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ARTICLE INFO ABSTRACT
Keywords: Background: KIT exon 11 mutation in gastrointestinal stromal tumors (GISTs) is associated with
Gastrointestinal stromal tumor treatment strategies. However, few studies have shown the role of imaging-based texture analysis

Computed tomography
Radiomics feature
KIT exon 11

in KIT exon 11 mutation in GISTs. In this study, we aimed to show the association between
computed tomography (CT)-based texture features and KIT exon 11 mutation.

Methods: Ninety-five GISTs confirmed by surgery and identified with mutational genotype of KIT
were included in this study. By amplifying the samples using over-sampling technique, a total of
183 region of interest (ROI) segments were extracted from 63 patients as training cohort. The 63
new ROI segments were extracted from the 63 patients as internal validation cohort. Thirty-two
patients who underwent KIT exon 11 mutation test during 2021-2023 was selected as external
validation cohort. The textural parameters were evaluated both in training cohort and validation
cohort. Least absolute shrinkage and selection operator (LASSO) algorithms and logistic regres-
sion analysis were used to select the discriminant features.

Results: Three of textural features were obtained using LASSO analysis. Logistic regression anal-
ysis showed that patients’ age, tumor location and radiomics features were significantly associ-
ated with KIT exon 11 mutation (p < 0.05). A nomogram was developed based on the associated
factors. The area under the curve (AUC) of clinical features, radiomics features and their com-
bination in training cohort was 0.687 (95 % CI: 0.604-0.771), 0.829 (95 % CI: 0.768-0.890) and
0.874 (95 % CI: 0.822-0.926), respectively. The AUC of radiomics features in internal validation
cohort and external cohort was 0.880 (95 % CI: 0.796-0.964) and 0.827 (95%CI: 0.667-0.987),
respectively.

Conclusion: The CT texture-based model can be used to predict KIT exon 11 mutation in GISTs.

1. Introduction

Gastrointestinal stromal tumors (GISTs) are the most common mesenchymal tumors of the digestive system which originate from

Abbreviations: AUC, area under the curve; CI, confidence interval; CT, computed tomography; GISTs, gastrointestinal stromal tumors; LASSO,
Least absolute shrinkage and selection operator; OS, Overall survival; PDGFRA, platelet-derived growth factor receptor alpha; PFS, progression-free
survival; OR, odds ratio; ROI, region of interest; TKIs, tyrosine kinase inhibitors.
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the interstitial cells of the gastrointestinal pacemaker Cajal cells [1]. According to histologically heterogeneous and malignant po-
tential of GISTs, curative surgical resection is the primary option for treatment. For patients with a high risk of recurrence, tyrosine
kinase inhibitors (TKIs) treatment was recommended as an adjuvant therapy [2]. Imatinib as the first-line targeted molecular drug can
recognize the “switch-off” inactive conformation of the kinase by competitively binding to the ATP-binding site [3].

Most GISTs exhibit an activated mutation in KIT protooncogene or platelet-derived growth factor receptor alpha (PDGFRA) re-
ceptor tyrosine kinase which are called KIT/PDGFRA-mutated GISTs [2]. Approximately 75%-80 % of GISTs involve KIT gene mu-
tations and 10 % of GISTs involve PDGFRA gene mutations [2]. Unfortunately, GISTs without KIT or PDGFRA mutation account for
10%-15 % of GISTs and are historically classified as wild-type GISTs and are not sensitive to TKIs.

KIT exon 11 mutations account for more than 70 % of KIT mutations and promote tumorigenesis of GISTs [4]. GISTs with primary
KIT exon 11 mutation performs the best therapy response to imatinib. Therefore, mutational profiling is important for GISTs patients
who is considered for molecular targeted treatment with TKIs. In addition, KIT exon 11 mutation is also associated with prognosis [5,
6]. However, gene mutations are analyzed by genotype examinations which need surgically resected tissue samples and usually
expensive. Both high cost and invasive procedure of genotype examination contribute to the reason that it cannot be a widely per-
formed examination for most of GISTs patients [7].

Radiological assessment before treatment is convenient and necessary for GISTs patients. Computed tomography (CT) is a crucial
imaging modality of choice for preoperative diagnosis. On post-contrast CT images, GISTs usually present with peculiar imaging
features, such as large abdominal mass, heterogeneous enhancement and variable amount of necrosis within the tumor [8]. However,
although some CT imaging predictors of malignancy have been identified and were correlated with prognosis and survival of GISTs, the
analysis of CT images is influenced by the observer’s subjective assessment.

Radiomics has been recognized as a promising tool in oncology which allows to quantify lesion heterogeneity, extracting additional
quantitative features from radiological imaging, which cannot be evaluated by human eyes [9]. It has been widely used in tumor
diagnosis, identification and prognosis predictions [10]. Previous studies have identified radiomics characters from CT images as a
superior tool for risk stratification and predicting the malignancy potential of GISTs [11-13].

Recently, several studies demonstrated associations between radiomics parameters and tumor mutations in lung cancer, renal cell
carcinoma, breast cancer and gastric cancer [14-17]. However, there are rare study explore the relationship between CT texture
analysis and genomic phenotypes of GISTs. In this study, we aimed to explore association between CT texture parameters and KIT exon
11 mutation of GISTs and develop a predictable noninvasive model to differentiate GISTs without KIT exon 11 mutation, which were
not sensitive to imatinib.

2. Materials and methods
2.1. Patients

With the ethical approval by the institutional review board of the First Affiliated Hospital of Zhejiang University School of Medicine
(2017NL-137), a total of 122 patients with pathologically confirmed GISTs and gene screening were observed in our institution.

Pathologically confirmed GISTs with mutational
genotype during 2012-2022 (n = 122)

Excluding
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- Lesions unable for delineation (n = 8)
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(KIT 11 mutation+ (n = 67); KIT 11 mutation- (n = 28)

! l

| 63 patients with GISTs 2012-2020 | |32 patients with GISTs during 2021-2023 |
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Fig. 1. The flowchart of study population. A total of 121 patients with pathologically confirmed GISTs and gene screening were observed in our
institution. Sixty-three patients with GIST during 2012-2020 were included training and internal validation cohort. Synthetic minority over-
sampling technique (SMOTE) was used for training data. Thirty-one patients with GIST during 2021-2023 were included in external valida-
tion cohort.
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Declaration of Helsinki was followed during the study. Informed consent was obtained from participants. The inclusion criteria of this
study were as follows: (1) patients had received enhanced CT examination within 15 days of tumor resection; (2) identified with
mutational genotype of KIT and PDGFRA. The exclusion criteria of this study were as follows: (1) patients had not received enhanced
CT examination; (2) lesions were too small to delineate the region of interest (ROI); (3) prior treatment CT images of the patients were
absent; (4) receiving any anti-tumor treatment before surgery. Finally, a total of 95 patients were included in this study (Fig. 1). Sixty-
three patients who underwent KIT exon 11 mutation test during 2012-2020 was selected for training test and internal validation
(population 1). Thirty-two patients who underwent KIT exon 11 mutation test during 2021-2023 was selected as external validation
cohort (population 2).

2.2. CT scanning protocol

CT scan were performed using 64-channel CT scanner (Brilliance 64, Philips Healthcare, the Netherlands) and 128-channel iCT
scanner (Brilliance 256, Philips Healthcare, the Netherlands). The scanning range was from the top of the diaphragm to the level of the
lower margin of pubic symphysis with head to foot direction. The scanning parameters were as follows: Collimation of 64 x 0.625 mm,
FOV of 250 mm, tube voltage of 120 kV, tube current of 250 mAs, layer thickness of 5 mm, the layer interval of 5 mm, gantry rotation
time of 0.4 s, pitch of 0.891, the algorithm of Standard (B), matrix of 512 x 512, an intravenous contrast agent injection of 70-100 mL,
an injection rate of 2.5-3.5 mL/s with a high-pressure syringe, routine plain scan, an arterial phase with 25-30s and a venous phase
with 55-60s.

2.3. CT texture feature extraction and analysis

Both tumor segmentation and image radiomics feature extraction were performed using IBEX software packages based on MAT-
LAB. ROI were delineated along the outline of the tumor on preoperative venous phase CT images of the GISTs by two experienced
radiologists. Due to the limited number of cases in our study, only 2D ROI analysis was performed on axial images by referring to
previous study [19]. We first sketched the axial image with the largest area of the tumor, and then segmented the upper and lower
slices of the maximum slice at 2 slices intervals in turn. The necrotic areas of the tumor were avoided. All of these CT images were
preprocessed using image resampling and gray value homogenization before feature extraction. Texture feature parameters including
gray histogram parameters, gray co-occurrence matrix, neighbor intensity difference and gray level run length matrix were analyzed.
Considering the small sample size of patients without KIT 11 mutation and the unbalanced KIT 11 mutation data of our study, we
amplified the samples with a synthetic minority oversampling technique (SMOTE) in training study [18]. The SMOTE algorithm
creates synthetic samples that are not merely replications. We extracted ROI segments from 3 to 5 slices of the mass without KIT 11
mutation and extracted ROI segments from 1 to 2 slices of the mass with KIT 11 mutation, respectively. Finally, a total of 183 ROI
segments were extracted from these 63 patients as training group (62 ROIs for GISTs without KIT 11 mutation). For internal validation
group, we extracted ROI segment from the axial image with the largest area of the tumor so that 63 ROI segments were extracted from
63 patients (18 for GISTs without KIT 11 mutation). Similarly, we extracted ROI segment from 32 ROI segments in external validation
group (10 for GISTs without KIT 11 mutation).

2.4. Feature dimension reduction and model establishment

The LASSO (Least Absolute Shrinkage and Selection Operator) regression method was used to select and classify features of the
texture data to identify the most relevant features for KIT 11 mutation. A linear combination of selected features weighted by the
corresponding LASSO coefficients was used to calculate Radiomics scores (rad-scores). Then, a radiomics model was established.
Besides, univariate and multivariate logistic regression were used to identify the associated clinical factors and establish a clinical
model. Finally, we combined the clinical features with radiomics features to establish anther model. The parameters of sensitivity,
specificity, and area under curve (AUC) were used to evaluate the predication power of these models.

2.5. Statistical analysis

R software (version 3.4.1) was used for feature selection, machine learning classifiers and nomogram generation, SPSS (version 26)
was used for statistical analysis. Clinicopathological factors including age, sex, tumor location and tumor diameter were analyzed.
Qualitative variables were described using frequency (percentage) and compared by chi-square test. Shapiro normality test was
performed for continuous variables first. The data in line with normal distribution were represented by mean =+ standard deviation and
t-test was used for analysis between groups. For data with abnormal distribution, median (P50) and Mann-Whitney U test was adopted.
Repeatability for radiomics features between two readers was evaluated by intraclass correlation coefficient (ICC). P value less than
0.05 were considered as statistical significance.

3. Results
3.1. Patient demographics and clinicopathological features of GIST

The clinical data of population is shown in Table 1. KIT 11 mutation was found in 45 of 63 patients and in 10 of 32 patients in



C. Guo et al. Heliyon 9 (2023) 20983

external validation cohort. No significant difference was found in patients’ age, sex, grade and diameter between those patients with
and without mutation. KIT 11 mutation was more common in stomach GISTs than extra-stomach GISTs (64.4 % vs 38.9 %, p = 0.06).

3.2. Imaging features selection and radiomic model establishment

63 patients were selected for segmentation and a total of 681 quantitative radiomics features with good reproducibility (ICC:
0.78-0.90) were extracted from each ROIs. Texture feature parameters including gray histogram parameters (n = 49), gray co-
occurrence matrix (n = 594), neighbor intensity difference (n = 5) and gray level run length matrix (n = 33). The extracted
texture parameters included gray level co-occurrence matrix (GLCM) features, gray level run length matrix (GLRLM) features, Intensity
Histogram features and Neighbor Intensity Difference features. After application of LASSO logistic algorithm, 4 out of the 681
radiomics features were finally used to develop the radiomics signature for the prediction of KIT 11 mutation on the entire training
dataset (Fig. 2a and b). Coefficients of the LASSO logistic regression model for calculation were visualized in Fig. 2c. Among the 4
radiomics features, X459 (GLCM feature, GrayLevelCooccurenceMatrix25-315-7InverseVariance) was excluded according to the lower
coefficient weigh between radiomics features and no significant difference was found after multivariable analysis. X453 (GLCM
feature, Inverse Variance, GrayLevelCooccurenceMatrix25-225-7InverseVariance) (p = 0.004), X629 (Intensity Histogram feature,
IntensityHistogram-Kurtosis) (p = 0.008) and X680 (Neighbor Intensity Difference feature, NeighborIntensityDifference25-contrast)
(p = 0.004) was associated with KIT 11 mutation (Table 2). Among them, the mean values of X453 and X680 were larger in GISTs
with KIT 11 mutation than that without KIT 11 mutation. The mean value of X629 was lower in GISTs with KIT exon 11 mutation
compared with GISTs without KIT exon 11 mutation (Fig. 3A).

Similar results were observed in internal validation group (Fig. 3B) and external validation group (Fig. 3C). Fig. 4 shows two GIST
patients with and without KIT 11 mutation. Similar imaging findings and similar histological features were observed in the two cases.
However, there were differences in X453 (0.52 vs 0.43), X629 (4.60 vs 5.10), and X680 (42.71 vs 36.52).

3.3. Diagnostic performance of the radiomics model

As shown in Table 2, clinical features (patients’ age and tumor location) and radiomics features (X453, X629, X680) were identified
by univariable and multivariable logistic analysis as independent predictors for GISTs with KIT 11 mutation in training cohort. Pa-
tients’ age and tumor location were taken into consideration for clinical model establishment. Radiomic model was established using
X453, X629 and X680. All the five variables were used to develop a combination model which was expected for further improvement of
the prediction efficiency. The predictable performance of clinical features, radiomics features and their combination in predicting KIT
exon 11 mutation were analyzed by ROC (Fig. 5). The area under the curves (AUC) of clinical features, radiomics features and their
combination in training cohort was 0.69 (95 % CI 0.60-0.77) (sensitivity of 0.45, specificity of 0.83), 0.83 (95 % CI 0.77-0.89)
(sensitivity of 0.74, specificity of 0.84) and 0.87 (95 % CI 0.82-0.93) (sensitivity of 0.89, specificity of 0.79), respectively (Fig. 5a). We
also validated the predictable performance of radiomics features in an internal validation (AUC = 0.880, 95%CI 0.796-0.964,
sensitivity of 0.78, specificity of 0.84) and external validation cohort (AUC = 0.83, 95%CI 0.67-0.99, sensitivity of 1.00, specificity of
0.73) (Fig. 5B and C), respectively.

3.4. Nomogram

Based on age, tumor location and radsore we developed a nomogram for identifying GISTs without KIT 11 mutation (Fig. 6). For a
60-year old person with extra-stomach GISTs, the point was 30 and 17, respectively. The point for a radscore of 0.5 was 50. The total
point for this person was 97. The risk of absence of KIT 11 mutation was 0.55. Calibration curve also showed that the nomogram had
good performance.

Table 1
Clinicopathological features of GIST.
Population 1 Population 2
KIT 11 Mutation + (n = 45) KIT 11 Mutation — (n = 18) P KIT 11 Mutation + (n = 22) KIT 11 Mutation — (n = 10) P
Age (year) 58.80 + 9.83 63.33 + 11.63 0.12  64.09 £ 14.15 61.20 + 10.60 0.57
Sex 0.33 0.45
Male 24 12 12 4
Female 21 6 10 6
Location 0.06 0.13
Stomach 29 7 14 7
Extra-Stomach* 16 11 8 3
NIH Risk Category 0.55 0.41
Low * 15 6 7 2
Intermediate -High 30 12 15 8
Diameter (cm) 5.99 + 2.98 6.41 + 3.46 0.64 7.40 £ 4.91 6.40 + 2.97 0.56

Extra-Stomach*: including GISTs originate from small bowel, colorectum and mesentery.
Low*: including GISTs with very-low-risk and low-risk.
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Fig. 2. Least absolute shrinkage and selection operator (LASSO) regression to extract the radiomics features. A: The selection of tuning parameter
() used 10-fold cross-validation via minimum criteria. The curve was plotted versus log (1). B: LASSO coefficient profiles of the radiomics features.
C: Four radiomics features were obtained.

Table 2

The associated factors with KIT 11 mutation.
Variable Training cohort

Univariable P Multivariable P

Age (years) 1.05 (1.02-1.08) 0.003 1.06 (1.02-1.10) 0.002
Location (Stomach vs extra-Stomach) 2.67 (1.42-5.02) 0.002 3.11 (1.40-6.93) 0.006
X453 6.30 (2.81-14.15) <0.001 3.76 (1.54-9.17) 0.004
X629 0.59 (0.45-0.77) <0.001 0.68 (0.51-0.91) 0.008
X680 1.05 (1.03-1.07) <0.001 1.03 (1.01-1.05) 0.004

X453: GLCM feature, Inverse Variance, GrayLevelCooccurenceMatrix25-225-7InverseVariance); X629: Intensity Histogram feature,
IntensityHistogram-Kurtosis); X680: Neighbor Intensity Difference feature, NeighborIntensityDifference25-contrast.
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Fig. 3. The differences in radiomics features between tumors with and without KIT Exon 11 mutation in training (A), internal validation (B) and
external validation (C) groups. Significant differences were found in X453 (GLCM feature, Inverse Variance, GrayLevelCooccurenceMatrix25-225-
7InverseVariance), X629 (Intensity Histogram feature, IntensityHistogram-Kurtosis) and X680 (Neighbor Intensity Difference feature,

NeighborIntensityDifference25-contrast) between tumors with and without KIT mutation. ****, p < 0.001; **, p < 0.05.

4. Discussion

GISTs were mesenchymal neoplasms with variable malignant potential and responded poorly to either radiotherapy or chemo-
therapy. Although most GISTs were localized and preferred complete surgical excision, the emergency of TKIs had modified the
treatment of GISTs and was able to prolong overall survival of GISTs patients [7]. GISTs with specific gene mutation were sensitive to
treatment of TKIs [20]. Studies have showed that GISTs with primary KIT exon 11 mutation were well respond to imatinib, a
small-molecule TKIs [3,21]. The identification of KIT exon mutation was needed for the accurate selection of patients to treat with TKIs
in clinical practice. Regarding to the invasive procedure of genotype examination, radiomics as a prospective non-invasive method was
extensively applied in tumor diagnosis in recent years [22]. In this study, we developed a CT radiomics-based model for the prediction
of GISTs gene mutation. Our results showed that CT texture analysis could potentially be used to differentiate GISTs with KIT 11 exon
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Fig. 4. Two GIST patients without (upper) and with (below) KIT Exon 11 mutation. Similar imaging findings were observed on conventional (A, E),
arterial (B,F), venous (C, G) and phases. Similar histological features (D, H) were observed in the two cases. There were differences in X453 (0.52 vs
0.43), X629 (4.60 vs 5.10), and X680 (42.71 vs 36.52).
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Fig. 5. The performance of clinical, radiomics and combined models in identifying KIT 11 mutation in training (A), internal validation group (B)
and external validation group (C).

mutation from those without KIT 11 exon mutation.

Hirota et al. [23] first found that proto-oncogene receptor tyrosine kinase KIT mutations occurred in the transmembrane protein
and tyrosine kinase regions caused continuous activation of the KIT mutant protein in the GISTs in the absence of ligand. This finding
suggests that mutations in the KIT gene dominate the occurrence of the GISTs. Other research groups confirmed these findings at the
same time by reporting similar findings and that KIT was a more sensitive and specific marker than CD34 for GISTs [24]. KIT mutations
typically affected the juxtamembrane domain encoded by exon 11 [2]. Previous studies showed that KIT exon 11 mutation accounted
for a range from 61 % to 93.8 % of KIT mutations and was an independent prognostic factor for progression-free survival and overall
survival of GISTs [4,25,26]. In this study, we found 71 % (45 of 63) GIST patients involved KIT exon 11 mutation. GIST patients with
KIT exon 11 deletion mutation had lower risk of progression than those with KIT exon 9 mutation and were well responded to longer
adjuvant treatment of imatinib [23,27]. Several studies had indicated that GIST patients with KIT exon mutation were benefit from
imatinib treatment before surgery [2]. It was recommended that imatinib should be administered for 2-6 months before tumor
resection [28]. Most of lesions decreased in size and vascular density after preoperative imatinib treatment which facilitated tumor
resection or organ-sparing surgery [29]. For this reason, preoperative KIT exon mutation detection should be done to identify patients
who were not respond well to imatinib treatment.

Radiomics is able to extract large amounts of quantitative features from medical images and the quantitative analysis of these
features could diminish subjective factors. Previous studies had predicted the malignant potential of GISTs by developing nomograms
based on clinical features and radiomics intensity values. Wang et al. [11] developed a nomogram including tumor maximum
diameter, tumor location and intensity value range to differentiate high-from low-malignant potential GISTs with an AUC of 0.882.
Several studies also developed radiomics-based model to predict the malignant potential of GISTs [10,30,32], the mitotic index and
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Fig. 6. The nomogram for identifying GISTs without KIT 11 mutation (A) and the calibration curve (B). Calibration curve showed good
performance.

risk classification of GISTs [31] or prediction of Ki-67 expression in GISTs [33]. GLCM and GLRLM features which indicated the
brightness or mean gray-level intensity of a region were the commonly useful radiomics features in those studies. GLCM features might
also represent the contrast, complexity and heterogeneity of local intensity patterns. In our study, we also found that X453, a GLCM
feature, was an independent predictable factor for KIT exon 11 mutation. To the best of our knowledge, few study haven shown the role
of radiomics in GIST gene mutation. A recent study indicated that the combination of conventional CT image analysis and texture
analysis was useful to distinguish GISTs with KIT exon 11 mutation [5]. However, that study did not show the independent role of
radiomics. Our study showed that both radiomics model and the combined model had good performance in identifying KIT exon 11
mutation. We also developed a nomogram which showed good performance.

In the present study, we amplified the samples using oversampling method to balance the data because the small sample size of
GISTs without KIT 11 mutation. Oversampling method has been used in many studies for data balance. Kocak et al. [19] developed a
radiomics model for predicting PBRM1 gene subtype of renal clear cell carcinoma by resampling which was the mainstream subclass
oversampling and major class undersampling. Feng et al. [34] also conducted a radiomics study to identify BAP1 mutation status in
renal clear cell carcinoma using oversampling and resampling methods which decreased overfitting by increasing the randomness of
the data. Xu et al. [35] also applied resampling method to the prediction of KIT mutation in GISTs. They used 2D ROI to segment
tumors and oversampled tumor data for balance. The study compared 2D ROI with volume ROI, resulting in a good consistency.

Our study had several limitations that should be noted. Firstly, as a single-center retrospective study, there were inherent short-
comings. Secondly, the sample size was small, and the machine learning model had the risk of overfitting. Thirdly, only 2D texture
features were used in this study, without 3D texture and morphological features. However, many segmentation studies based on single
segmentation or several slices had achieved good results [36,37]. Fourthly, there were limited types of mutations in the exon of the
GISTs, whereas the number of cases of mutations in exon 18 of the GISTs and in exon 9 of the KIT GISTs were relatively few and could
only be generalized into the group of non-Kit exon 11 GISTs. However, the subtypes of exon 18 and exon 9 might be more valuable and
worthy of further study. Fifth, IBEX was used for texture extraction. However, several studies reported that some radiomics features or
preprocessing methods in IBEX are not aligned with image biomarker standardization initiative (IBSI) [38,39]. It would be interesting
to used software that claim compatibility with the IBSI standard. Finally, potential differences between data in imaging studies and
small samples used for genomic analysis might be considered as another potential bias, which was also considered a common problem
in most imaging and genetic studies [40].

In summary, we established an objective, non-invasive radiomics model that showed good performance in predicting KIT exon 11
mutation of GISTs. It can be an effective tool to help clinicians accurately predict the mutation of KIT exon 11 in GISTs and provide
more personalized precise decision of imatinib therapy.
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