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Simple Summary: Gastrointestinal stromal tumors are the most common mesenchymal tumors
that can have a malignant character. Definitive diagnosis is obtained by pathohistological and
immunohistochemical analysis of the resected tumor. Preoperative stratification of metastatic risk
using non-invasive imaging methods would be of great importance in the selection of patients with
high-risk GIST and the application of neoadjuvant target therapy. This could enable tumor shrinkage,
avoiding multivisceral resections and reducing the risk of tumor rupture. It also could provide better
long-term outcomes, including increased overall survival rates, by optimizing surgical resection and
systemic control of the disease. Evaluation of the morphological characteristics of the tumor obtained
by computed tomography examination as well as the histogram parameters of the textural analysis of
tumor tissue may improve the preoperative prediction of the metastatic risk of GIST. Texture analysis
is part of the growing field of radiomics, with significant contributions to oncology so far.

Abstract: Background: The objective of this study is to determine the morphological computed
tomography features of the tumor and texture analysis parameters, which may be a useful diagnostic
tool for the preoperative prediction of high-risk gastrointestinal stromal tumors (HR GISTs). Methods:
This is a prospective cohort study that was carried out in the period from 2019 to 2022. The study
included 79 patients who underwent CT examination, texture analysis, surgical resection of a lesion
that was suspicious for GIST as well as pathohistological and immunohistochemical analysis. Results:
Textural analysis pointed out min norm (p = 0.032) as a histogram parameter that significantly differed
between HR and LR GISTs, while min norm (p = 0.007), skewness (p = 0.035) and kurtosis (p = 0.003)
showed significant differences between high-grade and low-grade tumors. Univariate regression
analysis identified tumor diameter, margin appearance, growth pattern, lesion shape, structure,
mucosal continuity, enlarged peri- and intra-tumoral feeding or draining vessel (EFDV) and max
norm as significant predictive factors for HR GISTs. Interrupted mucosa (p < 0.001) and presence
of EFDV (p < 0.001) were obtained by multivariate regression analysis as independent predictive
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factors of high-risk GISTs with an AUC of 0.878 (CI: 0.797-0.959), sensitivity of 94%, specificity of 77%
and accuracy of 88%. Conclusion: This result shows that morphological CT features of GIST are of
great importance in the prediction of non-invasive preoperative metastatic risk. The incorporation of
texture analysis into basic imaging protocols may further improve the preoperative assessment of
risk stratification.

Keywords: gastrointestinal stromal tumor (GIST); multidetector computed tomography (MDCT);
texture analysis; metastatic risk

1. Introduction

Gastrointestinal stromal tumors (GISTs) are relatively rare mesenchymal tumors with a
potentially malignant and aggressive behavior [1]. They can occur anywhere in the digestive
tract, but are most commonly localized in the stomach and small intestine [2]. These tumors
tend to spread and metastasize. As they are often detected at an advanced stage, they
can pose a serious challenge for management. Surgery is the only curative treatment, and
recently, the minimally invasive approach has proven to be feasible and safe [3].

Although these tumors do not have the same biological behavior, any GIST should be
considered potentially malignant [3]. The location and size of the tumor are important factors
that determine the modality of GIST treatment. Regardless of the size of the tumor, complete
removal in challenging locations sometimes requires extensive, risky and mutilating surgery
associated with functional disability or morbidity. In such cases, especially when the tumor
is small, clinical guidelines generally recommend only follow-up [4,5].

The fact that a GIST is small does not exclude the possibility that its proliferative
activity may be aggressive [6]. Tumor biopsy is the best way to obtain tissue samples for
subsequent pathological diagnosis. However, it is associated with possible complications
such as tumor rupture or bleeding, and the results are often inconclusive. Most GIST
guidelines for the surveillance of small lesions recommend initial follow-up by EUS. The
Japanese guidelines point out that GISTs may be potentially aggressive if the tumors show
growth features ulceration or irregular margins at follow-up [5]. The NCCN sarcoma guide-
lines also recommend that a small tumor that has high-risk features should be removed,
while others that do not have these features can be followed by EUS [7]. However, manu
studies have showen that extrinsic or exophytic tumor growth may be missed by these
examinations. In such situations, new or additional biomarkers would make an important
contribution to deciding on the optimal treatment modality.

Given the potential benefits of and research on neoadjuvant therapy for GIST, preop-
erative risk stratification may be of particular importance. Preoperative administration
of tyrosine kinase inhibitors could enable tumor shrinkage and reduce the risk of tumor
rupture [8]. It also could provide better long-term outcomes, including increased overall
survival rates, by optimizing the systemic control of the disease [9]. Two comparative sys-
tems are most commonly used in clinical practice: the Armed Forces Institute of Pathology
(Miettinen’s) criteria and the National Institutes of Health (NIH) classification [10,11]. Both
systems use the mitotic index as an important factor in the assessment of tumor aggressive-
ness. According to the Miettinen criteria, the risk of recurrence or metastasis in 2 to 5 cm
gastric GISTs mainly depends on their mitotic activity. Studies have shown that grading
based on mitotic count is not accurate in regular biopsy [12]. Considering the above facts,
the neoadjuvant strategy for GISTs may complicate the selection of suitable patients.

The most commonly used diagnostic modality for the diagnosis and staging of these
tumors is computed tomography (CT). Many studies have demonstrated a correlation
of certain morphologic CT features of GISTs with a high metastatic risk, especially the
diameter of the lesion [13-16]. CT texture analysis (CTTA) is a relatively new postprocessing
imaging tool used to assess the heterogeneity of tumor tissue [17]. It has proven to be
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very useful in differentiating diagnosis, stratifying the grade and risk of different tumors,
assessing prognosis and predicting the response to the implemented therapy [17-20].

The aim of this study is to evaluate the diagnostic value of the morphologic parameters
of conventional CT diagnostics and the histogram parameters of texture analysis in the
non-invasive, preoperative assessment of the metastatic potential of GISTs in correlation
with macropathological and pathohistological findings, especially with the mitotic index,
as a gold standard. Preoperative diagnosis of high-risk GISTs could facilitate decisions on
further treatment protocol in patients in whom tumor localization requires multivisceral
or extensive surgery. The use of neoadjuvant therapy with tyrosine kinase inhibitors
in patients with HR GISTs would lead to tumor dimension reduction, thus effectively
improving the resection rate of surgery. Further, it would also reduce the risk of tumor
recurrence and lead to better prognosis of the disease [9].

2. Materials and Methods
2.1. Patients

Seventy-nine patients who underwent a CT diagnostic protocol followed by surgery
during the period from 2019 to 2022 were included in this prospective research. Criteria for
inclusion in the study were as follows: (1) clinically suspected GIST as mainly submucosal
gastric lesion; (2) abdominal CT exam according to a dual-phase protocol; (3) no more than
20 days between CT examination and surgery. Criteria for exclusion from the study were
as follows: (1) extra-gastric localization of GIST, (2) histopathological findings suggestive of
other stomach tumors, (3) patients whose CT exam was of poor technical quality without
the possibility of further processing and (4) more than 20 days from the performed CT
examination to the surgical resection of the tumor. Gastric resections such as total and
subtotal gastrectomy or wedge resection or tumor enucleation were performed in all
patients with histopathological and immunohistochemical analysis of the resected tumor.
Further, the tumors were staged using the American Joint Committee on Tumor/Lymph
Node/Carcinoma Metastases (ITNM) classification (8th edition) [21]. According to the TNM
supplemented with AFIP classification, patients were divided into two groups, low-risk
(LR) and high-risk (HR) [22].

Our research was permitted by the Ethical Committee of the Faculty of Medicine,
University of Belgrade, and written informed consent was obtained from all patients.

2.2. Abdominal CT Examination

CT diagnosis was performed on a multidetector CT (MDCT) machine with 64 rows of
detectors (Aquuilion One, Toshiba Medical Systems, Ottawa, Japan). Immediately before
the examination, the patients were given 250-500 mL of water “per os” (as a negative
contrast), in order to adequately distend the stomach.

Abdominal CT examination was performed as standard after iv. administration of
60-100 mL of iodinated contrast (1-1.5 mL/kg body weight), in the arterial and portal
venous phase.

2.3. Abdominal CT Scan Analysis
The following morphological characteristics of the tumor were analyzed:

Maximum diameter: the largest diameter of the tumor in mm (Figure 1);
Appearance of mucosa: intact/continuous and discontinuous (Figures 1 and 2);
Tumor structure: solid—necrotic and cystic changes (Figures 1-4);

Tumor shape: regular or irregular (Figure 1);

Tumor localization in relation to the region of the stomach: corpus, antrum and
pylorus (Figures 1, 2 and 5);

Growth mode: exophytic/mixed and endophytic (Figure 1);

Level of opacification of the solid part of the tumor: weak and intense (Figures 3 and 6);
8.  The presence of visible enlarged vascular structures draining/feeding the tumor
(EFDV “enlarged feeding or draining vessel”) (Figure 6);

AR
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9.  Margin appearance: well-defined and ill-defined (Figures 1 and 7).

@) (b)

Figure 1. The lowest tumor diameter was 15 mm (LR GIST) in the pyloric stomach region (a) and
the largest lesion measured 340 mm (HR GIST) (b). LR GIST shows a predominantly round shape,
well-defined margins and a homogenous, solid appearance and intact mucosa (a). Notable difference
in tumor structure with massive cystic degeneration, irregular shape and exophytic growth pattern
in HR tumor (b).

Figure 2. Axial CT scan shows exophytic tumor growth into gastro-hepatic ligament (black arrows)
with presence of intralesional vascular structures (red arrow) and mucosal defect: umbilication (blue
arrow). Tumor involves corpus region of the stomach.

Figure 3. CT scan coronal view clearly depicts oval, clearly demarcated lesion (black arrow) covered
by intact mucosa (blue arrow) with partially necrotic structure (white arrow) and weak postcontrast
opacification of solid part of the lesion.
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Figure 4. Abdominal CT exam coronal view shows irregular tumor shape with presence of cystic
structural changes (white arrow). The tumor corresponds to HR GIST.

Figure 5. Endophytic growth of oval, solid GIST covered by intact mucosa (black arrow) in the antral
region of the stomach.

Figure 6. CT coronal view shows irregular, partially cystic tumor with hyperdense solid component
and presence of peri- and intra-tumoral vascular vessels (red arrows) (EFDV).
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Figure 7. CT scan demonstrates massive necrotic tumor with ill-defined margins and disrupted
mucosa with exulceration (HR GIST).

2.4. CT Texture Analysis

Texture analysis was performed with the software MaZda (Version 4.6 for Windows,
Institute of Electronics, Technical University of Lodz, Poland). The solid part of the tumor
was segmented into three consecutive sections in the portal venous phase. A healthy
structure was also marked; in our case, it was a normal gastric wall. The values of the
first-order texture, i.e., histogram parameters, were automatically obtained and were as
follows: the normalized frequency of pixels of the lowest intensity (“min norm”) and the
highest intensity (“max norm”), mean intensity (“mean intensity”) and standard deviation

“variance”), as well as “skewness “, i.e., asymmetry, and “kurtosis”, i.e., the peak/flatness
of the histogram. The mentioned values were obtained for each of the three sections, while
their mean values for the GISTs and stomach wall were used for further statistical data
processing (Figures 8 and 9).

Figure 8. Segmented tumor (green ROI) with histogram.
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Figure 9. Segmented healthy stomach wall (green ROI) with histogram. Segmented tumor (purple ROI).
2.5. Pathological Analysis and Risk Stratification of Gastric GISTs

The main therapeutic option for localized GISTs is surgery. Wedge resection and
subtotal and total gastrectomy are the most frequently used surgical procedures. The
resected tumor needs a complete pathohistological evaluation according to established
protocols of fixation in 10% formaldehyde and incorporation in paraffin and hematoxylin
and eosin. The presence of spindle or epithelioid cells or both is necessary for GIST
definition as well as positive immunohistochemical staining for C-KIT or DOG-1. The TNM
classification is the standard for risk stratification [21]. Miettinen et al. have established
a classification system, AFIP classification, where tumor diameter, mitotic index and
localization are the most significant prognostic factors [10]. In addition to metastatic
risk, the grade of these tumors is determined by the value of the mitotic index, with
a cut-off of five or fewer mitoses visualized per 5 mm? or per 50 HPF. Based on these
classifications, GISTs are further categorized into four different stages according to mitotic
index and the size and presence of metastases in the lymph nodes, liver and peritoneum.
We subclassified GIST patients into high-risk (HR GIST) (high-risk and intermediate-risk)
and LR GIST (low-risk) groups.

2.6. Statistical Analysis

Normality of distribution of numerical data was assessed by the Kolmogorov-Smirnov
test. Mean + standard deviation (SD) or median value with range were presented depend-
ing on the distribution. The chi-square test or Fisher’s exact probability test were used
to assess differences in morphological features between HR and LR GISTs and, for quan-
titative parameters, t-test of independent samples or the Mann-Whitney test were used
depending on the normality of distribution. t-test for paired samples or Wilcoxon’s test
for equivalent pairs were used in testing the differences in histogram texture parameters
of gastric GISTs in comparison to the normal gastric wall. Univariate and multivariate
binary logistic regression analysis was used to identify the morphologic characteristics
and histogram texture parameters that are significant predictors of HR GISTs as well as to
build a preoperative predictive model suggesting HR GISTs that was further tested by ROC
analysis. The level of statistical significance was set at 0.05, while all statistical analyses
were performed using SPSS software (Version 17.0 for Windows; SPSS, Chicago, IL, USA).

3. Results

The study included 79 patients with gastric GISTs (45 male, 34 female, with mean age
65 £ 11). HR GISTs were confirmed in 36 patients and LR GISTs in 43. In terms of age,
there was no significant difference between the LR and HR groups (64 £ 12 vs. 62 + 10,
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p =0.772), nor was there a difference in terms of gender (26 vs. 19 men and 17 vs. 17 women,
p =0.472).

3.1. Tumor Diameter in HR and LR Group

The smallest tumor diameter in the LR group was 15 mm and the largest was 150 mm
(mean 56 £ 25 mm), while the range in the HR group was from 40 mm to 340 mm (mean
131 £ 58 mm), p < 0.001 (Figure 10).
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Figure 10. Box plot of tumor diameter (mm) in LR and HR group.

ROC analysis showed that a cut-off diameter of 95 mm most accurately predicted
HR GISTs (AUC 0.863; CI 0.772-0.954), with a sensitivity of 98% and specificity of 75%
(Figure 11).
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Figure 11. ROC curve representing a diameter cut-off value of 95 mm between the LR and HR group
with an AUC of 0.863 (CI 0.772-0.954).
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Only one of forty-three LR GISTs was larger than 95 mm, but nine of thirty-six HR
GISTs (25%) were smaller than 95 mm in maximal diameter.

3.2. Classic CT Features in HR and LR Group
A comparison of classic CT features of gastric GISTs in the HR and LR groups is

presented in Table 1.

Table 1. Comparison of classic CT features of gastric GISTs in the HR and LR groups.

CT Characteristics of Gastric GISTs LR GISTs (n = 43) HR GISTs (n = 36) p Values

Body 13 21

Localization Antrum 23 8 0.014
Pylorus 7 7
. 1—well defined 42 28

Margins 2—ill defined 1 8 0.006
1—exophytic/mixed 32 35

Growth pattern 2—endophytic 1 1 0.005
0—low 29 33

Tumor enhancement 1—high 14 3 0.009
1—regular (round) 38 11

Shape 2—irregular 5 25 <0.001
1—solid /necrotic 34 10

Structure 2 cystic 9 2% <0.001
1—continuous 36 13

Mucosa 2—discontinuous (rupture) 7 23 <0.001
0—absent 37 10

EFDV * 1—present 6 26 <0.001

* Enlarged feeding or draining vessels.

3.3. Histogram Parameters in HR and LR Group

The differences in textural parameters between HR and LR GISTs are shown in Table 2.

Table 2. Histogram parameters in the LR and HR groups. *: statistically significant parameter. Bold:

a significant result.

Histogram LR GISTS (1 = 43) HR GISTs (11 = 36) p
Parameters
. 32,866.776 32,851.065 .
Min norm (32,816.739-33,866.283)  (32,815.016-33,875.819) 0.032
612.419 524.927
Maxnorm (230.676-1572.068) (177.284-835.740) 0.052
~0.058 —0.001
Mean (—3.570-0.213) (—0.428-0.304) 0.093
. —0.113 —0.09%
Variance (—0.560-8.145) (—0.557-2.248) 0.806
32,812.667 32,800.166
Skewness (32,709.333-33,815.667)  (32,764.000-33,813.667) 0.182
Kurtosic 32,837 32,822.166 0,058

(32,788.000-33,841.333)

(32,785.667-33,838.667)
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3.4. Histogram Parameters in HR and LR Group

The differences in textural parameters between HR and LR GISTs are shown in Table 3.

Table 3. Histogram parameters in the LR and HR GIST groups. *: statistically signifikant parameter;
**: highly statistically significant parameter.

Histogram LR GISTs (MI < 5) HR GISTs (MI > 5)
Parameters (n=52) (n=27) 4
. 32,867.360 32,845.770 "
Min norm (32,816.740-33,875.819)  (32,815.060-33,844.490) 0.007
610.350 516.245
Max norm (230.700-1572.100) (177.280-835.730) 0.051
—0.051 0.007
Mean (—3.570-0.304) (—0.428-0.290) 0.089
. ~0.106 ~0.113
Variance (—0.560-8.145) (—0.557-2.248) 0-836
32,815.160 32,797.000 .
Skewness (32,709.300-33,815.600)  (32,764.000-33,813.000) 0.035
Kurtosis 32,838.000 32,818.670 0.009 **

(32,788.000-33,841.000)  (32,785.660-33,827.330)

3.5. Univariate and Multivariate Predictive Models

Univariate regression analysis confirmed tumor diameter, margin appearance, growth
pattern, lesion shape, structure, mucosal continuity, presence of EFDV and the textural
parameter max norm as significant predictive factors for HR GISTs (Table 4) (Figure 12).

Table 4. Classical CT morphological and histogram predictive factors for HR GISTs obtained by
univariate regression analysis.

Variables in the Equation

B S.E. Wald df Sig. Exp (B)
Diameter (mm) 0.013 0.013 0.936 1 0.333 1.013
Margins —0.120 1.502 0.006 1 0.936 0.887
Growth pattern —2.425 1.570 2.386 1 0.122 0.088
Shape 1.566 0.961 2.653 1 0.103 4.786
Step 1 Structure 0.554 0.987 0.315 1 0.575 1.740
Mucosa 2.219 0.942 5.551 1 0.018 9.199
EFDV 2.067 0.961 4.628 1 0.031 7.903
Max norm —0.001 0.002 0.398 1 0.528 0.999
Constant —4.751 2.994 2.518 1 0.113 0.009

Multivariate regression analysis identified interrupted mucosa (p < 0.001) and presence
of EFDV (p < 0.001) as independent predictive CT features for HR GISTs (Table 5).

Table 5. Significant predictive parameters of HR GISTs by multivariate logistic regression analysis.

Unstandardized Coefficients Standardized Coefficients

Model B Std. Error Beta t Sig.

(Constant) —0.222 0.127 —1.742 0.086

) M““’;i:p‘;i‘;;gmous 0346 0.092 0.337 3.779 0.000
EFD 0—absent 0.493 0.091 0.486 5.445 0.000

1—present
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Figure 12. ROC curve shows the following linear regression model including diameter, margins,
growth, shape, structure, mucosa, EFDV and max norm predicts HR GISTs with an AUC of 0.897
(CI: 0.817-0.976) with a sensitivity of 83.3%, specificity of 90.7% and accuracy of 87.3%.

ROC analysis showed the multivariate linear regression model with extracted mucosa
appearance and presence of EFDV achieved an AUC of 0.878 (CI: 0.797-0.959) with a

sensitivity of 94%, specificity of 77% and accuracy of 88% in the prediction of HR GISTs
(Figure 13).

ROC Curve
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0.8
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2 0.67
>
.“.;.:
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@
" 0.4
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1 - Specificity
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Figure 13. ROC curve of multivariate regression model with two independent predictors for HR
GISTs (P (0-1)) = 0.346 x mucosa (1—continuous/2—interrupted) + 0.493 x EFDV (1—present/0—
absent)-0.222). AUC = 0.878 (CI: 0.797-0.959), sensitivity 94%, specificity 77% and accuracy 88%.
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4. Discussion

Our study confirmed the great importance of morphological CT characteristics of
GISTs, which proved to be significant predictive factors in the risk stratification of these
tumors. Parameters such as diameter, localization, margins, growth pattern, structure,
intensity of postcontrast tumor opacification, shape, continuity of the mucosa and the
presence of EFDV showed statistical significance in the prediction of HR GISTs (Table 1).
In our research, risk assessment was based on the TNM and AFIP calcification systems,
where the diameter of the lesion is an important factor in predicting the metastatic risk of
these tumors. A cut-off value of 5 cm has been established within many classifications, and
lesions below 5 cm are considered benign variants of this tumor [23]. We also concluded
that tumor diameter is a very important predictive factor of high metastatic potential in
these tumors, with a cut-off value of 9.5 cm between the LR and HR groups. However, 25%
of HR tumors in our series were smaller than 95 mm.

According to our results, the most common localization of GISTs was the area of the
corpus and antrum, which coincides with the predominance of Cajal cells in the stomach
wall in this area, which is consistent with the results of other studies [24]. Ill-defined
tumor margins showed a high statistical significance in predicting HR GISTs in many
previous studies [14,16]. Similarly, in our study, univariate regression analysis revealed
that this parameter was a significant predictive factor in metastatic risk stratification. In the
current study, growth patterns were observed to be both exophytic and endophytic, but
also a combination of both variants. Thirty-five patients with proven HR GISTs showed
an exophytic and mixed growth pattern. This growth pattern was proven to be a highly
statistically significant parameter regarding HR GISTs, which was also shown in other
studies as well. Peng et al. used multivariate regression analysis and identified exophytic
growth, irregular shape and discontinuous gastric mucosa covering the tumor as signifi-
cant and independent predictors of HR GISTs [25]. In a series of 129 patients, Zhou et al.
analyzed the morphological characteristics of tumors and their regression model extracted
tumor diameter, mixed tumor growth and the presence of EFDV as independent predic-
tive factors of high-risk GISTs [19]. When the intensity of postcontrast opacification was
analyzed, the largest number of patients (62) showed lower postcontrast enhancement in
the portal venous phase of the examination. Among them, 33 patients had a HR GIST.
In the present study, regular tumor shape (oval and round shape) was found mostly in
LR GISTs, while an irregular, lobulated CT tumor presentation correlated with a higher
metastatic risk. An irregular tumor shape is certainly a very important and statistically
significant parameter in the prediction of HR GISTs. In our study, the linear regression
model included this morphological CT feature as a predictive factor for HR GISTs (AUC
0.897). In previous studies, irregular tumor shape was exclusively characteristic of HR
GISTs [18,26]. The structure of tumors can vary from homogeneous and predominantly
solid to heterogeneous due to the appearance of intralesional necrosis and cystic degen-
eration. CT examination clearly shows the mentioned structural differences. Solid and
partially necrotic lesions are predominant within the LR group, while cystically degraded
tumors were mostly high-risk. Contrary to our results, previous studies have shown that
necrotic tumors are associated with a higher mitotic index and metastatic risk. A high MI
reflects more intense tissue proliferation, which results in structural degradation and the
appearance of intratumor hemorrhage, necrosis and cystic degeneration. Therefore, it is
likely that the necrosis and heterogeneity of a tumor observed by visual inspection could
be associated with an increased number of mitoses. Larger lesions tend to have a heteroge-
neous structure and correspond to high-risk tumors. In a study by Grazzini et al., necrosis
was shown to be an independent predictive factor for HR GISTs [15]. GISTs are tumors of
submucosal localization. In smaller lesions (low-risk GISTs), the mucosa is usually smooth
and continuous. Interruption of the continuity of the mucosa leads to the formation of
ulcers or umbilications, which are often the source of bleeding. In our study, discontinuous
mucosa is a statistically significant factor in the prediction of HR GISTs, in line with the
results of previous studies [20]. The multivariate linear regression model in the present



Cancers 2023, 15, 5840

13 of 15

study included mucosa appearance and the presence of EFDV as significant predictive
parameters of HR GISTs (AUC 0.878). Presence of EFDV was an independent predictor of
HR GISTs. This parameter is a reliable index for evaluating the malignancy of these tumors,
which can be explained by the fact that accentuated neovascularization is crucial in tumor
proliferation and the occurrence of distant hematogenous metastases. This result is consis-
tent with the results of other studies underlining this parameter as an important predictor
of high-risk tumors [24,27]. CTTA of tumor heterogeneity showed a significant contribution
in the characterization of lesions, such as distinguishing benign from malignant tumors or
indicating more biologically aggressive lesions. This technique has also shown progress in
the initial evaluation of tumors before treatment and in evaluating the therapeutic response
for some types of tumors as well [19]. Although there are encouraging data suggesting
that CTTA is a promising imaging biomarker, one should not forget the significant vari-
ability in methods and examined parameters and in association with biological correlates.
Before this advanced CT diagnostic method can be considered for global clinical practice
implementation, the standardization of tumor segmentation and measurement techniques,
as well as postprocessing, is necessary to identify the most important textural parameters.
The continuation of research, external verification of histopathological correlates and a
specified, uniform formulation of reports are also of great importance for the further ap-
plication of this method [19]. Tumors are generally heterogeneous lesions not only at the
cellular level, but also genetically and phenotypically, with spatial heterogeneity of cell
density, angiogenesis and necrosis. This tissue heterogeneity is an important factor that
has an impact on prognosis and treatment, bearing in mind that more intense structural
degradation of the lesion and its heterogeneity can be associated with very malignant
and aggressive tumor behavior with increased resistance to treatment [25]. CTTA is only
one segment of the growing and very promising field of radiomics, which involves the
extraction, complex analysis and interpretation of quantitative parameters obtained from
diagnostic images. In our study, histogram parameters were analyzed in 79 patients and
max norm showed statistical significance in terms of predicting HR GISTs. In contrast, a
study by Choi et al. including 145 GIST patients showed that the main predictive factors
for HR GISTs were kurtosis and MPP (mean positive pixels) [17]. In the same study, in
the HR GIST group, lower mean, SD and MPP values were observed, while the kurtosis
parameter was significantly higher. Moreover, higher values of skewness and kurtosis were
characteristic of lesions with a high mitotic index. Based on subjective assessment, lesion
characteristics such as lower density, necrosis and mucosal ulceration were identified as
predictive factors for HR GISTs [17]. It should be kept in mind that histogram parameters
may have a different significance depending on the type of tumor, the type of imaging per-
formed as well as the analytical method. A high mitotic index in GISTs reflects rapid tissue
proliferation that leads to a heterogeneous structure and necrotic and cystic degradation of
lesions, so it can be concluded that visual confirmation of damaged tumor tissue may sug-
gest a higher mitotic index. Previous studies have shown a correlation of larger diameter
(>11 cm), tumor heterogeneity and presence of necrosis with a higher mitotic index and
metastatic risk [14,27]. In addition, necrotic lesions showed low mean and MPP values and
higher values for kurtosis, which is consistent with the results of our research. This can be
explained by the low attenuation caused by tissue necrosis and increased heterogeneity of
the tumor structure [28]. In a study by Liu et al., in terms of predicting the metastatic risk
of GISTs, it was shown that the peak value on the histogram (maximum frequency) has
the greatest superiority in comparison with other parameters of texture analysis, which
is in concordance with our results [29]. Another study by the same authors indicated a
correlation between CT texture parameters and immunohistochemical biomarkers such as
E-cadherin, Ki67, VEGFR2 and EGFR in 139 patients with gastric cancer [30].

Our study has several limitations. The sample of patients was relatively small and
our research did not include a follow-up of the included patients. Certainly, a prospective
study with a larger cohort is needed in further research to confirm the findings of this study
and to incorporate the analyzed diagnostic method into daily clinical practice.
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5. Conclusions

Our study resulted in a regression model that identified mucosal discontinuity and the
presence of EFDV features as independent and significant predictors of HR GISTs, which
leads us to the conclusion that morphological CT features have the greatest value in the non-
invasive, preoperative prediction of metastatic risk of gastric GISTs. A significant statistical
significance was shown regarding the functional parameter max norm within the textural
analysis of these tumors. The incorporation of advanced CT techniques into the basic
diagnostic protocol can further benefit the preoperative assessment of risk stratification
in GISTs. Preoperative risk stratification is of great significance to evaluate the risk of
tumor recurrence and guide treatment planning before and after surgery. This improves
the management of treatment, especially in terms of the application of neoadjuvant therapy;,
which further enables tumor shrinkage, reduces tumor ruptures, increases overall survival
rates and optimizes surgical resection and systemic control of the disease. Our model
may serve as a diagnostic tool for the non-invasive prediction of HR GISTs to support
personalized treatment strategies.

Author Contributions: Conceptualization, M.M.]. and A.D.S.; methodology, A.D.S. and K.E.; soft-
ware, B.T.; validation, D.M., M.V. and P.P; formal analysis, A.J.; resources, O.S. and D.J.S.; data
curation, M.K,; writing—original draft preparation, M.M.]. and A.D.S.; writing—review and editing,
J.K., V.S. and B.T; supervision, D.S.; project administration, M.M. and D.].S. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board of the University Clinical Center of
Serbia (protocol code 14/4, approved 25 January 2019).

Informed Consent Statement: Informed consent was obtained from all subjects involved in this study.
Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Wang, Q.; Huang, Z.P.; Zhu, Y.; Fu, F; Tian, L. Contribution of Interstitial Cells of Cajal to Gastrointestinal Stromal Tumor Risk.
Med. Sci. Monit. 2021, 27, €929575. [CrossRef] [PubMed]

2. Blay,]J.-Y;; Kang, Y.-K,; Nishida, T.; von Mehren, M. Gastrointestinal stromal tumours. Nat. Rev. Dis. Primers 2021, 7, 22. [CrossRef]
[PubMed]

3. Casali, P.G;; Blay, ].Y.; Abecassis, N.; Bajpai, J.; Bauer, S.; Biagini, R.; Bielack, S.; Bonvalot, S.; Boukovinas, I.; Bovee, J.; et al.
Gastrointestinal stromal tumours: ESMO-EURACAN-GENTURIS Clinical Practice Guidelines for diagnosis, treatment and
follow-up. Ann. Oncol. 2022, 33, 20-33. [CrossRef]

4. Nishida, T.; Goto, O.; Raut, C.P;; Yahagi, N. Diagnostic and treatment strategy for small gastrointestinal stromal tumors. Cancer
2016, 122, 3110-3118. [CrossRef] [PubMed]

5. Nishida, T.; Hirota, S.; Yanagisawa, A.; Sugino, Y.; Minami, M.; Yamamura, Y.; Otani, Y.; Shimada, Y.; Takahashi, F; Kubota, T.;
et al. Clinical practice guidelines for gastrointestinal stromal tumor (GIST) in Japan: English version. Int. J. Clin. Oncol. 2008, 13,
416-430. [CrossRef] [PubMed]

6. Sawaki, A.; Mizuno, N.; Takahashi, K.; Nakamura, T.; Tajika, M.; Kawai, H.; Isaka, T.; Imaoka, H.; Okamoto, Y.; Aoki, M.; et al.
Long-Term Follow up of Patients with Small Gastrointestinal Stromal Tumors in the Stomach Using Endoscopic Ultrasonography-
Guided Fine-Needle Aspiration Biopsy. Dig. Endosc. 2005, 18, 40-44. [CrossRef]

7. von Mehren, M.; Randall, R.L.; Benjamin, R.S.; Boles, S.; Bui, M.M.; Ganjoo, K.N.; George, S.; Gonzalez, R.]J.; Heslin, M.].; Kane,
J.M.; et al. Soft Tissue Sarcoma, Version 2.2018, NCCN Clinical Practice Guidelines in Oncology. J. Natl. Compr. Cancer Netw. 2018,
16, 536-563. [CrossRef] [PubMed]

8.  Rodrigues, J.; Campanati, R.G.; Nolasco, F.; Bernardes, A.M.; Sanches, S.R.A.; Savassi-Rocha, P.R. Pre-Operative Gastric Gist
Downsizing: The Importance of Neoadjuvant Therapy. Arq. Bras. Cir. Dig. 2019, 32, e1427. [CrossRef]

9. Ishikawa, T.; Kanda, T.; Kameyama, H.; Wakai, T. Neoadjuvant therapy for gastrointestinal stromal tumor. Transl. Gastroenterol.
Hepatol 2018, 3, 3. [CrossRef]

10. Miettinen, M.; Lasota, J. Gastrointestinal stromal tumors: Pathology and prognosis at different sites. Semin. Diagn. Pathol. 2006,

23, 70-83. [CrossRef]


https://doi.org/10.12659/MSM.929575
https://www.ncbi.nlm.nih.gov/pubmed/33760802
https://doi.org/10.1038/s41572-021-00254-5
https://www.ncbi.nlm.nih.gov/pubmed/33737510
https://doi.org/10.1016/j.annonc.2021.09.005
https://doi.org/10.1002/cncr.30239
https://www.ncbi.nlm.nih.gov/pubmed/27478963
https://doi.org/10.1007/s10147-008-0798-7
https://www.ncbi.nlm.nih.gov/pubmed/18946752
https://doi.org/10.1111/j.1443-1661.2006.00573.x
https://doi.org/10.6004/jnccn.2018.0025
https://www.ncbi.nlm.nih.gov/pubmed/29752328
https://doi.org/10.1590/0102-672020180001e1427
https://doi.org/10.21037/tgh.2018.01.01
https://doi.org/10.1053/j.semdp.2006.09.001

Cancers 2023, 15, 5840 15 of 15

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Fletcher, C.D.; Berman, ].J.; Corless, C.; Gorstein, E; Lasota, J.; Longley, B.J.; Miettinen, M.; O’Leary, T.].; Remotti, H.; Rubin, B.P;
et al. Diagnosis of gastrointestinal stromal tumors: A consensus approach. Hum. Pathol. 2002, 33, 459-465. [CrossRef] [PubMed]
Demetri, G.D.; Benjamin, R.S.; Blanke, C.D.; Blay, J.Y.; Casali, P.; Choi, H.; Corless, C.L.; Debiec-Rychter, M.; DeMatteo, R.P;
Ettinger, D.S.; et al. NCCN Task Force report: Management of patients with gastrointestinal stromal tumor (GIST)--update of the
NCCN clinical practice guidelines. J. Natl. Compr. Cancer Netw. 2007, 5 (Suppl. S2), 51-529. [CrossRef]

Tateishi, U.; Hasegawa, T.; Satake, M.; Moriyama, N. Gastrointestinal stromal tumor. Correlation of computed tomography
findings with tumor grade and mortality. J. Comput. Assist. Tomogr. 2003, 27, 792-798. [CrossRef] [PubMed]

Kim, H.C.; Lee, ].M.; Kim, K.W.; Park, S.H.; Kim, S.H.; Lee, ].Y.; Han, J.K.; Choi, B.I. Gastrointestinal stromal tumors of the
stomach: CT findings and prediction of malignancy. AJR Am. ]. Roentgenol. 2004, 183, 893-898. [CrossRef] [PubMed]

Grazzini, G.; Guerri, S.; Cozzi, D.; Danti, G.; Gasperoni, S.; Pradella, S.; Miele, V. Gastrointestinal stromal tumors: Relationship
between preoperative CT features and pathologic risk stratification. Tumori J. 2021, 107, 556-563. [CrossRef] [PubMed]

Choi, H.; Charnsangavej, C.; Faria, S.C.; Macapinlac, H.; Burgess, M.A.; Patel, S.R.; Chen, L.L.; Podoloff, D.A.; Benjamin, R.S.
Correlation of computed tomography and positron emission tomography in patients with metastatic gastrointestinal stromal
tumor treated at a single institution with imatinib mesylate: Proposal of new computed tomography response criteria. J. Clin.
Oncol. Off. ]. Am. Soc. Clin. Oncol. 2007, 25, 1753-1759. [CrossRef] [PubMed]

Choi, I.Y.; Yeom, S.K.; Cha, J.; Cha, S.H.; Lee, S.H.; Chung, H.H.; Lee, C.M.; Choi, J. Feasibility of using computed tomography
texture analysis parameters as imaging biomarkers for predicting risk grade of gastrointestinal stromal tumors: Comparison with
visual inspection. Abdom. Radiol. (NY) 2019, 44, 2346-2356. [CrossRef]

Lubner, M.G.; Smith, A.D.; Sandrasegaran, K.; Sahani, D.V.; Pickhardt, P.J. CT Texture Analysis: Definitions, Applications, Biologic
Correlates, and Challenges. Radiographics 2017, 37, 1483-1503. [CrossRef]

Zhou, C.; Duan, X.; Zhang, X.; Hu, H.; Wang, D.; Shen, J. Predictive features of CT for risk stratifications in patients with primary
gastrointestinal stromal tumour. Eur. Radiol. 2016, 26, 3086-3093. [CrossRef]

Lubner, M.G.; Stabo, N.; Lubner, S.J.; del Rio, A.M.; Song, C.; Halberg, R.B.; Pickhardt, P.J. CT textural analysis of hepatic
metastatic colorectal cancer: Pre-treatment tumor heterogeneity correlates with pathology and clinical outcomes. Abdom. Imaging
2015, 40, 2331-2337. [CrossRef]

Amin, M.B.; Edge, S.B.; Greene, FL.; Byrd, D.R.; Brookland, R.K.; Washington, M.K.; Gershenwald, J.E.; Compton, C.C.; Hess,
K.R,; Sullivan, D.C. AJCC Cancer Staging Manual; Springer: Berlin/Heidelberg, Germany, 2017; Volume 1024.

Rutkowski, P.; Wozniak, A.; Debiec-Rychter, M.; Kakol, M.; Dziewirski, W.; Zdzienicki, M.; Ptaszynski, K.; Jurkowska, M.; Limon,
J.; Siedlecki, J.A. Clinical utility of the new American Joint Committee on Cancer staging system for gastrointestinal stromal
tumors: Current overall survival after primary tumor resection. Cancer 2011, 117, 4916-4924. [CrossRef] [PubMed]

Jo, V.XY,; Fletcher, C.D. WHO classification of soft tissue tumours: An update based on the 2013 (4th) edition. Pathology 2014, 46,
95-104. [CrossRef] [PubMed]

Burkill, G.J.; Badran, M.; Al-Muderis, O.; Meirion Thomas, J.; Judson, LR.; Fisher, C.; Moskovic, E.C. Malignant gastrointestinal
stromal tumor: Distribution, imaging features, and pattern of metastatic spread. Radiology 2003, 226, 527-532. [CrossRef]
[PubMed]

Davnall, E; Yip, C.S.; Ljungqvist, G.; Selmi, M.; Ng, F.; Sanghera, B.; Ganeshan, B.; Miles, K.A.; Cook, G.J.; Goh, V. Assessment of
tumor heterogeneity: An emerging imaging tool for clinical practice? Insights Imaging 2012, 3, 573-589. [CrossRef] [PubMed]
Bashir, U.; Siddique, M.M.; McLean, E.; Goh, V.; Cook, G.J. Imaging Heterogeneity in Lung Cancer: Techniques, Applications,
and Challenges. AJR Am. ]. Roentgenol. 2016, 207, 534-543. [CrossRef]

Maldonado, EJ.; Sheedy, S.P; Iyer, V.R.; Hansel, S.L.; Bruining, D.H.; McCollough, C.H.; Harmsen, W.S.; Barlow, ].M.; Fletcher, ].G.
Reproducible imaging features of biologically aggressive gastrointestinal stromal tumors of the small bowel. Abdom. Radiol. 2018,
43,1567-1574. [CrossRef]

Iannarelli, A.; Sacconi, B.; Tomei, F; Anile, M.; Longo, F.; Bezzi, M.; Napoli, A.; Saba, L.; Anzidei, M.; D’Ovidio, G.; et al. Analysis
of CT features and quantitative texture analysis in patients with thymic tumors: Correlation with grading and staging. Radiol.
Med. 2018, 123, 345-350. [CrossRef]

Liu, S.; Pan, X,; Liu, R,; Zheng, H.; Chen, L.; Guan, W.; Wang, H.; Sun, Y.; Tang, L.; Guan, Y.; et al. Texture analysis of CT images
in predicting malignancy risk of gastrointestinal stromal tumours. Clin. Radiol. 2018, 73, 266-274. [CrossRef]

Liu, S.; Shi, H.; Ji, C.; Guan, W.; Chen, L.; Sun, Y,; Tang, L.; Guan, Y.; Li, W.; Ge, Y.; et al. CT textural analysis of gastric cancer:
Correlations with immunohistochemical biomarkers. Sci. Rep. 2018, 8, 11844. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1053/hupa.2002.123545
https://www.ncbi.nlm.nih.gov/pubmed/12094370
https://doi.org/10.6004/jnccn.2007.2002
https://doi.org/10.1097/00004728-200309000-00018
https://www.ncbi.nlm.nih.gov/pubmed/14501372
https://doi.org/10.2214/ajr.183.4.1830893
https://www.ncbi.nlm.nih.gov/pubmed/15385278
https://doi.org/10.1177/0300891621996447
https://www.ncbi.nlm.nih.gov/pubmed/33620027
https://doi.org/10.1200/JCO.2006.07.3049
https://www.ncbi.nlm.nih.gov/pubmed/17470865
https://doi.org/10.1007/s00261-019-01995-4
https://doi.org/10.1148/rg.2017170056
https://doi.org/10.1007/s00330-015-4172-7
https://doi.org/10.1007/s00261-015-0438-4
https://doi.org/10.1002/cncr.26079
https://www.ncbi.nlm.nih.gov/pubmed/21456019
https://doi.org/10.1097/PAT.0000000000000050
https://www.ncbi.nlm.nih.gov/pubmed/24378391
https://doi.org/10.1148/radiol.2262011880
https://www.ncbi.nlm.nih.gov/pubmed/12563150
https://doi.org/10.1007/s13244-012-0196-6
https://www.ncbi.nlm.nih.gov/pubmed/23093486
https://doi.org/10.2214/AJR.15.15864
https://doi.org/10.1007/s00261-017-1370-6
https://doi.org/10.1007/s11547-017-0845-4
https://doi.org/10.1016/j.crad.2017.09.003
https://doi.org/10.1038/s41598-018-30352-6

	Introduction 
	Materials and Methods 
	Patients 
	Abdominal CT Examination 
	Abdominal CT Scan Analysis 
	CT Texture Analysis 
	Pathological Analysis and Risk Stratification of Gastric GISTs 
	Statistical Analysis 

	Results 
	Tumor Diameter in HR and LR Group 
	Classic CT Features in HR and LR Group 
	Histogram Parameters in HR and LR Group 
	Histogram Parameters in HR and LR Group 
	Univariate and Multivariate Predictive Models 

	Discussion 
	Conclusions 
	References

