially orthotopic rat BT4C 
glioma is warranted to be further evaluated in treatment strategies targeting 
SSTR2. Unfortunately, in vivo PET/CT with 68Ga-DOTATOC or 18F-FDR-
NOC provides limited value in the follow-up due to low tumor signal.

6.2 SSTR2 PET/CT provides limited value in identifying patients with 
high-grade glioma suitable for radionuclide therapy

In our prospective clinical study with HGG patients, we demonstrated that 
68Ga-DOTA-peptide uptake in PET/CT is associated with disrupted BBB but 
does not correlate with an immunohistochemically determined SSTR2 status, 
suggesting limited benefit of this approach in defining suitable patients for 
radionuclide therapy. Our findings correspond to SSTR scintigraphic studies 
in low- and high-grade gliomas, in which 111In-DTPA-D-Phe1-octreotide 
scintigraphy visualized the tumors with disrupted BBB but did not correlate 
to in vitro SSTR autoradiography (Haldemann et al. 1995). The authors 
concluded that this discrepancy was due to nonspecific accumulation. 
Although we detected variation in SUVmax among similar MRI tumor 
volumes and alterations in PET binding potential values suggesting different 
SSTR2 densities in HGGs, we conclude that receptor expression in HGGs with 
disrupted BBB is too low for specific receptor binding to be responsible for the 
tracer uptake.
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High tumor uptake in SSTR2 PET/CT is associated with the efficiency of 
radionuclide therapy. In meningiomas treated with radionuclide therapy, 
SUVmax with 68Ga-DOTA-peptides was related to the corresponding 177Lu-
labeled radionuclide uptake and therapeutic dose (Hanscheid et al. 2012). 
SUVmax in meningiomas ranged from 4.3 to 68.7, with a very low therapeutic 
dose achieved with the lowest SUVmax. In our study, mean SUVmax was 
2.25 with only four GBMs and one anaplastic glioma, demonstrating an 
SUVmax > 3.0 and suggesting an insufficient achievable dose in radionuclide 
therapy. However, it must be noted that radionuclide therapy in extra-axial 
meningiomas is intravenously delivered, whereas in gliomas invading the 
brain, the therapeutic radionuclide needs to be locally injected (Heute et al. 
2010; Merlo et al. 1999; Schumacher et al. 2002). This is important, especially 
in HGGs with intact BBB that are SSTR2 positive but lack tracer uptake in 
PET. These tumors may benefit from locally delivered radionuclide therapy, 
but they cannot be evaluated by intravenously given 68Ga-DOTA-peptides.

Of particular interest was the finding of a positive association between 
SSTR2 expression and the oligodendroglioma component, IDH1 mutation, 
and improved PFS. Previous studies have not detected a clear association 
between SSTR2 expression and oligodendrogliomas. Cervera et al. found 
increased SSTR2 mRNA in oligodendrogliomas, but finally concluded that 
it was due to contamination from a normal brain (Cervera et al. 2002). In 
contrast, our SSTR2 detection was based on IHC allowing cellular and sub-
cellular localization. Cortical neurons and neuropile are known to express 
SSTR2, which was also detected in our samples. These areas, however, were 
not included since the scoring of SSTR2 IHC was performed on tumor cells 
and regions with the highest cellularity.

Our results suggest a prognostic value for SSTR2 in high-grade gliomas. First, 
SSTR2 remained as an independent marker for improved PFS after adjustment 
to the glioma grade. Second, SSTR2 expression associated with IDH1 
mutation, which is regarded as the most powerful prognostic factor predicting 
favorable outcome compared to IDH1 wild-type gliomas (Horbinski 2013). 
These results substantiate the anti-oncogenic role of SSTR2 in HGGs. The 
number of patients, was limited, however, and we therefore concluded that the 
potential diagnostic and prognostic values of SSTR2 should be confirmed in 
a larger study.
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6.3 High serum GFAP associates with tumor burden in both primary 
and recurrent high-grade gliomas

Established molecular diagnostics are made from biopsied or surgically 
resected tumor tissue. Intratumor heterogeneity, however, may cause sampling 
bias, and serial biopsies in the course of the follow-up are not practicable. 
We were interested in the potential of “liquid biopsy” to determine tumor 
burden and patient outcome. There is increasing evidence that serum GFAP 
is a potential biomarker for diagnosing glioblastomas from lower-grade 
gliomas and other space-occupying cerebral lesions (Jung et al. 2007; Tichy 
et al. 2016). Consistent with the literature, we found elevated serum GFAP in 
86% of glioblastoma patients, but only 23% of patients with anaplastic glioma. 
With serum GFAP above 0.014 ng/ml, a sensitivity of 86% and a specificity of 
85% for the diagnosis of glioblastoma was obtained.

Serum GFAP levels correlated with both enhancing and necrotic tumor 
volumes consistent with previous studies (Brommeland et al. 2007; Husain 
et al. 2012). This suggests that a critical amount of tumor tissue with BBB 
dysfunction is required for detectable serum levels, but also tumor necrosis 
with structural disintegration is involved in releasing circulating GFAP (Jung 
et al. 2007; Tichy et al. 2016).

The correlation of serum GFAP to enhancing tumor volume in recurrent 
HGGs is of interest, suggesting a possible value of serum GFAP as a biomarker 
for tumor recurrence. Previously this association has been evaluated only 
in primary HGGs [8, 10]. Tumor progression is routinely evaluated using 
contrast-enhanced MRI, however, which may be complicated by treatment-
related changes such as pseudoprogression or pseudoresponse (Hygino da 
Cruz et al. 2011). Difficulties in determining true recurrence from these 
changes in MRI underlines the potential importance of our finding. A 
longitudinal follow-up with a larger patient population is warranted to study 
in more detail the ability of serum GFAP to detect recurrent HGGs at the 
earliest possible stage.

The relation of high-serum GFAP to IDH-wildtype HGGs and a high Ki67 
proliferation index is most likely due to the strong association between 
elevated serum GFAP and glioblastomas. High-serum GFAP (0.014 ng/ml as a 
cutoff value) predicted poor PFS in HGG patients. Unfortunately, the number 
of subjects in this study was too low to examine the effect of serum GFAP on 
survival in glioblastomas only.

The increase in serum GFAP levels after surgical tumor resection is consistent 
with a previous study, which showed that plasma GFAP values were elevated 
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24–48 h after surgery in 83% of patients, including both low-grade and 
high-grade gliomas (Husain et al. 2012). No association was found between 
postoperative serum GFAP and enhancing residual tumor volume, indicating 
that postoperative circulating GFAP represents brain injury induced by the 
surgery itself rather than as a measure of residual tumor burden.

Elevated concentrations of circulating EGFR have been associated with 
various cancers, including cervical and gastric carcinomas, and pleural 
mesotheliomas (Choi et al. 1997; Gaafar et al. 2010; Oh et al. 2000). One study 
reports elevated serum EGFR in patients with glioblastomas (Quaranta et al. 
2007). However, we were unable to detect any difference in serum EGFR levels 
among patients with glioblastoma, anaplastic glioma, and healthy controls. 
Furthermore, EGFR gene amplification or protein overexpression in tumor 
tissue were not related to circulating EGFR levels. These results suggest that 
BBB disruption does not affect the release of extracellular domain of EGFR 
into circulation and that tumor cells are not likely to be the major source of 
circulating EGFR in patients with HGG. This is supported by the fact that 
serum EGFR levels did not correlate to tumor burden in MRI. Our results 
indicate that serum EGFR has no diagnostic or prognostic value in patients 
with HGG, and it is not applicable as a predictive marker for efficacy or 
treatments targeting EGFR.

In our study, all HGGs demonstrated positive EGFR IHC with varying 
degrees of intensity and location. It is noteworthy, however, that this method 
is not strictly quantitative and the outcome not necessarily proportional to 
other studies due to the lack of standardized criteria for evaluation (scoring 
system) and methods used (e.g., storage time of the tumor tissue and the 
choice of primary antibody) (Barker et al. 2001; Burel-Vandenbos et al. 2013; 
Martin, Mazzucchelli, and Frattini 2009). Our EGFR IHC scoring was based 
on whole tissue sections, including the focal staining of both membranous 
and cytoplasmic location, resulting in high sensitivity, yet observing the 
divergence within the cohort.

6.4 High SSTR2A expression associates with oligodendrogliomas and 
improved survival

Studies on SSTR2 expression in gliomas have demonstrated remarkably 
controversial results (Dutour et al. 1998; Mawrin et al. 2004; Reubi et al. 
1987). Our retrospective analysis included a total of 184 gliomas and is the 
most extensive effort to characterize SSTR2 expression in different glioma 
subtypes assessed by the 2016 WHO classification system. In our cohort, 
SSTR2A expression was significantly associated with oligodendrogliomas 
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(79% SSTR2A positive) compared to IDH-mutant or IDH-wildtype 
astrocytomas (27% and 23%, respectively) and especially glioblastomas, of 
which only 13% were SSTR2A positive.

Previous contradictory results on SSTR2 expression in glioma entities may 
be explained by the limitations in size and the analytical methods of these 
studies (Dutour et al. 1998; Mawrin et al. 2004; Reubi et al. 1987). First, the 
number of tumor samples, especially oligodendrogliomas, has been low. 
Furthermore, autoradiography or Northern blot analyses are unable to define 
the exact location of SSTR2 expression, and IHC with polyclonal antibodies 
may display cross-reactivity with other antigens (Reubi et al. 1999). Since 
human macrophages are known to express SSTR2 (Armani et al. 2007), we 
excluded their interference in the analyses by using double staining with 
CD68-targeting macrophages and UMB-1. UMB-1 is a monoclonal antibody 
providing robust staining compared to polyclonal antisera and is generally 
recommended as the method of choice for SSTR2A IHC (Fischer et al. 2008; 
Korner et al. 2012).

High SSTR2A expression in oligodendrogliomas carries clinical implications. 
First, intensive membranous and cytoplasmic SSTR2A staining detected in 
the majority of tumor cells may add diagnostic value to routine pathologic 
evaluation since membranous staining was almost exclusively limited to 
oligodendrogliomas. Four oligodendrogliomas in our cohort with 1p/19q 
codeletion and typical oligodendroglial histology were designated to the NOS 
group since no IDH1/IDH2 mutation could be detected. Interestingly, all four 
tumors showed intensive SSTR2A expression. We hypothesize that intense 
membranous and cytoplasmic SSTR2A expression could act as a surrogate 
marker, supporting the diagnosis of oligodendroglioma in case of ambiguous 
or unavailable analysis of 1p19q or IDH status. 

The second clinical implication of SSTR2A expression in gliomas is the 
therapeutic target it may offer. We demonstrated in our prospective study that 
PET/CT imaging with intravenously injected 68Ga-DOTA-peptide targeting 
SSTR2 provides limited value in defining suitable patients with high-grade 
glioma for targeted radionuclide therapy. Thus, not only receptor expression 
and density but also the route of administration seems to be essential for 
targeted treatment in the case of gliomas.

Our results further question the role of SSTR2-targeted radionuclide therapy 
in glioblastomas. We characterized SSTR2A expression in 101 glioblastomas 
and demonstrate completely negative SSTR2 IHC in the majority of tumor 
samples. In contrast, we found that most oligodendrogliomas showed intense 
SSTR2A expression. Moreover, SSTR2A expression in oligodendrogliomas 
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was mostly localized to the plasma membrane of tumor cells in addition to 
concurrent cytoplasmic staining. Membranous SSTR2A is known to rapidly 
internalize after the binding of somatostatin analog, and this accumulation of 
internalized radioligand into tumor cells is considered the basis for successful 
radionuclide therapy (Waser et al. 2009). Consequently, the pattern of 
expression favors the theranostic approach using 90Y-DOTATOC and 177Lu-
DOTATATE, and it might contribute to the treatment armamentarium of 
oligodendrogliomas, which should be addressed in future clinical trials.

SSTR2 itself is considered to be a tumor suppressor, and its expression has 
been associated with favorable outcomes in patients with pancreatic NETs 
and childhood neuroblastomas (Okuwaki et al. 2013; Raggi et al. 2000). Our 
study clearly supports similar survival benefits in patients with grade II–III 
glioma who present with positive SSTR2A IHC. This may be related to the 
strong association between SSTR2A expression and oligodendrogliomas, 
which typically demonstrate longer survival times than diffuse astrocytomas. 
However, the prognostic significance of SSTR2A cannot be trivialized since 
it remained an independent prognostic factor in the multivariate analysis, 
where IDH mutation and clinical determinants were included. Unfortunately, 
the number of patients in our study was too low to perform a separate 
survival analysis including oligodendrogliomas only. A recent study identified 
three subgroups of 1p/19q-codeleted oligodendroglial tumors having 
divergent outcomes by an integrated analysis of transcriptome, genome, and 
methylome (Kamoun et al. 2016). This study emphasizes the heterogeneity 
among oligodendrogliomas, and the role of SSTR2A expression in the three 
subgroups remains to be elucidated.

To our knowledge, this retrospective study is the most extensive one aiming 
to characterize SSTR2A expression in adult gliomas. Here we confirm our 
preliminary observation, implicating the association of SSTR2A expression 
with beneficial outcomes and oligodendroglial differentation where it may 
provide diagnostic and therapeutic value complementing the new molecular 
classification. In contrast, glioblastomas present negative or small patchy 
areas of SSTR2A staining, supporting the observation that glioblastomas are 
composed of numerous different clones with variable biological properties, 
where a theranostic approach using DOTA-labeled peptides is given low 
priority.

6.5 Limitations

Our prospective clinical study has several limitations. First, the number of 
patients was limited. However, the association between tracer uptake in PET/
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CT and BBB disruption was apparent in only 27 patients. Furthermore, a 
larger retrospective study was conducted to validate the potential diagnostic 
and prognostic values of SSTR2 suggested by this pilot study. Secondly, 
we used two PET tracers with different affinity profiles for SSTR subtypes. 
However, the highest affinity with both 68Ga-DOTANOC and 68Ga-
DOTATOC is for SSTR2 (Reubi et al. 2000). In addition, our HGG samples 
demonstrated minimal expression of SSTR3 and SSTR5, for which 68Ga-
DOTANOC possesses a higher affinity compared to 68Ga-DOTATOC. Also, 
since 68Ga-DOTATOC was applied in only 3 patients and 68Ga-DOTANOC 
in 24, we conclude that this limitation most likely had little effect on the 
outcome. Third, potential alteration in tumor edema affecting volumetric 
analyses between MRI and PET/CT cannot be excluded. Fourth, ELISA tests 
for GFAP and EGFR are not standardized, and are thus for research use only. 
Furthermore, confirmation in larger cohorts is required for our preliminary 
results on serum GFAP as a potential indicator of tumor recurrence. The 
major limitation in our retrospective cohort was the limited number of 
oligodendrogliomas included. Future studies are warranted to evaluate the 
prognostic value of SSTR2 expression within oligodendrogliomas only.
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7 CONCLUSIONS

Study I: Orthotopic rat BT4C glioma and mice BT4C xenograft express SSTR2 
as demonstrated with autoradiography, tissue radioactivity measurements, 
IHC, and Western blotting, suggesting that these experimental glioma models 
may be of value in the treatment strategies targeting SSTR2. PET/CT with 
68Ga-DOTATOC or 18F-FDR-NOC, however, provide limited value in the 
follow-up.

Study II: PET/CT with 68Ga-DOTA-peptides provides limited value in 
identifying patients with SSTR2-positive HGGs suitable for radionuclide 
therapy. SSTR2 expression, however, was found to be associated with an 
oligodendroglioma component, IDH1 mutation, and improved PFS, with 
potential diagnostic and prognostic values.

Study III: High serum GFAP associates with glioblastoma and poor PFS. 
Correlation with tumor burden in recurrent HGGs implicates the potential 
of serum GFAP as an indicator of tumor recurrence and should be addressed 
in future clinical trials. In contrast, circulating EGFR is not related to tumor 
EGFR expression and thus provides no value in EGFR-targeted therapies.

Study IV: Oligodendrogliomas present with high membranous and cytoplasmic 
SSTR2A expression with potential diagnostic and therapeutic value. Preliminary 
results in study II were further confirmed since SSTR2A expression associated 
with longer survival in grade II–III gliomas. In contrast, SSTR2A expression 
is infrequent in astrocytomas and negative in the majority of glioblastomas, 
questioning the role of SSTR2-targeted radionuclide therapy in glioblastomas.
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