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Abstract: Our study aimed to establish and validate a multi-class scoring system for preoperative gastric gastroin-
testinal stromal tumors (GISTs) risk stratifications based on CT features. 150 gastric GIST patients who underwent 
contrast-enhanced CT examination and surgical resection from hospital 1 were retrospectively analyzed as the 
training cohort, and 61 patients from hospitals 2 and 3 were included as the validation cohort. A model was estab-
lished by logistic regression analysis and weighted to be a scoring model. A calibration test, area under the receiver 
operating characteristic (ROC) curve (AUC), and cutoff points were determined for the score model. The model 
was also divided into three score ranges for convenient clinical evaluation. Five CT features were included in the 
score model, including tumor size (4 points), ill-defined margin (6 points), intratumoral enlarged vessels (5 points), 
heterogeneous enhancement pattern (4 points), and exophytic or mixed growth pattern (2 points). Then, based on 
the calibration results, performance was merely assessed as very low and high* risk. The AUCs of the score model 
for very low risk and high* risk were 0.973 and 0.977, and the cutoff points were 3 points (97.30%, 93.81%) and 
7 points (92.19%, 94.19%), respectively. In the validation cohort, the AUCs were 0.912 and 0.972, and the cutoff 
values were 3 points (92.31%, 85.42%) and 5 points (100%, 87.88%), respectively. The model was stratified into 3 
ranges: 0-3 points for very low risk, 4-8 points for low risk, and 9-21 points for high* risk. A concise and practical 
score system for gastric GISTs risk stratification was proposed.

Keywords: Gastrointestinal stromal tumors, computed tomography, risk classification, preoperative, scoring sys-
tem 

Introduction

Gastrointestinal stromal tumors (GISTs) are the 
most common mesenchymal tumors of the 
digestive system [1, 2]. GISTs account for 1-3% 
of gastrointestinal tumors, and can occur in  
any location in the gastrointestinal tract, in- 
cluding the stomach (50-60%) and the small 
intestines (20-30%) [2]. The biological behavior 
of GISTs is complex and demonstrates varying 
malignant potential, including metastasis [3]. 
Given its malignant potential, the main factors 
affecting the quality of life and survival rate of 
patients with GISTs are recurrence rate and 
metastasis [4-6]. Therefore, it is necessary to 

evaluate the risk associated with the tumor and 
provide the necessary and effective follow-up 
treatment to reduce the recurrence and metas-
tasis rates.

Current tumor recurrence risk assessment  
classifications, such as the National Institutes 
of Health (NIH) consensus criteria, the modifi- 
ed NIH consensus criteria, and the Chinese 
Expert Consensus on the Diagnosis and 
Treatment of Gastrointestinal Stromal Tumor 
Pathology Interpretation (2017 edition) are 
based on postoperative pathological results 
[7-9]. According to tumor size, tumor location, 
the mitosis index, and whether the tumor rup-
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tures, the recurrence risks are divided into  
very low risk, low risk, intermediate risk, and 
high risk. Different risk categories are treated 
by using different therapeutic strategies, as 
reported in previous clinical guidelines, in whi- 
ch very low risk was suggested to have little 
recurrence risk and the intermediate, high-risk 
grades required postoperative adjuvant thera-
py [10, 11]. Thus, preoperative risk evaluation 
systems have been proposed for evaluating  
the adequacy of surgical resection and the 
need for adjuvant treatment for effective re- 
duction of the recurrence and metastasis rates.

As a preoperative diagnostic method for  
GISTs, endoscopic ultrasonography (EUS)-
guided fine-needle aspiration (EUS-FNA) can 
clearly show the location and size of the tu- 
mor and confirm the pathological diagnosis 
[12]. EUS can also evaluate the necessity  
of surgery based on whether the tumor is 
involved in unclear tumor margins, necrosis, 
ulceration, and other adverse factors [13]. 
However, extraluminal growth as the main 
growth mode of GISTs, limits the role of EUS-
FNA in the evaluation of these tumors that  
grow outside the cavity. The diagnostic rate of 
EUS-FNA biopsy samples tends to decrease 
diminution of the tumor diameter, and a small 
volume sample may cause difficulties in mito- 
tic index assessment [14]. Furthermore, biopsy 
may cause the tumor to rupture or bleed, and 
may increase the risk of spread; it is there- 
fore not generally recommended for patients 
with tumors that can be completely resected. 
Thus, it is clinically important and necessary to 
explore a noninvasive, reliable, and practical 
assessment system for preoperatively predict-
ing the malignant potential in GIST patients.

Computed tomography (CT) is widely used as 
the main imaging method for the diagnosis, 
characterization, and evaluation of the cura- 
tive effect in GISTs, due to its advantages of 
non-invasiveness and convenience moreover,  
it has been suggested that CT features may be 
more useful than EUS features for predicting 
the tumor mitotic index [15-18]. CT may offer 
clues about the aggressiveness of these 
lesions by demonstrating organ or peritoneal 
metastases, and allow assessment of tumor 
size, and the degree of its damage to the gas-
trointestinal tract and the surrounding organs 
[19, 20], which may be helpful for preliminarily 
judgement of the malignancy of GISTs [21]. 
Furthermore, enhanced CT scanning features, 

such as the tumor angiogenesis and enhance-
ment pattern, can also provide important in- 
formation during malignancy assessment. 
Therefore, contrast-enhanced CT scanning is 
potentially an effective method of examination 
that could provide a clinical basis for early  
diagnosis and treatment of GISTs. In a pre- 
vious study, evaluation of GISTs based on CT 
signs was mostly related to distinguishing low-
risk and high-risk classifications, or did not  
use weighted scores [22, 23]. The single-identi-
fication of very low-risk tumors that rarely 
metastasize and recur is limited. 

In this study, we aimed to establish a multi-
class risk stratification system based on  
preoperative CT signs to estimate the malig-
nancy of gastric GISTs and to assess the ne- 
cessity of surgical treatment and preoperative 
and postoperative adjuvant therapy. Further- 
more, we assigned weighted scores to the 
obtained evaluation models to ensure a more 
concise clinical evaluation.

Materials and methods

Patients

Our study population was obtained from three 
independent hospitals. Overall, 211 patients 
with gastric GISTs were enrolled in this retro-
spective study. A total of 150 gastric GIST 
patients from the Second Affiliate Hospital  
of Zhejiang University Medical School (hospital 
1), diagnosed between January 2010 and 
December 2019, were assigned as the training 
cohort to determine the CT features represent-
ing independent risk for establishing the scor-
ing model. The validation cohort consisted of 
61 gastric GIST patients from the Second 
Affiliated Hospital of Zhejiang Chinese Medical 
University (hospital 2) and Hubei University of 
Medicine affiliated Renmin Hospital (hospital 
3), diagnosed between January 2015 and 
December 2019, to verify the performance of 
the scoring system. The inclusion criteria were 
as follows: (a) GISTs confirmed by postoperative 
histopathological diagnosis, including morpho-
logical and immunohistochemical assess-
ments of specimens; (b) gastric GISTs without 
rupture; (c) availability of abdominal contrast-
enhanced CT, performed before surgery, and 
detailed clinicopathological data; (d) availability 
of CT images containing non-enhancing phase, 
portal venous phase, and equilibrium phase. 
The exclusion criteria were as follows: (a) 
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absence of confirmed pathological result; (b) 
incomplete CT images or no detailed clinical 
data available; (c) tumor size too small for anal-
ysis (< 0.5 cm); (d) multiple GISTs or gastric can-
cer detected; (e) had treatment with adjuvants 
or neoadjuvants prior to imaging (Scheme S1).

Post-operative pathological analysis and risk 
stratification

All patients were treated with surgical resec- 
tion and had pathologically confirmed GISTs. 
The cases were divided into four groups acc- 
ording to the NIH consensus criteria, the modi-
fied NIH criteria (2018), and the Chinese Ex- 
pert Consensus on the Diagnosis and Treat- 
ment of Gastrointestinal Stromal Tumor Pa- 
thology Interpretation (2017 edition). These 
were the high risk (n = 35), intermediate risk (n 
= 29), low risk (n = 49), and very low risk (n = 
37) groups. For the convenience of statistical 
analysis and given the similarities in postopera-
tive treatment, the 29 intermediate-risk cases 
were merged with the high-risk group, which 
was then termed the high* risk group (n = 64).

CT imaging acquisition

Abdominal contrast-enhanced CT examina- 
tions in hospital 1 were performed using  
multidetector-row CT (SOMATOM Definition 
Flash; Siemens Healthcare, Erlangen, Ger- 
many). Contrast-enhanced CT in hospital 2  
was performed on two CT scanners: a 
Lightspeed VCT (GE Healthcare, Chicago, IL) 
and an Optima 540 (GE Healthcare). Contrast-
enhanced examinations in hospital 3 were  
performed on a Brilliance IC (Philips, Best,  
the Netherlands). Patients were instructed to 
fast for at least 6 hours before CT examina- 
tion, and 10 minutes before scanning, patients 
were administered 10 mg of anisodamine  
intramuscularly to reduce peristalsis of the  
gastrointestinal tract and then immediately 
drank 800-1000 mL water to expand the  
stomach fully. Patients were imaged in a sup- 
ine position, and the scan range was from the 
diaphragmatic dome to the pubic symphysis. 
The CT parameters were as follows through- 
out: detector configuration 128 × 0.6 mm, tube 
voltage 120 kVp, tube current 200 mAs, slice 
thickness 5 mm, slice interval 5 mm, pitch 0.6 
mm. The contrast agents in the three hos- 
pitals were Ultravist (Bayer Schering Pharma, 
Berlin, Germany), Optiray (Liebel-Flarsheim 
Canada Inc., Kirkland, Quebec., Canada), and 

Iohexol (Beijing North Road Pharmaceutical  
Co. Ltd., Beijing, China). A total of 100 m of 
iodinated contrast agent was administered 
with a pump injector at 5 mL/ss into an an- 
tecubital vein. The portal venous phase and  
the equilibrium phase were performed at  
50-60 s and 100-110 s after injection of the 
contrast medium, respectively. 

Image interpretation

The training and validation cohorts were ana-
lyzed by two board-certified abdominal radiolo-
gists (with 13 and 31 years of experience in 
abdominal radiology, respectively), who were 
blinded to the histopathological results, and 
who interpreted all CT images independently 
and retrospectively. The CT features included 
tumor size, location (cardia, fundus, body, and 
antrum), growth pattern (endophytic, exophytic, 
and mixed), tumor shape (regular or irregular), 
margin (well-defined or ill-defined), contour 
(round or lobulated), calcification (absent or 
present), surface ulceration (absent or pres-
ent), necrosis (absent or present), adjacent 
organ invasion (absent or present), intratumor-
al enlarged vessels (absent or present), peritu-
moral enlarged vessels (absent or present), 
lymphadenopathy (absent or present), metas-
tasis (absent or present), and enhancement 
pattern (homogeneous or heterogeneous). 
Attenuation values in the non-enhanced pha- 
se, portal venous phase, and equilibrium 
phase, and the degree of enhancement (post-
enhancement CT value minus pre-enhance-
ment CT value for the greater of either the  
portal venous phase or the equilibrium phase) 
were measured in the largest dimension of  
the tumor. Difference value of 1 (the portal 
venous phase values minus the non-enhanced 
phase values), difference value 2 (the equilibri-
um phase CT values minus the non-enhanced 
phase values), and difference value 3 (the  
equilibrium phase CT values minus the portal 
venous phase values) were calculated. Enhan- 
cement features and enlarged vessels were 
evaluated in the equilibrium phase. Necrosis 
was considered present when non-enhancing 
or hypo-attenuating foci with a CT attenuation 
value of 0-20 Hounsfield Units (HU) were 
observed within the tumor. Surface ulcerations 
were considered present as focal tissue defects 
on the endoluminal surface of the lesion. 

Enhancement patterns were defined as fo- 
llows: homogeneous enhancement indicated 



A practical multi-class scoring system of gastric GISTs

3870	 Am J Cancer Res 2020;10(11):3867-3881

that the difference between the most strongly 
and weakly enhanced portion of the lesions 
was less than 10 HU, or indicated heteroge-
neous enhancement. The degree of enhance-
ment was quantitatively judged by the differ-
ence between the post-enhancement CT  
attenuation value and the non-enhanced CT 
attenuation value. If the difference was < 20 
HU, the tumor was considered to exhibit a low-
mild enhancement pattern; 20-40 HU was  
considered to represent a moderate enhance-
ment pattern, and > 40 HU was judged to be  
a strong enhancement pattern. CT attenua- 
tion values of the parenchyma in all lesions 
were measured in HU using a 20 mm2 circular 
region-of-interest (ROI). The ROI cursors were 
placed so as to encompass as much of the 
most strongly enhanced portion of the tumor  
as possible and to avoid calcification, hemor-
rhage, necrosis, cystic degeneration, and vas-
cular travel area in tumor and adjacent struc-
tures. The quantitative analysis was tested 
three times for each feature and the averaged 
values were used. In cases of initial disagree-
ment, the two radiologists discussed findings 
to consensus. The three-dimensional (3D) 
tumor segmentations were performed by the 
two experienced abdominal radiologists with 
3D Slicer (version 4.10.2). The 3D tumor seg-
mentations on CT images were established 
after sketching the region of interest (ROI) layer 
by layer, and related morphological characteris-
tics including tumor volume (TV) and stomach 
volume (SV) were obtained. 

Statistical analysis 

Data distributions were measured using the 
Kolmogorov-Smirnov test or the Shapiro-Wilk 
test. Continuous data with normal distribution 
are shown as mean ± standard deviation and 
data with a non-normal distribution are shown 
as median (interquartile range). Categorical 
data are expressed as frequencies (percen- 
tages). In univariate analysis, categorical vari-
ables were compared using the chi-square test 
or Fisher’s exact test, and continuous data 
were compared using one-way analysis of vari-
ance (ANOVA), Welch’s ANOVA test, or the 
Kruskal-Wallis test. Data were analyzed using 
one-way ANOVA followed by least significant  
difference (LSD) multiple comparisons (equal 
variances) or Welch’s ANOVA test followed by 
Dunnett’s T3 test (unequal variances). Sub- 
sequently, variables considered to be signifi-
cantly different in univariate analysis were 

obtained on ridge regression analysis to mini-
mize multicollinearity, and then multinomial 
and ordinal logistic regression was used for 
multivariate analysis to identify independent 
predictors of GIST risk. The regression coeffi-
cients were evaluated by a simple weighting 
algorithm that divided each regression coeffi-
cient by one-half of the smallest coefficient  
and rounding to the nearest integer, or taking 
the integer part to obtain the optimal score  
[24, 25]. 

We considered the ordered multi-classification 
model as three binary classification models 
when evaluating its performance. Calibration 
was assessed using the Hosmer-Lemeshow 
goodness-of-fit test, and P > 0.05 indicated 
insignificant deviance from the theoretical per-
fect calibration in the training and validation 
sets. The receiver operating characteristic 
(ROC) curves were used to evaluate the model 
performance, and the discriminatory ability of 
the model was evaluated through the area 
under the ROC curve (AUC). The AUC values of 
different models were compared with Delong 
nonparametric method (DeLong and others 
1988). An optimal cutoff value, with the lar- 
gest Youden index, and the associated spe- 
cificity and sensitivity were calculated for all 
models. Precision (the true positive events  
proportion in all the predicted positive events) 
and recall (presenting and the true positive 
events proportion in all the actual positive 
events) of the risk-grades relevant score rang- 
es were calculated. F1 scores presenting the 
balanced point of precision and recall were 
assessed, and the higher F1 scores indicated 
the model a better predictivity [26].

All statistical analyses were performed using 
SPSS software (version 25.0, IBM Inc., Armonk, 
NY, USA), with a two-sided p value < 0.05  
considered statistically significant. The com-
parison of AUCs was performed using MedCalc 
statistical software (version 19.0.4, MedCalc 
Software Bvba, Ostend, Belgium).

Results 

Clinical characteristics and CT values

A total of 150 gastric GIST patients, comprising 
37 with very low risk, 49 with low risk, and 64 
with high* risk, were enrolled as the training 
cohort. The clinical and demographic charac-
teristics of the three risk categories in the  
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training cohort were summarized and com-
pared in Table 1. There were no significant dif-
ferences among the three grades with regard to 
age and gender. There were also no significant 
differences in the non-enhanced phase CT  
values and difference values among the 
groups. Tumor size, CT values of portal venous 
phase and equilibrium phase, difference value 
1, and difference value 2 differed significantly 
among the three risk grades, according to uni-
variate analysis (P < 0.05). Furthermore, multi-
ple tests were performed between paired 
groups.

Sixty-one of gastric GIST patients were studied 
as the validation cohort, which contained 13 

very low risk, 20 low risk, and 28 high* risk 
patients. The tumor size showed significant  
differences among the three groups, and 
between each pair of groups. However, differ-
ences were not statistically significant for age, 
gender and all CT values among the very low-
risk, low-risk, and high* risk groups according 
to univariate analysis (P > 0.05). Table 2 pres-
ent the clinical characteristics and CT values of 
the three-class classification.

CT features comparison among three risk cat-
egories

Univariate analysis of the CT features was used 
to determine the most relevant predictors of 

Table 1. Clinical characteristics and CT values three risk categories in the training cohort

characteristics n
Risk category

Pvery low risk  
(n = 37)

low risk  
(n = 49)

high* risk  
(n = 64)

Age 150 57 (14) 61 (17) 60 (16) 0.693
Gender 0.329
    Male 75 17 (22.67) 24 (32.00) 34 (45.33)
    Female 75 20 (26.67) 25 (33.33) 30 (40.00)
Tumor size 150 1.39 ± 0.355a 3.34 ± 0.937b 8.25 ± 4.893b,c < 0.001
Non-enhanced phase 150 33.29 (12.56)a,b 34.20 (4.57)a,b 34.33 (5.53)a 0.016
Portal venous phase 150 51.90 (15.16) 57.79 (22.82) 54.55 (11.34) 0.058
Equilibrium phase 150 61.48 (16.67)a,b 66.89 (28.47)a 62.58 (9.93)a,b 0.016
Difference value 1 150 13.83 (11.60)a 21.71 (22.08)b 19.10 (13.57)a,b 0.010 
Difference value 2 150 23.89 (19.84)a 33.80 (27.21)b 27.63 (11.00)a,b 0.018
Difference value 3 150 9.07 (12.54) 10.07 (14.72) 8.55 (10.50) 0.544
a, b, c: the same letter markers indicated no statistical differences.

Table 2. Clinical characteristics and CT values of three risk categories in the validation cohort

characteristics n
Risk category

Pvery low risk  
(n = 13)

low risk  
(n = 20)

high* risk  
(n = 28)

Age 61 57 (5) 66 (14) 64 (10) 0.321
Gender
    Male 29 5 (38.46) 10 (50.00) 14 (50.00) 0.799
    Female 32 8 (61.54) 10 (50.00) 14 (50.00)
Tumor size 61 1.57 ± 0.335a 2.91 ± 0.920b 7.78 ± 4.87c < 0.001
non-enhanced phase 61 36.79 (3.64) 37.92 (9.15) 34.30 (10.53) 0.109
Portal venous phase 61 58.25 (13.61) 53.48 (15.37) 48.99 (14.47) 0.177
Equilibrium phase 61 67.75 (7.52) 74.44 (19.52) 66.36 (15.62) 0.284
Difference value 1 61 15.67 (12.60) 15.33 (9.22) 14.90 (9.30) 0.720 
Difference value 2 61 29.81 (13.02) 34.18 (10.18) 32.23 (14.41) 0.686
Difference value 3 61 14.82 (6.90) 19.21 (9.15) 15.70 (10.44) 0.287
a, b, c: the same letter markers indicated no statistical differences.
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recurrence risk potential using the chi-square 
test or Fisher’s exact test in the training set.  
As shown in Table 3, 11 CT signs showed  
statistically significant differences among the 
three risk grades, including location, growth 
pattern, tumor shape, ulceration, margin, con-
tour, adjacent organ invasion, necrosis, intratu-
moral enlarged vessels, peritumoral enlarged 
vessels, and enhancement pattern (P < 0.05). 
To identify the relevant predictors in the valida-
tion cohort, the same analysis methods were 
used as the training cohort. Apart from the 
growth pattern, all relevant predictors in the 
training set retained statistical differences in 
the validation set (Table 4).

Establishment of a predictive model

Variables considered statistically different in 
the univariate analysis were tested in mono-
factor regression analysis. The significant CT 
features were included in the ridge regression 
analysis to minimize multicollinearity in multi-
variate analysis. As presented in the ridge  
trace curve (Figure S1), when the K value was 
0.20, the ridge trace presented with the stan-
dardized coefficients of variables was stable, 
and the model was significant (P < 0.001). At 
this point, six CT features showed positive cor-
relation with GIST risk classifications, including 
tumor size (P < 0.001), growth pattern (P = 
0.048), ambiguous margin (P < 0.001), the 
presence of necrosis (P = 0.036), intratumoral 
enlarged vessels (P = 0.001), and enhance-
ment pattern (P = 0.002) (Table S1). 

For further verification, multivariate logistic 
regression was performed to select indepen-
dent predictors of GIST risk classifications 
(Table 5). We found that tumor size (P <  
0.001), exophytic or mixed growth pattern (P = 
0.015; P = 0.033, respectively), ill-defined  
margin (P = 0.002), presence of intratumoral 
enlarged vessels (P = 0.007), and heteroge-
neous enhancement pattern (P = 0.007) 
remained significant independent risk factors. 
However, the presence of necrosis (P = 0.12) 
was not an independent risk factor. The statisti-
cally significant predictors remained significant 
in the final risk predictive model. 

Establishment of score model

To provide a quantitative tool for predicting  
risk classification, a score predictive model 
based on multivariate analysis in the training 
cohort was proposed. Weighted scores were 

assigned to independent predictors associat- 
ed with GISTs, as follows: tumor size: < 2.76  
(M - SD), 0 points; ≥ 2.76 and ≤ 4.95 (M), 1 
point; > 4.95 and ≤ 7.12 (M + SD), 2 points; > 
7.13 and ≤ 9.32 (M + 2SD), 3 points; and > 
9.32, 4 points; ambiguous tumor margin: 6 
points; the presence of intratumoral enlarged 
vessels: 5 points; heterogeneous enhance-
ment pattern: 4 points; exophytic growth pat-
tern: 2 points; mixed growth pattern: 2 points 
(Table 5). A score predictive model with a  
total of 21 points was produced, in which the 
individual scores corresponding to all the inde-
pendent predictors were summed for each 
patient.

Predictive performance of models in the train-
ing cohort

For the convenience of evaluation, the order- 
ed multi-classification model/score model was 
considered as three binary classification mod-
els, which were labeled the very low-risk mo- 
del/score model, low-risk model/score model, 
and high* risk model/score model. Calibration 
was assessed using the Hosmer-Lemeshow 
goodness-of-fit test in these logistic models.  
In both the predictive model and the score 
model for the low-risk grade, the results of  
the Hosmer-Lemeshow test showed a signifi-
cant deviance between the prediction and the 
theoretical perfect calibration (P < 0.05). On 
the other hand, the Hosmer-Lemeshow calibra-
tion curves indicated good calibration in the 
very low-risk and high* risk models (P > 0.05) 
(Figure S2). 

Given the calibration results, the prediction 
performances were evaluated only for the very 
low-risk models and high* risk models by 
means of ROC curves (Table S2; Figure 1A,  
1B). Comparison of the AUCs verified by the 
DeLong test showed no statistically signifi- 
cant difference between the two models at  
very low-risk and high* risk (P = 0.254 and  
P = 0.950, respectively), which revealed that 
the score model made full use of the informa-
tion of the predictive model and provided a  
concise very-low and high* risk classification 
model for GISTs. For the very low-risk grade,  
the AUC of the score model was 0.973 (95%  
CI, 0.932-0.992; P < 0.001), similar to the  
predictive model (AUC, 0.986; 95% CI, 0.952-
0.998; P < 0.001), indicating highly effective 
distinction of very low-risk GISTs. For the high* 
risk grade, the AUC of the score model was 
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Table 3. The univariate analysis of CT features among three risk categories in the training cohort

characteristics n
Risk category

P very low risk  
(n = 37)

low risk  
(n = 49)

high* risk  
(n = 64)

Location 0.047
    Cardia 8 (5.33) 1 (12.50) 2 (25.00) 5 (62.50)
    Fundus 62 (41.33) 22 (35.48) 16 (25.81) 24 (38.71)
    Body 62 (41.33) 9 (14.52) 22 (35.48) 31 (50.00)
    Antrum 18 (12.00) 5 (27.78) 9 (50.00) 4 (22.22)
Growth pattern < 0.001
    Endophytic 61 (40.67) 25 (40.98)a 21 (34.43)a,b 15 (24.59)b

    Exophytic 60 (40.00) 7 (11.67)a 16 (26.67)a 37 (61.67)b

    Mixed 29 (19.33) 5 (17.24)a 12 (41.38)a 12 (41.38)a

Tumor shape < 0.001
    Regular 114 (76.00) 36 (31.58)a 45 (39.47)a 33 (28.95)b

    Irregular 36 (24.00) 1 (2.78) 4 (11.11) 31 (86.11)
Surface ulceration < 0.001
    Absent 115 (76.67) 36 (31.30)a 39 (33.91)b 40 (34.78)b

    Present 35 (23.33) 1 (2.86) 10 (28.57) 24 (68.57)
Margin < 0.001
    well-defined 112 (74.67) 37 (33.04)a 47 (41.96)a 28 (25.00)b

    Ill-defined 38 (25.33) 0 (0.00) 2 (5.26) 36 (94.74)
Contour < 0.001
    Round 116 (77.33) 36 (31.03)a 44 (37.93)a 36 (31.03)b

    Lobulated 34 (22.67) 1 (2.94) 5 (14.71) 28 (82.35)
Calcification 0.067
    Absent 131 (87.33) 32 (24.43) 47 (35.88) 52 (39.69)
    Present 19 (12.67) 5 (26.32) 2 (10.53) 12 (63.16)
Adjacent organs invasion < 0.001
    Absent 40 (26.67) 1 (2.50)a 5 (12.50)b 34 (85.00)b

    Present 110 (73.33) 36 (32.73) 44 (40.00) 30 (27.27)
Necrosis < 0.001
    Absent 88 (58.67) 36 (40.91)a 35 (39.77)b 17 (19.32)c

    Present 62 (41.33) 1 (1.61) 14 (22.58) 47 (75.81)
Intratumoral enlarged vessels 0.001
    Absent 123 (82.00) 37 (30.08)a 45 (36.59)b 41 (33.33)b

    Present 27 (18.00) 0 (0.00) 4 (14.81) 23 (85.19)
Peritumoral enlarged vessels < 0.001
    Absent 99 (66.00) 37 (37.37)a 34 (34.34)b 28 (28.28)c

    Present 51 (34.00) 0 (0.00) 15 (29.41) 36 (70.59)
Metastasis 0.507
    Absent 148 (98.67) 37 (25.00) 49 (33.11) 62 (41.89)
    Present 2 (1.33) 0 (0.00) 0 (0.00) 2 (100.00)
Lymphadenopathy 0.088
    Absent 145 (96.67) 37 (25.52) 48 (33.10) 60 (41.38)
    Present 5 (3.33) 0 (0.00) 1 (20.00) 4 (80.00)
Enhancement pattern < 0.001
    Homogeneous 73 (48.67) 36 (49.32)a 24 (32.88)b 13 (17.80)c

    Heterogeneous 77 (51.33) 1 (1.30) 25 (32.47) 51 (66.23)
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Enhancement degree 0.103
    Low-mild 33 (22.00) 11 (33.33) 8 (24.24) 14 (42.42)
    Moderate 70 (46.67) 16 (22.86) 19 (27.14) 35 (50.00)
    Strong 47 (31.33) 10 (21.28) 22 (46.81) 15 (31.91)
a, b, c: the same letter markers indicated no statistical differences.

Table 4. The univariate analysis of CT features among three risk categories in the validation cohort

characteristics n
Risk category

Pvery low risk  
(n = 13)

low risk  
(n = 20)

High* risk  
(n = 28)

Location 0.012
    Cardia 3 (4.92) 2 (66.67)a 0 (0.00)a 1 (33.33)a

    Fundus 34 (55.74) 10 (29.41)a 13 (38.24)a 11 (32.35)a

    Body 21 (34.43) 1 (4.76)a 5 (23.81)a,b 15 (71.43)b

    Antrum 3 (4.92) 0 (0.00)a 2 (66.67)a 1 (33.33)a

Growth pattern 0.123
    Endophytic 27 (44.26) 7 (25.93) 10 (37.04) 10 (37.04)
    Exophytic 13 (21.31) 4 (30.77) 1 (7.69) 8 (61.54)
    Mixed 21 (34.43) 2 (9.52) 9 (42.86) 10 (47.62)
Tumor shape < 0.001
    Regular 43 (70.49) 13 (30.23)a 17 (39.53)a 13 (30.23)b

    Irregular 18 (29.51) 0 (0.00) 3 (16.67) 15 (83.33)
Surface ulceration 0.092
    Absent 52 (85.25) 13 (25.00) 18 (34.62) 21 (40.38)
    Present 9 (14.75) 0 (0.00) 2 (22.22) 7 (77.78)
Margin < 0.001
    well-defined 44 (72.13) 13 (29.55)a 19 (43.18)a 12 (27.27)b

    Ill-defined 17 (27.87) 0 (0.00) 1 (5.88) 16 (94.12)
Contour 0.001
    Round 42 (68.85) 13 (30.95)a 16 (38.10)a,b 13 (30.95)b

    Lobulated 19 (31.15) 0 (0.00) 4 (21.05) 15 (78.95)
Calcification 0.922
    Absent 49 (80.33) 11 (22.45) 16 (32.65) 22 (44.90)
    Present 12 (19.67) 2 (16.67) 4 (33.33) 6 (50.00)
Adjacent organs invasion 0.006
    Absent 48 (78.69) 13 (27.08)a 18 (37.50)a,b 17 (35.42)a

    Present 13 (21.31) 0 (0.00) 2 (15.38) 11 (84.62)
Necrosis 0.001
    Absent 36 (59.02) 12 (33.33)a 14 (38.89)a,b 10 (27.78)b

    Present 25 (40.98) 1 (4.00) 6 (24.00) 18 (72.00)
Intratumoral enlarged vessels 0.001
    Absent 49 (80.33) 13 (26.53)a 19 (38.78)a 17 (34.69)b

    Present 12 (19.67) 0 (0.00) 1 (8.33) 11 (91.67)
Peritumoral enlarged vessels 0.003
    Absent 47 (77.05) 13 (27.66)a 18 (38.30)a 16 (34.04)b

    Present 14 (22.95) 0 (0.00) 2 (14.29) 12 (85.71)
Metastasis 0.257
    Absent 56 (91.80) 13 (23.21) 20 (35.71) 23 (41.07)
    Present 5 (8.20) 0 (0.00) 0 (0.00) 5 (100.00)
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0.977 (95% CI, 0.938-0.994; P < 0.001), simi-
lar to that of the predictive model (AUC, 0.976; 
95% CI, 0.937-0.994; P < 0.001), which also 
suggested high efficacy of distinguishing high* 
risk GISTs. The cutoff points with the related 
sensitivity and specificity of very low and high* 
risk in the training cohort were 3 points 
(97.30%, 93.81%) and 7 points (92.19%, 
94.19%), respectively.

Score ranges exploration

To apply the 21-point scoring system conve-
niently for diagnostic classification, we further 
divided it into three score ranges to present 
three risk-predictive categories: 0-3 points for 
very low risk, 4-8 points for low risk, and 9-21 
points for high* risk. The frequency distribution 
according to the score assigned of three risk 
groups were shown in the Figure 2. The posi-
tive-predictive rates of the three ranges are 
summarized in Table S3. The CT images of  
the very low-risk, low-risk, and high* risk 

patients are shown in Figure 3, and patients 
were assigned scores according to the score 
models. And ROI and 3D images of tumor seg-
mentations were also added in the Figure 3, 
which demonstrated the relationship between 
stomach and tumor better and clearly.

External validation of the established scoring 
system

The calibration test was assessed using the 
Hosmer-Lemeshow test in the validation co- 
hort, and the results revealed that the model  
fit well with the theoretical calibration in the 
validation cohort for the very-low and high*  
risk grades (P > 0.05) (Figure S3). Moreover, 
the discrimination ability of models was also 
identified by ROC curve analysis in the valida-
tion cohort. As shown in Figure 1C, 1D, the  
AUC of the very low-risk grade was 0.912 (95% 
CI, 0.839-0.985; P < 0.001), and the AUC was 
0.972 (95% CI, 0.937-1.00, P < 0.001) in the 
high* risk grade. The cutoff values with the 

Lymphadenopathy 0.694
    Absent 59 (96.72) 13 (22.03) 20 (33.90) 26 (44.07)
    Present 2 (3.28) 0 (0.00) 0 (0.00) 2 (100.00)
Enhancement pattern < 0.001
    Homogeneous 33 (54.10) 12 (36.36)a 13 (39.39)a 8 (24.24)b

    Heterogeneous 28 (45.90) 1 (3.57) 7 (25.00) 20 (71.43)
Enhancement degree 0.073
    Low-mild 5 (8.20) 0 (0.00) 1 (20.00) 4 (80.00)
    Moderate 27 (44.26) 7 (25.93) 5 (18.52) 15 (55.56)
    Strong 29 (47.54) 6 (20.69) 14 (48.28) 9 (31.03)
a, b: the same letter markers indicated no statistical differences.

Table 5. The results of ordinal logistic regression and weighted scores

B P OR
95% C.I. for OR

Weighted score
Lower Upper

Tumor size 2.026 < 0.001 7.58 4.09 14.06 4 
Margin (Ill-defined) 3.405 0.002 30.11 3.66 247.89 6 
Necrosis (Presence) 1.221 0.12 3.39 0.73 15.80 
Intratumoral enlarged vessels (Presence) 2.826 0.007 16.88 2.18 130.71 5 
Enhancement pattern (Heterogeneous) 2.377 0.007 10.77 1.92 60.46 4 
Growth pattern (Mixed) 1.093 0.033 2.98 1.09 8.17 2 
Growth pattern (Exophytic) 1.188 0.015 3.28 1.26 8.52 2 
Constant 1 0.76 0.023 2.14 
Constant 2 4.881 < 0.001 131.76 
Parallel line test: P = 0.078.
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related sensitivity and specificity were 3 po- 
ints (92.31%, 85.42%) and 5 points (100%, 
87.88%), respectively. The positive-predictive 
rates were also validated and are summarized 
in Table S4.

Discussion

In this study, a preoperative risk stratification 
scoring system was established and validated 
in gastric GIST patients. The scoring system 

included two risk classification score models 
and 3 score ranges, consisting of five CT fea-
tures (tumor size, margin, intratumoral enlarged 
vessels, enhancement pattern, and growth  
pattern), which were easily obtained preopera-
tively. This scoring system successfully predict-
ed the malignant potential of gastric GIST 
patients. 

The choice of treatment for GISTs is closely 
related to their risk stratification, emphasizing 

Figure 1. A. ROC curve of the predictive model and score model in very low risk classification prediction with the 
training cohort (P < 0.001). B. ROC curve of the predictive model and score model in high* risk classification predic-
tion with the training cohort (P < 0.001). C. ROC curve of score model in very low risk classification prediction with 
validation cohort (P < 0.001). D. ROC curve of score model in high* risk classification prediction with validation 
cohort (P < 0.001).
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Figure 2. A. The rad-score frequency distribution in training cohort. B. The rad-score frequency distribution in valida-
tion cohort.

Figure 3. A. 2D image, tumor ROI and 3D tumor segmentation shown in the very low risk gastric GIST, a 65-year-
old woman with a 1.7 cm-sized tumor. Coronal Portal venous phase contrast-enhanced CT image shows a regular, 
well-defined and hypodense mass with endophytic growth pattern (arrow), and the image illustrates the lesion with 
homogenous enhancement and mild enhancement degree. 0 point was assigned in this patient and presented as 
one of the minimum values. B. 2D image, tumor ROI and 3D tumor segmentation shown in the low risk gastric GIST, 
a 39-year-old man with a 4.9 cm-sized tumor. Transverse portal venous phase contrast-enhanced CT image shows a 
well-defined, intraluminal and mixed-density mass with intralesional necrosis (arrowhead), heterogeneous enhance-
ment and mild enhancement degree. A score of 5 points was assigned. C. 2D image, tumor ROI and 3D tumor seg-
mentation shown in the high* risk (intermediate risk actually) gastric GIST, a 44-year-old man with a 6.5 cm-sized 
tumor. Transverse portal venous phase contrast-enhanced CT image shows an irregular shape, extraluminal and 
mixed-density mass with necrosis (arrowhead), heterogeneous and mild enhancement. The margin between the le-
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the important role of risk classification [8, 27]. 
GISTs are classified into four risk categories, 
determined by the tumor size, location, and 
mitotic index of postoperative pathology. 
Previous studies and clinical guidelines have 
shown that tumor treatment strategies for dif-
ferent risk classifications vary, and surgical 
resection remains the main method for treat- 
ing GISTs, and is applicable to most localized 
lesions [27, 28]. The follow-up results of the 
guidelines indicated that very low-risk tumors 
rarely metastasize or recur, while intermediate- 
and high-risk tumors require adjuvant therapy 
after surgical resection to prevent metastasis 
or postoperative recurrence [11, 28]. Thus, in 
this study, we merged the intermediate-risk 
and high-risk patients into a high* risk group 
for analysis, and aimed to establish a preo- 
perative risk classification system to provide a 
basis for optimal treatment decisions for the 
subsequent surgical treatment and adjuvant 
therapy.

Univariate analyses were performed to obtain 
the relevant predictors that were statistically 
significantly different among the three GIST  
risk classes used in this study. The predictors 
obtained in this study were similar to those 
reported in previous studies, including tumor 
location, growth pattern, irregular tumor shape 
and contour, presence of necrosis and ulcer-
ation, ambiguous margin, invasion of adjacent 
organs, presence of intratumoral/peritumoral 
angiogenesis, and heterogeneous enhance-
ment [29]. However, the relevant predictive  
factors obtained by univariate analyses were 
not independent risk factors. Thus, we per-
formed multiple regression analyses.

Ridge regression was performed to reduce  
the multicollinearity, and the factors showing 
statistical significance in ridge regression  
analysis were incorporated into ordinal mul- 
tinomial logistic regression analysis. As the 
final independent risk factors, tumor size, 
growth pattern (exophytic or mixed), margin, 
intratumoral enlarged vessels, and enhance-
ment pattern were included in the risk classifi-

cation regression model. Tumor size has been 
confirmed to be positively correlated with the 
malignancy of GISTs [2, 5, 8]. The mean values 
of maximum tumor diameter increased gradu-
ally as the malignant risk of tumors increased 
in both the training and validation sets, which 
was consistent with previous reports. Tumor 
size was divided into five layers according to  
the mean values and standard deviation. 
Because extremely small tumor sizes (below 
0.5 cm) were excluded in patient selection,  
the first size layer was set to below 2.76 cm 
(mean - SD) rather than 0.58 cm (mean - 2SD). 
The growth pattern was also included as an 
independent risk factor, and the endophytic, 
mixed growth pattern was inclined to be  
associated with reduced malignancy, while the 
exophytic growth pattern tended to be associ-
ated with increased malignancy in our study  
[2]. Tumor margins were the most heavily 
weighted predictors in this model. A well-
defined margin is considered to be a charac- 
teristic of a benign, non-infiltrative growing 
tumor, whereas an ill-defined margin is often 
indicative of surrounding tissue invasion [15, 
17, 30]. The irregular margin was considered  
to be caused by varying rates of tumor pro- 
liferation in different parts, and is associated 
with malignant behavior [31]. The presence of 
enlarged vessels within tumors is considered  
to a reliable index for evaluating GIST malig- 
nancy, which may be because additional and 
adequate blood supply is crucial to tumor pro- 
liferation and metastasis. In addition, high* 
risk GIST patients usually exhibit heteroge-
neous enhancement, as compared to a lower 
malignancy tumor [2]. A heterogeneous en- 
hancement pattern is considered to correlate 
positively with tumor malignancy [17, 32, 33]. 
This could be explained by the fact that, as  
the malignancy and tumor sizes increase, the 
rate of differentiation and proliferation is  
accelerated and the possibility of necrosis is 
improved. These three CT features (ill-defined 
margin, intratumoral enlarged vessels, and  
heterogeneous enhancement pattern) reflect-
ed the high level of intratumoral heterogeneity 
associated with malignant potential.

sion and the stomach (red-arrowhead) is ill-defined (arrow). A score of 14 points was assigned. D. 2D image, tumor 
ROI and 3D tumor segmentation shown in the high* risk (high risk actually) gastric GIST, a 59-year-old woman with 
a 15.9 cm-sized tumor. Transverse portal venous phase contrast-enhanced CT image shows a huge, ill-defined mar-
gin, and extraluminal mass with surface ulceration (arrowhead). The mass also presents the intratumoral enlarges 
vessel (arrow), severe necrosis, showing a moderate and heterogeneous enhancement. 21 points was assigned and 
presented as one of the maximum values.
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Then, in order to make it easier to evaluate the 
performance of the models, we divided both 
the ordered three-class regression model and 
the score model into three binary-classifica- 
tion models. After assessing the calibration 
with the Hosmer-Lemeshow test, we found  
that the calibration of the models was statisti-
cally significant in the very low-risk and high* 
risk grades. While there was no statistical  
significance in both the predictive model and 
score model of low-risk grade, the subse- 
quent ROC curve had no significance for the 
discriminative evaluation. ROC showed that 
both the predictive models and score models 
had good predictive ability for very low risk  
and for high* risk, and the DeLong nonpara-
metric test evaluating the AUCs between the 
score model and the regression model show- 
ed that there was no difference between the 
two models in discrimination of very low risk 
and high* risk, which suggested that the sco- 
re models could replace the predictive model 
effectively and provide a more convenient eval-
uation. Stratification of the scoring system  
was also necessary to offer assistance for 
radiological analysis and accurate evaluation. 
The cutoff values were set at 3 points and 8 
points to partition the very low risk, low risk, 
and high* risk. The precision and recall of  
these stratifications demonstrated good pre-
diction accuracy for very low risk and high* risk. 
The above results demonstrate the great indi-
vidualized prediction of the score models for 
GIST patients and are valuable for personaliz- 
ed medicine. In the very low-risk range, at most, 
tumor size and growth pattern were indepen-
dent risk factors, which can be a good basis for 
follow-up clinical decisions.

To assess the generalizability of the scoring 
system, an external validation set was substi-
tuted into both score models and score ranges 
to verify the calibration, discrimination ability, 
and accuracy. The Hosmer-Lemeshow test 
results revealed that the score model showed 
good correspondence between predicted and 
actual risk distribution. The AUCs reflected the 
discrimination ability of the score model in the 
validation set; at the same time, the scoring 
system also demonstrated satisfactory risk 
classification accuracy. The results revealed 
that the scoring system we established had 
promising classification potential in very low-
risk and high* risk GISTs, respectively. 

Thus, we established a score model and strati-
fied the model into scoring ranges to predict 
gastric GIST risk, based on CT signs, through 
univariate and multivariate regression analy-
ses. The predictive model and score model 
both demonstrated good discriminative ability 
for very low-risk and high* risk tumors. Such 
prediction and classification can markedly  
facilitate clinical-making. Although our models 
lack the directive distinguishability in low-risk 
tumors, this class can be obtained upon accu-
rate exclusion of very low-risk and high* risk 
tumors.

However, the present study had several limita-
tions. First, this was a retrospective study with 
the inherent potential for bias, and a prospec-
tive study is required. Second, the data were 
not sufficient and evenly distributed in differ- 
ent risk categories of both the training and  
validation cohorts, which may have caused 
some bias. Thus, a larger-scale trial is requir- 
ed. Third, the patients of the established mod-
els in our study had gastric GISTs, and thus  
the significance of assessment of intestinal 
GISTs is unclear. A study including intestinal 
stromal tumors is required to establish more 
comprehensive classification efficiency. Fourth, 
owing to the inherent defects of imaging includ-
ing resolution and subjective diagnosis, texture 
analysis is needed for model establishment in 
our further study.

Conclusions

In brief, a convenient and efficient multi-class 
gastric GIST risk stratification scoring system, 
based on preoperative CT signs was estab-
lished. The system not only provides assistance 
for radiologists in terms of accurate diagnosis, 
but also facilitates preoperative individualized 
prediction of malignant potential for gastric 
GIST patients and lays the basis for individual 
treatment decisions.
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Scheme S1. Workflow chart of patient selection and the exclusion criteria. 

Figure S1. The ridge curve of the relevant predictors in gastric GISTs.
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Table S1. Ridge regression results of CT features (k = 0.20)
Unstandardized 

Coefficients
Standardized 
Coefficients t p R² Adjusted 

R² p
B S.E. Beta

Tumor Size 0.034 0.009 0.183 3.748 < 0.001 0.660 0.633 p < 0.001
Growth pattern 0.132 0.066 0.089 1.991 0.048
Tumor shape 0.019 0.13 0.007 0.143 0.886
Contour 0.134 0.131 0.051 1.027 0.306
Margin 0.556 0.136 0.22 4.086 < 0.001
Necrosis 0.258 0.122 0.116 2.114 0.036
Ulceration 0.117 0.123 0.045 0.952 0.343
Adjacent organs invasion 0.209 0.131 0.084 1.592 0.114
Intratumoral enlarged vessels 0.449 0.134 0.157 3.338 0.001
Peritumoral enlarged vessels 0.065 0.117 0.028 0.558 0.578
Enhancement pattern 0.358 0.115 0.163 3.103 0.002
Constant 0.478 0.09 - 5.323 < 0.001

Figure S2. A. The calibration curve of predictive model (m) in very low risk grade (p = 0.920). B. The calibration curve 
of predictive model (m) in high* risk grade (p = 0.936). C. The calibration curve of score model (s) in very low risk 
grade (p = 0.721). D. The calibration curve of score model (s) in high* risk grade (p = 0.098).
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Table S2. The AUCs, sensitivity and specificity of predictive models and score models in training and 
validation cohorts

Models AUC
95% C.I. cut off point

Lower Upper sensitivity specificity
very low risk model for training 0.986 0.952 0.998 94.59% 98.23%
very low risk score model for training 0.973 0.932 0.992 97.30% 93.81%
high1* risk model for training 0.976 0.937 0.994 89.06% 97.67%
high1* risk score model for training 0.977 0.938 0.994 92.19% 94.19%
very low risk score model for validation 0.912 0.833 0.982 92.31% 85.42%
high1* risk score model for validation 0.972 0.894 0.997 100.00% 87.88%

Table S3. The predicted positive rates including precision, recall and F1 score in three score ranges 
of the training cohort
Score range Predicted true positive Actual positive Precision Predicted total positive Recall F1 score
≥ 0 and ≤ 3 361 371 97.3% 431,2 83.7% 0.900 
> 3 and ≤ 8 372 492 75.5% 481,2,3 77.1% 0.763 
> 8 and ≤ 21 543 643 84.4% 592,3 91.5% 0.878 
1: very low risk; 2: low risk; 3: high* risk.

Figure S3. A. The calibration curve of score model in very low risk grade (p = 0.743). B. The calibration curve of score 
model in high* risk grade (p = 0.533). 

Table S4. The predicted positive rates including precision, recall and F1 score in three score ranges 
of the validation cohort
Score range Predicted true positive Actual positive Precision Predicted total positive Recall F1 score
≥ 0 and ≤ 3 121 131 92.3% 191,2 63.2% 0.740 
> 3 and ≤ 8 112 202 55.0% 161,2,3 68.8% 0.611 
> 8 and ≤ 21 243 283 85.7% 262,3 92.3% 0.907 
1: very low risk; 2: low risk; 3: high* risk.


