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Abstract
Background Intravoxel incoherent motion imaging (IVIM) and DWI have been applied for gastric
adenocarcinoma.

Purpose: To investigate correlation between parameters of IVIM and DWI with Ki-67 in gastric
adenocarcinoma.

Materials and methods: A total of 64 gastric adenocarcinoma patients were enrolled into the research
and received DWI and IVIM at 3.0T MRI before the surgery. Based on the setting of ROIs, the DWI and IVIM
parameters (including ADC, ture diffusion coe�cient (D), perfusion fraction (f) and pseudo-diffusion
coe�cient (D*)) of each patient's gastric adenocarcinoma were measured and calculated. According to
expression of Ki-67, participated subjects were divided into two groups (low Ki-67 group and high Ki-67
group). The intraclass correlation coe��cient (ICC) was used to assess the consistency of each
parameter measured by two radiologists. The independent-sample t-test was used to compare
differences of each parameter between groups. Spearman correlation coe�cient was calculated to reveal
the correlation between Ki-67 with parameters. By using the area under the curve (AUC) of the receiver
operating characteristic (ROC) curve, each parameter was compared.

Results: The ADC, D and f values of high Ki-67 group were all lower than those of low Ki-67 group
[(10.89±0.89) × 10−2 mm2/s vs. (14.65±0.46)× 10−2 mm2/s, (9.95±0.92) × 10−2 mm2/s vs. (12.48±0.83) ×
10−2 mm2/s, (2.30±0.51) × 10−2 mm2/s vs. (3.75±0.85) × 10−2 mm2/s, all P < 0.05]. Except for D*, ADC, D
and f were negatively correlated with the expression of Ki-67 (r = −0.725, −0.733, -0.666, all P < 0.05). The
areas under the curve (AUC) of ADC, D and f were 0.901, 0.923 and 0.657 respectively (Table 5). The
difference of AUC value between ADC and D was not statistically signi�cant (AUCD = 0.923 vs. AUCADC=
0.901, Z=0.290, P=0.772). The difference of AUC value between ADC and f was statistically signi�cant
(AUCADC= 0.901 vs. AUCf= 0.657, Z=2.329, P=0.025). The difference of AUC value between D and f was
statistically signi�cant (AUCD= 0.923 vs. AUCf= 0.657, Z=2.124, P=0.034) (Table 6).

Conclusions: DWI and IVIM can effectively re�ect the proliferative characteristics of gastric
adenocarcinoma. D and ADC have higher diagnostic e�ciency than f.

Background
Gastric cancer has become the fourth most common cancer in the world and the second largest cause of
death in Asia. At present, the new annual cases of gastric cancer in China account for more than 40% of
the world's new cases. Gastric adenocarcinoma is one of the common pathological types of gastric
cancer. MRI has been playing an essential role in preoperative evaluation, development of treatment
plans and assessment of effects and prediction in gastric adenocarcinoma (1–3). Intravoxel incoherent
motion (IVIM) has been using dual index spread model to analyze the spread of the water element under
the condition of non-Gaussian distribution, which means that under the circumstance of low b value, the
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perfusion of microvessels has a greater impact on DWI and based on the double exponential model, IVIM
can effectively eliminate the effect of micro perfusion through a series of low b values, it can more
accurately and quantitatively evaluate the micro movement inside and outside cells (4–6). As an
important tumor symbol, the expression of Ki67 is closely related to the growth and transfer of gastric
tumor (7–8). And, high Ki-67 in early gastric cancer might suggest a poor prognosis (9–10). Previous
studies of MRI mainly focus on malignant tumor such as breast cancer and lung cancer. Scholars have
found that there was a negative relationship between ADC and Ki-67 index (11–12). Therefore, the ADC
has the potential to re�ect the growth of the tumor cell to a certain extent while it is limited as an
alternative marker to re�ect the proliferation potential (13). At present, there are few reports on the
correlation between IVIM and DWI with Ki-67 in gastric adenocarcinoma and this study aims to analyze
correlation between IVIM and DWI parameters with Ki-67 in gastric adenocarcinoma and explore
possibility of its response to proliferative activity.

Materials And Methods

Patient data
From December 2020 to August 2021, a total of 76 patients with gastric adenocarcinoma were selected
for breast MR imaging and of these, 12 patients were excluded for the following reasons: 1) radiotherapy,
chemotherapy, or surgery before scanning (5 patients); 2) failure to obtain clear immunohistochemistry
and pathological results after scanning (3 patients); and 3) showed poor lesion visibility on DWI and IVIM
parameter maps for analysis (4 patients). At last, a total of 64 hospitalized patients with gastric
adenocarcinoma in Shandong provincial hospital were selected (including 30 males and 34 females).

Data acquisition
A 3.0T MRI scanner (Siemens, Germany, 3T, Prisma) with a body phased-array coil were used in the study.
The patients were supine with the head in front and were fasted for 6–8 hours and received regular
breathing and breath holding training before the examination.And patients drank 600–1000 ml water to
ensure the �lling of the stomach. The scanning range included the whole stomach. MRI scanning
sequence includes T1WI, T2WI, DWI and IVIM sequence. (T1WI, T2WI, DWI and IVIM scanning parameters
are shown in Table 1).

 

Image analysis
All images were uploaded to a Simens post-processing workstation (Syngo. Via Workstation, Simens
Healthineers) and the IVIM and DWI images were processed and analyzed using relevant software (Body
diffusion imaging 1.3.1). Identi��cation of cancers and manual drawing of the region of interest (ROI) on
the software were independently performed by two gastrointestinal radiologists (P.Z and S.D with 10 and
8 years of experience, respectively) blinded to the clinical-pathologic features. First, the ROI was
delineated by outlining the solid part of the tumor tissue on the axial DWI image using the T1WI and T2WI
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sequence as references and then merging the images of the IVIM and DWI parameters with the DWI
images of the same layer(Fig. 1). The ROI included the solid region of the tumor, while regions with cystic
changes, large blood vessels, and bleeding were avoided. Using the transferred ROIs, the mean values for
IVIM and DWI parameter maps were calculated. The DWI and IVIM parameters were calculated using the
Eq. 1 and Eq. 2 respectively :

Eq1: ADC = (lnS0/S1) /(b1-b0)

S0 and S1 stand for the signal intensity obtained using the b0 and b1 values. ADC is the diffusion
coe�cient obtained under the in�uence of tissue signal attenuation, the diffusion attenuation of water
molecules, the uniformity of diffusion gradient �eld and blood perfusion.

Eq2: S / S0 = fIVIM exp [-b (D*+Dblood)] + (1- fIVIM) exp (-b×D)

S / S0 is the sum of tissue and blood components, �vim is the �owing blood fraction, D is the water

diffusion coe�cient in tissue, Dblood is the water diffusion coe�cient in blood and D* represents the false
diffusion coe�cient related to microcirculation perfusion factors such as capillary structure in tissue.
Among them, fIVIM and D* can effectively re�ect micro perfusion in tissue. The �nal value of each
parameter for each lesion was calculated using the following formula: the �nal value = the sum of the
parameter values of lesions at different slices / the number of slices.

Pathological analysis
Immunohistochemical sections were diagnosed by two doctors who had over 10 years of pathological
diagnosis experience. Ki-67 index refers to the percentage of Ki-67 positive cells in visual �eld. According
to previous studies, we know that high Ki-67 (Ki-67 ≥ 55%) suggests a poor prognosis and higher
mortality of gastric adenocarcinoma (14–16) therefore patients were divided into two groups: the low
expression group of Ki-67 with Ki-67 index < 55%, and Ki-67 high expression group with Ki-67 index ≥ 
55%. And 30 cases were set in low Ki-67 group and 34 cases in high Ki-67 group.

Statistical analysis
Statistical software SPSS 23.0 and Medcalc 19.0.4 were used for data analysis. Firstly, background
information, DWI and DKI parameters of patients with Gastric adenocarcinoma were tested for normality
and the data were expressed as mean ± standard deviation. Meanwhile, The intraclass correlation
coe��cient (ICC) was used to assess the consistency of each parameter measured by two radiologists,
and interpreted as follows: 0.00–0.20, poor agreement; 0.21–0.40, fair agreement; 0.41–0.60, moderate
agreement; 0.61–0.80, good agreement; and 0.81–1.00, excellent agreement. The independent-sample t-
test was used to compare differences of each parameter between groups. Spearman correlation analysis
was used to analyze the correlation between each parameter with Ki-67 index. And the ROC curve was
analyzed and characteristic values including AUC value, threshold, sensitivity and speci�city were
obtained. The diagnostic e�ciency of different parameters was compared. The above-mentioned
analysis was statistically signi�cant on the premise of P < 0.05.
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Results

Interclass correlation coe�cient
The data measured by the two observers had good intraobserver and interobserver reproducibility
(Table 2) (P < 0.05).

 

Differentiation of low Ki-67 group and high Ki-67 group
As is shown in Table 3, there were no signi�cant difference in height, weight, age and male female ratio
between two groups (P > 0.05). There were no signi�cant difference between the two groups in the degree
of pathological differentiation, pathological type and Lauren classi�cation (P > 0.05). Gastric
adenocarcinoma with higher Ki-67 tends to have a larger mass than the other group (P < 0.05). This is
similar to the results of previous research (8, 16).

 
As is shown in Table 4, except for D*, there were signi�cant differences in ADC, D and f between the two
groups (P < 0.05). The ADC, D and f values of high Ki-67 group were all lower than those of low Ki-67
group [(10.89 ± 0.89) × 10− 2 mm2/s vs. (14.65 ± 0.46)× 10− 2 mm2/s, (9.95 ± 0.92) × 10− 2 mm2/s vs.
(12.48 ± 0.83) × 10− 2 mm2/s, (2.30 ± 0.51) × 10− 2 mm2/s vs. (3.75 ± 0.85) × 10− 2 mm2/s, all P < 0.05].

 

Correlation Analysis
Except for D*, ADC, D and f were negatively correlated with the expression of Ki-67 (r = − 0.725, − 0.733,
-0.666, all P < 0.05).

Comparison of Diagnostic E��cacy
As a result of the difference of D* between groups was not statistically signi�cant(P > 0.05) (Table 4),
ROC curve analysis was not performed for D*. The areas under the curve (AUC) of ADC, D and f were
0.901, 0.923 and 0.657 respectively (Fig. 2, Table 5). The difference of AUC value between ADC and D
was not statistically signi�cant (AUCD = 0.923 vs. AUCADC= 0.901, Z = 0.290, P = 0.772). The difference of
AUC value between ADC and f was statistically signi�cant (AUCADC= 0.901 vs. AUCf= 0.657, Z = 2.329, P = 
0.025). The difference of AUC value between D and f was statistically signi�cant (AUCD= 0.923 vs. AUCf=
0.657, Z = 2.124, P = 0.034)(Table 6).

Discussion
As an important means to effectively re�ect diffusion of water molecules inside and outside cells, DWI
has been widely used in the differential diagnosis of benign from malignant gastrointestinal tumors,
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preoperative evaluation and evaluation of the effect of radiotherapy and chemotherapy (17–18). As a
tumor marker with wide clinical application value, higher Ki-67 index often indicates the characteristics of
active proliferation, strong in�ltration and poor prognosis of tumor cells (7–8). Studies have suggested
that with increase of Ki-67 level, the ADC value of tumor continues to decline (19). However, because ADC
is limited by the diffusion movement of water molecules that affected by the microstructure inside and
outside the cell and the in�uence of capillary micro perfusion, ADC cannot completely truly re�ect the
diffusion of water molecules inside and outside the cell. The multi b-value IVIM model proposed by Le
Bihan et al can obtain the D value that re�ects the real water molecule diffusion and can effectively
eliminate the in�uence of micro perfusion.And, D* and f values can also be obtained (20) to re�ect the
patients’ blood perfusion. At present, the correlation between IVIM and Ki-67 index has been applied to
malignant tumors such as extrahepatic cholangiocarcinoma, lung cancer, nasopharyngeal carcinoma
and rectal cancer. The results show that D has better correlation with Ki-67 than that of ADC. This study
found that the results are similar to above tumors and the difference of AUC value between D and ADC
value was not statistically signi�cant (Table 6). And in terms of sensitivity and speci�city, the results of D
is higher than that of ADC. The possible reason is that IVIM effectively eliminates the in�uence of
capillary micro perfusion on diffusion coe�cient compared with single index DWI. Based on the obvious
negative correlation between ADC and D value with Ki-67, the increase of Ki-67 expression may suggest a
stronger tumor cell proliferation activity, tighter cell arrangement, smaller extracellular space, higher
nucleocytoplasmic ratio and more organelles, which signi�cantly reduces the intracellular space, shows
more signi�cant restriction on the free diffusion of water molecules and therefore shows lower ADC and
D (21–24).

D* and f values mainly re�ect micro perfusion of new capillaries in tumor cell space, which is related to
cell density, cell necrosis and bleeding. The study found that there was a negative correlation between f
and Ki-67 in gastric adenocarcinoma and no signi�cant correlation was between D* and Ki-67. By
contradicting the related studies of lung cancer and nasopharyngeal carcinoma, the results of the study
is consistent with the similar research in extrahepatic cholangiocarcinoma and rectal cancer. In the study
on the correlation between lung cancer and nasopharyngeal carcinoma and Ki-67, there was no
correlation between D* and f with the expression of Ki-67, which may be out of the histopathological
differences. Histopathological differences of nasopharyngeal carcinoma is that prone to bleeding and
necrosis due to their strong proliferative ability and there is obvious heterogeneity in the proportion of
capillaries in the extracellular space due to the uncertainty of necrosis and bleeding. This might be one of
the reasons for the above results in gastric adenocarcinoma. And, because D* and f values mainly re�ect
extracellular micro perfusion, there is no direct correlation with cell density, which may explain why the
correlation between f with Ki-67 expression is not as good as the relationship between D and Ki-67 (25).
At present, although adenocarcinoma is the main type of lung cancer, current studies are mainly on the
differences between non-small cell lung cancer and small cell lung cancer. Due to many different
pathological types of non-small cell lung cancer, there are great differences in vascular proliferation in
intercellular space and the differences in degeneration and necrosis of lung cancer with different
pathological types and degrees of differentiation. Therefore, no correlation between D* and f with the
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expression of Ki-67 in lung cancer (21) can be well explained. As a result of gastric adenocarcinoma,
cholangiocarcinoma and rectal cancer are mainly adenocarcinoma, although the tissue structure
arrangement is more loose than nasopharyngeal carcinoma, it will further squeeze the space of
extracellular capillaries because it secretes more mucin, causing the proportion of microvascular
perfusion in the intercellular space is not high; the cell density increases as the increase of Ki-67, resulting
in the narrowing of microvascular space that accompanied by a certain degree of necrosis and bleeding,
which may be the reason for the negative correlation between f and Ki-67 (26–28). In gastric
adenocarcinoma, there is no signi�cant correlation between D * and Ki-67. The possible reason is that D*

is more signi�cantly related to the diameter of blood vessels, but not directly related to the number of
microvessels and cell proliferation. And the poor image quality and low signal-to-noise ratio of D* should
also be considered (Fig. 1D) (29).

However, this study has some limitations. First, there is no �nal conclusion about the optimal number of b
values and the optimal size of b values in IVIM sequence. More accurate results can be obtained by
increasing the number of b values. Secondly, the effect of different parameter combinations on
diagnostic e�cacy was not included in the study. Therefore, further studies should be conducted.

Conclusion
In conclusion, DWI and IVIM can effectively re�ect the proliferative characteristics of gastric
adenocarcinoma. D and ADC have higher diagnostic e�ciency than f. Therefore, IVIM and DWI are of
great signi�cance in deciding the treatment plan and judging prognosis of gastric adenocarcinoma.

Abbreviations
Intravoxel incoherent motion imaging (IVIM), apparent diffusion coe�cient (ADC), ture diffusion
coe�cient (D), perfusion fraction (f) and pseudo-diffusion coe�cient (D*).
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Figure 1

Measurement of DWI, IVIM and pathological images of gastric cancer patient (Man, 58 years old, poorly
differentiated adenocarcinoma of gastric antrum).  A-D images are ADC, D, f and D* images respectively
(D=1267mm2/s, ADC=1498mm2/s, f=389mm2/s, D*=205mm2/s).E: Microscopic pathological images
show poorly differentiated adenocarcinoma (HE staining ×200). F: Immunohistochemical staining image
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have shown that Ki-67 is brown particles under microscope (Ki-67 index was 40%) (immunohistochemical
staining ×200).

Figure 2

ROC curve analysis of ADC, D and f. The AUC of D and ADC are the highest (AUCD=0.923, AUCADC=0.901).
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