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Abstract: Objective: Peritoneal free cancer cells can negatively impact disease progression and patient outcomes in gastric cancer.
This study aimed to investigate the feasibility of using golden-angle radial sampling dynamic contrast-enhanced magnetic
resonance imaging (GRASP DCE-MRI) to predict the presence of peritoneal free cancer cells in gastric cancer patients.
Methods: All enrolled patients were consecutively divided into analysis and validation groups. Preoperative magnetic resonance
imaging (MRI) scans and perfusion were performed in patients with gastric cancer undergoing surgery, and peritoneal lavage
specimens were collected for examination. Based on the peritoneal lavage cytology (PLC) results, patients were divided into
negative and positive lavage fluid groups. The data collected included clinical and MR information. A nomogram prediction
model was constructed to predict the positive rate of peritoneal lavage fluid, and the validity of the model was verified based on
data from the verification group. Results: There was no statistical difference between the proportion of PLC-positive cases
predicted by GRASP DCE-MR and the actual PLC test. MR tumor stage, tumor thickness, and perfusion parameter Tofts-Ketty
model volume transfer constant (K,,,) were independent predictors of positive peritoneal lavage fluid. The nomogram model
featured a concordance index (C-index) of 0.785 and 0.742 for the modeling and validation groups, respectively. Conclusions:
GRASP DCE-MR could effectively predict peritoneal free cancer cells in gastric cancer patients. The nomogram model
constructed using these predictors may help clinicians to better predict the risk of peritoneal free cancer cells being present in
gastric cancer patients.
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1 Introduction cancer cells in the peritoneal cavity (Jamel et al.,

2018). A strategy of prioritizing chemotherapy can be

Gastric cancer cases in China are still ranked
among the top five of all cancers regarding incidence
and mortality (Wu et al., 2019). Peritoneal metastasis
is among the main factors affecting the prognosis
of patients with gastric cancer (Mezhir et al., 2010;
Riithiméki et al., 2016). Positive peritoneal lavage cy-
tology (PLC) has been proven to be the strongest
independent predictor of patient survival (Japanese
Gastric Cancer Association, 2011). Currently, PLC is
the most accurate diagnostic method for detecting free
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adopted to convert PLC status to negative before per-
forming radical surgery, which can greatly benefit
patient survival (Japanese Gastric Cancer Association,
2021; Valletti et al., 2021). However, the application
of preoperative chemotherapy is still limited due to
the invasive nature of peritoneal lavage, which is usu-
ally performed during surgical procedures. Although
the staging of the tumor before surgery has been at-
tempted by conventional computed tomography (CT)
and magnetic resonance imaging (MRI) based on
tumor size and surrounding conditions, small intraper-
itoneal metastases are still easily overlooked, resulting
in undesirable outcomes (Huang et al., 2015; Borg-
greve et al., 2019; Xu et al., 2019). Therefore, it is nec-
essary to evaluate the presence of peritoneal microme-
tastases by noninvasive methods before operation.
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Previous basic and clinical studies have demon-
strated that tumor hemodynamics are associated with
tumor aggressiveness and distant metastasis (Oh-E
et al., 2001; Offersen et al., 2003). The mechanism of
peritoneal metastasis in gastric cancer is still unclear
(Sun et al., 2017). The “seed and soil” theory has
been recognized as the basic theory of gastric cancer
metastasis (Yashiro et al., 1996), which states that
free cancer cells in the peritoneal cavity form meta-
static foci in this environment, forming the basis of
peritoneal metastasis in gastric cancer. Traditional im-
aging examinations are limited to morphologic assess-
ment that cannot determine the presence of peritoneal
micrometastases or free cancer cells. Previous studies
have suggested that free cancer cells in gastric cancer
can spread to the peritoneum through hematogenous
metastasis or directly detach from the tumor and im-
plant in the peritoneum (To et al., 2003). Tumor an-
giogenesis largely affects tumor growth and metastatic
pathways (Weidner, 1998; Wang et al., 2007). The dy-
namic contrast-enhanced (DCE)-MRI technique can
reflect the permeability and perfusion status of tumor
microvessels through perfusion parameters (Teo et al.,
2014; Feng, 2022). The Pharmacokinetics and Phar-
macodynamics Technical Committee and Imaging
Committee of the American Center for Experimental
Cancer Medicine reviewed and discussed the situation
of DCE-MRI in early clinical trials and recommended
the use of DCE-MRI to evaluate the vascular situa-
tion of tumors (Leach et al., 2012). A new, enhanced
scanning technology from Siemens, the golden-angle
radial sampling (GRASP) technique of MRI can ob-
tain high temporal resolution images and quantitative
data for drug metabolism kinetic modeling, providing
valuable data for tumor invasion assessment (Chanda-
rana et al., 2013; Feng et al., 2014).

This study intended to investigate the feasibility
of predicting PLC-positive probability using GRASP
DCE-MRI, in an attempt to provide a new non-
invasive auxiliary precision diagnosis method for gas-
tric cancer.

2 Materials and methods
2.1 Research subjects

We prospectively collected data of gastric cancer
patients who were hospitalized and treated at a gastro-
intestinal surgery facility (The First Affiliated Hospital

of Ningbo University, Ningbo, China) from January
2020 to June 2022. The inclusion criteria were: (1) di-
agnosis of gastric cancer confirmed by gastroscopy
and biopsy pathology; (2) absence of distant metasta-
ses confirmed by contrast-enhanced abdominal CT or
other imaging examinations; and (3) no history of anti-
tumor therapies. The exclusion criteria were: (1) un-
suitable for MRI examination; (2) patients with failed
MRI data acquisition or poor image quality that could
not be analyzed; and (3) distant metastases detected
by MRI examination.

During the study period, the data of a total of
127 gastric cancer patients with surgical indications
were collected, of which three patients with MRI con-
traindications, one patient with incomplete patho-
logical data, and two patients with distant metastases
found by MRI were excluded, resulting in a cohort of
121 (95.3%) patients. The first 70% of patients in-
cluded in the study (according to the time of their visit)
were designated as the modeling group, which in-
cluded 55 males and 30 females with a median age of
63 years (53-81 years). The remaining 30% were des-
ignated as the validation group, which was set up to
verify the reliability of the model. This group in-
cluded 19 males and 17 females with a median age of
65 years (59—80 years). The difference in age, gender,
hypertension, or diabetes incidence was not signifi-
cant between patients in the modeling group and the
validation group (P>0.05).

Patients in the modeling group were divided into
a negative lavage fluid subgroup (negative subgroup)
and a positive lavage fluid subgroup (positive sub-
group) according to the result of cytological test. The
difference in age, gender, hypertension, or diabetes in-
cidence was not significant (P>0.05) between patients
in the negative subgroup and the positive subgroup
(Table 1).

Basic patient data included age, gender, and
whether or not hypertension or diabetes were present.
Laboratory test data contained postoperative patholog-
ical grade and tumor type. All the above data were
collected in the electronic medical records system.

2.2 GRASP DCE-MRI

All enrolled patients underwent GRASP DCE-
MRI before surgery, and the obtained MRI images
were analyzed. According to the MRI data, the preop-
erative tumor-node-metastasis (TNM) imaging stag-
ing of gastric cancer was performed. Preoperative
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Table 1 Comparison of characteristics and parameters between positive and negative subgroups

Characteristic Total Positive subgroup Negative subgroup ~ Test value P value
Case load (n (%)) 85 16 (18.8) 69 (81.2)
Age (years) 63 (53-81) 64 (54-77) 62 (48-79) 0.566" 0.574
Gender (male (%)) 55(64.7) 10 (11.8) 45 (52.9) 2.773° 0.096
Hypertension (n (%)) 32 (37.6) 18 (21.2) 14 (16.5) 0.83° 0.975
Diabetes (1 (%)) 24 (28.2) 11 (12.9) 13 (15.3) 1.24° 0.500
Thickness (mm) 3.03+2.75 2.61£1.98 7.43° <0.05
Perfusion parameter
K., (min™) 0.32+0.18 0.28+0.27 -0.793¢ 0.006
K., (min™) 1.82+1.28 1.83+1.70 -0.026° 0.144
14 0.19+0.09 0.16+0.10 -0.209° 0.107
1AUC 0.13+0.06 0.12+0.07 0.238° 0.037
T stage (n (%)), A/B’
T, 9 (10.6)/8 (9.4) 0/0 9(10.6)/8 (9.4) 13.78% <0.001/
T, 27 (31.8)/29 (34.1) 5(5.9)/4 (4.7) 22 (25.9)/25 (29.4) 11.16° <0.001
T, 49 (57.6)/48 (56.5) 11 (12.9)/11 (12.9) 38 (44.7)/37 (43.5)
N stage (n (%)), A/B’
N, 29 (34.1)/28 (32.9) 6 (7.0)/6 (7.0) 23 (27.1)/22 (25.9) 1.158Y 0.245/
N, 35 (41.2)/40 (47.0) 7(8.2)/9 (10.6) 28 (32.9)/31 (36.5) 0.306° 0.857
N, 21 (24.7)/17 (20.0) 3(3.5)/3 (3.5 18 (21.2)/14 (16.4)
Histological grade (n (%))
Low differentiated 18 (21.2) 5(5.9) 13 (15.3) -0.117¢ 0.206
Medium-low 24 (28.2) 447 20 (23.5)
Medium 12 (14.1) 2(24) 10 (11.8)
Medium-high 22 (25.9) 3(3.5) 19 (22.4)
Highly 9 (10.6) 2(24) 7(8.2)
Lauren classification (1 (%))
Intestinal type 17 (20.0) 2(2.4) 15 (17.6) 9.051° <0.05
Diffuse type 37 (43.5) 10 (11.8) 27 (31.8)
Mixed type 16 (18.8) 447 12 (14.1)

* Z value of U test; ® y* value of j* test; © ¢ value of rtest; ¢ H value of Kruskal-Wallis (K-W) rank sum test; ~ A is TN stage of magnetic

resonance imaging (MRI) diagnosis, and B is TN stage of postoperative pathology. K.
constant; V: extravascular volume; iAUC: incremental area under curve.

peritoneal lavage fluid was collected and cytological
tests were conducted.

The study used the Vida 3.0T MRI Magnetom
(Siemens, Germany) and a 64-channel abdominal coil.
Patients were asked to fast for 6 h before the examina-
tion, and 10—15 min prior to the examination, they
were intramuscularly administered 10 mg of atropine
sulfate injection (654-2, Hangzhou Minsheng Pharma-
ceutical Co., Ltd., China). Patients were then instructed
to drink 500-1000 mL of warm water to fill their
stomach before the scan. They were asked to take the
supine position with the head first, and the coil center
was placed approximately 3 cm below the xiphoid
process. The scanning parameters included conven-
tional spin-echo sequence axial T1-weighted imaging

: Tofts-Ketty model volume transfer constant; K, rate

trans

(T1WI), T2WI, diffusion-weighted imaging (DWI) se-
quence, coronal and sagittal T2WI, and axial and cor-
onal enhanced T1WI. The scanning parameters were as
follows: T1WI, repetition time (TR) 3.5-4.2 ms, echo
time (TE) 1.23-2.57 ms; T2WI, TR 1400-6500 ms,
TE 44-107 ms; DWI sequence, TR 6500-8400 ms,
TE 44-120 ms. The slice thickness was 3 mm, the
slice interval was 1 mm, the matrix was 256x256,
and the scanning field was 380 mmx380 mm. The
number of layers was determined based on the ac-
tual size of the gastric cavity. GRASP scanning was
chosen for the enhanced scan, with scanning parame-
ters of TIWI (TR 3.5 ms, TE 1.23 ms) and other axial
T1WI sequences. The contrast agent was gadolinium-
diethylenetriamine penta-acetic acid (Gd-DTPA), with
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a dose of 0.1 mmol/kg, administered via a high-
pressure injector through the elbow vein at a flow rate
of 2 mL/s. Axial TIWI scans were performed imme-
diately after contrast agent injection, and the total
GRASP scanning time was about 5 min, resulting in
40 phases of reconstructed images.

The patient MRI images were analyzed and diag-
nosed on the eWord Picture Archiving and Communi-
cation System (PACS) V4 (Tomorrow Medical Net-
work Technology Co., Ltd., Ningbo, China) by two di-
agnostic radiologists with more than ten years of ex-
perience each for the TNM staging of gastric cancer
and excluding patients with >M,. If the two radiolo-
gists had inconsistent judgments, a third diagnostician
with more than 20 years of experience would be invited
to jointly interpret the images.

A radiologist with more than five years of experi-
ence measured the maximum thickness of the tumor on
the GRASP DCE sequence, which is the maximum
thickness perpendicular to the tangent of the tumor
and the adjacent normal gastric wall, on the PACS
system. The average value of the two measurements
or more than three times was taken if the mass had ir-
regular borders, and the two or three measurements of
the same lesion were taken at different time. The 40
phase images were imported into the MR Tissue 4D
post-processing module for image post-processing
using Verio Magnetom (Siemens, Germany), and the
edge of the gastric cancer lesion was manually outlined
as the region of interest (ROI) for the solid tumor,
avoiding areas such as large blood vessels, cystic

(a)

degeneration, and necrosis. Using the classic drug me-
tabolism kinetics model (Bell et al., 2011), i.e., the
Tolfs model, the software automatically calculated the
perfusion parameters of the selected ROI at different
rate modes: Tofts-Ketty model volume transfer con-
stant (K,,.), extravascular volume (V)), rate constant
(K,), and incremental area under curve (IAUC), as
shown in Fig. 1. The perfusion parameter values under
slow mode were selected, three different planes of the
lesion were outlined for each case, and the average
value of each parameter was calculated.

2.3 Preoperative collection and peritoneal lavage
fluid detection

The patient was placed in a head-low and foot-
high position. After entering the abdominal cavity and
locating the tumor position, but before the start of rad-
ical gastrectomy, the transverse mesocolon was lifted,
500 mL of physiological saline (37 °C) was injected
into the upper region of the transverse colon around
the stomach, and the lavage fluid was suctioned out
of the stomach, spleen, and liver using a negative
pressure aspirator and then aspirated into a clean spec-
imen bag. If ascites were present, they were directly
withdrawn and mixed with the peritoneal lavage fluid
for examination.

The peritoneal fluid specimens were tested within
1 h after collection. The PLC test results and diagnos-
tic criteria were as follows: the results were divided in-
to two categories, positive and negative, according to
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Fig. 1 Diagrams of ROI and concentration cure. (a) The manually delineated ROI of the tumor GRASP DCE sequence,
with green (ROI1) representing the tumor region. (b) The time—concentration curve and perfusion parameter values of the
local area of the tumor. ROI: regions of interest; GRASP: golden-angle radial sampling; DCE: dynamic contrast-enhanced;
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under curve.

Tofts-Ketty model volume transfer constant; K : rate constant; V: extravascular volume; iAUC: incremental area



whether cancer cells were detected under a micro-
scope. Positive results were recorded when cancer cells
were found under the microscope, and negative re-
sults were obtained when cancer cells were absent,
with only a few atypical cells visible, or other exclu-
sionary positive results.

2.4 Study design

The differences between patients in the model-
ing group and the validation group were compared
with regards to basic data, MR perfusion parameters,
tumor thickness, TNM staging of MRI, and postopera-
tive pathological results. Then, a nomogram predic-
tion model was constructed to predict the positive rate
of PLC, and the validity of the model was verified by
data from the verification group. A flowchart of the
whole study design is briefly shown in Fig. 2.

Screen cases according to
inclusion criteria

lQuaIified

Perform MR plain+GRASP
contrast-enhanced scan

Eliminate the unsatisfactory image

v v v

MR images be Peritoneal lavage be Import the GRASP
diagnosed and TNM | | performed prior to the| [image post-processing
staging be performed operation software

Cytological test
v

’Positive subgroup‘ ‘Negative subgroup‘

I | 3

A Count perfusion
Collect postoperative parameter
pathological results r

[
v

Construct nomogram model ‘

v

Implement internal and external validations
of the nomogram model

Delineate ROI and
generate perfusion
curve

Fig. 2 Schematic diagram of study design. MR: magnetic
resonance; GRASP: golden-angle radial sampling; TNM:
tumor node metastasis; ROI: region of interest.

In order to obtain the accuracy of model data, we
also compared the difference and correlation of vari-
ables between the positive subgroup and the negative
subgroup in the experimental group, and gradually
screened meaningful variables for analysis.
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2.5 Statistical analysis

Statistical analysis was conducted using SPSS
25.0 software (IBM Corp, NY, USA). Count data
were expressed as frequency (percentage), while nor-
mally distributed metric data were expressed as mean+
standard deviation (SD). Comparisons between the
PLC-positive and -negative groups were conducted
using t-tests for normally distributed data, and median
(quartile) was used for non-normally distributed data.
The Kolmogorov-Smirnov (K-S) test was employed
to determine if variables were normally distributed,
while the homogeneity of variance was assessed by
Levene’s test. The Kruskal-Wallis (K-W) rank sum
test was chosen for categorical data. Binary logistic
regression analysis was performed to identify inde-
pendent predictive factors affecting PLC positivity,
where the multicollinearity diagnosed and weakly cor-
related variables were removed using stepwise regres-
sion. The obtained significant prediction factors were
used to build a nomogram, which was drawn using
the rms function of the software package R 4.1.0. Re-
ceiver operating characteristic (ROC) curve and con-
cordance index (C-index) were implemented to mea-
sure the differentiation. The C-index calibration chart
Hosmer-Lemeshow test and decision curve analysis
(DCA) were utilized in the prediction group and the
verification group, respectively, to verify the efficiency
of the nomogram. Values of P<0.05 indicated statisti-
cally significant differences.

3 Results

3.1 Comparison of the results of PLC test and
predictand by GRASP DCE-MRI

Among all enrolled patients, the number of posi-
tive PLC test results was 23 (19.0%) by a laboratory
test, and the number of positive PCL test results pre-
dicted by GRSP DCE-MRI was 20 (16.5%), with no
statistical difference between them (’=7.26, P=0.95).
Specific data were presented in Table 2.

3.2 Comparison of PLC-positive rate between the
modeling group and the validation group

No significant difference was established in the
positive rate of PLC between the modeling group and
the validation group (16/85 (18.8%) vs. 7/36 (19.4%),
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Table 2 Comparison of positive number predicted by
GRASP MRI and PLC test results

GRASP MRI- Testing result
predicted value PLC-positive PLC-negative
PLC-positive 19 (15.7%) 1(0.8%)
PLC-negative 4 (3.3%) 97 (80.2%) 101 (83.5%)
23 (19.0%) 98 (81.0%) 121 (100.0%)

GRASP: golden-angle radial sampling; MRI: magnetic resonance
imaging; PLC: peritoneal lavage cytology.

Summation
20 (16.5%)

Summation

1'=0.801, P=0.371). In the modeling group, the agree-
ment rates of MRI T stage and postoperative patho-
logical stage and MRI N stage and postoperative path-
ological stage were 97.6% (83/85) and 94.1% (80/85),
respectively. The positive rate of peritoneal lavage
fluid in the modeling group was 18.8% (16/85). There
was no significant difference in age (P=0.574), gender
(P=0.096), hypertension (P=0.975), diabetes (P=0.500),
or N stage (P=0.245) between the positive and nega-
tive subgroups. There were significant differences in
the perfusion parameters of K, iIAUC, tumor thick-
ness, Lauren classification, MRI T stage, and patho-
logical T stage between the positive and negative sub-
groups (P<0.05), which were determined as potential
predictive factors for PLC positivity, as shown in
Table 1.

3.3 Multivariate analysis of PLC positivity in the
modeling group

Multivariate analysis was conducted on PLC posi-
tivity in the modeling group. Variables with P<0.05 in
Table 1 were analyzed by univariate binary logistic re-
gression to evaluate the correlation between each vari-
able and PLC positivity. The results showed that K,

rans?

1AUC, tumor thickness, and MRI T stage were all cor-
related with PLC positivity. Variables with P<0.05
were selected by stepwise regression for bidirectional
screening, and iAUC (7=0.96) with multicollinearity
with K. was eliminated. The remaining variables
were further included in multivariate binary logistic
regression analysis. The results showed that K,
tumor thickness, and MRI T stage were still correlated
with PLC positivity (P<0.05). The data for all the lo-
gistic regression results were presented in Table 3.
The variance inflation factor values of these variables
in the collinearity test were all less than 5, indicating
that there was no multicollinearity among them, and
that K., tumor thickness, and MRI T stage were in-

trans?

dependent risk factors for PLC positivity.

3.4 Construction and validation of a prediction
model for peritoneal carcinomatosis

A nomogram was constructed to predict perito-
neal carcinomatosis in gastric cancer, using the three
aforementioned factors (Fig. 3). A perpendicular line
was drawn towards the point line from each predictor
to identify the specific value of each variable. The total
score was calculated by adding the matching points
for each parameter in the nomogram, which was then
transformed into a probability of PLC positivity. For
example, in patients with MRI T stage of 4 and K
of 0.5 min™', the mass thickness was 30 mm and the
total score was 90, corresponding to a positive predic-
tive value of >90%.

The C-index of the nomogram model was 0.785
(95% confidence interval (CI): 0.574-0.869), and
internal validation using bootstrap resampling with

Table 3 Univariate and multivariate logistic regression analyses of peritoneal lavage cytology (PLC)-positive predictors

Univariate logistic regression

Multivariate logistic regression

Variate OR (95% CI) P OR (95% CI) P
Age 0.972 (0.866—1.265) 0.784
K, (min™) 0.100 (0.009-0.168) 0.020 1.185 (0-2.029) 0.006
K, (min™") 1.262 (0.594-3.032) 0.533
V. 0.920 (0.558-1.623) 0.036
1AUC 1.772 (0.653-2.987) 0.048
Thickness 1.040 (1.000-1.082) 0.032 1.933 (0.854-0.981) 0.029
Gender 0.807 (0.209-2.633) 0.453
T stage 2.400 (2.130-4.693) <0.001 0.003 (0-0.673) 0.023
N stage 1.225 (1.063-0.856) 0.010 0.549 (0.383-5.692) 0.543
Histological grade 0.574 (0.421-2.718) 0.428
Lauren classify 1.732 (0.993-3.085) 0.047 0.816 (0.462—1.433) 0.525

OR: odds ratio; CI: confidence interval; K_ _: Tofts-Ketty model volume transfer constant; KCP: rate constant; V: extravascular volume; iAUC:

trans®

incremental area under curve.
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1000 iterations yielded a calibration plot with an index
of 0.746 (>0.7), indicating good predictive perfor-
mance. The calibration plot and Hosmer-Lemeshow
test (x’=2.59, P=0.738) for the validation group dem-
onstrated high predictive accuracy of the nomogram
(Fig. 4).
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Fig. 3 Nomograms for prediction of peritoneal lavage
cytology (PLC)-positive rate in patients with gastric cancer.
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Fig. 4 Calibration charts of the nomogram model predicting
positive peritoneal lavage cytology (PLC) of gastric cancer
patients. (a) Modeling group; (b) Validation group.

J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2024 25(7):617-627 | 623

External validation using the validation dataset
showed a C-index of 0.742 (95% CI. 0.632—-0.845) for
the model, indicating good discrimination ability. ROC
and DCA showed a good clinical utility of the nomo-
gram model (Figs. 5 and 6).
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Fig. 5 Receiver operating characteristic curves of positive
peritoneal lavage cytology (PLC) of gastric cancer patients
predicted by nomogram model. (a) Modeling group;
(b) Validation group.

4 Discussion

In this study, we explored the applicability of
MRI images with higher soft tissue resolution com-
bined with its perfusion parameters to determine the
probability of positive PLC. The employed Siemens
GRASP DCE application scanner is equipped with a
BioMatrix system for compressed sensing imaging,
and a radial acquisition method with a 111.25° golden
angle K-space filling method was applied, allowing
patients to provide high signal-to-noise ratio images
without breath holding, achieving high temporal and
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Fig. 6 Decision curve analyses of peritoneal lavage cytology
(PLC)-positive nomogram of gastric cancer patients.
(a) Modeling group; (b) Validation group.

spatial resolution scans (Benkert et al., 2018), and
greatly improving the accuracy of quantitative blood
flow dynamics in gastric cancer (Li et al., 2018). Lo-
gistic regression analysis showed that the T stage,
tumor thickness, and perfusion parameter K, of gas-
tric cancer GRASP DCE-MRI were independent pre-
dictors of PLC positivity, which were used to con-
struct a column chart predicting the PLC positivity
rate. The efficacy of the model was confirmed in the
validation group.

The transfer constant K, among the MR perfu-
sion parameters refers to the rate constant of contrast
agent molecules moving from the intravascular space
to the extravascular interstitial space, which is related
to the permeability of blood vessels and the surface
area of endothelial cells. The data from this study
showed that the K, value in the experimental group
of gastric cancer patients who had a positive result in
the peritoneal lavage fluid was significantly higher
than that in the negative group, and K, was related
to the histological differentiation degree, consistent
with previous domestic and foreign studies (la Torre
et al., 2010; Song and Xue, 2015), suggesting that the
higher the malignancy degree of advanced gastric can-
cer tumor, the faster the rate of intravascular substance

permeation into the tissue interstitium. Possibly due
to the incomplete structure of neovascular walls in
gastric cancer tissue, the higher the malignancy de-
gree, the stronger the vascular permeability, and the
greater the risk of cancer cells traveling through the
bloodstream. ¥, indirectly reflects the permeability of
the vascular wall in the extravascular interstitial space,
and K refers to the rate at which the contrast agent
returns to the intravascular space. There was no statis-
tically significant difference in ¥, or K, between the
positive and negative groups in the modeling group,
possibly due to the complex texture of the tumors and
the uneven distribution of necrosis, resulting in an in-
consistent extracellular environment of tumor cells.
Further research is needed to clarify this result.

In this study, the accuracy of MR TN staging for
gastric cancer was greatly improved in terms of post-
operative pathological gold standard compared to
other imaging examinations. Preoperative tumor stag-
ing was based on CT, and it showed that the specificity
of predicted results was less than 60% (Xu et al.,
2019). The conventional staging sensitivity of MR is
also unsatisfactory (Huang et al., 2015). Although
positron emission tomography (PET)-CT improves
sensitivity to about 70% (Brenkman et al., 2018), its
specificity is still lower than that of our findings
(78.5%). This illustrates the tremendous value of
GRASP DCE technology in tumor staging of preoper-
ative application for gastric cancer.

Clinical practice and previous studies have con-
firmed the correlation between T stage and peritoneal
implantation metastasis (de Andrade and Mezhir,
2014). The MRI TN stage was included as a variable
in our study, and the differences between positive and
negative PLC results were analyzed. The statistical re-
sults showed that the MRI T stage level was a signifi-
cant predictor of positive peritoneal lavage fluid, con-
sistent with previous findings (Song and Xue, 2015),
while the N stage of MRI and postoperative pathology
had no correlation with the results of peritoneal la-
vage fluid, indicating that lymph node metastasis may
not directly affect tumor hematogenous metastasis
or the shedding of malignant cells on the serosal sur-
face, which is inconsistent with the previous results
reported by Yue et al. (2017). We will continue to evalu-
ate and verify this issue by expanding the sample size.

The present study considered tumor thickness in-
stead of tumor size, as gastric cancer tumors are irregu-
lar in shape and infiltrated in the stomach wall with



multiple creeping, making the surface area of the tumor
difficult to measure. Meanwhile, tumor thickness can
reflect the tumor’s growth status and malignant de-
gree to some extent (Tsuda et al., 1995). In future
studies, we will attempt to use third-party software to
assist in measuring tumor volume or surface area to
further improve research accuracy.

Studies have demonstrated that diffuse-type gas-
tric cancer in the Lauren classification is more prone to
infiltration and peritoneal metastasis than other types
(Ma et al., 2017; del Arco et al., 2022), consistent
with our results. The possible reason is that diffuse-
type gastric cancer tissue lacks a clear epithelial belt,
with cancer cells individually wrapped in fibrous con-
nective tissue, resulting in poor adhesion and a higher
risk of shedding. In this study, the K, value in diffuse-
type gastric cancer was higher than those in other
types, possibly due to more inflammation and edema
or connective tissue proliferation in other types (Ma
et al., 2016), affecting vascular permeability and
therefore the contrast agent’s penetration rate. If pre-
operative endoscopic pathology can obtain the gastric
cancer Lauren classification and include it in regres-
sion analysis, the prediction results may become more
accurate.

Japanese guidelines have indicated that the treat-
ments of gastrectomies performed by PLC-positive
patients were non-radical operations (Japanese Gastric
Cancer Association, 2021), suggesting the addition of
neoadjuvant chemotherapy. Based on these guidelines
and the findings of this study, we conclude that addi-
tional neoadjuvant chemotherapy could be considered
to improve treatment outcomes for patients with gas-
tric cancer who are staged as T, and have a thick-
ness greater than 20 mm and a K, value greater
than or equal to 0.4 min™, as determined by GRASP
DCE-MRI.

There are several limitations of this study. Firstly,
this was a single-center study, and hence the results
may be biased to a certain extent. Additionally, the ad-
opted PLC test has a certain false-negative rate. Liter-
ature has shown that PCR and other detection tech-
niques can improve the positive detection rate of shed
cells (Ito et al., 2005; Xiao et al., 2014). In future ex-
periments, we will use more accurate PLC detection
technology to further improve the reliability of the
predictions. Although the MRI parameters generated
by this study had a favorable predictive performance,
further case verification is still needed to validate its
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predictive ability. We will continue to recruit patients
and expand the sample size, and also try to use third-
party software to quantify the MRI signal and estab-
lish an automatic staging model, in order to conduct a
more accurate prediction of peritoneal metastasis of
gastric cancer in combination with perfusion. Further
case verification is still needed to validate the predic-
tive ability of GRASP DCE-MRIL

In summary, GRASP DCE-MRI and perfusion
parameters could predict the probability of peritoneal
free cancer cells in patients with gastric cancer. The
nomogram model constructed using these predictors
may help clinicians to better predict the risk of perito-
neal free cancer cells in gastric cancer patients and
guide clinical decision-making. Therefore, this non-
invasive method has the potential to improve patient
outcomes.
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