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Background

The early diagnosis of occult peritoneal metastasis (PM) remains a challenge due to the low sensitivity on computed tomography (CT) images. Exploratory laparoscopy is the gold standard to confirm PM but should only be proposed in selected patients due to its invasiveness, high cost, and port-site metastasis risk. In this study, we aimed to develop an individualized prediction model to identify occult PM status and determine optimal candidates for exploratory laparoscopy.



Method

A total of 622 colorectal cancer (CRC) patients from 2 centers were divided into training and external validation cohorts. All patients’ PM status was first detected as negative on CT imaging but later confirmed by exploratory laparoscopy. Multivariate analysis was used to identify independent predictors, which were used to build a prediction model for identifying occult PM in CRC. The concordance index (C-index), calibration plot and decision curve analysis were used to evaluate its predictive accuracy and clinical utility.



Results

The C-indices of the model in the development and validation groups were 0.850 (95% CI 0.815-0.885) and 0.794 (95% CI, 0.690-0.899), respectively. The calibration curve showed consistency between the observed and predicted probabilities. The decision curve analysis indicated that the prediction model has a great clinical value between thresholds of 0.10 and 0.72. At a risk threshold of 30%, a total of 40% of exploratory laparoscopies could have been prevented, while still identifying 76.7% of clinically occult PM cases. A dynamic online platform was also developed to facilitate the usage of the proposed model.



Conclusions

Our individualized risk model could reduce the number of unnecessary exploratory laparoscopies while maintaining a high rate of diagnosis of clinically occult PM. These results warrant further validation in prospective studies.



Clinical Trial Registration

https://www.isrctn.com, identifier ISRCTN76852032
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Introduction

Despite recent improvements in cancer research, colorectal cancer (CRC) ranks second in mortality in both men and women worldwide (1). An important reason for the limited survival in CRC patients is the presence of distant metastasis. In particular, peritoneal metastases (PM) are associated with significantly shorter survival than metastases at other sites (p < 0.001) (2–4). The prediction of early PM plays an important role in the prognosis of CRC patients, because less aggressive cytoreductive surgery (CRS) is required for lower peritoneal cancer index (PCI) values and surgeons are also more likely to achieve complete (CC0) or near complete cytoreduction (CC1) (5). Both PCI and completeness of cytoreduction (CCR) are the indicators with the highest prognostic significance in the treatment of peritoneal carcinomatosis (6). All efforts should therefore be made to identify CRC patients with PM at the earliest stage.

Unfortunately, the early detection of colorectal PM is currently difficult due to the absence of typical symptoms and the low accuracy of noninvasive imaging methods for nodules smaller than 5 mm (7–9). Computed tomography (CT) is the most common noninvasive method to diagnose PM. CT detection of PM can only be suggested by omental caking, luminal narrowing, large nodules, and ascites (10). However, most of these PM-specific features usually exist at the late stage. Thus, CT detection of PM has high specificity but low sensitivity. This raises the problem that 10%-35% of CRCs with PM-negative status in CT readings were unexpectedly identified as PM-positive during subsequent surgery; also known as occult PM (11).

At present, diagnostic laparoscopy has been regarded as the most reliable tool to detect occult PM because it could provide direct visualization as well as histological confirmation, and could evaluate the extent of the disease, measured in terms of PCI (12–14). Meanwhile, some recent studies support the laparoscopy’s safety and efficacy either in the excision of lesions or in the selection of potential PM candidates for CRS/HIPEC (15–19). However, the laparoscopic approach should only be proposed to the selected patients due to its invasive procedure, high cost and the possibility of port-site metastasis. Therefore, it is essential to develop an individualized prediction model to identify occult PM status and determine optimal candidates for exploratory laparoscopy.

We aimed to develop a prediction model for the noninvasive prediction of occult PM status in CRC patients and study of its utility for exploratory laparoscopy risk stratification.



Materials and Methods


Patients

The clinicopathological characteristics of CRC patients with or without occult PM were retrospectively selected from a 2-center cancer dataset between September 2007 and July 2019. All enrolled patients were initially diagnosed as PM-negative on CT imaging but later confirmed to have the actual PM status during laparoscopy. The patients were divided into the following two cohorts: a training cohort (n = 552 from center 1) and an external validation cohort (n = 70 from center 2). The study was registered at ISRCTN (No. ISRCTN76852032). The study received approval from the local Institutional Review Committee (No. 2020ZSLYEC–109). The requirement to obtain consent from patients was waived due to the retrospective nature of the study. The work has been reported in line with the STROCSS criteria (20).



Definitions and Variables

PM was defined as the dissemination of cancer cells in the abdominal or pelvic cavity, such as the greater omentum, ovaries, pelvic inlet, rectovesical (male) or rectouterine (female) pouch, and abdominal wall, or extensive carcinomatosis (21). These metastatic sites were determined to be malignant by pathological reviews of the biopsied or surgically resected specimens. All enrolled patients underwent enhanced CT examinations within two weeks before the operation. All CT images of patients were assessed and given a radiological diagnosis by at least two radiologists. A standardized exploration of the peritoneal cavity was conducted quadrant by quadrant using the endoscope, exploring the 13 regions of PCI as described by Sugarbaker (22). The procedures were only exploratory, and no extensive dissection was made (13, 23).

The baseline information of patients was extracted from the electronic dataset, including sex, age at diagnosis, primary tumor site, histological type, grade of differentiation, T stage, N stage, obstruction status, perforation status, carcinoembryonic antigen (CEA), carbohydrate antigen 125 (CA125) and carbohydrate antigen 19-9 (CA19-9) pretreatment levels, NRAS, KRAS, BRAF and PIK3CA gene mutation statuses, mismatch repair-deficient (dMMR) status, as well as systemic inflammatory markers such as the neutrophil-to-lymphocyte ratio (NLR), platelet-to-lymphocyte ratio (PLR) and lymphocyte-to-monocyte ratio (LMR).



Inclusion and Exclusion Criteria

The inclusion criteria were as follows: (1) patients were diagnosed with CRC by endoscopy-biopsy pathology, combined with CT and/or other examinations; (2) patients had only one malignant primary tumor; (3) patients did not undergo the previous resection of the primary tumor; and (4) patients underwent both enhanced CT and exploratory laparoscopy.

The exclusion criteria were as follows: (1) typical PM signs on CT; (2) other distant metastases; and (3) previous inflammatory diseases.



Construction of the Prediction Model

Univariate analysis was applied to assess the association between all included variables and occult PM. Statistical differences in the enrolled variables by PM status were assessed using the independent T test or Mann–Whitney U test for continuous variables and the Chi-square test or Fisher’s exact test for categorical variables.

Multivariate logistic regression analysis was adopted to identify independent risk factors for PM. According to the results of the multivariate analysis, a predictive nomogram was established to predict the risk of occult PM in CRC patients.



Evaluation of the Accuracy and Utility of the Model

The receiver operating characteristic (ROC) curve (24) and calibration curve (25) were both used to evaluate the predictive accuracy of the model. On the one hand, the value of the area under the ROC curve (AUC) is the same as that of the concordance index (C-index) in a logistic regression model. The maximum value of the AUC is 1.0, indicating perfect discrimination, whereas 0.5 indicates a random chance to correctly discriminate the outcome with the model. On the other hand, the calibration curve graphically shows the relationship between the predicted and actual risks for each outcome. A plot that perfectly fits the 45° reference line would indicate good agreement.

Decision curve analysis (DCA) is a method for appraising prediction models and visualizing the clinical consequences of a decision strategy. DCA was carried out to evaluate the prediction model’s clinical application value by quantifying the net benefit and net reduction of each treatment strategy at different threshold probabilities (26, 27).



Statistical Analysis

All statistical analyses were conducted with SPSS (version 25.0; IBM Corp., Armonk, New York, USA) and R software (version 4.1.2; http://www.r-project.org). Univariate analysis was performed with SPSS. The following R packages were used to perform multivariate logistic regression analysis and build the ROC curve, nomogram, calibration plot, DCA curve and dynamic online platform: “rms”, “pROC”, “rmda”, “dcurves”, “rsconnect” and “DynNom”. A two-sided P value <0.05 was used to indicate statistical significance.




Results


Patient Characteristics

A total of 662 eligible CRC patients from the 2-center cancer dataset were enrolled in the analysis. The development and validation cohorts included 552 and 70 patients, respectively. The demographics and tumor characteristics of the cohorts were comparable, as shown in Tables 1, 2. In clinical practice, not all CRC patients have information on the status of NRAS, KRAS, BRAF, PIK3CA and dMMR. According to the maximum Youden index, the corresponding optimal cutoff values for NLR, PLR and LMR were 2.5, 172.1 and 2.6, respectively. Patient characteristics, including age, tumor location, histological type, grade of differentiation, T stage, N stage, obstruction status, perforation status, serum CA125 level, NLR, PLR and LMR, were significantly associated with occult PM after univariate analysis in the development cohort (P < 0.05).


Table 1 | Characteristics of patients in the training and validation cohorts.




Table 2 | Demographics of NRAS, KRAS, BRAF, PIK3CA and dMMR status.





Construction and Validation of the Prediction Model

Multivariable analysis revealed that primary site, histological type, grade of differentiation, T stage, obstruction, serum CA125 and NLR were independent predictors of occult PM (Figure 1). Therefore, a predictive nomogram containing these variables was constructed (Figure 2). The Hosmer and Lemeshow test indicated a lack of significance (P = 0.841), demonstrating a good fit. In the training cohort, the AUC value of the prediction model was 0.850 (95% CI 0.815-0.885), and the ROC curve graphically showed that the model had better predictive performance than all univariate models alone (Figure 3A). The calibration curve of the model revealed good consistency between the prediction of occult PM and the actual situation observed (Figure 3B). A dynamic online platform (https://occult-pm.shinyapps.io/DynNomapp/) was developed to facilitate the usage of the proposed model (Figure 4). It can assist researchers and clinicians in more easily obtaining the risk probability of their patients by inputting their corresponding clinical variables, after which the web server will generate the output read in the form of figures and tables.




Figure 1 | Independent predictors of occult PM identified by multivariate analysis. NLR, neutrophil-to-lymphocyte ratio; MAD, mucinous adenocarcinoma; AD, adenocarcinoma.






Figure 2 | Nomogram for predicting the possibility of occult PM in CRC patients.






Figure 3 | (A) The predictive accuracy of the model was assessed by a ROC curve. (B) Calibration curve of the prediction model.






Figure 4 | Webserver display of the dynamic online platform.



In the external validation cohort, the prediction model also yielded a high AUC of 0.794 (95% Cl, 0.690-0.899) (Table 3). This showed that the model could be applied to other independent patient populations.


Table 3 | Performance evaluation of the prediction model.





Clinical Utility

Based on a range of threshold probabilities, DCA was used to evaluate the clinical application of the prediction model. This analysis indicated that when the threshold probability was in the range between 0.10 and 0.72, using the model to predict occult PM would provide more benefits than using either the “treat all with laparoscopy” or “treat none with laparoscopy” plans (Figure 5A). The cutoff value for the probability threshold was set at 30%, according to the maximum Youden index (Table 3). DCA confirmed that the prediction model could improve risk stratification among patients with negative findings on peritoneal CT imaging by applying diagnostic laparoscopy to all or none of the CRC patients. For example, at the 30% risk cutoff, the prediction model’s net benefit was 60% (Figure 5A). We can state that if exploratory laparoscopy was performed when the patients’ risk threshold was >30%, compared to “treat none with laparoscopy”, the net benefit was equivalent to a net 60 true positive results per 100 patients without an increase in the number of false-positive results. Moreover, at a probability threshold of 30%, the net reduction in intervention was approximately 40 per 100 patients (Figure 5B). In other words, at this probability threshold, performing exploratory laparoscopy based on the model is equivalent to a strategy in which 40% of exploration could have been prevented without missing any occult PM cases.




Figure 5 | Decision curve analysis for the prediction model. (A) Net benefit. (B) Net reduction.






Discussion

The constructed model showed promising results with great predictive ability and clinical utility, improving exploratory laparoscopy risk stratification among CRC patients with negative findings on peritoneal CT imaging. In the training cohort, by choosing a risk cutoff of 30%, a total of 40% of exploratory laparoscopies could have been prevented while still identifying 76.7% of clinically occult PM cases.

Although some CT-based prediction models, including deep learning algorithms and spectral photon-counting imaging, have been established to diagnose PM, they still showed false-negative outcomes in small nodules and the proportion of false negatives increased with decreasing lesion size (21, 28). Furthermore, the tedious steps of obtaining CT sequence images and importing them into algorithm would limit the clinical application of these models. We believe that the early detection of PM is crucial, especially for occult micrometastatic lesions, because these nodules are not rich in blood supply and are usually missed on routine imaging. Importantly, exploratory laparoscopy is still the gold standard to confirm PM. Therefore, on the one hand, occult PM status could be identified based on our easy-to-use and individualized model, and optimal candidates for exploratory laparoscopy could be determined. On the other hand, via exploratory laparoscopy, physicians could evaluate the feasibility of CRS depending on the PCI and CCR (13, 22).

The “seed and soil” theory is a highly recognized theoretical mechanism of PM, and it suggests that PM initiation depends on the synergy of the tumor cells (seed) and the peritoneal microenvironment (soil) (29). A recent study on hallmarks of cancer further recognized that the tumor microenvironment plays an integral role in tumorigenesis and malignant progression (30). Our research team has been engaged in studying the tumor microenvironment as a factor associated with colorectal PM. We found that enhancing cancer-associated fibroblast fatty acid catabolism within a metabolically challenging tumor microenvironment drives colon cancer PM (31). Inflammation should also be recognized as a part of the microenvironment that could potentiate malignancy. The whole process of PM consists of a long series of sequential, interrelated steps. Exfoliated tumor cells in the peritoneal cavity need to maintain their metastatic potential; they need to prevent programmed cell death, and need motility to reach the peritoneal surfaces with the capacity to subsequently attach to these surfaces (32–34). Finally, the capacity to invade the peritoneum and survive and proliferate in the new environment is required (35, 36). Interestingly, peritoneal infections could enhance the migration, invasion, and even proliferation capacities of tumor cells in vitro (37). Moreover, experimental work has demonstrated the intimate connection between the molecules driving these steps and the inflammatory cytokines released due to infection (38–40). Especially in the early stages of colorectal PM, a major pattern of chronic inflammation represented by a tumor microenvironment rich in TAM2 with upregulation of IL-6 and rewiring of signaling pathways linked to plasticity, stemness and metabolism has been observed (41). Thus, inflammation-based factors such as obstruction and NLR may suggest early-stage or occult PM.

It is known that the major pathways of CRC cell dissemination are through direct transport, the lymphatic system and the circulatory system (42). N stage is traditionally believed to be the major milestone of tumor progression and is relevant to diverse metastatic sites. Interestingly, T4 neoplasms were significantly associated with PM, but the N stage was not an independent predictor for PM in this study. They are two variables that may have been confounded before. Advanced neoplasms present with rapid cell proliferation, increasing the interstitial fluid pressure in most solid tumors. Then, high pressure in the tumor increased the number of spontaneously shed tumor cells. This may lead to more tumor cells shedding into the lymphatics present in the tumor that can serve as a conduit for the tumor cells to metastasize to lymph nodes (43).

Several studies have reported that tumors carrying BRAF mutations exhibit a higher frequency of PM than tumors with a wild-type gene (2, 44). However, BRAF mutation was not significantly associated with occult PM in this study. The conflicting phenomenon may be that previous studies were designed to compare PM and non-PM, while our study was mainly based on comparing occult PM and non-PM. BRAF-mutant pmCRC was proven to exhibit a distinct pattern of metastatic spread (45, 46). Unlike an early-stage disease, these tumors are more likely to present with peritoneum-extensive metastasis, a pattern of metastatic spread that may contribute to the poor prognosis and survival of BRAF-mutant pmCRC patients. Only early-stage PM patients were enrolled in the cohort, and BRAF mutation was therefore noninformative in our model.

This study has some limitations. First, as with other retrospective studies, potential biases including case selection and model performance analysis, were inevitable. Second, although sequencing technology has become less expensive and tumor genotyping has become standard practice for pmCRC, the sample size of genes was relatively small, especially for mutation status, which may have limited its statistical power. Third, some studies found that the PCI score were underestimated for laparoscopy compared to laparotomy (13, 47). Even though it may underestimate PCI, exploratory laparoscopy accurately predicts the possibility of CCR. Finally, the threshold for exploratory laparoscopy should be determined after a physician and patient both weigh the harm of potentially unnecessary exploration and the benefit of confirming occult PM. Therefore, there is not a single risk threshold that can be used to determine who needs to undergo exploratory laparoscopy but rather a series of risk thresholds.



Conclusions

Our individualized risk model can be used to reduce the number of unnecessary exploratory laparoscopies in patients who are unlikely to harbor clinically occult PM while capturing most of the patients with clinically occult PM. These results warrant further validation in prospective studies.
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