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Summary 

Gastrointestinal stromal tumours (GISTs) are rare mesenchymal neoplasms with a worldwide incidence of 

one or two per 100,000. The tumours affect the entire gastrointestinal tract, but most commonly the 

stomach and small intestine. Neoadjuvant tyrosine kinase inhibitors (TKI) are administered in a selection of 

GIST patients to attain size reduction of the primary tumour and improve chances of complete resection. 

Response monitoring in GISTs is complex due to the presence of intra- and intertumoral heterogeneity and 

lack of pathological criteria to define response. Nonetheless, it is of importance to evaluate the efficacy of 

TKI treatment at an early stage in order to optimise treatment. In particular, early cessation of ineffective 

treatment is of importance in these patients, preventing unnecessary side-effects and healthcare costs. 

Medical imaging plays an important role to non-invasively predict and monitor treatment response of GIST 

patients undergoing TKI-treatment. This thesis aims to improve understanding of contrast-enhanced 

computed tomography (CE-CT) and 2-deoxy-2-[18F]fluoro-D-glucose ([18F]FDG) PET/CT imaging parameters 

to allow prediction and monitoring of neoadjuvant treatment response in GIST patients.  

In Chapter 1, the added value of CE-CT and [18F]FDG-PET imaging for early prediction and monitoring of 

treatment response in GISTs is investigated by means of a systematic literature review. Results of this study 

show that heterogeneous enhancement patterns on baseline CE-CT imaging were considered to be 

predictive for high-risk GISTs, reflecting neovascularisation and the presence of necrosis. Current CE-CT 

radiographic response criteria (i.e., RECIST 1.1 and Choi) are still lacking sensitivity and are prone to errors 

when predicting or monitoring treatment response. Metabolic changes on [18F]FDG-PET imaging seem to 

precede morphological changes in size in GIST lesions and were more strongly correlated with tumour 

response. Although CE-CT and [18F]FDG-PET can aid in the prediction and monitoring in GIST patients, 

further research on cost-effectiveness is recommended. 

Chapter 2 evaluates the efficacy of current radiological response criteria (RECIST 1.1, Choi and tumour 

volumetry) in predicting response to neoadjuvant systemic therapy, by comparing radiological response 

criteria with the achieved surgical benefit. Results show that size-based criteria (RECIST 1.1 and volumetry) 

accurately reflect surgical benefit in GIST patients treated with neoadjuvant systemic therapy (accuracy of 

76.3% and 86.6% respectively) and are less prone to scanner and imaging protocol variabilities, when 

compared to the Choi criteria (68.4%).  

In addition to volumetry, quantitative radiomic models using CE-CT and [18F]FDG-PET imaging features were 

trained to predict response at baseline. Preliminary results of this study are described in Chapter 3. The 

radiomic models presented in this study generally had a poor performance and can therefore not yet be 

applied in a clinical setting. To improve performance and generalisability, future research should focus on a 

bigger patient population and harmonisation of acquisition protocols. The conclusion of this thesis supports 

the utilisation of tumour diameters for radiological response assessment, where RECIST 1.1 response 

criteria had an accuracy of 80.0% to correctly predict volumetric response after the first response follow-

up CE-CT scan. When properly executed, these manual measurements could aid in early surgical decision 

making. 
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Abstract: Gastrointestinal stromal tumours (GISTs) are rare mesenchymal neoplasms. Tyrosine kinase 

inhibitor (TKI) therapy is currently part of routine clinical practice for unresectable and metastatic disease. 

It is important to assess the efficacy of TKI treatment at an early stage to optimize therapy strategies and 

eliminate futile ineffective treatment, side effects and unnecessary costs. This systematic review provides 

an overview of the imaging features obtained from contrast-enhanced (CE)-CT and 2-deoxy-2-[18F]fluoro-D-

glucose ([18F]FDG) PET/CT to predict and monitor TKI treatment response in GIST patients. PubMed, Web 

of Science, the Cochrane Library and Embase were systematically screened. Articles were considered 

eligible if quantitative outcome measures (area under the curve (AUC), correlations, sensitivity, specificity, 

accuracy) were used to evaluate the efficacy of imaging features for predicting and monitoring treatment 

response to various TKI treatments. The methodological quality of all articles was assessed using the Quality 

Assessment of Diagnostic Accuracy Studies, v2 (QUADAS-2) tool and modified versions of the Radiomics 

Quality Score (RQS). A total of 90 articles were included, of which 66 articles used baseline [18F]FDG-PET and 

CE-CT imaging features for response prediction. Generally, the presence of heterogeneous enhancement 

on baseline CE-CT imaging was considered predictive for high-risk GISTs, related to underlying 

neovascularisation and necrosis of the tumour. The remaining articles discussed therapy monitoring. 

Clinically established imaging features, including changes in tumour size and density, were considered 

unfavourable monitoring criteria, leading to under- and overestimation of response. Furthermore, changes 

in glucose metabolism, as reflected by [18F]FDG-PET imaging features, preceded changes in tumour size and 

were more strongly correlated with tumour response. Although CE-CT and [18F]FDG-PET can aid in the 

prediction and monitoring in GIST patients, further research on cost-effectiveness is recommended. 

 

Keywords: gastrointestinal stromal tumour; prediction; response monitoring; FDG-PET; radiomics; Tomography, X-ray 

Computed; personalized medicine 
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1. Introduction 
Gastrointestinal stromal tumours (GISTs) are rare mesenchymal neoplasms affecting the entire 

gastrointestinal tract and are presumed to originate from the interstitial cells of Cajal [1,2]. About 80–90% 

of GISTs harbour kinase-activating mutations in either receptor tyrosine kinase protein (KIT) or platelet-

derived growth factor receptor α (PDGRF-α) [3,4]. Complete surgical excision remains the only curative 

treatment option for GIST patients. Since GISTs are generally insensitive to radio- and chemotherapy, non-

surgical treatment is limited to tyrosine kinase inhibitor (TKI) therapy. This targeted molecular therapy is 

part of routine clinical practice for unresectable and metastatic disease [5,6].  

Adjuvant TKI treatment is used in high-risk GISTs to improve survival [7]. Unfortunately, due to the varying 

aggressive nature of GISTs, about one-third of the patients will relapse within three years after surgery with 

curative-intent [8]. For localized disease, TKI treatment can be given to attain size reduction of the primary 

tumour and improve chances of complete resection while maintaining an acceptable risk of complications 

[9,10]. About 20–25% of patients do not benefit from the neoadjuvant TKI treatment, as no complete or 

partial response is observed [11,12]. The rarity and complex biological nature of this disease, makes it 

difficult to differentiate between good and poor responders. For example, GISTs harbouring a KIT exon 11 

mutation have a good response to TKI treatment, whereas the same treatment is less effective in tumours 

with KIT exon 9 mutations [13]. Additionally, progressive disease is common during long-term TKI treatment 

due to acquired treatment resistance [14,15].  

In the era of personalized medicine, it is of utmost importance to evaluate the efficacy of TKI treatment at 

an early stage in order to optimize therapy strategies and protect patients from futile ineffective treatment, 

unnecessary side-effects and healthcare costs. Contrast-enhanced computed tomography (CE-CT) and 2-

deoxy-2-[18F]fluoro-D-glucose ([18F]FDG) PET/CT are considered useful for diagnosis and response 

monitoring in GIST patients. The imaging modalities offer information on tumour morphology, perfusion 

characteristics, as well as tumour glucose metabolism [7]. However, optimal use of imaging for predicting 

and monitoring TKI treatment in patients with GIST is still a subject of debate. This systematic review aims 

to elucidate the added value of CE-CT and [18F]FDG PET/CT imaging in the prediction of response and early 

response monitoring of TKI treatment in localized and advanced GISTs. 

2. Methods 

2.1 Search strategy  
From 29 April 2022 to 24 June 2022, the databases of PubMed, Web of Science, the Cochrane Library and 

Embase were systematically screened using predefined search queries (Supplementary Materials). The 

following terms and their corresponding synonyms were included: “gastrointestinal stromal tumour”, 

“(neo)adjuvant”, “TKI treatment” and “FDG-PET” and “Tomography, X-ray Computed” imaging. The search 

queries are wide-ranging and seek to cover the aspect of both response monitoring and prediction by 

including ‘monitoring’ and ‘prediction models’ as well as ‘radiomics’ and ‘prognostics’. In addition to these 

search terms, other terms, such as ‘patient selection’ and ‘personalized medicine’, were also added, since 

these articles presumably covered the subject of TKI treatment evaluation and its efficacy in specific patient 

groups as well. The search strategy was implemented in consultation with an experienced research 

directorate, and access to the databases was granted by the Leiden University Medical Center. 

2.2 Article selection 
Articles were screened and considered eligible for full-text assessment if the title or abstract mentioned (i) 

quantitative outcome measures to evaluate the efficacy of imaging features (ii) retrieved from CE-CT and/or 
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[18F]FDG PET/CT imaging (iii) in predicting or monitoring (neo)adjuvant TKI treatment response (iv) in 

localized and advanced GISTs. Response monitoring is defined as the evaluation of disease over the course 

of treatment using multiple medical imaging time points. Predicting response, however, solely involves the 

use of baseline scans made prior to TKI treatment administration. Articles assessing the prognostic value of 

different clinical and imaging parameters (e.g., risk of recurrence and metastatic potential) that can guide 

TKI treatment duration or timing for specific patient groups were also included, since these findings may 

improve patient selection in the future. Exclusion criteria comprised non-English and non-human studies, 

reviews, guidelines, recommendations, editorials, conference papers and abstracts. Case reports and 

studies analysing less than ten patients were also excluded. If the title and abstract did not contain sufficient 

information, full-text evaluation was used for judgement of relevance.  

Subsequently, the articles were screened on full-text and excluded if they did not meet the previously 

mentioned inclusion criteria or if full-texts were not available. During this assessment, the focus was 

primarily on quantitative outcome measure(s) of studies. Outcome measures that were included in this 

analysis were correlations, associations, area under the curve (AUC), sensitivity, specificity and accuracy.  

Finally, the reference lists from included articles were screened to find additional articles on this topic. The 

articles were independently assessed by the first two authors (Y.A.W., G.M.K.) and in cases of discrepancy, 

consensus reading was performed to make a final decision that led to either inclusion or exclusion. 

2.3 Quality assessment 
Articles using a radiomics pipeline were assessed through the radiomics quality score (RQS). The RQS is a 

scoring system that assigns points to a radiomics study based on specific criteria, where a maximum score 

of 36 points can be awarded. In this paper, the RQS is modified to focus on the methodological aspects of 

the included studies. The following criteria were omitted from the RQS, yielding a modified RQS (RQSm); 

‘imaging at multiple time points’, ‘trial database registry’ and ‘multivariable analysis on non-radiomics 

features’ , since they were considered less relevant for the quality of the obtained models [16]. The criteria 

from the RQSm were also used to create a quality assessment tool to assess studies on non-radiomics 

prediction models and correlational research. Modifying the RQSm for non-radiomics studies yielded the 

RQSm,nonrad. This RQSm,nonrad had a maximum score of ten points (Supplementary Materials). Articles were 

considered high quality if they reached a score above 50%. To assess applicability concerns and the risk of 

bias in articles covering the topic of monitoring, the Quality Assessment of Diagnostic Accuracy Studies Tool, 

Version 2 (QUADAS-2) was applied [17]. Articles on response monitoring were considered to have a high risk 

of bias or applicability concerns if two or more of the domains were scored as ‘high’ or ‘unclear’. 

Subsequently these articles were scored as low-quality.  

Quality assessment was performed by the first author (Y.A.W.). The quality score was not considered as an 

exclusion criterion, as the authors considered it important to review all relevant evidence [17-19]. 

2.4 Data analysis 
The eligible studies were categorized based on their topic concerning either response prediction or therapy 

monitoring. From each study, detailed information on the publication year, first author, patient groups, type 

of TKI treatment and imaging technique(s), was obtained. The specific CE-CT and [18F]FDG-PET imaging 

features and their corresponding conclusions on efficacy, along with the attributed quality score, were 

briefly summarized. In the results section, only studies that were considered to be high-quality, were 

analysed in depth by clarifying conclusions on clinical relevance, discrepancies in results and insights on 

biological correlates. 
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2.5 Response prediction 
In response prediction, imaging features from baseline/diagnostic CE-CT and [18F]FDG-PET/CT are retrieved 

to predict responder status, prior to TKI administration. Articles on this topic were divided into five 

categories: mutational status, proliferative activity, risk stratification, radiological response and prognosis. 

These categories were considered important, as they all influence treatment strategies. Clinical genotyping 

is essential for clinical decision making, regarding neoadjuvant therapy, since the sensitivity and resistance 

towards TKI treatment in GISTs is dependent on the mutational status. In addition, patients with a high-risk 

GIST (and thus high proliferative activity) receive adjuvant TKI treatment for a period of three years to 

eliminate remaining disease and reduce chances of relapse [7]. Predicting whether patients will have a 

radiological response or a good prognosis at baseline could also aid towards a more personalized TKI 

treatment.  

2.6 Therapy monitoring 
In therapy monitoring, one uses the visual and quantitative differences between baseline and follow-up 

scans to determine treatment response. The efficacy of CE-CT and [18F]FDG-PET are first discussed 

separately, followed by a qualitative comparison between both imaging modalities. 

 

3 Results 

3.1 Search strategy and article selection 
The search query identified a total of 599 articles from the databases of PubMed, Web of Science, the 

Cochrane library and Embase. The study selection process led to a total of 90 articles eligible for analysis 

(Fig. 1). Articles that were excluded based on imaging criteria included, for example, the use of radiotracers 

other than [18F]FDG [20]. Additionally, some articles discussed the use of molecular genotyping and DNA 

Fig. 2. Summary of Methodological Quality Scored 

According to Quality Assessment of Diagnostic 

Accuracy Studies Tool, Version 2 (QUADAS-2) for 23 

articles discussing the topic of response 

monitoring.  

Fig. 1. Preferred Reporting Items for Systematic Reviews and Meta-

analysis (PRISMA) flowchart showing all the exclusion criteria. A total of 90 

articles were included for this systematic review. Sixty-seven articles 

covered the topic of response prediction, and 23 articles covered the topic 

of response monitoring.  
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sequencing to predict or determine response and therefore did not involve the use of any imaging modality 

[21]. Other excluded articles discussed the efficacy of a specific TKI treatment but did not quantify the 

efficacy of imaging features in predicting or monitoring response [22,23]. Of the 90 eligible articles, 67 were 

concerning response prediction [24-90] and 23 discussed response monitoring [91-113]. 

3.2 Quality assessment 
Twenty-two articles discussed the use of radiomic models, and six out of 22 studies were of low quality 

(score < 50%). The mean RQSm of the included articles was 13.5 (SD ± 2.60) out of 26 points. Low scores 

were mainly caused by a lack of transparency, biological correlates and gold standard comparison. Two 

articles received a score of 18 points (69.2%), which was the highest attributed score [70,88]. The forty-five 

studies on non-radiomic prediction models and correlational research scored an average RQSm,nonrad of 3.91 

(SD ± 1.23) out of ten points, where eighteen articles scored above 50.0%. This was mainly caused by the 

fact that only a few articles used gold standard comparison [31,35,46] or an undescribed test set to validate 

their results [44,48,68]. The results of the QUADAS-2 tool are graphically displayed in Figure 2. Eight articles 

on response monitoring had high risk of bias or concerns for applicability and were therefore scored as low-

quality. High risk of bias was often introduced by using reference standards involving follow-up (e.g., 

progression free survival, overall survival, time-to-treatment failure). Concerns for applicability were mainly 

caused by a lack of reporting on patient characteristics. In this way, judgement on whether the included 

patients matched the review question was unclear. 

3.3  Response prediction 
All articles on response prediction have been summarized in the Supplementary Materials. In this section 

only high-quality scored studies will be discussed.  

 

3.3.1 Mutational status  
The radiomic model of Starmans et al. was validated on unseen data and achieved an AUC, sensitivity and 

specificity of 0.51, 96.0% and 3.00% for predicting KIT mutation presence [81]. The model, based on portal 

venous radiomic features, requires further improvement in order to be clinically applicable.  

Three studies developed a model or nomogram based on radiomic features obtained from CE-CT imaging 

(arterial, venous and delayed phase) to predict the presence of KIT exon 11 mutations, which resulted in 

varying AUC outcomes, namely 0.57, 0.72 and 0.81 [75,76,81]. Deletions in exon 11 may indicate more 

aggressive tumour behaviour, and for this reason, Liu et al. also assessed the efficacy of their model in 

predicting exon 11 deletion affecting codons 557–558 and achieved an AUC of 0.85 [76]. 

 In clinical practice, patients with KIT exon 9 mutations often receive a high-dose imatinib regimen (800 mg) 

to improve progression-free survival (PFS). Yin et al. showed significantly greater tumour sizes and higher 

enhancement ratios (Hounsfield units (HU) for tumour parenchyma divided by the HUs of the erector spinae 

muscle) on portal venous CE-CT imaging compared to KIT exon 11 mutations. Using a 1.60 cut-off point, KIT 

exon 9 mutated small intestine tumours could be differentiated with an AUC, sensitivity and specificity of 

0.76 and 86.7% and 98.5%, respectively. This threshold has, however, not been validated on independent 

validation data [67]. 

3.3.2 Proliferative activity 
Since high-risk GISTs have a high proliferation rate, several studies attempted to link the mitotic index and 

Ki-67 proliferation index to imaging features in order to make a non-invasive assessment of expected 

tumour behaviour. On CE-CT imaging, intralesional hypodensity and concurrent heterogeneous 

enhancement patterns were significantly more common in high-mitotic tumours (Figures 3 and 4) [29,46]. 
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Hypodensity was, in this case, defined as an area of low attenuation on portal venous phase CE-CT with Hus 

between 0 and 30 and when no HU increase (max 5 HUs) was observed between unenhanced and post-

contrast images [46]. The changes in enhancement patterns were attributed to the principle of 

neovascularisation. Tumours with high proliferative activity can induce the formation of hyperpermeable 

disorganized blood vessels and consequent development of necrosis [29,61]. Therefore, the supply and 

washout of contrast agent is affected, which has a direct impact on tumour enhancement patterns. 

A radiomic model using 42 quantitative and semantic imaging features (tumour location, first-order and 

texture radiomic features) retrieved from portal venous CE-CT imaging, differentiated high- from low-

mitotic tumours with an AUC, sensitivity and specificity of 0.54, 27.0% and 75.0%, respectively [81]. Although 

on theoretical grounds CE-CT should be able to visualize poor neo-vasculature due to rapid tumour growth, 

no radiomic study has been able to establish this correlation. However, radiomic models predicting high Ki-

67 proliferation index in localized and advanced GISTs achieved AUC values above 0.75 [77,88,89]. 

Comparison of studies investigating the relation between imaging and Ki-67 indices is complicated by the 

fact that different thresholds (e.g., 4%, 5%, 8% and 10%) for Ki-67 expression were used. Due to the small 

study sizes and heterogeneous outcomes with respect to Ki-67 indices, the true relationship between CE-

CT imaging and proliferation has yet to be established. 

3.3.3 Risk stratification 
Research on the use of [18F]FDG-PET imaging features for risk stratification in GISTs is limited. In two studies, 

high metabolic tumour volume (MTV) and total lesion glycolysis (TLG) were predictive for high risk GISTs 

[25,35]. The use of quantitative imaging features showed improved predictive accuracy during follow-up 

when compared to a clinical reference standard (NIH modified criteria) [35]. Although these results suggest 

Fig. 3 (a-c). Axial contrast-enhanced (iodinated contrast media) CT image of a 45-year-old male diagnosed with a 

(histopathologically confirmed) low mitotic gastric GIST. The lesion (arrow) shows a round tumor shape and homogeneous 

enhancement in (a) nonenhanced phase, (b) arterial phase and (c) portal venous phase (scale bars 5 cm). 

 

Fig. 4 (a-c). Axial contrast-enhanced (iodinated contrast media) CT images of a 60-year-old male diagnosed with a 

(histopathologically confirmed) high-mitotic gastric GIST. The lesion (arrow) shows a lobulated tumor shape, heterogeneous 

enhancement in (a) nonenhanced phase, (b) arterial phase and (c) portal venous phase (scale bars 5 cm). 
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the added role of [18F]FDG-PET for risk stratification, there are only a few studies that investigated [18F]FDG-

PET for this purpose.  

Larger tumour sizes, mixed or extra-luminal growth patterns, ill-defined tumour shape, presence of vessels 

feeding or vessels draining the tumour mass, necrosis and ulceration on CE-CT imaging were all associated 

with high-risk GISTs [44,53,58,60,63,64,68]. Of note, Wei et al. used the angle between the longest and 

shortest tumour diameter to quantify tumour shape. This parameter was able distinguish intermediate- and 

high-risk from low-risk GISTs more accurately when compared to using solely the longest diameter [58]. 

Heterogeneous enhancement patterns on portal venous phase CE-CT proved to be predictive for high-risk 

GISTs as well (Figure 5) [53]. Incomplete enhancement of the overlying gastric mucosa on arterial phase, 

was also significantly more common in high-risk gastric GISTs [51]. In a study by Tang et al., HUs of the 

arterial phase CE-CT were subtracted from the attenuation coefficients in the portal venous phase to derive 

quantitative features describing contrast enhancement. Using the subtraction CT, small regions of interest 

(ROIs) of 30–50 mm2, were placed in the most enhancing solid components of the tumours. The difference 

in HUs was significantly lower in high-risk gastric GISTs [53]. Additionally, the peak value of enhancement on 

CE-CT (arterial and portal venous phase) imaging was strongly correlated with risk [45]. Both articles suggest 

a rapid inflow of iodinated contrast agent in high-risk GISTs and thus the presence of permeable and leaky 

tumour vessels. The mean of the positive pixels (HU > 0) of the entire tumour volume on portal venous CT 

imaging was lower in high-risk GISTs [31]. This observation can be attributed to the presence of tumour 

necrosis, which was more commonly found in the high-risk group. 

By contrast, Li et al. included gastric, intestinal and extra gastrointestinal tumours and did not find a 

significant difference in enhancement patterns between risk groups [43]. Although tumour enhancement 

has been established as a relevant factor in the risk stratification of GISTs, there are discrepancies in the 

results.  

Machine learning used for the prediction of risk is extensively investigated with a total of twelve articles 

covering this topic [71,72,79,83,86,87]. All models achieved an AUC above 0.83 for predicting high-risk GISTs, 

with an average AUC of 0.87. In many of the models, texture radiomic features (grey level co-occurrence 

matrix (GLCM), neighbouring grey-tone difference matrix (NGTDM) and grey run-length matrix (GRLM) and 

Fig. 5 (a-b) Axial portal venous phase (iodinated contrast media) CT image of an 83-year-old male diagnosed with a high-risk 

(Miettinen AFIP classification) gastric GIST (scale bar 5 cm). The large lesion is lobulated and has central necrosis (arrow). (b) Axial 

portal venous phase (iodinated contrast media) CT slice of a 72-year-old male diagnosed with a low-risk GIST affecting the small 

intestine (scale bar 5 cm). It shows a well-defined and rounded lesion with a homogeneous enhancement pattern (arrow). 
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grey level size zoned matrix (GLSZM)) were used to develop the model. These texture features reflect 

enhancement patterns and inter-pixel relationships in a three-dimensional tumour volume. 

3.3.4 Prediction of radiological response 
There was one article attempting to predict radiological response using baseline imaging. Disease 

progression was in this case defined by the modified Choi criteria, which is currently one of the reference 

standards used for GISTs response evaluation [114]. In this case, the Choi criteria were combined with four 

textural portal venous features (features retrieved from GLCM, GLRLM and NGTDM), disease progression 

was predicted with an AUC of 0.827 [32].  

3.3.5 Prognosis 
Of the selected articles, two articles discussed the use of imaging features obtained from [18F]FDG-PET/CT 

imaging to predict progression free survival (PFS), through detection of disease recurrence (locally and or 

development of distant metastases). They found significantly higher MTV and TLG values in patients with a 

lower PFS. In addition to quantitative [18F]FDG-PET imaging features, larger tumour sizes were also a 

significant factor contributing to lower PFS [25,35].  

On CE-CT imaging, one study with a relatively large patient group (n = 143), observed that tumour sizes 

greater than 10 cm, ill-defined tumour outline and enhancing solid components contributed to a poor 

patient prognosis, as reflected by their OS [48]. The study by Jung et al. combined relevant predictive 

parameters (tumour location, ill-defined tumour outline and presence of feeding vessels) to create a 

nomogram. The nomogram was internally validated and achieved an AUC of 0.863 [37]. In addition to 

semantic CT features, Ekert et al. assessed the efficacy of four quantitative textural features (GLCM inverse 

difference normalized, GLRLM normalized, GLRLM normalized and NGTDM coarseness) from portal venous 

phase CT imaging to predict prognosis of GIST patients. This study found that high values for these texture 

features were all associated with poor PFS [32]. 

In another study, three-year recurrence free survival (RFS) was predicted by a deep learning ResNet model 

based on features retrieved from arterial phase images. Results show that, using an internal validation 

cohort, a predictive model with an AUC of 0.912 was obtained [70]. Furthermore, Zheng et al. investigated 

whether the occurrence of liver metastasis in high risk GISTs could be predicted. They found that a model 

based on portal venous CT radiomic features reached an AUC and accuracy of 0.873 and 84.9% [90].  

3.4 Therapy monitoring 
All articles on therapy monitoring have been summarized in the Supplementary Materials. In this section 

only high-quality scored studies will be discussed.  

 

3.4.1. CE-CT Imaging 
Many articles discussed the use of the well-established Response Evaluation Criteria in Solid Tumours 

(RECIST 1.1) to assess tumour response. RECIST 1.1 is a method in which the sum of the longest diameter 

of (a maximum of 5) target lesions is used to evaluate treatment response. The RECIST 1.1 scoring system 

categorizes patients into four types of response, namely complete response (disappearance of all lesions), 

partial response (≥30% reduction of the sum of the target lesions (SLD)), progressive disease (≥20% increase 

of the SLD compared to the smallest SLD ever measured) and stable disease (neither progressive disease 

nor partial response) [115]. Nonetheless, substantial tumour shrinkage is often not observed during effective 

TKI treatment. Subtle and moderate changes in tumour size may be more accurately quantified by means 

of volumetric measurements. This is shown by Schiavon et al., who showed that size changes in GIST liver 

metastases larger than 20% were more frequently detected by volumetric measurements compared 
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to the RECIST 1.1 criteria [110]. By using solely one-dimensional measurements, one presumes tumours 

remain spherical and that response occurs equally along three orthogonal axes during TKI treatment. 

However, liver metastasis in GIST patients showed significant changes in morphology over the course of 

imatinib treatment, which was better reflected by an ellipsoid volumetric approach [109].  

In addition to RECIST 1.1, Choi et al. proposed a new method (Choi criteria) by including treatment-related 

changes in portal venous CT tumour densities [95]. Suppression of vascular endothelial growth factor 

expression can be induced by TKI treatment [116,117]. Therefore, treatment leads to changes in tumour 

vascularity and can lead to a reduction in tumour density, as reflected by the value of the HUs measured on 

CT (Fig. 6). Using RECIST 1.1 and Choi, comparable results were obtained for predicting PFS for patients 

treated with second line sunitinib assessed during an early follow-up of about 2–3 months [96,105]. 

Nonetheless, the Choi criteria gradually overestimated the number of patients with a partial response to 

sunitinib and regorafenib during longer follow-up periods (up to a year), leading to poorer PFS [105,106]. It 

was speculated that a drop in tumour density could also be caused by tumour necrosis, which is often a sign 

of progressive disease. So, instead of measuring a reduction in tumour vascularization, one may be 

measuring progressive disease over longer follow-up periods [105]. 

3.4.2 [18F]FDG-PET imaging 
In [18F]FDG-PET imaging, the European Organization for Research and Treatment in Cancer (EORTC) PET 

criteria are most commonly used, in which a metabolic response is determined by a reduction in SUVmax 

of 25% or more [118]. Metabolic response was significantly associated with prolonged PFS and could be 

detected as early as seven days, after the induction of TKI treatment (imatinib and sunitinib) [100,102]. On 

the contrary, the prospective study of Chacón et al. did not find a significant association between PFS and 

metabolic response determined by the EORTC PET criteria.  

Additionally, two retrospective studies by Farag et al. evaluated the impact of [18F]FDG-PET/CT on clinical 

decision making in the treatment of localized and advanced GIST patients. Changes in surgical management, 

systemic treatment and treatment objective were all included in the evaluation [111,112]. In 27.1% of GIST 

patients treated with neoadjuvant intent, management was changed because of [18F]FDG-PET/CT findings 

at an interval of eight weeks. The lack of metabolic response was correlated with therapeutic changes in 

management, especially in non-KIT exon 11 mutations [111]. In the advanced disease setting, specifically 

Fig. 6 (a-b). Axial portal venous phase CT images (iodinated contrast media) of a 67-year-old male diagnosed with a primary GIST 

(arrows) of the stomach. (a) Pre-treatment imaging shows a large gastric mass with heterogeneous enhancement. (b) After 1.5 

months of avapritinib treatment, the lesion has become hypodense (scale bars 5 cm). 
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late [18F]FDG-PET response findings (median of 293 days) proved to have an impact on therapeutic decision 

[112]. 

3.4.3 CE-CT vs. [18F]FDG-PET imaging 
When comparing the aforementioned response evaluation criteria on CE-CT imaging with the EORTC PET 

criteria on [18F]FDG-PET imaging, articles reported high agreement and RECIST responders also showed 

significant reductions in SUVmax [91,98,100,108]. Choi et al. showed greater sensitivity and specificity (97.0% 

and 100%) when compared to the EORTC PET criteria [95]. Metabolic response could, however, be observed 

within a week and preceded changes in tumour size and volume in localized and advanced GIST patients 

treated with imatinib (Fig. 7) [92,97,100,107]. By using the RECIST 1.1 criteria, the early effect of TKI 

treatment may be underestimated. For example, Choi et al. showed that 70% of the stable disease RECIST 

patients had a SUVmax reduction between 61 and 100% at two months follow-up [94].    

4 Discussion 
The aim of this review was to provide an overview of the value of CE-CT and [18F]FDG PET/CT imaging to 

predict and monitor TKI treatment response in GIST patients.  

There is limited literature available on the use of baseline [18F]FDG-PET findings to predict tumour response. 

Although there are only a few studies available, generally imaging features, such as MTV and TLG, were 

correlated with more aggressive tumour behaviour. On the contrary, there is more data available on the 

potential of CE-CT imaging features to predict treatment response. Results indicate that larger tumour sizes 

Fig. 7 (a-e). Axial [18F]FDG-PET images of a 71-year-old male diagnosed with a primary gastric GIST a) before treatment induction 

and b) after about three months of TKI treatment, where the standardized uptake value (SUV) is normalized. Corresponding 

contrast-enhanced CT imaging visualizing the same lesion (arrow) c) at diagnosis and after d) 2.5 months and e) 6.5 months of 

imatinib treatment, showing minimal to no change in tumor size. In the last image, the intrathoracic tumor location is caused by 

a sliding hernia.  
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(>5 cm), ill-defined or lobulated tumour outline, mixed or exophytic growth patterns, the presence of 

(enlarged) and feeding vessels are associated with patient outcome. The presence of heterogeneous 

enhancement patterns was a recurring observation in high-risk GISTs. The hypodensities observed on CE-

CT imaging were devoted to the biological phenomena of neovascularisation and necrosis. It should be 

noted that the correlation between hypodensities on radiological imaging and actual pathological necrosis 

and neovascularisation in GIST tumours is still disputable.  

Many articles discussed the use of radiomic and deep learning models for response prediction on baseline 

CE-CT imaging. High performance scores were stated for models predicting RFS and risk stratifications, while 

mutational status remained difficult to predict with variable AUC values. Radiomics offers the possibility to 

identify clinically relevant imaging features that would normally be imperceptible to the naked eye. For 

example, it has proven to be difficult to obtain a sufficient amount of tissue samples from biopsy material, 

which makes it difficult to determine the mutational status or a reliable mitotic count. Additionally, if the 

mitotic count is determined on postoperative surgical specimens, the results can be inaccurate due to the 

occasional administration of neoadjuvant TKI treatment. It would, therefore, be very helpful if imaging could 

provide additional information, other than tumour size. Nonetheless, the biological explanation behind the 

efficacy of radiomic features was often missing in the included articles. Before advanced and objective 

learning techniques can be introduced in clinical practice, they should be clinically relevant and biologically 

meaningful. It is recommended to further explore the prediction of actual radiological response using 

semantic or quantitative imaging features selected based upon tumour biology.  

The three evaluation methods currently used to monitor response in GIST patients, are the RECIST 1.1, Choi 

and EORTC PET criteria. The main disadvantage of the RECIST 1.1 criteria is the one-dimensional nature of 

its measurements, presuming a spherical tumour shape throughout the entire course of TKI treatment. To 

overcome this limitation, an additional set of criteria was developed by Choi et al. involving CT densities. 

The Choi criteria are occasionally applied in clinical practice. However, its efficacy and prognostic value in 

determining response in GIST patients remains unclear. Supposedly, the antiangiogenic effect of TKI 

treatment would lead to a consequent reduction in HU values. As previously stated, necrosis and 

heterogeneous enhancement patterns at baseline were considered predictive for more aggressively 

behaving tumours. Using reductions in CT densities as a criterion for response monitoring may, therefore, 

be misleading, since it can reflect a decrease in angiogenesis induced by TKI treatment, as well as necrosis 

induced by aggressive tumour behaviour. This hypothesis was supported by literature, since response 

evaluation using Choi criteria led to an overestimation in the number of partial responders at longer follow-

up periods.  

[18F]FDG-PET proved to be useful in the early monitoring of GISTs, since significant reductions in SUVmax 

could be observed within a week of TKI treatment and metabolic changes preceded morphological changes 

in size. However, this imaging technique is often not considered for early response monitoring in clinical 

practice because of higher costs. Since some of the targeted treatments are more expensive than PET-CT 

scans, further research should, therefore, be focused on the cost-effectiveness of [18F]FDG-PET imaging in 

the treatment of GISTs.  

Particularly, the combined use of different imaging modalities, also known as multimodality imaging, might 

provide more detailed information that can assist in making early image-guided treatment decisions. The 

use of such a multimodality imaging approach might be useful to gather as much information as possible 

on the biological behaviour of GIST. However, currently, no literature is available on the specific use of 

combining these different imaging modalities for response prediction or monitoring. 
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5 Conclusion 
In conclusion, imaging features obtained from CE-CT and [18F]FDG PET/CT imaging can aid towards a more 

personalized treatment of GIST patients by enabling early prediction and monitoring of TKI therapy 

response. Heterogeneous enhancement patterns on baseline CE-CT imaging were predictive for high risk 

GISTs, reflecting neovascularisation and necrosis. 

For the purpose of response monitoring, current RECIST 1.1 and Choi criteria are still lacking sensitivity or 

prone to errors when predicting or monitoring treatment response. [18F]FDG-PET is a promising imaging 

technique that visualizes functional metabolic changes in GISTs, which precedes measurable changes in 

tumour size. Although promising, the true added value of [18F]FDG-PET remains elusive and research on 

cost-effectiveness is warranted. 

Radiomics is an emerging topic in medicine and shows potential for the prediction of RFS and risk 

stratifications in GISTs. However, future research should mainly focus on clinical utility, explainability, and 

correlation with actual tumour biology. 
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Abstract: Neoadjuvant tyrosine kinase inhibitor (TKI) therapy is administered in gastrointestinal stromal 

tumour (GIST) patients to attain size reduction of the primary tumour and make complete resection feasible 

and less invasive. Response to therapy is typically determined through quantitative radiographic response 

criteria, involving tumour size and density measurements. However, it is still unclear whether these criteria 

can be used to determine the surgical benefit that can be achieved from neoadjuvant TKI treatment. This 

single-centre retrospective study aims to determine whether surgical benefit after neoadjuvant TKI 

treatment may be predicted based on quantitative radiological response criteria, i.e., RECIST 1.1, Choi 

criteria and volumetry. A total of 38 non-metastatic GIST patients were treated with neoadjuvant TKI 

treatment, followed by curative-intent surgery and monitored using contrast-enhanced computed 

tomography (CE-CT). Each tumour was manually delineated, and the longest transaxial diameter, volume 

and mean tumour density were automatically calculated. The surgical benefit was retrospectively 

determined by a surgical oncologist specialised in GIST management, blinded for radiological response 

criteria, and based on surgical and radiological reports and predefined criteria. Surgical benefit was defined 

as TKI therapy-induced tumour size reductions facilitating tissue and organ preservation or improved 

surgical oversight and planning. Patients were treated with neoadjuvant TKI therapy for a median interval 

of 284 days. Twenty-three out of 38 patients were scored to have a surgical benefit. When compared to the 

findings on surgical benefit, accuracy, sensitivity and specificity for RECIST 1.1 (76.3%, 93.3% and 65.2%, 

respectively), Choi (68.4%, 26.7%, and 95.7%, respectively) and volumetry (86.6%, 93.3%, and 82.6%, 

respectively) were calculated. Size-based criteria (RECIST 1.1 and volumetry) are most appropriate for 

neoadjuvant response assessment, as these reflect the obtained surgical benefit. Size measurements are 

less prone to scanner and imaging protocol variabilities when compared to density measurements, as 

presented in the Choi criteria. Future research should focus on standardisation of CE-CT acquisition 

protocols and the development of response prediction models that assist in making earlier image-guided 

treatment decisions. 
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1. Introduction 
Gastrointestinal stromal tumours (GISTs) are rare mesenchymal neoplasms with a worldwide incidence of 

one or two per 100,000 [1,2]. Even though these tumours are radio- and chemotherapy resistant, systematic 

treatment involves the use of tyrosine kinase inhibitor (TKI) therapy including imatinib, sunitinib and 

regorafenib [3,4]. Neoadjuvant TKI treatment is administered in a selected group of patients, to attain 

primary tumour size reduction and increase probability of complete excision, while preserving surrounding 

tissue and organs as much as possible [5-7]. Clinical genotyping of the primary tumour through biopsy, is 

essential for making decisions regarding neoadjuvant therapy, since the sensitivity and resistance towards 

TKI treatment in GISTs is highly dependent on the mutational status [8].  

Whether neoadjuvant treatment induces reduction in tumour size is, however, difficult to predict. Currently, 

the Response Evaluation Criteria in Solid Tumour (RECIST 1.1) are the gold standard for determining 

responder status in GIST patients, which measure changes in tumour size on two consecutive contrast-

enhanced computed tomography (CE-CT) scans [9]. In some cases, TKI treatment can cause tumour 

destruction without inducing substantial tumour shrinkage and size-based criteria may therefore 

underestimate the therapeutic effect in GISTs [10,11]. In order to more accurately determine treatment 

response, changes in tumour density on portal contrast-enhanced CT imaging (Choi criteria) have been used 

to monitor the antiangiogenic effect of TKI treatment [12-14]. However, this technique is sensitive to 

variations in scanner and imaging protocols, in particular the timing of imaging after administration of 

iodinated contrast [15]. Furthermore, it remains questionable whether these quantitative radiographic 

response criteria translate to the added surgical benefits that can be induced by neoadjuvant TKI treatment.  

Early and appropriate response prediction of treatment effectiveness and associated surgical benefit in 

neoadjuvant GIST treatment is crucial to prevent surgical delay and overtreatment, causing side effects and 

unnecessary costs in case of futile treatment. Moreover, tools for appropriate response assessment are 

necessary for identification of surrogate endpoints for imaging studies on therapy effect and treatment 

personalisation in this rare and heterogeneous disease. The purpose of this study is to determine whether 

surgical benefit in non-metastatic GIST can be correlated to current radiological criteria for response 

assessment.   

 

2. Methods 

2.1 Patients 
This study retrospectively identified 57 patients with a confirmed non-metastatic primary GIST diagnosis, 

who were referred for neoadjuvant TKI treatment or follow-up in the Leiden University Medical Center from 

October 2003 until April 2022. Patients with non-metastatic GIST receiving neoadjuvant TKI treatment 

followed by curative-intended surgical resection, who were monitored using portal phase contrast-

enhanced CT (CE-CT) imaging, were included. A total of 19 patients were eventually excluded due to missing 

imaging data (n = 4), concurrent treatment for a second malignancy (n = 2), refrainment from resection (n 

= 6) and absence of portal venous phase contrast (n = 6) or follow-up CT imaging (n = 1). Refrainment from 

surgery was attributed to personal preference of the patient, comorbidities or if the continuation of TKI 

treatment was preferred to prevent the need for a colostomy. Consequently, 38 GIST patients were included 

for final analysis (Fig. 1). The study was conducted in accordance with the Declaration of Helsinki and 

approved by the Ethics Committee Leiden Den Haag Delft (METC LDD) (protocol code: B19.050, date of 

approval 14 January 2020). Patient consent was waived due to the retrospective nature of the study.  
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2.2 Surgical benefit  
The patients were individually assessed to see whether the response to neoadjuvant TKI therapy did 

facilitate local surgical treatment. Surgical benefit was defined as TKI therapy-induced tumour size reduction 

facilitating tissue and organ preservation and/or facilitating the surgical procedure as a result of improved 

surgical oversight and planning. This was determined by a surgical oncologist with over ten years of surgical 

experience in the field of GISTs (JvdH). The surgeon was provided access to all imaging and 

clinicopathological records (reporting on pathology, radiology, surgery, multidisciplinary meetings, etc.) and 

was blinded for the calculated radiological response criteria in this study. Patients were considered to have 

obtained surgical benefit when TKI therapy-induced tumour size reduction ensured tissue and organ 

preservation and/or improved surgical oversight and planning.   

2.3 Segmentation 
Portal venous phase CE-CT imaging was collected for each individual patient, which was performed prior to 

neoadjuvant TKI administration and prior to surgery. The CE-CT images with the smallest slice thicknesses 

(0.5 - 5.0 mm) were used for the segmentation process. Tumour segmentation was performed by a technical 

medicine master student (YAW) using three-dimensional (3D) slicer (version 5.0.2) [16]. Lesions were 

manually delineated in the axial plane and automatically filled using slice-to-slice interpolation to create 3D 

tumour volumes. Segmentation was supervised by an expert abdominal radiologist with over 20 years of 

experience (AJvdM). In addition, a representative selection of the patient cases (five pre-therapy and five 

final response scans) was independently delineated by a medical PhD student (GMK) to assess inter-

observer variability. 

2.4 Radiological response assessment 
Tumour size: The longest transaxial tumour diameter and total volume were automatically calculated for 

each tumour by assessing each individual slice. The percentage change in tumour diameter and subsequent 

volume between pre-therapy and final response scans were determined for each patient to evaluate 

therapeutic response. Patients were scored according to the RECIST 1.1 criteria, which introduces four types 

of response; complete response (clearance of all lesions), partial response (≥ 30% reduction in tumour size 

without progression), progressive disease (≥ 20% increase in tumour size) and stable disease (neither 

progressive disease nor partial response) [17]. A change in diameter translates to a larger change in spherical 

volume, resulting in volumetric thresholds of ≥ 66% reduction (complete response) and ≥ 73% increase 

(progressive disease). These thresholds for volumetric measurements can be deduced from the formula for 

the corresponding spherical volume of a diameter (Equation 1).   

Fig. 1. Flow diagram visualising the selection of patients with predefined exclusion criteria. A total of 57 patients had a confirmed 

non-metastatic primary GIST diagnosis. After the selection procedure, 38 patients were used for the final analysis.  
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Tumour density: The tumour density of the entire tumour volume was also computed, quantified by the 

mean of all attenuation coefficients (Hounsfield Units). The percentage change in tumour density between 

two consecutive CE-CT scans was calculated. Patients were scored according to the Choi criteria, which 

takes into account tumour diameter as well as tumour density; complete response (clearance of all lesions), 

partial response (≥ 10% reduction in tumour size or ≥ 15% reduction in tumour density), progressive disease 

(≥ 10% increase in tumour size and < 15% reduction in tumour density) and stable disease (neither 

progressive disease nor partial response) [12]. 

All measurements were automatically computed using Pyradiomics software (version 3.0.1) in Python 

(version 3.7) [18]. Since the goal of neoadjuvant therapy is to make complete resection more feasible, good 

responders were considered to have complete or partial response, while patients with stable or progressive 

disease were classified as poor responders. 

2.5 Statistical analysis 
Differences between the surgical benefit and non-benefit group in baseline characteristics were assessed 

using Python (version 3.7). The Mann-Whitney U test and Fisher’s exact test were performed for numerical 

data and categorical data, respectively. A p-value below 0.05 was considered statistically significant. The 

inter-observer agreement between the executed segmentations (on a subset of ten patients) was assessed 

using the intra-class correlation coefficient (ICC) and the Dice Similarity Coefficient (DSC). To evaluate the 

performance and efficacy of the current radiographic criteria, their findings on responder status were 

compared to the surgical benefit assessment with accuracy, sensitivity and specificity.  

 

3. Results 

3.1 Patient characteristics 
The demographics and clinicopathological characteristics of the included patients are listed in Table 1. 

Patients initially received a daily imatinib mesylate dosage of 400 mg, except for one patient who received 

avapritinib (300 mg daily) at the hand of an underlying platelet-derived growth factor alpha (PDGFRA) exon 

18 (D842V) mutation. Dosage was reduced in case of intolerable side-effects (n = 1) or reduced kidney 

function (n = 1) and escalated in patients with disease progression under treatment (n = 1) or low imatinib 

plasma levels (n = 2). The median interval between start of treatment and the last response scan was 212 

days (range 29 – 699). Patients were referred for surgery in case of tumour progression or when maximal 

response was reached on two consecutive scans. A median interval of 50 days (range 3 - 167) was observed 

between the last response scan and surgery. TKI therapy was terminated just before surgery, which resulted 

in a median treatment duration of 284 days (range 52 – 702).  

3.2 Surgical benefit  
Neoadjuvant TKI treatment induced surgical benefit in a total of 23 patients. Significant changes in tumour 

size were observed in thirteen patients, which facilitated the surgical procedure, and/or enabled 

preservation of surrounding tissue and eliminated considerable risks (Fig. 2). In four of these patients, organ-

preserving (e.g., spleen (n = 2), anal sphincter (n = 1), common bile duct and concurrent pancreatic duct (n 

= 1)) surgery was feasible. Nonetheless, surgical benefit was not only determined by significant reductions 

in tumour size. Also, more subtle and moderate changes in tumour size led to surgical benefit, due to 

provision of better surgical exposure and simpler surgical planning in ten patients. This was mainly 

attributed to the neutralisation of tumour adhesions to adjacent structures. Surgical procedures were for 
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instance facilitated by the need for smaller incisions or when a laparotomy could be converted to a 

laparoscopic procedure. In addition, in gastric GISTs, the surgeon opted for a wedge excision or a partial 

gastrectomy, based on the area of tumour attachment to the affected organ. Improved visualisation of 

tumour attachment was therefore imperative to surgical decision making as well (Fig. 3). There were no 

significant differences in baseline characteristics between the patients with or without surgical benefit 

(Table 1).   

Fig. 2 a) Coronal portal venous phase CE-CT image of a 46-year-old female diagnosed with an intermediate-risk gastric GIST 

(arrow). b) A substantial reduction in tumour size (arrow) was observed after 11.8 months of neoadjuvant TKI treatment, which 

was considered surgically beneficial.  

Table 1. Baseline characteristics of the included non-metastatic GIST patients, stratified by the assessed surgical benefit. Numerical 

data is presented as a median value, along with the concurrent interquartile range. Risk stratification was assessed using the 

Miettinen classification system involving mitotic index, tumour size and location as prognostic factors. Tumour size was in this case 

defined by the largest tumour dimension. P-values for numerical data were calculated through the Mann-Whitney and the Fisher’s 

exact test was used for categorical data.  (GI = gastrointestinal, PDGFRA = platelet-derived growth factor alpha, KIT = receptor 

tyrosine kinase). * Upper gastrointestinal tract (stomach and duodenum), lower gastrointestinal tract (small intestine and rectum). 

† Non-reported cases were omitted from statistical analysis.  

 

Patient characteristics
p-value

Age (years) 62.0 (48.8 - 71.0) 61.0 (46.0 - 67.5) 68.0 (54.0 - 71.5) 0.49

Sex 0.06

  Female 10 (26.3%) 9 (39.1%) 1 (6.7%)

  Male 28 (73.7%) 14 (65.2%) 14 (93.3%)

Tumour location 1.00

  Stomach 28 (73.7%) 17 (73. 9%) 11 (73.3%)

  Duodenum 5 (13.2%) 3 (13.0%) 2 (13.3%)

  Small intestine 2 (5.3%) 1 (4.4%) 1 (6.7%)

  Rectum 3 (7.9%) 2 (8.7%) 1 (6.7%)

Largest primary tumour diameter (mm) 105.5 (76.0 - 192.5) 106.0 (81.0 - 185.0) 89.0 (61.5 - 189.0) 0.31

Mitotic index 0.63

  ≤ 5 per 5 mm2 17 (44.7%) 13 (56.5%) 4 (26.7%)

  > 5 per 5 mm2 6 (15.8%) 4 (17.4%) 2 (13.3%)

  Not reported 15 (39.5%) 6 (26.1%) 9 (60.0%)

Risk stratifciation 0.62

  Low 7 (18.4%) 4 (17.4%) 3 (20.0%)

  Intermediate 8 (21.1%) 8 (34.8%) 0 (0.0%)

  High 8 (21.1%) 5 (21.7%) 3 (20.0%)

  Not reported 15 (39.5%) 6 (26.1%) 11 (73.3%)

Mutational status 0.16

  KIT exon 11 26 (68.4%) 18 (78.3%) 8 (53.3%)

  KIT exon 9 2 (5.3%) 1 (4.4%) 1 (6.7%)

  PDGFRA exon 14 1 (2.6%) 0 (0.0%) 1 (6.7%)

  PDGFRA exon 18 7 (18.4%) 4 (17.4%) 3 (20.0%)

  Wildtype 2 (5.3%) 0 (0.0%) 2 (13.3%)

Interval start therapy-last scan (days) 211.5  (108.0 - 324.0) 253 (199.5 - 328.5) 158 (88.5 - 237.4) 0.10

Interval last scan-surgery (days) 50 (36.0 - 74.0) 51 (39.0 - 71.0) 49 (31.0 - 78.0) 0.86

Treatment interval (days) 284.0 (160.5 - 372.8) 323 (262.0 - 378.5) 235 (141.0 - 299.5) 0.07

High vs. low 

mitotic index

High vs. 

Intermediate 

and low risk

Total (n = 38) Surgical benefit (n = 23)

KIT exon 11 vs. 

other 

mutations

No surgical benefit (n = 15) 

Upper vs. lower 

GI tract



28 
 

3.3 Image acquisition  
Many diagnostic CE-CT images were obtained from other hospitals and consequently heterogeneity in CE-

CT acquisition and reconstruction protocols was introduced. In pre-therapy imaging, the slice thickness 

ranged from 0.6 to 5.0 mm, from 100 to 140 peak kilovoltage (kVp) and pixel spacing from 0.62 to 0.94 mm. 

Besides, four scanner manufacturers were observed including Siemens Healthineers, GE Healthcare, Canon 

Medical Systems (previously known as Toshiba Medical Systems) and Philips Healthcare. Slice thickness 

ranged from 0.5 to 1.0 mm kVp ranged from 120 to 140 and pixel spacing from 0.69 and 0.98 mm. In the 

final preoperative response scans, two scanner manufacturers were observed, namely Toshiba Medical 

Systems and GE Healthcare.  

3.4  Radiological response assessment 
The ICC between the segmentations made by two observers for tumour size, volume and density were all 

above 0.99. The mean DSC score between the segmentations made by the two observers was 0.90 (± 0.08 

SD). Given these outcomes, the quantitative features extracted from the CE-CT imaging were considered to 

have good reliability across the segmentations.   

The Choi criteria found 33 partial responses (PR), four patients with stable disease and one with progressive 

disease (PD). The performance scores were lower, with an accuracy, sensitivity and specificity of 68.4%, 

26.7% and 95.7%. Using the RECIST 1.1 criteria, 16 patients had a PR, 21 had stable disease and one patient 

had PD. When compared to the subjective findings of the surgical benefit assessment, outcome measures 

were 76.3%, 93.3% and 65.2% for accuracy, sensitivity and specificity, respectively. According to the 

volumetric criteria, 18 patients had a PR and 20 were considered to have stable disease. This resulted in the 

highest performance scores of 86.6% accuracy, 93.3% sensitivity and 82.6% specificity. Percentage change 

in diameter and density are plotted for each patient and categorized for surgical benefit of neoadjuvant TKI 

in Fig. 4. In this study, RECIST 1.1 classified three patients as stable disease, while the percentage change in 

tumour volume was above 66.0% and surgical benefit was observed in these patients (Fig 5 and 6).   

 

 

 

Fig. 3 Coronal portal venous phase CE-CT images of an 86-year-old male diagnosed with a gastric GIST (arrows). a) Before 

treatment induction, the origin of the tumour was difficult to assess. As a result, the surgeon opted for a partial gastrectomy. b) 

After 1.8 months of TKI treatment, the tumour dimensions remained relatively unchanged. However, the improved visualisation 

of the area of tumour attachment to the stomach is imperative for surgical planning and oversight. Based on this information, a 

partial gastrectomy could be converted to a wedge excision.  
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Fig. 4 Bubble plot visualising the percentage change in transaxial diameter against the percentage change in tumour density. Each 

bubble represents an individual non-metastatic GIST patient treated with neoadjuvant TKI treatment. The bubble colour resembles 

the assessment on surgical benefit (magenta = surgical benefit, blue = no surgical benefit,), while the bubble size represents the 

scaled initial tumour volume at diagnosis. The grid has been divided into three parts by using the thresholds presented in current 

radiographic response criteria (red = agreement on bad response, green = agreement on good response and orange = discrepancies 

on responder status).   

Fig. 5 Bubble plot visualising the percentage change in transaxial diameter against the percentage change in tumour volume. Each 

bubble represents an individual non-metastatic GIST patient treated with neoadjuvant TKI treatment. The bubble colour 

resembles the assessment on surgical benefit (magenta = surgical benefit, blue = no surgical benefit), while the bubble size 

represents the scaled initial tumour volume at diagnosis. The grid has been divided into three parts by using the thresholds 

presented in current radiographic response criteria (red = agreement on bad response, green = agreement on good response and 

orange = discrepancies on responder status). In this study, three patients were classified as non-responders by the RECIST 1.1 

criteria, while the percentage change in tumour volume was above 66.0% and surgical benefit was observed in these patients 

(red boxes).  



30 
 

4. Discussion 
In this study, the efficacy of current radiographic response criteria (i.e., RECIST 1.1, Choi and volumetry) in 

predicting response to neoadjuvant TKI treatment was evaluated by comparing quantitative findings on 

radiographic response status with the obtained surgical benefit. The results indicate that size-based criteria 

(RECIST 1.1 and volumetry) are clinically relevant for determining surgical benefit, rather than using changes 

in tumour density, as presented in the Choi criteria.  

The diagnostic portal phase CE-CT images have been collected from multiple hospitals over a longer period 

of time. Non-uniform acquisition protocols and variable acquisition parameters across scanners induce 

variations in attenuation coefficients on CE-CT imaging [19-21]. The Choi criteria tries to reflect changes in 

biological tumour behaviour by measuring the percentage change in these attenuation coefficients. The 

induced inter- and intra-scanner variability makes side to side comparison on tumour density a difficult task 

with unreliable outcomes. In clinical practice, multi-centric data collection is, however, inevitable. The 

observed heterogeneity in acquisition and reconstruction protocols, and concurrent low predictive power 

in determining surgical benefit, make Choi criteria less practical and precise for clinical neoadjuvant 

response assessment in non-metastatic GIST patients.  

Fig. 6 a) Axial portal venous phase CE-CT image of a 45-year-old male diagnosed with a gastric GIST. Before treatment induction, 

the transaxial tumour diameter measured 52.3 mm. b) After 6.8 months of TKI treatment, the transaxial RECIST tumour diameter 

equalled 54.3 mm, suggesting minimal to no response to systemic treatment. However, when looking at the coronal portal venous 

CT image, a significant decrease in tumour volume (arrows) can be observed between the c) pre-therapy and d) final preoperative 

response scan. The percentage change in tumour volume equalled 82.4%. RECIST measurements underestimated the therapeutic 

effect of TKI treatment in this patient.  
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RECIST 1.1 measurements accurately reflected surgical benefit, which was in line with results from Chen et 

al. The authors found a correlation between response determined through RECIST 1.1 measurements and 

a decreased scope of surgery in high risk soft tissue sarcomas [22]. Nonetheless, we hypothesise that 

morphological changes in GIST dimensions on consecutive CE-CT scans can be more accurately quantified 

by means of volumetry, compared to one-dimensional RECIST measurement. Using one-dimensional 

measurements, one presumes a constant size reduction along three orthogonal axes over the course of 

treatment. Schiavon et al. also showed that volumetric criteria classified a higher number of patients as 

partial responders compared to RECIST 1.1, which is in accordance with our findings [23]. However, before 

applying volumetric response assessment in clinical practice, a (semi-) automatic segmentation algorithm is 

preferred to avoid additional labour for radiologists and improve repeatability.  

Different from many other tumours, there is no pathological gold standard for determining response in GIST 

patients. TKI treatment only sporadically induces complete pathological response and there is a lack of 

evidence for a possible correlation between the percentage of remaining viable tumour cells and overall 

survival [24]. As presented in the European Society for Medical Oncology (ESMO) guidelines, radiographic 

criteria are currently the only standards for monitoring tumour response in GISTs [8]. Despite these 

radiographic criteria, it remains challenging for physicians to determine surgical benefit preoperatively and 

decisions are mainly based on surgical experience. For less experienced physicians and surgeons in training, 

quantitative measures, such as tumour volume, will be helpful for assessing surgical benefit. However, more 

objective findings, such as better visualisation of the area of tumour attachment should be considered as 

well. We observed five patients that were considered to have obtained surgical benefit, while they were 

classified as non-responder by RECIST 1.1 and volumetric criteria. In three of these patients, tumour 

attachment played a crucial role in surgical decision making.  

This study has some limitations that should not be ignored. Firstly, the patient population included in this 

study is relatively small, which was mainly caused by the rarity of this disease. Besides, patients that 

refrained from surgery were excluded from analysis, which may have introduced unwanted selection bias. 

The median treatment duration is greater in the surgical benefitting group, which may have been a 

confounding factor. Nonetheless, when this interval was compared to the non-benefitting group, results 

were insignificant (p = 0.10). In addition, the optimal duration of neoadjuvant treatment in GIST patients is 

still under debate. Tirumani et al. showed an optimal and plateau response at 28 weeks and 34 weeks, 

respectively [25]. Another limitation involves the heterogeneity in imaging acquisition protocols, which 

makes it difficult to draw conclusions on the efficacy of density measurements. Standardisation and 

harmonisation of acquisition and reconstruction protocols may aid towards more reproducible studies on 

the evaluation of quantitative features obtained from CE-CT imaging [26,27]. Unfortunately, research on this 

topic is still limited. 

All in all, in fifteen patients neoadjuvant treatment was ineffective, as no surgical benefit was obtained. 

Considering the high costs for some of these targeted therapies and the side-effects patients experienced 

over the course of treatment, appropriate patient selection for neoadjuvant treatment in GIST patients is 

warranted. Nonetheless, it would be interesting to evaluate whether surgical benefit can be correlated with 

an improved progression free survival. In this study, surgical benefit was determined by a single surgical 

oncologist. To better quantify surgical benefit and overcome inter- and intra-observer variability, the 

authors propose to involve at least two surgical oncologists. Future research should also focus on early 

response prediction methods. In this case, one could use volumetric criteria as a ground truth. The 

combined use of different imaging modalities, also known as multimodality imaging, might provide more 

detailed information that can assist in making early image-guided treatment decisions. [18F]FDG-PET may, 
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for example, be useful in the early response prediction in GISTs, as metabolic changes seem to precede 

morphological changes in size [28].  

 

5. Conclusion 
Size-based criteria (RECIST 1.1 and volumetry) reflect surgical benefit in GIST patients treated with 

neoadjuvant therapy most accurately when compared to the Choi criteria. Criteria based on tumour density 

measurements, such as Choi, showed overestimation of response and a poor predictive power for surgical 

benefit. Future research should focus on the harmonisation of CE-CT acquisition and reconstruction 

parameters and the development of response prediction models that assist in making early, image-guided 

treatment decisions.  
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Abstract: Predicting response in gastrointestinal stromal tumours (GISTs) is complex, particularly due to the 

biological intra- and intertumoral heterogeneity. Currently only radiological criteria can be used to 

determine response after treatment induction. The aim of this study is to investigate whether radiomic 

models based on diagnostic contrast-enhanced computed tomography (CE-CT) and 2-deoxy-2-[18F]fluoro-

D-glucose positron emission tomography ([18F]FDG-PET) imaging can be used to predict volume reduction 

in patients receiving neo-adjuvant tyrosine kinase inhibitor (TKI) treatment. Forty non-metastatic GIST 

patients treated with neoadjuvant intent and monitored with consecutive portal venous CE-CT scans, were 

included. In 18 of these patients baseline [18F]FDG PET/CT scans were available and were used for analysis. 

Response (> 10 weeks into treatment) was defined by a change in tumour volume of more than 66%. 

Tumours were segmented manually and radiomics features (first-order, shape and texture features) were 

extracted. Four radiomic classifiers were trained with both CE-CT and [18F]FDG PET/CT imaging features and 

tested by means of a stratified nested cross-validation approach with fifty iterations. Feature selection and 

hyperparameter tuning methods were introduced in the internal validation. The performance of a 

radiological scoring system (response evaluation criteria in solid tumours 1.1 (RECIST 1.1)), determined on 

baseline, first response follow-up and last preoperative portal venous CE-CT response scans, was used to 

evaluate the added value of the radiomic models . The mean area under the curve (AUC) values for the 

radiomic models were all below 0.50. Overall performance could be improved by increasing the sample size 

and concurrent harmonisation of imaging acquisition protocols. On the other hand, manual RECIST 1.1 

measurements predicted volumetric response with an AUC of 0.89 after the first response follow-up and 

0.93 after the last preoperative response scan. RECIST 1.1 measurements could aid in early surgical decision 

making and improve clinical management of GISTs.   
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1. Introduction 
Gastrointestinal stromal tumours (GISTs) are rare mesenchymal neoplasms affecting the entire 

gastrointestinal tract, but most commonly the stomach and small intestine [1]. Neoadjuvant tyrosine kinase 

inhibitor (TKI) therapy is administered in selected patients to attain size reductions of the primary tumour 

and improve chances of complete resection [2,3]. Nevertheless, defining response in GIST patients is 

challenging. This is mainly attributed to intra- and intertumoral heterogeneity and the fact that there is no 

definitive correlation between pathological response and clinical implications. The percentage of remaining 

viable tumour cells in surgical specimens is often used in other mesenchymal tumours to define response. 

However, this histopathological criterion is not correlated with overall survival in GIST patients [4].  

Currently, tumour response is typically determined through radiographic criteria derived from consecutive 

contrast-enhanced computed tomography (CE-CT scans) that measure changes in tumour size and density 

over the course of neoadjuvant treatment [5,6]. Positron emission tomography combined with CT and the 

radiotracer 2-deoxy-2-[18F]fluoro-D-glucose ([18F]FDG-PET/CT) is an imaging modality used to visualise 

changes in metabolic behaviour. Although metabolic changes seem to precede morphological changes in 

size, the imaging modality is not routinely used for monitoring because of higher costs [7-11]. In the previous 

chapter, size-based criteria (response evaluation criteria in solid tumours (RECIST 1.1) and volumetry), were 

shown to reflect the obtained surgical benefit, compared to density measurements as presented by the 

Choi criteria (see Chapter 2). RECIST 1.1 and volumetric criteria are also less prone to scanner and imaging 

protocol variabilities. Nonetheless, responder status can only be determined during or after treatment 

induction.  

Therefore, there is a need for upfront prediction of response in order to facilitate appropriate patient 

selection for neoadjuvant TKI therapy at baseline and protect patients from futile treatment, concurrent 

side-effects and healthcare costs. Radiomics includes the extraction and analysis of quantitative features 

from medical imaging data to provide additional information on tumour biology [12,13]. The aim of this 

study is to develop a radiomic model using baseline CE-CT and [18F]FDG-PET imaging features and evaluate 

its performance to predict volumetric response. CE-CT radiomics has been applied for risk stratification and 

the prediction of mutational status, proliferative activity and prognosis in GIST patients [11]. To the author’s 

knowledge, this is the first CE-CT and [18F]FDG-PET radiomic study attempting to predict radiological 

response in GIST patients treated with neoadjuvant intent. 

2. Methods 

2.1 Patients  
In this two-centre radiomic study, patients with a confirmed non-metastatic GIST diagnosis and consecutive 

reference for neoadjuvant TKI treatment and surgical resection were retrospectively identified at the Leiden 

University Medical Center (LUMC) and the Netherlands Cancer Institute-Antoni van Leeuwenhoek (NKI-AvL). 

Patients were monitored with portal venous phase CE-CT and had baseline CE-CT and [18F]FDG PET/CT scans. 

This study was executed under the Dutch GIST consortium and patient consent was waived by the local 

ethical board, as data were retrospectively collected and pseudo-anonymised.  

2.2 Responder status 
The ground truth on responder status was determined by a tumour volume reduction above 66%, as it best 

reflected the obtained surgical benefit after neo-adjuvant TKI-treatment (see Chapter 2). Tumours were 

manually delineated on the baseline and the last preoperative portal venous response CT scans. Baseline 

scans were made within three months prior to TKI treatment induction. The percentage change in tumour 
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volume was computed for each individual patient. Volumetric response was defined according to specific 

thresholds, which introduced four types of response; complete response (clearance of entire tumour), 

partial response (≥ 66% reduction in tumour volume), progressive disease (≥ 73% increase in tumour 

volume) and stable disease (neither progressive disease nor partial response). These thresholds for 

volumetric measurements were derived from the current radiographic Response Evaluation Criteria in Solid 

Tumour 1.1 (RECIST 1.1) in which a partial response is defined as a 30% reduction in transaxial tumour 

diameter. According to the square cube law, an isotropic 30% reduction in tumour diameter translates to a 

66% reduction in tumour volume. Good responders were considered to have complete or partial response, 

while patients with progressive and stable disease were defined as poor responders.  

2.3 Image segmentation 
Portal venous phase CE-CT and [18F]FDG-PET/CT performed prior to TKI administration were collected for 

each individual patient. Images with the smallest slice thickness were selected for the segmentation 

process. Tumour segmentation was performed by a technical medicine master student (YAW), using the 3D 

slicer (version 5.0.3) image computing platform. Lesions were manually delineated in the axial plane and 

automatically filled using slice-to-slice interpolation to create binary three-dimensional (3D) tumour masks. 

The concurrent low-dose non-contrast-enhanced CT images were used to guide the delineation of the 

tumour on [18F]FDG-PET imaging. The entire segmentation process was supervised by an expert abdominal 

radiologist. To assess inter-observer variability, a representative subset of images (five CE-CT scans and 

three [18F]FDG-PET scans) were delineated by a second observer, namely a medical PhD student (GMK).  

2.4 Feature extraction and selection 
For each patient, first order, shape and texture features were extracted from the three-dimensional (3D) 

tumour volume, using Python (version 3.7) and the Pyradiomics software (version 3.0.1) [14]. Highly 

correlated features (Pearson correlation > 0.95) and non-distinctive features (zero variance) were omitted 

from the radiomic analysis. The highly correlated features were dropped from the upper triangle of the 

correlation matrix. The standard scalar (z-score normalisation) method was used to scale the feature data 

such that the mean and standard deviation were equal to one and zero, respectively. Features extracted 

from portal venous CE-CT imaging were placed inside dataset A and a combination of both CE-CT and 

[18F]FDG-PET features were placed in dataset B. To reduce feature dimensionality and improve 

generalisability of the model, the least absolute shrinkage and selection operator (LASSO) was used for 

feature selection. The most favourable value for λ (parameter controlling regularisation strength) was 

selected by averaging the outcomes of a LASSO cross-validation (5-fold, 20 repeats and 1000 iterations).    

2.5 Model development 
Four machine learning classifiers were selected to predict responder status in GIST patients, including 

Logistic Regression, k-Nearest Neighbours (k-NN), Random Forest (RF) and Support Vector Machine (SVM). 

To evaluate the predictive power of the extracted radiomic features in classifying poor and good responders, 

the described classifiers were trained and tested. The feature values and responder labels were divided into 

an 80% training set and 20% test set, using a stratified five-fold cross validation with fifty iterations. The 

hyperparameter tuning was executed within an internal five-fold cross-validation and fifteen iterations. The 

F1-score (Equation 1.1) was used as performance metric. Inside the internal validation, the previously 

described standard scaler and LASSO feature selection method were also introduced.  

(1.1)     𝐹1˗𝑠𝑐𝑜𝑟𝑒 = 2 ∗ 
𝑝𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 ∗  𝑟𝑒𝑐𝑎𝑙𝑙

𝑝𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 + 𝑟𝑒𝑐𝑎𝑙𝑙
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2.6 Model evaluation  
The two datasets (A and B) were used to develop two models and they were all assessed through the 

following outcome measures: F1-score, accuracy, sensitivity and specificity. Subsequently, the Receiving 

Operator Characteristic (ROC) curves were plotted per model, including the mean Area Under the Curve 

(AUC). Manual RECIST 1.1 measurements were executed by a technical medicine student (YAW) on portal 

venous CE-CT imaging made at baseline, after the first follow-up and prior to surgery [6]. The RECIST 1.1 

measurements were supervised by a professional radiographer with four years of experience in RECIST 1.1 

reporting (JJHR). Good responders were considered to have complete or partial response, while patients 

with stable or progressive disease were classified as poor responders. The findings on RECIST 1.1 

measurements were used for gold standard comparison of the radiomic models to evaluate its added clinical 

value. The evaluation pipeline is graphically displayed in Fig 1. All experiments were executed using an 

Intel(R) Core(TM) i3-10100 CPU @ 3.60GHz CPU with 64-bit Windows operating system.      

2.7 Statistical analysis  
Differences between the good and poor responders at baseline were assessed using Python (version 3.7) 

software. Mann-Whitney U test/independent t-test and chi-square tests were performed for numerical data 

and categorical data, respectively. A p-value below 0.05 was considered statistically significant. Inter-

observer variability in the manual segmentation process was evaluated using the intra-class correlation 

coefficient (ICC) and the Dice Similarity Score (DSC).  

Fig 1. Schematic representation of the radiomics evaluation pipeline with a nested-cross validation approach. 1) CE-CT and [18F]FDG-

PET images were processed (resampling and intensity discretisation) and the GISTs were manually delineated to create three-

dimensional tumour volumes. 2) First-order, shape and texture radiomic features were extracted from the tumour volumes. 3) These 

features were split into a training and a test set and were used to train predefined classifiers. 4) Hyperparameter tuning was executed 

through internal validation, where feature selection and scaling methods were also introduced. 5) The final trained models are 

validated on the test set through F1-score, accuracy, sensitivity and specificity. 
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3. Preliminary results 

3.1 Patient characteristics  
This study shows the preliminary results of the patients that were included in the LUMC, which involved a 

total of 40 non-metastatic GIST patients. All patients received portal venous CE-CT imaging at the time of 

diagnosis and 18 of these patients received additional [18F]FDG-PET imaging. All patients received a 400 mg 

daily imatinib mesylate dosage, except for one patient who received a daily avapritinib dosage of 300 mg. 

This was administered because of the presence of a PDGFRA exon 18 (D842V) mutation. TKI therapy was 

terminated just before surgery, which resulted in a median treatment duration of 294.5 days. Based on the 

aforementioned volumetric response criteria, 20 patients were classified as good responders and 20 

patients as poor responders. In the [18F]FDG-PET group, ten patients were considered to have a good 

response, while eight patients had a poor response. The treatment duration was significantly higher in the 

group of good responders in both the CE-CT and [18F]FDG-PET imaging group (< 0.01). RECIST 1.1 

measurements were executed on the first response CE-CT scan (median of 2.8 months, IQR 2.1-3.3) and the 

final preoperative response CE-CT scan (median of 7.7 months, IQR 3.8-10.7). The first follow-up scan was 

also the last response scan before surgical resection in nine patients. All patient characteristics have been 

summarised in Table 1. 

3.2 Image acquisition and processing 
Images were acquired at different hospitals, introducing heterogeneity in image acquisition parameters. 

The CE-CT scans originated from four different manufacturers, including Siemens Healthineers, GE 

Healthcare, Canon Medical Systems (previously known as Toshiba Medical Systems). CE-CT imaging was 

initiated around 35-40 seconds after intravenous administration of an iodinated contrast agent to facilitate 

Table 1. Baseline characteristics of the included non-metastatic GIST patients, stratified by responder status and imaging modality. 

Responder status was determined through volumetric response criteria. Numerical data is presented as a median value, along with 

the concurrent interquartile range. Risk stratification was assessed using the Miettinen classification system involving mitotic index, 

tumour size and location as prognostic factors. Tumour size was in this case defined by the largest tumour dimension. P-values for 

numerical data were calculated through the Mann-Whitney and the Fisher’s exact test was used for categorical data. (GI = 

gastrointestinal, PDGFRA = platelet-derived growth factor alpha, KIT = receptor tyrosine kinase). * Upper gastrointestinal tract 

(stomach and duodenum), lower gastrointestinal tract (small intestine and rectum). † Non-reported cases were omitted from 

statistical analysis. 

Patient characteristics

p-value p-value

Age (years) 65.5 (54.8 - 72.0) 61.5 (46.0 - 65.5) 0.24 69.0 (61.0, 74.0) 61.5 (57.0m 65.0) 0.15

Sex 0.30 1.0

  Female 4 (20.0%) 8 (40.0%) 2 (25.0%) 3 (30.0%)

  Male 16 (80.0%) 12 (60.0%) 6 (75.0%) 7 (70.0%)

Tumour location 1.0 0.56

  Stomach 14 (70.0%) 16 (80.0%) 6 (75.0%) 8 (80.0%) 

  Duodenum 4 (20.0%) 1 (5.0 %) 0 (0.0%) 1 (10.0 %) 

  Small intestine 1 (5.0 %) 1 (5.0 %) 1 (12.5 %) 1 (10.0 %) 

  Rectum 1 (5.0 %) 2 (10.0 %) 1 (12.5 %) 0 (0.0%)

Largest primary tumour size (mm) 104.0 (70.8, 154.2) 105.5 (81.5 - 218.5) 0.41 93.5 (74.2, 154.2) 96.0 (79.2, 124.0) 0.89

Mitotic index 0.66 1.0

  ≤ 5 per 5 mm2 8 (40.0%) 9 (45.0%) 3 (37.5%) 4 (40.0%)

  > 5 per 5 mm2 2 (10.0%) 4 (20.0%) 2 (25.0%) 2 (20.0%)

  Not reported 10 (50.0%) 7 (35.0%) 3 (37.5%) 4 (40.0%)

Risk stratifciation 1.0 1.0

  Low 5 (25.0%) 2 (10.0%) 2 (25.0%) 2 (20.0%)

  Intermediate 2 (10.0%) 6 (30.0%) 1 (12.5%) 2 (20.0%)

  High 3 (15.0%) 5 (25.0%) 2 (25.0%) 2 (20.0%)

  Not reported 10 (50.0%) 7 (17.5%) 3 (37.5%) 4 (40.0%)

Mutational status 0.08 0.12

  KIT exon 11 11 (55.0%) 17 (85.0%) 4 (50.0%) 9 (90.0%)

  KIT exon 9 1 (5.0 %) 1 (5.0%) 0 (0.0%) 0 (0.0%)

  PDGFRA exon 14 1 (5.0 %) 0 (0.0%) 0 (0.0%) 0 (0.0%)

  PDGFRA exon 18 5 (25.0%) 2 (10.0,%) 3 (37.5%) 1 (10.0,%)

  Wildtype 2 (0.0%) 0 (0.0%) 1 (12.5%) 0 (0.0%)

Treatment duration (days) 200.0 (130.2 - 289.8) 348.0 (297.8 - 395.8) < 0.01* 198.0 (130.2 - 260.5) 323.5 (270.0 - 385.8) < 0.01*

Interval first response CE-CT scan (days) 74.0 (53.8 - 85.5) 91.0 (80.8 - 100.8)   0.01* 69.0 (53.8 - 85.5) 94.0 (85.2 - 105.8) 0.04* 

High vs. low 

mitotic index

High vs. 

Intermediate 

and low risk

KIT exon 11 

vs. other 

mutations

KIT exon 11 

vs. other 

mutations

High vs. low 

mitotic index

High vs. 

Intermediate 

and low risk

Poor (n = 8) Good  (n = 10)

Upper vs. 

lower GI tract

Portal venous CE-CT [
18

F]FDG-PET 
Poor (n = 20) Good  (n = 20)

Upper vs. 

lower GI tract
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enhancement in the portal venous phase. Median scanning parameters were as follows: 120 peak tube 

voltage (kVp), 1.0 mm slice thickness and 0.8 pixel spacing. Baseline [18F]FDG-PET images were acquired by 

scanners from three manufacturers (GE Healthcare, Philips Healthcare and Siemens Healthineers). In 14 out 

18 patients, a standard acquisition and reconstruction protocol was adhered, which is in accordance with 

the European Association of Nuclear Medicine (EANM) Research Ltd (EARL) guidelines for FDG-PET tumour 

imaging [15]. Image acquisition was initiated around 50-69 minutes after intra-venous bolus administration 

of [18F]FDG. Images had a median slice thickness and pixel spacing of 4.0 mm. The maximum pixel size and 

slice thickness for CE-CT imaging (0.9 mm and 5.0 mm) and [18F]FDG-PET imaging (4.1 mm and 5.0 mm) 

were used for resampling to create isotropic voxels. Fixed bin size intensity discretisation was implemented 

for both CE-CT (bin width of 25 Hounsfield Unit) and [18F]FDG-PET imaging (bin width of 0.25 standardised 

uptake value). An overview of image acquisition parameters for both modalities can be found in 

Supplementary Materials (Table S1). 

3.3 Assessment of intra-observer variability 
The subset of images (five CE-CT scans and three [18F]FDG-PET scans) that were delineated by two observers 

had a mean DSC of 0.92 (± 0.03). The mean tumour volumes of patients who received both CE-CT and 

[18F]FDG-PET imaging measured 8.49•102 cm3 (± 14.6•102) and 8.16•102 cm3 (± 14.4•102), respectively. The 

agreement across the segmentations and between the two imaging modalities were considered acceptable.  

3.4 Feature extraction and selection 
In total 107 features were extracted from each individual image, involving 18 first-order, 14 shape and 75 

texture features. After removal of highly correlated and non-distinctive features, dataset A contained 46 

CE-CT features (12 first-order, 7 shape and 27 texture features) for 40 patients, while dataset B contained 

90 features (25 first-order, 11 shape and 54 texture features) for both modalities and 18 patients. The mean 

ICC for the extracted features across the segmentations was 0.88 (± 0.27) and 0.98 (± 0.07) for CE-CT and 

[18F]FDG-PET imaging, respectively. 

A five-fold LASSO cross-validation was used to find the most favourable λ for dataset A (0.099) and B (0.115). 

Cluster prominence, energy and 90 percentile were the most commonly selected features from the CE-CT 

dataset during training. In dataset B, [18F]FDG-PET features (minimum, 10 percentile and flatness) were 

selected in greater frequency when compared to CE-CT features. Of note, the minimum value on [18F]FDG-

PET imaging was significantly higher in the responding group. Bar plots on selection frequency can be found 

in Supplementary Materials (Fig S1-2).  

3.5 Model development and validation 
During training, classifiers showed improvement in F1-score when hyperparameter tuning and feature 

selection were introduced. No performance difference between baseline and hyperparameter tuning was 

observed in the LR classifier, as the default parameters were used throughout the entire training process. 

Comparable F1-scores were computed for the four classifiers, and it was therefore decided to include all 

classifiers for final evaluation. The results from the training process are summarised in Supplementary 

Materials (Table S2). Based on the manual RECIST 1.1 measurements, a good response was observed in 18 

patients and a poor response in 22 patients. In the subset of patients that received additional [18F]FDG-PET 

imaging at baseline, 7 patients were classified as good responders and 11 as poor responders.  The 

performance of the radiomic models in predicting response is shown in Table 2. The KNN and RF classifiers 

score the highest accuracy, specificity, F1-score and AUC for dataset A and B respectively. However, AUCs 

are all below 0.50 indicating an even lower performance compared to a random model. The gold standard 

RECIST 1.1 measurements, predicted volumetric response with high accuracy after the first response follow-

up (80.0%) and prior to surgery (85.0%) in all forty patients. The RECIST 1.1 measurements performed after 
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the first response scan yield a high sensitivity of 95.0%, however at a lower specificity (65.0%). The specificity 

increased when the RECIST 1.1 measurements were performed after a longer period of time (median 

interval of 7.7 months). ROC curves for the models with the highest AUC values, along with the gold 

standards, are visualised in Fig. 2.  

Table 2. Performance scores for four machine learning classifiers using dataset A (portal venous CE-CT imaging features) and dataset 

B (combination of CE-CT and [18F]FDG-PET imaging features) to predict volumetric response in non-metastatic GIST patients. Manual 

RECIST measurements, acquired from the first and last portal venous CE-CT response scans, were used for gold standard comparison. 

The two models with the highest AUC value are framed with a green box (KNN for dataset A and RF for dataset B). LR = logistic 

regression, KNN = k-nearest neighbour, RF = random forest, SVM = support vector machine, AUC = area under the curve.  

Performance scores

Classifiers Accuracy Sensitivity Specificity F1-score AUC Accuracy Sensitivity Specificity F1-score AUC

LR 0.43 (0.14) 0.46 (0.24) 0.39 (0.24) 0.38 (0.20) 0.41 (0.17) 0.33 (0.22) 0.24 (0.36) 0.41 (0.34) 0.36 (0.28) 0.22 (0.25)

KNN 0.45 (0.15) 0.46 (0.25) 0.43 (0.25) 0.41 (0.21) 0.44 (0.16) 0.36 (0.20) 0.21 (0.33) 0.48 (0.32) 0.42 (0.26) 0.31 (0.22)

RF 0.39 (0.15) 0.39 (0.24) 0.40 (0.26) 0.37 (0.21) 0.35 (0.17) 0.48 (0.24) 0.30 (0.38) 0.63 (0.36) 0.54  (0.28) 0.42 (0.34)

SVM 0.44 (0.14) 0.45 (0.26) 0.43 (0.27) 0.40 (0.27) 0.43 (0.18) 0.38 (0.21) 0.24 (0.37) 0.50 (0.35) 042 (0.27) 0.32 (0.31)

Gold standard Accuracy Sensitivity Specificity F1-score AUC Accuracy Sensitivity Specificity F1-score AUC

RECIST first  response 0.80 0.95 0.65 0.76 0.89 0.78 1.00 0.60 0.75 0.78

RECIST final response 0.85 0.90 0.80 0.84 0.93 0.72 0.88 0.60 0.71 0.84

Dataset A (CE-CT) Dataset B (CE-CT + [18F]FDG-PET)

Fig. 2 Receiver operating characteristic curves for model A (upper) and model B (lower) used to predict volumetric response in 

non-metastatic GIST patients. The results are obtained from a five-fold cross validation with fifty iterations as presented in the 

methods section. The blue area demonstrates the computed standard deviations. The manual RECIST measurements, acquired 

from the first (blue) and last (orange) response portal venous CE-CT scans, were used for gold standard comparison. The cut-

off points (30% tumour diameter reduction) for these standards were visualised by dots. The chance level is displayed by the 

dotted black line.  



43 
 

4. Discussion 
This study shows the preliminary results of a CE-CT and [18F]FDG-PET radiomic pipeline used for upfront  

prediction of volumetric response in non-metastatic GIST patients treated with neoadjuvant intent. Results 

should be interpreted carefully given the very small size of the patient cohort analysed.  

Many articles have been published on the use of radiomic and deep learning models for response prediction 

on baseline CE-CT imaging in the clinical management of GIST patients. High performance scores were 

stated for models predicting recurrence free survival and risk stratifications, while mutational status 

remained difficult to predict with variable AUC values [11,16-23]. To the author’s knowledge, this is the first 

CE-CT and [18F]FDG-PET radiomic study attempting to predict volumetric response in GIST patients treated 

with neoadjuvant intent. The radiomic models presented in this study overfitted on the training data, 

causing an overall low performance scores when applied to the test set. Lack of generalisation and poor 

performance of the trained models in this study could be attributed to the limited number of samples 

(especially in dataset B combining CE-CT and [18F]FDG-PET imaging features) and the presence of 

heterogeneity in the imaging acquisition protocols. However, the true cause can only be determined 

through additional data inclusion.   

[18F]FDG-PET imaging is considered a suitable method to monitor treatment response, as metabolic changes 

can be observed within seven days of treatment and precede measurable changes in size [8,10,24-26]. In this 

study, the minimum value on [18F]FDG-PET imaging was frequently selected during the training process. This 

value was significantly higher in the responding group, which could suggest a more uniform tracer uptake 

in TKI responders at baseline. Miyake et al. found ring-shaped [18F]FDG-PET uptake to be an independent 

adverse prognostic factor for postoperative recurrence. This uptake pattern was presumably related to the 

presence of coagulative tumour cell and hyaline necrosis at the centre of the lesion [27]. We therefore 

hypothesise uniform uptake to be associated with less aggressive tumour behaviour and better response to 

TKI therapy. Knowledge on underlying tumour biology aids in deterministic feature selection and improved 

response prediction. However future research is warranted to confirm our hypothesis. Another advantage 

of [18F]FDG-PET imaging includes the use of more standardised acquisition and reconstruction protocols 

(EARL initiative) throughout different hospitals. The use of EARL protocols helps to improve quantitative 

accuracy of PET images. As a consequence, there is less chance of data heterogeneity. Nonetheless, due to 

the limited number of patients receiving diagnostic [18F]FDG-PET imaging in the LUMC, this study could not 

provide comprehensive results on its added value in clinical practice.   

Literature reports underestimations of response to TKI therapy in GIST patients when using unidimensional 

RECIST 1.1 measurements [11]. Nevertheless, RECIST 1.1 measurements could accurately predict volumetric 

response in this non-metastatic GIST patient population. Volumetric response could already be determined 

after a median follow-up of about 11 weeks in 32 patients. In a study by Tirumani et al, a median earliest 

response (time when partial response was observed) of 16 weeks was found [28]. The difference in interval 

may be caused by variations in patient population, as our current study included a smaller amount of rectal 

GISTs (8 vs. 3) and median primary tumour dimensions were higher (7.2 cm vs. 10.4 cm). Surgery is 

performed earlier in case of minimal tumour shrinkage, and we can therefore not rule out that substantial 

tumour shrinkage could still occur over longer TKI treatment durations. However, this does not take away 

from the fact that a poor response according to RECIST 1.1 was associated with patients having no surgical 

benefit after neoadjuvant treatment induction. Even though tumour diameter reductions according to 

RECIST 1.1 seem promising, the criteria should be executed properly. The tumour diameter should only be 

measured in the axial plane, which is often forgotten. Nonetheless, current results suggest that RECIST 1.1 

measurements may contribute to the early prediction of TKI therapy response in GIST patients without the 
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requirement to segment the entire tumour (which is labour intensive) and should therefore be considered 

in clinical practice.   

The limitation of the current study is the small size of the patient cohort. Additional imaging data will be 

added to improve overall performance. An increased sample size also opens up the possibility for Combining 

Batches (ComBat) harmonisation, to reduce the heterogeneity within the imaging acquisition protocols. In 

order to increase the radiomics quality score (RQS) of this study, it would be suggested to include calibration 

statistics and cost-effectiveness analysis. This radiomic study assigns the same weights for all extracted 

features. Future research should include a more hypothesis-driven radiomic approach, where we select 

predefined quantitative features from different imaging modalities to reflect tumour intra- and tumoral 

heterogeneity.   

5. Conclusion  
The radiomic models presented in this study showed poor performance and can therefore not yet be 

applied in a clinical setting. However, in current retrospective results, tumour diameter reductions 

according to RECIST 1.1 after the first response follow-up scan are associated with preoperative volumetric 

response. These manual measurements could therefore aid towards early surgical decision making and 

improve clinical management of GISTs. Future research should focus on additional data collection, 

harmonisation of acquisition protocols and hypothesis-driven radiomics.  
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Supplementary Materials  

  

Table S1. Acquisition parameters for baseline CE-CT and [18F]FDG-PET/CT imaging performed to diagnose the included non-

metastatic GIST patients. The values are stratified by responder status, which was determined through volumetric response 

criteria. Numerical data is presented as median value, along with the concurrent with minimum and maximum range. (CE-CT = 

contrast-enhanced computed tomography, [18F]FDG-PET/CT = 2-deoxy-2-[18F]fluoro-D-glucose).  

Image acquisition parameters 
Portal venous CE-CT 

Manufacturer

Canon Medical systems 16 (40.0%) 10 (50.0%) 6 (30.0%)

GE Healthcare 8 (20.0%) 3 (15.0%) 5 (25.0%) 

Philips Healthcare 3 (7.5%) 0 (0.0%) 3 (15.0%)

Siemens Healthineers 13 (32.5%) 7 (35.0%) 6 (30.0%)

Median peak kilovoltage (kVp) 120.0 (range 100.0 - 140.0) 120.0 (range 100.0 - 140.0) 120.0 (range 100.0 - 135.0)

Median slice thickness (mm) 1.0 (range 0.5 - 5.0) 1.0 (range 0.5 - 5.0) 1.1 (range 0.6 - 5.0)

Median pixel spacing (mm) 0.8 (range 0.6 - 0.9) 0.8 (range 0.6 - 0.9) 0.8 (range 0.7 - 0.9) 

[18F]FDG-PET/CT

Manufacturer

GE Healthcare 1 (5.6%) 1 (10.0%) 0 (0.0%)

Philips Healthcare 13 (72.2%) 8 (80.0%) 5 (62.5%)

Siemens Healthineers 4 (22.2%) 1 (10.0%) 3 (37.5%) 

EARL-compliant

Yes 14 (77.8%) 8 (80.0%) 6 (75.0%)

No 4 (22.2%) 2 (20.0%) 2 (5.0%)

Median activ ity at start (MBq) 195.6 (range 125.3 - 380.9) 194.1 (range 125.3 - 380.9) 227.8 (range 160.0 - 324.1)

Median PET acquisition (min) 57.0 (range 50.0 - 69.0) 57.0 (range 50.0 - 62.0) 55.5 (range 55.0 - 69.0) 

Median slice thickness (mm) 4.0 (range 2.8 - 5.0) 4.0 (range 2.8 - 4.0) 4.0 (range 3.0 - 5.0) 

Median pixel spacing (mm) 4.0 (range 2.0 - 4.1) 4.0 (range 2.7 - 4.1) 4.0 (range 2.0 - 4.1) 

Total (n = 40) Good respondent (n = 20) Poor respondent (n = 20)

Total (n = 18) Total (n = 10) Total (n = 8) 

Fig S1. Bar plot visualising the feature selection frequency during the training process involving dataset A (CE-CT imaging features) 

in a stratified five-fold cross validation and twenty iterations. The three most commonly selected features included cluster 

prominence, energy and 90 percentile.  
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Fig S2. Bar plot visualising the feature selection frequency during the training process involving dataset B (CE-CT and [18F]FDG-PET 

imaging features) in a stratified five-fold cross validation and twenty iterations. The three most commonly selected features 

included minimum, flatness and 10 percentile, extracted from [18F]FDG-PET imaging.  

Training scores 

Classifiers Baseline HP LASSO LASSO + HP Baseline HP LASSO LASSO + HP

LR 0.44 (0.09) 0.43 (0.09) 0.58 (0.10) 0.58 (0.09) 0.30 (0.14) 0.31 (0.14) 0.77 (0.12) 0.76 (0.11)

KNN 0.40 (0.11) 0.47 (0.10) 0.50 (0.13) 0.60 (0.09) 0.35 (0.15) 0.48 (0.12) 0.74 (0.10) 0.81 (0.11)

RF 0.38 (0.11) 0.50 (0.08) 0.51 (0.09) 0.60 (0.09) 0.39 (0.14) 0.67 (0.07) 0.65 (0.14) 0.80 (0.08)

SVM 0.42 (0.12) 0.52 (0.09) 0.58 (0.12) 0.63 (0.09) 0.49 (0.15) 0.68 (0.07) 0.74 (0.11) 0.85 (0.07)

Dataset A (CE-CT) Dataset B (CE-CT + [
18

F]FDG-PET)

Table S2 F1-scores for four machine learning classifiers during the training process, using dataset A (portal venous CE-CT imaging 

features) and dataset B (combination of CE-CT and [18F]FDG-PET imaging features) to predict volumetric response in non-

metastatic GIST patients. Hyperparameter tuning and feature selection methods (LASSO) were introduced to improve the F1-

scores of the classifiers. No performance difference between baseline and hyperparameter tuning was observed for the LR 

classifier, as the default parameters were used throughout the entire training process. HP = hyperparameter, LR = logistic 

regression, KNN = k-nearest neighbour, RF = random forest, SVM = support vector machine, AUC = area under the curve. 
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General discussion 
The aim of this thesis was to investigate the additional value of CE-CT and [18F]FDG PET/CT imaging features 

for the purpose of predicting and monitoring neoadjuvant treatment response in GIST patients. For these 

patients, monitoring of treatment response is important to eliminate surgical delay, overtreatment, side 

effects and unnecessary healthcare costs.  

1. Definition of response in GISTs 
The most complex subject of this thesis remained the definition of ‘response’. Response in GISTs can only 

be determined through radiological criteria, as there is no definitive correlation between pathological 

response and clinical implications. The percentage of remaining viable tumour cells is not correlated with 

patient outcome [1]. Although radiological response criteria have been used to predict and monitor 

response in metastatic GIST patients, the role of radiological response assessments in patients receiving 

neoadjuvant treatment has yet to be determined. In metastatic patients, small reductions in tumour size 

(stable disease) are considered favourable, as no disease progression is observed. However, in a 

neoadjuvant setting, the purpose is to attain significant size reductions of the primary tumour to improve 

chances of complete surgical resection. As a consequence, larger reductions in tumour size (partial 

response) are considered beneficial. Nonetheless, TKI treatment can cause tumour destruction without 

inducing substantial tumour shrinkage and size-based criteria may therefore underestimate the therapeutic 

effect in GISTs [2,3]. For this reason, we introduced ‘surgical benefit’ as a new outcome measure for 

determining response to neoadjuvant treatment. Surgical benefit in this setting is defined by TKI-therapy 

induced tumour size reductions that ensure tissue and organ preservation and/or improve surgical oversight 

and planning (i.e., smaller incisions, visualisation of tumour attachment, neutralisation of tumour adhesions 

to adjacent structures). To better quantify surgical benefit and overcome inter- and intra-observer 

variability, the authors propose to involve expert opinions of at least two surgical oncologists in order to 

reach broad consensus.   

 

2. CE-CT imaging 

2.1 The RECIST 1.1 and volumetric criteria  
When considering CE-CT imaging, RECIST 1.1 and tumour volumetry best predicted surgical benefit in non-

metastatic GIST patients treated with neoadjuvant intent. Chen et al. also found a correlation between 

RECIST 1.1 measurements and a decreased scope of surgery in high risk soft tissue sarcomas [4]. Although 

this study showed promising results for tumour volumetry to predict surgical outcome, manual 

segmentation on the images limits its clinical applicability. Namely, before applying volumetric response 

assessment in clinical practice, a (semi-) automatic segmentation algorithm is preferred to avoid additional 

labour for radiologists and improve repeatability. RECIST 1.1 measurements performed on the first interim 

CE-CT scan could accurately predict volumetric response in the non-metastatic GIST patient population. This 

suggests that RECIST 1.1 measurements can be used to predict effectiveness of TKI therapy in GIST patients 

at an early phase. Although less accurate than tumour volumetry, RECIST 1.1 could predict surgical benefit 

with reasonable accuracy. The advantage of RECIST is that radiologists are already used to these criteria in 

standard clinical practice and it does not lead to extra patient burden. It is therefore recommended to 

include these measurements in future radiological reports and take these findings into account during 

multidisciplinary meetings.   

2.2 The Choi criteria  
In this thesis we conclude that the clinical efficacy of the Choi criteria in determining response in GIST 

patients is questionable. On theoretical grounds, changes in tumour vascularity induced by TKI treatment 
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can be measured by reductions in tissue densities, as reflected by CE-CT imaging. However, when looking 

at the literature, intralesional hypodensity and concurrent heterogeneous enhancement patterns were also 

observed in high-risk GISTs. A reduction in tumour density could therefore reflect response, as well as 

aggressive tumour behaviour during longer follow-up periods. These two effects cannot be distinguished 

on CE-CT imaging and makes clinical decision-making based on these criteria difficult. In addition, technical 

limitations such as inter-scanner variability, make side-to-side comparisons on tumour density unreliable 

and impractical.    

 

3. [18F]FDG-PET imaging  
Based on the literature review, metabolic changes (standardised uptake value) on [18F]FDG-PET imaging 

were strongly correlated with tumour response and could aid towards early response prediction and 

monitoring [5-8]. These metabolic changes preceded morphological changes in size and [18F]FDG-PET 

imaging may be a useful complement to the routinely used CE-CT imaging modality. In addition to 

conventional [18F]FDG-PET imaging features, the added value of other features describing patterns and 

shape of [18F]FDG uptake (radiomic features) was investigated. In our radiomic study, the minimum value 

on [18F]FDG-PET imaging was significantly higher in the responding group, which can be explained by 

underlying tumour biology, as more uniform uptake is often associated with less aggressive tumour 

behaviour [9]. Results should be interpreted carefully as a limited amount of data was included. The clinical 

added value of [18F]FDG-PET imaging in predicting response to neoadjuvant TKI treatment at baseline by 

means of radiomics remains unclear.  

 

4. Radiomics 
The radiomic models presented in this thesis all scored AUC values below 0.50. However, this does not rule 

out its potential for early image-based response prediction. Lack of generalisation and concurrent 

misclassifications may be caused by the limited number of samples and the presence of heterogeneity in 

the imaging acquisition protocols. In the near future, additional imaging data will be provided to improve 

the performance of these radiomic models. In addition, to reduce heterogeneity within the imaging 

acquisition protocols, ComBat harmonisation is warranted. To the author’s knowledge, this would be the 

first CE-CT and [18F]FDG-PET radiomic study predicting volumetric response in GIST patients treated with 

neoadjuvant intent. Nonetheless, current radiomic studies often assign the same weights for all extracted 

features and do not correlate their findings with underlying tumour biology. Future research should carry 

out a more hypothesis-driven radiomic approach, where we select predefined quantitative features from 

different imaging modalities to reflect intra- and intertumoral heterogeneity. 
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