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Objective: To explore the feasibility of the whole tumor histogram analysis parameters 
derived from dynamic contrast-enhanced MRI (DCE-MRI) based on stack-of stars 
(StarVIBE) to predict T and N staging of resectable gastric cancer (GC).
Methods: Eighty-seven patients confirmed as GC by histopathology were enrolled in this 
prospective study. DCE-MRI were performed before surgery, and quantitative DCE para-
meters (Ktrans, Kep, Ve) and histogram metrics (Skewness, Kurtosis and Entropy) were 
measured by Omni-Kinetics software. Intraclass correlation coefficient (ICC) testing was 
used to determine the consistency of Ktrans, Kep and Ve values and histogram metrics values 
between two radiologists using Bland–Altman analysis. The quantitative DCE parameters or 
histogram metrics values between T stage or N stage were compared using ANOVA or 
Kruskal–Wallis testing. Receiver operating characteristic (ROC) analyses was performed to 
find out the best parameters for identifying T and N staging.
Results: There was statistical difference in Ktrans, Kep, Ve and entropy to identify T staging 
(P=0.015, 0.033, <0.001, and 0.007, respectively), and in pairwise comparisons of Ve values 
showed statistically difference between T1+2 and T3 group (P<0.001), T1+2 and T4 group 
(P<0.001). There were statistical differences in Ve to identify N staging (P=0.041). In ROC 
analysis, Ve was the best parameter for identifying T staging (AUC: 0.788, the sensitivity and 
specificity was 0.929 and 0.578, respectively) and N staging (AUC: 0.590, the sensitivity and 
specificity was 0.714 and 0.899, respectively).
Conclusion: The whole tumor histogram analysis parameters derived from StarVIBE DCE- 
MRI may be able to quantitatively evaluate T and N staging of GC, so as to help clinical 
treatment decision optimization.
Keywords: magnetic resonance imaging, quantitative DCE parameters, histogram metrics, 
starVIBE, T and N staging, stomach neoplasms

Introduction
Gastric cancer (GC) is the fifth most common cancer globally and is responsible for 
the fourth most cancer death worldwide.1 The major histological type of this cancer 
is adenocarcinoma. Patients with clinical T1aN0M0 GC is recommended to endo-
scopic resection, while as cT1bN0M0- cT2N0M0 GC suitable for surgery, and cT1- 
2N1-3M0-cT3-4aN1-3M0 (II–III stage) GC suitable for gastrectomy and adjuvant 
chemotherapy, and the IV stage GC requires multi-disciplinary team (MDT) 
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discussion to determine the best treatment plan.2 

Therefore, preoperative T and N staging prediction of 
GC is critical in optimizing appropriate tumor treatment 
protocols.

Compared with other staging modalities (such as 
abdominal ultrasound, computed tomography, positron 
emission tomography), Magnetic resonance imaging 
(MRI) has higher accuracy and specificity for the evalua-
tion of T staging of gastric cancer (83%, 77%–87%, 
respectively).3 MRI can show the hierarchical structure 
of the stomach wall and surrounding structure, making it 
easier to accurately determine the T and N staging.3 

Furthermore, MRI also provides a variety of quantitative 
methods to evaluate GC, such as Intravoxel incoherent 
motion imaging (IVIM), ADC value, and quantitative 
dynamic contrast enhancement (DCE) parameters.4–6 Of 
which, quantitative DCE parameters are gradually used to 
evaluate T and N staging of tumor.7

In contrast to the post-processing workstations of var-
ious manufacturers that can only measure the Ktrans, Kep 

and Ve of lesions, the whole tumor histogram analysis 
parameters performed by Omni-Kinetics software (GE 
Healthcare, Shanghai, China) can easily extract various 
heterogeneous parameters from the entire tumor, thereby 
comprehensively assessing the biological characteristics of 
the tumor, which has been confirmed in esophageal cancer, 

glioma and ovarian cancer.8–10 But there were no literature 
in GC to identify whether whole tumor histogram analysis 
parameters could evaluate T and N staging.

The purpose of the present study was to explore the 
feasibility of the whole tumor histogram analysis para-
meters derived from DCE-MRI to predict T and 
N staging of GC.

Materials and Methods
Patients
After approval by our Institutional Review Board, the 
present prospective study was conducted between 
February 2019 and February 2021. All patients signed 
informed consent form. All results were confirmed by 
histopathology within one week of MRI. The inclusion 
criteria were newly diagnosed untreated patients with 
a histopathological diagnosis of adenocarcinoma; no con-
traindications that affect MRI and surgical examinations; 
good-quality MR images without severe motion artifacts. 
The exclusion criteria were proven non-adenocarcinoma 
histopathological types, such as squamous cell carcinoma, 
polyps, stromal tumors, etc.; received early chemotherapy; 
Inoperable patients whose clinical stage exceeded 
T4bT0M0; and poor image quality precluding accurate 
analysis. The study workflow diagram of patient selection 
is shown in Figure 1.

Figure 1 Study workflow diagram of patient selection.
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MRI Examination
All MRI scanning were performed on a 3T MR scanner 
(MAGNETOM Skyra, Siemens, Erlangen, Germany) with 
an 18-channel body coil and a 32-channel spine coil. All 
patients were placed in a supine position with a feet-first 
orientation. An automatic dual-barrel high-pressure syr-
inge (Spectris Solaris EP, Medrad, Indiana, Pennsylvania) 
was used to intravenously administrate dimethylpentyla-
mine glutarate (Consun Pharmaceutical, Guangzhou, 
China) at a metered volume of 0.2 mL/kg, and flow rate 
of 2.5 mL/s, after which 20 mL saline was administrated at 
the same flow rate. All patients were fasted for 6 hours 
prior to MRI, and 10 mg of anisodamine was admini-
strated intramuscularly about 10 minutes before the exam-
ination, and 800–1000 mL of water was taken orally 
before MRI.

Scanning parameters in accordance with the standard 
MRI protocol included T1-weighted images (T1WI) (repe-
tition time [TR]/echo time [TE]=4.34 ms/1.34 ms, section 

thickness=3 mm, field of view [FOV]=380), and T2 
weighted images (T2WI) (TR/TE=4000–8000 ms/96 ms, 
section thickness=5.5 mm, FOV=380), diffusion-weighted 
imaging (DWI) (TR/TE=2600 ms/51 ms, section 
thickness=5.5 mm, FOV=340, b=50, 800s/mm2). For 
DCE imaging, a prototyped T1WI volumetric interpolated 
breath-hold examination (VIBE) with radial acquisition 
trajectory (StarVIBE) was assessed with a total of 42 
stages and total acquisition time was 5min24s. StarVIBE 
parameters were as follows: TR/TE=3.87 ms/1.82 ms; 
section thickness=2.5 mm; FOV=380; flip angle=12°.

Image Analysis
The DCE-MRI data were transferred to the Omni-Kinetics 
software, and all data were independently analyzed by two 
radiologists (Y.L.L. and L.J. with 7 and 11 years of experi-
ence in radiology, respectively) who had no knowledge of 
the histopathological results. First, the arterial input func-
tion (AIF) was extracted by manually drawing a circular 

Figure 2 Male, 63 years old. The pathological diagnosis is intramucosal adenocarcinoma. The lesion invades the submucosa of the lesser curvature of stomach and is 
determined to be T1 stage. (A) ROI was manually drawn on whole lesions in late arterial phase. Corresponding parametric maps of Ktrans (B), Kep (C) and Ve (D) are 
created automatically. The corresponding mean values of Ktrans, Kep and Ve are 0.587 /min, 0.491 /min and 0.970, respectively. The histogram of tumor (E) demonstrates 
that the skewness, kurtosis and entropy are -0.899, 0.207 and 2.807, respectively.
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ROI on the descending aorta. Then, according to T2WI, 
DWI and DCE images, the range of manual delineation of 
the entire tumor was determined, and it was ensured that 
the cystic and necrotic area, surrounding gas and adipose 
tissue were excluded. Finally, quantitative DCE para-
meters (Ktrans, Kep, Ve) and histogram metrics (Skewness, 
Kurtosis and Entropy) were automatically obtained 
through the Tofts two-chamber model (Figures 2–5). 
Ktrans represents the volume transfer coefficient, Kep repre-
sents countercurrent rate constant, and Ve represents extra-
cellular extravascular space (EES) volume fraction, the 
three reflect the permeability of tumor blood vessels and 
can be used to predict tumor malignancy, treatment out-
come and prognosis. Skewness describes the asymmetry of 
the probability distribution: a completely symmetrical his-
togram has a skewness of 0, a histogram with a long right 
tail has a positive skewness, and a histogram with a long 
left tail has a negative skewness. Kurtosis describes the 
sharpness of the distribution and is a measure of the shape 
of the histogram: the kurtosis of a normal distribution is 0, 

and the kurtosis of a histogram with greater kurtosis is 
positive. Entropy represents the statistical measure of 
“irregularity” in the histogram: the value of entropy 
increases as the “irregularity” increases.

Determination of T and N Staging
The postoperative histopathology and American Joint 
Committee on Cancer/Union for International Cancer 
Control (AJCC/UICC) eighth edition was the evaluation 
standard. In the T1 stage, the abnormally tissue of the 
stomach wall does not exceed the mucosa or submucosa; 
in the T2 stage, the abnormally tissue invades the muscu-
laris propria; in the T3 stage, the abnormally tissue pene-
trates the muscle layer and invades the subserosal tissue; 
and in the T4 stage, the abnormallyt issue breaks through 
the serosal layer or invades organs adjacent to the sto-
mach. Lymph nodes with a short diameter greater than 
10 mm or having circular enhancement are the criteria 
for judging a positive metastatic status of the gastric 
lymph nodes. N0, no regional lymph node metastasis; 

Figure 3 Male, 65 years old. The pathological diagnosis is poorly differentiated adenocarcinoma. The lesion invades the muscular layer of the cardiac wall and is determined 
to be T2 stage. (A) ROI was manually drawn on whole lesions in late arterial phase. Corresponding parametric maps of Ktrans (B), Kep (C) and Ve (D) are created 
automatically. The corresponding mean values of Ktrans, Kep and Ve are 0.570 /min, 1.418 /min and 0.402, respectively. The histogram of tumor (E) demonstrates that the 
skewness, kurtosis and entropy are 0.315, 0.147 and 5.595, respectively.
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N1, 1 or 2 regional lymph node metastases; N2, 3 to 6 
regional lymph node metastases; N3, more than 7 regional 
lymph node metastases.

Since there were very few cases of T1 and N3 (only 5 
and 2 cases, respectively), this study combined the T1 and 
T2 stages into the T1+2 stage, and the N2 and N3 stages 
into the N2+3 stage.

Statistical Analysis
Statistical analysis was performed with SPSS 22.0 (Statistical 
Product and Service Solutions, IBM Corp, Armonk, NY, 
USA). The Ktrans, Kep, Ve and histogram metrics values were 
expressed as mean and standard deviation. Intraclass correla-
tion coefficient (ICC) testing was used to determine the con-
sistency of Ktrans, Kep and Ve values and histogram metrics 
results between two radiologists using Bland–Altman analy-
sis. ICC values < 0.40 were considered to indicate poor con-
sistency; 0.41–0.75 were considered to indicate moderate 
consistency; and > 0.75 was considered to indicate good 

consistency. The quantitative DCE parameters or histogram 
metrics values between T stage or N stage were compared 
using ANOVA or Kruskal–Wallis testing, and pairwise com-
parisons were done by the least significant difference (LSD) 
post-hoc testing. ROC analysis was performed to identify the 
best parameters for predicting T and N staging. The area under 
the curve (AUC) value 0.85–1 were good diagnostic perfor-
mance, 0.70–0.85 were moderate diagnostic performance, 
0.50–070 were poor diagnostic performance. P < 0.05 was 
considered statistically significant.

Results
Of the 126 patients, 78 patients were evaluated in the present 
study. The clinicopathological characteristics of the 78 GC 
cases are listed in Table 1 and a consistency analysis of the 
quantitative DCE parameters and histogram metrics mea-
sured by the two radiologists is shown in Table 2. The ICC 
values show good consistency (ICC value: 0.792, 95% CI: 
0.711, 0.853). Figures 2–5 shows that the determination of 

Figure 4 Female, 57 years old. The pathological diagnosis is poorly differentiated adenocarcinoma. The lesion invades the subserosa of the lesser curvature of the stomach 
and is determined to be T3 stage. (A) ROI was manually drawn on whole lesions in late arterial phase. Corresponding parametric maps of Ktrans (B), Kep (C) and Ve (D) 
are created automatically. The corresponding mean values of Ktrans, Kep and Ve are 0.818 /min, 1.298 /min and 0.551, respectively. The histogram of tumor (E) 
demonstrates that the skewness, kurtosis and entropy are -0.030, 0.139 and 6.003, respectively.
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ROI in different T stages of GC patients, and corresponding 
Ktrans, Kep, Ve maps and histogram.

There were statistically difference in Ktrans, Kep, Ve and 
entropy to identify T staging (P=0.015, 0.033, <0.001, and 
0.007, respectively), and in pairwise comparisons of Ve, 
the Ve values showed statistically difference between T1+2 
and T3 group (P<0.001), T1+2 and T4 group (P<0.001), 
and the Ve values of T3 and T4 were higher than that of T1 
+2 (Tables 3 and 4). The other quantitative DCE para-
meters and histogram metrics were not statistically differ-
ence in identifying T staging (all P>0.05).

There were statistically differences in Ve to identify 
N staging (P=0.041) (Table 3). The other quantitative 
DCE parameters and histogram metrics were not statisti-
cally difference in identifying N staging (all P>0.05).

In ROC analysis, Ve was the best parameter for identifying 
T staging (AUC: 0.788, the sensitivity and specificity was 
0.929 and 0.578, respectively) and N staging (AUC: 0.590, 

the sensitivity and specificity was 0.714 and 0.899, respec-
tively) (Table 5).

Discussion
In this study, quantitative DCE parameters and histogram 
metrics derived from DCE-MRI were used to predict T and 
N staging of GC. Our study also found that Ktrans, Kep, Ve 

and entropy might useful in predicting T staging, and Ve 

might useful in predicting N staging. In addition, Ve might 
the best parameter for identifying T and N staging.

This study showed that Ktrans, Kep might predict 
T staging. This was the same with some studies in naso-
pharyngeal cancer, oral squamous cell carcinoma, esopha-
geal cancer, and rectal cancer.8,11–13 Ktrans, Kep represented 
the transfer rate of contrast agent between plasma and EES 
of tumor, usually Ktrans was related to blood flow, vascular 
permeability and the permeability surface of microcircula-
tion, and Kep was related to vascular permeability.14 This 

Figure 5 Male, 51 years old. The pathological diagnosis is adenocarcinoma. The lesion invades the serosal layer of the lesser curvature of the stomach and is determined to 
be T4a stage. (A) ROI was manually drawn on whole lesions in late arterial phase. Corresponding parametric maps of Ktrans (B), Kep (C) and Ve (D) are created 
automatically. The corresponding mean values of Ktrans, Kep and Ve are 0.159 /min, 0.117 /min and 0.327, respectively. The histogram of tumor (E) demonstrates that the 
skewness, kurtosis and entropy are 0.012, -0.142 and 6.104, respectively.

https://doi.org/10.2147/CMAR.S326874                                                                                                                                                                                                                               

DovePress                                                                                                                                              

Cancer Management and Research 2021:13 7956

Yan et al                                                                                                                                                               Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


study found that the Ktrans and Kep values of the higher 
T stage GC were greater than that of the lower T stage GC, 
indicating that the more malignant GC had higher micro-
vascular permeability. The possible mechanism was that 
the higher T stage GC might have the higher expression of 
vascular endothelial growth factor (VEGF), which could 
induce vascular endothelial cells to divide and enhance 
microvascular permeability.15,16

The present study showed that Ve might identify 
T staging. This was consistent with most studies in naso-
pharyngeal carcinoma, GC, oesophageal carcinoma, rectal 
cancer and cervical carcinoma.7,8,13,17,18 The Ve value of 
T3 and T4 stage was higher than that of T1+2 stage, 
indicating that as the degree of malignancy increased, 
EES volume fraction also increased, so more intravascular 
fluid entered the EES to ensure adequate nutrition and 
oxygen supply for the tumor.8 In addition, this study 
found that Ve is the best parameter for identifying 
T staging (accuracy is 0.788), which is better than CT 
and ultrasound (accuracies are 0.715, 0.678, respectively).3

This study showed that entropy might predict T staging, 
there are similar reports for esophageal cancer.8 Entropy 
reflects the heterogeneity within the tumor. Entropy gradu-
ally increased with the increase of T stage, indicating that the 

Table 1 The Clinicopathological Characteristics of Gastric Cancer

Clinicopathological 
Characteristics

Total (n=78) 
(Proportion)

Age (years, mean±SD) 62.5±12.3

Gender
Male 58(74.4%)

Female 20(25.6%)

Tumour location

Cardia 42(53.8%)
Corpus or antrum 36(46.2%)

Tumor thickness (mm, mean±SD) 13.2±6.3

T stage*

T1 5(6.4%)
T2 9(11.5%)

T3 50(64.1%)

T4 14(17.9%)

N stage*

N0 42(53.8%)
N1 20(25.6%)

N2 14(17.9%)

N3 2(2.6%)

M stage*

M0 78(100%)
M1 0(0%)

Note: *According to AJCC/UICC TNM Staging of Gastric Cancer (8th Edition).

Table 3 Quantitative DCE Parameters to Evaluate T and N Staging

Ktrans (/min) χ2 P Kep (/min) χ2 P Ve F(χ2) P

T stage T1+2 (n=14) 0.27±0.18 8.336 0.015* 0.41±0.45 6.838 0.033* 0.33±0.21 9.188 <0.001*
T3 (n=50) 0.46±0.26 0.69±0.48 0.52±0.16

T4 (n=14) 0.47±0.26 0.75±0.47 0.59±0.15

N stage N0 (n=42) 0.39±0.24 3.539 0.170 0.61±0.48 1.617 0.446 0.47±0.19 χ2=6.373 0.041*

N1 (n=20) 0.41±0.26 0.63±0.47 0.49±0.17
N2+3 (n=16) 0.53±0.27 0.79±0.49 0.61±0.14

Notes: The data were expressed as mean and standard deviation; Pairwise comparison: In Ve, T1+2 and T3 group (P<0.001*), T1+2 and T4 group (P<0.001*) were 
statistically significant; *P<0.0.5.

Table 2 The Consistency Analysis of Quantitative DCE Parameters and Histogram Metrics Results Measured by Two Radiologists

Radiologist 1 Radiologist 2 ICC (95% Confidence Interval) P

Ktrans(/min) 0.43±0.25 0.40±0.36 0.792 (0.711,0.853) <0.001*

Kep(/min) 0.65±0.48 0.58±0.37

Ve 0.50±0.18 0.43±0.22
Skewness 0.01±0.40 −0.01±0.39

Kurtosis −0.13±0.58 −0.11±0.72

Entropy 5.63±0.85 5.73±1.03

Notes: The data were expressed as mean and standard deviation; *P<0.0.5. 
Abbreviation: ICC, Intraclass correlation coefficient.
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heterogeneous components of the tumor (ischemic necrosis, 
neovascularization) increased with the increase of T stage.19

This study found that Ve can identify N staging. This 
has been confirmed in rectal cancer, head and neck 
squamous cell carcinoma, and cervical cancer.20–22 The 
possible mechanism was that the perigastric lymph nodes 
were abundant vascularity, and the vascular system com-
municated with the lymphatic vessels through the high- 
endothelial venules (HEVs).23 Once the tumor cells 
escaped from the primary tumor, they would enter the 
perigastric lymph node via HEVs, leading to lymph node 
metastasis. As the malignancy of the primary tumor 
increased, the E-cadherin in the tumor would decrease, 
resulting in a decrease in the adhesion of tumor cells, 
and tumor cells would fall off into the EES.24 As the 
malignancy of the tumor increased, it also leaded to an 
increase in EES and the permeability of the neovascular 
wall. Therefore, the shed tumor cells would enter the 
blood vessel and reach the perigastric lymph node 
through HEVs, leading to lymph node metastasis.

This study used the StarVIBE sequence to reduce breath-
ing and motility artifacts. The StarVIBE sequence used the 
radial stack-of-star trajectory to provide uniform angular 
coverage of k-space, allowing the reconstruction of the 
image at an arbitrary timepoint with minimal temporal blur-
ring, thereby making motion insensitivity.25 In addition, the 

patients were administrated anisodamine intramuscularly 
before the MRI scan to reduce stomach motility. The 
above was the basis for this study to obtain DCE-MRI 
data. Nevertheless, due to serious artifacts, there were still 
3 cases were not finally enrolled in this study.

This study has some limitations. First, we combined T1 
and T2 stage, N2 and N3 stage due to the small cases, which 
may bring some deviations. Second, we only analyzed the 
characteristics of gastric adenocarcinoma, and the other 
pathological types were not enrolled in this study. Third, we 
only analyzed a few representative parameters of the whole 
tumor histogram parameters, and the other parameters, such 
as percentile, maximum and minimum were not analyzed, 
because the parameters we analyzed could fully explain the 
heterogeneity of GC microcirculation to a certain extent.

Conclusions
This study revealed that the whole tumor histogram ana-
lysis parameters derived from StarVIBE DCE-MRI may 
be able to quantitatively evaluate T and N staging of GC, 
so as to help clinical treatment decision optimization.

Abbreviations
AJCC/UICC, American Joint Committee on Cancer/Union 
for International Cancer Control; AIF, arterial input function; 
AUC, area under the curve; DCE-MRI, dynamic contrast- 

Table 4 Histogram Metrics to Evaluate T and N Staging

Skewness F P Kurtosis χ2(F) P Entropy χ2 P

T stage T1+2 (n=14) 0.17±0.57 1.608 0.207 −0.14±0.55 1.106 0.575 4.79±1.52 10.029 0.007*
T3 (n=50) −0.00±0.34 −0.17±0.60 5.77±0.48

T4 (n=14) −0.09±0.38 −0.01±0.55 5.98±0.35

N stage N0 (n=42) 0.02±0.42 0.029 0.972 −0.19±0.46 F=0.624 0.538 5.45±1.06 5.982 0.050
N1 (n=20) 0.01±0.35 −0.11±0.80 5.79±0.31
N2+3 (n=16) −0.00±0.41 −0.01±0.57 5.92±0.55

Notes: The data were expressed as mean and standard deviation; *P<0.0.5.

Table 5 Diagnostic Performance of Whole Tumor Histogram Analysis Parameters Derived from DCE-MRI for Discriminating T and 
N Staging

AUC (95% Confidence Interval) Cutoff value Sensitivity Specificity P

T stage Ktrans (/min) 0.747 (0.6018, 0.892) 0.29/min 0.786 0.703 0.004*
Kep (/min) 0.722 (0.554, 0.890) 0.32/min 0.571 0.844 0.010*

Ve 0.788 (0.643, 0.932) 0.52 0.929 0.578 0.001*

Entropy 0.740 (0.579, 0.901) 5.62 0.714 0.766 0.005*

N stage Ve 0.590 (0.463, 0.716) 0.38 0.714 0.889 0.173

Note: *P<0.0.5.
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enhanced magnetic resonance imaging; EES, extracellular 
extravascular space; GC, Gastric cancer; HEVs, high- 
endothelial venules; ICC, intraclass correlation coefficient; 
IVIM, intravoxel incoherent motion imaging; LSD, least 
significant difference; MDT, multi-disciplinary team; ROC, 
receiver operating characteristic; StarVIBE, stack-of stars; 
VEGF, vascular endothelial growth factor; VIBE, volumetric 
interpolated breath-hold examination.
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