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Abstract

BACKGROUND

Peritoneal metastasis (PM) after primary surgery for colorectal cancer (CRC) has
the worst prognosis. Prediction and early detection of metachronous PM (m-PM)
have an important role in improving postoperative prognosis of CRC. However,
commonly used imaging methods have limited sensitivity to detect PM early. We
aimed to establish a nomogram model to evaluate the individual probability of m-
PM to facilitate early interventions for high-risk patients.

AIM
To establish and validate a nomogram model for predicting the occurrence of m-
PM in CRC within 3 years after surgery.

METHODS

We used the clinical data of 878 patients at the Second Hospital of Jilin University,
between January 1, 2014 and January 31, 2019. The patients were randomly
divided into training and validation cohorts at a ratio of 2:1. The least absolute
shrinkage and selection operator (LASSO) regression was performed to identify
the variables with nonzero coefficients to predict the risk of m-PM. Multivariate
logistic regression was used to verify the selected variables and to develop the
predictive nomogram model. Harrell’s concordance index, receiver operating
characteristic curve, Brier score, and decision curve analysis (DCA) were used to
evaluate discrimination, distinctiveness, validity, and clinical utility of this
nomogram model. The model was verified internally using bootstrapping method
and verified externally using validation cohort.

RESULTS
LASSO regression analysis identified six potential risk factors with nonzero coeffi-
cients. Multivariate logistic regression confirmed the risk factors to be indep-
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endent. Based on the results of two regression analyses, a nomogram model was established. The
nomogram included six predictors: Tumor site, histological type, pathological T stage,
carbohydrate antigen 125, v-raf murine sarcoma viral oncogene homolog B mutation and microsatellite
instability status. The model achieved good predictive accuracy on both the training and
validation datasets. The C-index, area under the curve, and Brier scores were 0.796, 0.796 [95%
confidence interval (CI) 0.735-0.856], and 0.081 for the training cohort and 0.782, 0.782 (95%Cl
0.690-0.874), and 0.089 for the validation cohort, respectively. DCA showed that when the
threshold probability was between 0.01 and 0.90, using this model to predict m-PM achieved a net
clinical benefit.

CONCLUSION
We have established and validated a nomogram model to predict m-PM in patients undergoing
curative surgery, which shows good discrimination and high accuracy.

Key Words: Colorectal cancer; Metachronous peritoneal metastasis; Risk factor; Nomogram

©The Author(s) 2023. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: The prediction and early detection of metachronous peritoneal metastasis remain a difficult task
in clinical practice. Conventional imaging modalities have limited sensitivity for detecting peritoneal
nodules < 5 mm in diameter. Second-look surgery may be an alternative means for early detection of PM;
however, its invasive nature and surgical complications mean that this approach should only be applied to
high-risk patients. The present study aimed to develop a nomogram to help surgeons screen out high-risk
patients and select appropriate individualized follow-up and treatment strategies.

Citation: Ban B, Shang A, Shi J. Development and validation of a nomogram for predicting metachronous
peritoneal metastasis in colorectal cancer: A retrospective study. World J Gastrointest Oncol 2023; 15(1): 112-127
URL: https://www.wjgnet.com/1948-5204/full/v15/i1/112.htm

DOI: https://dx.doi.org/10.4251/wjgo.v15.i1.112

INTRODUCTION

Colorectal cancer (CRC) ranks third among global cancers in terms of its mortality with more than
850000 deaths annually and metastasis is one of the most common causes for death in CRC[1]. After the
liver, the peritoneum is the second most common metastatic site for CRC spread[2,3]. Approximately
10%-25% of patients with CRC develop peritoneal metastasis (PM) after initial diagnosis[4]. Compared
with other CRC metastatic sites, PM is associated with poorer progression-free survival and overall
survival[5,6]. As a result, in the 8" edition of the tumor, node, metastasis staging system published by
the American Joint Committee on Cancer, PM was classified as M1c since it has a worse prognosis when
compared with patients with one distant organ metastasis (M1a) and those with more than one distant
organ metastasis (M1b)[7]. PM of CRC can be divided into synchronous and metachronous PM[8]. In m-
PM, peritoneal recurrence occurs after primary surgery[9,10]. The prediction and early detection of m-
PM have an important role in improving postoperative prognosis of CRC, because surgeons are more
likely to achieve complete cytoreduction (CCR-0) in patients with lower peritoneal cancer index (PCI)
values[11]. Cytoreduction surgery (CRS) plus hyperthermic intraperitoneal chemotherapy (HIPEC) and
systemic treatment have been widely applied in the treatment of early m-PM from CRC, and have
markedly improved the oncological outcomes[12,13].

However, conventional imaging modalities have limited sensitivity for detecting peritoneal nodules <
5 mm in diameter, making it difficult to detect PM early[14]. Second-look surgery may be an alternative
means for early detection of PM. However, its invasive nature and surgical complications mean that this
approach should only be applied to high-risk patients[14,15]. Previous research has demonstrated that
several clinicopathological factors including T4 tumor, mucinous adenocarcinoma and signet-ring cell
carcinoma are closely related to m-PM[16]. However, few studies have reported the genetic alterations
of m-PM. A reliable and integrated predictive model is needed to evaluate the risk of developing m-PM
and improve the management of high-risk patients. A nomogram is a simple and practical scoring
system that is mainly used for predicting risk and evaluating prognosis, with good clinical application
[17]. The present study aimed to develop a nomogram to help surgeons screen out high-risk patients
and select appropriate individualized follow-up and treatment strategies.
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MATERIALS AND METHODS

Patients

The study was approved by the Ethics Committee of the Second Hospital of Jilin University and carried
out in line with the Declaration of Helsinki. Patients were carefully selected, and finally, 878 patients
with CRC undergoing curative-intent resection were considered to be eligible between January 1, 2014
and January 31, 2019, at the Colorectal Center of Jilin University. The inclusion criteria were as follows:
Primary CRC confirmed by colonoscopy and biopsy; American Society of Anesthesiologists Grades I-III;
no signs of distant metastasis based on imaging examinations as well as intraoperative exploration; no
history of other malignancy; patients undergoing curative-intent resection; and patients undergoing
tumor kirsten rat sarcoma viral oncogene homolog (KRAS), neuroblastoma RAS viral oncogene
homolog (NRAS) and v-raf murine sarcoma viral oncogene homolog B (BRAF) mutation testing as well
as microsatellite instability (MSI) analysis. Patients were excluded if they underwent emergency
surgery, had synchronous peritoneal metastasis (s-PM) before resection, rectal cancer below the
peritoneum, were treated with neoadjuvant chemotherapy or radiotherapy, or had incomplete follow-
up data. At present, there is no international consensus concerning the defining time points of s-PM and
m-PM[10]. The most common method is to adopt initial surgery as the cutoff point for distinguishing
between s-PM and m-PM[9,10,18], which was adopted in this study.

The preoperative clinical stage was determined by physical examination, chest-abdominal computed
tomography (CT), and colonoscopy. The postoperative examination follow-up protocol included an
evaluation of serum tumor marker every 3 mo, thoracoabdominal CT every 6 mo, and colonoscopy
every 12 mo. The occurrence of m-PM within 3 years after curative surgery was defined as the target
event for this predictive model. m-PM was diagnosed by laparoscopic exploration or imaging
examination. In the present study, follow-up was terminated if the patients were diagnosed with m-PM
and remaining patients were followed up for 3 years. All follow-up was completed on January 31, 2022.

m-PM-related variables

A total of 23 potential risk factors for m-PM were evaluated. These included: Gender; age at the time of
surgery (= 60 years or < 60 years); body mass index (= 25 kg/m?or < 25 kg/m?); preoperative ascites;
surgical method (laparoscopic or open); number of examined lymph nodes (= 12 or < 12); anastomotic
leakage; tumor site (right colon, left colon, or rectum); tumor size (= 5 cm or < 5 cm); tumor type (ulcer
type, uplift type, or infiltrating type); differentiation (well/moderate or poor/undifferentiated);
histological type (adenocarcinoma, mucinous adenocarcinoma, or signet-ring cell carcinoma);
pathological T stage; pathological N stage; neural invasion; vascular invasion; preoperative serum
tumor marker [carcinoembryonic antigen, carbohydrate antigen 125 (CA125) and carbohydrate antigen
19-9], KRAS, NRAS or BRAF mutation, and MSI status.

All tumors were grouped according to their primary location as right colon (from cecum to transverse
colon), left colon (from splenic flexure to sigmoid colon), and rectum. The tumor type was classified
into: ulcer type (tumor grew deep into the intestinal wall and infiltrated around it, forming a crater-like
ulcer with a raised edge); uplift type (tumor grew into the lumen of the intestine); and infiltrating type
(tumor grew invasively within the wall of the intestinal tract, causing stiffness of the intestinal wall).
The MSI analysis was performed using the five Bethesda instability markers BAT-25, BAT-26, D55346,
D25123, and D175250. Tumors expressing more than one instability marker were classified as high-
frequency (MSI-H), those expressing only one instability marker were classified as low frequency (MSI-
L), and those which did not express any markers were classified as stable (MSS). The MSI-L and MSS
cases were included in the same group (MSI-L/MSS) because no significant difference in treatment
outcomes was observed between the two variables in previous studies[19].

Statistical analysis

All data were analyzed using SPSS version 26.0 and R version 4.0.3. The categorical variables were
presented as numbers and percentages. The patients were randomly divided into training and
validation cohorts at a ratio of 2:1 using a random split-sample method. The ranked data were analyzed
using the Mann-Whitney U test. The y? and Fisher’s exact tests were used to compare the categorical
variables. Least absolute shrinkage and selection operator (LASSO) regression was performed to
identify the variables with nonzero coefficients to predict the risk of m-PM[17,20]. Based on the results
of the LASSO regression, multivariate logistic regression was used to verify the selected variables and to
develop the predictive nomogram model. For all statistical tests, P < 0.05 was deemed statistically
significant.

Various tests were performed to assess the performance of the developed nomogram. The discrim-
inative performance of the model was evaluated using C-index and AUC. The C-index and AUC range
from O to 1, and a higher value indicates that the model has a higher differentiation performance[21].
The Brier score was used to determine the predictive validity of the model. A Brier score < 0.25 indicates
that the model can correctly predict the occurrence of the target event. When the score of the model is
between 0 and 0.25, the closer the score is to 0, the better the model performance[22]. The model was
verified internally using a bootstrapping method with 1000 resamples. A calibration plot was used to
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evaluate the consistency between actual and predicted probability. The performance of the model was
validated externally using a validation cohort. Decision curve analysis (DCA) was used to evaluate the
clinical utility of the model based on net benefits at different threshold probabilities[23].

RESULTS

Patient demographics

A total of 1874 patients underwent surgery for CRC between January 1, 2014, and January 31, 2019, at
the Second Affiliated Hospital of Jilin University. A total of 1406 patients met the inclusion criteria for
further analysis. From this cohort, 528 patients were found to be ineligible for the study because they
underwent emergency surgery (n = 87), had rectal cancer below the peritoneum (n = 304), s-PM (n = 39),
received preoperative chemotherapy or radiotherapy (n = 54), or had incomplete clinical data (n = 44)
(Figure 1). Finally, 878 patients were enrolled in the study. The eligible patients were randomly assigned
to the validation (n = 586) and training (1 = 292) cohorts. The 3-year cumulative incidence of m-PM was
11.1% (65/586) in the training cohort and 9.9% (29/292) in the validation cohort. However, the
difference was not significant (P = 0.600). Correlations between various clinicopathological factors in the
two cohorts are summarized in Table 1. Patients” characteristics did not show any significant difference
between the two cohorts.

Feature selection

Among the 23 variables, six potential risk factors with nonzero coefficients were identified by LASSO
regression analysis, including tumor site, histological type, pathological T stage, CA125, BRAF
mutation, and MSI status (Figure 2). Multivariate logistic regression identified right colon cancer, pT4,
histological type of mucinous adenocarcinoma and signet-ring cell carcinoma, elevated CA125, BRAF
mutation, and MSI-H as independent risk factors for m-PM (Table 2).

Development and validation of the m-PM predictive nomogram

The m-PM predictive nomogram for CRC patients developed based on the multivariate regression
analysis is illustrated in Figure 3. The scores for the tumor site were rectal cancer = 0, left colon cancer =
32, and right colon cancer = 72. For the histological subtype, the scores were adenocarcinoma = 0,
mucinous adenocarcinoma = 57, and signet-ring = 97. For pathological T stage, the scores were T1 =0,
T2 =31, T3 = 43, and T4 = 100. For CA125, the scores were normal level = 0 and elevated level = 40. For
BRAF mutation, the scores were wild type = 0 and mutation = 49. For MSI status, the scores were MSI-
L/MSS = 0 and MSI-H = 49. We evaluated the scores of all patients and used the receiver operating
characteristic curve and Youden index to identify the optimum cutoff value of this model. This cutoff
value was 168. All patients were divided into two subgroups: Low-risk group (total score < 168) and
high-risk group (total score > 168) (Table 3). Most of the patients (712 cases, 81.1%) were classified into
the low-risk group. The percentage of patients developing m-PM in this subgroup was 5.6%. Using this
simple grouping mothed, our nomogram model can achieve a high negative predictive rate (94.4%). The
calibration curve showed good consistency between the predicted and actual observed outcomes since
the bias-corrected curve was close to the ideal curve (Figure 4). The model achieved a good predictive
accuracy on both the training and validation datasets. The C-index, AUC and Brier scores were 0.796,
0.796 (95%CI 0.735-0.856) and 0.081, and 0.782, 0.782 (95%CI 0.690-0.874) and 0.089 for the training
cohort, respectively (Figure 5). DCA showed that when the threshold probability was between 0.01 and
0.90, using this model to predict m-PM achieved a net clinical benefit (Figure 6).

DISCUSSION

PM is traditionally considered as an end-stage disease in CRC. Although nomograms, statistical models
and other risk prediction systems have been widely used for predicting the risk of recurrence in clinical
practice, to our knowledge, few studies have constructed predictive models based on the risk factors for
developing m-PM. One Swedish group conducted two studies to build a model for predicting m-PM in
CRC patients[24,25]. These two studies had a large simple size and showed good internal validity.
However, limitations including the use of registry-based data and enrolling patients undergoing R2
resection may limit the wider applicability of their model. Pedrazzani et al[26] conducted an interna-
tional multicenter study to predict the risk of m-PM. Using easily available clinical and pathological
variables, their scoring model achieved good predictive value. In this study, we used LASSO regression
analysis to assess the impact of 23 clinical variables on the risk of developing m-PM following CRC
surgery. This method can optimize the performance of the model by reducing the influence of multicol-
linearity between variables and selection bias[27]. Among the 23 clinical variables, six risk factors were
screened out by LASSO regression analysis. Multiple logistic regressions further confirmed that right
colon cancer, pT4, histological types of mucinous adenocarcinoma and signet-ring cell carcinoma,
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Table 1 Baseline characteristics of patients (n = 878), n (%)

Variables Training cohort (n = 586) Validation cohort (n = 292) P value
Gender 0.777
Male 321 (54.8) 157 (53.8)
Female 265 (45.2) 135 (46.2)
Age (yr) 0.924
260 293 (50.0) 147 (50.3)
<60 293 (50.0) 145 (49.7)
BMI (kg/m?) 0.683
225 154 (26.3) 73 (25.0)
<25 432 (73.7) 219 (75.0)
Preoperative ascites 0.794
Yes 80 (13.7) 38 (13.0)
No 506 (86.3) 254 (87.0)
Operation mode 0.228
Open 183 (31.2) 103 (35.3)
Laparoscopic 403 (68.8) 189 (64.7)
Anastomotic leakage 0.585
Yes 44 (7.5) 25 (8.6)
No 542 (92.5) 267 (91.4)
Tumor site 0.767
Right colon 160 (27.3) 80 (27.4)
Left colon 176 (30.0) 94 (32.2)
Rectum 250 (42.7) 118 (40.4)
Tumor size (cm) 0.223
>5 254 (43.3) 114 (39.0)
<5 332 (56.7) 178 (61.0)
Tumor type 0.819
Ulcer 395 (67.4) 202 (69.2)
Uplift 152 (25.9) 70 (24.0)
Infiltrating 39 (6.7) 20 (6.8)
Differentiation 0.448
Well/moderate 519 (88.6) 253 (86.6)
Poor/undifferentiated 67 (11.4) 39 (13.4)
Histology 0.707
Adenocarcinoma 497 (84.8) 245 (83.9)
Mucinous 69 (11.8) 39 (13.4)
Signet-ring 20 (3.4) 8(2.7)
T stage 0.650
1 54 (9.2) 21 (7.2)
2 137 (23.4) 64 (21.9)
3 272 (46.4) 146 (50.0)
4 123 (22.0) 61 (20.9)
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N stage 0.976
0 263 (44.9) 129 (44.2)

1 168 (28.7) 84 (28.8)

2 155 (26.4) 79 (27.1)

Examined lymph nodes 0.147
212 509 (86.9) 243 (83.2)

<12 77 (13.1) 49 (16.8)

Nerve invasion 0.985
Yes 185 (31.6) 92 (31.5)

No 401 (68.4) 200 (68.5)

Vascular invasion 0.680
Yes 213 (36.3) 102 (34.9)

No 373 (63.7) 190 (65.1)

CEA 0.535
Normal 344 (58.7) 165 (56.5)

Elevated 242 (41.3) 127 (43.5)

CA125 0.778
Normal 349 (59.6) 171 (58.6)

Elevated 237 (40.4) 121 (41.4)

CA199 0.781
Normal 490 (83.6) 242 (82.9)

Elevated 96 (16.4) 50 (17.1)

KRAS mutation 0.971
Wild 370 (63.1) 184 (63.0)

Mutation 216 (36.9) 108 (37.0)

NRAS mutation 0.392
Wild 561 (95.7) 283 (96.9)

Mutation 25 (4.3) 9(3.1)

BRAF mutation 0.783
Wild 514 (87.7) 258 (88.4)

Mutation 72 (12.3) 34 (11.6)

MSI status 0.612
MSS/MSI-L 509 (86.9) 250 (85.6)

MSI-H 77 (13.1) 42 (14.4)

Peritoneal metastasis 0.600
Yes 521 (88.9) 263 (90.1)

No 65 (11.1) 29 (9.9)

BMI: Body mass index; CEA: Carcinoembryonic antigen; BRAF: V-raf murine sarcoma viral oncogene homolog B; CA125: Carbohydrate antigen 125; CA19-
9: Carbohydrate antigen 19-9; KRAS: Kirsten rat sarcoma viral oncogene homolog; NRAS: Neuroblastoma RAS viral oncogene homolog; BRAF: V-raf
murine sarcoma viral oncogene homolog B; MSI: Microsatellite instability; MSI-L: MSI-Low; MSI-H: MSI-High.

elevated CA125, BRAF mutation, and MSI-H were independent risk factors for m-PM in CRC. Based on
the results of the above two regression analyses, we established a predictive nomogram model to
evaluate the risk of m-PM in individuals. The final nomogram model showed good discrimination
accuracy, calibration, and reliability in both training and validation cohorts.
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Table 2 Risk factors for metachronous peritoneal metastasis in colorectal cancer

Multivariate logistic regression

Risk factors

OR 95%Cl Pvalue
Tumor site
Right colon 1
Left colon 0.461 0.231-0.917 0.027
Rectum 0.250 0.120-0.520 <0.001
Histology
Adenocarcinoma 1
Mucinous 2.993 1.441-6.220 0.003
Signet-ring 6.453 2.122-19.625 0.001
T stage
T1 1
T2 1.822 0.364-9.103 0.465
T3 2.284 0.498-10.484 0.288
T4 6.871 1.487-31.736 0.014
CA125
Normal 1
Elevated 2.176 1.211-3.912 0.009
BRAF mutation
Wild 1
Mutation 2.586 1.277-5.236 0.008
MSI status
MSS/MSI-L 1
MSI-H 2.547 1.245-5.212 0.010

CRC: Colorectal cancer; OR: Odds ratio; CI: Confidence interval; MSI: Microsatellite instability; MSS: Microsatellite stability; MSI-L: MSI-Low; MSI-H: MSI-
High.

Table 3 Subgroup analysis of the risk of metachronous peritoneal metastasis, n (%)

m-PM
P value
No Yes
Low-risk group 672 (94.4) 40 (5.6) <0.001
High-risk group 112 (67.5) 54 (32.5)

m-PM: Metachronous peritoneal metastasis.

The highest scoring variable observed in this predictive model was the T4 stage, which has been
widely considered as an independent risk factor for PM in previous studies[28,29]. The “seed and soil”
hypothesis is often used to explain the process involved in peritoneal dissemination for CRC[30].
According to this hypothesis, the intraperitoneal free cancer cells which shed from the primary tumor
are likened to “seed” and the favorable environment for the proliferation of the cancer cells are likened
to “soil”. T4 tumors invade the serosa of the bowel and hence facilitate detachment and implantation of
cancer cells into the peritoneum[31].

Consistent with previous studies, we found that patients with right-sided colon cancer have a higher
risk of developing m-PM[32,33]. Compared with left-sided tumors, right-sided tumors tend to be
asymptomatic until advanced. Therefore, these patients tend to present with advanced tumors that have
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Patients with colorectal cancer
who received surgery
(Jan.1st 2014-Jan.31st 2019)

(n=1874)
Inclusion criteria

1) Pathologically diagnosed as primary CRC

2) ASA I-III

3) Undergoing curative-intent surgery

3) TNM stage of ct1-4an0-2m0

4) No history of other malignancy

5) Patients undergoing tumor KRAS, NRAS, BRAF, and MSI testing
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Figure 1 Flow chart of the study. CRC: Colorectal cancer; ASA: American Society of Anesthesiologists; TNM: Tumor-Node-Metastasis; KRAS: Kirsten rat
sarcoma viral oncogene homolog; NRAS: Neuroblastoma RAS viral oncogene homolog; BRAF: V-raf murine sarcoma viral oncogene homolog B; MSI: Microsatellite
instability; LASSO: Least absolute shrinkage and selection operator.
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already invaded the serosal layer, which facilitates dissemination into the peritoneal cavity[34].
Moreover, differences in embryonic origin between right-sided and left-sided colon cancers may also
contribute to this discrepancy[35]. Right-sided tumors tend to be more aggressive as they are more
likely to present with hypermethylated phenotypes, BRAF mutated expression profiles, and MSI-H
status[35,36].

The tumor-associated glycoprotein antigen CA125 is expressed in mesothelial cells of the peritoneum,
epithelium of the oviduct, endocervix, and endometrium. This antigen is a reliable biomarker for
monitoring the development of ovarian and gastrointestinal cancers[37,38]. Previous studies
demonstrated its accuracy, sensitivity, and specificity in diagnosing peritoneal dissemination of gastric
cancer[39,40]. Huang et al[38] retrospectively analyzed the clinical data of 853 patients and found that
CA125 was a reliable clinical markers in the diagnosis of PM for CRC patients. In this study, patients
with elevated preoperative serum CA125 Levels were more likely to develop m-PM within 3 years than
those with normal levels. We found that the mucinous and signet-ring carcinomas, aggressive subtypes
of adenocarcinoma, were also significantly associated with PM, which was in agreement with previous
studies[41].

The expression of specific oncogenes and binding proteins may facilitate the detachment of tumor
cells from the primary site and subsequent implantation and proliferation of CRC cells in the peritoneal
cavity[12]. Therefore, an in-depth analysis of the genetic and molecular mechanisms is essential to
evaluate the risk of developing m-PM. The RAS-RAF-MAPK pathway regulates the signal transduction
involved in the growth, proliferation, and differentiation for cell[42]. Mutations in upstream genes
regulating this pathway, such as BRAF, may result in continuous abnormal activation of the
downstream signal pathway[43]. BRAF mutation occurs in about 12% of CRC patients[44]. Approx-
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Figure 2 Variables selection using least absolute shrinkage and selection operator binary logistic regression analysis. A: Least absolute
shrinkage and selection operator (LASSO) coefficient of the 23 variables associated with metachronous peritoneal metastasis; B: Optimal parameter (A) was obtained
using 10-fold cross-validation and minimum criteria. When the minimum A was 0.031, six nonzero coefficients were selected by LASSO regression. LASSO: Least
absolute shrinkage and selection operator.
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imately 90% of these mutations result in a V600E substitution[42]. The BRAF V600E mutation has been
identified as a biomarker for poor prognosis in CRC patients in several clinical studies[45,46]. This
mutation is also significantly associated with PM, and this metastatic pattern may contribute to poor
survival[47,48]. Moreover, BRAF mutation occurs more frequently in right-sided tumors and the
mucinous/signet ring cell histology subtypes, which may further explain why tumors with those
characteristics are more likely to spread in the peritoneum[49,50]. MSI is caused by mutations of the
DNA mismatch repair genes, which lead to functional defects in the repair of repetitive sequencing
(microsatellite) errors during DNA replication[51]. MSI-H is detected in about 15% of CRC patients[52].
CRC with MSI-H is inclined to present in younger patients, with a predominance in proximal colon[53].
Pathologically, MSI-H is associated with a Crohn’s-disease-like lymphocytic reaction, tumor-infiltrating
lymphocytes, and mucinous/signet ring cell histology subtypes[53,54]. From a molecular biology point
of view, several studies demonstrated the coexistence of MSI-H and BRAF mutation[55,56]. MSI-H has
good and bad clinicopathological features, which may explain the different prognostic implications of
MSI-H in different stages of CRC. In nonmetastatic CRC, MSI-H was associated with a good prognosis
[57,58]. However, in metastatic CRC, patients with MSI-H had a poor prognosis[59,60]. Consistent with
our study, Kim et al[61] demonstrated that MSI-H was significantly associated with more frequent PM
than MSI-L/MSS. In the present study, BRAF mutation and MSI-H were identified as significant risk
factors for m-PM by LASSO and multivariate analyses, and incorporated in this nomogram. Both factors
scored 49 points, effectively predicting the probability of m-PM.

Currently, multidetector-row CT remains the primary means to monitor the occurrence of PM after
curative surgery in clinical practice. However, CT has limited accuracy to detect PM and underestimates
the extent of disease[62]. Whole-body diffusion-weighted magnetic resonance imaging (WB-DWI/MRI)
is reported to have a high sensitivity in detecting PM for CRC, and outperform CT in evaluating both
cancer distribution and lesion size[63,64]. Several studies have demonstrated good diagnostic
performance for positron emission tomography/CT (PET/CT) in detecting peritoneal metastases[65,
66]. However, these imaging methods are relatively expensive and time-consuming and unsuitable for
general screening. In future clinical practice, our nomogram could be used to identify high-risk patients
(total score > 168) that would benefit from further screening with these aggressive imaging modalities.
Then, if a positive result is suspected on the targeted examinations, we could perform second-look
surgery using laparoscope to evaluate the extent of disease and obtain pathological evidence. Finally, if
m-PM is diagnosed, surgeons are supposed to estimate the PCI score and decide whether aggressive
treatment including CRS plus HIPEC should be performed in targeted patient.
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Figure 3 Nomogram for the probability of metachronous peritoneal metastasis based on six factors: Tumor site, histological type,

pathological T stage, plasma levels of carbohydrate antigen 125, BRAF mutation, and microsatellite instability status. CA125: Carbohydrate
antigen 125; MSI: Microsatellite instability; BRAF: V-raf murine sarcoma viral oncogene homolog B; MSI-L: MSI-Low; MSI-H: MSI-High.
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Figure 4 Nomogram calibration curves showed good consistency between actual probability and predicted probability. A: Calibration curve
for training cohort; B: Calibration curve for validation cohort.

This study had some limitations. First, the training and validation cohorts were obtained
retrospectively from a single center. Therefore, the nomogram requires further validation in multicenter
prospective clinical studies. Second, the diagnosis of m-PM was mainly based on postoperative imaging
such as CT. This could have delayed diagnosis because of the limited sensitivity of CT in detecting small
peritoneal nodules. However, we believe this limitation was minor because the main purpose of this
study was to identify risk factors affecting m-PM within the follow-up period, and establish a predictive
model for early detection in future clinical practice. Third, because of the limited follow-up time of the
included patients in this study, we could only assess the risk of developing m-PM within 3 years after
surgery. Although the typical chronological span of m-PM occurrence was covered, further research is
still recommended to investigate the risk factors for m-PM at different times points after primary

surgery.
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Figure 5 Receiver operating characteristic curves of the nomogram for predicting metachronous peritoneal metastasis. A: The training
cohort; B: Validation cohort.
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Figure 6 Decision curve analysis for the metachronous peritoneal metastasis nomogram. The blue line represents this nomogram. When the

threshold probability is between 1% and 90%, using this nomogram to predict metachronous peritoneal metastasis can achieve net benefit. m-PM: Metachronous
peritoneal metastasis.

CONCLUSION

We have established and validated a nomogram model to predict m-PM in patients undergoing curative
CRC surgery. The model showed good discrimination and high calibration in the training and
validation cohorts. Our proposed model could be used clinically to help surgeons identify CRC patients
at risk of developing m-PM post-surgery and take timely and effective interventions to improve
prognosis of these patients. This may provide a reference for future clinical practice.
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ARTICLE HIGHLIGHTS

Research background
The prediction and early detection of metachronous peritoneal metastasis (m-PM) remain a difficult task
in clinical practice. Few studies have reported the genetic alterations of m-PM.

Research motivation
To explore risk factors in patients with m-PM after curative-intent colorectal cancer (CRC) surgery.

Research objectives
To establish and validate a nomogram model for predicting the occurrence of m-PM in CRC within 3
years after surgery.

Research methods

We used the clinical data of 878 patients at the Second Hospital of Jilin University, between January 1,
2014 and January 31, 2019. The patients were randomly divided into training and validation cohorts at a
ratio of 2:1. All data were analyzed using SPSS version 26.0 and R version 4.0.3.

Research results

The 3-year cumulative incidence of m-PM was 11.1% (65/586) in the training cohort and 9.9% (29/292)
in the validation cohort. Least absolute shrinkage and selection operator regression analysis and
multiple logistic regressions identified that right colon cancer, pT4, histological types of mucinous
adenocarcinoma and signet-ring cell carcinoma, elevated carbohydrate antigen 125 (CA125), v-raf
murine sarcoma viral oncogene homolog B (BRAF) mutation, and microsatellite instability-high-
frequency (MSI-H) were independent risk factors for m-PM in CRC. These six predictors could be used
to establish a nomogram for predicting m-PM. The nomogram model showed good discrimination
accuracy, calibration, and reliability in both training and validation cohorts.

Research conclusions

The nomogram model based on six predictors (right colon cancer, pT4, and histological types of
mucinous adenocarcinoma and signet-ring cell carcinoma, elevated CA125, BRAF mutation, and MSI-H)
showed good discrimination and high accuracy.

Research perspectives
The nomogram requires further validation in multicenter prospective clinical studies.
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