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1. INTRODUCTION  

 
Expanded knowledge of signal transduction pathways in cancers has led to new 

paradigms and development of molecular targeted therapies; gastrointestinal 

stromal tumor (GIST) being in the forefront. With an understanding of the key role 

of the receptor tyrosine kinase (RTK) KIT expression and the development of 

tyrosine kinase inhibitors (TKIs), a new era in the management of GIST began 

about a decade ago. GISTs comprise a heterogeneous entity with large variation 

in mutation status and tumor physiological variables influencing prognosis such as 

vasculature, proliferation, hypoxia and metabolism. Assessment of these 

prognostic factors prior to and early after onset of treatment may be of great value 

for implementing tailored treatment regimes. The emergence of drug-resistant 

tumor clones limits the long-term benefit of TKI in most patients and approaches to 

circumvent the development of resistance are of great clinical importance.  

 

Computer tomography (CT) is still the recommended imaging modality for 

monitoring patients with GIST. Traditionally, tumor response criteria are based on 

unidimensional tumor size changes without consideration of other treatment 

response parameters to TKIs such as tumor density, decreased vascularization 

and alteration in tumor metabolism. Functional and molecular imaging modalities 

are promising for non-invasive evaluation of treatment in GIST. Positron emission 

tomography (PET) using the glucose analog fluorine-18 (18F) labeled 2-deoxy-D-

glucose (FDG) identifies more responders than CT and at an earlier time point. 

PET can also detect secondary resistance. During the last decade, diffusion-

weighted magnetic resonance imaging (DW MRI) has been applied also for 

extracranial oncological imaging. Malignant tumors usually show high intensity on 

DW MRI because of their high cellular density limiting the motion of water 

molecules. During TKI treatment the cellular density is believed to decrease and 

thereby also the diffusion signal.  

 

A human GIST xenograft was established from a clinically imatinib-resistant tumor 

(paper I) to mimic the clinical scenario of advanced GIST. Treatment response to 

the commonly used TKIs imatinib and sunitinib were assessed by growth 

measurements, FDG PET and immunohistochemistry (papers I, II and III). In 



papers IV and V we explored the ability of DW MRI, FDG PET/CT and CT to 

detect early treatment responses in GIST patients receiving imatinib. 

 

 



2. BACKGROUND  

  

2.1. GIST 

GIST is the most common sarcoma of the gastrointestinal (GI) tract (Nowain, 

2005) arising in mesenchymal components. GISTs can originate anywhere in the 

GI tract, but most tumors arise in the stomach (40 – 60%) or in the small intestine 

(25 – 30%) (DeMatteo, 2000; Miettinen, 2006). Less common sites are duodenum 

(5%), colorectum (5 –15%) and oesophagus (  1%). Extragastrointestinal stromal 

tumors are extremely rare, but may occur in the omentum, mesentery and 

retroperitoneum (Miettinen, 2006).  

 

2.1.1. The history of GIST 

The classification and management of mesenchymal neoplasms in the GI tract has 

evolved significantly during the last 20 years. Most GI soft tissue neoplasms, 

previously classified as leiomyomas, shwannomas, leiomyoblastomas or 

leiomyosarcomas, are today classified as GISTs on the basis of identified 

molecular and immunohistological features. GISTs were originally believed to be 

derived from smooth muscle, but without complete differentiation (as seen in 

leiomyomas). Historically, most GISTs were thought to be benign due to their 

tranquil histopathological features. Long-time follow-up studies have however 

revealed that practically all GISTs have a potential for malignant behavior, also 

tumors < 2 cm (Rubin, 2000). Even small GISTs should therefore not be classified 

as benign (Fletcher, 2002b; Miettinen, 2006). The breakthrough came with the 

identification of the CD117 antigen expression in GISTs (Kindblom, 1998; Hirota, 

1998; Rubin, 2000). The other groups of neoplasms arising in the GI tract are 

usually CD117 negative (Rubin, 2000). The CD117 antigen is a part of the KIT 

transmembrane RTK and a product of the KIT protooncogene.    

 

GISTs are believed to arise from the interstitial cells of Cajal (ICC), the GI 

pacemaker cells, or in precursors of these cells (Kindblom, 1998), having features 

of smooth muscle and neuronal differentiation, and regulate peristalsis (Fletcher, 

2002b). Today, GISTs are mainly identified by their KIT immunoreactivity and 

activating mutations in KIT or platelet-derived growth factor  (PDGFRA). 



Immunohistochemically KIT-negative GISTs account for 4 – 5%, preferentially 

arising in the stomach or the omentum. 

 

The identification of oncogenic kinase mutations in GISTs and the nearly 

simultaneous discovery of TKIs revolutionized the treatment of GISTs. During the 

last century no effective drugs for advanced GISTs were available. For the first 

time, Joensuu et al reported in 2001 that the TKI imatinib resulted in durable 

effects in a patient with metastatic GIST (Joensuu, 2001). 

 

2.1.2. Epidemiology 

GIST accounts for 1 – 3% of all GI malignancies. Epidemiologic studies and 

therapeutic trials suggest an annual incidence in the range of 7 – 20 cases per 

million (Fletcher, 2002b; Nilsson, 2005; Tran, 2005). In a population of the northern 

regions of Norway, the incidence rate was reported to be close to 20 per million 

per year (Steigen, 2006). A recently published paper from the southwestern part of 

Norway found an incidence of 7.4 cases per million (Sandvik, 2011). The true 

incidence is unknown because epidemiologic data are difficult to interpret since the 

definition of GIST was based upon criteria first defined in 1990 (Tran, 2005), 

before GIST was molecularly characterized. More recent data indicate that the 

frequency of incidentally detected sub-centimeter gastric GISTs is probably higher 

(Kawanowa, 2006; Agaimy, 2007) and in a Japanese study they found microscopic 

GISTs in 35 out of 100 resected stomachs (Kawanowa, 2006).  

 

The mean age at diagnosis was 63 years in the registry of The National Cancer 

Institute’s Surveillance, Epidemiology and End Results (SEER) (Tran, 2005).  

 

The majority of GISTs are sporadic, but heritable mutations in the KIT gene occur 

and these families have a predisposition for multiple GISTs (Janeway, 2007). 

Patients with neurofibromatosis type 1 (NF1) also have a high incidence of GIST, 

but very few of them harbor mutations in the KIT or the PDGFRA genes (Mussi, 

2008). KIT is still usually overexpressed although the tumors are wild-type for KIT 

and PDGFRA. GIST in children is rare and usually connected to syndromes 

(Pappo, 2009).  



2.1.3. Risk stratification 

GISTs exhibit a wide range of malignant potentials, and criteria for identifying 

tumors with high risk for recurrence and metastases have been discussed for 

years (Fletcher, 2002b; Miettinen, 2006; Joensuu, 2008; Joensuu, 2011). For the 

planning of postoperative treatment and follow-up it is essential to have a risk 

stratification system. Tumor mitotic rate has been shown to be the strongest 

prognostic factor for relapse in operable GIST patients (Fletcher, 2002a), but 

tumor size and site have also been shown to be independent risk factors for 

recurrence free survival (RFS) (Miettinen, 2006; Rutkowski, 2007).  

 

Different risk stratifications have been developed. The National Institutes of Health 

(NIH) consensus criteria from 2001 (Fletcher, 2002b) used only tumor size and 

tumor mitotic index as risk factors. The primary site and R1 resection, being 

defined as microscopically incomplete resection and/or the presence of tumor 

rupture have later been associated with unfavorable outcome (Miettinen, 2006; 

Joensuu, 2008; Rutkowski, 2011), and Joensuu has proposed a modified 

classification system (Table 1) (Joensuu, 2008). This classification system added 

tumor site and the presence of tumor rupture to the already accepted factors.  

 

Small (  5.0 cm) non-gastric GISTs with mitotic index > 5/50 high-power fields 

(HPF) and non-gastric intermediate size (5.1 – 10.0 cm) GISTs with mitotic index  

5 are considered high risk tumors according to Joensuu classification system 

unlike the NIH Consensus Criteria. Recently, the Joensuu classification risk 

categories were shown to be highly associated with overall survival (OS) 

(Rutkowski, 2011).  

 

Even though other prognostic factors have been identified, such as mutation type 

(Blanke, 2008a) and findings with PET/CT and MRI (Stroobants, 2003; Otomi, 

2010), none of them are yet accepted as sound risk criteria (Joensuu, 2011). 

 

 

 

 

 



Table 1: Risk stratification in the proposed Joensuu classification (Joensuu 2008). 

Risk category Tumor size [cm] 
Mitotic index 

[per 50 HPF*] 
Primary tumor site 

Very low risk  2.0  5 Any 

Low risk 2.1 – 5.0  5 Any 

 5.0 6 – 10 Gastric Intermediate risk 

5.1 – 10.0  5 Gastric 

Any Any Tumor rupture 

> 10.0 Any Any 

Any > 10 Any 

> 5.0 > 5 Any 

 5.0 > 5 Non-gastric 

High risk 

5.1 – 10.0  5 Non-gastric 

*HPF, high power field 

 

 

2.1.4. Molecular pathogenesis 

Histologically, the appearance of GISTs is usually classified as either spindle cell 

(70%), epitheliod (20%) or mixed type (10%) (Fletcher, 2002b). Most GISTs are 

immunohistochemically positive for the RTK (95%) (Hirota, 1998). In addition, 

GISTs are immunopositive for DOG1, also known as anoctamin and protein kinase 

C-  (PKC ) (West, 2004).  

 

KIT is a member of the type III RTK family which also includes platelet-derived 

growth factor  (PDGRFA) and platelet-derived growth factor  (PDGRFB) among 

others. Stem cell factor and PDGFA are the natural ligands to KIT and PDGFRA, 

respectively (Rubin, 2001). 

 

About 80% of patients have gain-of-function activating mutations in the RTK gene 

KIT in regions that encode autoregulatory domains of the tyrosine kinase (TK) 

(Kindblom, 1998; Corless, 2004). These mutations occur predominantly in KIT 

exon 11 (66%) and in KIT exon 9 (12%) (Tornillo, 2006; Corless, 2011). GISTs 

with mutations in KIT exon 13 and KIT exon 17 are less common (Tornillo, 2006; 



Corless, 2011). Activating mutations in the genes encoding PDGFRA are seen in 

approximately 8% of the patients (Hirota, 2003; Heinrich, 2003b; Corless, 2011).  

 

Spesific types of KIT mutations are associated with aggressive behavior (Singer, 

2002; Antonescu, 2003), including exon 9. In several studies KIT deletion/insertion 

mutations involving 557 and/or 558 codons of KIT exon 11 predict poor survival 

(Martin, 2005; Andersson, 2006; Martin-Broto, 2010). PDGFRA exon 18 is 

associated with better outcome (Lasota, 2006). 

 

Previous studies have shown that 10 – 14% of GISTs have no identifiable RTK 

mutations, known as wild-type GISTs (Nowain, 2005; Tornillo, 2006; Corless, 

2011). Such GISTs do not have mutation in neither KIT nor PDGFRA. However, 

their morphology is identical to GISTs harboring mutations in KIT or PDGFRA, but 

they usually express high levels of KIT per se. Wild-type GIST is a heterogeneous 

group with different oncogenic mutations. A mutation in the serine-threonine 

kinase (BRAF) is present in 13% of wild-type GISTs (Hostein, 2010). Mutations in 

the succinate dehydrogenase (SDH) complex have also recently been identified 

(Janeway, 2007). GISTs with loss-of-function mutations in SDHA have also been 

reported (Pantaleo, 2011). Furthermore, patients with NF1 can develop one or 

several GISTs (7%) (Andersson, 2005; Miettinen, 2006). Wild-type GISTs most 

often arise in the small intestine and they rarely metastasize (Andersson, 2005; 

Miettinen, 2006). 

 

Pediatric patients with GISTs account for approximately 1 – 2% of all GISTs and 

seldom harbor KIT or PDGFRA mutations. These tumors usually grow slowly but 

often metastasize (Janeway, 2007; Agaram, 2008). A special non-heritable 

pediatric type of GISTs is a combination with pulmonary chondroma and/or 

paraganglioma, known as Carney’s triad (Carney, 1999). 

 

Molecular biology studies in tumors with KIT and PDGFRA mutations show that 

these mutations activate downstream signaling pathways such as the mitogen-

activated protein kinase MAPK pathway (including RAF, MEK and MAPK) and the 

phosphoinositide 3-kinase (PI3K) and Protein Kinase B (PKB), also known as AKT 

(a serine/threonine-spesific protein kinase pathway) (Rubin, 2001; Rossi, 2006). 



AKT activation through PI3K affects the regulation of cell cycle and has anti-

apoptotic effects (Corless, 2011) (Figure 1).  

 

 

 
 

 

Figure 1: Simplified ongogenic signaling in KIT and PDGFRA mutant GIST. The binding of 

stem cell factor (SCF) or mutational activation leads to phosphorylation of tyrosine residues which 

serve as binding sites for various cell signaling proteins; such as the PI3-K/AKT, RAS/RAF/MAPK 

and the JAK/STAT pathways. The activated KIT/PDGFRA stimulates intracellular signaling 

pathways controlling glucose metabolism, apoptosis and cell proliferation.  

 

 

The role of mutation analysis in monitoring patients with GIST is still debated. 

Guidelines from the National Comprehensive Cancer Network (NCCN) 

recommend KIT immunostaining for all suspected GISTs, and if negative, mutation 

analysis (Demetri, 2010; Von Mehren, 2012). They do not recommend routine 



genotyping of KIT positive GISTs, but specifies that mutation analysis may to 

some extent predict treatment response to TKI. 

 

2.1.5. Clinical presentation 

There is a large variation in the clinical presentation of GISTs. Small GISTs (< 2 

cm) are usually asymptomatic and an incidental finding on CT and endoscopy. 

GISTs are usually associated with non-specific symptoms i.e. bloating, early 

satiety etc. unless they ulcerate, bleed or grow large enough to give pain or 

obstruction (DeMatteo, 2000). Nilsson et al found in their population-based study 

in western Sweden that the median tumor size of GISTs was 8.9, 2.7 and 3.4 cm 

when detected based on symptoms, incidental findings, or at autopsy, respectively 

(Nilsson, 2005). The clinical presentation depends on its localization and size. 

GIST metastasize to liver and peritoneum and only rarely to lymph nodes or extra-

abdominal sites (Miettinen, 2006). 

 

2.1.6. Treatment of GIST 

Surgery is the standard treatment for patients with primary resectable GIST 

(Joensuu, 2012b). All GISTs  2 cm should be resected (Demetri, 2010; Casali, 

2010). For smaller GISTs, the malignant potential is unknown and there is a lack of 

consensus of the optimal management of these small tumors. 

 

The majority of localized GISTs allow complete resection (R0), but unfortunately 

up to half of the patients will relapse within five years despite R0 resection 

(DeMatteo, 2000; Samiian, 2004). A complete gross resection of the tumor with an 

intact pseudocapsule is the surgical goal. Routine lymphadenoectomi is not 

indicated because metastases to lymph nodes are uncommon. GISTs often grow 

extraluminally and displace rather than invade adjacent organs. During surgery, 

the abdominal cavity should be carefully explored with emphasis on liver and 

peritoneum to exclude metastatic spread. En bloc resection is essential as tumor 

rupture increases the risk for relapse (Joensuu, 2008; Rutkowski, 2011).  

 

Standard chemotherapy and radiotherapy are not effective in GIST (Dematteo 

2002). Until recently, treatment options for patients with advanced GIST were 

limited and the median survival was approximately 18 months (DeMatteo, 2002). 



With an understanding of the key role of the KIT tyrosin kinase expression and the 

subsequent introduction of the TKI imatinib, a new era in the management of this 

tumor entity began (Joensuu, 2001). Imatinib was originally developed for the 

treatment of chronic myeloid leukemia (CML) because of its ability to inhibit BCR-

ABL (Druker, 1996). It was further observed that KIT and other TKs shared 

structural similarity with ABL (Heinrich, 2000).  

 

2.1.6.1. Treatment of patients with advanced GIST 

Imatinib is the standard first-line treatment for advanced GISTs (Fletcher, 2007). 

Most patients (50 – 70%) respond to imatinib and further 15 – 39% have disease 

stabilization (Demetri, 2002; Blanke, 2008a). Complete response to imatinib is 

rare, estimated to 3 – 5% (Chacon, 2005; Bauer, 2005; Blanke, 2008a). For 

patients with advanced disease median survival is 5 years and as many as 34% 

survive more than 9 years (Von Mehren, 11 A.D.) However, the majority of patients 

for whom imatinib is initially effective, will eventually develop resistance to the 

drug, usually through the mechanism of secondary mutations, but an amplification 

of the KIT gene is also suggested (Gramza, 2009). Secondary or late resistance 

develops after a median of almost 2 years of treatment (Demetri, 2002; Rutkowski, 

2007; Blanke, 2008b), and the emergence of drug-resistant tumor clones limits the 

long-term benefit of these drugs in most patients.  

 

Imatinib inhibits KIT by binding to the adenosin triphosphat (ATP)-binding site. 

Normally, the RTK is in equilibrium between the active and the inactive 

conformation, but imatinib stabilizes the receptor in the inactive state (Mol, 2004). 

Which factors that influence the extent of imatinib response are not fully 

understood (Rutkowski, 2007). In vitro studies demonstrate that imatinib inhibits 

KIT activity, leading to a down-regulation of AKT followed by a decreased glucose 

transport into the GIST cells (Tarn, 2006). 

 

Although TKI has become the standard treatment for metastatic GIST, surgery 

also plays a role in the management of these patients as a resection of 

residual/metastatic disease may delay or avoid development of resistant clones 

(DeMatteo, 2007). Retrospective studies suggest longer disease control after 

surgical resection in patients with limited metastatic disease (Rutkowski, 2006; 



Gronchi, 2007). However, no randomized studies have been performed and it is 

unknown whether overall survival increases. Several studies conclude that surgery 

is advantageous only for patients who respond to TKI or show isolated progression 

(Raut, 2006; DeMatteo, 2007). Continued TKI treatment is required also after 

complete resection as progression free survival (PFS) is decreased in patients 

who discontinue TKI treatment (Rutkowski, 2006; DeMatteo, 2007; Gronchi, 2007). 

 

2.1.6.2. Adjuvant treatment of GIST  

The use of imatinib postoperatively in non-metastatic patients has demonstrated a 

marked decrease in recurrence after complete resection (DeMatteo, 2009). It is 

therefore important to identify patients who need closer monitoring or adjuvant 

treatment. In June 2009 imatinib was approved as adjuvant treatment for adult 

patients with significant recurrence risk after resection of a CD117 positive GIST. 

Norway participated in a study led by the Scandinavian and German sarcoma 

groups where the effect of one and three years treatment with 400 mg imatinib 

were compared (SSG XVIII). The results were recently published and showed 

significantly better results with three years of treatment (66% without relapse and 

92% alive after five years compared to 48% and 82% with one year treatment, 

respectively) (Joensuu, 2012a). Based on these findings the European Medicines 

Agency (EMA) in February 2012 approved three years of treatment for the high-

risk group. Only imatinib has been evaluated as adjuvant treatment in GIST. 

Treatment beyond three years has not been studied, and the optimal selection of 

patients for adjuvant treatment is still not settled.  

 

2.1.6.3. Neoadjuvant treatment 

If a GIST is borderline resectable or if surgery is anticipated to be mutilating, 

neoadjuvant treatment with imatinib may be preferable (Sjolund, 2010; 

Machlenkin, 2011). There are no accepted guidelines for neoadjuvant imatinib 

treatment, and no randomized trials have been published. However, retrospective 

data support that such a strategy could render initially non-resectable tumors 

resectable (Sjolund, 2010; Machlenkin, 2011). Optimal neoadjuvant treatment 

period must at present be evaluated individually and with frequent imaging during 

the treatment. FDG PET has been shown to be particularly useful in this setting 

(Demetri, 2010; Casali, 2010; Van den Abbeele, 2012).  



 

2.1.6.4. Side-effects of imatinib  

About five percent of GIST patients receiving imatinib develop unacceptable 

adverse effects (Samiian, 2004; Demetri, 2006). In our single institution study 

(including 37 patients with metastatic GIST receiving imatinib) periorbital edema 

and nausea were the most frequent side-effects, maintained for more than one 

year in 20% of the patients (submitted). In general, adverse effects were reduced 

with treatment time. One patient discontinued imatinib because of generalized 

exantem, and two patients due to side-effects (edema and nausea, respectively) 

and disease progression. Two patients needed dose reduction for a period 

because of skin rash. Tumor bleeding occurred in four patients, one with fatal 

outcome, and one underwent stabilizing surgery (Figure 2) (submitted). 

 

 

Figure 2: Side effects registered the first year of imatinib treatment in 37 GIST patients. 

 

 

2.1.7. Development of resistance  

The most commonly observed resistance mechanism is the occurrence of point 

mutations in the BCR-ABL kinase domain that affect the ability of imatinib to bind 

effectively in the ATP pocket. Although new generation TKIs initially may be 

effective, consecutive new mutations will develop and again lead to resistance. It is 

unclear if new mutations develop or if primary therapy selects for pre-existing 

resistant clones. Mutations have been observed early in the disease process when 

patients still show treatment response. It therefore seems likely that some of these 

mutations are pre-existing and selected by therapy. Clinical resistance may be 



manifested in several ways; growth of a nodule within a pre-existing dormant 

lesion, development of new lesions or expansion of multiple lesions in the liver or 

in the abdominal cavity. Different resistant mutations may be present at the same 

time in the same patient both at different sites or in the same metastasis (Heinrich, 

2006; Liegl, 2008). This heterogeneity is of course a challenge for the efficacy of 

further TKI therapy. 

 

Secondary mutations occur nearly always in the same gene and allele as the 

primary mutation (Antonescu, 2005) and are most common in GISTs harboring a 

primary KIT exon 11 mutation and have not been observed in wild-type GISTs 

(Heinrich, 2006).  

 

Primary mutations that activate KIT are mainly localized to the juxtamembrane 

regions encoded by exons 11 and 9. Secondary mutations are localized in two 

others regions of the KIT kinase, the same that is targeted by imatinib; the ATP-

binding pocket (encoded by exons 13 and 14) which directly hinder drug binding 

and the activating loop (encoded by exons 17 and 18) which stabilize KIT in the 

active form so that the TKI cannot interact (Figure 3). KIT exon 17 point mutations 

are the most frequent mutation considered to confer imatinib resistance, e.g. 

D816H. KIT exons 17 and 18 mutation can also be primary mutations, but are very 

rare. Secondary resistance in PDGFRA mutations has also been observed 

(Heinrich, 2006). 

 

2.1.8. Approaches to combat imatinib resistance 

In patients progressing under imatinib treatment, an increase of the imatinib dose 

is recommended. Some patients respond to a dose escalation, but usually only 

temporarily. Some patients will nevertheless have prolonged disease control 

lasting one year or more (Blanke, 2008b). Possible explanations for this 

observation include inadequate drug concentration and/or that a proportion of the 

GIST cells have maintained their primary imatinib sensitive mutation.    

 

If the disease progresses after a dose escalation with imatinib, the 

recommendation is to switch to another TKI. During the past years other TKIs such 

as sunitinib, nilotinib, sorafenib, dasatinib and pazopanib have been developed 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Primary and secondary mutations in GIST and their drug sensitivities. 

 

 

(Samiian, 2004; Deremer, 2008; Novak, 2010; Reichardt, 2011). Of these new 

TKIs, only sunitinib has reached recommended clinical practice as second-line 

treatment (Samiian, 2004; Demetri, 2009; Demetri, 2012). KIT ATP-binding pocket 

mutations are sensitive to sunitinib, but the activation loop mutations are cross-

resistant to sunitinib. Many of the next generation TKIs also target vascular 

endothelial growth factors 1 and 2 (VEGFR1 and VEGFR 2) (Samiian, 2004; 

Deremer, 2008; Sawaki, 2011), and thereby inhibit angiogenesis. Unfortunately, 

none of the new inhibitors have the same striking effect given as second line 

treatment after imatinib failure as imatinib has in previously untreated patients. 

 

2.1.9. Treatment response evaluation 

Response to anticancer therapy has traditionally been evaluated on the basis of 

morphologic changes with reduction in tumor size being the gold standard. Size-



based criteria originally designed to assess response to cytotoxic drugs have 

limitated value in response assessment to new molecular targeted therapies that 

have a cytostatic rather than a direct cytotoxic effect on cancer cells. The 

evaluation of therapeutic efficacy of TKI can therefore be difficult because they do 

not necessarily induce lesion shrinkage, or at least not before weeks or months 

(Benjamin, 2007; Deremer, 2008). Some responsive tumors even initially increase 

in size, reflecting tumor necrosis, myxoid degeneration or intratumoral hemorrhage 

(Choi, 2004). Furthermore, anatomic imaging has limited ability to differentiate 

treatment induced fibrosis from residual vital tumor tissue. CT has been the 

method of choice for monitoring patients with GIST and is the recommended 

modality (Demetri, 2010; Casali, 2010). International guidelines for objective 

response evaluation are established, such as the World Health Organization 

(WHO) criteria, the Southwest Oncology Group (SWOG) criteria and the Response 

Evaluation Criteria in Solid Tumors (RECIST), all of them solely based upon 

changes in tumor size assessed by morphological imaging. The most commonly 

used response criteria is RECIST (Eisenhauer, 2009). Briefly, the four response 

categories in RECIST are complete response (CR) defined as the disappearance 

of all target lesions, partial response (PR) defined as a decrease in the sum of the 

diameters of all target lesions by  30%, progressive disease (PD) defined as an 

increase of  20% or appearance of new lesions, and stable disease (SD) defined 

as changes in the sum of the diameters that are not sufficient to qualify for neither 

PR nor PD. Consequently, RECIST may underestimate the overall clinical benefit 

of TKI treatment (Benjamin, 2007; Revheim, 2011). In recent studies decreased 

tumor size and/or density on CT have been used to document GIST response to 

imatinib treatment (Benjamin, 2007). Response to treatment on CT, often referred 

to as the Choi criteria, is then defined as more than 15% decrease in CT density 

value or more than 10% decrease in tumour size (Benjamin, 2007; Choi, 2008).  

 

FDG PET has become an increasingly important tool for response evaluation in 

patients with cancer (Weber, 2005; Weber, 2007). In 1999 the European 

Organization for Research and Treatment of Cancer (EORTC) proposed PET 

response criteria (Young, 1999). At that time very limited data regarding treatment 

response were available and the criteria were based on reproducibility studies in 

PET. Briefly, progressive metabolic disease (PMD) is defined as > 25% increase 



of maximum standardized uptake value (SUVmax) of the target lesions, or 

appearance of new lesions. Stable metabolic disease (SMD) includes change in 

SUVmax less than 25% and partial metabolic response (PMR) is defined as > 25% 

decrease of SUVmax in target lesions. Finally, complete metabolic response 

(CMR) is the disappearance of lesions on the PET image. Based upon the 

extensive numbers of articles supporting the use of FDG PET for the assessment 

of treatment response published after 1999, Wahl et al in 2009 made a draft of a 

new updated set of PET criteria named the Positron Emission tomography 

Response Criteria in Solid Tumors (PERCIST) (Wahl, 2009). In PERCIST, CMR is 

defined as the disappearance of all active lesions, PMR is defined as > 30% 

reduction in the lesion with highest uptake (this lesion does not need to be the 

same lesion as measured prior to treatment) and PMD is defined as an increase of 

> 30% or appearance of new lesions. PERCIST also includes performance of PET 

scans consistent with the National Cancer Institute recommendations and the 

Netherlands multicenter trial group (Shankar, 2006). Usually GISTs show high 

uptake of FDG when imaged by PET, and treatment response can be observed 

early (Joensuu, 2001; Shinto, 2008) (papers II, IV and V). Stroobants et al were 

the first group to use FDG PET for early treatment response evaluation to imatinib 

in 21 patients with soft-tissue sarcomas, 17 with GIST (Stroobants, 2003). FDG 

PET and CT were performed prior to treatment and 8 days after starting treatment. 

PET response was observed in 13 patients. Furthermore, one year PFS was 92% 

and 12% for the PET responders and non-responders, respectively.  

 

During the past decades, the use of DW MRI has increasingly being applied to 

extracranial cancers (Padhani, 2009). The signal intensity in DW MRI reflects the 

ability of protons to move within tissue. As tumor cells usually are more densely 

accumulated that the normal tissue from which they originate, tumors will appear 

with elevated signal intensity at DW MRI. There are only one case report (Matsui, 

2009) and a study consisting of five patients where DW MRI has been used in the 

diagnosis of GIST (Wong, 2012). Following our case report where DW MRI was 

used for both initial diagnosis and for assessment of treatment response in a rectal 

GIST patient receiving imatinib (paper IV), a Chinese group investigated DW MRI 

as an early response indicator in 32 GIST patients (Tang, 2011). Decreased 

cellular density during TKI treatment is anticipated to be accompanied by 



decreased diffusion signal (Charles-Edwards, 2006). DW MRI response criteria 

and the best time-point for assessment are not yet established.  

 



2.2. Imaging of GIST 

 

As mentioned previously, CT is the gold standard for diagnostics and follow-up in 

GIST patients. On CT, GIST appears as a solid, smoothly contoured, and 

hypervascular tumor (enhances brightly with i.v contrast). Large tumors may show 

signs of necrosis, hemorrhage and/or degenerating components. Hematogenous 

metastases most commonly occur in the liver, peritoneal cavity and omentum. 

Residual tumors often appear like cystic remnants of a larger mass. 

 

Endoscopy allows further characterization of a gastric tumor. GIST may appear as 

a submucosal mass with smooth margins, a normal overlying mucosa, some with 

a central ulceration, and bulging into the lumen. 

 

Functional imaging represents a promising approach for GIST and such methods 

may give improved characterization of the tumor, their aggressiveness and allow 

repeated assessment of treatment response. Hence, therapy can be adapted to 

each individual patient’s disease. Functional imaging of metabolism in GISTs with 

the glucose analog FDG PET has been reported to be particularly useful when the 

CT findings are inconclusive or inconsistent with the clinical findings (Demetri, 

2010; Von Mehren, 2012) and can detect both unknown primary site and unknown 

metastases. PET is also useful in patients with borderline resectable GIST where  

moving to alternative therapy is considered (Van den Abbeele, 2012; Von Mehren, 

2012). Response to targeted therapies assessed with FDG PET is characterized 

by a striking decrease in the glycolytic metabolism of GISTs seen within 24 hours 

of the first dose TKI (Shinto, 2008) (paper II) and has shown to predict long-term 

response (Van den Abbeele, 2008; Van den Abbeele, 2012). Little is known about 

the application of DW MRI for GIST patients, but for other cancers DW MRI has 

recently been used for tumor grading and monitoring of treatment response 

(Brindle, 2008; Nilsen, 2010; Roe, 2011). 

 

2.2.1. CT 

CT provides high spatial resolution images and allows whole body images to be 

obtained within seconds. Multi slice CT scanners were introduced in the early 



2000s and are able to acquire up to 640 images per rotation. Standard 

reconstruction matrixes are 512 x 512, but it is possible to reconstruct in 768 x 768 

and 1024 x 1024 matrixes yielding reduced voxel sizes. The introduction of dual-

energy CT scanners enhances image quality further and improves differentiation of 

soft tissue and segmentation of tissue and iodine-based contrast agents. 

 

2.2.1.1 Principle of CT 

X-ray absorption depends on the electron densities of the tissue. The high electron 

density (high attenuation coefficient) of bone translates into a brighter signal on CT 

images compared to tissues with lower attenuation properties. Electrical signals 

are generated from x-rays that passes through the object and are captured in the 

detector system. The attenuation values of different tissue are assigned an 

attenuation value in Hounsfield Units (HU) (a value relative to the attenuation of 

water). 

 

2.2.2. PET 

PET is a nuclear medicine imaging technique that provides three-dimensional 

images of functional processes based on the chosen tracer.  

 

2.2.2.1. The tracer principle  

A fundamental principle in nuclear medicine is the radiotracer principle invented by 

George de Hevesy in 1912. He discovered that radioactive compounds had 

identical chemical properties as the non-radioactive form and thus could be used 

to track physiological processes in the body. In order to provide information of the 

unaltered system characteristics the amount of exogenously administered 

substance (the tracer) must be so small that it does not perturb the system. PET is 

a very sensitive method. It only takes a picogram of radioactively tagged 

compound for the PET scanner to perform a precise quantification and compute 

images of the process. In this way the radioactive compound given does not affect 

the normal biochemical equilibrium studied. 

 

2.2.2.2. Detection and quantification in PET 

PET is based on the simultaneous detection of two annihilation photons that are 

emitted when a positron-emitting radioisotope decays by releasing a positron ( +) 



that annihilates with an electron (Figure 4). The photons are emitted in opposite 

directions with energy equal to the sum of the rest energy of the positron and the 

electron (511keV). The traveling distance before annihilation depends on the 

positron’s initial energy and the density of the surrounding tissue (Table 2). The 

positron and the electron are not accurately at rest at the time of annihilation and 

thus, they are not emitted exactly at 180° (typically 180° ± 0.25°).This non-

colinearity will give raise to a blurry effect. The positron traveling distance in tissue 

together with non-colinearity is factors that limit the spatial resolution in PET 

images. The most commonly used radionuclide in both clinical and preclinical PET 

studies is 18-fluorine (18F).  18F has a + max energy of 0.63 MeV and a mean 

range in water of 0.6 mm. Properties of the main positron emitting nuclides are 

listed in Table 2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: The principle of PET imaging. PET imaging is based on a process called annihilation; 

an interaction between an electron and a positron arise from the decay of a positron-emitting 

radioisotope. Two 511keV photons emitted at approximately 180° are simultaneously detected 

(coincidence detection) in the PET detectors.  

 

 

 



Table 2: The main positron emitters and their properties. 

Nuclide  
11C 13N 15O 18F 

Half life (min) 20.4 9.9 2.1 109.8 

Emax (MeV) 0.959 1.197 1.738 0.633 

Mean range in water (mm) 1.1 1.5 2.5 0.6 

 

 

The energy from the annihilation photons is transformed to light when they hit the 

PET detector. Modern PET systems have detectors arranged in several rings and 

each ring is formed by blocks of scintillation crystals. A typical block contains 13 x 

13 crystals. The scintillator block is then coupled to four photomultiplier tubes 

(PMTs), and these tubes transform light into electric signals.   

 

Only the pairs of annihilation photons that hit the PET detector within a predefined 

time and energy window will be accepted. The line between two opposite hits is 

called a line of response (LOR). PET images are reconstructed from millions of 

LOR registrations providing a picture of the radiotracer’s distribution. The exact 

location of the annihilation event is based on mathematical processing of millions 

of LOR. Photons travel at the speed of light (3 x 108 m/s) and the detection time of 

a pair of photons is 2 – 3 ns. The coincidence timing window is typically around 5 

ns. The last generation PET scanners are able to detect annihilation photons 

within an extremely short time window. They can even calculate the time 

difference between the hits of a pair of annihilation photons in the coincidence 

window (Karp, 2008). 

 

PET has about 10-fold better sensitivity than conventional gamma cameras. The 

increased sensitivity is due to multiple full ring detectors and 3D acquisition without 

collimation. The higher spatial resolution of PET mainly results from the small 

sized detector elements and the coincidence detection technique. In theory, 

feasibility studies exploring small crystals have shown resolutions of about 0.4 mm 

(Stickel, 2005). The spatial resolution is nevertheless inferior to both CT and MRI. 

Almost all PET systems today are combined PET/CT scanners allowing high-

resolution CT images. The integrated CT is used for attenuation correction of the 



PET images. For PET scanners without integrated CT, attenuation and scatter 

correction may be obtained by a transmission scan using external point sources of 

radiation. The most common point source is the long-lived 68Ge (T ½ = 270 d).  

 

2.2.2.3. Standardized uptake value (SUV) 

The SUV typically obtained one hour post-injection is traditionally used for clinical 

quantitative assessment of uptake in lesions. The use of SUV has been reviewed 

and discussed by several authors (Shankar, 2006; Wahl, 2009; Boellaard, 2009; 

Boellaard, 2010; Boellaard, 2011). The SUV is defined as the tissue activity 

concentration C (MBq/g) measured over a certain interval after FDG injection in a 

chosen region (ROI) or volume of interest (VOI) and normalized to the dose FDG 

injected corrected for physical decay (MBq) and parameters with effect on body 

distribution (Kim, 1996) such as body weight, lean body mass (body mass minus 

fat) and body surface (1.73 m2). The SUV normalized to lean body mass (lbm) is 

given by: 
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2.2.2.4. Dynamic PET 

Dynamic PET depicts the change of radiotracer distribution as a function of time 

after injection by acquisition of sequential scans. Mathematical pharmacokinetic 

modeling of the tracer distribution allows the conversion of altered radioactivity 

distribution into biologically meaningful variables. The kinetics can be described 

using a maximum of three compartments for most radiotracers; an arterial blood 

compartment with free or plasma protein bound tracer, a free compartment 

(extracellular or intracellular fluid) and a compartment with tracer bound either to 



an enzyme, a receptor or metabolically trapped. An example of a compartmental 

model for the FDG uptake in a tumor is shown in Figure 5.  

 

Abnormal vasculature and elevated glucose metabolism in lesions are indicators of 

malignancy. With dynamic FDG PET, information about both the early distribution 

phase and the later metabolic phase are obtained (Roe, 2010). Kinetic modeling of 

the tracer uptake can thus provide information about blood flow, capillary 

permeability and tumor metabolism, information that may predict tumor 

aggressiveness and treatment outcome. 

 

 

 

 

Figure 5: Kinetic compartment model used to describe FDG kinetics. The compartment model 

used in extraction of kinetic information from dynamic 18F FDG PET. CP is the concentration of 

FDG in plasma and CT is the FDG concentration in tumor. CT is further separated into not 

metabolized or free FDG, CF, and metabolized or bound FDG, CB. The kinetic parameters k1 (min-1) 

and k2 (min-1) describes the forward and backward FDG diffusion, respectively. The k3 (min-1) and 

k4 (min-1) parameters signify the rates of FDG phosphorylation and dephosphorylations, 

respectively, i.e. reflecting the receptor binding or glucose metabolism. 

 

 



2.2.2.5. Small animal PET 

PET scanners designed specifically for imaging small primates are used in pre-

clinical studies. These scanners are also referred to as MicroPET scanners and 

have higher spatial resolution than clinical systems due to smaller detector 

elements. However, there is a tradeoff between the obtainable spatial resolution 

and the sensitivity for a given detector size and field of view (FOV) (Table 3). The 

sensitivity has been maintained by increasing the number of crystal elements in 

the axial FOV and by a tighter packing to avoid space between adjacent crystals.  

 

 

Table 3: General scanner properties for human and small animal PET scanners.  

 Human PET Small animal PET 

Sensitivity 1 – 3 % ca 2 – 4 % 

Spatial resolution ca 5 mm 1 – 2 mm 

FOV ca 50 cm ca 7 cm 

 

  

2.2.2.6. FDG PET imaging in oncology 

Malignant tumors use, in contrast to most normal tissues, practically only glucose 

as their energy source. The glucose and energy consumption is also increased in 

malignant tumors due to increased proliferation compared to normal cells. FDG 

PET is established as a powerful tool for staging and restaging of a wide range of 

cancers, for detection of cancer recurrence, for discrimination between 

residual/recurrent disease and scar, and for detection of occult cancer in patients 

with metastases from an unknown primary tumor (Rohren, 2004; Weber, 2007; 

Weber, 2009). 

 

2.2.2.7. Aerobe glycolysis in cancer cells (Warburg effect) 

It is proposed that the phenotype of elevated glucose consumption in cancers is 

selected through somatic evolution. Increased glycolysis leads to increased acid 

production and the hypothesis is that production of acid is the key mechanism for 

cancer spread beyond the site of origin (Rofstad, 2006; Gillies, 2008). Aerobe 

glycolysis is a mystery in an evolutionary context. Glycolytic metabolism is very 

inefficient and produces only 2 mol ATP pr mol glucose while the citric acid cycle 



produces 36 mol ATP pr mol glucose. Thus, it does not appear to be an adaptive 

advantage of aerobe glycolysis. Still, the majority of metastatic tumors rely on 

glycolysis when oxygen is present and thus promotes tumor development. 

 

2.2.2.8. Molecular mechanisms regulating glucose 

The function of glucose is to provide energy to the cancer cells, as ATP, as an 

alternative to mitochondrial respiration. The presence of oxygen is an important 

regulator of glucose consumption (the Pasteur effect) (Krebs, 1972), and the 

glucose consumption is higher in hypoxic tissue (Racker, 1958). Cancers consume 

glucose at high levels even with adequate oxygen tension (Gillies, 2008). This 

effect was first described by Warburg (the Warburg effect) (Warburg, 1956). 

 

There seems not to be a single cause for the increased glucose metabolic activity 

of cancer cells. Data suggest that increased uptake is not only due to cellular 

proliferation and intratumoral hypoxia, but also is a result of genetic alterations in 

different oncogenic signaling pathways resulting in resistance to apoptosis, 

activation of glycolysis and mitochondrial dysfunction (e.g shutdown of oxidative 

phosphorylation). The uptake is influenced by proliferation and by the tumor 

environment. Activation of oncogenes and loss of tumor suppressor genes can 

also affect FDG uptake (Gillies, 2008). 

 

 

2.2.2.9. Glucose transporters (GLUTs), hexokinase (HK) activity and Hypoxia-

inducible factor 1 alpha (HIF-1 ) 

Increased uptake of FDG in cancers is associated with the expression of GLUTs 

and HK activity (Zhao, 2005; Macheda, 2005; Van den Abbeele, 2012). Several 

cell specific isoforms of GLUTs are described (GLUTs 1 – 13). Their properties are 

specifically matched to the various cell types, and they are involved in different 

cancers. The majority of cancers over-express the GLUTs present in the tissue of 

origin, but they may also express GLUTs not expressed under normal conditions 

perhaps due to the increased need of energy for the uncontrolled proliferation 

(Macheda, 2005). 

 



GISTs express different GLUTs (Prenen, 2005; Tarn, 2006; Kaida, 2010; Van den 

Abbeele, 2012) (Figure 6). Prenen et al found that the main GLUT in the imatinib 

sensitive GIST882 cell line was GLUT 2. This was also the main transporter in the 

imatinib resistant GIST-GDG1 cell line, but these cells also expressed GLUT 3 and 

GLUT 4 (Prenen, 2005).  

 

The enzyme HK phosphorylates glucose and decreases the activity of glucose-6-

phosphatase. An increased HK activity would result in the accumulation of 

phosphorylated FDG (which cannot pass the cell membrane) (Torizuka, 1995). 

However, GLUT expression is thought to be the most important feature of 

increased FDG accumulation in cancer cells (Chung, 1999; Brown, 2002). 

 

HIF-1  is over-expressed in many human cancers as a result of intratumoral 

hypoxia and genetic alterations (Figure 6). A consequence of HIF activation is 

increased transcription of glycolytic genes (Talks, 2000) and secondarily increased 

glycolysis. HIF-1  is also involved in angiogensis, cell survival and invasion. Over-

expression has been shown to be associated with treatment failure and increased 

mortality in several cancers (Talks, 2000; Bos, 2003). It has been postulated that 

HIF alone is responsible for the Warburg and the Pasteur effects (Seagroves, 

2001; Robey, 2005). 

 

 
Figure 6:  Immunohistochemistry. Paraffin-embedded sections staining (Dako EnVisionTM + 

System, Peroxidase (DAB) (K4011, Dako, Glostrup, Denmark) and a Dako Autostainer) in the 

human GIST xenograft AHAX; GLUT1-4 (A-D), Caspase 3 (E), Ki-67 (F) and HIF1-  (G). Images 

provided by Ruth Holm, Department of Pathology, Oslo University Hospital, and printed with 

permission.  



2.2.3. MRI 

2.2.3.1. Principle of MRI 

Clinical MRI exploits the magnetic properties of the hydrogen nucleus. Hydrogen 

nuclei (i.e. protons) placed in a strong static magnetic field can absorb energy and 

be excited to higher energy levels when exposed to radiofrequency (RF) pulses. 

When RF pulses are terminated, the protons will return to their equilibrium energy 

state by exchanging energy with the surrounding tissue (T1-relaxation) and by loss 

of phase coherence (T2-relaxation). These MR signals are the basis for all MR 

applications. Mapping of the distribution of protons and their relaxation properties 

creates high-resolution images of anatomic structures, where the contrast between 

different tissues originates from their differences in proton density and T1- and T2-

relaxation times.  

 

2.2.3.2. DW MRI 

DW MRI can provide functional information about underlying molecular and tumor-

physiological mechanisms in tissue.  In DW MRI the signal originates from random 

(Brownian) motion of water protons in tissue (Le, 1988; Koh, 2006) in the presence 

of magnetic field gradients. With the existence of microscopic cellular structures 

such as membranes, macromolecules, fibers, vessels and cell organelles, the 

proton diffusion is restricted (Figure 7). Densely accumulated cells like tumor 

tissue will therefore give increased signal intensity on DW MRI. The diffusion 

sensitization is regulated by the b value, an acquisition parameter determined by 

the strength, duration, and time interval between the bipolar gradients. The signal 

is inversely related to the degree of water diffusion i.e. restricted diffusion leads to 

increased signal. The apparent diffusion coefficient (ADC) quantifies the water 

diffusivity, and requires at least two DW images with different diffusion-weightings 

(b values) (Charles-Edwards, 2006).  

 

Change in ADC early in the course of treatment has been found to correlate to 

treatment outcome for some cancer diseases (Seierstad, 2007; Nilsen, 2010). 

 

 

 



 

Figure 7: Diffusion of water molecules. 

Water molecules (blue circles with arrows) 

within extracellular space, intracellular 

space, and intravascular space, all of which 

contribute to the measured MR signal. 

Upper panel: Free diffusion, low cellularity 

and defective cell membranes. In less 

cellular environment, relative increase in 

extracellular space allows freer water 

diffusion than a more cellular environment 

would. Defective cell membranes also 

allow movement of water molecules 

between extracellular and intracellular 

spaces.  

Lower panel: Restricted diffusion, 

cellularity and intact cell membranes. In 

highly cellular environment, water diffusion 

is restricted because of reduced 

extracellular space and by cell membranes, 

which act as barriers to water movement.  

 

 

 

In GIST, DW MRI may represent a promising non-invasive instrument for the 

assessment of early and repeated therapy evaluation in individual patients (Tang, 

2011). Compared to the other established imaging modalities (PET and CT), DW 

MRI does not rely on the use of ionizing radiation, there is no need for 

administration of contrast agent or radioactivity, and the examination can be 

carried out in a few minutes.  

 

2.2.4. Combination of PET and CT (or MRI) 

PET/CT may be superior to CT or PET alone in the detection of early treatment 

response in GIST patients (Antoch, 2004; Goerres, 2005). CT complements PET 

by providing high-resolution anatomic information (Beyer, 2002). Low-resolution 

CT scans are routinely used for PET attenuation correction and anatomic 

localization. The combination of advanced CT scanner, with a PET scanner might 



be beneficial for diagnostic work up (Goerres, 2005). An integrated whole body 

and simultaneous acquisition PET/MRI system has been developed and recently 

approved by the United States Food and Drug Administration (U.S. FDA). 

Research studies are at the moment actively conducted to identify benefits of the 

new PET/MRI diagnostic method. 

 

2.2.5. Xenograft models 

Immunodeficient mice are commonly used as hosts to enable human cancers to 

grow as xenografts (Garber, 2006). The human tumor tissue will be rejected in 

animals with normal and intact immune system and the animals used as hosts 

must have an immune defect. Athymic mice are nude mice and they are not 

capable to process T-lymphocytes responsible for the killing of foreign cells and 

the stimulation of other immune cells to produce antibodies. Implantation of human 

tumor tissue can be done subcutaneously (papers I, II and III) or at the site of the 

origin (orthotopic). 

 

.   

 

 

 

 



3. AIMS OF THE THESIS 

 

The aim of this thesis was to expand tumor biological knowledge about GIST and 

to explore the optimal imaging in this patient group with emphasis on FDG PET for 

response evaluation to TKI in this cancer. Three specific aims were addressed: 

 

1. To establish and characterize a human GIST xenograft from a clinically 

imatinib-resistant tumor (the AHAX xenograft) (paper I). 

 

 

2. To explore treatment response mechanisms to TKIs in the GIST xenograft 

by assessing tumor volume, FDG uptake, mitotic rate and expression of 

HIF-1 , caspase-3 and GLUTs (papers II and III). 

 

 

3. To explore the use of FDG PET, CT and DW MRI as predictors of treatment 

response in GIST patients receiving imatinib treatment (papers IV and V). 

 

 

 

 

 



4. MATERIALS AND METHODS 
 

An overview of the experiments included in this doctorial thesis is presented in 

Figure 8. In this chapter, the model and the methods are briefly described. More 

details can be found in papers I – V.  
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Figure 8: Overview of the experiments. Abbreviations: PET; positron emission tomography, TKI; 

tyrosine kinase inhibitor, T/L ratio; tumor-to-liver ratio, SUV; standardized uptake value, DW MRI; 

diffusion weighted magnetic resonance imaging, ADC; apparent diffusion coefficient, H&E staining; 

hematoxylin & eosin staining, IHC; immunohistochemistry. 

 

 

Paper I describes the establishment of the human GIST xenograft AHAX. The 

AHAX xenograft was also used in papers II and III for evaluating treatment 

response to different TKI regimes. Paper IV is a case report using PET and DW 

MRI for the evaluation of neoadjuvant treatment with TKI. Finally, paper V 

describes the results from the first ten GIST patients included in our clinical trial 

Treatment response evaluation in patients with GIST using PET/CT and DW MRI. 



 4.1. Animal studies 

4.1.1. The AHAX xenograft 

The human GIST AHAX xenograft was generated from a human GIST metastasis. 

Several GIST cell lines are available, but GIST xenografts have been difficult to 

establish, and there are a limited number of xenograft models available. AHAX 

harbors a primary mutation in exon 11 (c.1673_1687del, p.Lys558_Glu562del) and 

a secondary mutation in KIT exon 17, D816H (c.2446G>C, p.Asp816His). 

 

4.1.2. Animals 

Female athymic mice were bred at the animal department of our institution and 

kept under specific pathogen-free conditions at constant temperature (22 – 24 °C) 

and humidity (55 – 60 %). The mice were 5 – 7 weeks of age and their weight was 

25 – 30 g (papers I, II and III) when the implantation took place. They were given 

sterilized food and tap water ad libitum. All mice were ear-tagged and followed 

individually throughout the studies. The studies were approved by the Institutional 

and National Committees on Research and Animal Care, and the experiments 

were performed according to Interdisciplinary Principles and Guidelines for the 

Use of Animals in Research, Marketing and Education (New York Academy of 

Science, New York, NY). 

 

4.1.3. Implantation 

The AHAX xenograft was generated by the implantation of GIST tissue fragments 

of approximately 2 x 2 x 2 mm3 subcutaneously into both flanks of athymic mice. 

Tumor diameters were measured with a caliper, allowing estimation of tumor 

volumes. From implantation and throughout the experiments the tumor volumes 

were measured twice weekly (papers II and III). 

 

4.1.4. Anesthetics 

The mice were anesthetized with 0.025 ml/10 g body weight s.c. injections of 

tiletamine 2.4 mg/ml and zolazepam 2.4 mg/ml (Zoletil vet®, Virbac Laboratories, 

Carros, France), xylazine 3.8 mg/ml (Narcoxyl vet, Roche, Basel, Switzerland) and 

butorphanol 0.1 mg/ml (Torbugesic, Fort Dodge Laboratories, Fort Dodge, IA) prior 



to inoculation of tumor tissue and prior to PET examinations. At the end of the 

experiment the mice were sacrificed by neck dislocation.  

 

4.1.5. TKI treatment 

Imatinib (Glivec®, Novartis Pharma GmbH, Basel, Switzerland) and sunitinib 

(Sutent®, Pfizer Inc., New York, NY, USA) were pulverized and dissolved in 

distilled water or dissolved in 50 mM citrate buffer (pH = 3.5), respectively. The 

mice were treated with either 100 mg/kg imatinib or 40 mg/kg sunitinib by oral 

gavage once daily (paper II) or 100 mg/kg imatinib continuously or intermittently (7 

days Imatinib, 7 days water) (paper III), whereas the control group received citrate 

buffer (paper II) or water (paper III). 

 

4.1.6. PET examination 

PET examinations were performed either in a human PET/CT scanner (Biograph 

16, Siemens, Erlangen, Germany) or in a dedicated small animal PET scanner 

(microPET Focus 120, Siemens Medical Solutions, Erlangen, Germany). All mice 

were fasting before i.p (paper II) or i.v injection of 7 – 10 MBq FDG. 

 

4.1.6.1. Small animal PET 

Static PET acquisition: One hour after injection of FDG the mice were scanned for 

10 minutes.  

 

Dynamic PET acquisition: A catheter flushed with heparinized saline was inserted 

in the tail vein. Acquisition of PET data in list-mode was started prior to 

administration of i.v bolus injections of FDG and lasted for 50 minutes post-

injection.  

 

Groups of 3 mice were placed on the examination table, centered within the 

scanner gantry (Figure 9). Attenuation and scatter correction was obtained for 

both static and dynamic PET by acquiring a 10 min transmission scan with a 68Ge 

point source. 3D dynamic emission data were reconstructed using OSEM-MAP (2 

OSEM iterations, 18 MAP iterations,  = 0.5, matrix size = 128×128×95) (Qi & 

Leahy, 2000), producing images frames with voxel size 0.87×0.87×0.80 mm3.  

 



For the dynamic PET, the reconstructed time frames were 10 seconds during the 

initial 1.5 minutes followed by reduced temporal resolution for the remaining 

frames. In paper III, a 3D image volume of the accumulated FDG uptake during 

the entire acquisition period was generated from the dynamic FDG PET images. 

Axial images were reconstructed from the 3D volume. A VOI containing all tumor 

voxels was obtained by manually delineating tumor tissue in the axial slices, and 

subsequently the mean time activity curves (TACs) for each tumor were 

calculated. The TACs were normalized to individual arterial input functions (AIFs) 

to account for the differences in the injected FDG activity between the animals. 

Individual AIFs were determined by fitting the TAC from the left ventricle to a bi-

exponential function (using the Levenberg-Marquardt least squares minimization 

procedure).  

 

The compartmental model described in Figure 5 was used for kinetic modeling. 

The exchange of FDG between the two tissue compartments is described by the 

rate constants k1, k2, k3, and k4 [min-1], where k1 includes perfusion, vascular 

permeability and the binding of FDG to the GLUT receptors, k2 the clearance of 

FDG back into the blood, k3 the cellular internalization, and k4 the cellular 

externalization. The kinetic parameters were estimated by fitting the TAC to this 

model and non-linear least squares minimization. k4 was assumed to be low, and 

was set to zero in the calculations. The metabolic rate of FDG (MRFDG) was 

defined as (k1 k3)/(k2+k3). The fit between the measured TACs and the curves 

obtained from modeling were evaluated by calculations of correction coefficients 

(r2) for each tumor voxel. 

 

4.1.6.2. Animal imaging in a Human PET scanner 

The mice were positioned in groups side by side on a heating cushion (Figure 9).  

A CT scan was obtained with a slice thickness of 1 mm and a pixel size of 0.49 × 

0.49 mm2. Subsequently, a 10 minute one bed position PET acquisition was 

obtained. Images were reconstructed by an OSEM iterative technique, using a 2 

mm Gaussian post-reconstruction smoothing filter. The image format was 256 × 

256, the pixel size was 2.67 × 2.67 mm2 and the slice thickness was 2 mm. 

Attenuation and scatter correction were applied before the images were 

transferred to a remote workstation for further image analysis.   



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Positioning of animals in the PET gantry. Anesthesized mice were placed in groups 

up to 10 mice side by side in the human PET scanner (A and B) or in groups of 3 in the center of 

the animal PET scanner gantry (C and D). 

  

 

The co-registered CT images (paper II) were used for guiding the delineations of 

individual regions of interest (ROIs) around tumor and liver. 

 

4.1.7. Tumor to liver ratio 

Tumor-to-liver uptake ratios for individual tumors were obtained by dividing mean 

tumor FDG uptake by the mean liver FDG uptake. All ratios were normalized to 

individual pre-treatment values. Tumor-to-liver uptake ratios obtained from the 

human PET/CT scanner, the small animal PET scanner and from ex vivo counting 

were compared.  

 

4.1.8. Gamma counter 

Immediately following imaging in the human PET/CT the three mice that 

underwent small animal PET examination 24 hours earlier, were sacrificed and 

tumor and liver were harvested (paper II). Tissue samples were separately 

weighted and counted for 1 minute in a gamma counter (Cobra II auto-gamma 

A                                          B 

C                                          D 



detector, Packard Instrument Company, Meriden, CT, USA). The samples were 

normalized to sample weight. 

 

4.1.9. Histology and immunohistochemistry 

Paraffin-embedded tissue sections were stained with haematoxylin and eosin 

(HE). The mitotic index was counted in 10 (papers I and II) and 20 (paper III) high 

power fields (HPF) (objective x 40, area of a single HPF was 0.3066 mm2). 

 

Formalin-fixed, paraffin-embedded sections were stained using the Dako 

EnVisionTM + System, Peroxidase (DAB) (K4007 and K4011, Dako, Glostrup, 

Denmark) and Dako Autostainer. Semiquantitative classes were used to describe 

the extent (percent of positive tumor cells: absent, 0; < 10%, 1; 10 – 50%, 2; > 

50%, 3) and intensity of staining (absent, 0; weak, 1; moderate, 2; strong, 3). The 

scores (range, 0 to 9) were individually produced by multiplying the value for the 

extent by the intensity of the signal. 

 

4.1.10. Polymerase chain reaction (PCR) and sequencing 

DNA was extracted from the patients’ GIST metastasis (paper I) and from the 

xenografts (papers I, II and III). PCR was performed using 50 ng genomic DNA, 

Hotmaster Taq DNA polymerase (5 PRIME, Hamburg, Germany) and PCR 

primers (Invitrogen, Paisley UK). Cycling conditions were as follows: denaturation 

for 2 min at 94 °C; amplification for 40 cycles, with denaturation for 20 sec at 94 

°C, annealing for 10 sec at 60 °C and extension for 20 sec at 65 °C. After the last 

cycle, a final extension at 65°C for 4 min was performed. Sequencing reactions 

were performed using the BigDye Terminator v3.03 cycle sequencing kit (Applied 

Biosystems Inc, Foster City, CA, USA). The cycle sequencer products were run on 

an automatic capillary sequencer ABI PRISM 3100 Genetic Analyzer (Applied 

Biosystems). 

 



4.2. Human studies 

 

Paper IV describes a patient with rectal GIST given neoadjuvant imatinib treatment 

where DW MRI, CT, PET and dynamic contrast enhanced (DCE) MRI were used 

to assess response to neoadjuvant imatinib treatment. Paper V represents 

preliminary results from the first 10 included patients included in the ongoing 

clinical trial entitled Treatment response evaluation in patients with GIST using 

PET/CT and DW MRI. The study protocol (ClinicalTrials identifier NCT01276483) 

was approved by the regional ethics committee of Southeast Norway (REK 

2010/2089) and by Oslo University Hospital (OUS 2010/22785). 

 

4.2.1. Patients 

Preliminary results from the first 10 patients with advanced GIST treated with 

imatinib are included in this thesis (paper V). This includes GIST patients with 

advanced disease; non-operable GIST, borderline resectable GIST (neoadjuvant 

treatment), recurrent and metastatic disease. The study population consisted of 

two women and eight men with an age span from 41 to 91 years (mean; 68 years). 

All patients had KIT mutations, nine with mutation in exon 11 and one with 

mutation in exon 9. The patients were included at different stages of the disease; 

three patients had primary GIST, one had recurrent GIST with metastases and six 

had metastatic GIST. Furthermore, the location of the primary tumor was located 

at different sites; in the stomach (n=6), in the small intestine (n=3) and in the 

duodenum (n=1). The patient from paper IV had a rectal GIST with a KIT mutation 

in exon 11. Written informed consent was obtained from all patients before 

inclusion.   

 

4.2.2. TKI treatment 

All patients received imatinib 400 mg except for one patient with KIT mutation in 

exon 9 who received 800 mg daily. 

 

4.2.3. Imaging 

Imaging was performed before treatment (Tp0) and early after onset of imatinib 

treatment (range; 8–18 days, Tp1). All examinations from the three modalities 



PET, CT and MRI were performed the same day. Late treatment response was 

obtained from a CT examination performed after three months of treatment (Tp2, 

mean; 84 days). 

 

4.2.3.1. PET examination 

All human PET examinations were performed using a Siemens Biograph 64 

PET/CT scanner. The patients fasted 6 h before the examination. Blood samples 

were obtained before the tracer injection to document normal blood glucose levels. 

PET imaging was started approximately one hour after the administration of 5 

MBq/kg FDG. PET from Tp0 and Tp1 was assessed qualitatively and semi-

quantitatively (SUVmax) using the EORTC recommendations (Young, 1999) and 

PERCIST (Wahl 2009). Both PET examinations were analyzed using the same 

display techniques to provide a consistent intensity of background soft tissue 

activity, and SUVmax was determined. 

 

4.2.3.2. CT examination  

CT with intravenous contrast administration was performed using the Siemens 

Biograph 64 PET/CT scanner, in accordance with clinical protocols. Prior to 

contrast injection the kidney function was evaluated by estimating glomerular 

filtration rate (GFR) from a blood sample. The patients were scanned with the 

contrast in the portovenous phase, using a bolus tracking. The scan was 

automatically started when the contrast attenuation (measured in Hounsfield Units 

(HU)) in the aorta reached a predetermined level, corresponding to the 

portovenous phase. Treatment response evaluation was done according to the 

RECIST and the Choi criteria. 

 

4.2.3.3. MRI examination  

Patients underwent MRI examination using a 1.5 T Discovery 450 MR scanner 

(General Electric Medical systems, Milwaukee, USA) and a cardiac 32-channel 

phased-array coil. The MRI protocol included single-shot sagittal and axial fast 

spin echo T2-weighted images in addition to a free breathing, fat-saturated single-

shot spin-echo echo-planar imaging sequence and 13 b values (ranging from 0–

2000 s/mm2) in three orthogonal directions. Treatment response was quantified as 

change in tumor volume and ADC.  



5. SUMMARY OF PAPERS 

Paper I: Establishment and Characterization of a Human Gastrointestinal 

Stromal Tumour (GIST) Xenograft in Athymic Nude Mice  

Tumor tissue from surgically removed GISTs from four patients was implanted into 

athymic nude mice, but only tissue from one patient engrafted. Tumor growth was 

monitored and reached one cm in diameter after three months. This xenograft 

(AHAX) revealed similar morphology, showed positive staining for CD117 and the 

mutations were identical to those found in the biopsy from the patient metastasis 

obtained after ten months with imatinib treatment. The mutation status of the 

xenograft thus reflectes the most common clinical scenario in advanced GIST; a 

primary mutation followed by a treatment induced secondary mutation.The mitotic 

count in the xenograft was higher than in the human metastasis. Cytogenetic 

analysis of xenograft tissue confirmed that it was of human origin.  

 

Conclusion: A human GIST xenograft (AHAX) with KIT mutations in exon 11 and 

17 (D816H) was established.  

 

 

Paper II: Monitoring the effect of targeted therapies in a gastrointestinal 

stromal tumor xenograft using a clinical PET/CT 

The human GIST xenograft AHAX was used to assess treatment response to the 

two TKIs imatinib and sunitinib. The mice received imatinib, sunitinib or placebo 

daily for seven consecutive days. FDG-PET/CT was performed in a human 

PET/CT scanner at baseline (day 0), and at follow-up after one and seven days of 

treatment. Treatment response was assessed by measuring tumor volumes and 

by calculation of tumor-to-liver F-FDG uptake ratios. Tumor-to-liver uptake ratio in 

a clinical and a dedicated animal PET scanner were compared to tumor-to-liver 

ratio obtained from ex vivo gamma counter measurement. 

 

Minor reductions in tumor volume were observed in both treatment groups. For the 

two treatment groups significantly decreased tumor-to-liver uptake ratios were 

observed at day 1 and 8, when compared to baseline. In the control tumors, 



neither tumor volumes nor tumor-to-liver uptake ratios were altered during the 8 

day experimental period. Despite that the AHAX originated from a patient with a 

clinically imatinib-resistant tumor, significant anti-tumor effects of imatinib and 

sunitinib were demonstrated. This may be explained by tumor heterogeneity with 

clones sensitive to imatinib coexisting with resistant clones. Tumor-to-liver ratio 

from ex vivo counting and from in vivo imaging revealed an excellent correlation 

for both the human PET/CT scanner and for the dedicated small animal PET 

scanner. 

 

Conclusion: Despite originating from a clinically imatinib-resistant tumor, anti-tumor 

effects of imatinib and sunitinib were demonstrated in the AHAX xenograft. A 

human PET/CT scanner can be used in the assessment of treatment response to 

novel targeted therapies in small animal models.  

 

 

Paper III: Intermittent and continuous imatinib in a human GIST xenograft 

model carrying KIT exon 17 resistance mutation D816H 

In this study we explored if treatment with intermittent imatinib could prolong 

overall time of imatinib benefit due to less selection pressure compared to the 

routine use of continuous administration. Treatment response was assessed in 

AHAX xenografts by measuring tumor volumes in addition to dynamic PET 

imaging, mutation rate and immunohistochemistry for expression of HIF-1 , 

caspase-3 and GLUTs.  

 

Both intermittent and continuous imatinib significantly delayed tumor growth 

compared to placebo. The tumour doubling time was significantly shorter in the 

intermittent imatinib group compared to the continuous group. The kinetic rate 

parameter k1, was higher in the intermittent group compared to the continuous 

group, whereas k3 and MRFDG were lower. Tumor GLUT 3 expression was higher 

following intermittent imatinib administration compared to continuous 

administration. Furthermore, the expression of plasmatic GLUT 1 and 2 was higher 

in both treatment groups compared to placebo. This may be explained by 

treatment induced translocation of the receptors.  



 

Conclusion: Imatinib reduced AHAX GIST xenograft growth rate despite presence 

of D816H, suggesting that some patients with a secondary resistance mutation 

may still benefit from imatinib. The schedule of imatinib administration may 

influence tumor glucose uptake rate and tumor metabolic rate. Tumor growth was 

slower with continuous administration. 

 

 

Paper IV: DW MRI for evaluation of treatment response to imatinib in a rectal 

gastrointestinal stromal tumor 
A patient with rectal GIST received imatinib for cytoreduction prior to surgery. FDG 

PET/CT after two weeks of imatinib treatment showed decreased metabolic 

activity (76 %). Two months after onset of imatinib treatment CT showed a 

decrease in attenuation to 35 HU (46 %). MRI performed prior to surgery, following 

6 months of imatinib treatment, showed reduced tumour volume (63%). Signal 

intensity at DW MRI was dramatically reduced. ADC was approximately 2.0 x 10-3 

mm2/s, a typical value for non-cystic necrotic tissue. A repeated CT at the same 

time showed unchanged attenuation.  

 

Conclusion: This case report illustrated the potential of DW MRI as a tool for 

monitoring of treatment response in GISTs following TKI.  

 

 

Paper V: Multimodal functional imaging for early response assessment in 

GIST patients treated with imatinib  
Tumor biological properties precede tumor size regression and FDG PET has 

been suggested as a biomarker for early treatment response to imatinib in GISTs. 

In this study we explored the feasibility of DW MRI, FDG PET/CT and CT for early 

response assessment in GIST patients receiving imatinib. 

 

Eight out of 10 patients were responders according to RECIST following three 

months of treatment. For nine patients the ADC change after 12 days of treatment 

correctly predicted treatment outcome. When volumetry was added, all patients 



were correctly classified with MRI. Seven patients had initial FDG-avid lesions. 

The SUVmax of these had a marked decreased at after 12 days. Increased ADC, 

indicative of treatment response, was found in the three non-FDG avid lesions.  

 

Conclusion: DW MRI correctly predicted treatment response in all patients at an 

early stage. Standardization and the establishment of optimal time-point for 

imaging and treatment response criteria are warranted. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



6. DISCUSSION 

 

6.1. Animal studies 

6.1.1. Xenografts 

Subcutaneous AHAX xenografts were obtained by implanting tumor tissue 

fragments into the rear flanks of nude mice. At this location the tumors are easily 

accessible, and the contribution from background FDG activity (from surrounding 

organs with physiologic uptake) is minimized. Furthermore, artifacts due to 

respiratory movement and intestinal peristalsis during image acquisition are 

avoided. The subcutaneous xenografts are however, growing in an artificial site 

that is different from where most human GISTdevelop.  

 

Orthotopic models tend to be more clinically relevant since the tumors grow in the 

primary tissue of origin or as a secondary metastasis, and thus orthotopic models 

more realistically reflect tumor growth and recapitulate the human pathways of 

metastasis. To my knowledge, there are no established orthotopic murine GIST 

xenografts available.  

 

Neither subcutaneous nor orthotopic xenografts are ideal models for human 

cancer, and care must be taken when preclinical results are translated into the 

clinical setting. The human tumor does not develop naturally in the mouse, 

containing murine stroma and thus lacks the cellular interactions with the host 

environment, and its vasculature is provided by the host animal. In humans the 

immune system plays an important role in cancers. When using xenograft models 

the immune system has to be suppressed to avoid rejection of the human tumor 

cells. This suppression influences both tumor growth characteristics and response 

to treatment. 

 

Genetically engineered mice spontaneously develop orthotopic GIST. Transgenic 

mice with an activating mutation in KIT were first described by Sommer et al in 

2003 (Sommer, 2003), and this model was later used in a study combining 

targeted molecular therapy and immune therapy (Balachandran, 2011). Two years 



later another group developed a similar transgenic mouse model (Rubin, 2005) 

followed by another group in 2007 (Nakai, 2008). All models represent KIT 

mutations associated with familiar GIST syndromes. In transgenic models both the 

tumor and the stromal cells are of the same species.  

 

Regardless of the mouse model chosen, there are several hurdles to interpreting 

the relevance to a cancer in human beings. Tumor growth in mice is faster than in 

humans. Hence, cancer agents targeting faster dividing cells may give a positive 

outcome for mice but not necessarily in humans. Slower growth may allow 

establishment of a more “human-like” microenvironment. The fact that the 

metabolism is approximately five to seven times faster in mice than in humans 

must be taken into account when results are interpreted. Another limitation for all 

these preclinical models is that every human tumor is built on a unique genetic 

background, and mouse models with different genetic backgrounds need to be 

tested. Despite these limitations, xenografts in cancer research are widely used 

(Krupke, 2008), and growth characteristics and treatment effects often correspond 

well with results obtained in human cancers (Sausville, 2006). 

 

6.1.2. Animal handling 

Animal handling may influence the biodistribution of FDG, and three to four-fold 

changes in FDG uptake have been reported (Fueger, 2006). Fasting condition, 

body temperature and anesthesia have the highest impact.   

  

In humans, the dietary state has a profound impact on FDG biodistribution. 

Elevated blood glucose level inhibits FDG uptake because FDG competes with 

glucose for transport and phosphorylation, whereas insulin stimulates FDG uptake 

in myocardium and skeletal muscles. Fasting is also necessary because FDG 

uptake in brown adipose tissue increases during feeding. In the literature, the 

duration of fasting varies from 3 – 20 hours. A fasting period of four hours, as used 

in paper II, may have been too short with respect to the anesthetic drugs used 

(discussed below). Since the mice underwent three PET examinations in a period 

of seven days, possible weight loss and animal welfare had to be taken into 

consideration. In paper III FDG PET was performed after overnight fasting. 

  



FDG uptake in brown fat due to ambient temperature is a well known problem, 

particularly pronounced during seasonal change in humans. This effect is even 

more pronounced in mice (Fueger, 2006). Mice have a zone of thermoneutrality 

between 30 and 34°C, and in lower temperatures mice generate heat by activation 

of brown fat and muscle. In all our studies the mice were positioned on a heated 

cushion to maintain their body temperature and to minimize FDG uptake in brown 

fat.   

 

Subcutaneous injection of Zoletil- Narcoxyl- Torbugesic mixture was given prior to 

all procedures requiring anesthesia (papers I, II and III). This mixture is widely 

used in our institution. The combination of ketamine and xylazine has been the 

most used anesthetic agents given to rodents for imaging studies (Lei, 2001). 

Zoletil consists of tiletamine and zolazepam. Tiletamin is a dissociative anesthetic 

and classified as a NMDA receptor antagonist, and is related to ketamine. 

Zolezepam is a benzodiazepine. Narcoxyl is the brand name for xylazine, an 

agonist of the 2 class of adrenergic receptor and butorphanol is a morphin type 

synthetic opioid analgestic. Ketamine and xylazine anesthesia have demonstrated 

increased blood FDG activity and reduced plasma insulin levels (Lee, 2005; 

Fueger, 2006). Prolonged fasting reduces xylazine induced hyperglycemia (Lee, 

2005), but may be impractical due to weight loss and when the mice are 

repeatedly imaged within a short time. Xylazine is also known to have diuretic 

effects, and together with increased blood activity of FDG this may be a problem 

when the ROI is placed near the kidney or the bladder (Lee, 2005). Gas 

anesthesia, e.g. isoflurane, provides a safe and effective method for immobilizing 

animals for imaging, but requires both safe supply and exhaust of anesthesia gas. 

Gas anesthesia with isoflurane is considered being the best anesthesia in 

research animal imaging with FDG PET, because of its favorable effect on FDG 

biodistribution. However, the anesthetic method depends on the clinical problem. 

For myocardial studies, isoflurane can mask pathological uptake (Fueger, 2006) 

due to induced increased activity concentration in myocardium.  

Gas anesthesia was not available at the time of these experiments. All 

experiments used identical (per weight) injections of the anesthetic mixture to 

minimize potential influence on the parameters studied.  

 



Tracer uptake is slower after i.p injection as compared to i.v injection, but normal 

physiological uptake in organs as well as uptake in tumors has been shown to be 

similar 60 minutes after injection (Fueger, 2006). We had previously performed a 

pilot study and experienced partial paravenous injection in some animals. This 

could bias our comparisons, and we therefore decided to use i.p injection of FDG 

(paper II). For dynamic PET acquisitions i.v injections were required (paper III).  

 

6.1.3. PET imaging of mice  

The availability of dedicated small animal PET scanners is limited, and thus 

researchers have applied adapted clinical imaging systems in animal experiments. 

Aide et al demonstrated that a state-of-the art clinical PET/CT could provide high 

quality images and accurate quantification of the FDG uptake with spatial 

resolution comparable to dedicated small animal scanners (Aide, 2010). This study 

was performed using a modern PET scanner with the latest technology. The FDG 

PET response to TKI in GIST comes early if effective, and is of great magnitude. A 

threshold of 65% reduction in FDG uptake has been proposed as an optimum 

response (Stroobants, 2003; Choi, 2008). We therefore anticipated that a human 

scanner would be able to detect this response in xenografts within tumor volumes 

of approximately 500 mm3. The resolution of the human PET/CT scanner is clearly 

inferior to that of the small animal PET-scanner. With the selected gaussian filter, 

the full-width at half maximum (FWHM) of the point spread function of the human 

PET scanner is 4.8 mm in the centre of the field. If there are tissues adjacent to or 

overlapping with the xenograft or liver, one would get a systematic error when 

calculating the tumor-to-liver ratios. With subcutaneous xenografts in the flanks, 

this background contribution was small. Despite the inferior quality of our human 

scanner, the ex vivo tumor-to-liver ratios were comparable to the ratios obtained 

from imaging. This supports the validity of our conclusions (paper II).   

 

The human PET/CT-scanner has the advantage of being able to handle a large 

number of small animals simultaneously, thereby allowing high throughput 

imaging. Identical hardware, software and acquisition protocols for easier 

examination of animals and humans ensure consistency of the data recorded. This 

provides easier translation of developments from mouse to man in a clinical 

setting.  



For the small animal PET studies anatomic co-registered CT images were not 

available. Tumor heterogeneity will give variation in uptake intensity in different 

parts of the xenograft and this could influence tumor delineation. If tumor areas 

with low activity are not included in the ROI, the overall tumor uptake will be 

overestimated. In order to minimize this influence, 3D techniques were used.  

 

The FDG dose was not corrected for residual activity in the syringe or 

administration system. Consequently the exact injected FDG dose was not 

measured and SUV could not be calculated. In retrospect, calculation of SUV 

should have been included as this would have allowed an easier comparison with 

patient imaging. 

 

6.1.4. Dynamic small animal PET 

High-quality compartment modeling requires repeated invasive arterial blood 

sampling for the accurate determination of the AIF. This can be difficult to obtain 

from mice without affecting the physiological function. Reference tissue models 

have been developed where the arterial input curve (AIC) is substituted with the 

TAC assuming that non-specific binding and free tracer in reference tissue and in 

all tissues is identical. These models do not allow a full kinetic analysis, but have 

been shown useable (Hjornevik, 2010). In our study, FDG uptake in the heart and 

in the tumor was obtained in the same acquisition, and three-dimensional 

individual AIFs were obtained. AIFs were not compared to arterial blood sampling, 

and this is a limitation in our study. A validation of the AIFs is therefore required. 

 



6.2. Human studies 

 

A patient with a rectal GIST receiving neoadjuvant imatinib treatment is presented 

in paper IV. This patient underwent PET, CT and MRI (including DW MRI) before 

the initiation of imatinib treatment. As the different imaging modalities in paper IV 

were applied at different time points, the value of response parameters obtained 

from different modalities could not be directly compared. A reliable comparison 

requires standardized acquisition parameters and post-procession procedure as 

well as experienced readers blinded to the results from the other imaging 

modalities – a design being used in the ongoing clinical study where our first 

experiences are presented (paper V).  

 

6.2.1. Patients 

There was a variation in site of origin and stage of disease between the included 

patients, factors known to carry prognostic information. However, all patients 

harbored a KIT mutation. It could be anticipated that the influence of these 

prognostic factors is more important for tissue characterization than for 

assessment of treatment response which is the focus of our clinical study (paper 

V). The patient population is limited and the heterogeneity might influence our 

initial conclusions. More patients must be included in order to add power to our 

findings. However, the patient population is representative for the clinical spectrum 

in GIST. 

 

6.2.2.1. PET examination 

The PET examinations were analyzed using the same standardized PET protocol 

and display techniques to provide a consistent intensity of background soft tissue 

activity. As the SUVmean of liver between consecutive PET examinations was less 

than 0.8 units, the measured changes in SUV can reliably be attributed to 

treatment induced changes in tumor metabolism.   

 

6.2.2.2. CT examination 

Each patient was scanned with the contrast in the portovenous phase, obtained 90 

seconds after i.v administration. This fixed approach does not account for patient-



dependent factors such as reduced cardiac output. Time to tissue and tumor 

enhancement will increase when cardiac output decreases. A bolus tracking 

program would have eliminated most patient dependent factors and given 

reproducible contrast load in the tumor. In paper V we compared differences 

between individual examinations performed within a limited time interval, and 

therefore large variations in patient dependent factors were not expected.   

 

6.2.2.3. MRI examination 

DW MRI was performed and analyzed using the same standardized protocol with 

13 b values. Several interpreter-dependent factors as well as b value selection and 

post-processing algorithm will influence the ADC. The differential diagnostic 

accuracy might be improved by the inclusion of high b values (> 1000 s/mm2) in 

the ADC calculation (Ochi, 2011). On the other hand, such high b values can 

impact on the available signal to noise ratio and the ADC might be 

underestimated. The absolute ADC of GISTs is important for tissue differentiation 

and characterization. For treatment response monitoring in individual patients 

reproducibility is essential. Acquisition of two repeated MRI examinations within a 

short time interval would have allowed access to such reproducibility data. In our 

clinical protocol it is challenging to incorporate a second MRI examination in 

addition to the already scheduled PET/CT, CT and MRI.  

 



6.3. Representative tissue samples  

Cancer treatment outcome is often confounded by tumor heterogeneity and GIST 

is no exception (Corless, 2011). A common approach to analysis of altered protein 

expression in cancers is to include immunohistochemistry on biopsy samples. All 

immunohistostaining and scorings in the papers I – V were obtained from a single 

tumor section. Failure to evaluate the entire tumor may lead to sampling errors 

related to tumor heterogeneity, errors similar to those connected with many 

invasive methods in the clinic.   

 

 

6.4. Prediction of treatment response  

Visual reading is the main method for image interpretation in clinical practice. 

Usually this is an adequate method, but treatment response evaluation may be 

challenging. The method should be accurate and ideally observer-independent. 

Response to treatment can be assessed using qualitative and/or quantitative 

parameters, and a response scale can be binary or continuous. The focus of the 

subsequent discussion will be the use of FDG PET for evaluation of therapy.  

   

6.4.1. Prediction of treatment response with PET 

In qualitative analysis the tumor uptake is compared with uptake in normal 

structures such as brain, liver and blood pool. This is the recommended method 

when evaluating lymphoma, and the most frequently used criteria also dichotomize 

the PET results into positive and negative findings compared to the blood pool, 

liver or nearby normal structure uptake (Juweid, 2007; Cheson, 2007). This 

approach has been shown to be reliable (Kasamon, 2007), but can be challenged 

when it comes to “borderline” patterns of FDG uptake often termed as minimal 

residual uptake. PET scoring using a five-point visual scale has also been used 

(Kasamon, 2009). 

 

Several studies have explored the reproducibility of FDG PET (Weber, 1999; Krak, 

2005; Nahmias, 2008). Mainly, the reproducibility depends on lesion size, image 



acquisition method, reconstruction parameters and analysis. Variability in 

quantitative measurements has been reported to be up to 50% or even more 

(Boellaard, 2004; Weber, 2005; Krak, 2005). Quantitative measures may range 

from semi-quantitative methods such as SUV to full kinetic measurement such as 

Patlak (Gjedde, 1981; Patlak, 1983). Lammertsma et al discussed the relationship 

between simplified methods and full kinetic analysis. All such studies have 

concluded that caution should be taken when using simplified methods for 

evaluation of treatment (Hoekstra, 2000; Lammertsma, 2006). In papers VI and V 

SUV measurements were used for the evaluation of treatment response. A full 

kinetic analysis is anticipated to have provided more information, but with today’s 

PET technology acquisition of dynamic PET data is limited to a single FOV 

(ranging from 13 and up to 22 cm).  

 

The EORTC first provided guidelines for the assessment of tumor response with 

FDG PET (Young, 1999), but did not take into account the limitations and accuracy 

of the different analytical methods for response evaluation. The PERCIST has tried 

to standardize the qualitative and quantitative approach to tumor treatment 

assessment with FDG PET (Wahl, 2009). The proposed guidelines were used in 

papers IV and V to increase the reliability of our findings. 

 

Some GISTs do not show sufficient FDG uptake or may be to small to be detected 

by PET (Choi, 2004; Goerres, 2005). Choi reported that 36 out of 173 (21%) 

lesions did not have detectable FDG uptake on pretreatment PET and 17 of these 

were > 2 cm in size (Choi, 2004; Choi, 2008). Goerres et al detected 46% more 

lesions on pretreatment contrast enhanced CT, but CT provided insufficient 

prognostic power concerning treatment response. They also reported absent FDG 

uptake in seven out of 34 patients (Goerres, 2005). Of the 10 GIST patients 

included in paper V, three did not have sufficient FDG uptake for further response 

evaluation, which emphasizes the need for a multimodal approach. All the FDG-

avid lesions had a pronounced decrease in SUVmax after 12 days on treatment, 

(mean reduction of 78%), but only five out of these seven patients were classified 

as responders according to RECIST after three months of treatment. The other 

two patients with decreased SUVmax were both classified as having stable 

disease. Thus, response assessed with PET could be correctly predicted in only 



five out of 10 patients. Previous studies show that both imatinib responders and 

patients attaining disease stabilization achieve similar survival outcome (Demetri, 

2002; Blanke, 2008a; Blanke, 2008b). The importance of distinguish between 

response and stable disease may therefore be artificial.  

 

6.4.2. Prediction of treatment response with CT 

Our clinical study (paper V) demostrated that evaluation of early response to TKI in 

GIST was not reliable when only change in tumor size was used as response 

parameter. This finding is in accordance with several other studies (Stroobants, 

2003; Antoch, 2004; Goerres, 2005; Van den Abbeele, 2008; Van den Abbeele, 

2012). The antitumor activity will for the majority of GISTs eventually translate into 

tumor shrinkage, but changes in tumor density may occur much earlier. This 

should be scored as response, even in situations with increased tumor size. In our 

study only two out of the 10 GIST patients were were classified as responders 

according to RECIST. Five more patients showed a decreased attenuation above 

the Choi criteria response cut-off (15%) 12 days after onset of imatinib treatment. 

Dudeck et al questioned the clinical value of the Choi criteria as no predictive 

value of discriminating between partial response from stable disease after 3 

months was found in a study of 52 GIST patients receiving sunitinib treatment 

(Dudeck, 2011). The Choi criteria were based on GISTs naïve to TKI medication, 

and the use of these criteria in patients previously treated with TKIs is 

controversial (Dudeck, 2011). In our study (paper V), with not all patients being 

naïve to TKI medication, the performance of CT and the Choi criteria was superior 

to FDG PET. A larger study population is needed to confirm our findings.  

 

GISTs can develop intratumoral (within the tumor) nodules where and when 

secondary resistance first occurs (Shankar, 2005; DeMatteo, 2007). An 

intratumoral nodule will appear as a change in density and structure at CT. 

However, it may be difficult to distinguish a “nodule in a mass” due to the 

development of secondary resistance from other causes e.g tumor bleeding.  

 

6.4.3. Prediction of treatment response with DW MRI 

Treatment leading to necrosis or lysis will give increased tissue water diffusivity, 

decreased signal intensity at high b values, and increased ADC. However, 



increases in ADC as a result of tumor cell death may not be prolonged and will 

with time fall due to phagocytosis of dead cells, remodeling of tissues, vascular 

normalization and development of fibrosis (Padhani, 2011). If the tumors develop 

resistance followed by repopulation, the ADC will also decrease. Thus it can be 

difficult to distinguish between remodeling of tissue and growth of malignant cells.  

Furthermore, biological heterogeneity of GISTs and their variable response to 

imatinib treatment challenge the interpretation of images from these patients. 

Thus, in-depth knowledge of the physical principles underlying image information 

and treatment mechanisms are essential for interpretation of treatment response. 

When tumor tissue is intermixed with normal tissue and the tumor consists of 

several tissue components, image values obtained for the entire lesion may be of 

limited clinical value since the response to treatment may be different for different 

components. Isolated use of mean ADC may therefore be misleading, and 

histogram analysis or functional mapping may increase the predictive outcome of 

ADC measurements. In order to fulfill these requirements, an experienced MR 

radiologist in oncology interpreted both the DW MRI and ADC maps in the clinical 

study (paper V). 

 

The use of increased ADC as an early marker of treatment response has been 

reported in several preclinical and clinical studies for different cancers (Hamstra, 

2005; Seierstad, 2007; Cui, 2008; Dudeck, 2008; Lee, 2010). Tang et al have 

explored the predictive use of ADC at different time points after onset of imatinib 

treatment in GIST. They found that the largest difference in ADC change between 

responders and non-responders was observed after one week of imatinib 

treatment, with a median ADC increase of 44.8% and 1.5% for the responders and 

non-responders, respectively (Tang, 2011). Although the time interval between our 

registrations was a few days more than one week, the median increase in ADC for 

responders was of similar magnitude in our study (paper V) (mean 64%). The 

extent of change in ADC needed to anticipate a true treatment effect has not been 

established. Reported reproducibility results range from 10 – 30% (Koh, 2009; 

Miquel, 2012; Kim, 2012) and the ADC increase for responders in Tang et al and 

our own findings in paper V support a cut-off of 30%. Larger prospective studies 

with special emphasis on the establishment of optimal time-point for imaging and 

treatment response criteria are needed.  



In paper V, the change in ADC after 12 days of treatment correctly predicted 

treatment outcome in nine out of 10 patients after three months. When MRI 

volumetry was added all patients were correctly classified. Thus, in our limited 

study population DW MRI was superior to FDG PET and CT for early assessment 

of treatment response. 

 

Tissue movement and water motion (cardiac pulsations, peristalsis and 

respiration) affect image quality. Schemes that detect the direction and magnitude 

can partly correct for these motions. Furthermore, heart- and respiration gating or 

images in breath-hold, will reduce motion artifacts. In paper V, respiratory-

triggering was used when lesions were located in the upper abdomen. Peristalsis 

can be suppressed by administration of spasmolytic agents, such as butyl 

scopolamine and/or administration of glucagon. In paper V only one patient had a 

GIST in the intestine (duodenum), and anti-peristaltic medication was anticipated 

to have limited value and was therefore not given. The patient with rectal GIST in 

paper IV received premedication with both butyl scopolamine and glucagon prior to 

the MRI examinations.  

 



6.5. FDG PET quantification 

A systematic overview of factors affecting FDG PET quantification is given in 

Supplement to JNM May 2009 (Boellaard, 2009) and some of them are discussed 

below.  

 

6.5.1. SUV measurements 

The SUV is limited by its dependency on patient preparation, scanning procedure, 

image reconstruction and image analysis (Weber, 2005; Boellaard, 2009). 

Standardized procedures to avoid these limitations are therefore warranted 

(Weber, 2005; Shankar, 2006; Boellaard, 2009). 

 

Full kinetic analysis by the use of AIF and TAC in combination with the FDG kinetic 

model and plasma glucose levels (referred to as Patlak) (Patlak, 1983) provides a 

more true measurement of the metabolic rate of glucose. However, good 

correlation of the percentage change between SUV and Patlak is reported 

(Freedman, 2003). 

 

SUV calculations have, however, proven to be reproducible on the same PET 

scanner and in the same patient (Weber, 1999; Nahmias, 2008). Sequential follow-

up with SUV for cancer patients is therefore valuable. Standardization is, however, 

mandatory, being specified in the EORTC criteria and the PERCIST. 

Methodological factors found to be highly variable between imaging centers were 

the uptake period, handling of patients with diabetes and/or high plasma glucose 

levels, FDG dose, imaging time per bed, imaging reconstruction, processing, and 

data analysis (Beyer, 2011; Graham, 2011). Figures 10, 11 and 12 illustrate 

effects due to image reconstructions and respiration. By standardization of the 

clinical protocol the variability of SUV and image artifacts were minimized in 

papers VI and V. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10: Reconstruction with Gaussian post-reconstruction filters with FWHM equal 5.0 

(upper panel) and 2.0 mm (lower panel) in a patient with a metastasis on the right side of the neck 

with a size of 7 mm. SUVmax was 4 and 11, respectively.  

 

Previous studies have shown that malignant lesions often continue to accumulate 

FDG from an early phase to a delayed phase (Chan, 2011a; Miyake, 2012). 

Consequently, time between FDG injection and PET will influence SUV. As the 

time difference between consecutive FDG PET/CT examinations included in paper 

V was less than 16 minutes (median; 9, range; 3 –16) this influence was minimal in 

our study.  

 

SUV can be normalized to body weight (bw), lean body mass (lbm) or body 

surface area (bsa), the two last being less dependent on body habitus. SUV 

normalized to lean body mass (SUVlbm) and body weight (SUVbw) are usually 

relatively similar. FDG does not accumulate in white fat in a fasting state and 

patients with high body weight will therefore have high SUVbw in normal organs 

and overestimated SUV (Sugawara, 1999; Shankar, 2006) as illustrated in Figure 

11. SUVlbm is therefore more consistent between patients. Furthermore, changes 

in body weight may occur during the course of treatment and thus, lbm may be 



preferable for response assessment studies. Normalization to lbm is also 

recommended in the PERCIST (Wahl, 2009) and the EORTC criteria from 1999 

(Young, 1999). In papers IV and V SUVmax prior to and after onset of treatment 

were normalized to lean body mass to account for possible alteration in body 

composition.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: SUV normalized to body weight (bw, left column) and lean body mass (lbm, right 

column) for a patient with an adenocarcinoma in the right lung. SUVmax normalized to bw and lbm 

was 5.8 and 2.3, respectively. 

 

6.5.1.1. SUVmax, SUVmean and SUVpeak 

SUVmax is obtained from the most metabolically active part of the tumor and thus, 

probably reflects the most clinically interesting part. SUVmax is usually measured 

with high interobserver reproducibility (Wahl, 2009; Lodge, 2012). The use of 

SUVmax is less affected by partial-volume effects in small tumors (Soret, 2007). 

Furthermore, SUVmax has the practical advantage that it can be determined 

without precise tumor delineation. However, a single pixel measurement can be a 

vulnerable parameter regarding image noise (Boellaard, 2004; Lodge, 2012). This 

may be one of the reasons for the reduced reproducibility observed for SUVmax 



compared to SUVmean in a larger ROI observed in replicate studies (Nahmias, 

2008). By using single-pixel SUVmax as a marker for treatment response caution 

must therefore be applied (Boellaard, 2004; Lodge, 2012). A recent study of Lodge 

et al (Lodge, 2012) concluded that for images with noise properties, such as in 

human whole-body PET, SUVpeak is a more robust parameter. SUVpeak is 

defined as the mean SUV within a small, fixed-size ROI centered around a high 

uptake region of the tumor (Wahl, 2009). SUVpeak represents measurements in a 

larger volume and is therefore less affected by noise and may reduce uncertainties 

in the quantification of treatment response. Calculation of SUVpeak was not 

available at the time when studies IV and V were performed, and we therefore 

decided to use SUVmax for the assessment of treatment response.  

 

6.5.2. Partial volume effect or intensity diffusion  

The true FDG uptake corresponds to the intensity uptake in a tumor with a size of 

more than three times the FWHM of the reconstructed image resolution with 

homogeneously distributed FDG uptake (Soret, 2007). If a tumor is small, has an 

irregular shape or a heterogeneous activity concentration, the uptake will be 

underestimated due to intensity diffusion. This phenomenon originates from the 

physical characteristics of the PET detector, the reconstruction properties and 

post-reconstruction smoothing filters giving an image where the signal from a point 

source appears to be spread over a wider area. (Soret, 2007; Skretting, 2009; 

Skretting, 2010).This distribution will, if the point source is reconstructed with small 

enough voxels be Gaussian distributed. FWHM of the Gaussian function is 

approximately 5 – 8 mm and as low as 3 – 4 mm in the latest generation of PET 

scanners. This phenomenon will give underestimation of the FDG uptake in both 

the visual impression and in SUV measurements in small structures. For structures 

less than 15 mm this effect is highly significant (Soret, 2007; Skretting, 2009; 

Skretting, 2010). Thus, a small tumor will appear larger and less aggressive than it 

truly is. The partial volume effect, perhaps better described with the term intensity 

diffusion (Skretting, 2009), may also occur in the opposite direction with diffusion 

into a lesion from the surroundings with higher activity. Correction factors have 

been proposed (Soret, 2007; Srinivas, 2009) but the use of such recovery factors 

has not reached clinical practice and is also seldom used in preclinical studies.     

 



In our xenograft studies, some of the xenografts were smaller than 15 mm in 

diameter. The FDG uptake in these tumors was probably underestimated due to 

intensity diffusion. There were no significant differences in the average size of the 

tumors from the different groups. Hence, the impact of intensity diffusion should be 

the same in all three groups. In our clinical studies none of the detected GIST 

lesions were smaller than 20 mm with an average size of 39 mm.  

 

6.5.3. Blood glucose level 

The blood glucose level affects the FDG uptake and in non-fasting patients and 

hyperglycemic patients the high blood glucose will cause competitive replacement 

of FDG (Wahl, 1992). It has been suggested that SUV should be corrected for 

elevated blood glucose levels (Shankar, 2006) and the EANM procedure 

guidelines for tumor PET imaging: version 1.0, (Boellaard, 2010), recommend SUV 

calculations with and without plasma glucose correction in all response monitoring 

assessment studies, but this has not yet reached clinical practice. Weber et al 

(Weber, 1999) concluded that the reproducibility of SUV was less dependent on 

glucose correction factors, and that the ROI and the size of the lesion were the 

most important factors in the test-retest setting. The PERCIST criteria do not 

recommend glucose correction.  

 

In case of high glucose values (> 11 mmol) the guidelines state that the PET study 

should be postponed (Shankar, 2006; Boellaard, 2009). This cut-off value is 

almost two-fold higher than normal blood glucose levels and such a high value 

may result in lower SUV.  

 

In our clinical studies (papers IV and V) all patients fasted for at least 6 hours and 

glucose level was measured prior to FDG administration. None of the patients had 

a glucose level > 7 mmol/L and the mean blood glucose level was 5.5 mmol/L. In 

the xenograft studies (papers II and III) the blood glucose level was not measured. 

This topic is discussed under Animal handling and Anesthesia.  

 

6.5.4. Selection of ROI  

Use of a ROI located within the metabolically most active part of the tumor, or a 

ROI including the total tumor volume, will inevitably provide different activity 



measurement. Studies on stem cell biology suggest that the most aggressive parts 

of the tumors are of outmost importance (Matsui, 2008). This is controversial, but 

has proven to be sufficient for different cancers. The total tumor volume and its 

metabolic activity, i.e. the total glycolytic volume, may be useful for studying the 

whole tumor behavior.  

 

Different ROI selection metrics have been used: manually defined ROIs, irregular 

isocontour ROIs based on fixed percentage threshold of the pixel with maximum 

uptake, fixed SUV threshold, background-level threshold, and small fixed-

dimension ROIs placed over the part of tumor with highest uptake (e.g. SUVpeak 

as recommended in PERCIST). The most common approach in the clinical setting 

is the SUV obtained from a pixel or a voxel with the highest uptake (SUVmax) 

being a sort of single-pixel/voxel ROI, but there is a growing use of SUVpeak 

(Wahl, 2009).  

 

Furthermore, the size of ROI may influence the reproducibility of SUV since SUVs 

from large, fixed ROIs are more accurate than single-pixel SUVs (Krak, 2005; 

Nahmias, 2008). In papers IV and V, SUVmax calculation was obtained from a 

spherical VOI placed over the tumor region with visually highest uptake. By using a 

VOI (three dimensional volume) in papers IV and V, errors due to placement of 

ROIs (two dimensional area)  were reduced.  

 

6.5.5. EORTC and PERCIST criteria – application to GIST 

Based on reproducibility studies a more than 20% decrease in SUV could be 

defined as a response (Weber, 1999). However, when the baseline SUV is low, 

even a minor change in SUV can reach a threshold of more than 20 – 30%. 

Whereas EORTC criteria do not take this into account, PERCIST has defined a 

minimal measurable level of tumor uptake (liver SUVmean x 1.5 + 2 SDs and an 

absolute change in SUV of 0.8 units). 

 

A 15%/25% (after one cycle- /two or more cycles of chemotherapy), and 30% 

decrease in SUV as proposed as thresholds for response in the EORTC criteria 

and PERCIST, respectively, do not appear to correlate with good outcomes in 

GIST patients treated with imatinib. Stroobants et al showed that a modest 



decrease in SUV of 30% after therapy was not associated with improved outcome, 

suggesting that a larger threshold was needed (Stroobants, 2003). Choi identified 

a threshold for “good response” on FDG PET as a decrease in SUV > 70% from 

baseline or a drop in absolute SUVmax > 2.5 (Benjamin, 2007; Choi, 2008), and 

found this to be an excellent prognostication in terms of PFS (Benjamin, 2007). A 

recently published study reported a mean decrease in SUV > 85% in patients with 

exon 11 mutations receiving neoadjuvant imatinib (Van den Abbeele, 2012). 

However, Prior et al found that in early FDG PET prediction (after 4 weeks) of 

response to sunitinib after imatinib failure, the use of the EORTC criteria with a 

decrease of FDG > 25% was predictive of PFS (Prior, 2009). In paper V, all seven 

patients with FDG avid lesions at baseline were responders after 12 days of 

treatment according to the EORTC criteria and the PERCIST. In two of these 

patients the marked decrease in SUVmax was not followed by a reduction in tumor 

diameter after three months and both were classified as having stable disease. As 

discussed earlier, the importance of distinguishing between response and stable 

disease is debatable. In papers IV and V all patients received imatinib, and the 

mean decrease in FDG avid lesions was 76% and 78% (range 48 – 96%) 

supporting previous reports suggesting that a higher threshold than proposed in 

EORTC and PERCIST may be appropriate (Stroobants, 2003; Choi, 2008; Van 

den Abbeele, 2012). 

 

Complete metabolic response as assessed with FDG PET has frequently been 

reported in GIST patients receiving TKI; however, cure is rare in a metastatic 

setting (Chacon, 2005; Blanke, 2008a). A negative PET during TKI treatment may 

suggest good treatment response, but does not ensure the nonexistence of cancer 

cells (Agaram, 2007; Corless, 2011). One out of the 10 patients included in paper 

V provides a good illustration of this phenomenon: The patient underwent liver 

resection of a solitaire metastasis after 11 weeks of imatinib treatment. Compared 

to the primary tumor, the resected metastasis showed less cellularity with more 

collagenous fibres, but only very small areas with necrosis. The histological 

response was graded as low, > 10 and  50% supportive of stable disease. 

 



6.5.6. Motion correction and precise co-registration between PET and CT 

Static PET/CT imaging of tumors in areas with physiologic movements, such as 

the heart, intestine, lungs and upper abdomen may be affected in two ways that 

appear simultaneously: First, a mismatch between the CT used for attenuation 

correction and the PET acquisition may lead to significant over- or underestimation 

of the tumor uptake. Second, the smearing of the image of a tumor leads to 

quantification errors, positional uncertainties or errors and overestimation of tumor 

size, especially for small tumors (Liu, 2011).  

 

Tumors within or close to the liver may be misregistrated into the liver or into the 

lung because of respiratory movements. Such misregistrations may be difficult to 

discover. However, respiratory gating may provide the correct localization of such 

tumors (Figure 12).  

 

 

 

Figure 12: Misregistration between PET and CT performed during normal breathing in a patient 

with a metastasis (red arrows) in the dome of the liver (upper row). By performing repeated breath-

hold respiratory gating the focal FDG uptake is correctly located in the liver and with higher uptake 

intensity (lower row). Since attenuation correction was performed on the basis of lung tissue 

instead of liver tissue the attenuation correction was markedly insufficient, and SUVmax increased 

from 8.7 to 18 following repeated breath-hold respiratory gating.  

 

No PET/CT motion corrections were performed in the included papers. By 

implanting the xenografts subcutaneously in both flanks, artifacts due to 

respiratory- and intestinal peristaltic movements during acquisition were 



minimized. In the clinical studies (papers IV and V) tissue movements and 

mismatch between PET and CT images might have affected the SUVmax 

measurements. Several of the included patients in paper V had GIST lesions in the 

upper abdomen, and respiratory movements might have affected the co-

registration, the attenuation correction and the estimation of tumor uptake. This is 

a clear limitation in this study. 

 

6.5.7. FDG 

FDG is not a cancer specific imaging tracer. Positive findings are observed in 

active inflammation and infection, too. High FDG uptake indicates enhanced 

cellular glucose metabolism independent of the normal physiological uptake of the 

cells. Both activated macrophages and metabolically active cancer cells will 

accumulate FDG. Sarcoidosis and sarcoid reactions can occur in cancer patients 

(”sarcoid reactions”) referring to the development of noncaseating epithelioid cell 

granulomas in patients who do not fulfill the criteria for systemic sarcoidosis 

(Cohen, 2007). This phenomenon predominantly occurs in patients with Hodgkin 

lymphoma (Haran, 2002), but can also occur in patients with solid tumors (Okada, 

2005; Martella, 2012). It has been suggested that anticancer therapy may result in 

the release of an antigen that is able to trigger the onset of a sarcoid reaction 

(Brincker, 1995) (Figure 13). Due to limited specificity of FDG PET, FDG positive 

lesions may require histological verification to establish correct diagnosis.  

 

6.5.8. Correlation between FDG and GLUT expression in GIST  

Studies suggest that changes in expression of GLUTs and glucose metabolism 

may be the cause of the anticancer mechanism of imatinib (Prenen, 2005; Tarn, 

2006). GIST cells are anticipated to express different GLUTs (Prenen, 2005) with 

translocation to the plasma membrane from an intracellular storage described for 

GLUT 1 and GLUT 4 (Prenen, 2005; Tarn, 2006). We also found a higher 

cytoplasmic GLUT 1 and GLUT 2 expression in both treatment groups compared 

to the control group in paper III, which may be explained by an imatinib induced 

GLUT translocation via endocytosis from the plasma membrane to cytosol. In vitro 

experiments performed by Tarn et al have confirmed that decreased glucose 

transport into GIST cells after imatinib is due to inhibition of the AKT activity. 

Observed cell growth arrest and apoptosis were, however, found independently of 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13: Patient with rectal GIST prior to (left) and after 2 weeks of imatinib treatment (right) who 

developed metabolically active lymphadenopathy in the mediastinum (sarcoid reaction). The 

patient did not have any symptoms of lung infection or elevated infection parameters (patient from 

paper IV).  

 

 

AKT activity, suggesting that the glucose uptake was not the only mechanism 

behind imatinib induced growth arrest and cell death (Tarn, 2006). 

 

FDG is transported across the cell membrane by GLUTs. Intracellular FDG is 

phosphorylated in the same way as glucose. In contrast to glucose-6-phosphate, 

phosphorylated FDG is metabolically trapped. In vitro studies have shown that 

changes in glucose metabolism can be identified on FDG PET (Prenen, 2006; 

Tarn, 2006). However, in contrast to FDG PET observations during cytotoxic 

therapy showing a slow and gradual reduction in glucose metabolism, the change 

in glucose metabolism during imatinib treatment is rapid with an almost complete 

shutdown (Shinto, 2008) (paper II). This observation may be due to a direct 

treatment effect on the glucose metabolism rather than a direct antitumor effect. 

This hypothesis is consistent with the observation of a tremendous decrease in 

FDG uptake after initialization of treatment, although areas with high cellularity are 



still demonstrated microscopically (paper IV). Recently, two clinical studies 

investigated GLUT expression in GIST patient. A case report found GLUT 4 to be 

the main glucose transporter in an esophageal GIST with high FDG uptake at PET 

(Kaida, 2010). GLUT 4 expression was also examined in 22 patients before 

receiving neoadjuvant imatinib (biopsy). A decrease in GLUT 4 expression was 

seen in posttreatment specimens (resection) from 19 patients while GLUT 4 was 

unchanged in three patients (Van den Abbeele, 2012).  

 

In paper III, a significant difference in the expression of GLUT 3 between 

continuous and intermittent treatment with imatinib was found. GLUT 3 is known 

for its expression in neurons and has originally been designated as the neuronal 

GLUT. GISTs are thought to arise from the progenitor cells of Cajal and show both 

muscle and neuronal differentiation. Increased GLUT 3 expression can lead to the 

observed increased FDG uptake, and may thus partly explain the increased 

exchange rate k1 at dynamic PET in the intermittent treatment group.  

 



6.6. Mutation type 

 

The mutation status can to some extent predict treatment response to TKI 

(Heinrich, 2003a; Corless, 2005; Heinrich, 2008). GIST with KIT exon 11 mutations 

have better response to imatinib and longer time to progression (receiving 400 mg 

imatinib daily) compared to KIT exon 9 mutations or wild-type (Heinrich, 2008). KIT 

exon 9 mutations have longer recurrence free survival treated with 800 mg vs 400 

mg imatinib daily, and respond better to sunitinib than GIST with KIT exon 11 

mutations (Heinrich, 2008; Demetri, 2012). A point mutation in the PDGFRA exon 

18, D842V is resistant to imatinib (Demetri, 2002; Corless, 2005). Furthermore, an 

association between development of resistance/secondary mutations and TKI 

response is seen (Corless, 2011). Patients with secondary KIT exon 13 and 14 

mutations receiving sunitinib have increased overall survival compared to KIT exon 

17 (e.g. D816H) and 18 mutations (Heinrich, 2008; Demetri, 2012). 

 

The AHAX xenograft used in papers I, II and III, harbors a primary KIT exon 11 

deletion mutation involving codon 558 (c.1673_1687del, p.Lys558_Glu562del) 

associated with poor survival and a secondary mutation in KIT exon 17, D816H 

(c.2446G>C, p.Asp816His) associated with resistance to imatinib and sunitinib.  

From a clinical point of view this is an interesting model since the KIT exon 11 

deletion mutation is the most common mutation in GIST, and exon 17 point 

mutations are the most frequent mutations considered to confer imatinib 

resistance. This model thus reflects the most common clinical scenario in imatinib-

resistant GIST.  

 

It has been postulated that the mutation status correlates with the degree of FDG 

uptake intensity reduction; the most common KIT mutation having highest 

metabolic response and the wild-type showing a somewhat lower metabolic 

response (Van den Abbeele, 2012). However, in our preliminary results (paper V) 

three out of 10 patients did not have sufficient FDG uptake at baseline to be 

monitored by PET. These patients all had common mutations in KIT (two in exon 

11 and one in exon 9). 

 



7. CONCLUSION  
 

The work presented in this thesis describes the establishment of the human GIST 

xenograft AHAX harboring KIT exon 11 and KIT exon 17 mutations, i.e. it reflects 

the most common clinical scenario in imatinib-resistant GIST. KIT exon 11 is the 

most common site of mutation in primary GIST and KIT exon 17, such as D816H, 

is the most frequent site of a secondary resistance mutation. 

 

Despite originating from a patient who was clinically regarded to have an imatinib- 

and sunitinib resistant tumor, significant anti-tumor effects of both these TKIs were 

demonstrated in the AHAX xenograft studies. The original primary mutation is 

virtually always present in GISTs that contain a secondary resistance mutation and 

this KIT exon 11 mutation, unlike the mutation in KIT exon 17, continues to be 

sensitive to imatinib or sunitinib, which may results in a less active KIT kinase as 

compared to a kinase where both mutations are uninhibited. The findings in this 

thesis may have relevance to many GIST patients with an imatinib/sunitinib-

sensitive primary mutation and an imatinib/sunitinib-insensitive secondary 

mutation. Our findings thus lend support to a rechallenge with imatinib or sunitinib, 

even in cases where multiple secondary resistance mutations are present, 

provided that the primary mutation is sensitive.  

 

The schedule of imatinib administration may influence tumor growth, tumor 

glucose uptake rate and the tumor metabolic rate. Continuous imatinib 

administration as well as intermittent administration (one week on - one week off) 

slowed down tumor progression in the AHAX xenograft. Continuous administration 

gave significantly slower tumor growth compared to intermittent administration. We 

found differences in FDG uptake kinetics and tumor FDG metabolic rate between 

the continuous and the intermittent imatinib administration groups, but the clinical 

significance of this observation remains unknown. 

 

In vivo studies using the AHAX xenografts demonstrated the feasibility of using a 

human PET scanner for small animal studies.  

 



Early treatment induced changes in GIST patients examined with FDG PET and 

DW MRI parameters were shown to improve the prediction of treatment outcome 

as compared to changes in tumor size observed with CT. 



8. FUTURE PERSPECTIVES 
 

Imaging plays a pivotal role in the follow up of GIST patients and in the decisions 

whether to continue, discontinue or change the treatment regime. Morphological 

imaging has limitations, particularly in the assessment of newer targeted therapies 

that more often stabilize disease rather than shrink the tumors. The challenge in 

the future will be to validate imaging modalities and protocols that can be used 

both for the diagnosis and in the follow-up of these patients. We believe that 

multifunctional imaging approaches are needed to determine treatment effects of 

novel multi-targeted therapies. 

 

Most studies report single parameters from ROIs or VOIs, presented as means, 

medians or ranges. This approach does not take into account that tumor 

heterogeneity usually is more pronounced when response to treatment occurs. 

Functional response maps have been designed where quantification of the area or 

the proportion of tumor that shows significant changes are registered.  

 

Standardization of examinations is probably the main challenge for the 

implementation into clinical practice. The suggested PERCIST criteria have been a 

valuable contribution for FDG PET studies regarding standardization, but similar 

guidelines for DW MRI have yet to be developed.  

 

8.1. Tailored PET protocols  

Conventional radiological imaging protocols have increasingly been tailored for 

specific indications, and this is also necessary for PET protocols. A PET 

examination usually follows a standard procedure with a whole-body protocol with 

an acquisition time of 3 minutes per bed. For PET studies of the liver, imaging with 

a prolonged acquisition time and repeated breath-hold respiratory gating gives 

measurable improvement in image quality, and better detection and quantification 

of FDG-uptake in liver metastases compared to a standard whole body protocol 

(Revheim ME, 2012). In our current clinical GIST PET protocol, prolonged 

acquisition time with 8 minutes per bed over the liver is included. Our experience 



so far is that such simple and little time-consuming modifications of PET protocols 

give improved detection and quantification of lesions and better image quality. 

 

Previous studies have shown that malignant lesions often continue to accumulate 

FDG from an early phase to a delayed phase, whereas FDG uptake tends to 

decrease in benign lesions. The background activity will also decrease with time, 

and the tumor-to-background ratio therefore increases with time in malignant 

tumors. A dual-time-point PET might thus improve the detection of malignant 

lesions and facilitate the differentiation between malignant and benign lesions 

(Caprio, 2010; Chan, 2011b; Miyake, 2012). 

 

Although FDG PET has been successfully included in the diagnostic workup of 

GIST, some weaknesses of the method have been revealed. Some GISTs are not 

FDG avid (Choi, 2004; Goerres, 2005) (paper V), and in monitoring treatment 

response normal physiological FDG uptake does not exclude viable residual tumor 

tissue (Agaram, 2007; Corless, 2011). Dynamic FDG PET in patients with GISTs 

has only been explored in a single study (Apostolopoulos, 2011), demonstrating 

higher sensitivity for detecting progression in liver metastases compared to a 

standard static one hour FDG PET (70.6% versus 50.0%) (Apostolopoulos, 2011). 

Clinically relevant information, such as blood flow, exchange rates and 

phosphorylation and dephosphorylation rates can be extracted from dynamic 

acquisition. Dynamic PET is an under-investigated application that deserves 

further attention. 

 

8.2. New radiopharmaceuticals and new applications 

Although FDG is the mainstay radiopharmaceutical for PET, it is not suited for all 

applications. Other radiopharmaceuticals are available and new ones are 

consecutively being developed. More specific tracers will probably be developed 

for the monitoring of specialized therapies. 

 

The thymidine analog 3-18F-3-deoxythymidine (FLT) is the most common PET 

marker for DNA synthesis and is used to visualize cellular proliferation (Weber, 

2010). FLT is a substrate for the enzyme thymidine kinase that is active during cell 

division. FLT is phosphorylated and trapped intracellularily. FLT PET has been 



shown to improve differentiation between malignancy and inflammation compared 

to FDG PET. The FLT uptake is usually lower than that observed with FDG, but 

the tumor delineation by FLT PET is easier due to higher tumor-to-background 

ratios. However, FLT uptake in bone marrow is usually high and osseous 

metastases can be masked. FDG may be better for evaluation of the skeleton 

(Dittmann, 2003). Another thymidine analog is 18F-1-(2-deoxy-2-fluoro- -D-

arabinofuranosyl (FMAU) (Dunphy, 2009). FMAU has lower uptake in normal bone 

marrow and may thus suitable for the detection of bone metastases. Bone 

metastases are rare in GIST patients (Burkill, 2003; Jati, 2012). Jati et al 

concluded that all bone metastases detected were lytic, well defined and often 

multiple, the axial skeleton most commonly involved. Lytic lesions usually have 

high FDG uptake and in this study all metastases showed intense FDG uptake, 

which decreased following TKI treatment (Jati, 2012). 

 

Hypoxia in malignant tumors is a common feature of aggressive behavior (Brown, 

1999). Evaluation of hypoxia might be useful both in the development of new drugs 

and in our understanding of tumor biology. There is also evidence that modification 

of tumor hypoxia can significantly improve loco-regional tumor control and overall 

survival (Tatum, 2006). Low oxygenation in the tumor environment is sufficient to 

activate HIF-1-dependent gene expression stimulating processes like glycolysis, 

angiogenesis and apoptosis (Talks, 2000; Bos, 2003). HIF-1  has been studied in 

many cancers, including GIST, showing a correlation between expression of HIF-

1  and tumor aggressiveness, rate of recurrence and distant metastases (Chen, 

2005). Hypoxic tissues increase their anaerobic glucose metabolism and can 

theoretically be detected with FDG PET. However, the usability of FDG as a 

marker for hypoxia is questionable because of variation in baseline (aerob) 

glucose metabolism (Busk, 2008). 60/62/64Cu-diacetyl-bis-(N4-

metylthiosemicarbazone (Cu-ATSM) and 18F-fluoromisonidazole (FMISO) are the 

two most used PET tracers for hypoxia imaging (Dunphy, 2009). Cu-ATSM binds 

to certain intracellular macromolecules in viable cells with low oxygen tensions 

(Padhani, 2007). 64Cu’s half-life (12.7 h) makes it practical to work with, and its 

production and delivery is widespread (Lewis, 2008). 15O-H2O has been used as a 

PET agent for the assessment of tumor perfusion (Laking, 2010), but due to the 



very short half-life of 15O (122 s) few institutions perform 15O-H2O-PET studies in 

routine clinical practice. 

 

Angiogenesis is the formation of new blood vessels and is one of the hallmarks of 

cancer. Several of the next generation TKIs target vascular endothelial growth 

factor 1 and 2 (VEGFR1 and VEGFR 2) (Samiian, 2004; Deremer, 2008; Sawaki, 

2011) and thereby inhibit angiogenesis. Because FDG has a high level of 

extraction in tissues, changes in perfusion, which is likely to follow antiangiogenic 

therapy, can be measured with dynamic FDG PET imaging. The first pass uptake 

of FDG correlates with 15O-H2O measured blood flow (Mullani, 2008). Different 

specific angiogenetic factors in the angiogenetic cascade can, however, be 

targeted by PET agents (Vallabhajosula, 2011). PET imaging of angiogenesis for 

the assessment of antiangiogenic therapy in GIST patients may be used in the 

future.  

 

Different steps in the apoptotic cascade (e.g the caspase activity) can be targeted 

and visualized with PET (Reshef, 2010). TKIs suppress the TK signal transduction 

pathway resulting in reduced cell proliferation and the induction of apoptosis 

(Tuveson, 2001). PET imaging of apoptosis may therefore be useful in treatment 

assessment in GIST patients. Malignant cells also have increased uptake of amino 

acids and high protein synthesis. Numerous new PET probes targeting amino acid 

metabolism and protein synthesis have been developed (Dunphy, 2009). 11C 

methyl-L-methionine (MET) is currently the leading amino acid PET agent 

(Dunphy, 2009), mainly used for the detection, characterization and treatment 

assessment of brain tumors (Terakawa, 2008). The brain cortex and basal ganglia 

have high FDG uptake, and brain metastases can be masked with standard PDG 

PET. Amino acid agents have very low brain uptake but high uptake in malignant 

lesions. However, brain metastases in GIST patients are extremely rare (Naoe, 

2011), and only 9 case reports were found when reviewing the literature. 

 

Bombesin receptors are overexpressed in different cancers including prostate 

cancer (Markwalder, 1999) and in breast cancer (Gugger, 1999) and GIST (Reubi, 

2004).  Reubi et al reported that primary GISTs (imatinib sensitive and imatinib 

insensitive tumors) and GIST metastases expressed bombesin subtype 2 



receptors, known as gastrin releasing peptide receptors (GRPr) (Reubi, 2004). By 

using a 68Ga-bombesin agonist Dimitrakopoulous-Strauss et al performed PET 

studies with 68Ga-BZH3 and FDG in 17 GIST patients. Their aims were to 

investigate the impact on diagnosis compared to FDG PET and the potential for 

radionuclide treatment. The FDG PET showed increased uptake in 14 out of 17 

patients and BZH3 PET in seven out of 17 patients. A recurrent GIST was only 

detected by BZH3 (mitrakopoulou-Strauss, 2007). Unfavorable pharmacokinetics in 

normal receptor-positive organs and mitogenic effects were later revealed. More 

recently an in vitro and in vivo (murine model) study of prostate cancer found 

better tracer properties by using a bombesin antagonist (Abiraj, 2011) with the 

chelator DOTA and the positron emitter 64Cu. Bombesin shows specific and high 

tumor uptake, and fast washout from the normal organs. These are favorable 

properties, and several approaches toward clinical translation for targeted imaging 

and radionuclide therapy are under investigation. This may be an exciting 

approach to explore in future GIST clinical trials. 

 

8.3. Improved technology 

The latest PET technology has improved spatial resolution due to additional 

detector rings, time-of-flight detection (TOF) and new reconstruction algorithms. 

Introduction of PET/MRI allowing simultaneous acquisition of PET and MR images 

will improve motion correction. The new generation PET scanners often use TOF 

technology or image reconstruction based on the point spread function (PSF) to 

achieve high spatial resolution and good contrast. Fast scintillators, electronics 

with high counting-rate performance and increased FOV can reduce scanning 

time.  

 

Aggressive tumors with poor differentiation are thought to be more vascular and 

may therefore be distinguished from more well differentiated lesions by perfusion 

imaging. Only one study has been performed using perfusion CT for treatment 

assessment in GISTs (Schlemmer, 2011). They reported a characteristic perfusion 

pattern of metastatic GIST lesions distinguishing good from poor responders to 

imatinib or sunitinib in 24 patients (Schlemmer, 2011). The duration of therapy was 

however varying, but all patients had at least received medication for 3.5 weeks, 

and most patients had completed several months of therapy. How rapid the 



vascular changes occur were not taken into account, and their findings were not 

compared to other functional modalities such as FDG PET or DW MRI. Studies 

suggest that the early uptake patterns in tumors observed by dynamic FDG PET 

and perfusion CT are similar, and one may consider only using dynamic PET. A 

high resolution CT may of course still be needed for diagnostic purposes (Malinen, 

2011). 

 

The heterogeneity of GIST is usually more pronounced when response to 

treatment occurs. It is, however, most common to report single values in DW MRI, 

mainly the mean ADC. If tumor consists of necrosis or cystic components at 

baseline, these areas might be excluded for ADC measurements at all time points. 

Typically, tumors may initially have an enhancing rim equivalent to increased 

perfusion, but after treatment the central part of tumor can show a greater 

antivascular response than the periphery. Functional response maps have been 

designed where quantification of an area or the proportion of tumor that shows 

significant changes in response are registered. This mapping is particularly 

challenging in areas with physiologic movements. Functional diffusion maps have 

been used in clinical trials of bone (Lee, 2007) and brain malignancies (Hamstra, 

2008) with promising results. Implementation of functional mapping in GIST will 

probably give an improved understanding of tumor biology and a more correct 

assessment of treatment response in DW MRI.   

 

Whole-body MRI from vertex to the thigh, analogous to a typical PET/CT scan, can 

be performed in 25 minutes with the latest MRI systems (Lenz, 2011). Whole-body 

DW MRI has been compared to FDG PET/CT for the diagnosis and response 

assessment in oncology showing similar sensitivity and specificity for the detection 

of malignancy and the assessment of treatment response (Heusner, 2010; Wu, 

2011). For bone metastases whole-body DW MRI showed superior sensitivity to 

FDG PET/CT (Kruger, 2009). GIST is associated with other malignancy (Salar, 

2005; Kalender, 2007; Basu, 2008; Basu, 2010), and by the increased use of 

whole-body imaging the identification of such other primary tumors will further 

increase. Full integration of PET and MRI at the same time point will reduce 

misregistrations. There are high expectations to this combined system’s efficacy. 

 



8.4. Novel targeted therapies 

Other agents that inhibit targets downstream of KIT and PDGFRA, such as the 

phosphoinositide 3-kinase (PI3K) and AKT/mammalian target of rapamycin 

(mTOR) signaling pathway are under evaluation. PI3K inhibitors have shown a 40 

– 75% inhibition of cellular proliferation and a threefold increase in caspase activity 

in GIST cell lines (Bauer, 2007). mTOR inhibitors did not show the same marked 

effect. This indicates that the most important signaling is located downstream of 

PI3K but upstream of mTOR (Bauer, 2007). Heat shock protein 90 (HSP90) 

inhibitors have shown antitumor effects in xenografts, and the antitumor response 

was enhanced when given in combination with TKIs (Floris, 2011a; Floris, 2011b).  

 

8.5. Response to TKI therapy  

Existing data suggest that even long-term TKI treatment fails to eliminate all GIST 

cells, and that the disease persists, but in an inactive form. Le Cesne et al 

randomized 434 patients with non-progressive disease after 3 years with imatinib 

treatment to either continue or discontinue treatment. They found that the 2-year-

PFS was 80% in the group with continuous treatment and 16% in the interruption 

group (Le, 2010). Another study examined histological GIST lesions with clinical 

response to imatinib (1 to 31 months) from 28 patients (43 lesions) and found a 10 

– 90% reduction in tumor cellularity. Residual tumor cells in 75% of the lesions 

were quiescent, with a proliferation index (Ki67) of 0% and no mitoses. Some 

tumor cells showed transdifferentiation towards a smooth mucle phenotype, 

suggesting that GIST cells under imatinib suppression may circumvent apoptosis 

by bypassing the cell cycle and expressing other genes (Agaram, 2007). Bardsley 

et al recently reported that native ICC stem cells in murine GISTs are resistant to 

KIT inhibition, and this resistance was retained after acquisition of an oncogenic 

KIT mutation (Bardsley, 2010). This has raised the hypothesis of the existence of a 

GIST tumor stem cell that is independent of KIT, and therefore not controlled or 

eradicated by TKI alone (Bardsley, 2010). 

 

8.6. Imaging guided personalized medicine  

Functional and molecular imaging is in a front position in the trend of personalized 

cancer treatment. The goals are to individualize the diagnostic work-up and 

treatments, in order to optimize treatment outcome and minimize toxicity. 



Monitoring factors that influence treatment, resistance, metabolism, proliferation 

and hypoxia prior to, during and after treatment may be important for such 

individualized treatment regimes.  

 

For many GIST patients the standard imatinib dose is well tolerated, but patients 

with large tumor burden and poor performance status may benefit from a more 

tailored dosage. Around 5% of the patients develop unacceptable adverse effects 

(Demetri, 2006), and may benefit from dose reduction monitored by PET or DW 

MRI. A low-dose imatinib regime with 200 mg daily (100mg x 2) may be effective in 

disease suppression in cases with side effects evaluated with FDG PET (Basu, 

2010).  

 

Resistance to treatment is considered to be one of the major challenges to 

targeted therapy (Gramza, 2009). Knowledge of resistance mechanisms based on 

markers of response and resistance could spare patients from an insufficient 

therapy and allow earlier decisions for change in treatment strategies that may be 

more effective and, furthermore to enable identification of new targets for drugs. 

Up to 19% of GISTs show initial primary resistance to imatinib (Demetri, 2002), 

and functional imaging (FDG PET and DW MRI) performed early after onset of TKI 

treatment can probably identify these patients. As already mentioned, most 

patients with advanced GIST respond to imatinib, but the majority eventually 

progress with the median time to imatinib resistance being approximately two 

years (Blanke, 2008a). The development of secondary resistance in GIST can 

manifest itself as a nodule in an otherwise responding lesion or as new 

metastases. FDG PET is able to detect such secondary drug resistance early, also 

known as the “metabolic switch-on”. The term nodule within a mass is already 

accepted and used in CT interpretations. However, it might be difficult to 

distinguish active progressive tissue from another etiology on a CT scan. A 

decrease in ADC during treatment will be taken as an indicator of residual active 

disease. 

 

Novel therapeutic drugs are launched, particularly for the treatment of imatinib-

resistant GISTs (Demetri, 2011; Giuliani, 2012). Preclinical studies have showed 

that response to novel agents can be monitored with FDG PET and probably with 



other tracers as well (Pantaleo, 2009). The role of DW MRI in this context is not 

yet explored.  

 

 

 
 

Figure 14: The clinical impact of the implementation of functional imaging in GIST patients. 

 

 

8.7. Main message 

GIST is the most common sarcoma in the GI tract. The TKI imatinib has 

revolutionized the management of GIST. The therapeutic approach to GIST today 

is focused on the kinase mutations, but future identifications of other drivers of 

GIST biology is likely to be identified and targeted. I believe the combination of 

molecular biology, genetics, tumor markers and functional imaging followed by 

targeted personalized and flexible therapy will improve survival and reduce side 

effects for GIST patients in the future.  
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Abstract
Purpose: The purpose of this study is to assess treatment responses induced by the two
tyrosine kinase inhibitors, Imatinib and Sunitinib, in a gastrointestinal stromal tumor (GIST)
xenograft using a clinical positron emission tomography/computed tomography (PET/CT)
scanner.
Methods: Nude mice bearing human GIST xenografts with mutations in exons 11 and 17 were
randomly allocated to treatment with Imatinib, Sunitinib, or placebo daily for seven consecutive
days. 2-deoxy-2-[18F]fluoro-D-glucose PET (18F-FDG-PET/CT) was performed in a clinical PET/CT
scanner at baseline (day 0) and 1 and 7 days after onset of treatment. Treatment response was
assessed by measuring tumor volumes and by calculation of tumor-to-liver 18F-FDG uptake ratios.
Results: Minor reductions in tumor volume were observed in both treatment groups. For the two
treatment groups, significantly decreased tumor-to-liver uptake ratios were observed both at
day 1 (Imatinib, −41%, p=.002; Sunitinib, −55%, pG .001) and at day 8 (Imatinib, −35%, pG .001;
Sunitinib, −50%, pG .001), when compared to individual baseline values. For the control tumors,
neither tumor volumes nor tumor-to-liver uptake ratios were altered during the 8 days the
experiment lasted.
Conclusions: Significant anti-tumor effects were demonstrated following treatment with both
Imatinib and Sunitinib. Decreased tumor-to-liver uptake ratios were more pronounced than
tumor volume reductions. Effects of novel targeted therapies can be evaluated in the GIST
xenograft model using a clinical PET/CT scanner.

Key words: GIST xenograft, AHAX, Imatinib, Sunitinib, Clinical PET/CT scanner

Introduction

Gastrointestinal stromal tumor (GIST) is the most
common mesenchymal cancer of the digestive system

and may occur in the entire length of the gastrointestinal
tract [1]. GISTs develop from interstitial cells of Cajal [2]
and typically express mutations in the c-KIT oncogene [3].
With an understanding of the key role of the KIT tyrosine
kinase expression [4] and the subsequent introduction of the
tyrosine kinase inhibitor (TKI) Imatinib, a new era in the
management of this tumor entity began [5]. Imatinib has
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shown an eminent effect in patients with metastatic GIST
[6], albeit often temporarily [7, 8]. Further understanding of
the molecular basis of GIST oncogenesis has led to the
development of a variety of novel agents for the treatment of
Imatinib refractory GIST [9, 10], such as the multitargeted
TKI, Sunitinib [11–13].

Computed tomography (CT) has conventionally been the
method of choice to monitor patients with GIST. However,
new targeted therapies for GIST have revealed insufficiency in
the current solid tumor size-based response assessment criteria
(RECIST), since initial treatment effect seldom is observed as
tumor volume reduction [14, 15]. Recent studies have used
decreased both in tumor size and in density values on CT for
the evaluation of GIST response to Imatinib treatment [16],
often referred to as the Choi criteria [17]. Treatment response is
defined as more than 15% decrease in CT density value or
more than 10% reduction in tumor size. Using the Choi criteria,
a sensitivity of 97% and a specificity of 100% in identifying
positron emission tomography (PET) responders have been
reported [17]. In contrast, the corresponding values based on
RECIST were 52% and 100%.

Most GISTs show high uptake of 2-deoxy-2-[18F]fluoro-
D-glucose (18F-FDG) when imaged by PET, and treatment
response can be observed early [6], even 24 h after onset of
treatment [18]. Albeit still a controversial issue, a certain
percentage of GISTs may probably be without any uptake of
18F-FDG and still be overtly malignant [16, 19].

As with Imatinib, KIT mutation status seems to be a
predictor of response to Sunitinib [20, 21]. Knowledge on
the relative responsiveness of different molecular subgroups
of Imatinib-resistant GIST may optimize the treatment and
thereby contribute to a better understanding of the mecha-
nisms of resistance and how to circumvent them. The
interest in other signal transduction inhibitors to overcome
this resistance is thus growing.

The development of novel targeted therapies necessitates
animal models, providing the same inherent molecular tumor
heterogeneity as observed in the clinical setting in order to
allow evaluation of treatment efficacy. To evaluate response
to targeted therapies, it is important to assess the inhibition
of tumor metabolism and not only tumor shrinkage. This
stresses the importance of integrating molecular imaging
technologies in treatment response evaluation.

The availability of dedicated small animal PET scanners
is limited, and thus researchers have tried using adapted
clinical systems [22–24]. Recently, Aide et al. demonstrated
that a state-of-the art clinical PET/CT could provide high
quality images and accurate quantification of the 18F-FDG
uptake with comparable spatial resolution as dedicated small
animal scanners [25]. Based on these findings, we conducted
a preclinical therapy study assessing therapeutic efficacy in
human GIST xenografts receiving Imatinib or Sunitinib
treatment in a clinical PET/CT. This approach may, if
rigorously validated, be used for high throughput evaluation
of new TKIs and other pharmaceuticals being developed to
circumvent treatment resistance.

The aims of this study were twofold: first, to
evaluate treatment response to Imatinib or Sunitinib in
the human GIST AHAX xenograft and second, to
evaluate if a clinical PET/CT scanner can be used for
this assessment.

Materials and Methods
Xenografts and Animals

The human GIST xenograft AHAX with mutations in exon 11
(c.1673_1687del, p.Lys558_Glu562del) and exon 17 (c.2446G9C,
p.Asp816His) was used [26]. Xenografts were established by
subcutaneous implantation of tumor tissue fragments (~2×2×
2 mm3) bilaterally into 36 female NCR athymic mice (5–7 weeks;
25–30 g). The mice were bred at the animal department of our
institution and kept under specific pathogen-free conditions at
constant temperature (22–24°C) and humidity (55–60%). They
were given sterilized food and tap water ad libitum. The animal
study was approved by the Institutional Committee on Research
Animal Care. All mice were ear-tagged and followed individually
throughout the study. After 3 months, tumor volumes were 515±
45 mm3. At this time point, the 33 mice were randomly allocated
into three groups, and baseline measurements were obtained. Three
separate mice, not included in the treatment study, were used for
comparing tumor-to-liver uptake ratio in a clinical and a dedicated
animal PET scanner.

Treatment

Imatinib (Glivec®, Novartis Pharma GmbH, Basel, Switzerland)
and Sunitinib (Sutent®, Pfizer Inc., New York, NY, USA) were
pulverized and dissolved in distilled water or dissolved in
50 mM citrate buffer (pH=3.5), respectively. Mice in the two
treatment groups were given either 100 mg/kg Imatinib (group
1) or 40 mg/kg Sunitinib (group 2) by oral gavage once daily,
whereas the control group received citrate buffer only (group
3). At the end of the experiment, the mice were sacrificed by
neck dislocation.

Tumor Measurements

Tumor volumes were estimated by caliper measurements from
implantation until the end of the experiment using themodified ellipsoid
formulae [27, 28]: V mm3ð Þ ¼ p=6ð Þ � a mmð Þ � b2 mm2ð Þ,
with a and b being the longest and the perpendicular tumor
diameters, respectively. Measurements were normalized to
individual pre-treatment (day 0) tumor volumes.

Histopathological Examination

Material from the primary tumor and subsequent surgical speci-
mens were reviewed by an experienced sarcoma pathologist.
Paraffin-embedded tissue was processed for staining with hema-
toxylin and eosin (HE) and microscopic examination. The mitotic
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index was counted in ten high power fields (HPF; objective ×40,
area of a single HPF; 0.3066 mm2).

18F-FDG PET/CT in a Clinical Scanner

PET examinations were performed before treatment (day 0), 24 h
(day 1), and 7 days after onset of treatment with Imatinib,
Sunitinib, or placebo. The mice were examined after 4 h of fasting
using a clinical PET/CT scanner (Biograph 16, Siemens, Erlangen,
Germany). The mice were anesthetized with 0.025 ml/10 g s.c.
injections of tiletamine 2.4 mg/ml and zolazepam 2.4 mg/ml
(Zoletil vet®, Virbac Laboratories, Carros, France), xylazine
3.8 mg/ml (Narcoxyl vet, Roche, Basel, Switzerland), and
butorphanol 0.1 mg/ml (Torbugesic, Fort Dodge Laboratories, Fort
Dodge, IA, USA) before examination. One hour after intra-
peritoneal injections of 7–10 MBq 18F-FDG (GE Healthcare AS,
Oslo, Norway), the mice were positioned in groups side by side on
a heating cushion. A CT scan was obtained with a slice thickness of
1 mm and a pixel size of 0.49×0.49 mm2. Subsequently, a 10-min
one-bed position PET acquisition was obtained. Images were
reconstructed by an OSEM iterative technique, using a 2-mm
Gaussian post-reconstruction smoothing filter. The image format
was 256×256, the pixel size was 2.67×2.67 mm2, and the slice
thickness was 2 mm. Attenuation and scatter correction were
applied before the images were transferred to a remote workstation
for further image analysis.

18F-FDG PET in a Dedicated Animal Scanner

To validate the use of a clinical scanner for assessment of
quantitative 18F-FDG uptake, three separate, untreated mice were
subjected to 18F-FDG-PET examination in a dedicated small animal
PET scanner (microPET Focus 120, Siemens Medical Solutions,
Erlangen, Germany). Following 4 h of fasting, the mice were
anesthetized, and 7–10 MBq 18F-FDG was injected intraperito-
neally [29]. After 1 h, the mice were scanned for 10 min.
Attenuation correction was obtained by a 10-min transmission scan
with a 68Ge point source after 18F-FDG-PET. Data collected in list
mode were reconstructed using 3-D OSEM-MAP [30–32] (2
OSEM iterations, 18 MAP iterations, β=0.5, 128×128×95 matrix
size, 0.87×0.87×0.80 mm3 voxel size). Images were transferred to
a remote workstation for further analysis.

Image Analysis

The PET/CT images were analyzed using IDL (Interactive Data
Language v6.2, Research Systems Inc., Boulder, CO, USA).
Initially, an image volume covering all animals was reconstructed.
All coronal planes were added to form a two-dimensional
representation of the three-dimensional volume elements. These
images were used to draw individual regions of interests (ROIs)
around tumor and liver. The co-registered CT images were used for
guiding the delineations. Tumor-to-liver uptake ratios for individual
tumors were obtained by dividing mean tumor 18F-FDG uptake by
the mean liver 18F-FDG uptake. All ratios were normalized to
individual pre-treatment values.

Ex Vivo Counting

Immediately following clinical PET/CT, the three mice that
underwent small animal PET examination 24 h earlier were
sacrificed, and tumor and liver were harvested. Tissue samples
were separately weighed and counted for 1 min in a gamma counter
(Cobra II auto-gamma detector, Packard Instrument Company,
Meriden, CT, USA). The samples were normalized to sample
weight. Tumor-to-liver uptake ratios obtained from the clinical
PET/CT scanner, the dedicated small animal PET scanner, and
from ex vivo counting were compared.

Statistical Analysis

Statistical analyses were performed using SPSS version 16.0 (SPSS
Science, Chicago, IL, USA). The Kolmogorov–Smirnov test was
applied to test for normality. Statistical differences between groups
were analyzed using one-way ANOVA, two-sided t test, and
Pearson correlation coefficient. Significance was assigned at p≤ .05.

Results
Tumor Growth

The 33 mice developed 49 tumors giving a tumor take of
74.2%. Prior to therapy, tumor volumes did not differ
significantly between the three groups (p=.54). Initial tumor
volumes were normally distributed (p=.19), and results are
presented as means and standard deviations. Normalized
tumor volumes for the two treatment groups and the control
group as function of time after treatment are shown in Fig. 1.
Tumor volume in the control group increased, although not
significantly, with 11.5% from days 0 to 8 (p=.27).
Compared to individual baseline values, the mean volume
of the tumors in the Imatinib group was reduced by 15.7% at

Fig. 1. Normalized tumor volumes for the human GIST
AHAX xenografts prior to therapy and after 1 and 7 days of
daily Sunitinib, Imatinib, or placebo treatment. Error bars
represent standard deviations.
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day 8 (pG .01). In the Sunitinib group, no statistically
significant tumor decrease was observed (−8.8%, p=.41).

The mitotic index in tissue samples obtained from all
three groups was Imatinib, 2/10 HPF; Sunitinib, 8/10 HPF;
and control, 21/10 HPF.

Treatment Response Assessed with PET/CT

Mean number of pixels within the ROI used for the
measurement of 18F-FDG uptake was 6.6 (range, 2–15)
and 12.4 (range, 6–22)pixels for tumor and liver, respec-
tively. Normalized tumor-to-liver ratio as function of time
after onset of treatment is shown in Fig. 2. Pre-treatment
metabolic activity was not significantly different between
control and the two treatment groups (p=.358). One-way
ANOVA revealed no changes in tumor-to-liver uptake ratios
for the control group during the 8 days the experiment lasted
(p=.536). One day after onset of therapy, normalized tumor-
to-liver uptake ratios in the Imatinib- and Sunitinib-treated
groups decreased by 40.8±8.8% (pG .01) and 54.9±8.1%
(pG .01), respectively. At day 8, normalized tumor-to-liver
uptake ratios were reduced by 35.2% (pG .001) and 50.1%
(pG .001) for the Imatinib and the Sunitinib groups,
respectively, relative to individual baseline values. It should,
however, be noted that tumor-to-liver uptake ratios at days 1
and 8 were not significantly different (Imatinib, p=.56;
Sunitinib, p=.64). An example of 18F-FDG uptake in a nude
mouse prior to therapy and 24 h after start of Sunitinib
treatment is shown in Fig. 3.

In Vivo Imaging Versus Ex Vivo Counting

Pearson correlation coefficient between tumor-to-liver
obtained from ex vivo counting and from in vivo imaging
was 0.99 for both the clinical PET/CT scanner and for the

dedicated small animal PET scanner. It should however be
noted that the absolute tumor-to-liver ratios were different;
the clinical scanner yielded about 18% higher values, and
the dedicated animal scanner yielded about 23% lower
values, when compared to the ex vivo counting.

Discussion
This preclinical study demonstrates that tumor-to-liver 18F-
FDG uptake ratio decreases following Imatinib and Sunitinib
treatment in the human GIST AHAX xenograft, originating
from a clinical Imatinib-resistant patients [26]. This study
also shows that a clinical PET/CT can be used to assess
treatment response in small animals.

For both treatment groups, significantly reduced 18F-FDG
uptake was observed in the treated GIST xenografts 24 h
after onset of treatment, and the level remained low during
the entire experiment. The immediate metabolic shut-down
has previously been reported for human GISTs [18]. This is
in accordance with current knowledge that TKIs like
Imatinib, directly targeting glucose uptake metabolism
[33], will cause a rapid reduction in 18F-FDG uptake (within
hours to days). The prevailing hypothesis is that the decrease
reflects changes in glucose uptake mechanisms. Such early
decrease in 18F-FDG uptake correlates to therapeutic out-
come [34, 35], supporting its use as an early prognostic
marker.

The AHAX xenograft originates from a patient with a
clinically Imatinib-resistant GIST. The pronounced treat-
ment effect of both Imatinib and Sunitinib is intriguing since
the patient harbored mutations in exon 11 and exon 17,
leading to treatment resistance. Loss of the genetic mutation
leading to resistance could explain the observed treatment
effect. Mutation analysis of the implanted xenograft tissue
was however performed and revealed that both mutations
(exon 11 and 17), as seen in the patient, were maintained in
the xenografts [26].

Fig. 2. Normalized tumor-to-liver uptake ratios for the GIST
AHAX xenografts prior to therapy and after 1 and 7 days of
daily Imatinib, Sunitinib, or placebo treatment. Error bars
represent standard deviations.

Fig. 3. Clinical PET/CT images acquired before and 24 h
after treatment with Sunitinib.
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Clinical experience has shown that tumors with mutations in
exon 11 are less sensitive to Sunitinib treatment, and that exon
17mutations (which encode the activation loop) are resistant to
Imatinib [20] and have weak or no sensitivity to Sunitinib [36].
The observed response to both treatments suggests that AHAX
xenograft contains both Imatinib- and Sunitinib-sensitive
clones. This fits well with knowledge of the heterogeneity of
GISTs, with numerous different mutations being harbored
within a single tumor [37]. The maintenance of such hetero-
geneity after eight generations, which was the source of our
implanted tumor material, may be due to a selection of the most
virulent clones (or the clones harboring the highest mitotic
rate). Imatinib resistancemay also be incomplete. Low doses of
either Imatinib or Sunitinib have been shown to have a partial
inhibitory effect on KIT phosphorylation in a GIST cell line
with mutations in exon 11 and exon 17, presumably due to
inhibition of a minor population of cells with exon 11
mutations [36]. The antiangiogenic effects of Sunitinib [38]
may also contribute to the observed treatment response.

In our study, the 18F-FDG uptake in the two treatment
groups remained reduced for the 8 days the experiment
lasted. For both groups, tumor-to-liver ratios increased
slightly, but not significantly. This could possibly be
attributed to the development of a selection pressure,
promoting the growth of resistant clones or a change in
glucose uptake mechanisms [39, 40].

The clinical PET/CT scanner has the advantage of being
able to handle a large number of small animals simulta-
neously, thereby allowing high throughput imaging. Fig. 4
shows the experimental set-up in our study with ten mice
within one bed position. Identical hardware, software, and
acquisition protocols for examination of animals and humans
ensure consistency of data and provide easy translation of
developments from mouse to human in a clinical setting.

Tumor-to-liver uptake ratios obtained from ex vivo counting
differed in a systematic way from the ratios obtained from the
clinical and the animal scanner. Because of intensity, diffusion
signal intensities in small and irregular-shaped organs can

Fig. 4. Representative CT (a), PET (b), and PET/CT (c) images of ten mice bearing AHAX xenografts obtained using a clinical
PET/CT scanner. The anesthetized mice were positioned side by side on a heating cushion during acquisition of data.
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never be accurately reproduced [41], and this effect is much
more pronounced on a clinical PET scanner. The spatial
resolution of the clinical PET/CT scanner is clearly inferior to
that of the dedicated small animal PET scanner.With the actual
Gaussian filter, the full-width at half maximum of the point
spread function on the clinical scanner is 4.8 mm in the center
of the field. The resulting point spread function smearing is
most pronounced for small high-intensity objects. Systematic
over- and underestimation of tumor-to-liver uptake ratios for
the PET systems seem to have resulted from the way the ROIs
were drawn at the different modalities. In order to obtain the
most accurate assessment of tumor signal intensity in the
clinical scanner images, a smaller ROI than the actual size of
the tumor was used. On the other hand, CT information was
used to draw the liver region, and the imaging process had also
led to loss of intensity across the region border. Since the ratios
were calculated on a per-average-pixel-value basis, this
methodology is the probable reason for overestimation of the
tumor-to-liver ratio from the measurements on the clinical
scanner. The lack of co-registered CT images from the animal
PET scanner may have led to the inclusion of signal intensities
from tissues adjacent to or overlapping with the liver, resulting
in a systematic increased average liver signal intensity and thus
an underestimation of the tumor-to-liver ratio.

Despite the fact that the absolute ratios were different, the
correlations between ratios obtained with different methods
were very strong. Thus, the ratios obtained in this study are
well suited for comparisons between groups, but less
suitable for absolute quantification purposes. However, the
present study demonstrated that the clinical PET/CT system
yielded sufficient spatial resolution to obtain clinically
relevant information from this animal model.

More accurate assessment of treatment response can be
achieved by measuring tumor uptake as function of injected
dose for individual mice. This approach, which we will use
in our future studies, allows each animal to be its own
control and will reduce the influence of intensity diffusion
by allowing larger tumor ROIs to be drawn.

Conclusion
Significant anti-tumor effects of Imatinib and Sunitinib were
demonstrated in a human GIST xenograft originating from a
patient with a clinically Imatinib-resistant tumor. The meas-
ured treatment response, combined with the results from
comparison between PET-assessed tumor-to-liver uptake ratio
and ex vivo counting, demonstrates that a clinical PET/CT
offers non-invasive and longitudinal assessment of treatment
response to novel targeted therapies in preclinical models.
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Abstract 
BACKGROUND: Acquired resistance to imatinib is frequently caused by secondary KIT mutations. We 
have investigated the effects of imatinib in mice with human gastrointestinal stromal tumour 
(GIST) xenograft that harbours a primary exon 11 deletion mutation and a secondary imatinib 
resistance mutation D816H in exon 17. Such mutations are commonly present in humans with 
imatinib-resistant GIST. METHODS: The mice were randomly allocated to receive imatinib either 
continuously or intermittently. Dynamic 18F-FDG PET was performed and blood volume fraction (vB), 
rate constants (k1, k2, k3) and metabolic rate of 18F-FDG (MRFDG) were computed using a three-
compartment model. Tumours were evaluated for the mitotic rate and expression of HIF-1α , 
caspase-3 and glucose transporters (GLUTs).  
RESULTS: Both intermittent and continuous imatinib delayed tumour growth significantly compared 
to placebo, significantly in favor of the latter. k1 (representing perfusion, vascular permeability 
and binding of 18F-FDG to the GLUTs) was significantly higher in the intermittent group compared 
to the continuous group, as was tumour GLUT-3 expression. k3 (representing internalization of 18F-
FDG to cells) and MRFDG were significant lower.  
CONCLUSION: Imatinib delays GIST xenograft growth despite presence of the D816H resistance 
mutation. The schedule of imatinib administration may influence tumour glucose uptake rate and 
metabolic rate. 
 
Keywords: GIST, imatinib, xenograft, intermittent administration, dynamic 18F-FDG PET, glucose 
transporters 
 
 
INTRODUCTION 
Gastrointestinal stromal tumour (GIST) is the 
most common sarcoma of the digestive tract 
(Miettinen and Lasota, 2003). Approximately 
95% of GISTs express KIT, the receptor for the 
stem cell factor (Hirota et al, 1998). KIT 
mutations frequently result in KIT 
phosphorylation and constitutive activation. 
In a few GISTs (5-10%) a mutation is found in 
the gene encoding the platelet derived 
growth factor receptor alpha (PDGFRA). Both 
KIT and PDGFRA receptors are tyrosine 
kinases and key players in GIST 
tumourigenesis (Rubin et al, 2001). By the 
introduction of the tyrosine kinase inhibitor 
(TKI) imatinib, a selective inhibitor of KIT, 
PDGFRA and a few other kinases, a new era in 
the management of GIST began (Joensuu et 
al, 2001;Cassier and Blay, 2010). Most 

patients with advanced GIST respond to 
imatinib, the standard first-line treatment 
but the majority eventually progress with the 
median time to imatinib resistance being 
approximately two years (Blanke et al, 2008). 
In acquired imatinib resistance secondary 
mutations in KIT exons 13 and 17 are common 
resulting in a kinase conformation that 
prohibits imatinib from binding to the kinase 
(Gramza et al, 2009).  

A metabolic response to imatinib in 
GIST may be observed early with 2-deoxy-2-
[18F]fluoro-D-glucose (18F-FDG) positron 
emission tomography (PET) (Joensuu et al, 
2001), sometimes even within a few hours 
after starting imatinib (Shinto et al, 
2008;Revheim et al, 2011). Dynamic 18F-FDG 
PET enables assessment of tissue uptake of 



 

 

  

the tracer in space and time following 
injection and may offer valuable information 
about tumour vascularization and its 
metabolic characteristics (Roe et al, 
2010;Malinen et al, 2011).  

Human tumour xenografts are useful 
for evaluating novel therapeutic agents, since 
tumour vascular and stromal components 
cannot be addressed in vitro. The GIST human 
xenograft model AHAX (Revheim et al, 2009) 
originates from a patient with a clinically 
imatinib-resistant GIST harboring a primary 
KIT exon 11 mutation (sensitive to imatinib) 
and a secondary KIT exon 17 mutation (likely 
treatment-induced mutation). Since KIT exon 
11 is the most common site of mutation in 
primary GIST and KIT exon 17 is the most 
frequent site of a secondary resistance 
mutation (Heinrich et al, 2006), this model 
reflects the most common clinical scenario in 
imatinib-resistant GIST.  

Imatinib, administered usually 
continuously at a dose of 400 mg/day, is 
generally well tolerated and despite prior 
tumour progression during first-line imatinib 
it is often considered as the last-line 
palliative systemic treatment for patients 
with advanced GIST (National Comprehensive 
Cancer Network, 2012). This practice is, 
however, controversial in the absence of 
other than anecdotal supportive clinical 
experiences. A randomized clinical trial is 
currently comparing imatinib plus the best 
supportive care to the latter alone as 
palliative treatment of advanced GIST 
(ClinicalTrials.gov identifier NCT1151852). 
Somewhat unexpectedly withdrawal of 
imatinib in responding patients and 
reinstitution of imatinib at the time of 
metastatic progression, did not affect survival 
in a large randomized clinical trial (Blay et 
al, 2007;Le et al, 2010).  

The aim of the present study was to 
evaluate the potential benefits of continuous 
and intermittent imatinib administration in 
an experimental human GIST xenograft model 
harboring imatinib resistance mutation. This 
was evaluated by tumour growth 
measurements and assessment of tumour 
metabolic activity (with dynamic 18F-FDG 
PET), mitotic rate, and expression of HIF-1α, 
caspase-3 and GLUTs.   
 
MATERIALS AND METHODS 
Animals and xenografts 
Human GIST AHAX xenografts with a mutation 
in KIT exon 11 (c.1673_1687del, 
p.Lys558_Glu562del) and KIT exon 17 

(c.2446G>C, p.Asp816His) (Revheim et al, 
2009) were established by subcutaneous 
implantation of tumour tissue fragments 
( 2x2x2 mm3) bilaterally into NCR athymic 
mice. The mice were kept under specific 
pathogen-free conditions at a constant 
temperature (22-24°C) and humidity (55-
60%), and were given sterilized food and tap 
water ad libitum.  

Six weeks after implantation 37 mice 
were randomly allocated into a control group 
(n=12) or to one of two imatinib treatment 
groups, where imatinib was administrated 
either continuously (n=13) or intermittently 
(n=12, one week on and one week off). The 
study was approved by the Institutional and 
National Committee on Research on Animal 
Care and was performed according to 
Interdisciplinary Principles and Guidelines for 
the Use of Animals in Research, Marketing and 
Education (New York Academy of Science, 
New York, NY). 
 
Tumour volume measurements 
Tumour size was measured by a caliper twice 
weekly from the date of implantation Tumour 
volume was calculated using the modified 
ellipsoid formula (Euhus et al, 1986), where 
the volume V(mm3)=(л/6)×a(mm)×b2(mm2), a 
and b being the longest and the 
perpendicular tumour diameters, 
respectively. The measurements were 
normalized to individual pre-treatment (day 
0) tumour volumes. Estimated tumour volume 
doubling time was calculated using linear 
regression on ln-transformed normalized 
tumour volumes.  
 
Imatinib administration 
Imatinib (Glivec®, Novartis Pharma GmbH, 
Basel, Switzerland) was dissolved in distilled 
water and given by oral gavage: either 100 
mg/kg once daily (the continuous treatment 
group) or in 2-week cycles, with imatinib 
given daily for 7 days followed by placebo 
(water) for 7 days (the intermittent 
treatment group). The control group received 
water only by oral gavage. The duration of 
the experiment was 91 days.  
 
Dynamic 18F-FDG PET imaging 
Four mice from each of the three groups 
underwent dynamic 18F-FDG PET one day prior 
to sacrifice, using a small animal PET scanner 
(microPET Focus 120, Siemens Medical 
Solutions, Erlangen, Germany). Following 
overnight fasting the mice were anesthetized 
and given an i.v. bolus injection of 7-10 MBq 



 

 

  

18F-FDG (GE Healthcare AS, Oslo, Norway) 
diluted in heparinized saline (Revheim et al, 
2011) . Acquisition of list-mode data started 
prior to 18F-FDG injection and lasted for 50 
minutes post-injection. The dynamic PET 
images were reconstructed using an OSEM-
MAP computer program (Qi et al, 1998;Qi and 
Leahy, 2000) producing images with a voxel 
size of 0.87x0.87x0.80 mm3. The 
reconstructed time frames were 10 seconds 
during the initial 1.5 minutes followed by 
reduced temporal resolution for the 
remaining frames. Kinetic modeling of the 
DICOM-images was performed using in-house 
written IDL-programs (Interactive Data 
Language, v6.2, Research Systems Inc., 
Boulder, CO). Briefly, the mean time activity 
curves (TACs) for each tumour were 
calculated and normalized to individual 
arterial input functions (AIFs) to account for 
differences in the injected 18F-FDG activity 
between the animals (Roe et al, 2010). 
 A three-compartment model 
consisting of a blood compartment and two 
sequential tissue compartments was used to 
evaluate the 18F-FDG kinetics. The 
concentration in tissue (CT) is assumed to be 
separated into a free (non-metabolized) and 
a bound (metabolized) compartment with 
tracer concentrations of CF and CB, 
respectively (Figure 1).  
 

Figure 1 The three-compartment model used for 
extracting pharmacokinetic information from dynamic 
18F-FDG PET. CP is the concentration of 18F-FDG in plasma 
and CT is the 18F-FDG concentration in tumour. CT is 
further separated into not metabolized or free 18F-FDG, 
CF, and metabolized or bound 18F-FDG, CB. The kinetic 
parameters k1 (min-1) and k2 (min-1) describe the forward 
and backward 18F-FDG diffusion, respectively. The k3 
(min-1) and k4 (min-1) parameters signify the rates of 18F-
FDG phosphorylation and dephosphorylation, 
respectively, i.e. reflecting protein binding or glucose 
metabolism. 
 
The exchange of 18F-FDG between the two 
tissue compartments is described by the rate 
constants k1, k2, k3, and k4 [min-1], where k1 

includes perfusion, vascular permeability and 
the binding of 18F-FDG to the GLUT receptors, 

k2 the clearance of 18F-FDG back into the 
blood, k3 the cellular internalization, and k4 

the cellular externalization. The kinetic 
parameters were estimated by fitting the TAC 
to this model and non-linear least squares 
minimization. k4 was assumed to be low, and 
was set to zero in the calculations. The blood 
volume fraction (vB) was estimated as 
described previously (Kamasak et al, 2005). 
The metabolic rate of 18F-FDG (MRFDG) was 
defined as (k1∙k3)/(k2+k3). The fit between 
the measured TACs and the curves obtained 
from modeling were evaluated by calculating 
correction coefficients (r2) for each tumour 
voxel. 
 
Histopathology and 
immunohistochemistry  
At the end of the experiment the mice were 
sacrificed by neck dislocation and tumour 
sites were matched with the in vivo imaging 
slices. The xenografts were excised and 
divided in two; one half was snap-frozen in 
liquid nitrogen and stored at -80°C, while the 
second half was formalin-fixed and paraffin-
embedded.  

The paraffin-embedded sections were 
stained using a standard method (Dako 
EnVisionTM + System, Peroxidase (DAB) 
(K4011, Dako, Glostrup, Denmark) and a Dako 
Autostainer). The primary antibodies, 
dilutions, pH retrieval solution and the 
positive controls are listed in Table 1. The 
proportion of positively staining tumour cells 
was assessed semiquantitatively as absent (0, 
no immunostaining), slight (1, <10% of tumour 
cells were stained), moderate (2, 10-50% of 
cells showed staining), or strong (3, >50% of 
cells were stained). The intensity of staining 
was recorded as absent (0), weak (1), 
moderate (2) or strong (3). A staining score 
was obtained by multiplying these two  
values. The mitotic index was counted per 20 
high power fields (HPFs) using a Leica DM2500 
microscope (Leica Microsystems CMS, 
Germany) with an objective x40 giving an 
area of 0.31 mm2 for a single HPF. 
 
KIT and PDGFRA mutation analysis  
Genomic DNA was extracted from 10 AHAX 
xenografts. Thirty nanograms of DNA was 
amplified using Phusion® Hot Start DNA 
polymerase and Phusion GC buffer 
(Finnzymes, Espoo, Finland). The thermal 
cycling conditions were DNA denaturation at 
98°C for 30 seconds, 5 cycles at 98°C for 10 
seconds, 65°C for 15 seconds and 72°C for 10 
seconds, followed by 35 similar cycles where 
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the annealing temperature was reduced to 
60°C. Final extension was allowed at 72°C for 
1 minute. The forward and reverse PCR 
primer pairs used are provided in Table 2. The 
sequencing reactions were performed in two 

directions using the BigDye® Terminator v1.1 
Cycle Sequencing Kit (Life Techologies, 
Carlsbad, CA). The sequencing products were  
 
 

 
Table 1 The primary antibodies used for immunohistochemistry 
Antibody 
target Company Catalogue  

number Dilution Retrieval solution 
pH* Positive control 

GLUT-1 Abcam, Cambridge, UK Ab652 1:200 Low pH Kidney cancer 

GLUT-2 Santa Cruz Biotechnology, Inc., 
Santa Cruz, CA, USA 

Sc-9117 1:100 Low pH Pancreas 

GLUT-3 Abcam, Cambridge, UK Ab53095 1:200 High pH Testis 

GLUT-4 AbD Serotec, Oxford, UK 4670-1704 1:1000 High pH Salivary gland 
HIF-1  Novus Biologicals, Cambridge, UK NB100-499 1:300 High pH Placenta 
Caspase-3 Cell Signaling Technology, 

Danvers, MA, USA 
9664 1:100 High pH Large cell 

lymphoma 
* Low pH: citrate buffer, pH 6.1 (K8005, Dako, Glostrup, Denmark). High pH: Tris/EDTA, pH 9 (K8004, Dako, Glostrup, 
Denmark) 
 
run on an automatic capillary sequencer 
(3130xl Genetic Analyzer, Life Techologies, 
Paisley, UK). 
 
Statistical analysis 
Statistical analyses were performed using 
Excel® (Microsoft Corporation, Redmond, 
Washington, USA) and SPSS version 18.0 (SPSS 
Science, Chicago, IL). Non-Gaussian 
distributions were compared using the non-
parametric Mann-Whitney U-test. Two-sided 
t-test was used to compare the first order 
least-square linear regression estimated 
tumour doubling times. Significance was set 
to 5%. 
 
RESULTS  
Tumour growth 
Tumour growth was observed in 70 (95%) out 
of the 74 implants in the 37 mice. One mouse 
was sacrificed prematurely because of 
oesophageal perforation and was excluded 
from the study. The tumour volumes did not 
differ significantly between the three groups 
prior to therapy, with a median pretreatment 
tumour volume of 120 mm3 (range; 22-340 
mm3, SE; ±73 mm3). The normalized tumour  
volume growth curves are shown in Figure 2. 
The tumour volume doubling time in the 
control group was 24.7 days (95% CI; 21.9-
28.4 days). The tumour doubling time was 
significantly shorter in the intermittent 
imatinib group (47.4 days; 95% CI, 40.6-56.9 
days) compared to the continuous group 
(130.9 days; 95% CI, 84.2-293.5 days; 
p<0.001). Both treatment groups showed 
significantly longer tumour volume doubling 
times compared to the untreated tumours (p 
< 0.001). 

Dynamic 18F-FDG PET  
18F-FDG PET of the treated animals was 
performed after 88 days of treatment, at a 
time point where both treatment groups were 
receiving imatinib. Figure 3A shows a series 
of 18F-FDG PET images demonstrating tracer 
uptake in a flank tumour in the continuous 
imatinib group. The TACs from the tumours 
treated with intermittent imatinib showed 
higher uptake and reached a plateau earlier 
after tracer injection as compared to the 
tumours treated with continuous imatinib (25 
minutes vs. 30 minutes, respectively). The 
median area under the normalized TAC curve 
was 20% higher for the intermittent group, 
albeit not significantly different (p=0.08) 
(data not shown). 

TACs of two voxels located at 
different sites within a continuous imatinib-
treated xenograft are shown in Figure 3B. 
Using kinetic modeling, the TAC of the voxels 
were separated into free (not metabolized) 
and bound (metabolized) components. The 
goodness of fit between the measured TACs 
and the uptake curves obtained from 
modeling ranged from 0.91 to 0.98 with no 
significant differences between the two 
treatment groups. Mean k1, k2, k3, MRFDG and 
vB for both treatment groups are summarized 
in Table 3. Significant differences were found 
for the kinetic parameters k1, k3 and MRFDG. 
The influx k1 parameter was 32% higher in the 
intermittent group (p=0.01), while k3 and 
MRFDG were 95% (p=0.01) and 50% (p=0.03) 
higher in the continuous treatment group, 
respectively. No significant correlations were 
found between the tumour volumes and the 
tumour pharmacokinetic parameters.



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
Figure 2 Normalized tumour volume growth of the human GIST AHAX xenograft in mice receiving either imatinib (100 
mg/kg/day) continuously, intermittently (one week on, one week off) or placebo (water). At the end of experiment, mice 
with particularly large tumours were scarified, causing a dip in tumour volume growth (the light grey symbols). The data are 
given as means and standard errors of the means. 
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Figure 3 An example of cumulative 
18F-FDG uptake with time in a human 
GIST AHAX xenograft model (A). The 
white arrows point at the tumour. 18F-
FDG uptake as a function of time for 
two selected voxels within the 
xenograft is shown in (B). The uptake 
curves for the free and bound 18F-FDG 
components obtained from kinetic 
modeling are provided

. 

 
 
 
 
 
 

Days after onset of treatment

0 20 40 60 80 100

1,0

2,0

3,0

4,0

5,0 Control
Intermittent
Continuous



 

 

  

  
 
Tumour histology and 
immunohistochemistry 
Microscopic examination of the haematoxylin 
stained tumour sections revealed no 
differences in tumour morphology between 
the three groups. However, the mitotic index 
was significantly higher in the control group 
(median; 13 mitoses/20 HPFs) as compared to 
the continuous and the intermittent group 
(both medians 4/20 HPFs, p=0.02). The 
cytoplasmic GLUT-1 expression was 
significantly higher in the control group as 
compared to the intermittent group (median 
score 9 vs. 6; p=0.023) and the continuous 
group (median score 6; p=0.009). Both 
treatment groups had a significantly higher 
expression of cytoplasmic GLUT-2 (both 
median scores 9) than the control group 
(median score 3; p<0.001). The expression of 
both the cytoplasmic and the membranous 
form of GLUT-3 were significantly higher 
(p<0.001) in xenografts treated with 
intermittent imatinib (median score 3 and 3, 
respectively) as compared to xenografts 
treated with continuous imatinib (median 
score 0 and 0, respectively). There were no 
differences between the three groups with 
respect to HIF-1α or caspase-3 expression 
(data not shown).   
 
KIT and PDGFRA mutations  
Ten xenografts (continuous group, 4; 
intermittent group, 3; control group, 3) were 
analysed for KIT and PDGFRA mutations to 
investigate tumour mutation status at the end 
of the experiment. Sequencing confirmed 
that all xenografts had maintained the 
original mutation in KIT exon 11 
(c.1673_1687del, p.Lys558_Glu562del) and in 
KIT exon 17 (c.2446G>C, p.Asp816His). No 
further mutations were detected in KIT exons 
9, 14 or 17, or in PDGFRA exons 12, 14 or 18. 
 
DISCUSSION 
We explored the effects of imatinib 
administered either intermittently or 
continuously in a human GIST xenograft 
harboring the D816H mutation, which is a 
mutation considered to cause clinical 
imatinib resistance in GIST patients. The 
results show that the tumours do not regress 
either with intermittent or continuous 
imatinib, but, notably, they grow at a 
substantially slower rate than tumours 
treated with placebo. This finding suggests 
that GISTs with a KIT 11 deletion mutation 

coupled with a D816H substitution mutation 
are not entirely imatinib resistant. From a 
clinical point of view this is potentionally an 
important observation, since the KIT exon 11 
deletion mutation is the most common 
mutation in GIST, and exon 17 point 
mutations are the most frequent mutations 
considered to confer imatinib resistance. In 
clinical practice, imatinib administration is 
often discontinued when advanced GIST stops 
to respond to imatinib, and alternative 
treatments such as sunitinib or other TKIs are 
instituted. Anecdotal clinical experience 
suggests that reinstitution of imatinib after 
failure of the second-line or third-line TKI 
treatments may still slow down GIST 
progression compared to no systemic 
treatment. Although firm clinical evidence is 
lacking, reinstitution of imatinib may still be 
advantageous as the last-line palliative care 
(National Comprehensive Cancer Network, 
2012).  

The reason for imatinib benefit in the 
presence of D816H remains hypothetical. The 
KIT exon 11 deletion mutation, unlike the 
D816H mutation, continues to be sensitive to 
imatinib, which may results in a less active 
KIT kinase in the presence of imatinib as 
compared to a kinase where both mutations 
are uninhibited. If this hypothesis is correct, 
the present findings may have relevance to 
many GISTs with an imatinib-sensitive primary 
mutation and an imatinib-insensitive 
secondary mutation. The original primary 
mutation is virtually always present in GISTs 
that contain a secondary resistance mutation 
(Heinrich et al, 2006). Of note, more than 
one secondary mutation are commonly found 
in tumours that grow during imatinib 
treatment, sometimes even within the same 
metastasis (Liegl et al, 2008). Our findings 
may thus lend support to rechallenge with 
imatinib, even in cases when multiple 
secondary resistance mutations are present, 
provided that the primary mutation is 
imatinib-sensitive.  

The French Sarcoma Group 
investigated in the randomized BRF14 trial 
the effect of interrupting imatinib treatment 
at after either 1, 3 or 5 years of treatment in 
patients with advanced GIST who continued 
to respond to imatinib. Interruption of 
imatinib resulted in rapid GIST progression in 
the majority of patients, but almost all 
patients responded to imatinib reinstitution. 
No overall survival difference was seen 



 

 

  

between the interruption and the 
continuation groups, regardless of the timing 
of imatinib interruption (Blay et al, 2007;Le 
et al, 2010). Rapid cycling of imatinib 
administration (one week on, one week off) 
has not been tested in clinical trials, but the 
present result showed no benefits during the 
91-day observation period.   

The AHAX xenograft model of human 
GIST has proven useful for studying 18F-FDG 
uptake responses to TKIs (Revheim et al, 
2011). In the current study we found 
differences in the dynamic 18F-FDG uptake 
characteristics between the intermittent and 
the continuous treatment groups imaged 
while the mice were on imatinib. The TAC 
amplitude was higher in the intermittent 
group indicating either increased perfusion 
and/or increased metabolism compared to 
the continuous group. The tumour metabolic 
rate (MRFDG), in turn, was higher in the 
continuous group, whereas k1 was higher and 
k3  lower in the intermittent group as 
compared to the continuous group suggesting 
presence of more perfusion, vascular 
permeability or vascular damage (high flow, 
leaky vessels) in the intermittent group 
(Mullani et al, 2008). Taken together, these 
findings suggest that the schedule of imatinib 
administration influences tumour glucose 
uptake and metabolic rate. This observation 
should, however, be interpreted with some 
caution, since only four mice from each group 
underwent dynamic PET and the tumours 
showed heterogeneity in the PET parameters. 

The GLUTs play a central role in the 
accumulation of 18F-FDG within tumour cells. 
GLUT-1 is present in most cell types and is a 
key factor in glucose uptake, but different 
cancers express different GLUTs (Yamamoto 
et al, 1990;Godoy et al, 2006;Paudyal et al, 
2008). We found a difference in GLUT-3 
expression between the two treatment 
groups. GLUT-3 is expressed in neurons and 
was originally designated as the neuronal 

GLUT. GISTs may show both muscle and 
neuronal differentiation and GLUT-3 
expression may in part be related to rapid 
18F-FDG uptake in GISTs (Gogvadze et al, 
2008). Imatinib induces GLUT translocation 
from the plasma membrane to the cytosol via 
endocytosis (Prenen et al, 2005;Tarn et al, 
2006). In line with this, we found higher 
cytoplamic GLUT-1 and GLUT-2 expression in 
both imatinib groups compared to the 
placebo group.   
 In conclusion, the present study 
suggests that continuation of imatinib 
treatment may still benefit some GIST 
patients despite presence of an imatinib 
resistance mutation, such as D816H. In this 
setting, imatinib may slow down tumour 
progression, possibly by inhibiting the 
imatinib-sensitive primary mutation. Both 
continuous imatinib administration and the 
alternating one week on - one week off 
administration slowed down tumour 
progression, but the tumour growth was 
significantly more rapid with the alternating 
scheme. We found differences in 18F-FDG 
uptake kinetics and tumour 18F-FDG metabolic 
rate between the continuous and the 
intermittent imatinib administration groups, 
but their clinical significance remains 
unknown. 
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