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ARTICLE INFO ABSTRACT

Keywords: Purpose: To determine if texture features of diffusion weighted imaging (DWI) on MRI of metastatic gastro-
Gastrointestinal stromal tumor intestinal stromal tumor (mGIST) have correlation with overall survival (OS).
Prognosis Method: Fifty-one GIST patients with metastatic lesions who received imatinib targeted therapy were included.

Magnetic resonance imaging

; Texture features of the largest metastatic lesion were analyzed using inhouse software. Three types of texture
Texture analysis

features were assessed: fractal features, gray-level co-occurrence matrix (GLCM) features, and gray-level run-
length matrix (GLRLM) features. The features were extracted from the regions of interest (ROIs) on T2-weighted
imaging (T2WI), DWI and apparent diffusion coefficient (ADC) maps. Histogram analysis was performed on ADC
maps. Patients were followed up until death. Kaplan-Meier analysis was performed to determine the correlation
of texture features with OS. The curves of the high- and low-risk groups were compared using log-rank test. The
prognostic efficacy of the predictors was assessed by calculating the concordance probability.

Results: The median survival time was 43.5 months (range, 3.97-120.90 m). Four DWI and three ADC texture
features  showed  significant  correlation with OS on  univariate analysis (p < 0.05).
DWI_L_GLCM_maximum_probability [hazard ratio (HR): 2.062 (1.357-3.131)], ADC_H_GLRLM_mean [HR: 2.174
(1.457-3.244)], and ADC_O_GLCM _cluster_shade [HR: 1.882 (1.324-2.674)] were identified as representative
prognostic indicators. The optimum threshold levels for these three features were 1.19x 100, 1.71x 10 and
2.19x0.1, respectively. Neither histogram analysis values nor fractal features revealed significant correlation
with survival status (p > 0.05).

Conclusions: Texture features of the mGIST on DWI exhibited correlation with overall survival. High-grade
heterogeneity was associated with poor prognosis.

1. Introduction [2]. Liver and peritoneum are the most common sites for metastasis [3].

Metastasis is typically associated with poor prognosis, with overall

Gastrointestinal stromal tumor (GIST) is the most common me-
senchymal neoplasm arising in the gastrointestinal tract (GI). GIST
usually has heterogenous features and may occur anywhere from eso-
phagus to rectum [1]. In a study, 59.9% of patients with localized GIST
were cured after initial resection of the primary lesion, while the re-
maining patients experienced recurrence or metastasis during follow-up

survival (OS) of 24.0-81.3 months [4,5]. There is no consensus on the
role of surgery in patients with multifocal progressive disease in the
setting of metastatic GIST [6]. Imatinib mesylate has improved the
clinical outcomes in this setting [7]. However, there is considerable
inter-individual variability in this respect. Some patients experienced
rapid progression while others may live for over 10 years with
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Fig. 1. The region of interest (ROI). (A) The ROIs were drawn on ADC map around the peripheral boundary of the visible tumours in the slice showing the longest

dimension using T2WI sequence as a reference. (B) T2WI sequence.

metastatic disease [8].

Texture analysis refers to the extraction and analysis of large
amounts of advanced quantitative imaging features with high
throughput from medical images obtained with computed tomography
(CT), positron emission tomography (PET), or magnetic resonance
imaginng (MRI) [9]. This technique has shown good prospects for
prognostic assessment, follow-up evaluation, and clinical decision-
making. Several studies have validated the prognostic value of texture
features in patients with different types of cancer such as metastatic
clear cell carcinoma [10], breast cancer [11], and glioblastoma [12].
Recent studies have demonstrated that CT texture analysis may allow
for preoperative risk-stratification of patients with primary GIST
[13-15]. However, texture analysis has not been used in the context of
metastatic GIST. The purpose of this study was to assess the association
between texture-derived parameters from DWI and ADC maps and
overall survival in patients with mGIST.

2. Methods
2.1. Subjects

This retrospective study enrolled 70 consecutive patients with
mGIST from the year 2006 to 2012. Inclusion criteria were: (1) CT
proven metastatic GIST (based on typical imaging signs [16,17] with at
least one lesion > 1 cm in diameter or cysitic lesions with wall thick-
ness > 1 cm). (2) Suitable for imatinib mesylate monotherapy (400
mg/day, orally). (3) No previous therapy (radiotherapy or che-
motherapy) after surgical resection of primary lesion. (4) No contra-
indications for MR examination. (5) Baseline MRI (include T2WI and
DWI sequences) performed in our hospital one week before targeted
therapy. (6) Patients with good compliance.

The exclusion criteria were: (1) Previous chemotherapy or other
treatment modalities in combination with chemotherapy (n = 1). (2)
Discontinued follow-up (n = 4). (3) presence of other tumors (n = 1).
(4) Significant artifacts on T2WI and distortion or artifacts on DWI that
prevented comparison of the quantitative parameters (n = 1). (5) No
available DWI with b = 0, 1000s/mm? (n = 12). Finally, 51 patients
enrolled in the study.

2.2. MR imaging

The MR examination was performed on 1.5-T scanner (Signa Echo-
Speed Plus with EXCITE; GE Medical Systems, Milwaukee, Wisconsin,
US). An eight-channel body phase-array surface coil was used to im-
prove the signal-to-noise ratio. All patients underwent MR examination
after overnight fasting. In the absence of any contraindications, patients
were administered intramuscular injection of anisodamine (20 mg)

(Minsheng Pharmaceutical Group, Hangzhou, China) to reduce gas-
trointestinal motility prior to MR imaging (all patients received the
drug eventually). For lesions located in the stomach or duodenum, tap
water (800-1000 mL) was administered orally 10 min after the hypo-
tonic procedure, and then the MR examinations were performed.

A full-range abdominal T2-weighted single-shot fast spin-echo se-
quence (SSFSE: TR/TE, 3000 ms/90 ms; matrix size, 384 X 256; section
thickness, 5 mm; intersection gap, 1 mm; field of view, 360-400 mm)
on coronary plane was initially performed to detect and locate the le-
sion. Then axial MR imaging (abdominal and pelvic) was performed,
including a T1-weighted dual fast spoiled gradient-recalled echo se-
quence (dual-FSPGR: TR/TE, 200/2.3 [out-of-phase], 200/4.6 [in-
phasel; flip angle, 85°; matrix size, 320 X 160; section thickness, 5 mm;
intersection gap, 1 mm; field of view, 360-400 mm; NEX, 1; breath
holding) and T2-weighted fast-recovery fast spin-echo sequence
(FRFSE: TR/TE, 2 respiratory intervals/85 ms; matrix size, 320 X 224;
section thickness, 5 mm; intersection gap, 1 mm; field of view, 360-400
mm; NEX, 2; respiratory triggering).

A single-shot echo-planar DWI sequence (TR/TE, 2750 ms/min;
matrix size, 128 X 128; section thickness, 5 mm; intersection gap, 1
mm; field of view, 360-400 mm; NEX, 4) was performed to cover the
whole largest lesion. ADC map was generated at high (1000s/mm?) b
values. ADC map was automatically calculated by monoexponential fit.

2.3. Image segmentation

Images were retrieved from the picture archiving and communica-
tion system and loaded into ITK-SNAP 2.2.0 software (www.itksnap.
org/) for further segmentation. Segmentation was done on the largest
slice of the maximum mGIST (J.F. with 3 years of experience on MRI)
under the supervision of a board-certified radiologist (L.T. with 16
years of experience on MRI) blinded to the clinical profiles. The largest
tumour was defined as the maximum volume among all tumours. The
regions of interest (ROI) in the texture analysis was drawn freehand
around the peripheral boundary of the maximum tumour by a single
observer (Fig. 1). If the tumour was fused, we treated it as one lesion.

The ADC was calculated using the following formula: ADC = [In (SI
2 /SI1)1/(b 1—b ), where SI; is the signal intensity of the ROI on the b,
(1000 s/mm 2) image, and SI, is the signal intensity of the ROI on the b,
(0 s/mm?) image.

2.4. Texture feature extraction

A filtering process was performed to implement image smoothing
and image difference (Fig. 2). Separable filtering was used to avoid
multi-dimensional convolution. The convolution was performed with a
low-/high-pass “Coiflet 1” wavelet filter along x-/y-direction
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Fig. 2. Schematic diagram for data processing.

separately. That is, two new images were obtained by filtering the
original image in two directions (x, y). The original MRI image was
labelled as “O”, and its low-/high-pass filtered results were labelled as
“L” and “H” respectively. One hundred and sixty-seven two-dimen-
sional descriptors were extracted from T2WI, DWI, and ADC images,
respectively. They could be divided into gray-level co-occurrence ma-
trix (GLCM) features, gray-level run-length matrix (GLRLM) features
and size features. Histogram of ADC values and fractal analysis were
also extracted.

2.5. Follow-up

Outpatient records and telephone calls were used for post-treatment
follow up of patients every 6 months. The survival time was calculated
from the pretreatment of targeted therapy to the time of death.

2.6. Statistical analysis

Firstly, we used the intra-class correlation coefficient (ICC) to
evaluate the reader agreement with respect to feature extraction. An
ICC > 0.75 was considered indicative of good agreement. The non-re-
producible features were removed. Then the Pearson correlation coef-
ficient (hereafter denoted by r) between each pair of features was
computed to analyze the linear correlation. The features were divided
into different groups to ensure all pairs of features in a group had a |r|
value > 0.6. To remove the redundant features, only the most stable
feature of each group (with the highest ICC) was retained.

Univariate and multivariate proportional hazard analysis was used
to estimate the predictors of end-point events. Backward stepwise se-
lection was applied using the likelihood ratio test with Akaike's in-
formation criterion as the stopping rule. We identified the threshold of
each significant texture feature for disaggregating patients into high-
and low-risk groups using X-Tile. The association of these features with
survival was explored with Kaplan-Meier survival analysis. The

survival curves of the high- and low-risk groups were compared using
the log-rank test. In addition, the prognostic ability of the predictors
was assessed by calculating the concordance probability (C-index). P
values < 0.05 were considered indicative of statistical significance. All
statistical analyses were performed using the R software (version 3.2.5;
http://www.Rproject.org).

3. Results

Baseline demographic and clinical data are presented in Table 1.
The median survival time was 43.5 months (range,
3.97-120.90months). The 1-year, 2-year, and 3-year survival rates were
78.7 %, 63.6 %, and 27.8 %, respectively.

After assessing the reproducibility, we obtained 128, 113, and 123
robust texture features from T2WI, DWI, and ADC images, respectively
(ICC > 0.75 for all). A total of 17, 19, and 20 different groups of cor-
related features were identified and only the features that exhibited the
greatest reproducibility in each group were selected for the subsequent
analyses. In our study, four DWI texture features and three ADC texture
features showed a significant association with survival on univariate
analysis (Table 2). ADCpean, ADC10 %, ADC25 %, ADC75 %, ADC90 %,
and fractal feature did not show significant association with survival
(p > 0.05) (Table 3).

Beginning with the DWI group and the ADC group of significant
texture features, backward stepwise selection was implemented. One
DWI texture feature (DWI_L GLCM_maximum_probability) and two
ADC texture features (ADC_H_GLRLM_mean and
ADC_O_GLCM _cluster_shade) were identified as the representative
prognostic indicators for the two MRI sequences, respectively, for the
prediction of survival. Subsequently, multivariate proportional hazard
analysis demonstrated that all 3 features were independent predictors
of survival (Table 4).

The optimum threshold levels for ADC_H_GLRLM_ mean,
ADC_O_GLCM _cluster_shade, and DWI_L_GLCM_maximum_probability
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Table 1 Table 3
Clinical characteristics. Histogram and fractal analysis features in this study.

Characteristics n = 51 Feautres Mean * SD C-index P-value
Sex ADCj g, (mm?/sec) (1.15 = 0.32)x10 3 0.383(0.295-0.471) 0.0739
Male 28 ADCss0, (mm?/sec) (1.34 + 0.35)x 1072 0.406(0.313-0.499) 0.1315
Female 23 ADCys0, (mm?/sec) (1.89 + 0.82)x 1073 0.443(0.339-0.547) 0.2634
Median age (years) 55 (27-73) ADCygy, (mm?/sec) (2.11 + 0.39)x 1073 0.426(0.309-0.543) 0.1821
Primary site ADCppeqn (mm?/sec) (1.59 = 0.41)x10~3 0.423(0.327-0.519) 0.1111
Gastric 27 FD 1.95 + 0.03 0.553(0.442-0.664) 0.1491
Small intestine 13
Rectum 3 SD, standard deviation; ADC, apparent diffusion coefficient; FD,fractal analysis.
Other 8
Number of metastasis tumor
<5 35 Table 4
>5 16 Results of multivariate analysis of texture features.
It}volved sites Features Adjusted HR P-value
Liver 13
Peritoneum 10 ADC_H_GLRLM_mean 2.062 (1.357-3.131) 0.0007
Liver and Peritoneum 25 ADC_0_GLCM _cluster shade 2.174 (1.457-3.244) 0.0001
Liver and Bone 1 DWI_L_GLCM_maximum_probability 1.882 (1.324-2.674) 0.0004
Plevic and Preritoneum
Maximum tumor location HR, hazard ratio; ADC, apparent diffusion coefficient.
Peritoneum 18
Liver 31
Plecvic 2 Our result is in line with the findings of previous studies and other

Maximum tumor size ( cm?) 44.02 (1.79-167.36)

selected by X-Tile were 1.19 x 100, 1.71 x 10, and 2.19 x 0.1, re-
spectively, for the prediction of five-year survival. Kaplan-Meier curves
disaggregated by optimal threshold levels were significantly different
for the features with the exception of ADC_O_GLCM. cluster_shade,
which yielded a log-rank test P-value of 0.2050. Higher
ADC_H_GLRLM mean and DWI_L_GLCM_maximum_probability were
associated with adverse events (Figs. 3 and 4).

4. Discussions

In our study, four DWI texture features and three ADC texture fea-
tures of mGIST showed significant association with survival.
Furthermore, ADC_H_GLRLM_mean, ADC_O_GLCM_cluster_shade, and
DWI_L_GLCM_maximum_probability were independent predictors of
survival. Texture features calculated based on GLCM or GLRLM are able
to depict the contrast, complexity, and the heterogeneity of local in-
tensity patterns. These three independent predictors (one GLRLM fea-
ture and two GLCM features) therefore could provide information about
tumor heterogeneity and capture the prognostically relevant changes.
In our study population, higher average values of metastatic GIST were
associated with worse prognosis. The GLRLM feature “mean” tends to
emphasize the cluster of short runs and the complicated variation of
detailed phenotype patterns. The “maximum probability” of GLCM
measures the probability of co-occurrence pairs with the most frequent
type, which usually appear around the intensity edge or the uniform
interface. The “cluster shade” could be considered as a measure of the
skewness of GLCM,; it reflects the co-occurrence with large variation
and high gray-level. The association between these features and lung
cancer was reported from PET/CT study [18].

tumors [19-21]. In a study by Yu et al., presence of intratumorally
necrotic changes in primary GISTs showed a correlation with risk of
malignancy [19]. Other studies also demonstrated that heterogeneous
soft tissue sarcomas were associated with poor prognosis [20,21].
Furthermore, mesenchymal tumors are different from some epithelial
tumors. Mesenchymal tumors with poorer outcome tend to undergo
necrosis which leads to heterogeneity, while some epithelial tumors
with poorer outcome tend to undergo fibrosis which may lead to less
heterogeneity/ homogeneity [21,22]. In recent studies, homogenous
texture in pancreatic cancer was found associated with worse outcomes
owing to the presence of intense intumoral fibrosis (also referred to as
desmoplastic reaction) [22,23].

In the present study, no significant difference was found with re-
spect to other parameters, including fractal features, histogram of ADC
values and size, on the prediction of five-year survival. However,
Kurata et al. showed inconsistent result that fractal analysis might be
used to identify high-risk GIST patients [13]. The discrepancy results
between their study and ours may be attribute to different patient co-
horts. The previous study mainly focused on the primary GIST lesions,
yet our study population was composed by metastatic GIST tumors.
Theoretically, the cases in our study had relatively poorer prognosis and
more prominent heterogeneity, which may need more advanced model
for discrimination. Similarly, there was study revealed that lower per-
centiles of ADC corresponded to the most solid, condense and malig-
nant components in gastric cancer [24]. However, no significant dif-
ference in histogram of ADC values was found between different
survival status in our mGIST study. We speculate that histogram of ADC
values belongs to first-order statistics, which are based on the gray-level
frequency distribution and represent a single pixel value rather than its
spatial relation to adjacent pixels [25,26], thereafter it might be in-
sufficient for quantification of the overall texture contents in our case of
mGIST. Additionally, the largest tumor size of mGIST could not predict

Table 2

Significant texture features identified in this study.
Feautres Mean * SD C-index HR P-value
ADC_O_GLRLM_LGLRE (1.05 + 1.15) x 0.01 0.617 (0.537-0.697) 1.676 (1.202-2.337) 0.0001
ADC_H_GLRLM_mean (9.38 + 6.96) x 10 0.606 (0.505-0.706) 1.495 (1.041-2.146) 0.0285
ADC_O_GLCM._cluster_shade (3.64 + 3.79)x 10 0.567 (0.442-0.692) 1.508 (1.016-2.237) 0.0403
DWI_L_GLCM_maximum_probability (2.08 £ 0.76) x 0.1 0.656 (0.572-0.740) 1.762 (1.239-2.505) 0.0015
DWI_L_GLCM_homogeneity (7.01 £ 0.55)x0.1 0.641 (0.550-0.733) 1.728 (1.117-2.674) 0.0142
DWIL GLRLM_LGLRE (6.97 + 3.31)x0.01 0.570 (0.456-0.684) 1.544 (1.080-2.208) 0.0173
DWI_L_I_mean_absolute_deviation (6.10 * 2.42)x 10 0.360 (0.260-0.460) 0.709 (0.516-0.973) 0.0306
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Fig. 3. Kaplan—-Meier curves for ADC_H_GLRLM_mean (A), ADC_O_GLCM_cluster_shade (B), and DWI_L_GLCM_maximum_probability (C). For each feature, the op-
timum threshold point was chosen to divide the entire cohort into two parts. Between-group differences in survival were assessed using the log-rank test.

Fig. 4. (A) A 73-year-old male with mGIST in
liver and survival time of 7.37 m. Metastatic
tumor with high signal on DW imaging (b =
10005ec/mm2); (B) On T2WI, the tumors ex-
hibit inhomogeneous signal intensity; (C) A 72-
year-old male with mGIST in liver and survival
time of 56.8 m. Multiple metastatic tumors
with high signal on DW imaging (b =
lOOOsec/rnrnz); (D) On T2WI, the tumors ex-
hibit relatively homogeneous signal intensity.

the overall survival, which is similar to the report on the other tumor was associated with poor prognosis.
[22].

There are several limitations in our study. First, the retrospective
study design and the relatively small number of patients were the key
limitations. Second, only two b values were included (0-1000s/mm?)
on DWI. Application of multiple b values may provide additional in-
formation. Becker et al. found that different b values may lead to
variability in texture analysis [27]. Third, we investigated the largest
metastatic lesion to perform analysis rather than all visible metastases,
for the convenience of clinical practice; this may introduce bias
[15,28]. Fourth, we did not assess interobserver variability. Finally,
future studies should combine more imaging parameters and clinical
information to generate more efficient models.

Ethical standards
All human and animal studies have been approved by the appro-
priate ethics committee and have therefore been performed in ac-

cordance with the ethical standards laid down in the 1964 Declaration
of Helsinki and its later amendments or comparable ethical standards.

Informed consent

All patients gave their informed consent prior to their inclusion in

. the study.
5. Conclusion
Imaging features of metastatic GIST on DWI were independently Declaration of Competing Interest
associated with survival, which suggests the need for further validation
of texture analysis as a potential biomarker. High-grade heterogeneity The Authors declare that they have no conflict of interest.
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