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Abstract 

Aim 

Quantitative radionuclide imaging using PET and SPECT with different radiopharmaceu-

ticals is a mainstay in functional imaging, therapy response monitoring and characteriza-

tion of treatment-induced changes and morbidities. The overall goal of this thesis was to 

translate clinically well-established PET and SPECT procedures into experimental pre-

clinical settings to improve and extend the in-vivo characterization of treatment-related 

changes in various interventional animal models.   

Materials and Methods 

For overcoming everolimus resistance in neuroendocrine tumors (NET), a novel treat-

ment approach with the PI3Kα inhibitor alpelisib was evaluated in a SCID mouse model 

with everolimus resistant and wildtype NET tumors using PET with 18F-FDG and 68Ga-

DOTATOC as in-vivo measures for longitudinal assessment of tumor response and so-

matostatin receptor (SSTR) (re-)expression. Furthermore, the renal toxicity of the differ-

ent treatment regimens with alpelisib as well as 177lutetium SSTR ligand therapies was 

evaluated in NET tumor-bearing SCID mice by renal SPECT with 99mTc-MAG3 after nor-

mal tracer kinetic values have been established in healthy male and female SCID mice. 

Finally, bone remodelling after piezocision for orthodontic applications in rats was moni-

tored by bone SPECT imaging with 99mTc-MDP as a marker for bone metabolism before 

and 2 and 4 weeks after treatment. 

Results 

In everolimus sensitive tumors, everolimus, alpelisib, and the combination treatment sig-

nificantly prolonged survival compared to placebo, while in everolimus resistant tumors 

only the combination therapy had a significant effect. PET imaging showed negative 68Ga-

DOTATOC and positive 18F-FDG tumor uptake throughout the entire treatment period in 

all treatment groups, indicating no SSTR re-expression, as validated by histological anal-

ysis. 

Normal renal function values in male and female mice showed that males had significantly 

delayed T25 clearance (p < 0.01). After treatment with 177lutetium SSTR ligands, time ac-

tivity curves exhibited a less steep slope indicating a delayed clearance reaching T50 (p = 

0.02) and T25 (p = 0.01) later compared to healthy mice. Alpelisib also significantly de-

layed T50 and T25 (p = 0.013 each) compared to pretreatment. 
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Bone SPECT was highly sensitive in detecting bone remodelling after surgery demon-

strating an increased uptake at 2 weeks (p = 0.001) which gradually decreased at 4 weeks 

after orthodontic appliance application with/without piezocision. However, no additional 

significant effect of piezocision on bone metabolism was observed. 

Conclusion 

With respect to the overall goal of translating and implementing dedicated radionuclide 

imaging procedures with SPECT and PET in preclinical animal research, imaging proto-

cols were established and validated as a basis for improved monitoring of treatment re-

sponse and treatment-related morbidities in various oncological and non-oncological ro-

dent models. 

 

Zusammenfassung 

Ziel 

Die quantitative Radionuklid-Bildgebung mit PET und SPECT mit verschiedenen Radio-

pharmaka ist eine wichtige Grundlage für die funktionelle Bildgebung zur Überwachung 

des Therapieansprechens und der Charakterisierung von behandlungsbedingten Verän-

derungen. Das übergeordnete Ziel dieser Arbeit war es, klinisch etablierte PET und 

SPECT Verfahren in die präklinische Anwendung zu übertragen, um die in vivo-Charak-

terisierung von behandlungsbedingten Veränderungen in verschiedenen Tiermodellen zu 

verbessern und zu erweitern. 

Material und Methoden 

Zur Überwindung der Everolimus Resistenz bei neuroendokrinen Tumoren (NET) wurde 

ein neuartiger Behandlungsansatz mit dem PI3Kα-Inhibitor Alpelisib in einem SCID-

Mausmodell mit Everolimus-resistenten und Wildtyp NET-Tumoren untersucht und mit 

Hilfe von 18F-FDG und 68Ga-DOTATOC PET das Tumoransprechen und die Somatosta-

tin-Rezeptor (Re-) Expression (SSTR) im Verlauf evaluiert. 

Darüber hinaus wurde die Nierentoxizität der verschiedenen Behandlungsschemata mit 

Alpelisib sowie bei der 177Lutetium-SSTR-Ligandentherapie in SCID-Mäusen mittels Nie-

ren-SPECT mit 99mTc-MAG3 untersucht, nachdem Normalwerte für die Biokinetik des 

Tracers in gesunden männlichen und weiblichen SCID-Mäusen bestimmt worden waren. 

Schließlich wurde der Knochenumbau nach Piezozision im Rahmen von kieferorthopädi-
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sche Eingriffen bei Ratten mittels Knochen-SPECT-Bildgebung mit 99mTc-MDP als Mar-

ker für den Knochenstoffwechsel vor sowie 2 und 4 Wochen nach der Behandlung be-

stimmt. 

Ergebnisse 

Bei Everolimus-sensitiven Tumoren verlängerten Everolimus, Alpelisib und die Kombina-

tionstherapie das Überleben im Vergleich zu Placebo signifikant, während bei 

Everolimus-resistenten Tumoren nur die Kombinationstherapie das Überleben signifikant 

verlängerte. Die PET-Bildgebung zeigte während des gesamten Behandlungszeitraums 

in allen Behandlungsgruppen eine fehlende 68Ga-DOTATOC- und eine positive 18F-FDG-

Tumoraufnahme. Dies deutet darauf hin, dass keine Redifferenzierung von SSTR statt-

gefunden hat, was die histologische Analyse bestätigte. 

Normale Nierenfunktionswerte bei männlichen und weiblichen Mäusen zeigten, dass die 

Männchen eine deutlich verzögerte T25-Clearance hatten (p < 0,01). Nach der Behand-

lung mit 177Lutetium-SSTR-Liganden wiesen die Zeit-Aktivitäts-Kurven einen weniger 

steilen Abfall mit einer verzögerten T50 (p = 0,02) und T25 (p = 0,01) Clearance auf im 

Vergleich zu gesunden Mäusen. Auch Alpelisib verzögerte T50 und T25 (jeweils p = 0,013) 

im Vergleich zu den prätherapeutischen Werten signifikant. 

Die Knochen-SPECT war sehr empfindlich beim Nachweis des gesteigerten Knochen-

umbaus nach Operation und zeigte eine erhöhte Traceraufnahme nach 2 Wochen (p = 

0,001), die 4 Wochen nach Einbau der kieferorthopädischen Apparatur mit/ohne Piezo-

zision allmählich abnahm. Es wurde jedoch kein zusätzlicher signifikanter Effekt der Pie-

zozision auf den Knochenstoffwechsel beobachtet. 

Fazit 

Im Hinblick auf das übergeordnete Ziel, verschiedene Radionuklid-Bildgebungsverfahren 

mit SPECT und PET in die präklinischen Tierforschung zu übertragen, wurden Bildge-

bungsprotokolle als Grundlage für eine verbesserte in vivo Überwachung des Therapie-

ansprechens und von behandlungsbedingten Morbiditäten in verschiedenen onkologi-

schen und nicht-onkologischen Nagetiermodellen erstellt und validiert.
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1 Introduction 

Nuclear medicine and radionuclide imaging methods such as single photon emission 

computed tomography (SPECT) and positron emission tomography (PET), often com-

bined with computed tomography (CT), in combination with a variety of organ or disease 

specific tracers have become a mainstay in functional tumor imaging as well as response 

monitoring and characterization of treatment-induced changes in tumor phenotype. As 

radionuclide imaging with SPECT/CT and PET/CT is a basic tool for quantitative imaging 

of organ, cellular and molecular function such as kidney function, state of (e.g. bone, 

tumor) metabolism, or receptor expression, SPECT and PET can be also applied for char-

acterization of treatment-related non-tumor alterations, e.g. kidney toxicity in tumor ther-

apy, or bone remodelling after surgical interventions. 

1.1 Research Objectives  

The overarching goal of this thesis was to translate clinically well-established PET and 

SPECT imaging procedures into experimental preclinical settings to improve and expand 

the non-invasive in-vivo characterization possibilities of treatment-induced changes in 

various interventional animal models and, thus, help generating longitudinal data in ani-

mals, in analogy to patients, which cannot be produced by standard animal experiments 

which primarily rely on histopathological data at one time point per animal only. 

In a first comprehensive study on everolimus resistance in neuroendocrine tumors (NET), 

a new treatment approach with the PI3Kα inhibitor alpelisib was evaluated in a xenograft 

mouse tumor model with everolimus resistant and wildtype NET cells using PET with 

18fluorine-fluorodeoxyglucose (18F-FDG) and 68gallium-1,4,7,10-tetraazacyclododecane-

1,4,7,10-tetraaceticacid- Phe1-Tyr3-Octreotide (68Ga-DOTATOC) as non-invasive in-vivo 

readouts for longitudinal tumor response assessment and somatostatin receptor (SSTR) 

(re-)expression. 

In a second study, the treatment-related kidney toxicity of the various treatment regimens 

with alpelisib as well as of 177lutetium (177Lu) somatostatin receptor (SSTR) ligand thera-

pies in NET tumor-bearing severe combined immune deficient (SCID) mice was evalu-

ated by renal SPECT with 99mTechnetium-mercaptoacetyltriglycine (99mTc-MAG3) after 

establishing normal tracer kinetic uptake values in both healthy male and female SCID 

mice. 
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In a third study, bone remodelling after piezocision for orthodontic applications was mon-

itored in rats by bone SPECT/CT imaging with 99mTc-methylene diphosphonate (99mTc-

MDP) as a marker for bone metabolism before and after treatment. 

1.2 Imaging and treatment of Neuroendocrine Tumors 

Neuroendocrine tumors are tumors arising from both a neural and endocrine origin. NET 

can be broadly classified based on their somatostatin receptor expression on the tumor 

surface as well-differentiated (high SSTR expression), moderately differentiated (low-high 

SSTR) and poorly differentiated (very low-nil SSTR) tumors. NET are graded based on 

morphology and Ki-67 proliferation index as Grade 1 (G1, well differentiated, Ki-67 ≤2%), 

G2 (moderately differentiated, Ki-67 3-20%) and G3 (poorly differentiated, Ki-67 >20%) 

tumors (Popa et al., 2021). Somatostatin receptors are members of the G protein coupled 

receptor family, and are overexpressed in G1 and G2 NET. There are five different types 

of SSTRs namely SSTR1, SSTR2… SSTR5, of which SSTR2 has the most predominant 

expression in most of the neuroendocrine tumors. The most commonly used PET agonist 

somatostatin analogues (SSA) are Phe1-Tyr3-Octreotide (TOC), NaI3-Octreotide (NOC), 

and Tyr3-Octreotate (TATE) coupled to 68Ga through the 1,4,7,10-tetraazacyclododec-

ane-1,4,7,10-tetraaceticacid (DOTA) chelator. These different analogues are synthesized 

by modification of various amino acid sequences and accordingly they have specific re-

ceptor affinities. The specific amino acid sequences of various somatostatin analogues 

and the corresponding receptor affinities are summarized in Table 1. 

 

Table 1: Somatostatin Analogues Sequences 

Respective somatostatin receptor affinity and amino acid sequences of different somato-

statin agonist analogues. 

from Mohan et al. (Mohan et al., 2021) 

Amino Acid Sequence 
Hormone 

Analogue 
SSTR affinity 

Ala-Gly-Cys-Lys-Asn-Phe-Phe-Try-Lys-Thr-Phe-

Thr-Ser-Cys 
Somatostatin  

DOTA-D-Phe-Cys-Tyr-D-Trp-Lys-Thr-Cys-Thr(ol) DOTA-TOC SSTR2, SSTR5 

DOTA-D-Phe-Cys-NaI-D-Trp-Lys-Thr-Cys-Thr(ol) DOTA-NOC SSTR3, SSTR5 

DOTA-D-Phe-Cys-Tyr-D-Trp-Lys-Thr-Cys-Thr(OH) DOTA-TATE SSTR2 
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Studies on positron emission tomography/computed tomography (PET/CT) with somato-

statin analogues have reported sensitivities of 88-93% and specificities of 88-95% for the 

detection of well-differentiated NET (Treglia et al., 2012, Yang et al., 2014). The joint 

guidelines of the American Society and the European Association of Nuclear Medicine 

recommend the use of 18F-FDG and 68Ga-DOTATOC for identification of poorly differen-

tiated, and well and moderately differentiated lesions, respectively (Hope et al., 2023). 

For dual PET imaging with both 18F-FDG and 68Ga-DOTATOC, a higher prognostic value 

for the management of both well and poorly differentiated NET was found (Chen et al., 

2018, Hindie, 2017, Kumar et al., 2011, Naswa et al., 2010) showing a sensitivity and 

specificity of 49% and 73%, respectively, in delineating the different grades of NET 

(Kayani et al., 2008, Paiella et al., 2021, Panagiotidis et al., 2017, Zhang et al., 2018, 

Zhou et al., 2021). 

NET arising from the pancreas namely pancreatic neuroendocrine tumors (panNET) are 

a rare entity with an incidence of 1/100,000, steadily increasing in number every year 

(Akirov et al., 2019, Kelgiorgi and Dervenis, 2017). They are aggressive in nature char-

acterized by slow indolent tumor growth but high tumor grade, and usually manifest with 

lymph node, liver and distant metastases at the time of initial diagnosis and, thus, reduced 

survival (Kelgiorgi and Dervenis, 2017, Megdanova-Chipeva et al., 2020, Ro et al., 2013). 

The major treatment strategies for panNET include surgery, radiation therapy, molecular 

targeted therapy, somatostatin analogue therapy, peptide receptor radionuclide therapy 

(PRRT), and liver directed therapies (Akirov et al., 2019). PRRT is a type of targeted 

radionuclide therapy involving systematic administration of somatostatin analogues la-

belled to therapeutic radionuclides. These radiolabelled SSA are either internalized or 

bind to SSTRs thereby irradiating the cancer cells. Of all the different available therapeutic 

SSAs, 177lutetium (177Lu) labelled DOTATATE exhibited promising results and therapeutic 

efficacy. It was also shown that although all 177Lu labelled agonist analogues namely DO-

TATOC, DOTANOC and DOTATATE have a similar biodistribution in normal organs (e.g. 

liver, kidney), 177Lu-DOTATATE has a 3-4 fold higher tumor uptake and a lower whole-

body retention making it the treatment of choice in NET patients (Kwekkeboom et al., 

2001, Kam et al., 2012). This was further proved by the NETTER trial wherein 177Lu-

DOTATATE treatment in patients with midgut tumors resulted in significantly longer pro-

gression-free survival (Strosberg et al., 2017, Strosberg et al., 2021). This led to the ap-

proval of 177Lu-DOTATATE for the treatment of gastroenteropancreatic (GEP) NET by 
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the US Food and Drug Administration (FDA) in 2018 (Hope et al., 2022). Since then PRRT 

has become the standard of care in well differentiated SSTR expressing metastasized 

neuroendocrine tumors. Moreover, PRRT is applied as a neoadjuvant therapy regimen in 

case of unresectable NET (Parghane et al., 2021). The success of PRRT could not be 

extrapolated to G3 NETs owing to their nil to negligible SSTR expression. For advanced 

G3 panNET, everolimus, a mTOR complex1 (mTORC1) inhibitor, was approved for sys-

temic molecular targeted therapy in 2011 as these tumors depict an increased activation 

of phosphatidylinositol-3-kinase (PI3K)/Akt and mammalian target of rapamycin (mTOR) 

signaling pathway promoting tumor growth (Ciołczyk-Wierzbicka et al., 2020, Chan et al., 

2017b, Pavel and Sers, 2016, Lee et al., 2018). 

1.3 Everolimus Resistance in advanced panNET 

The latest European Neuroendocrine Society (ENETS) guidelines recommend the use of 

everolimus as a second line of therapy following SSA treatment (Del Rivero et al., 2023, 

Pavel et al., 2016). The guidelines also suggest that everolimus be used as first line of 

therapy in cases of SSA therapy failure or infeasibility of systemic chemotherapy (Pavel 

and de Herder, 2017, Pavel et al., 2016). Thus, everolimus gained widespread signifi-

cance owing to its significant clinical benefit as evidenced by the RADIANT-3 trial in ad-

vanced panNET patients (Lee et al., 2018, Yao et al., 2016). However, following initial 

disease stabilisation, patients under everolimus treatment often develop resistance within 

1 year with tumor progression and metastases formation. Results from various preclinical 

studies attribute the resistance to mTOR inhibitors to over-activation of various associ-

ated signaling pathways (Curigliano et al., 2021). Recently, Santoni et al. described the 

different mutations and the cross talk happening between the mTORC1 and PI3K/Akt 

pathways in the development of everolimus resistance (Santoni et al., 2014). 

Phosphatidylinositol-3-kinase is the commonly activated pathway in most cancers by reg-

ulating cell survival, proliferation and differentiation (Liu et al., 2009). Since then many 

PI3K pathway inhibitors have been developed and assessed for their chemotherapeutic 

efficacy in the treatment of various cancer entities. Among the various PI3K inhibitors, 

alpelisib, an isoform of PI3K-Akt pathway (PI3Kα) inhibitor, exhibited significant antitumor 

activity in various tumor xenograft models (Fritsch et al., 2014, Elkabets et al., 2013). In 

a phase-I clinical trial on breast cancer patients, alpelisib exhibited anti-tumor effects in 

44% of tumors with PI3K mutation and 20% in wild type tumors (Mayer et al., 2017). 
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Various in-vitro studies conducted on different NET cell lines clearly indicate the potential 

of synergistic application of alpelisib and everolimus in overcoming resistance towards 

everolimus (Nölting et al., 2017). Similarly, studies have also reported the concomitant 

therapeutic efficacy of alpelisib and everolimus in two everolimus resistant cell lines, 

namely BON1 RR1 and BON1 RR2 (Aristizabal Prada et al., 2018). Additionally, Prada 

et al. described that a dual targeting approach in overcoming everolimus resistance re-

sulted in the re-expression of SSTR in tumors which would make PRRT a therapeutic 

option even in tumors with initially low to nil SSTR expression (Aristizabal Prada et al., 

2018). 

In the present work, treatment with alpelisib was evaluated in an orthotopic xenograft 

SCID mouse tumor model with everolimus-resistant and wildtype NET cells using PET 

with 18F-FDG and 68Ga-DOTATOC as readouts for longitudinal tumor response assess-

ment and somatostatin receptor (re-)expression. 

1.4 Renal toxicity associated with PRRT and chemotherapy 

Acute kidney injury (AKI) is one of the major toxic side effect of various drugs used for 

anti-tumoral therapy (Rosner and Perazella, 2019). Renal toxicity associated with chem-

otherapy, on the one hand restricts the effectiveness of the treatment, and on the other 

hand, it also affects the patient’s quality of life. The same is true for radionuclide therapy 

with 177Lu-DOTATATE and other 177Lu-labelled SSTR analogues, in which the kidneys, 

besides bone marrow, are the critical organ in patients undergoing PRRT (Alsadik et al., 

2022, Zhang et al., 2019). Renal scintigraphy with 99mtechnetium-mercaptoacetyltri-

glycine (99mTc-MAG3) is the most widely used scintigraphic methodology in the assess-

ment of renal function in various pathological conditions (Eshima and Taylor, 1992). 

99mTc-MAG3 is a tubular agent that is actively taken out of the renal blood flow through 

the basolateral membrane mediated by organic anion transporters (OAT) expressed in 

the proximal tubules of the nephron (Benzakoun et al., 2020). Thus, side-related renal 

function and its potential impairment due to anti-tumor treatment can be quantified based 

on the excretion of 99mTc-MAG3 from the kidneys in terms of renal time-to-peak (Tmax), 

T50 (50% clearance) and T25 (75% clearance). 

In the present work, age- and sex-related normal kidney uptake parameters in both 

healthy male and female SCID mice were established for 99mTc-MAG3 SPECT imaging, 
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and subsequently kidney toxicity of 177Lu-DOTATOC and 177Lu-DOTA-JR11 was evalu-

ated in NET tumor-bearing SCID mice by renal SPECT. Furthermore, kidney toxicity of 

the various treatment combinations of alpelisib and everolimus was investigated as well. 

1.5 Bone remodelling after bone directed treatments  

Bone remodelling is a complex process involving the osteocytes, osteoblasts and osteo-

clasts which ultimately protects the structural integrity and function of a specific bone 

(Rowe et al., 2023). It mainly constitutes the resorption of old or damaged areas of the 

bone by the osteoclasts and deposition of new matrix material namely the hydroxyapatite 

crystals by the osteoblasts (Rowe et al., 2023). 99mTc-labelled bisphosphonate com-

pounds such as methylene diphosphonate (99mTc-MDP), hydroxymethylene diphospho-

nate (99mTc-HDP) and diphosphono-1,2-propan-dicarbon acid (99mTc-DPD) get attached 

to the surface of hydroxyapatite crystals, and are widely used for SPECT imaging of the 

skeletal system. The uptake of the tracer is proportional to the local osteoblastic matrix 

production, which is upregulated in various pathological conditions like cancer metasta-

sis, in case of infections and during inflammation, and in normal and pathological bone 

healing. 

In the field of dentistry, especially in orthodontics, the bone remodelling process is crucial 

for the proper alignment of teeth following various orthodontic procedures. Orthodontics 

is a special branch of dentistry that is focussed on the misalignment of the maxilla and 

mandible bones that leads to difficulty in grinding of food. A variety of surgical procedures 

are aimed at effecting this bone remodelling process to help in proper tooth alignment 

such as piezocision (corticotomy), which is a minimally invasive approach wherein inci-

sions and decortications are made along the teeth resulting in decreased recovery time 

and accelerated tooth movement for improved alignment (Charavet et al., 2016, Dibart et 

al., 2009). 

Rodents and pig models have been employed to study the pathophysiology of bone dis-

orders because of their close similarity to the human bone physiology (Bagi et al., 2011, 

Cone et al., 2017, Jilka, 2013, Pogoda et al., 2005). Especially rats and mice have been 

used to study orthodontic tooth disorders and their influencing factors, and assess and 

monitor treatment responses of the bone (Kirschneck et al., 2020, Qi et al., 2019, Ren et 

al., 2004, Taddei et al., 2012). 
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In the present work, the effects of piezocision were monitored in rats by bone SPECT/CT 

with 99mTc-MDP before and after treatment to investigate the impact of piezocision on 

tracer bone uptake as a measure of bone remodelling.
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2 Methods 

This section is a brief summary of relevant topics of the materials and methods of three 

papers originally published in Endocrine-Related Cancer (Mohan et al., 2024) and 

Nuklearmedizin (Beindorff et al., 2022, Mohan et al., 2020). For a detailed description of 

the methodology, please refer to the original publications. 

 

All animal experiments and study protocols were approved by the local committee for 

animal care (LaGeSo) under application numbers G0177/18, G0353/12, G0110/15, 

G0011/16 and G0189/13 in accordance with the German Law for the Protection of Ani-

mals. Also, all institutional and national guidelines for the care and use of animals were 

followed. The animals were housed at Berlin Experimental Radionuclide Imaging Center 

(BERIC) with the previously described husbandry conditions (Beindorff et al., 2018, 

Beindorff et al., 2022), and all surgical and scintigraphic procedures were performed at 

BERIC under isoflurane anaesthesia. 

2.1 PET/CT for monitoring tumor growth and metabolism, differentiation, and re-

ceptor expression in NET before and during tumor treatment  

2.1.1 Establishment of orthotopic xenograft mouse tumor model 

Human pancreatic undifferentiated NET cell lines BON1 KDMSO (everolimus sensitive) 

and BON1 RR2 (everolimus resistant) were used. All cell culture protocols were followed 

as previously published (Mohan et al., 2024). Everolimus resistance in BON1 RR2 cells 

was maintained by continuous administration of 10 nM of everolimus throughout the cell 

culture. Antibiotic, antifungal and everolimus administration were discontinued 48 hours 

before inoculation of the cells into the pancreas in order to reduce their influence on tumor 

growth in the animal. Orthotopic transplantation of two million cells was performed in a 

total of 74 severe combined immune deficient (SCID) mice. 

2.1.2 Chemotherapy regimen 

Mice were divided into four different treatment regimens namely placebo, everolimus, 

alpelisib and combination of everolimus and alpelisib. Animals of both cell lines were dis- 



Methods 19 

tributed into each treatment group as follows: BON1 KDMSO; placebo n = 10, everolimus 

n = 10, alpelisib n = 8, and combination of everolimus with alpelisib (combination) n = 10; 

BON1 RR2; placebo n = 10, everolimus n = 8, alpelisib n = 8, and combination n = 10. 

Everolimus and alpelisib concentrations were calculated for a 30 g mouse in accordance 

with the standard dose concentrations for humans, and all drug concentrations were for-

mulated in DMSO and corn oil and adjusted for total oral drug volume of 100 µl for mini-

mally invasive oral gauzing (Mohan et al., 2024). 

Oral weight-adapted chemotherapy was started upon attainment of a minimum tumor size 

of approximately 140 mm3. Chemotherapy was performed until the tumor attained a size 

of 1900-2000 mm3 or till other termination criteria were reached. 

2.1.3 Tumor growth monitoring, and radionuclide imaging with PET/CT and SPECT/CT 

Sequential magnetic resonance imaging (MRI) was performed for monitoring tumor 

growth kinetics. Tumor volume was measured by T2 weighted fast spin echo sequences 

(parameters see Table 2). Initial MRI was performed 18-25 days post tumor cell inocula-

tion, and subsequently every 1-2 weeks. 

Imaging time points were defined as baseline (T0), time point 1 (T1) and final time point 

2 (T2) based on the time taken to reach a specific tumor volume irrespective of the cell 

lines. T0 was defined as the time when tumor volume reached approx. 60 mm3, and ra-

dionuclide PET/CT imaging with 18F-FDG (viability; blood glucose values were measured 

before tracer administration) and 68Ga-DOTATOC (SSTR expression) and renal SPECT 

scintigraphy (kidney toxicity) with 99mTc-MAG3 were performed. Thereafter, oral chemo-

therapy was started in all treatment groups. The time point (T1) was defined as the time 

when the first animal reached a tumor size of 1600 mm3. All animals underwent all radi-

onuclide imaging procedures at T1 again. An individualized final time point T2 for PET/CT 

imaging was decided for each animal based on either the tumor volume close to 2000 

mm3 or the time point 20 weeks post tumor cell inoculation, whichever was reached first. 

This time point T2 was also used for the calculation of the overall survival. 
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Table 2: Tumor Imaging Parameters 

Relevant parameters for MRI, PET and CT imaging on dedicated small animal imaging 

scanners. 

own representation: AM. Mohan 

2.1.4 Tumor immune-histology 

For immuno-histological analysis, tumors (n = 69) were evaluated by hematoxylin-eosin 

(HE) staining, Ki-67 tumor proliferation and SSTR2 expression based on the Volante 

score (Mohan et al., 2024). 

 

2.2 SPECT/CT for monitoring treatment associated kidney toxicity and bone me-

tabolism 

2.2.1 Renal scintigraphy 

For establishing normal renal function values in SCID mice in both sexes, 12 female and 

12 male animals underwent 99mTc-MAG3 renal SPECT scintigraphy (Mohan et al., 2020).  

Based on this normal data base in SCID mice, renal treatment-related toxicity could then 

be evaluated for both the various treatment regimens with alpelisib (Mohan et al., 2024) 

and 177Lu-SSA (Mohan et al., 2020). 

Imaging Modality 
Sequence / 

Radiopharmaceutical 
Scan and Reconstruction  

Parameters 

MRI 
T2 weighted Fast Spin Echo 

(T2w, FSE) 

Matrix: 256 x 256 x 48, repeti-

tion time (TR): 3000-5000 ms, 

averages: 4 

PET 68Ga-DOTATOC & 18F-FDG 

OSEM algorithm, 8 iterations, 

6 subsets, with attenuation 

and random corrections 

CT CT 

45 kVp, 240 projections,  

500 ms exposure time, 

 pitch 1, binning ratio of 1:4 
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For treatment with alpelisib and everolimus, the mice of all four treatment groups under-

went 99mTc-MAG3 renal scintigraphy pre and post oral chemotherapy at time points T0 

and T1 (see also 2.1.3). 

For evaluation of 177Lu-SSA PRRT kidney toxic effects, six female SCID mice xenografted 

with pancreatic NET SSTR expressing tumors (orthotopic = 4, subcutaneous = 2) under-

went semi-stationary dynamic SPECT imaging with 99mTc-MAG3 1-5 months after treat-

ment with either 30 MBq 177Lu-DOTATOC (n = 5) or 20 MBq 177Lu-DOTA-JR11 (n = 1).  

Semi stationary SPECT imaging with 99mTc-MAG3 was carried out in a similar manner as 

already published (Mohan et al., 2020, Mohan et al., 2024). The mice underwent imaging 

either on a single bed or in a mouse hotel (3 mice per bed position at one time point) 

under isoflurane anaesthesia. Immediately following the start of semi stationary SPECT 

acquisition, 29-50 MBq of 99mTc-MAG3 was injected intravenously into the tail vein fitted 

with a catheter. The different parameters of SPECT acquisition for both single bed and 

mouse hotel are described in Table 3. 

2.2.2 Skeletal scintigraphy  

In order to monitor the effects of piezocision treatment on tooth movement and bone re-

modelling, piezocision was performed in 10 male Wistar rats. The rats underwent surgical 

treatment at 10 weeks of age under general anaesthesia. The exact surgical procedure 

of the orthodontic appliance which was placed between the incisor and the three molars 

tooth’s on each side of the maxilla is described in detail elsewhere (Papadopoulos et al., 

2021). Following insertion of the orthodontic appliance, the cortical bone was exposed 

and piezocision was carried out with a piezotome 2 mm mesial from the mesial root of 

the first molar (Papadopoulos et al., 2021). 

The whole experiment was planned in a longitudinal fashion and hence each rat was 

followed up with SPECT/CT imaging with 99mTc-MDP at three different time points. Base-

line imaging (T0) was performed before the application of orthodontic appliances and 

piezocision, and T1 was carried out after 2 weeks and T2 after 4 weeks post piezocision. 

T0 is representative of normal 99mTc-MDP uptake in the bones, which serves as control 

for the timepoints T1 and T2 for assessing bone remodelling after piezocision. 

SPECT imaging of the head and neck region was performed followed by a CT scan with 

a dedicated small animal SPECT/CT scanner (NanoSPECT/CTplus, Mediso, Hungary) 

fitted with a nine pinhole aperture (rat high resolution, d = 1.5 mm) 45 min after injection 
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of approx. 140 MBq of 99mTc-MDP into the tail vein. The relevant SPECT and CT imaging 

parameters are listed in Table 3. 

 

Table 3: Animal SPECT Imaging Parameters 

SPECT and CT imaging protocols with different radiopharmaceuticals employed in the 

studies with their respective scan parameters. 

Imaging  
Modality 

Sequence / 
Radiopharmaceutical 

Scan and Reconstruction  
Parameters 

SPECT 99mTc-MAG3; single bed 
10 × 20 s (10 s per detector position) 

25 × 50 s (25 s per detector position) 

SPECT 99mTc-MAG3; mouse hotel 
15 × 10 s (10 s per detector position) 

25 × 25 s (25 s per detector position) 

SPECT 

CT 

99mTc-MDP 

CT 

20 min SPECT, 360 projections  

55 kVp, 1500 ms exposure time  

own representation: AM. Mohan 

2.3 Image Analysis 

Radionuclide images were quantified using PMOD 3.5 software (PMOD Technologies 

Ltd., Switzerland). The tumors were evaluated for size/volume (MRI), viability (18F-FDG 

PET) and SSTR expression (68Ga-DOTATOC PET) by outlining a volume of interest (VOI) 

around the tumor in all respective planes of the whole tumor. The tumor uptake by the 

different tracers is expressed as standardized uptake value (SUV) of the 10 voxels show-

ing the highest radioactivity within the VOI (SUV10) (Mohan et al., 2024). 

Renal SPECT images were analysed using Matlab R2017b (The Math-Works Inc., Natick, 

Massachusetts, United States). The uptake of 99mTc-MAG3 in the kidneys was quantified 

by manual contouring of a VOI around the kidneys. Accordingly, the time activity curves 

(TAC) were generated for each kidney by plotting the radioactivity of each VOI against 

the time thereby generating the renal function parameters Tmax, T50 and T25 representing 

the time of the maximum of the curve, the time of 50% decrease (50% uptake) from Tmax 

and the time of 75% decrease (25% uptake) of Tmax, respectively (Mohan et al., 2020, 

Mohan et al., 2024). 
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Quantification of 99mTc-MDP uptake in the bones was carried out in a similar way by a 

manually drawn VOI, and the values are expressed as injected activity per ml 

(%IAmax10/ml) based on the 10 voxels with the highest radioactivity within the VOI 

(Beindorff et al., 2022). 

2.4 Statistics 

Statistical analyses were performed with Statistical Package for Social Sciences (SPSS) 

software version 21.0 or 28.0 and with R 3.1.3 (The R Foundation for Statistical Compu-

ting) programming software as indicated in the respective publications (Beindorff et al., 

2022, Mohan et al., 2020, Mohan et al., 2024). 

Descriptive data are expressed as median, interquartile range [IQR, 25th-75th percentile], 

minimum and maximum (min-max). Differences between groups were analysed using 

non-parametric Mann-Whitney U and Kruskal Wallis tests while Wilcoxon and Analysis of 

Variance (ANOVA) tests were applied to test for differences within the same groups. Sur-

vival analysis and the respective survival curves were generated using Kaplan-Meier 

analysis. Spearman’s rho correlation coefficient was employed for testing nonparametric 

data correlations. A statistical level of significance was set at ≤0.05 and a level of ten-

dency at ≤0.1. For further details, see the respective publications (Beindorff et al., 2022, 

Mohan et al., 2020, Mohan et al., 2024). 
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3 Results 

This section is a summary of results of three papers originally published in Endocrine-

Related Cancer (Mohan et al., 2024) and Nuklearmedizin (Beindorff et al., 2022, Mohan 

et al., 2020) and represents the main points of the findings relevant for the understanding 

of the work and the discussion. For a detailed description of the results, please refer to 

the original publications.  

 

3.1 PET/CT for monitoring tumor growth and metabolism, differentiation, and re-

ceptor expression in NET 

3.1.1 Tumor growth kinetics  

By monitoring the tumor growth kinetics by sequential MR imaging it was observed that 

similar to in-vitro cell culture assays, the everolimus sensitive BON1 KDMSO tumors grew 

faster than the everolimus resistant BON1 RR2 tumors (p = 0.087; trend) (Aristizabal 

Prada et al., 2018). Accordingly, the baseline timepoint T0, i.e. before initiation of oral 

treatment and radionuclide imaging with a minimum target tumor size of 60 mm3, was 

attained earlier by BON1 KDMSO tumors at 18-28 days than by BON1 RR2 tumors at 21-

34 days. Consequently, at T1 in BON1 KDMSO animals the tumor volume was 2000 mm3 

[1926-2000] 1384-2000 for placebo while BON1 RR2 animals exhibited smaller tumor 

sizes of 1400 mm3 [921-2000] 457-2000 for placebo at T1. 

3.1.2 Tumor Therapy and Blood Glucose Levels 

PI3kα isoform inhibitors including alpelisib are known to induce hyperglycemia (Nunnery 

and Mayer, 2019), and everolimus resistance is mediated through the GSK-3 pathway 

(Aristizabal Prada et al., 2018). Both of these phenomenons could eventually influence 

the glucose metabolism, and hence blood glucose values were obtained. 

Pooled BON1 KDMSO (123 mg/dl [109-137] 80-159) and BON1 RR2 data (117 mg/dl 

[100-129] 94-207, p = 0.215) revealed no significant differences at baseline. Similarly, no 

significant differences were found between the different treatment groups for both cell 

lines at T0.  

When comparing the glucose values between the treatments across the cell lines, after 4 

weeks of treatment BON1 RR2 alpelisib treated mice had significantly lower glucose 
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levels (83 mg/dl [75-90] 67-103) compared to their BON1 KDMSO counterparts (145 

mg/dl [115-177] 93-254, p < 0.001). Furthermore, BON1 RR2 mice under everolimus 

treatment exhibited lower blood glucose levels at T1 (100 mg/dl [65-114] 54-116) 

compared to T0 (117 mg/dl [104-147] 97-152, p = 0.04). 

3.1.3 Survival analysis 

Survival analysis was carried out based on timepoint T2. Survival curves from Kaplan-

Meier analysis (Fig. 1) clearly demonstrate that placebo treated BON1 KDMSO (median 

42 d) animals had a significantly shorter survival than BON1 RR2 placebo treated mice 

(53 d, p < 0.001). 

In BON1 KDMSO animals, when compared to placebo, significantly increased survival 

was observed not only with everolimus (44 d, p = 0.002), but also with alpelisib (53 d, p 

< 0.001) and the combination treatment (52 d, p < 0.001). However, no significant 

difference in survival was achieved between alpelisib and combination treatment (p = 

0.675). Interestingly, both alpelisib (p = 0.027) and combination treatment (p = 0.023) 

prolonged survival compared to everolimus. 

In BON1 RR2 animals, the combination treatment (69 d) only was shown to significantly 

prolong life compared to placebo (53 d, p < 0.001), everolimus (56 d, p < 0.001) and 

alpelisib (61 d, p = 0.019) while no significant difference in survival between placebo, 

everolimus, and alpelisib was observed. Thus, alpelisib alone had no significant survival 

benefit in everolimus resistant tumors. It is important to note that two BON1 RR2 animals 

under combination treatment survived 20 weeks post-surgery without attaining a tumor 

size of 2000 mm3. 

Furthermore, metastases formation was observed 58-132 d after surgery in both cell 

lines: One animal each with BON1 KDMSO tumors treated with everolimus, alpelisib and 

combination treatment, and five BON1 RR2 animals, one treated with alpelisib and three 

with combination treatment presented with liver metastases, one animal also developed 

additional peritoneal metastases. 
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Figure 1: Survival Analysis 

Kaplan-Meier survival curves depict survival for (A) BON1 KDMSO and (B) BON1 RR2 tumors 

for the respective treatment group. In BON1 KDMSO, survival benefit was observed for everoli-

mus (p = 0.002), alpelisib (p < 0.001) and combination therapy (p < 0.001) compared to placebo, 

and for alpelisib (p = 0.027) and combination therapy (p = 0.023) compared to everolimus. In 

BON1 RR2, the combination therapy only increased survival (p < 0.02). (from Mohan et al. (Mohan 

et al., 2024)) 

3.1.4 Tumor SSTR expression 

68Ga-DOTATOC uptake as a marker for SSTR expression is listed in Table 4 for all time 

points for the respective cell lines and treatment groups. PET analysis across all the treat-

ment groups showed no relevant 68Ga-DOTATOC uptake, neither in BON1 KDMSO nor 

in BON1 RR2 animals, over the entire treatment period, thus, indicating no significant 

changes in SSTR tumor expression over time and during treatment. 

However, one animal each from BON1 RR2 alpelisib and combination treatment revealed 

a high 68Ga-DOTATOC SUV10 at T2 (28.9) and T1 (16.2), respectively. Figure 2 demon-

strates the negligible 68Ga-DOTATOC uptake in the tumors at all time points indicating 

insufficient SSTR expression on the tumor surface for DOTATOC binding. 
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Figure 2: Tumor Differentiation 

MRI, 68Ga-DOTATOC and 18F-FDG images of an animal that underwent combination therapy with 

everolimus + alpelisib at time points T0 (prior to treatment initiation), T1 (4 weeks post treatment) 

and T2 (before termination). The tumors are outlined in each image with a pink VOI, the respective 

tumor volumes were approx. 63 mm3 at T0, 961 mm3 at T1 and 1803 mm3 at T2. 68Ga-DOTATOC 

tumor uptake (SUV10) was 1.3 at T0, 1.1 at T1 and 0.8 at T2. 18F-FDG tumor SUV10 was 3.8 at 

T0, 4.3 at T1 and 4.2 at T2. (own figure by AM. Mohan) 
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Table 4: 68Ga-DOTATOC Tumor Uptake 

68Ga-DOTATOC uptake (SUV10) in the tumors indicating SSTR expression at time points 

T0 (baseline), T1 (4 weeks after treatment) and T2 (before euthanasia) of both everolimus 

sensitive (BON1 KDMSO) and everolimus resistant (BON1 RR2) tumor cell lines. Each 

set of data consists of median and interquartile range [25th-75th]. 

(from Mohan et al. (Mohan et al., 2024)) 

 

3.1.5 Tumor Glucose metabolism and viability 

Tumor viability data represented by 18F-FDG uptake is shown in Table 5, and character-

istic 18F-FDG tumor uptake with development of necrosis over the monitoring period is 

depicted in Fig. 2. 

Pooled data analysis at T0 revealed that everolimus sensitive BON1 KDMSO tumors had 

a higher uptake (3.3 [2.9-3-7] 1.4-4.1) of 18F-FDG uptake than the everolimus resistant 

BON1 RR2 tumors (2.5 [2.2-3.4] 0.8-4.0; p = 0.025). This supplements the more aggres-

sive nature and faster growth kinetics of the everolimus sensitive tumors as observed by 

MRI. 

After start of treatment, no further significant differences were observed at T1 and T2 

between the two cell lines. Also no differences in 18F-FDG uptake were seen between the 

different treatment groups in BON1 KDMSO animals at all time points. 

In contrast, in BON1 RR2 animals, an increase in 18F-FDG uptake from T0 to T1 was 

observed in placebo (p = 0.003), alpelisib (p = 0.035) and combination treatment (p = 

 BON1 KDMSO BON1 RR2 

T0 T1 T2 T0 T1 T2 

Placebo 
0.6 

[0.4-0.8] 

0.9 

[0.4-1.2] 

1.5 

 

0.8 

[0.6-0.9] 

1.0 

[0.8-1.1] 

1.1 

[0.8-1.1] 

Everolimus 
0.6 

[0.4-0.9] 

0.6 

[0.5-0.8] 

0.9 

[0.5-4.9] 

0.7 

[0.5-0.9] 

0.7 

[0.7-1.3] 

0.8 

[0.7-1.1] 

Alpelisib 
0.6 

[0.5-0.7] 

0.8 

[0.6-1.1] 

0.8 

[0.6-4.1] 

0.7 

[0.5-0.8] 

0.9 

[0.7-1.2] 

0.9 

[0.7-21.9] 

Combination 
1.2 

[0.5-1.4] 

0.8 

[0.6-0.9] 

0.7 

[0.5-0.8] 

0.9 

[0.7-1.5] 

1.1 

[0.8-1.4] 

0.8 

[0.5-1.0] 
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0.006) while only a potentially higher 18F-FDG uptake at T1 compared to T0 was observed 

in everolimus treated BON1 RR2 mice (p = 0.051). In the further course of treatment, 

image analysis at T2 showed no significant changes. 

 

Table 5: 18F-FDG Tumor Uptake 

18F-FDG tumor uptake (SUV10) indicating tumor viability at time points T0 (baseline), T1 

(4 weeks after treatment) and T2 (before euthanasia) of both everolimus sensitive (BON1 

KDMSO) and everolimus resistant (BON1 RR2) cell lines. Each set of data consists of 

median and interquartile range [25th-75th]. * p<0.01 and # p=0.051 between T0 and T1 

within a treatment group. 

(from Mohan et al. (Mohan et al., 2024)) 

 

3.1.6 Tumor Immuno-Histology 

Immunohistochemical staining revealed that most of the tumors of both cell lines exhibited 

morphological characteristics of a neuroendocrine carcinoma. Accordingly, most of the 

tumors (67/69) had a varying amount of necrosis between 30-90%, which is in line with 

the findings of MRI and 18F-FDG PET. Furthermore, the tumors were characterized in 

85±12.5% as high level (> 20%) Ki-67 expression. 

No significant differences were found in Ki-67 expression between BON1 KDMSO and 

BON1 RR2 tumors (BON1 KDMSO 90% [85-90] 30-95, BON1 RR2 90% [85-90] 40-98, 

 
BON1 KDMSO BON1 RR2 

T0 T1 T2 T0 T1 T2 

Placebo 
3.1 

[2.9-3.4] 

5.0 

[4.4-5.5] 

3.4 

 

3.5 * 

[2.3-3.9] 

4.6 

[3.7-5.4] 

4.3 

[3.6-4.9] 

Everolimus 
3.5 

[2.4-3.8] 

3.9 

[2.8-5.6] 

4.4 

[3.1-5.3] 

2.4 # 

[2.1-3.4] 

4.5 

[4.0-5.4] 

4.3 

[3.6-5.8] 

Alpelisib 
3.5 

[3.1-3.7] 

3.7 

[2.7-5.3] 

2.4 

[1.8-3.5] 

2.5 * 

[2.2-3.2] 

4.3 

[2.8-5.7) 

2.8 

[2.0-4.0] 

Combination 
3.1 

[2.9-3.6] 

4.4 

[2.4-5.1] 

2.7 

[1.4-3.7] 

2.4 * 

[1.5-3.4] 

3.9 

[3.3-4.9] 

2.8 

[2.6-4.2] 
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p = 0.493). Interestingly, eight animals [BON1 KDMSO (2x everolimus, 1x combination), 

BON1 RR2 (2x placebo, 1x everolimus, 2x combination)] expressed characteristics of 

mixed endocrine/exocrine tumors instead of pure neuroendocrine carcinoma. Based on 

the WHO classification of digestive system tumors, these characteristics adhere to the 

criteria of human MiNEN (mixed neuroendocrine-non-neuroendocrine neoplasm of the 

pancreas) consisting of an exocrine component of 30% coupled with gland formation and 

cystic features (Nagtegaal et al., 2020). 

Consistent with NEC morphology, almost all tumors of both cell lines across all treatment 

groups had a low SSTR expression of 10-30%. Volante scoring of SSTR quantification 

showed that only 8 tumors of all four treatment groups of BON1 RR2 cells had a Volante 

score 3 (> 50% of positive cells) while 54 tumors from both cell lines presented with a 

Volante score 2 (< 50% of positive cells) and 7 tumours with a Volante Score 0. Figure 3 

shows representative immuno-histochemical tumor sections. 

 

 

Figure 3: Tumor Histology 

(A) Hematoxylin-eosin staining of a BON1 KDMSO everolimus treated tumor 81 d after surgery, 

showed areas of necrosis, (B-D) BON1 RR2 combination treatment (everolimus + alpelisib) 132 

d after surgery: (B) hematoxylin-eosin staining, (C) SSTR2 staining with negligible SSTR2 ex-

pression, (D) highly positive Ki-67 staining. (from Mohan et al. (Mohan et al., 2024)) 
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3.2 SPECT/CT for monitoring treatment associated kidney toxicity and post-in-

terventional bone metabolism  

3.2.1 Renal function in normal male and female SCID mice 

In order to establish normal renal function values in SCID mice 12 healthy male and fe-

male SCID underwent 99mTc-MAG3 scintigraphy. Time activity curves (TAC) revealed a 

normal uptake characterized by a steep increase in the curves depicting optimal absorp-

tion followed by steep decrease in renal activity, which corresponds to a good clearance 

of the tracer from the kidneys. The left and right kidneys TAC (Fig. 4A) were congruent in 

nature. Interestingly, no significant differences were found between male and female 

SCID mice with respect to maximum tracer uptake in the kidney (Tmax, p = 0.14) while a 

tendency for delayed 50% tracer clearance (T50 (p = 0.07)) was observed in male SCID 

mice. Similarly, male SCID mice (7.8 [7.3–9.2] 6.2–12.9) also exhibited a significantly 

delayed T25 clearance time compared to female mice (6.5 [5.9–7.2] 4.9–7.8, p<0.01). Ta-

ble 6 summarizes renal function values of SCID mice pertaining to both sexes. 

 

Table 6: Normal Renal Function Values 

99mTc-MAG3 renal uptake of 3-month-old healthy SCID mice with respect to sex, and 5-

10 month-old 177Lu- somatostatin receptor ligand treated SCID mice. Each set of data 

includes the median, interquartile range [IQR], min-max for Tmax, T50 and T25 in minutes; 

(+ p ≤ 0.05 between sexes within the strain; # p ≤ 0.05 between mice with 177Lu-SRL 

treatment and healthy SCID mice). 

Kidney uptake SCID SCID (177Lu-SRL treatment) 

females 

Tmax 

T50 

T25 

1.4 [1.3-1.5] 1.2-5.3 

3.8 [3.5- 4.3] 3.0- 4.9 

6.5 [5.9-7.2] 4.9-7.8 */+ 

2.0 [1.4-2.7] 1.3-6.9 

6.3 [4.5-10.1] 3.4-11.6 # 

10.5 [7.7-19.3] 5.8-19.6 # 

males 

Tmax 

T50 

T25 

1.6 [1.4-1.7] 1.2-2.0 

4.5 [4.0- 5.0] 2.9-6.1 

7.8 [7.3-9.2] 6.2-12.9 

 

(from Mohan et al. (Mohan et al., 2024)) 
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3.2.2 Assessment of renal function after PRRT treatment 

Analysis of kidney parameters in mice that underwent 177Lu-SSA treatment revealed an 

altered renal function that is depicted in the TAC in comparison to normal healthy female 

SCID mice (Fig. 4). Time activity curves (TAC) from 177Lu-SSA treated mice also showed 

an incongruence between the right and left kidneys uptake and clearance (Fig. 4B). Mice 

that underwent PRRT had a slightly delayed Tmax of 2.0 min ([1.4–2.7] 1.3–6.9) compared 

to healthy female SCID mice who reached Tmax at 1.4 min ([1.3–1.5] 1.2–5.3, p = 0.15). 

Time activity curves also revealed a less steeper slope indicating a delayed clearance 

reaching T50 (p = 0.02) and T25 (p = 0.01) by 2.5 min and 4.1 min later, respectively, in 

comparison to healthy female SCID mice. 

 

Figure 4: Renal Time Activity Curves 

Time activity curves (TAC) of a normal healthy 3-month-old female SCID mouse after injection of 

68 MBq 99mTc-MAG3 (A). TAC from an 11-month-old female SCID mouse after injection of 18 

MBq 99mTc-MAG3 (B). 99mTc-MAG3 was performed 5 months after 177Lu-DOTA-JR11 treatment 

(two cycles with 23 and 20 MBq three months apart) and shows delayed uptake and excretion in 

comparison to a normal SCID mouse. (from Mohan et al. (Mohan et al., 2020)) 

3.2.3 Assessment of renal function after chemotherapy 

Four mice of the BON1 RR2 groups underwent renal scintigraphy prior to laparotomy in 

order to rule out variations from the normal SCID mouse distribution and kidney function. 

Additionally, in order to exclude an influence of surgery with tumor cell inoculation, these 

4 mice were also compared with the baseline renal function values of 31 mice after inoc-

ulation of BON1 RR2 cells at T0 (pretreatment). Data analysis showed no significant dif-

ferences for either T50 (p = 0.262) or T25 (p = 0.379) clearance between pre-surgery and 
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normal SCID mice. However, BON1 RR2 mice reached Tmax significantly later by 0.4 min 

(1.8 [1.5-2.0] 1.5-2.1) than the normal native SCID mice (1.4 [1.3-1.5] 1.2-5.6, p = 0.02). 

However, no significant difference in kidney function was observed longitudinally for ei-

ther Tmax (p = 0.326), T50 (p = 0.599) or T25 (p = 0.599) between pre-surgery and T0 time 

point (post surgery but pretreatment), consequently, excluding a relevant impact of sur-

gery on kidney function. 

Furthermore, renal function was evaluated pre (T0) and post treatment (T1) in mice un-

dergoing different oral therapies namely placebo, everolimus, alpelisib and combination 

treatment for undifferentiated NET tumors. It was observed that oral chemotherapy was 

well tolerated under all treatments with no impounding renal toxicity. None of the treat-

ments had a significant effect on Tmax in either cell line at T1 when analyzing the single 

groups. Only the analysis of pooled data of all animals treated with one therapy, that is 

all animals with BON1KDMSO and BON1RR2 tumors undergoing one treatment regimen, 

revealed that alpelisib significantly delayed T50 (6.1 min ([4.3-8.5] 3.8-25.8; p = 0.013) and 

T25 (10.1 min ([7.3-17.9] 6.2-44.2; p = 0.013) post treatment in comparison to pretreat-

ment (T50 4.1 min [3.7-5.7] 2.5-8.7; T25 6.8 min [6.0-9.6] 4.2-14.8). Interestingly, this effect 

was no longer found when the animals were analyzed separately by the cell lines. More-

over, this effect on clearance was also not eminent with any of the other treatment regi-

mens when using pooled data. For further details, please see Mohan et al. (Mohan et al., 

2024). 

3.2.4 99mTc-MDP bone uptake for monitoring orthodontic piezocision 

Analysis of pooled data exhibited a significant increase in 99mTc-MDP uptake from T0 

(pre-operative; 3.2 [2.8–3.9] 2.6–4.9) to T1 (4.4 [3.8–4.6] 3.4–4.8; p = 0.001) due to bone 

surgery. In the further 2 weeks of healing, there was only a non-significant decrease in 

uptake from T1 (2 weeks) to T2 (4 weeks; 3.8 [3.1–4.4] 2.8–4.8, p = 0.116). More inter-

esting, 99mTc-MDP bone scintigraphy revealed no significant differences in bone uptake 

in the maxilla after orthodontic surgery in the two groups with or without piezocision up to 

four weeks after surgery. Table 7 summarizes 99mTc-MDP uptake values for all time points 

T0, T1 and T2, and Figure 5 shows a representative SPECT/CT image depicting normal 

99mTc-MDP uptake predominantly accumulating in the molar teeth at time point T0. 
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Figure 5: Skeletal Scintigraphy 

SPECT/CT images of the head-and-neck region depicting 99mTc-MDP bone distribution before 

placement of the orthodontic appliance, in coronal (A), sagittal (B) and transverse (C) projections 

in a 10-month-old male rat showing normal bone uptake 48 min after intravenous injection of 

186 MBq. The white arrow indicates the first molar on the right side of the upper jaw. L = left, R = 

right (from Beindorff et al. (Beindorff et al., 2022)) 

 

Table 7: 99mTc-MDP Bone Uptake 

99mTc-MDP maxilla uptake data with and without piezocision at T0 = before, T1 = 2 weeks 

after, and T2 = 4 weeks after placement of the orthodontic appliances in 10 male Wistar 

rats. Each set of data includes the median (%IA/mlmax10), interquartile range [IQR], mini-

mum - maximum.  

 T0 T1 T2 

Piezocision Without With Without With Without With 

Median 3.1 3.3 4.3 4.5 4.0 3.7 

IQR 2.8-3.9 2.9-4.3 3.8-4.5 3.7-4.6 3.1-4.5 3.0-4.4 

min-max 2.6-4.7 2.7-4.9 3.4-4.8 3.5-4.7 2.8-4.8 2.8-4.8 

p-value 0.083 0.285 0.062 

(from Beindorff et al. (Beindorff et al., 2022)) 
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4 Discussion 

4.1.1 Translational Molecular Imaging 

Molecular imaging is the non-invasive visual and quantitative characterization of a spe-

cific biological process happening at a cellular or molecular level. In the field of precision 

medicine, disease-specific biomarkers for a given pathological condition are crucial for 

the proper management of patients as biomarkers have been found to affect prognosis, 

survival and quality of life. The field of molecular imaging has rapidly evolved in identifying 

new biomarkers in vivo. Over the years, based on technological advances with respect to 

identification of new targets and radiochemistry, the field of molecular imaging has con-

tributed to all branches of medicine covering neurology, nephrology, cardiology, inflam-

matory diseases and oncology. Thus, over time nuclear medicine and functional imaging 

have increased its applications from the diagnosis of hyperthyroidism and differentiated 

thyroid cancer with radioactive iodine (131I) as starting point in the 1940s to the modern 

day theranostics, i.e. combined diagnostic and therapeutic approaches with radiolabelled 

pharmaceuticals, e.g. radiolabelled SSTR ligands in neuroendocrine tumors. This in-

crease in the utility of molecular imaging was very much advanced with the advent of 

hybrid SPECT/CT and PET/CT technologies. 

The overarching goal of this thesis was to translate clinically well-established PET and 

SPECT imaging methodologies into experimental settings for improved non-invasive, lon-

gitudinal monitoring of treatment-induced changes by using dedicated hybrid small animal 

PET/CT and SPECT/CT scanners.  

4.1.2 Dual tracer PET imaging and SSTR (re-)expression in neuroendocrine tumors 

PET imaging with 68Ga-DOTATOC plays a significant role in the diagnosis, staging and 

follow up of well-differentiated NET due to SSTR expression and the binding affinity of 

68Ga-DOTATOC to SST receptors (Mohan et al., 2021) while 18F-FDG has a major impact 

on the diagnostic workflow of poorly differentiated NET owing to their nil/negligible SSTR 

expression but increased metabolic glucose turnover in comparison to well-differentiated 

NET. An increased metabolic turnover has also been shown in neuroendocrine carcino-

mas (NEC) leading to high glucose intake, and, thus, high 18F-FDG uptake (Kayani et al., 

2008). The so-called NETPET scoring system devised by Chan et al. is highly promising 
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as a prognostic factor, and also serves as a predictor of overall survival (Bailey et al., 

2019, Chan et al., 2017a). 

One of the aims of this study was centered on the hypothesis that everolimus resistance 

could be circumvented by adjuvant administration of a PI3k inhibitor subsequently leading 

to (re-)expression of SST receptors as well (Passacantilli et al., 2014, Vandamme et al., 

2016). 

In our study, however, no significant re-expression of SSTR was observed by 68Ga-DO-

TATOC PET at the cell surface receptor level after treatment with the PI3k inhibitor al-

pelisib in most of the animals. Moreover, constantly positive 18F-FDG PET imaging also 

indicated negligible re-differentiation over the course of treatment. This is contrary to the 

in vitro findings by Nölting et al., wherein a high SSTR2 transcription was found after 

combined treatment with everolimus and alpelisib in native BON1 NET cells (Nolting et 

al., 2017). Similarly, Prada et al. also reported an increased SSTR2 transcription in evero-

limus resistant BON1 RR1/RR2 cell lines under combination treatment (Aristizabal Prada 

et al., 2018). These paradoxical findings may be addressed by the fact that an increased 

SSTR transcription was observed in vitro at a molecular, i.e. RNA level, which however 

may not be indicative for sufficient SSTR expression at the cell surface necessary for 

imaging with radiolabelled somatostatin analogues. This explanation is in line with our 

histochemical analysis which revealed that 89% of the tumors had a NEC morphology 

with increased Ki-67 (as reflected by high 18F-FDG uptake) and necrosis (see Fig. 3) but 

no SSTR expression (no relevant 68Ga-DOTATOC uptake). Only 11% of tumors exhibited 

a mixed morphology with parts of both NEC and well-differentiated NET accompanied by 

increased SSTR2 expression, which nicely corresponds to a positive 68Ga-DOTATOC 

PET in 9% of the animals. Because the everolimus sensitive (BON1 KDMSO) and re-

sistant (BON1 RR2) cell lines have been developed from the parent BON1 cell line, which 

is derived from a poorly differentiated NET, the positive and constantly high 18F-FDG tu-

mor uptake over the entire treatment period perfectly fits to its molecular characteristics 

(Aristizabal Prada et al., 2018). Thus, the histopathological results ultimately validate the 

sensitivity and specificity of the PET tracers 18F-FDG and 68Ga-DOTATOC in this exper-

imental setting while these tracers likewise serve as reliable biomarkers for the in vivo 

characterization of specific tumor features. 
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4.1.3 Validation of cell line characteristics by imaging 

Poorly differentiated NET are morphologically aggressive in nature with rapid tumor 

growth characteristics. Prada et al. observed an accelerated tumor growth in BON1 

KDMSO cells in comparison to the everolimus resistant BON1 RR1/BON1 RR2 cells in 

in vitro culture experiments (Aristizabal Prada et al., 2018). This was replicated by our in 

vivo studies wherein tumor growth kinetics monitored with MR imaging showed that pla-

cebo-treated BON1 KDMSO tumors grew faster than placebo-treated BON1 RR2 tumors. 

This was also reflected in the survival curves generated by Kaplan-Meier analysis wherein 

BON1 KDMSO animals treated with placebo had a shorter survival than BON1 RR2 pla-

cebo animals (Fig. 1). Furthermore, everolimus treatment of BON1 RR2 tumors had no 

significant impact on survival in comparison to BON1 RR2 placebo as this cell line is 

everolimus resistant. On the other hand, a significant survival benefit of everolimus was 

observed in wild type BON1 KDMSO tumors (Fig. 1). Thus, our study could clearly au-

thenticate and validate the translation of everolimus resistance from in vitro to a first ever 

robust everolimus resistant in vivo orthotopic tumor mouse model which can be easily 

characterized by imaging methods. 

Further analysis of survival data revealed a significantly prolonged survival with both 

standalone alpelisib and combination treatment compared to placebo and to everolimus 

in BON1 KDMSO tumors. Interestingly, the efficacy of standalone alpelisib may eventu-

ally be translated into the clinics and used in patients as drug alternative to everolimus. 

In the everolimus resistant BON1 RR2 groups however only the combination treatment 

had a significant effect on survival. This clearly proves our hypothesis that the concomi-

tant therapy with alpelisib and everolimus results in overcoming everolimus resistance in 

everolimus resistant tumors by combined blockage of PI3Kα and mTORC1 pathways, 

and MR imaging helped generating longitudinal tumor volume data without killing the an-

imals at each relevant time point. 

Of special note, tumor size measured by a caliper on the living mouse would not have 

been a reliable measure because tumor treatment effects are rather shown by the amount 

of tumor necrosis than simple size and volume as nicely depicted in Fig. 2. MR imaging 

is commonly used for quantitative morphological tumor characterization by measuring 

tumor volume and extent of necrosis (Ayala-Domínguez et al., 2020, Benzakoun et al., 

2020). Necrosis in the centre of the tumor mass due to intratumoral hypoxia dictated by 

the rapidly growing tumor is a well-known feature (Yoshida et al., 2019). In our study, MR 
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imaging revealed distinct growth patterns presenting with a varied amount of tumor ne-

crosis during various treatments. These results were further supplemented by PET imag-

ing with 18F-FDG which is actively taken up by living tumor cells only owing to their glu-

cose metabolism. Hence, the necrotic part is devoid of 18F-FDG uptake. Thus, MRI and 

18F-FDG PET imaging served as in vivo biomarkers for differentiating viable from necrotic 

tumor tissue helping to adequately define treatment response. 

4.1.4 Renal function and toxicity 

Studies have illustrated renal failure as one of the common causes of termination of 

chemotherapy (Sassier et al., 2015) but renal toxicity is also a well-known side effect of 

PRRT due to accumulation of radiolabelled peptides in the proximal convoluted tubule of 

the kidneys mediated by the megalin-cubilin system (Vegt et al., 2010, Vegt et al., 2011, 

Bergsma et al., 2016). Hence monitoring of renal function is important to attain both max-

imum therapeutic efficacy and minimum renal toxicity. Assessment of renal function by 

99mTc-MAG3 imaging following PRRT treatment has been previously reported and is com-

monly applied in the management of NET patients undergoing PRRT (Werner et al., 

2016). Although 99mTc-MAG3 imaging is part of the clinical workup, its application on the 

preclinical front was hampered so far due to the lack of normal renal function values in 

immuno-deficient mice. In rats and mice, sex dependent differences have been docu-

mented with respect to glomerular filtration rates, renal plasma flow and the washout of 

different compounds from the kidney tubules (Hackbarth et al., 1981, Hackbarth and 

Hackbarth, 1981, Hackbarth and Hackbarth, 1982). Sex and age related differences were 

also found in C57BL/6N mice for renal SPECT scintigraphy with 99mTc-MAG3 (Huang et 

al., 2018). 

For pooled SCID mouse data in general, no significantly different normal kidney values 

were found in the present work in comparison to the normal data reported by Huang et 

al. for C57BL/6N mice (Huang et al., 2018). However, when comparing sex-related data, 

both significant differences between these two strains could be detected as well as sig-

nificant differences between male and female SCID mice with a delayed T25 clearance 

time in male SCID mice (p<0.01; see Tab. 6). Thus, the initial establishment of a normal 

data base for renal function analysis for each different mouse strain, and for both sexes, 

is a prerequisite for experimental studies on kidney toxicity. 
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These normal values served as baseline for follow-up of renal damage in SCID mice 

undergoing various chemo/radiotherapy treatments. Kidneys are one of the critical organs 

in PRRT treatment in patients. Consequently, the 99mTc-MAG3 clearance in renal scintig-

raphy may be affected post PRRT (Rudisile et al., 2019). Such an effect was also ob-

served in our study wherein SCID mice with G3 NET tumors undergoing PRRT exhibited 

a delayed 99mTc-MAG3 clearance (T50 and T25) in comparison to healthy untreated SCID 

mice (Fig. 4, Tab. 6). 

Although post treatment renal scintigraphy revealed no significant changes for Tmax in our 

study on everolimus resistance in most treatment groups, alpelisib caused a significantly 

delayed tracer excretion with respect to T50 and T25 after 4 weeks of treatment. This is in 

line with frequently observed increased serum creatinine levels in clinical studies on al-

pelisib in breast cancer patients (Food and Drug Administration, Markham, 2019). 

Thus, after establishing a normal data base for the respective experimental setting, renal 

99mTc-MAG3 SPECT imaging in mice proved sufficiently sensitive for monitoring therapy-

induced renal function impairment. 

4.1.5 Bone Remodelling 

Skeletal scintigraphy is the gold standard for visualization of bone metabolism, and a 

sensitive quantitative technique for detecting metabolic changes. 99mTc-MDP uptake is 

directly correlated to the osteoblastic turnover which is upregulated by various factors 

governing tooth movement (Li et al., 2018), e.g. at the areas of tension and pressure due 

to varying forces of orthodontic appliances (Garcia et al., 1974). Furthermore, 99mTc-MDP 

uptake is dependent on the stages of the bone remodelling process (Upadhyay et al., 

2017). In rats, the bone formation phase during bone remodelling takes place at around 

14-28 days after a respective stimulus and is characterized by increased osteoblastic 

activity (Ohira et al., 2020). Ohira et al. also reported that the normal time for bone min-

eralization ranges from 28-70 days, wherein a decrease in osteoblastic activity is ob-

served during this period (Ohira et al., 2020). This is in accordance to our study and 

explains the significantly increased 99mTc-MDP uptake at 2 weeks post orthodontic pro-

cedures, which decreased at 4 weeks post treatment. However, contrary to the hypothe-

sis that the 99mTc-MDP uptake increases with the intensity of the trauma, there was no 

significant effect of additional piezocision on 99mTc-MDP uptake in comparison to the side 

undergoing only orthodontic appliance placement. Piezocision is a procedure performed 
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to accelerate orthodontic tooth movement which is highly influenced by osteoclastogen-

esis (Papadopoulos et al., 2021). However, osteoclastogenesis primarily governs the 

turnover of osteoclasts at the site of bone formation and not so much osteoblasts per se, 

which could explain the insignificant impact of piezocision of 99mTc-MDP bone uptake. 

Moreover, the distinct and significant effects of the orthodontic appliances themselves 

may conceal the effects of additional piezocision. 

Thus, bone scintigraphy was highly sensitive in detecting bone remodelling changes after 

surgery demonstrating an increased uptake at 2 weeks that gradually faded at 4 weeks 

after orthodontic appliance application with/without piezocision. However, no additional 

effect of piezocision on bone metabolism was observed that could be detected by bone 

SPECT/CT scintigraphy. 

4.2. Limitations 

A major and general limitation of animal studies as presented here is the usually small 

number of cases. Due to the very time-consuming multimodal imaging procedures, only 

a limited number of animals could be examined at the same time points. Although this 

limited the statistical significance of the results, the multimodal approach with various 

imaging methods and biomarkers on the other hand helped to confirm the data, so that 

valid statements could be made despite the small number of cases. Of interest, the major 

advantage of imaging with respect to the 3R concepts is that all the animals used in the 

different experiments were followed up longitudinally with the respective imaging meth-

odology both at baseline and after treatment. In such longitudinal study protocols each 

animal served as its own control thereby helping to minimise the number of animals re-

quired per time point to obtain the required information with sufficient statistical power as 

achieved by dependent data. 

A specific limitation of the renal SPECT imaging model is the non-feasibility of calculating 

the 99mTc-MAG3 clearance in analogy to patients. Clinically, the split renal function and 

the clearance of 99mTc-MAG3, measured in millilitre per minute, is calculated based both 

on the input function in the abdominal aorta and by combined blood sampling. This tech-

nique however could not be translated into mice owing primarily to the small blood volume 

of mice not allowing to take sufficient blood samples, secondly, the limited time resolution 

of SPECT imaging which does not allow to reliably measure the time-activity curve in 

sufficiently short time intervals of seconds and, thirdly, the limited spatial resolution of the 
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SPECT system causing partial volume effects due to the small diameter of the aorta. 

These drawbacks do not allow to precisely calculate the clearance of 99mTc-MAG3 in mice 

limiting the reliable and reproducible renal functional parameters to Tmax, T50 and T25. For 

a detailed discussion of this topic, please refer to Huang et al. (Huang et al., 2018). 

4.3. Implications for future research 

A first ever-robust everolimus resistant tumor xenograft SCID mouse model was success-

fully established along with preclinical imaging, and the therapeutic potential and efficacy 

of the PI3Kα inhibitor alpelisib in overcoming everolimus resistance was validated in vivo 

by this model. This has three major implications: Firstly, this model and its respective 

imaging procedures can be used for further preclinical mouse research on everolimus 

resistance. Secondly, alpelisib, so far FDA-approved for breast cancer therapy, in com-

bination with everolimus resulted in a significantly prolonged survival of animals with 

everolimus resistant tumors. This clearly proves our hypothesis that the concomitant ther-

apy with alpelisib and everolimus may overcome everolimus resistance by blockage of 

both PI3Kα and mTORC1 pathways, which will serve as a solid basis for further preclinical 

research and future clinical trials on this topic. Thirdly, alpelisib alone seems promising 

as a novel therapeutic approach in NET/NEC because alpelisib treated animals survived 

significantly longer in comparison to everolimus treated animals with everolimus sensitive 

tumors indicating a high anti-tumor potential of alpelisib per se. As both everolimus and 

alpelisib are already approved drugs, a clinical study may be the next step for investigat-

ing alpelisib versus everolimus in NET and NEC to gain data on toxicity and survival in a 

clinical setting. 

With respect to kidney functional SPECT imaging, SCID mouse normal data for both fe-

male and male animals have been compiled for the first time using a recently established 

imaging protocol (Huang et al., 2018). This data will serve as a basis for monitoring kidney 

function during therapy in future oncological preclinical research in which immuno-com-

promised SCID mice with xenotransplanted human tumors play an essential role. 

With respect to the overall goal of translating and implementing dedicated radionuclide 

imaging procedures with SPECT and PET in preclinical animal research, imaging proto-

cols have been established and validated which can be used as a basis, and might be an 

inspiration for including longitudinal imaging into future experimental animal-based re-

search for improved in vivo tumor and disease monitoring and characterization. 
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5 Conclusions  

The overarching goal of this thesis was to translate clinically well-established PET and 

SPECT imaging methodologies into various experimental preclinical settings for non-in-

vasive in vivo tumor characterization and treatment monitoring as well as detection of 

potential treatment-induced functional changes. 

A first ever robust everolimus resistant tumor SCID mouse xenograft model was success-

fully established and the therapeutic potential and efficacy of the PI3Kα inhibitor alpelisib 

in overcoming everolimus resistance in neuroendocrine tumors was confirmed in vivo 

indicating that this model and its respective PET and MR imaging procedures can be 

used for further preclinical mouse research on this prominent topic. 

With respect to kidney functional SPECT imaging with 99mTc-MAG3, SCID mouse normal 

data for both female and male animals have been compiled for the first time. This data 

served as a basis for monitoring kidney function during PRRT and chemotherapy with 

alpelisib in neuroendocrine tumors demonstrating that renal 99mTc-MAG3 SPECT imaging 

in SCID mice with xenotransplanted human tumors proved sufficiently sensitive for mon-

itoring therapy-induced renal functional impairment. 

In a third experimental setting on orthodontic piezocision, bone scintigraphy with 99mTc-

MDP was highly sensitive in monitoring and detecting bone remodelling changes in rats 

after orthodontic surgery although no additional effect of piezocision on bone metabolism 

was observed that could be detected by bone SPECT imaging. 

In summary, the present work clearly substantiates the preclinical use of non-invasive 

nuclear medicine SPECT and PET imaging procedures with dedicated small animal scan-

ners, which allow a comprehensive analysis of reliable in vivo treatment response moni-

toring and detection of potential morbidities and functional changes arising from the tumor 

and the tumor treatment. Imaging protocols have been established and validated which 

can be used as a basis for including longitudinal radionuclide imaging into future experi-

mental animal-based research. 
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