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Background: Extramural venous invasion (EMVI) has been found to be related to poor prognosis in gastric 
cancer. Preoperative diagnosis of EMVI is challenging, as it can only be detected by surgical pathology. The 
present study aimed to investigate the value of quantitative dynamic contrast-enhanced magnetic resonance 
imaging (DCE-MRI) and diffusion-weighted imaging (DWI) in predicting EMVI preoperatively, and to 
determine the relationship between prediction results and prognosis in patients with locally advanced gastric 
cancer (LAGC).
Methods: Between January, 2015, and June, 2017, 79 LAGC patients underwent MRI preoperatively 
were enrolled in this study. Pathological EMVI (pEMVI) was used as the gold standard for diagnosis. The 
differences in quantitative DCE-MRI and DWI parameters between groups with different pEMVI status 
were analyzed. Multivariate logistic regression was used to build the combined prediction model for pEMVI 
with statistically significant quantitative parameters. The performance of the model for predicting pEMVI 
was evaluated using receiver operating characteristic (ROC) analysis. Patients were grouped based on 
MRI-predicted EMVI (mrEMVI). Kaplan–Meier analysis was used to investigate the relationship between 
mrEMVI and 2-year recurrence-free survival (RFS).
Results: Of the 79 LAGC patients who underwent MRI, 29 were pEMVI positive and 50 were pEMVI 
negative. Among the patients’ clinical and pathological characteristics, only postoperative staging showed 
a significant difference between the 2 groups (P=0.015). The pEMVI-positive group had higher volume 
transfer constant (Ktrans) and rate constant (kep), and lower apparent diffusion coefficient (ADC) values 
than the negative group (0.189 vs. 0.082 min−1, 0.687 vs. 0.475 min−1, and 1.230×10−3 vs. 1.463×10−3 mm2/s, 
respectively; P<0.05). Quantitative parameters, Ktrans and kep, and ADC values, were independently associated 
with pEMVI which odds ratio values were 3.66, 2.65, and 0.30 (P<0.05), respectively, using multivariate 
logistic regression. ROC analysis showed that the area under the curve, sensitivity, specificity, positive 
predictive value, and negative predictive value in predicting pEMVI using combined Ktrans, kep, and ADC 
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Introduction

Gastric cancer is the fifth most common cancer and the third 
leading cause of cancer-related mortality globally (1). The 
symptoms of early gastric cancer are vague; consequently, 
32% of patients already have locally advanced gastric cancer 
(LAGC) at the time of diagnosis (2). Despite early diagnosis 
and the development of therapeutic modalities, the overall 
5-year survival rate is only approximately 26%, due to a high 
frequency of postoperative recurrence, even after radical 
gastrectomy (2,3).

Studies in recent years have shown that preoperative 
neoadjuvant  therapy can control  local  les ions in 
LAGC patients, improve the radical resection rate, and 
subsequently prolong disease-free and overall survival (4).  
However, some studies have failed to find the benefit 
of neoadjuvant therapy (5); therefore, a consensus on 
neoadjuvant therapy for patients with gastric cancer has 
not been reached. These inconsistent results might be 
caused by the heterogeneity of LAGC. Depth of tumor 
invasion (T stage) and lymph node status (N stage) are 
important pathological factors that affect postoperative 
survival in LAGC, and are applied in the American Joint 
Committee on Cancer (AJCC)/International Union Against 
Cancer (UICC) staging system (6). Patients with similar 
clinicopathological factors have also been reported to have 
different survival outcomes (7). Therefore, other risk-
stratification factors affecting postoperative recurrence and 
survival are needed to guide clinical treatment.

Recently, extramural venous invasion (EMVI) has been 
found to be an independent risk factor for recurrence and 
distant metastasis in patients with gastric and rectal cancer 
(8,9). EMVI is defined as the invasion of the veins beyond 

the muscularis propria of the gastrointestinal tract by tumor 
cells, which is considered to be a mode of tumor spread 
(10,11). EMVI is an adverse prognostic factor in rectal 
cancer (8), and it has been included as an important imaging 
parameter prior to neoadjuvant therapy in the National 
Comprehensive Cancer Network guidelines for rectal 
cancer. However, few studies on EMVI imaging in gastric 
cancer have been conducted.

Quantitative dynamic contrast-enhanced magnetic 
resonance imaging (DCE-MRI) and diffusion-weighted 
imaging (DWI) are commonly used techniques in clinical 
practice (12). Quantitative DCE-MRI was demonstrated to 
non-invasively calculate hemodynamic parameters (13), such 
as tissue perfusion, microvascular permeability, and vascular 
cell clearance volume, through a contrast pharmacokinetic 
model. DWI reflects the diffusion movement of water 
molecules by calculating the apparent diffusion coefficient 
(ADC) of tumor tissue. Quantitative DCE-MRI parameters 
and ADC values have been reported to be closely related 
to clinical, histopathological, and prognostic factors of 
various tumors (14-17). However, due to respiratory 
movement and gastrointestinal motility, these functional 
MRI techniques are rarely used in gastric research. To the 
best of our knowledge, no studies have been performed 
on the prediction and prognostic impact of EMVI using 
quantitative DCE-MRI and DWI in gastric cancer. 

The present study aimed to explore the predictive 
value of combined quantitative DCE-MRI and DWI 
on pathological EMVI (pEMVI), and to determine the 
relationship between prediction results and prognosis in 
terms of recurrence-free survival (RFS) in LAGC patients 
after radical gastrectomy and adjuvant chemotherapy in 
order to guide clinical decision-making.

values were 0.879, 72.4%, 96%, 91.3%, and 85.7%, respectively. A total of 23 cases were considered to be 
mrEMVI positive, and 56 cases were considered to be mrEMVI negative, according to the predictive results. 
The median RFS of the mrEMVI-positive group was significant lower than the negative group (21.7 vs.  
31.2 months), and the 2-year RFS rate in the mrEMVI-positive group was significantly lower than that of 
the negative group (43.6% vs. 72.5%, P=0.010).
Conclusions: The quantitative DCE-MRI parameters, Ktrans and kep, and DWI parameter, ADC, are 
independent predictors of pEMVI in LAGC; mrEMVI was confirmed to be a poor prognostic predictor for 
RFS.
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Methods

Patients

The Independent Ethics Committee of the Cancer 
Hospital, Chinese Academy of Medical Sciences (Beijing, 
China) approved this retrospective study and waived 
the requirement for informed patient consent. Between 
January, 2015, and June, 2017, 95 patients with newly 
diagnosed resectable LAGC undergoing gastric MRI 
preoperatively were recruited for participation in the 
present study. The inclusion criteria were as follows: 
(I) TNM stage cT2–4aN0–3M0, based on preoperative 
computed tomography (CT), MRI, or endoscopic 
ultrasonography (18); (II) gastric cancer and pEMVI 
status confirmed by surgical pathology; (III) R0 radical 
gastrectomy within 30 days after MRI; and (IV) regular 
postoperative follow-up. Sixteen patients were excluded 
for the following reasons: (I) obvious motion artifact 
related to respiration and bowel peristalsis during the 
acquisition (n=5); (II) maximum tumor diameter (MTD) 
<1 cm (n=4); and (III) postoperative follow-up time  
<3 months (n=7). Finally, 79 patients were enrolled in the 
present study, including 68 males and 11 females, with a 
median age of 58 years old (range, 30–70 years). Figure 1 

shows the patient selection flowchart.

MRI examination

All patients were fasted for 6–8 h before MRI to empty the 
gastrointestinal tract. If no contraindications were present 
(i.e., glaucoma, prostate hypertrophy, asthma, or severe heart 
disease), 10 mg anisodamine (Minsheng Pharmaceutical, 
China)  was  in jec ted  in tramuscular ly  to  prevent 
gastrointestinal motility, and 800–1,000 mL water was orally 
administered to dilate the stomach wall before MRI.

All of the magnetic resonance images were acquired 
using a 3.0 T body MRI system (Discovery MR750 3.0T; 
GE Medical Systems, USA) equipped with an 8-channel, 
phased-array body coil.

DWI was performed using spin-echo echo-planar 
imaging in the respiratory-gating mode in the transverse 
plane, with the following scanning parameters: b-values: 
0 and 800 s/mm2; repetition time (TR): 8,000 ms; echo 
time (TE): 60 ms; field of view (FOV): 38 cm × 38 cm; 
matrix: 160×128; section thickness: 5 mm; and gap: 1 mm. 
Quantitative DCE-MRI acquisitions were performed 
with breath-hold multiphase liver acceleration volume 
acquisition sequence. According to a recent study (19), 
pre-contrast T1 mapping with multiflip angles (3°, 6°, 9°, 
and 12°) was acquired in the axial plane before dynamic 
scanning (TR: 2.6 ms, TE: 1.2 ms, FOV: 38 cm × 38 cm, 
matrix: 224×224, section thickness: 5 mm, gap: 0 mm). A 
bolus of gadopentetate dimeglumine (Magnevist, Bayer 
Schering, Germany) at a constant dose of 0.1 mmol/kg was 
power injected, followed by a 20 mL saline flush at a rate 
of 2.5 mL/s for all patients. The scanning parameters and 
range of dynamic sequences were the same as those for T1 
mapping, with a flip angle of 15°. Forty-two repetitions 
were acquired at a temporal resolution of 6 s, with an 
interval of 5–10 s for each of the three consecutive phases; 
the total scanning time for DCE-MRI was 5–6 min.

MRI analysis

The MTD was measured at the largest section of the 
tumor using good image quality. The DCE-MRI and 
DWI parameters were measured independently by  
2 radiologists (YJZ and YL, with 7 and 15 years of experience 
in gastrointestinal abdominal imaging, respectively) who 
were blinded to the patients’ clinical and histopathological 
data. The region of interest (ROI) drawing principles were 

pEMVI-positive group
(n=29)

pEMVI-negative group 
(n=50)

Enrolled patients
(n=79)

Patients with LAGC who underwent gastric MRI 
confirmed by postoperative pathological examination 

between January 2015 and June 2017
(n=95)

Excluded patients:

•	postoperative follow-up time 

was less than 3 months (n=7) 

Excluded patients:

•	MTD < 1.0cm (n=4)

•	obvious artifact (n=5)

Figure 1 Recruitment of the study population and the exclusion 
criteria. LAGC, locally advanced gastric cancer; MRI, magnetic 
resonance imaging; MTD, maximum tumor diameter; pEMVI, 
pathological extramural venous invasion.
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as follows: the ROI was manually traced slightly along the 
borders of the tumor to include the entire tumor at a single 
slice that showed the maximum dimension of the visible 
tumor, while avoiding visible blood vessels, necrotic areas, 
and cystic areas, on DCE-MRI and DWI, respectively.

ADC maps were created by Function Tool software on 
the GE ADW4.6 workstation (GE Medical Systems, USA) 
using DWI data. The ROI was automatically copied from 
the DWI images to the ADC maps, and the ADC values 
were obtained from the ROI on the ADC map.

Quantitative DCE-MRI analysis was performed using 
an inhouse-developed software, OmniKinetics 2.0.10 (Life 
Science, GE Healthcare, China). First, DCE images were 
pre-processed with three-dimensional non-rigid registration 
to correct the ROI displacement caused by patients' 
breathing and other involuntary movements. Second, the 
abdominal aorta was selected as the input artery on the 
transverse plane in the peak arterial enhancement phase. 
Third, the extended Tofts 2-compartment pharmacokinetic 
model was applied to obtain quantitative parameter  
maps (20), including volume transfer constant (Ktrans), 
reverse reflux rate constant (kep), extracellular extravascular 
volume fraction (ve), and plasma volume fraction (vp). By 
drawing a freehand ROI, Ktrans, kep, ve, and vp values for the 
selected ROI were automatically calculated.

Clinical treatment

All patients underwent D2 radical gastrectomy within 30 
days after MRI and adjuvant chemotherapy with oxaliplatin 
and S1 (n=65), oxaliplatin and capecitabine (n=10), or other 
(n=4).

Pathological examination and EMVI evaluation

Patient records and original histopathological slides 
were independently re-evaluated by 2 pathologists with 
>10 years’ experience in gastrointestinal pathology. The 
pathologists were blinded to the routine diagnoses and 
patient outcomes. A median of 5 paraffin-embedded tissue 
blocks per tumor were used for analysis. As the vessels are 
orientated approximately at a right angle to the gastric wall, 
we adopted tangential macroscopic dissection, as well as 
conventional perpendicular sampling, which enabled all 
veins from the tumor region to be thoroughly evaluated, as 
proposed by Dirschmid et al. and Sternberg et al. (21-23), 
which is routine procedure in our hospital. The pEMVI 
status was recorded as present or absent with hematoxylin 

and eosin (HE)-stained slides.
The diagnostic criteria for pEMVI adopted in the 

present study were based on those reported by Talbot 
et al. (24), the cancer datasets of the Royal College of 
Pathologists, United Kingdom (RCPathUK) (25), and 
the reporting protocol College of American Pathologists 
(CAP) (26). EMVI is now listed as a line item in CAP 
gastric cancer reporting protocols (27), and is a simple item 
in RCPathUK gastric cancer datasets (28). Therefore, we 
adopted the definition used in corresponding colorectal 
cancer guidelines (25,26): the presence of a rounded mass 
of tumor tissue within an endothelium-lined space, either 
surrounded by a rim of smooth muscle or containing 
red blood cells. Other auxiliary characteristic signs (e.g., 
the “protruding tongue” and the “orphan artery” signs) 
could indicate EMVI, according to RCPathUK and CAP 
guidelines (25,26). To ensure consistency of the evaluation 
criteria, the 2 pathologists were trained with pathological 
diagnostic guidelines (25,26) prior to the evaluation. In case 
of disagreement, a consensus was reached by discussion.

Pathological staging was assessed according to the 8th 
edition of the AJCC/UICC TNM staging system (6).  
The histopathological type, differentiation, Lauren’s 
classification (29), and human epidermal growth factor receptor 
2 (HER2) expression were also examined. HER2 expression 
was detected according to Hofmann et al.’s approach (30).

Follow-up

Follow-up after radical gastrectomy was carried out via 
interview in the outpatient department every 3 months for 
the first year, and every 6–12 months thereafter. Follow-
up data included laboratory examinations, CT scans, and 
endoscopic examinations. RFS was recorded and was 
measured from the date of surgery to the first date of 
local and/or distant recurrence or the last follow-up date 
without recurrence. Tumor recurrence was defined as local 
recurrence, distant metastasis, or death caused by gastric 
cancer, detected by imaging or pathology. The last date of 
data collection was May 31, 2019.

Statistical analysis

Continuous variables with normal distribution were 
presented as mean ± standard deviation, and those with 
abnormal distribution were expressed as medians and 
interquartile ranges. Categorical variables were presented as 
frequencies and percentages.
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Interobserver agreements for DCE-MRI parameters 
and ADC values were assessed using intraclass correlation 
coefficients (ICCs) with 2-way random method. The ICC 
was defined as follows (31): <0.20, poor; 0.20–0.40, fair; 
0.41–0.60, moderate; 0.61–0.80, good; and ≥0.81, excellent. 
The averages of the measurements were used for further 
statistical analysis.

The independent samples t-test was used to compare 
normally distributed data, and the Mann-Whitney U-test 
was used to compare non-normally distributed parameters. 
Categorical variables were compared using the χ2-test 
or Fisher’s exact test. Differences in clinicopathological 
features, quantitative DCE-MRI parameters, and ADC 
values between the pEMVI-positive and -negative groups 
were compared. Multivariate logistic regression was used to 
build the combined prediction model with the statistically 
significant parameters. The prediction performance of the 
model was evaluated by receiver operating characteristic 
(ROC) curve using prediction probability, quantified by 
the area under the curve (AUC), overall accuracy (ACC), 
sensitivity, specificity, negative predictive value (NPV), and 
positive predictive value (PPV). The optimal cutoff value 
for the prediction probability of the regression equation 
was calculated at the maximum value of the Youden index 
(sensitivity + specificity–1). The patients were then divided 
into MRI-predicted EMVI (mrEMVI)-positive and 
-negative groups according to the cutoff value. The RFS 
between the 2 groups was estimated using the Kaplan-
Meier method, and differences were compared using the 
log-rank test. Statistical analyses were carried out using R 
software (version 3.5.3; http://www.r-project.org/). P<0.05 
was considered to be statistically significant.

Results

Clinical and pathological characteristics

Of the 79 patients in the present study, 29 were pEMVI 
positive and 50 were pEMVI negative. A significant difference 
was observed in postoperative pathological staging between the 
2 groups (P=0.015). No significant differences were found for 
sex, age, MTD, tumor site, histological type, differentiation, 
Lauren’s classification, or HER2 expression between patients 
with or without pEMVI (all P>0.05) (Table 1).

Interobserver agreement

The ICC values between the two radiologists for Ktrans, kep, 

ve, vp, and ADC were 0.925 [95% confidence interval (CI): 
0.885–0.951], 0.903 (95% CI: 0.853–0.937), 0.877 (95% CI: 
0.814–0.919), 0.891 (95% CI: 0.834–0.929), and 0.930 (95% 
CI: 0.893–0.955), respectively, indicating almost excellent 
agreement.

Differences in quantitative DCE-MRI parameters and 
ADC values between pEMVI-positive and -negative groups

Among the 79 patients, quantitative DCE-MRI parameters 
of Ktrans, kep, ve, and vp were 0.107 (0.058, 0.176) min–1, 0.545 
(0.360, 0.729) min–1, 0.270 (0.205, 0.368), and 0.012 (0.006, 
0.030), respectively; the ADC value was 1.29 (1.21, 1.58) 
×10–3 mm2/s. The comparisons of quantitative DCE-MRI 
parameters and ADC values between the pEMVI-positive 
and -negative groups are summarized in Table 2. The results 
showed that, in the pEMVI-positive group (Figure 2), the 
Ktrans and kep values were significantly higher than those 
in the pEMVI negative group (Figure 3), and the ADC 
values were significantly lower (P<0.001, P<0.001, and 
0.002, respectively), whereas ve and vp showed no significant 
difference (P>0.05).

Combined prediction efficiency of pEMVI using Ktrans, kep, 
and ADC values

Multivariate logistic regression analysis was conducted with 
Ktrans, kep, and ADC values as covariables, and pEMVI as 
the dependent variable. The results showed that Ktrans, kep, 
and ADC values were independently associated with the 
pEMVI with odds ratio (OR) values of 3.66, 2.65, and 0.30 
(all P<0.05, Table 3).

ROC analysis was performed based on the prediction 
probability of the regression equation (Figure 4). The cutoff 
value was 0.513, the AUC was 0.879 (95% CI: 0.797–0.961), 
and the ACC, sensitivity, specificity, PPV, and NPV were 
87.3%, 72.4%, 96.0%, 91.3%, and 85.7%, respectively. 
Based on the predictive results, 23 cases were found to be 
mrEMVI positive and 56 were mrEMVI negative.

Prognostic value of mrEMVI and its association with RFS

In the present study, the median follow-up duration for all 
patients was 20 months (range: 5–40 months), of which 29 
of 79 (36.7%) had tumor recurrence. The recurrence rate 
was 14 of 23 (60.9%) in the mrEMVI-positive group and 
15 of 56 (26.8%) in the mrEMVI-negative group, with a 
significant difference between the 2 groups (P=0.006).
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Table 1 Clinical and histopathological characteristics of 79 patients in the pathological extramural venous invasion (pEMVI)-positive and 
-negative groups

Characteristics All patients (n=79) pEMVI positive (n=29) pEMVI negative (n=50) P value

Sex 0.980†

Male 68 (86.1) 25 (86.2) 43 (86.0)

Female 11 (13.9) 4 (13.8) 7 (14.0)

Age (years) 56.39±9.51 57.21±10.30 55.92±9.10 0.565‡

MTD (cm) 5.05±1.65 5.19±1.75 4.97±1.59 0.552‡

Location 0.804§

Siewert type II 7 (8.9) 2 (6.9) 5 (10.0)

Siewert type III 16 (20.2) 5 (17.2) 11 (22.0)

Stomach 56 (70.9) 22 (75.9) 34 (68.0)

Fundus 6 (10.7) 2 (9.1) 4(11.8)

Body 17 (30.4) 8 (36.4) 9 (26.5)

Antrum 26 (46.4) 11 (50.0) 15 (44.1)

Whole stomach 7 (12.5) 1 (4.5) 6 (17.6)

Histopathological type 0.259§

Adenocarcinoma 70 (88.6) 25 (86.2) 45 (90.0)

Mucinous 4 (5.1) 3 (10.3) 1 (2.0)

Signet-ring cell 5 (6.3) 1 (3.5) 4 (8.0)

Differentiation 0.562§

Well 2 (2.5) 0 (0) 2 (4.0)

Moderately 19 (24.1) 6 (20.7) 13 (26.0)

Poorly 58 (73.4) 23 (79.3) 35 (70.0)

Lauren classification 0.411†

Intestinal 31 (39.2) 10 (34.5) 21 (42.0)

Diffuse 30 (38.0) 10 (34.5) 20 (40.0)

Mixed 18 (22.8) 9 (31.0) 9 (18.0)

HER2 expression 0.914§

–/1+ 61 (77.2) 23 (79.3) 38 (76.0)

2+ 13 (16.5) 4 (13.8) 9 (18.0)

3+ 5 (6.3) 2 (6.9) 3 (6.0)

Pathological staging 0.015†

II 36 (45.6) 8 (27.6) 28 (56.0)

III 43 (54.4) 21 (72.4) 22 (44.0)
†Calculated using χ2-test. ‡Calculated using the independent samples t-test. §Calculated using Fisher’s exact test. Continuous variables 
are shown as mean ± standard deviation. Categorical variables are shown as the number of patients. with the percentage of patients in 
parentheses. HER2, human epidermal growth factor receptor 2; MTD, maximum tumor diameter.
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Figure 2 Images of a 39-year-old man with extramural venous invasion-positive gastric adenocarcinoma in body of the stomach. (A) In the 
contrast-enhanced imaging, the gastric wall was irregularly thickened and heterogeneous enhanced; (B) The lesion showed a high signal in 
the diffusion-weighted image. Pseudo-colorized apparent diffusion coefficient (ADC) map (C), volume transfer constant (Ktrans) map (D), 
reverse reflux rate constant (kep) map (E), extracellular extravascular volume fraction (ve) map (F), and plasma volume fraction (vp) map (G) 
shows mixed red, green, and blue in the corresponding tumor, with an ADC of 1.22×10–3 mm2/s, Ktrans of 0.165 min–1, kep of 0.911 min–1, ve of 
0.231, and vp of 0.042.

C
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Table 2 Comparison of dynamic contrast-enhanced magnetic resonance imaging quantitative parameters and apparent diffusion coefficient (ADC) 
values between pathological extramural venous invasion (pEMVI)-positive and -negative groups

Parameters pEMVI positive (n=29) pEMVI negative (n=50) Z P value†

Ktrans (min–1) 0.189 (0.113, 0.225) 0.082 (0.054, 0.129) –3.824 <0.001

kep (min–1) 0.687 (0.475, 1.056) 0.475 (0.318, 0.610) –3.245 0.001

ve 0.331 (0.228, 0.410) 0.258 (0.197, 0.350) –1.709 0.088

vp 0.014 (0.003, 0.044) 0.011 (0.007, 0.026) –0.346 0.729

ADC (×10–3 mm2/s) 1.230 (1.135, 1.380) 1.463 (1.248, 1.673) –3.164 0.002
†Calculated using the Mann-Whitney U-test. Data are shown as medians and interquartile ranges. kep, reverse reflux rate constant; Ktrans, 
volume transfer constant; ve, extracellular extravascular volume fraction; vp, plasma volume fraction.

The Kaplan-Meier survival analysis showed that the 
median RFS of all patients was 28.7 months (95% CI: 25.6–
31.8), and the 2-year RFS rate was 62%. The median RFS 
of the mrEMVI-positive group was 21.7 months (95% CI: 
18.0–25.4), and the 2-year RFS rate was 43.6%. The median 
RFS of the mrEMVI-negative group was 31.2 months (95% 
CI: 27.6–34.9), and the 2-year RFS rate was 72.5%. The 
2-year RFS rates were significantly associated with mrEMVI, 
according to the log-rank test (P=0.010) (Figure 5).

Discussion

In the present study, we combined DCE-MRI and DWI for 
the first time to build a model to predict pEMVI in LAGC 
and explore their prognostic significance. Our study showed 
that the combined prediction model based on quantitative 
DCE parameters and ADC values has a good prediction 
efficiency for pEMVI in LAGC, with an AUC value of 0.879 
(95% CI: 0.797–0.961). The RFS of the mrEMVI-positive 
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Figure 3 Images of a 58-year-old man with extramural venous invasion-negative gastric adenocarcinoma in the esophagogastric junction. (A) 
In the contrast-enhanced imaging, the gastric wall was irregularly thickened and heterogeneous enhancement; (B) The lesion showed a high 
signal in the diffusion-weighted image. Pseudo-colorized apparent diffusion coefficient (ADC) map (C), volume transfer constant (Ktrans) map 
(D), reverse reflux rate constant (kep) map (E), extracellular extravascular volume fraction (ve) map (F), and plasma volume fraction (vp) map (G) 
shows mixed red, green, and blue in the corresponding tumor with an ADC of 1.60×10–3 mm2/s, Ktrans of 0.048 min–1, kep of 0.517 min–1, ve of 
0.128, and vp of 0.039.
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Table 3 Multivariate logistic regression analysis of combined 
dynamic contrast-enhanced magnetic resonance imaging 
quantitative parameters and apparent diffusion coefficient values 
(ADC), and predictive impact on pathological extramural venous 
invasion

Parameters Odds ratio 95% confidence interval P value

Ktrans 3.656 1.616–8.271 0.002

kep 2.652 1.362–5.163 0.004

ADC 0.297 0.126–0.701 0.006

(Intercept)† 0.450 0.014
†“Intercept” is the constant term in the logistic regression 
equation. kep, reverse reflux rate constant; Ktrans, volume transfer 
constant.
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Figure 4 Receiver-operating characteristic (ROC) curve of model 
established by dynamic contrast-enhanced magnetic resonance 
imaging quantitative parameters and apparent diffusion coefficient 
values for the prediction of pathological extramural venous 
invasion in locally advanced gastric cancer. Area under the curve 
(AUC) was 0.879. CI, confidence interval.

group was significantly lower than that of the mrEMVI-
negative group.

The incidence of pathological EMVI has been reported 
to vary from 20% to 75% in gastric cancer due to different 
pathological stages and staining techniques (e.g., HE or 
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elastic fiber staining) (11). Our study found the frequency 
of pEMVI was 36.7% (29/79), which was slightly lower 
than a recent study that reported a 51% frequency in stage 
III gastric cancer (32). The pathological staging of tumors 
is well known to be important for prognosis. In their study 
of 529 patients with gastric cancer, Gabbert et al. found 
that the incidence of EMVI increased with the depth of 
tumor invasion and the lymph node metastasis (9). This 
finding was consistent with the results of the present study; 
the pathological staging in the pEMVI-positive group was 
significantly higher than that in the pEMVI-negative group.

Traditionally, EMVI could only be detected after 
postoperative histopathological examination, and therefore 
cannot be used to predict treatment benefit. If EMVI status 
could be predicted preoperatively and non-invasively, 
appropriate and individualized treatment plans could be 
developed to improve the prognosis of LAGC patients. 
Recently, Tan et al. proposed some general CT imaging 
features of EMVI (11), and Kim et al. found that EMVI 
detected by CT was an independent prognostic factor 
for reduced disease-free survival in patients with gastric 
cancer (33). Furthermore, in a study by Cheng et al., 
EMVI detected by CT, combined with N status detected 
by contrast-enhanced CT, could be used as a valuable 
preoperative prognostic factor in patients with T4a gastric 
cancer (34). However, these studies are all based on 

morphological diagnoses and depend on the experience of 
the radiologist. Functional MRI, such as quantitative DCE-
MRI and DWI, could obtain quantitative parameters, which 
are more objective and reproducible. In the present study, 
quantitative DCE-MRI and DWI were combined to predict 
pEMVI in LAGC, and the prognostic value of mrEMVI 
was explored.

In the present study, DCE-MRI parameters, Ktrans and 
kep, in the pEMVI-positive group were significantly higher 
than those in the pEMVI-negative group. Previous studies 
of DCE-MRI in gastric cancer have focused on tumor 
staging, diagnosis, and the correlation of pharmacokinetic 
parameters with pathological prognostic factors (35-37). 
Ktrans reflects the exchange ability of contrast agent in 
plasma and extracellular space, whereas kep quantifies the 
flux rate of the contrast agent from the extracellular space 
back to the plasma, both of which are important markers of 
vascular permeability (20). Joo et al. demonstrated that Ktrans 
was significantly correlated with the grade of epidermal 
growth-factor receptor expression (35). Ma et al. found that 
Ktrans showed a significant positive correlation with vascular 
endothelial growth factor (36). These findings suggest that 
DCE-MRI reflects tumor biology, providing prognostic 
information for patients with gastric cancer. Yu et al. found 
that, in rectal cancers, Ktrans and kep values in patients with 
synchronous liver metastasis were significantly higher than 
those without metastasis (14). Li et al. reported that higher 
Ktrans and kep values in breast cancer before neoadjuvant 
therapy were significantly correlated with lower disease-
free and overall survival (15). According to our findings and 
those of previous studies (14,15,35-37), we hypothesized 
that higher Ktrans and kep values in the pEMVI-positive group 
suggest higher tumor angiogenesis permeability and blood 
perfusion, which could promote hematogenous metastasis, 
leading to the occurrence of EMVI and postoperative 
tumor recurrence. The extravascular extracellular space 
and the blood plasma volume per unit volume of tissue 
were reflected by ve and vp, respectively. Joo et al. found 
that ve showed a significant positive correlation with the 
T staging of gastric cancers (35), and Ma et al. found that 
the diffuse type showed a higher ve than the intestinal 
type in the Lauren classification (36). In a previously 
published study, ve values were found to be significantly 
correlated with progression-free and overall survival at 3 
years in oropharyngeal and hypopharyngeal squamous cell 
carcinoma (38). However, no significant differences in ve 
and vp values were found between the pEMVI-positive and 
-negative groups in our study. ve and vp might have more 
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Figure 5 Kaplan-Meier recurrence-free survival (RFS) analysis 
of each group divided according to magnetic resonance imaging 
extramural venous invasion (mrEMVI). mrEMVI-positive patients 
had a significantly poorer RFS than patients without mrEMVI 
(cumulative 2-year RFS rate: 43.6% vs. 72.5%, P=0.010).
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influence factors, and their significance in the prediction of 
pEMVI and prognosis of gastric cancer need to be further 
clarified.

DWI has been widely used in the diagnosis, treatment 
response, and prognostic prediction of various tumors, and 
the ADC value has been reported to be closely related to 
prognosis (16,17,39-41). In their study, Peng et al. found 
that quantitative whole-lesion ADC histogram analysis 
could help to differentiate histological grades of rectal 
cancer (16). Giganti et al. reported that ADC is different 
according to local invasion, nodal involvement, and the 7th 
edition TNM stage groups (39). In a recently published 
study with 82 patients, the ADC value of pathological 
lymph nodes was shown to be lower than that of benign 
lymph nodes (40). In their study, De Cobelli et al. reported 
that responders showed a significant increase in ADC 
compared with non-responders after neoadjuvant treatment 
(85.45% increase vs. 8.21% decrease, respectively) (41). 
Therefore, DWI is a promising, non-invasive imaging 
biomarker for the evaluation of the aggressiveness of 
gastric cancer. In the present study, the ADC value in the 
pEMVI-positive group was significantly lower than that in 
the pEMVI-negative group, and the multivariate logistic 
regression results revealed that the OR value of pEMVI was 
0.297, suggesting that patients with low ADC values were 
more likely to develop pEMVI. The ADC value reflects the 
diffusion of water molecules in tumor tissues. A lower ADC 
value indirectly indicates increased density, proliferation 
activity, and atypia of tumor cells, along with imbalance 
of the cytoplasmic ratio and reduced extracellular space. 
Tumor cells in tumor tissues with low ADC values are more 
likely to migrate into vessels, and eventually cause tumor 
recurrence and metastasis, than those with high ADC 
values.

In the present study, we attempted to combine Ktrans, 
kep, and ADC values to predict the occurrence of pEMVI 
in LAGC for the first time. ROC analysis showed that 
combined quantitative DCE and DWI multiparameters 
resulted in good prediction performance in terms of 
pEMVI, with an AUC of 0.879, and sensitivity and 
specificity of 72.4% and 96%, respectively. To further 
investigate the relationship between mrEMVI and patient 
prognosis, Kaplan–Meier survival analysis was performed 
on the 79 patients. The results showed that the tumor 
recurrence rate in the mrEMVI-positive group was 
significantly higher than in the mrEMVI-negative group 
(60.9% vs. 26.8%), and the RFS in the mrEMVI-positive 
group was significantly lower than that in the mrEMVI-

negative group (21.9 vs. 31.2 months). Nishibeppu et al. 
found that the incidence of hematogenous metastasis 
in pEMVI-positive stage III gastric cancer patients was 
significantly higher than that in the negative group (32). 
This may be attributed to tumor cells derived from the 
primary lesion entering the blood circulation, resulting 
in distant organ metastasis. mrEMVI makes it possible 
to predict pEMVI preoperatively, which is an important 
stratified risk factor and can provide a basis for the selection 
of an individualized treatment plan for LAGC patients. 
Because tumor cells can exist in the blood circulation before 
surgery, for patients with a high risk of EMVI or those 
who are mrEMVI positive, neoadjuvant therapy, intensive 
postoperative adjuvant therapy, or the addition of anti-
angiogenic molecular-targeted drugs (i.e., trastuzumab) may 
be needed in clinical practice.

The present study has some limitations. First, the sample 
size was relatively small, and more cases are needed for 
validation. Second, the patients enrolled in the study were 
diagnosed with LAGC, and early gastric cancer patients 
were not included; therefore, selection bias was unavoidable. 
Third, the manual drawing of the ROI may have introduced 
a certain amount of subjectivity. Fourth, pEMVI was 
detected on routine HE staining slides only, and not with 
elastin staining. Special staining for elastin fiber could 
help to identify venous invasion, but itis not routinely 
performed for all patients in our hospital. However, special 
staining is not recommended in the current practice 
guidelines, and these techniques are also labor intensive, 
time consuming, and expensive. Despite this, we took some 
measures to improve the rate of EMVI detection, such as 
tangential sampling, unifying assessment criteria, training 
the pathologists with pathological diagnostic guidelines 
(25,26) before evaluation, and using auxiliary signs to aid 
detection. These measures might have offset the reduced 
detection rate caused by the absence of elastin staining to 
some extent. Finally, due to the short follow-up time (median 
follow-up time, 20 months), no analysis of overall survival 
was conducted.

Conclusions

The preoperative quantitative DCE-MRI parameters Ktrans 
and kep, and the DWI parameter ADC, are independent 
predictors of pEMVI in LAGC. Also, mrEMVI based on 
the logistic regression model helped to predict the RFS of 
patients. This is of great value to clinicians when choosing 
the most appropriate treatment strategy for patients.
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