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Editorial on the Research Topic


Methods in gastrointestinal cancers


As editors of this Research Topic, it was our pleasure to review a wide range of interesting and innovative articles in the field of methods in gastrointestinal cancers. In this Editorial, we summarize the findings and perspectives regarding the application of artificial intelligence (AI) in methods in gastrointestinal cancers.

Artificial intelligence is a new technology in which researchers design and create relevant algorithms, process relevant data, and draw corresponding conclusions without human assistance. We have summarized the perspectives detailed within each of the accepted articles about AI.

First, we consider the high incidence of gastric cancer (GC), which has increased the global burden. As it is frequently diagnosed at a late stage, gastric cancer has a high mortality rate. EUS, MRI, CT, PET-CT, and other imaging examination techniques are widely used in the diagnosis, treatment, and prognosis of gastric cancer. With the development of endoscopic technology and the increasing awareness of early screening among populations, the cure rate of most early gastric cancers has been significantly improved compared with the previous period, but the survival rate of advanced gastric cancer is still very low. Thus, for gastric cancer, early detection, diagnosis, and treatment play a very important role in reducing mortality and improving survival. However, owing to some objective reasons, such as the lack of professional knowledge and experience of endoscopists, the final diagnostic accuracy is biased. At the same time, through its continuous development, the diagnostic advantages of AI are constantly expanding compared with traditional imaging techniques. Thus, by reading the literature published on this topic, we have found that convolutional neural networks and deep learning are the current hot spots of AI in gastric cancer diagnosis and differential diagnosis. Feng et al. constructed an auxiliary EGC detection system based on DCNN and compared the diagnostic abilities of DCNN and endoscopists. DCNN has good diagnostic sensitivity and rapid diagnosis characteristics, the goal is to provide solutions. In the future, the use of AI technology may help endoscopists find more cancers earlier, thus greatly reducing the general incidence in the population. Considering the great potential for the clinical application of AI, imaging examination combined with AI will continue to be a research hot spot in the future.

Second, we consider pancreatic cancer (PC), which is common in the digestive system. PC is often only found when it is advanced; therefore, it has a high fatality rate and is known as the “king of cancers”. Machine learning techniques have shown broad application potential in the diagnosis, differential diagnosis, treatment evaluation, and prediction of pancreatic diseases. For example, (1) the application of AI with malignant pancreatic tumors mainly established the machine learning model from Stephen, which integrated the free DNA fragment pattern of the whole genome, with detection sensitivity ranging from 57% to more than 99% and a specificity of 98%.2 This research makes the early screening and diagnosis of pancreatic malignancies possible. (Yin et al.) The technology combined with AI can shorten diagnosis time and improve diagnosis accuracy compared with traditional CT/MRI and other imaging techniques. (Qiu et al.) In terms of treating malignant pancreatic tumors, the role played by AI is mainly focused on predicting the possibility of surgery and the prognosis of patients. With the continuous development of algorithm technology, it is possible to predict postoperative complications in patients. (4) EUS-FNA/B has played an important role in the diagnosis of pancreatic malignancies. The rapid development of AI means it can be combined with EUS-FNA/B to reduce or even avoid misdiagnosis caused by the inadequate diagnostic ability of physicians in some areas with underdeveloped technologies. In the future, as algorithms continue to improve, AI may be used as a screening tool for pancreatic EUS-FNA/B specimens. (5) AI can also be used in the treatment of malignant pancreatic tumors. Based on an in-depth analysis of clinical examinations and inspection results, it is possible to carry out personalized treatment for patients with malignant pancreatic tumors.

Third, we consider rectal cancer, which has one of the highest incidences of malignant tumors in the world. Owing to the lack of awareness of patients during physical examination, rectal cancer is often diagnosed late. Even after the radical resection of rectal cancer, some patients will still develop liver metastases. Rectal cancer with liver metastasis often has a poor prognosis and a low 5-year survival rate. Owing to its incidence increasing year by year, rectal cancer has become one of the major problems that threaten human health. The liver is the most common site of distant metastasis of rectal cancer. The presence or absence of liver metastases is often a major consideration in treatment regimens. Through a retrospective study, Qiu et al. developed an XGB-based machine learning model to predict the risk of liver metastases in rectal cancer, which used a machine learning algorithm that combined seven clinical and pathological features.

It will be fascinating to observe the development of AI. Although it may face many challenges in the future, AI has shown great potential for the diagnosis and treatment of diseases, including gastrointestinal cancer.
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The current study aimed to develop a new chronic pancreatitis and spontaneous pancreatic cancer model on C57/BL6 mouse through retrograde pancreatic duct injection of dibutyltin dichloride (DBTC) and explore its basic pathological changes as compared to the previous published chronic pancreatitis model through tail vein injection of DBTC with alcohol drinking. C57/BL6 mice were randomly divided into 3 groups: CG (control group; n = 15), VG (tail vein injection of DBTC (8 mg/kg) with 10% alcohol drinking group; n = 20), and PG (retrograde pancreatic duct injection of DBTC group (1 mg/kg); n = 30). Five mice in each group were sacrificed at a specific time point after the first treatment. The pathological section was observed. The activities of amylase, bilirubin, and hyaluronic acid in serum were determined. The expression of fibronectin, COL1A1, α-SMA, MMP-1, and TIMP-1 in the pancreas was assayed. Severe fibrosis of the pancreas with inflammatory cell infiltration could be observed on day 21 in the PG. In the VG, slight fibrosis of the pancreas with inflammatory cell infiltration was observed on day 28. There were significant differences in serum amylase, bilirubin, and hyaluronic acid levels between the PG and VG. The protein level of COL1A1 and α-SMA significantly increased in the PG. The mRNA expression of TIMP-1 is upregulated and the MMP-1 mRNA level is downregulated in the PG. Finally, typical neoplastic pathological change is significantly obvious in the PG. In conclusion, we established and validated a new chronic pancreatitis (CP) and spontaneous pancreatic cancer mouse model through retrograde injection of DBTC into the pancreatic duct. Previously reported mouse model through tail vein injection of DBTC with alcohol drinking could not cause obvious CP and neoplastic pathological change in mice.




Keywords: pancreatic cancer, DBTC, pancreatic disease, chronic pancreatitis, mouse model



Introduction

Chronic pancreatitis (CP) is a pancreatic disease mainly manifested by upper abdominal pain, diabetes, malnutrition, and diarrhea (1, 2). Additionally, CP is a significant pathogenic factor for pancreatic cancer. The main causes of CP are hereditary susceptibility, biliary tract obstruction, alcohol abuse, and hyperlipidemia (3, 4). The global morbidity of CP has surged to around 5 cases per 10,000 persons in 2019. It is vital for us to identify the underlying pathophysiology and to develop specific new therapeutic methods for CP and CP-induced pancreatic cancer (5).

The major pancreatic pathology of CP is characterized by extensive interstitial fibrosis, continuous inflammatory cell infiltration, and irreversible endocrine function damage. It has been shown that activated pancreatic stellate cells are the main source of pancreatic extracellular matrix proteins and the main effector cells of pancreatic fibrosis (6). Human CP tissue could be difficult to be acquired because surgery cannot be used to treat CP (5). In addition, chronic pancreatic inflammation is an obvious risk factor for the occurrence of pancreatic cancer, and the same fibro-inflammatory reaction is observed in pancreatic cancer, together with a loss of normal pancreatic cells.

Mouse models are commonly employed to study the progression of CP and pancreatic cancer, with genetic and pharmacological tools used to elucidate the cellular and cellular interactions within pancreatic tumors (7). The widely used CP and spontaneous pancreatic cancer mouse model is the intermittent intraperitoneal injection of caerulein. Caerulein, a peptide analog of cholecystokinin (CCK) and gastrin, stimulates pancreatic exocrine secretion and increases pancreatic proteolytic enzyme secretion to levels that cause injury of pancreatic acinar (8). In the 1990s, Van Laethem et al. reported the successful use of a 4-week intermittent intraperitoneal caerulein injection to induce a typical CP model (9). This method is consistent with the pathogenesis of CP and is widely used to investigate the pathogenesis and pathophysiological changes of CP (10). However, caerulein is expensive, so there is still a need for another effective CP and a spontaneous pancreatic cancer mouse model to corroborate the related research.

Tail injection of dibutyltin dichloride (DBTC) could be another feasible way to establish a CP mouse model. In early 1999, Merkord et al. illustrated that tail injection of DBTC with alcohol drinking could successfully induce CP in rats (11). However, the feasibility of the use of tail injection of DBTC in mice remains unclear, and some results seem to be contradictory. On the one hand, Zhang et al. reported the successful establishment of the CP mouse model through tail injection of DBTC with alcohol drinking (12). On the other hand, Lütt et al. illustrated that tail injection of DBTC with alcohol drinking could not induce CP in mice (13). Furthermore, only the caerulein-induced CP mouse model was confirmed to be used as a spontaneous pancreatic cancer mouse model. The viability of other CP models to be used as a spontaneous pancreatic cancer mouse model has not been clarified (14).

In our current study, a viable novel CP and spontaneous pancreatic cancer mouse model through retrograde injection of DBTC in pancreatic duct on mice was established and analyzed. In addition, we also analyzed the feasibility of the contradictory CP mouse model, which is a tail injection of DBTC with alcohol drinking, and we compared the efficacy and neoplastic changes between these two methods.



Materials and Methods


Genetically Engineered Mice

LSL-K-RasG12D male mice, which possess the conditional knock-in mutant K-RasG12D, were obtained from Pro. Craig D. Logsdon (15). Ela-CreERT mice, which express tamoxifen-regulated CreERT specifically in pancreatic acinar cells under the control of a full-length elastase gene promoter, were developed in our laboratory as previously described (16). For targeted expression of K-RasG12D in pancreatic acinar cells, LSL-K-RasG12D mice were bred with Ela-CreERT mice to generate LSL-K-Ras/Ela-CreERT double-transgenic mice (acinar-Ras mice). Before experiments, tamoxifen was orally administered to these mice to activate Cre recombination in pancreatic acinar cells. The mice were raised in the Gastroenterology Laboratory of Changhai Hospital with standard food and a specified water supply.



Chronic Pancreatitis Induction

The mice were randomly divided into 3 groups: CG (control group), VG (tail vein injection group), and PG (retrograde pancreatic duct injection group) (n = 60). DBTC was solved in 60% ethanol, 20% glycerin, and 20% physiological saline. The DBTC concentration in the tail vein was 3.2 μg/μl. The DBTC concentration of retrograde pancreatic duct injection was 0.5 μg/μl. Mice in the VG were fed with 10% alcohol after DBTC injection in the tail vein. Control mice were only injected with solvent (60% ethanol, 20% glycerin, and 20% normal saline) through the retrograde pancreatic duct.



Preparation of Serum and Tissue Samples

Serum samples were collected from the inner canthus vein and stored at −80°C for the detection of amylase, hyaluronic acid, and bilirubin. The histological morphology of the pancreas was observed by H&E staining, and the degree of pancreatic fibrosis was observed by Masson staining. F4/80 and CD3 were detected by immunohistochemistry, and fibronectin (FN) was detected by immunofluorescence. COL1A1 and α-SMA contents were detected by Western blotting. The expression of matrix metalloproteinase-1 (MMP-1) mRNA and tissue inhibitor of metalloproteinases-1 (TIMP-1) mRNA was detected by real-time PCR.



Histological Analysis

The pancreas of mice was removed, then fixed with 4% paraformaldehyde, embedded in paraffin, and finally sectioned (5 μm). H&E and Masson staining processes were performed on the sections of the specimens. The morphological changes in the pancreas and the degree of fibrosis were observed by light microscopy.



Western Blotting

Pancreatic tissues were collected and dissolved in radioimmunoprecipitation assay (RIPA) buffer and then incubated at 4°C. The solution was centrifuged at 14,000g for 10 min at 4°C, and the supernatant was collected. The protein concentration was determined by a standard protein assay kit. The samples were boiled at 98°C for 8 min. Equal amounts of protein (20 μg) were added to the chamber, then subjected to sodium dodecyl sulfate (SDS)–polyacrylamide gel electrophoresis, and blotted to polyvinylidene difluoride (PVDF) membranes. The membranes were blocked in 3% bovine serum albumin (BSA) for 30 min at 4°C and then incubated with an antibody against α-SMA (catalog # 56856, Cell Signaling Technology, Danvers, MA, USA) and COL1 (catalog # 66948, Cell Signaling Technology). The size of detected bands was quantified by using ImageJ software.



Immunohistochemistry

Paraffin-embedded pancreas tissue sections were dewaxed and rehydrated twice in PBS for 15 min. The sections were incubated with 0.3% H2O2 for 15 min to block endogenous peroxidases, washed twice in PBS, then incubated with 30 g/L of BSA for 10 min to prevent non-specific binding of antibodies, and then incubated with anti-CD3 (catalog # 78588, Cell Signaling Technology) or anti-F4/80 (catalog # 25514, Cell Signaling Technology). Finally, diaminobenzidine (DAB) was added as chromogen followed by hematoxylin. The images were observed by a light microscope, and the positive areas were analyzed by ImageJ software.



Immunofluorescence Assay

For immunofluorescence, slides of pancreas tissue were incubated with anti-FN (catalog # 72943, Cell Signaling Technology) and then counterstained with DAPI. Finally, the slides were observed by a fluorescence microscope.



Polymerase Chain Reaction

The RNA from pancreatic tissue was isolated with TRIzol reagent (Invitrogen, Carlsbad, CA, USA). The concentration of the RNA was analyzed by using a NanoDrop 1000 spectrophotometer (Thermo Fisher, Waltham, MA, USA) and then transcribed into cDNA by using a high-capacity cDNA reverse transcription kit (Life Technologies, Carlsbad, CA, USA) and amplified. Primer sequences, number of cycles, and annealing temperature are listed in Table S1. The expression levels were transformed into standard tubulin content, calculated by the 2−ΔΔCt method.




Results


Surgical Method and Pancreatic Weight Change

Surgical methods of retrograde pancreatic duct injection of DBTC (PG) are shown in Figure 1A. In brief, after general anesthesia and laparotomy, a fine catheter was inserted into the biliary duct to puncture the intestinal wall. Then, the clip was placed to block the distal biliary duct. A surgical suture was used to secure the proximal biliary duct with a fine catheter, and then infusion was started. Intraoperative photographs of retrograde pancreatic duct injection of DBTC (during infusion and after infusion) are shown in Figures 1B, C. The PG shows more significant pancreatic atrophy than the VG in Figure 1D.




Figure 1 | (A) Schematic diagram of retrograde pancreatic duct injection of DBTC. Blue arrow, fine catheter to infuse DBTC solution; red line, clip to block distal biliary duct; black arrow, pancreatic duct; green ring, suture to secure biliary duct. (B) Intraoperative photographs of retrograde pancreatic duct injection of DBTC (during infusion). (C) Intraoperative photographs of retrograde pancreatic duct injection of DBTC (after infusion). Methylene blue (1%) is added to DBTC solution to trace pancreas parenchyma. (D) Percentage of pancreas weight/body weight in different groups. DBTC, dibutyltin dichloride.





Histological Change of Pancreas Between PG and VG

The histological features of the pancreas of mice in the PG were significantly changed to pancreatic atrophy, inflammatory cell infiltration, and pancreatic tissue fibrosis in 4 weeks (Figure 2A). After injection, pancreatic edema immediately appeared in the PG. On day 3, a partial inflammatory cell was observed, dominated by neutrophils and lymphocytes. On day 7, inflammatory cell infiltration became more obvious, and pancreatic cell necrosis also appeared. On day 14, the pancreas parenchyma showed obvious necrosis, with macrophages infiltrating and replacing part of the pancreatic duct epithelial cells. On day 28, pancreatic tissue was extensively replaced by interstitial fibers and connective tissue deposition. However, mice in the VG only showed mild pancreatic edema on day 14 (Figure 2B). On day 28, slight inflammatory cell infiltration and local fibrosis were observed. On day 42, although the degree of pancreatic tissue fibrosis was aggravated, it was still far less than that in the PG. Compared with the control group, Masson staining showed a significant increase in collagen deposition in the PG and only a slight increase in the VG, in each respective time point of our study.




Figure 2 | Histological changes of the pancreas in mice with chronic pancreatitis. (A) Histological changes of mice in PG pancreas at different time points by H&E and Masson staining. (B) Histological changes of mice in VG pancreas at different time points by H&E staining. PG, retrograde pancreatic duct injection group; VG, tail vein injection group.





Changes in Serum Amylase, Bilirubin, and Hyaluronic Acid Contents Between PG and VG

Amylase activity of mice in the PG after injection increased sharply within a day and then began to decline, but still higher than normal, and after 21 days, with extensive fibrosis of the pancreas and massive destruction, amylase activity decreased sharply, and the amylase activity of mice in the VG increased slightly from 1 to 14 days and then decreased after 14 days (Figure 3A). The bilirubin levels of mice in the VG and PG increased, indicating that the pathogenetic mechanism of CP was related to liver injury in mice (Figure 3B). Serum hyaluronic acid levels and bilirubin levels also increased (Figure 3C).




Figure 3 | Serum biochemical indices and pancreatic proportion of mice in CG, VG, and PG. (A) Serum amylase (U/L). (B) Bilirubin level in serum (mmol/L). (C) Hyaluronic acid (μg/L). PG, retrograde pancreatic duct injection group; VG, tail vein injection group; CG, control group.





Change in Inflammatory Cell Infiltration Between PG and VG

Figure 4 shows the results of T lymphocyte and macrophage infiltration. The results suggest that macrophages and T lymphocytes are the main inflammatory cell groups in DBTC-induced CP of the PG. For T lymphocytes, at day 1, T lymphocyte marker CD3 was not found in either the VG or PG. However, after 1 week, a slight T lymphocyte marker CD3 activity was observed in the PG (Figure 4A), indicating the presence of T lymphocyte infiltration, but not in the VG. The number of T lymphocytes in the PG increased and remained elevated from day 21 to 28. However, few T lymphocytes were observed in the VG on day 14 (Figure 4B), and the number of infiltrated T lymphocytes remained much lower than in the PG throughout the observation period. For macrophages, mild macrophage infiltration was observed in the VG (Figure 4C) and PG (Figure 4D) on day 14, but as time went on, the number of macrophages in the PG increased faster than that in the VG, and it was obvious that the number of macrophages in the PG at day 28 was much more than that in the VG at day 42.




Figure 4 | Immunohistochemistry of T lymphocytes. (A) T lymphocytes were stained using an anti-mouse CD3 monoclonal antibody in PG. (B) T lymphocytes were stained using an anti-mouse CD3 monoclonal antibody in VG. (C) Macrophages were stained using an anti-mouse F4/80 monoclonal antibody in PG. (D) Macrophages were stained using an anti-mouse F4/80 monoclonal antibody in VG. PG, retrograde pancreatic duct injection group; VG, tail vein injection group.





Fibrotic Parameter Changes in Pancreas

Immunofluorescence was used to detect the distribution and expression of FN, a pivotal fibrosis index. On day 1, FN expression was observed neither in the VG nor in the PG. After 1 week, a moderate amount of FN expression was detected in the PG (Figure 5A) and increased throughout the observation period. However, only a moderate amount of FN was observed on day 42 in the VG (Figure 5B), indicating that the fibrosis level that appeared in the VG was so low that the mouse model cannot be established.




Figure 5 | The expression level of FN. (A) The expression of FN in PG at different time points. (B) The expression of FN in VG at different time points. FN, fibronectin; PG, retrograde pancreatic duct injection group; VG, tail vein injection group.





Changes in Fibrosis Indicator and Pancreatic Neoplastic Phenotype

An important feature of severe CP is the disorganized expression of metalloproteinase, including upregulated MMP-1 and downregulated TIMP-1. In our study, MMP-1 and TIMP-1 mRNAs were detected by real-time PCR (Figures 6A, B). The decreased rate of MMP-1 and TIMP-1 expression in the PG is sharper than that in the VG, suggesting that CP in the PG is much more severe than that in the VG. After the aforementioned multi-angle analysis, tail vein injection of DBTC with alcohol drinking (VG) has been proven to be unable to induce moderate CP. We further tested the protein level of other fibrotic factors, including COL1A1 and α-SMA, in the retrograde pancreatic duct injection group (PG). COL1A1 and α-SMA expression increased throughout the observation period and surged during the first 21 days (Figure 6C). Moreover, a pancreatic neoplastic pathological change could also be identified in 28 days in the PG (Figures 6D–F).




Figure 6 | The MMP-1 mRNA and TIMP-1 mRNA contents in mice of PG and VG changed at different time points. (A) Changes in MMP-1 mRNA expression (PG vs. VG). (B) Changes in TIMP-1 mRNA expression (PG vs. VG). (C) The expression levels of α-SMA and COL1 at different time points (PG). (D–F) Representative H&E images of PG 1 month after injection. PG, retrograde pancreatic duct injection group; VG, tail vein injection group.






Discussion

CP is a refractory pancreatic disease, mainly caused by biliary dysfunction or alcohol abuse. The pathological manifestation of CP is chronic inflammation in pancreatic parenchyma, atrophy of pancreatic acinar, and fibrous hyperplasia (17, 18). The incidence rate of CP shows a moderate escalation in the past 10 years due to larger alcohol consumption and increased rates of obesity worldwide (5). CP can eventually progress to pancreatic cancer. Therefore, the basic research of CP has attracted great attention from gastroenterologists and scientists. Several effective and reliable rodent models are needed to promote these studies. Additionally, the mouse model could be more flexible and useful than the rat model, because mice are easier to be raised and investigated, and mice have gallbladder in contrast to rats. This can improve the confidence and translational meaning of CP and pancreatic cancer basic research and medical treatment.

DBTC is a fat-soluble substance, and a moderate concentration of DBTC can cause necrosis of pancreatic duct epithelial cells and eventually block the pancreatic duct, resulting in pancreatitis in vivo. The blocked pancreatic duct can induce activated pancreatic stellate cells to produce cytokines, resulting in pancreatic fibrosis, and then CP symptoms emerge. This procedure could preferably mimic CP caused by biliary dysfunction in humans, and tail injection of DBTC with alcohol intake has been used in the rat CP model (19). A number of studies based on this rat CP model have been reported (20–22), suggesting the superior robustness of this model. However, DBTC injection has not been widely used in the mouse CP model. The highly toxic DBTC could be an important reason, and the dose used in the rat model could be lethal to mice, as one report has mentioned (23). One interesting question is whether it can successfully induce experimental CP through low-dose injection of DBTC in mice. In the Zhang et al. research, they reported that a low-dose injection of DBTC can induce a classical CP phenotype, including obvious pancreatic acinar atrophy and activation of pancreatic stellate cells and a large ratio of fibrous hyperplasia (12). However, in another research developed by Lütt et al., the researchers reported that the same dose of DBTC through tail injection could not induce an obvious CP phenotype in mice (13). Our finding strongly supports the prospective of Lütt et al.; 6 weeks after tail injection of DBTC with alcohol drinking, we were not able to observe a distinct pancreatic acinar atrophy and interstitial fibrous hyperplasia phenotype, and hyaluronic acid, bilirubin, and amylase contents did not significantly change. The injection dose of our research is consistent with that of a previous study (13). According to some previous studies, an increase in the tail injection dose of DBTC in mice (6–8 mg/kg) could trigger systemic toxicity (13, 23, 24). We can conclude that increasing the dose of DBTC to attempt to induce a CP phenotype can be unacceptable and that tail injection of DBTC with alcohol intake cannot induce an obvious CP-like pathological feature in mice. This finding would end the debate whether tail injection of DBTC with alcohol could induce CP and could be an ideal CP model in mouse.

Another highlight is a viable CP mouse model through retrograde pancreatic duct injection of DBTC has been established and validated in our current research. This mouse model showed great robustness for formatting classical CP pathological features in less than 4 weeks and a 100% survival rate. After 4 weeks, fibrosis in pancreas parenchyma and pancreatic acinar atrophy can be clearly observed in PG mice. The protein level of fibrosis biomarkers in the pancreas, including FN, COL1A1, and α-SMA, were found to be significantly increased. In addition, serum hyaluronic acid, bilirubin, and amylase contents show an ascending tendency in the initial 14 days. Then, with the progress of damage in pancreatic tissue with further loss of endocrine and exocrine functions, amylase levels began to decline while bilirubin and hyaluronic acid levels continued to rise after 14 days. Morphological changes in the pancreas also confirmed that retrograde injection of DBTC through the pancreatic duct can cause classic changes of CP, from pancreatic edema and pancreatic acinar cell necrosis in the initial term to persistent inflammation with pancreatic parenchymal interstitial fibrosis in the final term. The DBTC dose in the retrograde injection group (1 mg/kg) is much lower than that in the tail injection group (8 mg/kg). However, the pancreatic CP-like phenotype is much more significant, which may be attributed to the direct effect of DBTC retrograde injection on the pancreas.

CP is an obvious risk factor for pancreatic cancer (25). Nowadays, the major mouse model to study pancreatitis-induced spontaneous pancreatic cancer is a continuous injection of caerulein. Caerulein is a gastric regulatory molecule similar to CCK. It can stimulate excessive secretion of pancreatic acinar cells, impeding the separation of trypsinogen and lysosomal hydrolase in cells, and can be activated in a cathepsin B-dependent manner. Trypsin activity in turn leads to a series of cell damage. The inflammatory response caused by self-digestion of pancreatic tissue recruits inflammatory cells and releases inflammatory factors, which further cause severe local and even systemic inflammation. Continuous stimulation of the pancreas with caerulein would cause chronic inflammation with fibrosis and carcinogenesis, leading to spontaneous pancreatic cancer (26). This mouse model emphasized the role of excessive secretion of trypsin and cellular oxidative stress in the occurrence of pancreatic cancer. However, one important factor of CP is biliary obstruction, and a model of spontaneous pancreatic cancer is needed to mimic this pathology (4). A previous study has demonstrated that DBTC infusion could lead to acute pancreatitis through the obstruction of the biliary duct (11). In our current study, we proved that retrograde injection of DBTC through the pancreatic duct could induce reproducible spontaneous pancreatic neoplasm in mice with Kas mutation, which can be used as a spontaneous neoplasm mouse model in pancreatic cancer research as a supplementary method for caerulein-induced pancreatic cancer.

In conclusion, in this current study, we established and validated a new CP and spontaneous pancreatic neoplasm mouse model through retrograde injection of DBTC in the pancreatic duct. Moreover, we confirmed that tail injection of DBTC could not induce considerable CP or a neoplastic phenotype in mice.
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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





Keywords: exploratory laparoscopy, occult peritoneal metastasis, nomogram, colorectal cancer, decision curve analysis



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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The majority of colon lesions are <10 mm in size and are easily resected by endoscopists with appropriate basic training. Lesions ≥10 mm in size are difficult to remove technically and are associated with higher rates of incomplete resection. Currently, the main endoscopic approaches include endoscopic mucosal resection (EMR) for lesions without submucosal invasion, and endoscopic submucosal dissection (ESD) for relatively larger lesions involving the superficial submucosal layer. Both of these approaches have limitations, EMR cannot reliably ensure complete resection for larger tumors and recurrence is a key limitation. ESD reliably provides complete resection and an accurate pathological diagnosis but is associated with risk such as perforation or bleeding. In addition, both EMR and ESD may be ineffective in treating subepithelial lesions that extend beyond the submucosa. Endoscopic full-thickness resection (EFTR) is an emerging innovative endoscopic therapy which was developed to overcome the limitations of EMR and ESD. Advantages include enabling a transmural resection, complete resection of complex colorectal lesions involving the mucosa to the muscularis propria. Recent studies comparing EFTR with current resection techniques and radical surgery for relatively complicated and larger lesion have provided promising results. If the current trajectory of research and development is maintained, EFTR will likely to become a strong contender as an alternative standard of care for advanced colonic lesions. In the current study we aimed to address this need, and highlighted the areas of future research, while stressing the need for multinational collaboration provide the steppingstone(s) needed to bring EFTR to the mainstream.
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Introduction

The flexible endoscope was originally designed as a diagnostic tool for examining the lumen of the gastrointestinal (GI) tract, now known as the ‘first space’ (1). The utility of expanding the operative field to this ‘second space’ has been highlighted by advances in interventional endoscopic techniques such as the development of a working channel, access to the peritoneal cavity and more recently, access to extra-luminal organs such as the gallbladder and thyroid gland (2–4). Access to the submucosal layer – also known as the ‘third space’ – and to the subserosal layer – known as the ‘fourth space’ –has highlighted the potential of interventional endoscopy in reducing the need for invasive surgical interventions for the management of many luminal lesions (5).

Endoscopic mucosal resection (EMR) and endoscopic submucosal dissection (ESD) are two well established endoscopic resection techniques for lesions involving the mucosal and superficial submucosal layers (6, 7). However, EMR and ESD can be challenging as there is still a considerable rate of adverse events, particularly perforation and bleeding. Furthermore, larger lesions cannot reliably be removed resulting in incomplete resections, and dense fibrosis results in non-lifting, difficult-to-treat lesions (8, 9). ESD is technically challenging and burdened by longer procedure times and higher costs. It should therefore be restricted to lesions suspicious for high-grade dysplasia or early invasive cancer.

Endoscopic full-thickness resection (EFTR) is a latest addition to endoscopic resection techniques which is developed to overcome the limitations of EMR and ESD (10, 11). It involves the complete resection of the mucosa to the muscularis propria and is very useful for the treatment of difficult-to-resect lesions, e.g., recurrence with scar formation after previous endoscopic resections or even for associated lymph nodes resections (12). There are two approaches to EFTR i.e., exposed and non-exposed EFTR. In exposed EFTR, first the full-thickness resection is performed, with subsequent closure of the mucosal defect (mainly used for upper GI luminal subepithelial lesion). In non-exposed EFTR, serosa-to-serosa apposition is achieved, and then full thickness resection is completed with the assistance of a cap-mounted clip. However, it is challenging to safely and efficiently close the large defects resulting from EFTR. Successful closure of large defects is critical for the use of the EFTR procedures. Endoclips were used as the earliest treatment method for the endoscopic closure of GI perforations and are still a common tool for defect closure. Different types of endoclips with reliable rotation are available widely and are usually effective for the closure of small defects (<1 cm) but are less effective for the closure of larger defects (>1 cm).

Different suturing devices/systems have been developed for EFTR such as over-the-scope clips (OTSC) (Ovesco Endoscopy AG, Tubingen, Germany) and Overstitch (Apollo Endosurgery, Austin, TX, USA). OTSC is a clip-type full-thickness suturing device but is still unable to close defects larger than 2 cm. Several studies have reported the usefulness of the device for closure of fistulas, iatrogenic perforations and anastomotic leakage after surgery (13–16). The overstitch is not available worldwide and even in China. More recently Liu et al. designed the new technique of “Kissing Suture” for closing large GI wall defects that remained after EFTR. The successful use of the “Kissing Suture” method for endoscopic gastroplasty and NOTES gastroenterostomy (anastomose the jejunum and stomach) has been described in a human setting and has proven to be feasible and efficient (17–19). Since the introduction of EFTR with full-thickness resection device (FTRD) into clinical practices, there has been an increasing number of published studies on EFTR using the FTRD system in the colorectum (20, 21).

If the concerns of infection and intraperitoneal diffusion of tumor cells are solved, advanced complicated lesions such as gastrointestinal stromal tumors (GISTs) would be a good candidate for EFTR. Flexible endoscopy has opened up new frontiers for surgeons and endoscopists. As the armamentarium of interventional endoscopy expands and the ability of endoscopists to perform advanced interventions safely fosters an inevitable step forward that will involve the integration of new technology with innovative and creative thinking.



Endoscopic Full-Thickness Resection

EMR for adenomas or early colorectal carcinomas with severe fibrosis have an increased risk of perforation and other adverse events. The perforation rate of ESD for lesions with severe submucosal fibrosis also remains high. Endoscopic full-thickness removal of luminal GI lesions is an efficient non-surgical development for en bloc resection for advanced adenomas (22, 23). Endoscopic resection of luminal GI neoplasms has traditionally been limited to the mucosa and submucosa due to the lack of adequate closure techniques. The introduction of the OTSC and the research on natural orifice transluminal endoscopic surgery (NOTES) paved the way for transmural endoscopic interventions (14, 24). In 2014, two groups separately reported the first clinical cases of EFTR using a OTSC device (25, 26). Since the approval of the FTRD (in 2014), multiple studies on colorectal EFTR have been published (27). Lesions <20 mm in diameter may be amenable to resection with an adapted OTSC cap, in which the lesion is pulled into the cap with retraction forceps resulting in invagination of the colon wall followed by OTSC deployment.

Zwager et al. reported the results of the Dutch colorectal EFTR registry where the data was prospectively collected from 20 hospitals and covered a total of 367 EFTR procedures (28). The procedure technical success was 83.9% and the R0 resection rate was 82.4%. Adverse events were noted in 9.3% of cases, with 2.7% of patients required emergency surgery. Recurrent or residual lesions rate was 6.4%. Interestingly, the Dutch colorectal EFTR data included a sizeable subgroup of patients (n = 221) undergoing EFTR for T1 carcinoma. A recent retrospective study described a high diagnostic value of EFTR for T1 carcinomas, allowing patients to be assigned to the best treatment strategy (29). The Dutch registry comprised 150 patients who had “secondary” EFTR after malignant polyps were not completely resected. According to Kuellmer et al., the vast majority of these patients were classified as “low risk” after EFTR, and surgery was therefore not deemed necessary (30). According to both studies, EFTR of post-polypectomy scars appears to be a very good alternative in these cases.

Guo et al. presented 23 cases of exposed EFTR followed by defect closure using the OTSC method. The procedure technical success rate was 100% and delayed perforation was not observed at the 3-month mark (31). Tumor size ranged from 6–20 mm. Histopathological findings showed that one patient (4%) was high-risk GIST, 18 (78%) were very low-risk GIST, and 4 (17%) were leiomyomas. The main reported complication was localized peritonitis which occurred in two patients (9%). Zhou et al. and colleagues reported 26 EFTR cases for gastric GIST originating from the muscularis propria. R0 resection was achieved successfully in all tumors with a median size of 28 (range 12–45) mm. Full-thickness resected stomas was successfully closed using endoclips in all cases including the one where the defect was larger than 30 mm (32).

Recently, Liu et al. reported EFTR of colonic adenocarcinoma and lymphadenectomy in a 60-year-old man (33). Due to multiple prior abdominal surgeries, he was not considered a candidate for another intra-abdominal operation and therefore, endoscopic resection was recommended for him. A detachable balloon was inflated and placed in the transverse colon before the procedure to prevent contamination of the intraoperative field. EFTR of the colonic lesion was then completed successfully. An endoscope was introduced via the mucosal defect, to observer the lymph nodes. The lymph nodes were observed at 2-3 cm from the defect area and removed endoscopically. The large full-thickness defect was then closed using endoloops and endoclips (Figure 1). No adverse event was observed in the patient at the 12-month follow-up visit.




Figure 1 | Infographics of endoscopic full-thickness resection and lymphadenectomy for advanced colonic cancer as described by Liu et al.



This case demonstrates the EFTR of a colorectal cancer and a lymphadenectomy. Although this case was striking, and the patient appears to be disease-free. The authors may simply gotten lucky in that the nodes were all easy to locate, they were adjacent to the original lesion, and could be resected easily. The majority of colorectal cancer surgeries involve an extended search for adenopathy and removal of all perilesional lymph nodes. It is easy to visualize how other benign or malignant lymph nodes could have gone unnoticed; if that were the case, there would have been far less to celebrate.



Endoscopic Full-Thickness Resection – Indications, Closure Techniques, Complications and Limitations

In clinical practice, non-lifting lesions with extensive submucosal fibrosis and lesions involving difficult anatomical locations (appendiceal orifice or diverticula, and subepithelial tumors) are the main indications for EFTR. Moreover, EFTR is gaining attention as a credible diagnostic tool and alternative therapeutic option for T1 colorectal cancer, because it can provide high quality pathological specimens and precise histological risk assessment. GIST has been found to be a good indication for EFTR as well.

To date, several full-thickness endoscopic closure methods have been developed using endoclips with or without endoloops, as well several suturing devices, including the OTSC system or Overstitch is the most commonly using tool in clinical settings (34–38). The first published report of the use of endoclips to close perforations after resection of a gastric leiomyoma was in 1993 (39). Subsequently, multiple studies have demonstrated the successful use of endoclips for the closure of iatrogenic perforations resulting from EMR and ESD (40). Endoscopic clipping is now accepted as the most effective, popular, and widely available method for the closure of GI wall perforations (40, 41). Following the development and success of the use of endoclips, an endoscopic suturing methods for EFTR has been used to avoid the need for surgical intervention. However, endoclips can grasp only the mucosal layer, and closure of large defects is challenging if the defect size is larger than 1 cm, thus, there is a risk of leakage when using endoclip alone closure (42). To date, numerous studies have reported the successful use of the OTSC system and Overstitch for EFTR defect closure (31, 43). The major limitations of OTSC included limitation of maximum tumor size (up to 2 cm, due to the restraint of tissues that can be sufficiently pulled into the cap), tumor position (esophagus and duodenum due to limited workspace), and restricted maneuverability for defect closure. Additionally, in China, where the majority of the EFTR procedure has been performed in the world Overstitch is not available (34). To overcome the limitations of endoclips for large defect closure, endoscopists have designed several methods in combination with endoloops based on use of a double-channel endoscope, such as interrupted suture, clip-loop, endoscopic purse-string suture methods, and so on (35–37). None of these methods are suitable for defects larger than 4 cm (44). The use of a double-channel endoscope has disadvantages. First, a double channel endoscope is thicker, rigid, and heavier; therefore, it is difficult to manipulate. Second, the endoclip and endoloops are inserted through two different channels of the same endoscope, both move synchronously with the endoscope; thus, making it difficult for clipping the nylon loops around the edge of the defect. Third, it is necessary to change to the double-channel endoscope for defect closure, whereas the resection was made with a single-channel endoscope. Fourth, the double-channel endoscopes are not available in most of the endoscopy centers in China and other countries. Because of the technical limitations and difficulties of using a double-channel endoscope as well as endoscopic suturing devices, Liu et al. designed the “Kissing Suture” method for closing large GI wall defects that remained after EFTR. The ‘‘Kissing Suture’’ method requires a single-channel endoscope with endoloops and endoclips. The loop is placed in the defect area and uses two endoclips to anchor it to the two edges of the full-thickness layer or muscle layer of the defected wall. Tightening the loop changed the defect from linear-shaped to resemble the infinity symbol (∞). To the purpose of more rapid wound healing the defected edges are set in edges-to-edges apposition at the edge of submucosa-submucosa and mucosa-mucosa, respectively; and then endoclips are used to close the complete linear incision (Figure 2). Benefits of the “Kissing Suture” method included, it is easy to control the endoscope because the endoloops free from the endoscope and does not interfere with clipping. Additional, endoloops and endoclips can be used to reinforce the closure of the defect and prevent postoperative leak and peritonitis. However, the mucosa may invert while mucosa and submucosa are sutured together which could impair healing. From previous experience, defect closure with endoclips by the mucosa-mucosa apposition has been shown to be effective for quicker wound healing and prevention of ongoing leakage of air and digestive juices (17). The use of a single-channel endoscope with endoloops and endoclips has the advantage of being simple to manipulate, does not require specialized equipment, and there is no technical complexity. The ‘‘Kissing Suture’’ method has a potential future for the closure of large GI tract wall defect following EFTR, NOTES procedure, and for different kinds of perforation.




Figure 2 | Illustration of the ‘‘Kissing Suture’’ method. (A) Nylon loops along with endoclip is used to anchor the two edges of the defected wall. (B) Nylon loops is fixed along with endoclip. (C) Additional clips are used to complete the linear incision closure. (D) Overview of the defect closure using nylon loops and endoclips.



Bleeding and perforation are main EFTR complications. When bleeding occurs during the procedure, the use of dedicated hot coagulation forceps and/or hot biopsy forceps to stop it immediately are recommended. However, endoscopic clips should be used to ligate the bleeding vessels when large vessels are present, or the bleeding cannot be stopped using coagulation. To avoid perforation, use the dynamic submucosal injection approach for sessile and flat lesions to separate the lesion from muscularis propria with an adequate submucosal cushion, and take preventive measures if a deep resection is performed. It is critical to be able to recognize deep cuts or perforations since they must be closed immediately using endoclips.



Development and Training for Endoscopic Full-Thickness Resection

Gastroenterology fellows are trained to perform colonoscopy for diagnostic purposes in a straight forward fashion. It is essential to have a thorough understanding of EMR and ESD before attempting EFTR. EFTR expands upon these skills and transposes skills acquired from training in EMR or ESD (indications, proficiency in lesion identification, limitations, technique, and dealing with adverse events during the procedure). Although more advanced methods can be learned during ESD training, competency in the handling of adverse events such as perforation and bleeding is mandatory. Deconstruction of the steps involved in EFTR allows for task-oriented training. Adopting these basic principles, a credentialing process for competency in EFTR should be established as this will be essential for global adoption of this endoscopic modality.

Although there are a variety of artificial tissue and ex vivo models available, opportunities to practice on live animals that better imitate peristalsis, bleeding, and respiratory movement should be pursued. However, training specific to the colorectum remains challenging because live animal models such as porcine models do not provide adequate simulation of human colorectal tissue. Bovine specimens are good alternatives for the colorectum, particularly when training to use innovation such as the FTRD and other new resection tools. With the experience and improvements in endoscopic technology, the procedural difficulties observed with EFTR will be reduced as well. Additionally, patients with advanced adenomas who are poor surgical candidates may also benefit from EFTR.



Future Direction and Conclusion

Traditionally, colectomy remains the treatment of choice for the management complex colorectal lesions. However, advanced endoscopic techniques have also been proposed in order to improve the accuracy of diagnosis, more precise risk assessment, and colon sparing resection of colorectal lesions. Advanced endoscopic resection techniques allow curative treatment of difficult colonic lesions and often avoids the need for surgery. However, determining the optimum resection technique (EMR, ESD or EFTR) for specific individual and lesions to maximize the efficacy, and safety while avoiding unnecessary surgical intervention remains a challenge. Although both EMR and ESD are effective and are currently preferred, a transmural approach for large lesions, if resources and expertise are available would be preferable.

Endoscopic full-thickness resection, a transmural approach, of luminal GI lesions is a new development that has been performed only in a limited manner and, in all fairness, can only be labeled as experimental. Nonetheless, interest and progress in this field are rapid and ongoing. Although EFTR technique is still developing and requires refinement, it is an outstanding procedure in terms of invasiveness. However, we should not be satisfied with the currently available numbers and retrospective studies. We must aim for large sample size prospective randomized controlled trials to compare the EFTR with other endoscopic methods with long-term follow-up data on recurrence rates and clinical outcomes. Development of reliable closure devices and establishment of appropriate indications will make EFTR more practical especially for advanced colonic lesions. This not only avoid patients to an unneeded, invasive intervention with its associated risks, but also reduces the financial burden on the patient, hospital system, and society. There is also a need for multinational collaboration and a consensus on training and credentialing pathway for EFTR, and on areas of future research necessary for widespread adoption of EFTR.
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Background

The globally dominant treatment with curative intent for locally advanced esophageal squamous cell carcinoma (ESCC) is neoadjuvant chemoradiotherapy (nCRT) with subsequent esophagectomy. This multimodal treatment leads to around 60% overall 5-year survival, yet with impaired post-surgical quality of life. Observational studies indicate that curatively intended chemoradiotherapy, so-called definitive chemoradiotherapy (dCRT) followed by surveillance of the primary tumor site and regional lymph node stations and surgery only when needed to ensure local tumor control, may lead to similar survival as nCRT with surgery, but with considerably less impairment of quality of life. This trial aims to demonstrate that dCRT, with selectively performed salvage esophagectomy only when needed to achieve locoregional tumor control, is non-inferior regarding overall survival, and superior regarding health-related quality of life (HRQOL), compared to nCRT followed by mandatory surgery, in patients with operable, locally advanced ESCC.



Methods

This is a pragmatic open-label, randomized controlled phase III, multicenter trial with non-inferiority design with regard to the primary endpoint overall survival and a superiority hypothesis for the experimental intervention dCRT with regard to the main secondary endpoint global HRQOL one year after randomization. The control intervention is nCRT followed by preplanned surgery and the experimental intervention is dCRT followed by surveillance and salvage esophagectomy only when needed to secure local tumor control. A target sample size of 1200 randomized patients is planned in order to reach 462 events (deaths) during follow-up.



Clinical Trial Registration


www.ClinicalTrials.gov, identifier:  NCT04460352.





Keywords: esophageal squamous cell carcinoma, neoadjuvant chemoradiotherapy, definitive chemoradiotherapy, locoregional surveillance, salvage esophagectomy



Introduction

Currently, esophageal cancer is the 7th most common cancer and the 6th most common cause of cancer deaths worldwide (1). Most esophageal cancers are diagnosed in advanced stages. Esophageal squamous cell carcinoma (ESCC) comprises more than 90% of cases of esophageal cancer worldwide, and despite the recent years’ decrease in some Western countries, there are no signs of a global decrease in incidence (1).

Treatment with curative intent for locally advanced ESCC is controversial. Surgical resection of the esophagus was the first established treatment (2). Another alternative is definitive chemoradiotherapy (dCRT), which was first established in the early 1990s (3). Survival after surgical resection alone and after dCRT alone are similar, with five-year overall survival of around 25-30% (4, 5). A third curative treatment approach is esophagectomy preceded by neoadjuvant chemoradiotherapy (nCRT), which was shown to be superior to surgery alone in the CROSS trial, using a novel neoadjuvant chemoradiotherapy regimen consisting of weekly carboplatin and paclitaxel and a total radiation dose of 41.4 Gy, followed by esophagectomy (4). The CROSS trial showed an extraordinary 5-year overall survival after nCRT and surgery of 60% for ESCC, compared to only 33% for surgery alone (6). These outcomes after nCRT followed by planned surgery established the CROSS nCRT regimen with subsequent esophagectomy as a new standard of care for ESCC.

Importantly, observational studies indicate that dCRT, supplemented with salvage esophagectomy in cases of incomplete response or subsequent local recurrence, i.e. when needed for local tumor control, can reach survival levels equivalent to those seen with nCRT with subsequent mandatory esophagectomy (7, 8). The great advantage with this approach is that more than half of the patients will not need to undergo surgery and may consequently be able to avoid the deterioration of health-related quality of life (HRQOL) known to be associated with esophagectomy (9, 10). Based on these studies both nCRT with surgery, as well as dCRT with surveillance and salvage surgery when needed, are recommended treatment options for locally advanced ESCC in the European Society for Medical Oncology (ESMO) guidelines (11), although in many countries a majority of patients with operable ESCC are currently treated with nCRT and surgery, due to the more robust evidence available for this treatment (12–14).

To date, no adequately powered randomized trial comparing these two treatment alternatives has been published, or to our knowledge even been started or planned. The only two previous randomized trials addressing comparable research questions, both with recruitment in the time period around two decades ago, are today obsolete with regard to the compared interventions, both surgery and chemoradiotherapy. Furthermore, these did not include structured locoregional recurrence surveillance after dCRT (15, 16). In addition both these trials were underpowered with regard to overall survival endpoints. For these reasons a majority of operable curative intent patients with locally advanced ESCC in the world are more likely to be treated with nCRT followed by surgery (12–14).

Consequently, a large, pragmatic and direct intention-to-treat comparison between the two guideline-recommended treatment options for operable ESCC, nCRT with mandatory surgery vs dCRT with surgery only when needed to achieve local tumor control, is still lacking and strongly warranted. This trial, named NEoadjuvant chemoradiotherapy for Esophageal squamous cell carcinoma versus Definitive chemoradiotherapy with salvage Surgery as needed (NEEDS), could potentially change the current globally dominating practice from neoadjuvant nCRT with subsequent mandatory esophagectomy, to dCRT with subsequent surveillance and surgical resection performed only when needed.



Methods


Study Objectives


Primary and Main Secondary Objective

The primary objective of the NEEDS trial is to demonstrate that dCRT with salvage esophagectomy as needed is non-inferior to nCRT followed by surgery regarding overall survival in patients with operable, locally advanced esophageal squamous cell carcinoma. The main secondary objective is to show superiority of dCRT with surgery only when needed, concerning global HRQOL one year after randomization



Secondary Objectives

	To study prespecified HRQOL endpoints relevant to esophageal cancer and effects of treatment for this disease, repeatedly during treatment and survivorship.

	To determine event free survival, loco-regional and distal relapse rates and histological response after chemoradiotherapy in the surgical specimen in the control arm.

	To investigate the overall health economic impact of each intervention. A cost-effectiveness analysis (CEA) will be conducted for all relevant endpoints comparing both interventions. Furthermore, the results of the trial-based CEA (e.g. patient-level resource use) will be used to build a decision analytic model and made publicly available to allow health care system-specific analysis by policy makers (e.g. country-specific costs or quality of life weights).

	To investigate the impact of each intervention on nutritional status during follow-up.

	To investigate whether any of the endpoints are affected by the type of radiological follow-up, CT or PET-CT, in patients treated with dCRT with salvage esophagectomy as needed.

	To investigate if there are any gender differences in any of the endpoints.

	To exploratively analyze putative tissue and liquid biomarkers in response to the different treatment strategies and long-term benefit. We aim to identify subgroups of patients who need trimodality treatment and those who have a good long-term outcome without esophagectomy.






Trial Design

The NEEDS trial is a pragmatic, open-label, randomized controlled phase III multicenter trial. Randomization (1:1) of eligible patients is performed before any anti-tumor treatment is given (Figure 1).




Figure 1 | NEEDS randomization overview.





Study Setting

The NEEDS trial is an academic multicenter trial. To represent the global geographic incidence of ESCC the aim is to include patients from centers across most of the world´s continents, in order to maximize the generalizability of the results from the trial. Recruitment is so far planned in Sweden, Norway, Germany, Ireland, United Kingdom, France, Italy, Canada, India, China, Taiwan and Australia, and recruitment from several other countries are under discussion. The aim is to include around half of the patients in Asia and the other half in Western countries.



Eligibility Criteria


Inclusion Criteria

	Histopathologically confirmed ESCC in locally advanced stages cT1 N+ or cT2-4a any N, M0, according to the current (8th) version of the AJCC TNM classification.

	Technically resectable disease according to the local multidisciplinary team conference (MDT)/tumor board.

	Age ≥ 18 years and ≤ 80 years.

	ECOG performance status 0-1.	Adequate organ function (assessed within 14 days prior to randomization):

	White blood cell count (WBC) > 2 × 109/L.

	Absolute neutrophil count (ANC) > 1.5 × 109/L.

	Platelets ≥ 100 × 109/L.

	Hemoglobin ≥ 9 g/dL.

	Estimated glomerular filtration rate (eGFR) according to MDRD should be ≥ 60 ml/min.

	Total bilirubin within normal limits (if the patient has documented Gilbert’s disease ≤ 1.5 * ULN or direct bilirubin ≤ ULN).

	Aspartate transaminase (AST) and alanine transaminase (ALT) ≤ 1.5ULN.




	Women of childbearing potential (WOCBP) must have a negative serum or urine pregnancy test (minimum sensitivity 25 IU/L or equivalent units of HCG) within 24 hours prior to randomization. Furthermore WOCBP should undergo monthly pregnancy testing during the study treatment and for a period of up to six months after termination of the study treatment. Home pregnancy tests are acceptable.

	Patients of childbearing/reproductive potential should use highly effective method of birth control measures during the study treatment period and for at least six months after the last study treatment. A highly effective method of birth control is defined as those which result in low failure rate (i.e. less than 1% per year) when used consistently and correctly and include combined hormonal contraception associated with inhibition of ovulation (oral, intravaginal, transdermal), progestogen-only hormonal contraception associated with inhibition of ovulation (oral, injectable, implantable), intrauterine device, intrauterine hormone-releasing system, bilateral tubal occlusion, vasectomized partner, and sexual abstinence.

	Female subjects who are breast feeding should discontinue nursing prior to the first dose of study treatment and until six months after the last study treatment.

	Male study participants should not father children during the study treatment and for at least six months after the last dose and should use effective contraceptive measures throughout this time period. Effective contraceptive measures include condoms, vasectomy, and sexual abstinence. Male study participants who wish to be fathers in the future should be offered counselling on sperm storage before starting any study treatment.

	Absence of any psychological, familial, sociological or geographical condition potentially hampering compliance with the study protocol and follow-up schedule; those conditions should be discussed with the patient before registration in the trial.

	Before patient registration/randomization, written informed consent must be given according to ICH/GCP/GDPR and national/local regulations.





Exclusion Criteria

	M1 according to the current (8th) version of the AJCC TNM classification.

	cT4b according to the current (8th) version of he AJCC TNM classification.

	Primary tumor not resectable without laryngectomy.

	Impaired renal, hepatic, cardiac, pulmonary or endocrine status that compromises the eligibility of the patient for multimodality treatment with chemoradiotherapy followed by esophagectomy.

	Subjects not considered likely to tolerate multimodality treatment with chemoradiotherapy followed by esophagectomy.

	Subjects with previous malignancies are excluded unless a complete remission or complete resection was achieved at least 5 years prior to study entry. Adequately treated cervix uteri carcinoma in situ, and localized non-melanoma skin cancer are not exclusion criteria, regardless of time of diagnosis.

	Prior or concomitant treatment with radiotherapy or chemoradiotherapy with potential overlap of radiotherapy fields.

	Known uncontrollable hypersensitivity to the components of the chemotherapeutic agents used in the trial regimens.

	Inability to fully understand and digest information for study patients or to comply with study instructions due to language difficulty or cognitive failure such as dementia or severe psychiatric disorder.






Interventions


Control Intervention (Arm A)

The control intervention is concomitant nCRT followed by esophagectomy in accordance with the intervention arm in the CROSS trial (4). Radiotherapy is administered 1.8 Gy × 23 (total dose: 41.4 Gy) as detailed below. Chemotherapy, using a platinum-taxane regimen, is administered starting on the first day of radiotherapy: carboplatin area under the curve (AUC) 2mg/ml/min + paclitaxel 50mg/m2 weekly × 5 (day 1, 8, 15, 22, 29).

Esophagectomy should be performed within 8 weeks of termination of chemoradiotherapy, unless the medical condition of the patient does not permit surgery within this timeframe.


Surveillance in Arm A

During the first two years, clinical status, symptoms and routine blood laboratory analyses (see below) will be followed up starting four to six weeks after surgery, then three months after surgery and then every third month up to two years after surgery. During years three to five after surgery, clinical status, symptoms and routine blood laboratory analyses (see below) will be followed every six months. Clinical follow-up visits can optionally be performed by telephone or using a video conference system. In addition, planned computerized tomography (CT) of neck, chest and abdomen will be performed at 9, 18, 36 and 60 months after surgery. The performance of PET-CT instead of CT is optional. Additional investigations should be performed on clinical suspicion of recurrence at any time. In the event of recurrence being diagnosed follow-up is terminated and the patient managed in accordance with local institutional treatment policy.




Experimental Intervention (Arm B)

The experimental intervention is concomitant dCRT, followed by surveillance, and esophagectomy only in case of residual or recurrent locoregional cancer. Radiotherapy can be administered using two alternative schemes, either 1.8 Gy × 28 (total dose: 50.4 Gy) or 2.0 Gy × 25 fractions (total dose: 50 Gy) as detailed below. Chemotherapy can be administered using any of the following regimens:

	Platinum-Taxane Regimen (4)	- Carboplatin AUC 2 mg/ml/min + paclitaxel 50mg/m2 on day 1 weekly during the full course of radiotherapy (5 or 6 weeks, depending on the radiotherapy regimen used).




	Platinum-Fluoropyrimidine Regimens (5, 17)	- Cisplatin 75mg/m2 on the first day of weeks 1 and 5 + 5-fluorouracil 1000 mg/m2/day by continuous infusion on the first four days of weeks 1 and 5.

	- FOLFOX: Oxaliplatin 85 mg/m2, calcium folinate 200 mg/m2 and 5-fluorouracil 400 mg/m2 on the first days of weeks 1, 3 and 5 + 5-fluorouracil 800 mg/m2/day by continuous infusion on the first two days of weeks 1, 3 and 5.






There is no induction chemotherapy or adjuvant chemotherapy.


Surveillance in Arm B

Clinical status, symptoms and routine blood laboratory analyses (see below) will be assessed 4 weeks after completed dCRT, then every 3 months up to two years after completed dCRT. From two years and up to five years after dCRT, clinical status, symptoms and routine blood laboratory analyses (see below) will be followed up every six months. Clinical follow-up visits can optionally be performed by telephone or using a video conference system. In addition a CT of the neck, chest and abdomen will be performed at 4 weeks after completed dCRT and at 3, 6, 9, 12, 15, 18, 21, 24, 30, 36, 42, 48, 54 and 60 months after terminated dCRT. The performance of PET-CT instead of CT is optional.

In addition, upper endoscopy with multiple bite-on-bite biopsies from the original tumor area and from suspected residual or recurrent tumor will be performed at 3, 6, 9, 12, 15, 18, 21, 24, 30, 36, 42, 48, 54 and 60 months after terminated dCRT. Endoscopic ultrasonography (EUS) with fine needle aspiration (FNA) of suspected malignant lymph nodes is optional. Additional investigations should be performed on clinical suspicion of residual or recurrent disease at any time. For example clinical suspicion of residual disease is warranted in patients with persistent severe dysphagia 6 weeks after termination of dCRT. In the event of distant metastatic recurrence radiological and endoscopic follow-up is terminated and the patient managed in accordance with local institutional treatment policy.



Salvage Esophagectomy

Salvage esophagectomy is indicated in patients allocated to the experimental intervention (arm B), if there is either histopathological evidence of residual or recurrent cancer, or radiological signs of disease progression from one post dCRT surveillance CT or PET-CT to a subsequent one (even without histopathological proof). The verdict of disease progression should be made at the local multidisciplinary team conference of the study center in question. Another prerequisite for salvage esophagectomy is that the patient should be considered physiologically fit for surgery. The decision of whether the patient is fit for surgery is left at the discretion of the responsible surgeon, following the regular procedure of operability assessment at each center based on conventional clinical assessment with optional support of any function tests considered useful.





Radiotherapy and Dose Planning


Fractionation Schedule

The radiotherapy in the trial also follows a pragmatic approach. The radiotherapy in Arm A will be given in 23 fractions of 1.8 Gy, 5 fractions a week (once daily), to a total dose of 41.4 Gy. The overall treatment time should not exceed 39 days (five and a half weeks). The radiotherapy in Arm B will follow either of two schedules: 28 fractions of 1.8 Gy, 5 fractions a week (once daily), to a total dose of 50.4 Gy, with overall treatment time not exceeding 46 days or 25 fractions of 2 Gy, 5 fractions a week (once daily), to a total dose of 50 Gy, with treatment time not exceeding 42 days (six weeks).



Treatment Preparation

For treatment preparation the patients should undergo CT simulation in treatment position with a slice thickness of maximum 3 mm. A 4D-CT can be used according to local routines. The use of intravenous contrast is recommended. The gastric filling should be standardized at simulation and at each treatment fraction according to local routines. This can be accomplished for example by two hours fasting prior to simulation and treatment. Positioning of the patient will be according to local routines and immobilization devices should be in accordance with the departmental policy.




Definition of target volumes

The principles of target delineation will be as follows: The gross tumor volume of the primary tumor (GTVT) and involved nodes (GTVN) should be delineated on a planning CT, taking all clinical, endoscopic, and radiological information (CT or PET-CT) into account. GTVT should include the entire circumference of the esophagus at the level of the tumor. The clinical target volume of the primary tumor (CTVT) includes a 3 cm margin in the cranio-caudal direction and 1 cm radial margin from GTVT with corrections for natural anatomic boundaries (such as heart, lungs, skeletal structures, kidneys, and liver) and oriented along the esophageal mucosa (not a simple geometric expansion). For tumors located in the gastro-esophageal junction a 2-cm distal margin of clinically uninvolved gastric mucosa is sufficient. The clinical target volume of involved nodes (CTVN) includes the GTVN plus a 0.5 cm margin in all directions, with corrections for natural anatomic boundaries. These two volumes should be joined to make the CTV (total), patchwork radiotherapy should be avoided, and different target volumes joined via the most probable lymphatic drainage. In case a 4D-CT or other robust motion management techniques are not available, the margins for motion management can be estimated to be 10 mm in the cranial and caudal direction and 3 mm in the radial directions and these should be included in the CTV (total), although the vertebral bodies should be entirely excluded. For proximal tumors, the cranial level of the CTV should not extend above the cricoid cartilage. The planning target volume (PTV) is applied according to local routines, commonly 5-10 mm. Organs at risk considered and delineated are the heart, the lungs, the spinal cord, and the kidneys.

In addition to these volumes patients in the experimental arm B will also be treated with elective lymph node irradiation (18). Elective lymph node irradiation will include the following regions for the respective tumor sites:


Proximal Tumors and Tumors Located in the Middle of Esophagus Mainly Above the Carina

Supraclavicular lymph nodes, analogous to level 4 in head and neck cancers (19) (Supplementary Figure S1). Levels 2-4 according to IASLC staging atlas (20) (Supplementary Figure S2) at the same levels as CTVT and CTVN: Paratracheal, pretracheal, mediastinal (anterior mediastinal, retrotracheal, posterior mediastinal and tracheobronchial), and para-esophageal lymph nodes.



Tumors Located in the Middle of Esophagus Mainly Below the Carina

Mediastinal, paratracheal, pretracheal and para-esophageal lymph nodes at the same levels as CTVT and CTVN, as well as paraaortic, paracardial, common hepatic, hepatogastric ligament, and celiac lymph nodes.



Distal Tumors

Paraaortic, paracardial, common hepatic, hepatogastric ligament, celiac, and para-esophageal lymph nodes (Supplementary Figure S1) at the same levels as CTVT and CTVN.

To encompass the para-esophageal lymph nodes, a radial margin of 1 cm from the outer esophageal wall is recommended.




Treatment Delivery

Radiotherapy will be delivered using 3D conformal radiotherapy (3DCRT), intensity modulated radiotherapy (IMRT) or volumetric arc therapy (VMAT). Concerning the dose distribution, 98% of the PTV should receive at least 95% of the prescribed dose. However, if this objective is unachievable, 95% of the PTV should receive at least 95% of the prescribed dose. The maximum dose within the PTV should not exceed 107% of the prescribed dose.When planning the radiotherapy treatment, the dose constraints in Table 1 should be adhered to. Treatment position verification should be done in accordance with individual departmental policy.


Table 1 | Dose constraints.





Radiotherapy Modification for Treatment Delay

In case of missed treatment days, radiotherapy can be compensated at the discretion of the treating physician, though for patients randomized to Arm B (dCRT) the total radiation dose may be increased to a maximum EQD2 (equivalent total dose in 2Gy/fraction) of 55 Gy.



Modifications for Toxicity

In the event of radiation induced grade 4 esophagitis, both chemotherapy and radiotherapy should be withheld until the esophagitis has recovered to grade 3. Alternatively, the treatment can be discontinued at the discretion of the treating physician. Dosing modifications for chemotherapy are provided in Supplementary Table S1.



Radiotherapy Quality Assurance

The aim of the radiotherapy quality assurance (RT-QA) program is to ensure the consistency of radiotherapy treatment delivery across all participating centers as well as the verification of adherence to the protocol guidelines described above (21, 22). The RT-QA coordinating team is comprised of three medical physicists and three radiation oncologists based at the External Radiotherapy Department at the Karolinska University Hospital.

The RT-QA program is divided into two stages:

	Pre-Study: All sites wishing to participate must submit a Facility Survey, perform a level 1 dosimetry audit, and complete two contouring benchmark exercises (one with a tumor located in the proximal and one in the distal esophagus) and two dose planning benchmark exercises with a proximal and a distal esophageal tumor respectively before patients can be included in the trial. These benchmark exercises must adhere to the radiotherapy guidelines described in the study protocol.

	During study inclusion participating centers must send the radiotherapy data of each included patient to a specific online platform. The evaluation and monitoring procedure of the data is further divided into two levels. Level 1 consists of pre-treatment evaluation of contouring and dose planning of the first patient at each center. If major violations are identified in the contouring part, both re-delineation and re-planning will be requested. If violations are detected in the planning part, only re-planning will be requested. Once an acceptable quality level is achieved the centers progress to level 2. At this point, a retrospective evaluation of contouring and dose planning will be performed for one in every 5 patients, randomly selected, with feedback to centers regarding every evaluated patient.



In case of a loco-regional tumor recurrence (with or without simultaneous distant metastasis), the center is required to send the following DICOM data as soon as possible: diagnostic CT and, if available, the PET images, confirming the recurrence.



Surgical Quality Assurance

All centers participating in this trial are high volume centers, with highly experienced surgeons. Prior to the trial, participating surgeons will be asked to provide their annual and life-time volume of esophagectomies performed for cancer. For each participating center information regarding 30-day and 90-day mortality over the preceding three years will be collected. Centers will before entering the trial be requested to complete a questionnaire, to describe their intended and most commonly used operative approach based on tumor location and staging that may be encountered within the trial. This will allow an assessment of expected degree of heterogeneity in surgical approach and expected lymphadenectomy within the trial. Standard quality outcome metrics including data on estimated blood loss and perioperative complications will be collected for every operation within the trial. Two still photographs of the lymphadenectomy fields upon completion of lymphadenectomy (abdomen and thorax) will be saved at each participating site for every operation. Specifically, the abdominal photograph should include the upper pancreatic border with the dissection of stations 7, 8a, 9 and 11p. The thoracic photo should include dissection of the subcarinal area. The surgery quality assurance committee will form consensus on grading lymphadenectomy from these photographs by collectively assessing the first three cases from ten centers. After this, a randomly selected 10% of the included patients (selection stratified by center and country) will be assessed by two of the members of the surgery quality assurance committee. The photos will be scored on a Likert scale with four levels (excellent, good, fair and poor).



Outcomes


Primary and Main Secondary Endpoints

The primary endpoint of the NEEDS trial is overall survival (OS) with a minimum follow-up of two years. The main secondary endpoint is global HRQOL one year after randomization. The primary objective of treatment for localized esophageal cancer is cure and there are no known surrogate endpoints that can replace OS in a pragmatic trial aiming to establish best practice. However, the importance of patient reported HRQOL during survivorship qualifies HRQOL as a main secondary endpoint. The main secondary endpoint of HRQOL at one year after randomization will be the global HRQOL score in the EORTC QLQ-C30 questionnaire.



Secondary Endpoints

	HRQOL will be assessed at baseline, and thereafter 6, 12, 24, 36 and 60 months after randomization using the EORTC HRQOL Questionnaire QLQ-C30 version 3.0 (23),the EORTC HRQOL esophagogastric-specific questionnaire EORTC QLQ-OG25 (24) and the EQ5D questionnaire (25). Predefined endpoints will be global HRQOL, physical function, dyspnea, diarrhea, dysphagia and anxiety at all assessed time-points.

	Event free survival (EFS), defined as time to relapse, initiation of any anti-tumor therapy beyond the study treatments (salvage surgery is considered a study treatment in the dCRT arm), or death, whichever comes first.

	Loco-regional and distant relapse rates, including the relation of relapse location to the radiation field (in-field or out-field).

	Histopathological response according to Mandard (26), as well as other pathological data in operated patients, i.e. ypTNM including total and metastatic lymph node count, and tumor free resection margins, R0 (according to the Royal College of Pathologist’s definition of at least 1 mm without viable tumor cells) (27).

	Health economics will be assessed including patient-level medical resource use and societal costs due to sick-leave and other non-medical costs. Quality-adjusted life years (QALYs) will be calculated using EQ-5D, reported at baseline and 6, 12, 24, 36 and 60 months after randomization.

	Surgical complications according to the Esophagectomy Complications Consensus Group (ECCG) (28) and classified according to Clavien-Dindo (29) (Appendix 3)

	Treatment-related adverse events and toxicity coded by NCI CTCAE criteria version 5.0.

	Nutritional outcomes including weight change, dysphagia and appetite assessment.

	Gender stratified analyses of all endpoints.

	Exploratory analyses for putative tissue and liquid biomarkers for response to CRT and benefit from either of the two treatment strategies (optional per center).






Follow-Up

Included study subjects are followed up for five years. The follow-up and surveillance schemes for each study arm are described in detail above in the interventions section (Figure 2).




Figure 2 | Overview of scheduled cancer recurrence surveillance by treatment allocation.





Randomization and Stratification

Randomization is performed online from within an electronic randomization system once all eligibility criteria have been verified and no exclusion criteria have been fulfilled. Treatment allocation is open-label among the two arms in a 1:1 ratio. Randomization is performed using minimization schemes with stratification for gender (male or female), age (< 70 yrs or ≥70 yrs), tumor site (upper, middle or lower third of the esophagus), performance status (ECOG 0 or 1), clinical nodal status (positive or negative/unknown), clinical primary tumor status (T4a or any other T) and trial center. The electronic randomization module is accessed from all participating sites.



Sample Size Calculation and Statistical Methods for Data Analysis


Sample Size Calculation

The study has a non-inferiority design to investigate whether dCRT followed by surveillance and salvage esophagectomy only as needed will not appreciably compromise mortality while potentially providing an improved HRQOL and reduced morbidity, compared to nCRT with planned esophagectomy. Based on data from the CROSS trial, the 5-year survival for patients receiving nCRT followed by surgery is 60% (6). For patients in the surveillance arm, a non-inferiority margin of 7.5% is considered to be clinically worthwhile as a trade-off for reduced surgical and post-surgical morbitity and improved HRQOL. The size of the non-inferiority margin was decided upon after discussions among professionals in the international esophageal cancer community, and representatives of the Swedish patient organization PALEMA. From clinical considerations, the assumption that surveillance would increase overall survival is remote and therefore a one-sided test for non-inferiority is assumed.

Assuming a 5-year accrual and 2-year follow-up duration, a sample size of 1200 patients will have 80% power with one-sided 95% confidence to declare non-inferiority with a margin of 7.5% (i.e. from 60% to 52.5% in the surveillance group) based on a 1:1 randomization. Based on these assumptions, the expected number of events is 462, corresponding to a hazard ratio of 1.26. The analysis will be according to the intention-to-treat (ITT) principle with no imputation for missing values.

Mean differences in HRQOL of 10 points or more will be considered clinically relevant.




Statistical Methods

The primary endpoint analysis of OS will be performed on the ITT population using differences in the 5-year survival proportion between treatments estimated by the method of Kaplan-Meier. Further analyses will include proportional hazards regression modelling accounting for stratification factors providing estimates of relative differences between treatment groups. Results will be presented as a figure including point estimates of the treatment effect, lower and upper 90% confidence limits and the non-inferiority margin (HR). The trigger for analysis will be based on the data maturity of the trial at 5-years. This is obtained as the ratio of the variance of the pooled (by treatment) Kaplan-Meier curve at 5-yrs to the variance of the 5-year Kaplan-Meier estimate had all patients been followed for 5-years (30). For the study to be analyzed this ratio would need to exceed 90% (ideally 95%).

The full analysis set (ITT population) comprises all randomized patients.

Additional proportional hazards regression models accounting including potential confounders (age, gender, tumor stage, primary tumor position (proximal/mid/distal), type of dCRT) will be performed.

For the secondary endpoint HRQOL mean differences between the treatment arms will be estimated using linear mixed regression models. Results from these models will be presented as mean differences together with 95% confidence intervals.




Discussion

The NEEDS trial is the first adequately powered randomized trial to compare the two guideline recommended treatments options for ESCC (11); nCRT followed by planned esophagectomy vs. dCRT with surveillance and salvage esophagectomy only when needed for locoregional tumor control. Due to the lack of high-level evidence that dCRT and surgery only as needed is non-inferior to nCRT with surgery regarding survival, dCRT is in many countries most often used in frail patients who may not tolerate surgery (14, 31, 32). For this reason, there is an apparent need for a pragmatic, international multicenter trial which can generate results with a high degree of generalizability. The results will have the potential to change the current practice of operating most patients, to a new global practice allowing organ preservation for most patients, with non-inferior survival and superior quality of life.

The field of ESCC treatment is moving fast. It is expected that both nCRT followed by planned esophagectomy and also dCRT will be complemented by immunotherapies, at least in defined subsets of patients. In the context of the approval of immunotherapy by EMA following the Checkmate-577 study (33), the implementation of adjuvant immunotherapy with Nivolumab in resected patients with pathological residual disease in the resection specimen is in line with the FDA and EMA approvals. The Study Steering Committee had its second meeting 29 October 2021. Immunotherapy was discussed again and the decision was to pragmatically allow immunotherapy according to the approval status of the drug and clinical practice regulations in each country. As overall survival will definitely be affected, with or without imbalance between the study groups, a decision was taken to consider amending the primary endpoint from overall survival alone to two primary endpoints in the form of overall survival and HRQOL, either as a composite or separate endpoints. This will be finally discussed and decided at one of the next steering committee meetings. In the next years we will also see novel trial results from studies assessing the implementation of immunotherapy into dCRT of localized ESCC such as Skyscraper-07 (NCT04543617) and Keynote-975 (NCT04210115).

Clinical trials are usually described as explanatory or pragmatic. Explanatory trials measure efficacy, meaning the benefit of the treatment under ideal conditions. The aim then being to establish whether the treatment works, and this type of trial is usually undertaken during the initial development phase of an intervention (34). In explanatory trials participants are usually carefully selected to be homogeneous and treatments are very carefully standardized in an ideal experimental situation in order to establish proof of principle (34). Although explanatory trials are necessary to test whether new interventions work, they have limited generalizability to clinical practice, where patients are heterogeneous, and treatment usually is less standardized (34). Pragmatic trials, such as the NEEDS trial, measure effectiveness, meaning the benefit of treatment in clinical practice, and should therefore take place in a routine healthcare, or clinical practice setting (34).

For the same reason, pragmatic trials should normally use ITT, rather than per protocol (PP) analysis for primary outcomes. In a trial of interventions given over a period of time (for example nCRT/dCRT, surveillance and surgery) patients defined as having received an intervention per protocol, are usually a selection of the most successfully treated, potentially introducing bias into PP analyses. Consequently, in the NEEDS trial all analyses will be based on the ITT principle, although for the primary outcome - OS - an additional PP analysis will also be performed.

In conclusion the NEEDS trial is a randomized, pragmatic phase III trial comparing today’s preferred standard of care, nCRT followed by planned esophagectomy, with the alternative therapy dCRT with surveillance and salvage esophagectomy only when needed for local tumor control, with a non-inferiority hypothesis for OS in locally advanced, operable ESCC. The objective is, if the study objectives of non-inferior OS and superior HRQOL are met, to guide a global change of practice from mandatory surgery to surgery only when really needed. The trial started inclusion in November 2020 and plans to include 1200 patients in several countries in Asia, Europe, Australia and North America, over the next 4-5 years.
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Supplementary Figure 1 | Supraclavicular lymph nodes are analogous to level 4 in head and neck cancers. The cranial border is defined by the cricoid cartilage. The anterior borders correspond to the sternocleidomastoid muscles. Cranially the posterior border is the posterior edge of the sternocleidomastoid muscle. Caudally the posterior border is the anterior edge of the scalene muscles and the apex of the lungs. The medial limit is the medial edge of the common carotid artery. The lateral limit is defined by the lateral edge of the sternocleidomastoid muscle cranially and the lateral edge of the scalene muscles caudally. The inferior border extends into the thoracic inlet.

Supplementary Figure 2 | Para-esophageal, paratracheal, pretracheal and mediastinal (anterior mediastinal, retrotracheal, posterior mediastinal and trachea-bronchial) lymph nodes. Above the carina, the CTV will encompass the entire trachea and extend radially to encompass the lower and upper paratracheal nodal stations which correspond to levels 2 and 4 in the IASLC staging atlas. Above the aortic arch the anterior border of the CTV is defined by the sternum and clavicular heads to encompass prevascular nodes (IASLC level 3). Above the level of the thoracic inlet, the trachea should be excluded from the CTV (unless the 1cm radial margin to the esophagus requires it). For distal tumors in which the CTV extends superiorly to the mediastinum only to respect the cranial margin to the primary tumor or to para-esophageal lymph node metastases, the superior nodal stations except for the para- esophageal lymph nodes need not to be included.

Supplementary Figure 3 | Paraaortic, hepatogastric ligament, celiac lymph nodes. Below the diaphragm the CTV should be extended inferiorly to the level of the origin of the celiac axis. The CTV will be bounded in the lateral aspect by the vertebral body on the right (usually Th12) and 0.5-1 cm beyond the lateral aspect of the aorta on the left, the vertebral body posteriorly and the pancreatic body anteriorly. Between the level of the gastro- esophageal junction and the celiac lymph nodes the lesser curvature nodes will be included. In this region the liver will define the right border and the stomach will define the left border. Anteriorly the CTV includes the fatty space between the lesser curvature and the liver.

Supplementary Table 1 | Guidelines for management of toxicity from chemotherapy graded according to CTCAE. *ULN, upper limit of normal.
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Hepatocellular carcinoma (HCC) is the main type of primary liver malignancy and the fourth leading cause of cancer-related death worldwide. MicroRNAs (miRNAs), a type of non-coding RNA that regulates gene expression mainly on post-transcriptional level has a confirmed and important role in numerous biological process. By regulating specific target genes, miRNA can act as oncogene or tumor suppressor. Recent evidence has indicated that the deregulation of miR-NAs is closely associated with the clinical pathological features of HCC. However, the precise regulatory mechanism of each miRNA and its targets in HCC has yet to be illuminated. This study demonstrates that both oncogenic and tumor suppressive miRNAs are crucial in the formation and development of HCC. miRNAs influence biological behavior including proliferation, invasion, metastasis and apoptosis by targeting critical genes. Here, we summarize current knowledge about the expression profile and function of miRNAs in HCC and discuss the potential for miRNA-based therapy for HCC.
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Introduction

Hepatocellular carcinoma (HCC) is the fourth leading cause of cancer-related mortality and the seventh most frequent ma-lignancy worldwide (1). HCC accounts for approximately 90% of primary liver cancer, and is considered as one of the deadliest cancers. Infection of hepatitis B or C viruses, alcohol abuse, toxicants and metabolic disorders all increase the risk of liver cancer (2, 3). In addition, ingestion of the fungal metabolite aflatoxin B1, inhalation of smoke, and adeno-associated virus 2 also are associated with an increase in the incidence of HCC. Generally, patients with cirrhosis, and hu-man immunodeficiency virus infection or thalassemia are also at higher risk of HCC (4–6). Ac-cording to e-Medicine-Health, the 5-year survival rate of early stage HCC is 33%, vs. 2%-11% for advanced stage.

Despite the development of various treatment strategies such as antiviral therapies and clinical interventions, the prognosis of HCC remains poor. Thus, there is a need for developing advanced diagnostic and treatment options. During the last decade, researchers have focused on investigating the molecular underpinnings such as genomic aberrations, biomarkers and drug target sites. Among the molecular entities, miRNAs play a crucial role in carcinogenesis and have enormous therapeutic potential, thus gaining serious attention during the last few years (7).

miRNAs regulate the global activity of cells by targeting a range of genes and proteins articulation. Increasing evidence demonstrates that miRNAs assume a key administrative role in Multiple Drug Resistance (MDR). Moreover, miRNAs have been considered as potential biomarkers and therapeutic targets (8).

miRNAs have been found frequently deregulated in HCC and specific miRNAs have been re-ported to be associated with the clinicopathological features including metastasis, recurrence, and prognosis of HCC (9). Moreover, compelling evidence suggested that miRNAs influence HCC development by targeting proliferation, apoptosis and metastasis of tumor cells. The proposed mechanisms by which miRNAs act as oncogenes or tumor suppressor genes were depicted in Figure 1. The up-regulated miRNAs and those down-regulated in HCC are shown in Tables 1 and 2. Figure 2 shows a schematic overview of the deregulated miRNAs, their target genes and subsequent phenotypes of the resulting HCCs. The aim of this study is to systemically evaluate differentially expressed miRNAs in HCC patients which have been reported consistently through independent studies. Furthermore, we discuss the clinical applications of miRNAs in HCC diagnosis and treatment strategies.




Figure 1 | The loss of function of tumor suppressive miRNAs result in an anomalous expression of the target tumor suppressor or oncogene, which contributes to tumor progression.




Table 1 | Up regulated miRNAs and their target genes in hepatocellular carcinoma.




Table 2 | Down regulated miRNAs and their target genes in hepatocellular carcinoma.






Figure 2 | The initiation and development of hepatocellular carcinoma (left) and the expression of miRNAs and their targets (right) during the development of liver cancer. (A)-upregulated miR-NAs, (B)-targets of upregulated miRNAs, (C)-downregulated miRNAs, and (D)-targets of downregulated miRNAs.





Down-Regulated miRNAs in HCC


miR-26a

miR-26a has been found to be downregulated during the progression and development of HCC. However, its expression level is not connected with tumor size or clinical stage of the HCC. Studies have indicated that overexpression of miR-26a stifles the expression of DNA methyltransferase 3b (DNMT3B), which act as an immediate target of miR-26a, suggesting a tumor suppressive effect of miR-26a. Notably, DNMT3B is significantly upregulated in HCC tis-sues (27, 28).



miR-98

MiR-98 functions as tumor suppressor or oncogene in different tumor by interacting with various target genes (29). MiR-98 has been found down-regulated in HCC tissues with its expression related to tumor size, metastasis, and portal vein tumor embolus (15). Zhou et al. reported that ectopic expression of miR-98 decreased the proliferation, migration, invasion and epithelial-mesenchymal transition (EMT) of HCC cells by inhibiting SALL4, thus suppress tumor generation. On the contrary, over expression of SALL4 reverses the suppressive effect of miR-98, resulting in accelerated proliferation, migration, invasion and EMT of HCC cells (30).



miR-101

Reduced expression of miR-101 has been reported in HCC tissues and cell lines (31), especially in HBV related HCC, suggesting a tumor suppressive role of miR-101 in HCC development (32). In addition, overexpression of miR-101 was associated with reduced the expression of DNA me-thyltransferase 3 alpha (DNMT3A) and vice versa. Moreover, miR-101 inhibits the expression of the FBJ murine osteosarcoma viral oncogene homolog (FOS) post-transcriptionally by binding to 3’UTR of FOS mRNA, thereby preventing HCC invasion and migration. Various studies have concluded that miR-101 suppress HCC by targeting an oncogene known as enhancer of zeste homolog 2 (EZH2), myeloid cell leukemia sequence 1 (Mcl-1) and Nemo-like kinase (NLK) [17.18,19]. It is known that targeted disruption of NLK inhibits tumor cell growth by blocking cyclin D1 and CDK2 in human hepatocellular carcinoma (33). These studies have thus confirmed a key regulatory role of miR-101 in HCC progression.



miR-124

MiR-124 is down-regulated in HCC and is associated with decreased apoptosis and enhanced proliferation. It affects tumor progression with the involvement of STAT3 (34, 35). STAT3 has been reported to be activated significantly in HCC patients with poor prognosis. MiR-124 also suppresses ROCK2 and EZH2 on both the mRNA and protein levels, which in turn inhibits epithelial-mesenchymal cell transition (36). Some reports have also indicated that miR-124 targets PIK3CA to inhibit cell proliferation (35).



miR-133b

miR-133b mostly acts as a tumor suppressor and is downregulated in HCC suggesting its involvement in cancer progression or development (37). It targets the Sirt1 gene which plays a key role in the development of different cancers. miR-133b if over-expressed, can attenuate cell proliferation and invasion, and increase apoptosis via the miR-133b/Sirt1/GPC3/Wnt β-catenin axis pathway (22).



miR-379

MiR-379 is differentially regulated in different tumors (i.e., it has been confirmed to be down-regulated in breast cancer and inhibit tumor progression and be over expressed and inhibit cell migration, invasion and EMT in HCC (38). MiR-379-5P functions through targeting focal adhesion kinase (FAK) 3’-UTR, thereby suppressing the AKT pathway. Activating AKT signaling or re-storing FAK expression can alter the tumor suppressing activity of miR-379-5P.



miR-502-3P

Down-regulation of miR-502-3P was found in both HCC cell lines and tissue samples. Over ex-pression of miR-502-3P dramatically inhibits proliferation, invasion, metastasis and adhesion in HCC. miR-502-3P directly targets SET which is a potent and specific inhibitor of protein phosphatase 2A (PP2A) and is associated with many cellular processes, such as cell cycle control, migration and apoptosis (39, 40). Moreover, miR-502-3p targets protein-coding genes such as SET and thus plays a crucial role in role in carcinoma development especially HCC. Interestingly, downregulation of miR-502-3P induces HCC, while its overexpression inhibits HCC invasion, proliferation, and metastasis, suggesting that targeting this miRNA can be suitable therapeutic option (23).



miR-193

Many studies have presented the role and importance of miR-193 family in cancer progression, metastasis, and development. The members of this family are miR-193a-3p, miR-193a-5p, miR-193b-3p, and miR-193b-5p, which play crucial role in disease biological processes. mir-193 interacts with different signaling molecules in order to induce suppression of tumor, therefore, it can be used as therapeutic options against HCC in order to make the treatment more effective (41). For instance, MiR-193a-5p has been reported to promote abnormal proliferation and limit apoptosis of HCC cells by targeting the downstream gene BMF, suggesting that miR-193a-5p/BMF axis could be potential therapeutic sites in HCC treatment (42).



miR-539

MiR-539 acts as a tumor suppressor, which is down-regulated in HCC tissues and cells. Many genes have been shown to be targeted by it including SPAG5, CARMA1, MMP-8, CDK4, and PHB2 (43). A study found that the delivery of miR-539 mimic significantly promoted apoptosis in HCC cells. Studies further showed that miR-539 resulted apoptotic death in HCC cells and tissues. MiR-539 reduced the expression of phosphorylation of STAT3 and anti-apoptotic proteins like Bcl-2 and Bcl-xL. While over-expression of STAT3 considerably reversed the apoptosis mediated by miR-539. Enforced expression of miR-539 eliminated the resistance of HCC cells to arsenic trioxide, which was also confirmed in vivo (44).



miR-613

miR-613 was initially reported to be implicated in lipid metabolism in HepG2 cells and macro-phages (45). miR-613 has been reported to suppress the proliferation and invasion of ovarian can-cer cells and prostate cancer cells (46). Recent studies have shown the link between miR-613 and tumorigenesis. DCLK1 was identified as a novel target of miR-613, which is frequently up-regulated in HCC and associated with tumorigenesis (47, 48). Targeting DCLK1 has been shown to suppress the growth of HCC xenograft tumors in nude mice models (24). Experimental studies revealed that miR-613 has the ability to negatively regulate the expression of DCLK1, which is based on its interaction within the 3′-UTR of DCLK1 (25).



miR-622

Numerous evidences indicate that miR-622 is frequently down-regulated in human tumors such as gastric cancer, colorectal cancer, pancreatic cancer, and glioma. Interestingly, studies have confirmed that over-expression of miR-622 slow down the growth of HCC xenograft tumors in vivo. Bioinformatics analysis and luciferase reporter assay discovered that miR-622 directly targeted the 3′-UTR of mitogen-activated protein 4 kinase 4 (MAP4K4) mRNA. Ectopic expression of miR-622 led to a significant reduction of MAP4K4 expression in HCC cells and xenograft tumors. MAP4K4 over-expression partially counteracted the impact of miR-622 on cell proliferation and apoptosis. Inhibition of JNK and NF-κB signaling simulated the anticancer effects of miR-622 in HCC cells (49).



miR-885-5p

In 2010, miR-885-5p was identified for the first time from a pheochromocytoma (50). miR-885-5p expression was elevated in patients with cirrhosis or HCC when compared with normal people (51). Both in vitro and in vivo studies showed that over-expression of miR-885-5p decreased metastasis of HCC cells, and vice versa. Additionally, it was revealed that miR-885-5p suppressed the activity of Wnt/β-catenin signaling pathway by targeting CTNNB1, which proposing miR-885-5p to be a promising negative regulator of HCC development (52).




Upregulated miRNAs in HCC


miR-21

miR-21 was significantly up-regulated in HCC tissues and cell lines, which is linked with the in-crease of tumor migration and invasion. The up-regulation of miR-21 can potentially decrease its targeted tumor suppressive factors and therefore promote the development of HCC. Various tar-gets of miR-21 have been experimentally confirmed, including PTEN, PDCD4, RECK, MARCKs, TPM1, and Cdc25A (53, 54). However, ectopic expression of these targets may have diverse functional effects on tumorigenesis. Additionally, it was shown that miR-21 was significantly over-expressed in HCC tissues and cells in expression profiling studies using miRNA microarrays. Inhibition of miR-21 increased the expression of the PTEN and decreased proliferation, migration and invasion of HCC cells.



miR-27b

miR-27b has been found to play an active role in many kinds of human tumors, which was found to be over-expressed in HCC. MiR-27b over-expression resulted in prominent increased proliferation and reduced apoptosis in Hep3B cells. In vivo studies showed that knockdown of miR-27b inhibited the growth of SMMC-7721 cells in mouse xenograft. Furthermore, it was confirmed that Fbxw7 was a direct target of miR-27b.



miR-24-3p and miR-103

Up-regulation of miR-24-3p and miR-103 was confirmed in HCC tissues, which played an important role in the initiation and progression of HCC by targeting metallothionein 1M (17). AKAP12 is an A-kinase scaffold protein whose down-regulation is linked to an increased risk of tumors including HCC (55). AKAP12 was realized as a tumor suppressor gene because of its capability to suppress growth rates and promote re-organization of the actin based cytoskeleton in v-Src-transformed fibroblasts. miR-103 acts a potential repressor of AKAP12 by directly targeting the 3′-UTR and therefore promotes HCC progression (18). Furthermore, AKAP12 can also binds to key signaling mediators such as PKC, PKA, calmodulin, F-actin, cyclins, Src and phospholipids in a spatiotemporal manner.



miR-107

In vitro and in vivo studies have demonstrated that over-expression of miR-107 contributes to proliferation in human HCC. Data showed that miR-107 acts as a tumor promoter in HCC by accelerating growth and metastasis. Notably, CPEB3 was identified as a novel and functional target of miR-107, which acts as a tumor suppressor in HCC. In addition, it was also showed that miR-107 regulates the pathogenesis of HCC partially through the CPEB3/EGFR pathway (16). MiR-107 was involved in a variety of pathological process including carcinogenesis, which was reported to accelerate the proliferation of gastric cancer cells.



miR-135a

In HCC, miR-135a transcribed by FOXM1 induces the development of portal vein tumor thrombus by inhibiting metastasis suppressor 1 (MTSS1) (56). A study determined miR-135a expression in HCC cells, normal liver cells, HCC tissues and adjacent normal live tissues and examined the effect of miR-135a on cell invasion and migration. miR-135a induced HCC cell metastasis and invasion by targeting the 3′-UTR of FOXO1 mRNA, consequently promoting Snail and MMP2 expression, inhibiting FOXO3a phosphorylation, and promoting AKT phosphorylation (57).



MiR-155-5p

miR-155-5p and miR-155-3p are different transcripts from the miR-155 host gene, in which miR-155-5p has been considered as the functional form. Previous studies found that miR-155-5p was significantly up-regulated in T cells. Functional manipulation of miR-155-5p expression revealed its important role in regulating Th17 development. Cell proliferation of HCC was enhanced by miR-155-5p both in vitro and in vivo. FBXW7 was identified as a functional target of miR-155-5p and was involved in the effects of promoting HCC cells proliferation (58).



miR-519a

miR-519a belongs to the C19MC cluster, which plays a vital role in the pathogenesis of human cancers. Ectopic expression of miR519a increased the cell viability, proliferation and cell cycle progression in HCC cells. PTEN was confirmed to inhibit the progression of HCC by suppressing the PI3k/Akt pathway, and its insufficiency was closely associated with HCC development and progression (59). Studies have shown that the activation of PI3K/Akt signaling pathway pro-motes the progression of HCC and increases the malignant behavior of HCC. MiR-519a pro-motes HCC progression by activating the Akt signaling pathway and inhibiting PTEN (14).



miR-761

MiR-761 was found to be up-regulated in HCC tissues, which directly target Mitofusin-2 and inhibited its expression. However, a miR-761 inhibitor impaired mitochondrial function and effectively repressed tumor progression in vitro and in vivo by up-regulating Mitofusin-2.



miR-765

Abnormal expression of miR-765 frequently occur in a variety of human tumors and contributes to carcinogenesis by affecting various genes, therefore, it was considered as a potential target for cancer diagnosis and therapy. It has been demonstrated that miR-765 is over-expressed in HCC and its expression is correlated with HCC progression. MiR-765 promotes the progression of HCC by targeting and suppressing INPP4B. Suppression of INPP4B up-regulated p-AKT and Cyclin D1, while down-regulated p-FOXO3a and p21 in HCC. From these findings it was revealed that miR-765 acts as a potential onco-miR. INPP4B acts a tumor suppressor by regulating PI3K/Akt signaling pathway (13).



miR-935

miR-935 over-expression promotes cell proliferation, tumorigenesis and cell cycle progression, and vice versa. MiR-935 down-regulates the expression of sex determining region Y-Box 7 (SOX7) and increases C-Myc and cyclin D1, two G1/S transitional regulators (60). Certain evidences have shown that SOX7 may disrupt the transcriptional function of the β-catenin-TCF/LEF interaction and inhibit the activity of Wnt target genes including cyclin D1, c-Myc and COX-219. Several recent studies have shown that SOX7 acts as a tumor suppressor through the Wnt/β-catenin signaling pathway in various cancers (61).



miR-1180

Over-expression of miR-1180 promotes the proliferation of HCC by directly suppressing TNIP2, then it can up-regulate the NF-kB downstream target genes including cy-clin D1, Myc and p-Rb. Generally, it is accepted that TNIP2 played an essential role in the regulation of NF-kB pathway, which act as a transcription factor that facilitates a number of biological processes including cell proliferation. Previous studies have indicated that upregulation of miR-1180-3p induces HCC and is associated with poor prognosis, suggesting that it might be useful as a prognostic marker in the case of HCC. Moreover, targeting miR-1180 through inhibitors can decrease the risk of HCC or alleviate HCC progression and metastasis (62, 63).



miR-4262

MiR-4262 is over-expressed in HCC tissues and cell lines. Results showed that miR-4262 promotes cell proliferation by suppressing PDCD4 and promotes the accumulation of nuclear NF-kB/P65 by activating NF-kB pathway (11). PDCD4 functions as a tumor suppressor which regulates both transcription and translation in many cancers. It was confirmed that PDCD4 inhibits NF-kB dependent transcription in human glioblastoma cells by its direct interaction with p65 (64).




Gene Ontology and KEGG Analysis

Gene ontology and KEGG analysis was carried out for a number of genes. GO analysis showed that gene annotations are mainly in three aspects: biological processes (BP), molecular function (MF) and components (CC). In the biological process, the genes were mainly enriched in negative regulation of cellular process, intracellular signal transduction, negative regulation of macromolecule metabolic process, negative regulation of biological process and many more as shown in Figure 3. In the molecular function, the genes were mainly involved in protein binding, enzyme binding, molecular complex binding and other molecular functions. In the cell components, the expressed genes were mainly found in cytoplasm, nucleus, cytosol, organelle lumen, membrane enclosed lumen, intracellular organelle lumen and other cell components. These data showed that the genes exhibited different GO functions, implying the different roles of gene. In KEGG analysis, the genes were mainly involved in a number of pathways linked with pancreatic cancer, small cell lung cancer, prostate cancer, colorectal cancer and many other malignancies as shown in Figure 4.




Figure 3 | Schematic overview of miRNAs involved in the metastasis, proliferation, migration and invasion in HCC. The inhibition of validated targets (left side) by specific miRNAs results in increased metastasis, proliferation, migration and invasion.






Figure 4 | GO and KEGG analysis by R package cluster Profiler. Enrichment analysis of Gene Ontology for targeted genes that include biological processes (BP), molecular function (MF), and cell fractions (CC) as well as KEGG pathways analysis.





miRNAs Confirmed as Potential Therapeutic Targets and Diagnostic Markers in HCC

Differential and specific biomarkers are crucial for early detection and diagnosis of HCC, as well as the advancement of preventive screening. Nonetheless, current strategies are inadequate for detecting HCC in early stage. Advance in MRI and CT have incredibly improved the diagnostic efficacy of HCC. Serum alfa-fetoprotein (AFP) and des-gamma-carboxy prothrombin (DCP) levels have been utilized as HCC biomarkers. However, the exactness of AFP is modest with a sensitivity 39%– 65% and specificity 76%– 94%. However, 1/3 of HCC patients got missed diagnosis based on AFP and AFP levels can also be nonspecifically increased in patients with hepatitis and cirrhosis (65).

Numerous miRNAs are dysregulated in HCC and circulating miRNA levels are additionally influenced by HCC progression. It is fascinating that circulating miR-21, miR-222, and miR-223 were observed to be up-regulated in HCC patients with HBV or HCV. Circulating miR-21 ex-pression was significantly higher in HCC patients than in those with perpetual hepatitis and healthy control. Receiver operating characteristic (ROC) investigation of miR-21 yielded an Area Under Curve (AUC) of 0.773 while separating HCC from perpetual hepatitis, and an AUC of 0.953 when separating HCC from healthy control. The values of miR-21 were better than AFP as biomarker in HCC. Meantime, serum levels of miR-1, miR-25, miR-92a, miR-206, miR-375, and miR let-7f were elevated in HCC patients.

miR-130b had the biggest AUC of 0.913, besides that, with an affectability of 87.7% and a specificity of 81.4% for distinguishing HCC. miR-15b had the affectability of 98.3% for identifying HCC, which is the most astounding one in all the miRNAs analyzed, despite its low specificity of 15.3%. The high affectability of miR-15b and miR-130b as HCC biomarkers may ensure patients with early stage HCC better prognosis. Similarly, serum miR-16 level was observed to be a more sensitive biomarker for HCC than AFP and DCP. The combination of miR-16, AFP, AFP-L3% and DCP yielded the optimum state of both affectability (92.4%) and specificity (78.5%) for HCC diagnosis, when investigation was limited to patients with tumors less than 3 cm. Moreover, a current meta-analysis in which eight investigations were incorporated demonstrated that the diagnostic value of miRNAs for HCC as follows: pooled affectability 0.87 (0.72–0.98), pooled specificity 0.90 (0.76–1.00), pooled positive probability proportion 8.7 (3.52– 97.45), pooled negative probability proportion 0.13 (0.02– 0.31), and pooled indicative chances proportion 86.69 (19.06– 2,646.00) (66).

miR-122, miR-125b, and miR-192 in serum are potential non-invasive biomarkers for identifying liver damage in patients. miR-122 act as a solid marker particularly to detect hepatitis B. Besides, when contrasted with ALT, miR-122 was found to reflect liver injury with a better AUC of 0.784. These discoveries recommended the capability of utilizing miR-122 as a delicate and enlightening biomarker for hepatitis B. In addition, miR-125b could be possibly utilized as a biomarker for HCV and miR-192 for drug-induced liver injury. The affectability and specificity of utilizing a single biomarker and combined biomarkers for liver disease has been investigated. The most extreme value of Youden’s index come about after combination of miR-122 and miR-125b, in which affectability increased from73.41% to 83.89%, and specificity diminished from 83.05% to76.27%. Studies showed that the serum level of miR-122 was connected with ALT in HBV patients and even varied more sensitively than ALT (67). In this manner, miR-122 could be utilized as a more precise biomarker for HBV-related liver injury than ALT, a traditional biomarker of liver damage. This increased levels of miR-122 and miR-125b are related with less progression and better survival of HBV-induced liver injury patients. In general, the study provides clinical confirmation of circulating miR-122 as a biomarker for HBV patients, as well as the possibility of miR-125b and miR-192 as biomarkers for HCV and chemical related liver damage. Moreover, the combination of miR-122 and miR-125 demonstrated a higher affectability than ALT. Even though the affectability and strength of miRNAs as biomarkers for liver disease was reasonable, proper controls should be utilized. While evaluating the specificity of a miRNA for detecting HCC, it is important to make sure that examiners should be coordinated by age, sex, etiology and severity of illness.



miRNA Act as Tumor Suppressor

miR-493 was considered as a tumor suppressor in different human tumors by targeting on various molecules. In human bladder cancer cells, miR-493 reduces cell motility and movement capacity by targeting FZD4 and Rho C. miR-493 can also suppress tumor development, invasion and metastasis of lung cancer by regulating ERK, E2F1 and PI3K-AKT pathway. IGF1R and MKK7 were distinguished as immediate targets of miR-493, which suppress liver metastasis of colon tumor cells. miR-493 may stifle the tumorigenesis of HCC by modulating Wnt signaling path-way. While miR-493 is significantly down-regulated in HCC patients, restore of miR-493 could remarkably suppress the proliferation, invasion, migration and tumorigenicity of HCC cells in vitro and in vivo. miR-493 could down-regulate ANTXR1 and RSPO2 specifically and Wnt/b-catenin pathway was engaged with its anti-tumor capacity.



miRNAs Act as Therapeutic Targets

Recently, accumulated evidences have demonstrated that methodologies focused on regulation of miRNA expression could be a novel approach to malignancy treatment. Previous studies have shown that inhibition of miR-122 by modification of miRNA oligonucleotides was a promising strategy for minimizing miRNA action in non-human primates (68). Another investigation has exhibited that restoration of tumor suppressor miR-122 makes HCC cells more sensitive to sorafenib treatment by down-regulating of multidrug protection genes. Alternatively, suppression of oncogenic miR-221 brought about better survival and significant decrease in the number and size of tumors. Besides, HCC cells transfected with anti-miR-221 were more sensitive to chemo-therapy with joined interferon-α and 5-FU.



Conclusion and Future Perspective

miRNAs play an important role in patho-physiological processes of the initiation and progression of HCC. Many miRNAs are abnormally expressed and play a vital role in HCC progression by specifically targeting at critical genes. Various reports have identified potential miRNA biomarkers, their target genes and the possible mechanisms that lead to hepatocarcinogenesis and advancement. MDR is a profoundly dilemma in tumor treatment process, which was realized to be regulated by a wide range of miRNAs. Along these lines, miRNAs could be utilized as ideal biomarkers for predicting chemotherapeutic reaction and potential targets in HCC treatment. For instance, miR-98 targets SALL4, miR-124 targets STAT3, miR-502-3P targets SET, miR-761 targets MFN2 and miR-222 targets P27. Among those some miRNAs even have multiple target genes that are involved in HCC progression. For example, miR-221 and miR-222 target p27, p57, Bmf, PTEN, TIMP3, DDIT4 and PPP2R2A. While miR-122 targets cyclin G1, ADAM10, AD-AM17, SRF, Igf1R and Bcl-w. As contrast, one target gene can be regulated by multiple miR-NAs simultaneously. These findings show that deregulated miRNAs and their targets make up a complex interacting network, which influence HCC development and progression. Future re-search is needed to address and expand the therapeutic potential of miRNAs in inhibiting the progression of HCC. In addition, miRNAs may provide new perspectives and targets for the development and research of novel HCC treatment modalities.
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Purpose

We evaluated the related research on artificial intelligence (AI) in pancreatic cancer (PC) through bibliometrics analysis and explored the research hotspots and current status from 1997 to 2021.



Methods

Publications related to AI in PC were retrieved from the Web of Science Core Collection (WoSCC) during 1997-2021. Bibliometrix package of R software 4.0.3 and VOSviewer were used to bibliometrics analysis.



Results

A total of 587 publications in this field were retrieved from WoSCC database. After 2018, the number of publications grew rapidly. The United States and Johns Hopkins University were the most influential country and institution, respectively. A total of 2805 keywords were investigated, 81 of which appeared more than 10 times. Co-occurrence analysis categorized these keywords into five types of clusters: (1) AI in biology of PC, (2) AI in pathology and radiology of PC, (3) AI in the therapy of PC, (4) AI in risk assessment of PC and (5) AI in endoscopic ultrasonography (EUS) of PC. Trend topics and thematic maps show that keywords " diagnosis ", “survival”, “classification”, and “management” are the research hotspots in this field.



Conclusion

The research related to AI in pancreatic cancer is still in the initial stage. Currently, AI is widely studied in biology, diagnosis, treatment, risk assessment, and EUS of pancreatic cancer. This bibliometrics study provided an insight into AI in PC research and helped researchers identify new research orientations.





Keywords: Artificial intelligence, pancreatic cancer, AI, bibliometric, trends



Introduction

Pancreatic cancer (PC) is a common cancer of the digestive system. It is known as the "king of cancers" because of its high mortality rate. According to the World Cancer Report 2020, the 1-year survival rate of pancreatic cancer after diagnosis is 24%, and the 5-year survival rate is only 9% (1). However, for those with early-stage cancer whose tumor was confined to the primary site, the 5-year relative survival rate increased to 39.4 percent (2). Improving survival in patients with pancreatic cancer may require in-depth research on multiple aspects, including early diagnosis, health management and treatment (3, 4). In this process, a large amount of biomedical data will be generated. How to efficiently organize, integrate, understand and analyze these big data to provide help for medical professionals is a current scientific problem, and the emergence of artificial intelligence has solved this difficulty well.

Artificial intelligence (AI) is a branch of computer science that employs computers to imitate human brain processes and intelligent behaviors like learning, reasoning, thinking, and planning (5). With the advancement of machine learning techniques, particularly deep learning and neural networks, AI has shown promise in the diagnosis, treatment, and prognosis of pancreatic cancer (6). Support vector machine (SVM) algorithm was used to analyze RNA-SEQ data to identify biomarkers for early diagnosis of pancreatic ductal adenocarcinoma (PDAC) (7). Endoscopic ultrasonography (EUS) and computerized tomography (CT) images were analyzed by artificial neural network (ANN), convolutional neural network (CNN), and other artificial intelligence techniques in imaging diagnosis, which can better predict the diagnosis of pancreatic cancer and effectively reduce the influence of experience and subjective factors on accuracy (8–10). Furthermore, an AI model based on preoperative CT was able to accurately predict the occurrence of postoperative pancreatic fistula (POPF) clinical complications following pancreaticoduodenectomy (PD) surgery, especially at the intermediate risk level (11). The AI system could help surgeons optimize their preoperative strategies. AI is rapidly changing the field of medicine, and academic research on this topic in pancreatic cancer had proliferated in recent years, which also indicates the need for a comprehensive analysis of research patterns and trends of AI in pancreatic cancer. The importance of summarizing global research trends and hot spots is critical, yet no bibliometric analysis study exists in this field.

Bibliometric analysis is an interdisciplinary subject that uses information visualization methods to make quantitative analysis and summary of the indicators of authors, journals, countries, institutions, references and keywords of worldwide literatures in a certain field (12). In this way, we can understand the knowledge structure more systematically and intuitively, and identify the frontier or hot spot in a certain research field (13). Therefore, this study aims to conduct a comprehensive analysis of the publication about AI in PC, and provide an overall view and direction for future work to promote AI in pancreatic cancer research.



Materials and methods


Database and search strategy

We used the Web of Science Core Collection (WoSCC) as our data source. Since WoSCC covers the most vital data sources for bibliometric analysis, it was the most frequently used and accepted database in scientific or bibliometric studies, with a more consistent and standardized record in multidisciplinary literature research (14). All data were retrieved from WoSCC on May 20, 2022 to avoid the bias that could occur due to continuous updating of the WoSCC database. The search strategy was described as follows: TS=(artificial intelligence OR "computational intelligence" OR "deep learning" OR "computer aided" OR "machine learning" OR "support vector machine" OR "data learning" OR " artificial neural network" OR "digital image" OR "convolutional neural network" OR "evolutionary algorithms" OR "feature learning" OR "reinforcement learning" OR "big data" OR "image segmentation" OR "hybrid intelligent system" OR "hybrid intelligent system" OR "recurrent neural network" OR "natural language processing" OR " bayesian network " OR " bayesian learning" OR " random forest" OR "evolutionary algorithms" OR "multiagent system") AND TS=(pancreatic OR pancreas) AND TS=(neoplasm OR cancer OR tumor OR oncology OR carcinoma OR adenocarcinoma). The document type was restricted to articles and reviews, timespan was set from 1997 to 2021, and the publications’ language was limited to English. In order to guarantee the representativeness of the included publications, the search results were filtered by title and abstract to exclude irrelevant articles. After 13 irrelevant literatures were excluded, 587 publications were finally extracted and exported in plain text format for analysis. The detailed retrieval process is shown in Figure 1.




Figure 1 | Procedures of bibliometric analysis: retrieval strategy, bibliometric analysis tools and items.





Statistical analysis

The bibliometrix package of R software 4.0.3 was used to analyze the collected data. Publications, citations and collaborations of countries/regions, annual publications, and author publications were analyzed and the bar chart of annual publications was derived using Microsoft Excel 2019. In addition, the Bibliometrix package was also used to generate trend topics and thematic maps. The quantity and quality of scientific researcher's academic production is evaluated by H-index that proposed by Hirsch (15). A scientist has index h if h of his or her the number of papers published over n years (Np) have at least h citations each and the other (Np – h) papers have ≤h citations each. VOSviewer (version 1.6.10) was used to visually analyze network maps of co-authors of institutions, co-citation of author/journal/references, citation of journal, and co-occurrence of keywords. Different clusters in the network map were represented by different colors and collaborations or co-citations were indicated by connection lines. The size of the circle indicates the number of documents, references, or keywords, while the thickness of the connection line indicates the strength of the link.




Result


Bibliometric analysis of annual publications

Between 1997 and 2021, the WoSCC core database discovered 587 publications on the topic of AI in pancreatic cancer. Figure 2 showed the trends of annual publications on research of AI in pancreatic cancer. Before 2017, the annual output of AI-related research on pancreatic cancer grew slowly, with only 25 publications published annually at most, indicating that it was in its infancy. But after 2018, the number of publications grew rapidly, reaching 188 in 2021, seven times that of 2017. In the past 4 years, the cumulative number of published documents accounted for 72.4% of all publications. A polynomial model fitting (R2=0.7372) predicted a significant correlation between publication year and publication output, and the number of literatures in this field will continue to increase in the future, indicating that the application of AI in pancreatic cancer has become one of the current frontier fields.




Figure 2 | Trends of annual publications on research of AI in pancreatic cancer and the polynomial fitted curves (red dotted line).





The publishing performance of countries/regions

The research of AI in the field of PC was highlighted in 41countries across the world. The number of publications in each country was ranked to explore the global geographical distribution of publications in this field. In this study, it was found that the United States (181) was the most productive country, followed by China (154), Japan (33), Germany (29), and Korea (29), and the top 5 countries in total citations were the United States (4189), China (1785), Japan (596), Germany (466) and Italy (424). Table 1 showed the 15 countries with the highest publication volume and total citations. Figure 3 showed the country/region collaboration map worldwide. The Darker blues indicated higher collaboration rates. Countries that shared more than three papers were shown as link lines, and the wider the link line, the higher the rate of collaboration between the two countries. The highest number of collaborations was between the USA and China (30), followed by 12 and 8 collaborations between Germany and United Kingdom, and between USA and Germany, respectively. Supplementary Table S1 listed top 10 collaborative countries/regions.


Table 1 | Top 15 countries/regions with highest publications and total citations on AI in pancreatic cancer.






Figure 3 | Country/region collaboration map. The Darker blues indicated higher collaboration rates, the wider the link line, the higher the rate of collaboration between the two countries. Countries with more than three shared papers were shown by connectors.





Bibliometric analysis of institutions

There were 1030 institutions from different countries involved in the publications of AI in the field of PC research. The Johns Hopkins University, with 64 studies analyzed by bibliometrix package, Zhe Jiang University (46), Fu Dan University (45), Seoul National University (39), and Memorial Sloan-Ketterlin Cancer Center (32), were the top five institutions. Table 2 showed the top 15 institutions in terms of publications and citations. The co-authorship analysis showed that 51 institutions published more than five papers, and finally showed collaboration among 49 institutions after excluding two unrelated terms (Figure 4). In terms of linking strength, the leading five institutes included Johns Hopkins University (total link strength 34 times), Harvard Medical School (33), University of Pittsburgh (29), Memorial Sloan-Ketterlin Cancer Center (28), and The University of Texas MD Anderson Cancer Center (23).


Table 2 | Top 15 publications and total citations institutions on research of AI in pancreatic cancer.






Figure 4 | Analysis of co-authorship among institutions with more than five publications. Clusters were identified by color, the size of the circles represented the number of publications, and the thickness of the lines showed the strength of the association.





Contributions of top journals and authors

A total of 321 journals published research in this field, including 45 journals with more than three publications (Figure 5A). The top 10 journals contributed 114 publications, accounting for nearly 19.4% of the 587 publications retrieved. Scientific Reports published the most literature (20 publications, 3.4%), followed by Frontiers in Oncology (18 publications), Cancers (12 publications), Clinical Cancer Research (10 publications), and Medical Physics (10 publications). More details were shown in Supplementary Table S2. We analyzed all the journals and found that 104 of them had more than 50 citations (Figure 5B). The top ten co-cited journals that published related papers were included in Supplementary Table S3. The most co-cited journal was Nature (467 citations), followed by Gastrointest Endoscopy (453 citations), Plos One (424 citations), Radiology (417 citations), and Clinical Cancer Research (412 citations).




Figure 5 | The citation and co-citation analysis of journal. (A) Network map of citation analysis of journals with more than three publications. (B) Network map of co-citation analysis of journals with more than fifty citations.



In this study, 3747 authors participated in AI-PC related research, and 27 authors among them published more than five research publications. Table 3 listed the 10 most productive authors. Wang L, Li J, and Lu JP ranked in the top 3, with10, 9, and 9 articles, respectively. While author Hruban RH from Johns Hopkins University in the United States had the highest H-index. The H-index, proposed by Hirsch, combines the number of publications an author has published with the number of citations to better assess a scientist's impact.


Table 3 | Top 10 productive authors on AI in pancreatic cancer.





Documents citation and references co-citation analyses

VOSviewer citation analysis showed that 44 of the 587 documents were cited more than 50 citations. The top three cited documents included “Molecular classification of human carcinomas by use of gene expression signatures” (520 citations) published in Cancer Research (16), followed by “Genome-wide cell-free DNA fragmentation in patients with cancer” (293 citations) published in Nature (17), and “Quantitative multiplex immunohistochemistry reveals myeloid-inflamed tumor-immune complexity associated with poor prognosis” (247 citations) published in Cell Reports (18). Table 4 listed the top ten documents with the highest citations.


Table 4 | Top ten documents with the highest citations on research of AI in pancreatic cancer.



Co-citation references analysis evaluated the link between documents that were cited together by other articles. The top ten references with the most citations in this field were also provided in Supplementary Table S4. Gillies RJ (2016, Radiology; 37 citations) (26), Breiman L (2001, Mach Learn; 37 citations) (27), and Rahib L (2014, Cancer Research 35 citations) (28) were the three references with the most citations.



Trends based on keywords co-occurrence analysis

The purpose of keywords co-occurrence analysis is to look into the relationship between keywords in a set of publications in order to uncover hot themes and help scholars better grasp current scientific concerns. The co-occurrence keywords in the WoSCC database were analyzed using VOSviewer. A total of 2805 keywords were investigated, 81 of which appeared more than ten times. Figure 6A showed the visual network map of keywords co-occurrence. Nodes in different colors represented different types of clusters, node size represented the occurrence of keywords, and a thick connection line showed a close relationship between two items. The top three keywords were “cancer” with 132 occurrences, “pancreatic cancer” with 103 occurrences, and “diagnosis” with 80 occurrences. Figure 6B was a density visualization map based on the frequency of keyword occurrences. Table 5 showed the number of occurrences, total link strength and theme description of each cluster. According to the results of cluster analysis, these keywords were divided into five clusters: cluster (1) AI in biology of pancreatic cancer; cluster (2) AI in pathology and radiology of pancreatic cancer; cluster (3) AI in therapy of pancreatic cancer; cluster (4) AI in risk assessment of pancreatic cancer; cluster (5) AI in endoscopic ultrasonography (EUS) of pancreatic cancer.




Figure 6 | Bibliometric analysis of keywords by VOSviewer. (A) Map of Clusters based on keywords analysis. The size of the circle indicated occurrences of the keywords, different colors indicated the variety of clusters. (B) Keywords density visualization map. Different colors represented the frequency of keyword occurrences, and yellow indicated the highest frequency.




Table 5 | Highly frequent major keywords in each cluster.





Trend topics and thematic maps analysis

Considering that the analysis results of different bibliometric tools may differ, we compared the co-occurrence keywords map of VOSviewer with the trend topics and thematic maps of Bibliomtrix software to identify research hotspots in this field. Figure 7A was the trend topics map generated by Bibliometrix package by analyzing the keywords plus. The larger the circle is, the more frequently keywords appear. It can be seen that the hot spots in 2019 were mainly “classification”, “management” and “expression”, corresponding to cluster 1 and 4, followed by “diagnosis” and “survival” in 2020, corresponding to cluster 3. In 2021, the major hotspots were “differential-diagnosis”, “computed tomography” and “EUS”, corresponding to clusters 2 and 5. The thematic map formed by two-dimensional matrix can better predict future research directions. The thematic map of keywords plus was shown in Figure 7B. The horizontal axis of a thematic map reflects centrality, whereas the vertical axis represents density. As a result, four quadrants are created: motor-themes, which are essential and well-developed in the first quadrant (top right corner); the second quadrant (top left corner): highly specialized/niche themes that have grown in popularity but are less relevant to the field; Emerging or declining themes, which indicate certain developing or fading themes, are shown in the third quadrant (lower left corner); Quadrant 4 (lower right corner): basic themes that are significant to the field but are underdeveloped. In the map, bubbles marked by the most frequently occurring keywords represent clusters, and the size of bubbles is proportional to the frequency of occurrence (29). It was worth noting that the two clusters located in quadrant 4, which keywords “diagnosis”, “survival”, “classification”, and “management” correspond to cluster 2, 3, 4 and 5 in the VOSviewer keyword network map, suggesting that they are the research frontiers in this field.




Figure 7 | Theme analysis. (A) Trend topics map. The larger the circle is, the more occurrences keywords. (B) Thematic map of keywords plus. The x axis represented the centrality of a topic, which indicated the degree of interaction between network clusters in comparison to other clusters and provided information about its significance. The y axis showed the density that reflected the internal strength of a cluster network and may be considered as a measure of topic development. Keywords “ diagnosis “, “survival”, “classification”, and “management” in quadrant 4 (Basic themes).






Discussion

AI has permeated the medical field at an accelerated pace in the past few years, particularly in pancreatic cancer. This study used bibliometrix package of R software and VOSviewer visualization software to perform bibliometric analysis of AI applied to pancreatic cancer research in the past 25 years, providing a comprehensive perspective for the field. We objectively and systematically described the application status, development trend, and future research hotspots of AI in pancreatic cancer, so as to help scholars quickly understand the research status in this field and provide valuable directions for topic selection activities. The first part of this study analyzed publications trends, countries, institutions, authors, and journals. Then, cluster analysis was carried out on the keywords to identify the research hotspots in this field.

According to the results of publication trends, the number of AI in pancreatic cancer publications had increased rapidly over the past four years, accounting for 74.2% of the total number of papers published, but the annual number of AI in pancreatic cancer publications was still lower than in other diseases (30), which indicated that this field was in its infancy and more countries and researchers will be involved in research in the future.

The two nations with the most publications of AI in pancreatic cancer were the United States and China. Citation counts were a common indicator of professional recognition of scientific work so citation analysis was widely used to evaluate the quality of research work. The number of citations and country collaborations in the United States far outnumbers those in other countries, and the university with the most publications and citations was also based in the United States, demonstrating that the United States holds a significant position in this field and leads the world. Despite the fact that China had a large number of publications, the low citations show that China has to increase the quality and influence of its research. This may also be related to the late start of AI in pancreatic cancer research in China, resulting in low international academic influence. Wang L from China was the most published author with ten publications, while the author with the highest H-index was Hruban RH from Johns Hopkins University in the United States, who worked on AI in pathology and radiology of pancreatic cancer. The total number of papers published by each author in this field is not high, which may be related to the initial stage of AI in pancreatic cancer research.

In theme trend and thematic map, we found that the keywords “diagnosis”, “survival”, “classification”, and “management” may be hot research topics for the future. Keyword Co-occurrence Analysis classifies these keywords into five clusters, and we’ll discuss research hotspots and trends for each cluster individually.

Cluster 1: AI in biology of pancreatic cancer

The biomarker CA199 was most widely used in the detection of pancreatic cancer, but its specificity and sensitivity were relatively low (70% and 5%, respectively) (31, 32). In the past 20 years, sequencing technologies had made significant progress, AI massive sequencing data was used to establish statistical model, the genetic and epigenetic patterns associated with gene expression and gene product, calculation was complex and highly specific three-dimensional shape of the protein molecules, had become the realistic choice of biomarkers for early diagnosis of pancreatic cancer (7, 33). Stephen et al. established a machine learning model that integrated the fragmentation patterns of cell-free DNA across the genome with detection sensitivity ranging from 57% to more than 99%, specificity of 98%, and a total area of 0.94 under the curve value in seven cancer types including pancreatic cancer (17). This study ranked second in the top 10 citation publications and offers a proof-of-concept technique for human cancer screening, early diagnosis, and monitoring. In addition, miRNAs were used in a machine learning method to assist early diagnosis of PDAC (34).

Cluster 2: AI in pathology and radiology of pancreatic cancer

In the field of medical image analysis, deep learning has demonstrated a stable and exceptional performance. Artificial intelligence (AI) has been frequently utilized in CT and MRI imaging to identify pancreatic cancer and had showed notable benefits (35). Compared with radiologists, the convolutional neural network platform for CT-assisted diagnosis PC not only provided excellent diagnostic accuracy but also reduced the diagnosis time, indicating that AI has good clinical feasibility (10). MRI image segmentation by AI has been claimed to be more technically difficult than CT image segmentation (36). A convoluted neural network performed comparable to humans in recognizing the lesion, according to Liang et al (37). In hyperpolarized metabolic (HP)-magnetic resonance (MR) studies, AI was also employed to enhance the early detection of PDAC (38). To eliminate human bias in pathological specimen examination, AI approaches also performed well (39). The capacity of a multilayer perceptron neural network (MNN) to differentiate benign from malignant patients was developed and then assessed. In fact, the model had a 77 percent accuracy in classifying atypical fine-needle aspiration (FNA) biopsies as benign or malignant (40). Okon K et al. used neural network model to analyze the nuclear characteristics of patients undergoing surgery for pancreatic cancer, chronic pancreatitis and other tumors requiring pancreatic resection and the results showed that the correct rate of nuclear classification was 73% (41). Another study proposed a learning-based integrated framework for evaluating cell Ki-67 proliferation index, which had a higher accuracy than manual annotation and can provide indirect help for the diagnosis of pancreatic neuroendocrine tumors (42).

Cluster 3: AI in therapy of pancreatic cancer

The application of AI in the treatment of pancreatic cancer mainly focused on the prediction of pancreatic surgery risk, prognosis and chemotherapy response. AI can predict patient outcomes and postoperative complications by integrating multiple risk factors into the algorithm. Several researches applied an artificial intelligence system to create models and predict the occurrence of postoperative pancreatic fistula (POPF) following pancreaticoduodenectomy (11, 43, 44). The AI models established by Skawran et al. (45) and Kambkamba et al. (43) based on the imaging characteristics of preoperative CT and MRI respectively provided reliable predictability for the assessment of POPF. In assessing the prognosis of pancreatic cancer surgery, a subgroup of patients at low risk of mortality and morbidity in a study, Sahara et al. developed a predictive model based on machine learning to predict 30-day death following hepatopancreas surgery (46). The most important predictors of unexpected fatalities were age, sex, preoperative albumin level, preoperative platelet count, and disseminated malignancy. Palumbo et al. (47) used preoperative clinical and radiological data to build and verify a model for predicting early distant recurrence following upfront pancreaticoduodenectomy. This model proved to be useful in the treatment of pancreatic cancer patients. A study established a ML model to predict the risk of postoperative metastasis based on histological features of surgically removed pancreatic neuroendocrine tumor tissues (48). Zhang et al. developed a risk model using SVM, logistic regression, and lasso regression, which had a strong predictive effect on the likelihood of ICU admission and length of stay following PDAC surgery (49). In addition, one study presented a multiparameter analysis model to assess the predictive value of existing parameters and predicted long-term survival in patients with PDAC (50). AI also showed excellent performance in predicting chemotherapy response. For patients with pancreatic adenocarcinoma, a deep learning model can predict histological tumor response to neoadjuvant treatment, and the model was enhanced by include reductions in serum CA199 (51). Furthermore, the ANN dosage model was equivalent to the dose predicted by experts for pancreatic cancer stereotactic body radiation treatment (SBRT) (52). The use of artificial intelligence in the treatment of pancreatic cancer has shown to be promising. In the near future, Machine learning will play a greater role in pancreatic cancer treatment in the near future, thanks to thorough analyses of clinical factors, less-invasive biological samples, and radiological For patients with pancreatic adenocarcinoma, a deep learning model can predict histological tumor response to neoadjuvant treatment, and the model was enhanced by include reductions in serum CA199. Furthermore, the ANN dosage model was equivalent to the dose predicted by experts for pancreatic cancer stereotactic body radiation treatment (SBRT). The use of artificial intelligence in the treatment of pancreatic cancer has shown to be promising. Machine learning will play a greater role in pancreatic cancer treatment in the near future, thanks to thorough analyses of clinical factors, less-invasive biological samples, and radiological characteristics.

Cluster 4: AI in risk assessment of pancreatic cancer

Only a small percentage of patients (<15%) with pancreatic cancer had surgically resectable state after diagnosis (53), so identifying individuals at high risk for PDAC or with early stage of resectable pancreatic cancer was critical to prognosis. The use of AI-based risk assessment models to pancreatic cancer is gaining traction. Appelbaum et al. used diagnostic codes collected from electronic health record (EHR) data to design and verify a prediction model that identified persons at high risk for PDAC up to a year before diagnosis (54). They also attempted to improve the performance of the model using independent multicenter datasets and additional laboratory test features. AI-based PC risk prediction models were established by analyzing patients with chronic pancreatitis of focal mass lesions and patients with prediabetes and new-onset diabetes, respectively (55, 56). The specificity of these models in identifying PC was up to 94.0%. PCLs (pancreatic cystic lesions) were well-known pancreatic cancer precancerous symptoms. To find characteristics that can be utilized as imaging biomarkers to detect high-risk PCLs, researchers applied quantitative image analysis mixed with machine learning and artificial intelligence (AI) technologies (57–60). This cost-effective method will aid in the differentiation of benign and malignant PCL, as well as advise therapeutic decisions for better utilization of medical resources.

Cluster 5: AI in EUS of pancreatic cancer

With promising results, AI has been applied to help endoscopists in the EUS assessment of pancreatic lesions (61–63). Zhu et al. collected EUS image characteristics from patients with PC and chronic pancreatitis and chose 16 features for SVM classification, with a sensitivity rate of 94% (8). For neural network analysis, Săftoiu employed dynamic sequences of EUS elastography and contrast-enhanced EUS recordings (21, 64). When CP and PC were differentiated, superior diagnostic results were obtained, according to their findings. AI was also employed to discriminate between benign and malignant cells during EUS-guided pancreatic fine-needle aspiration. Multilayer perceptron neural networks (MNNs) trained on segment pictures of cell clusters collected from FNA were as accurate as the cytologist who first inspected the section, according to one research (40). This model may be widely used as a screening tool for pancreatic FNA specimens. In the future, as clinical decision-making becomes increasingly complex, AI will play an important role in assisting clinicians in handling large amounts of EUS data. For EUS training and quality control, Zhang et al. used AI to construct a station classification model and segmentation model that included a pancreas, abdominal aorta and portal confluence. EUS’s learning curve was reduced and quality control was enhanced because to this intelligence system (65).



Conclusion

The research of artificial intelligence in pancreatic cancer is still in its initial stages. AI is now being researched in pancreatic cancer biology, diagnosis, therapy, risk assessment, and EUS. The application of artificial intelligence effectively avoids human error and improves work efficiency. This bibliometrics study provides an insight into AI in PC research, concentrating on the present condition of the discipline. This viewpoint aids researchers in recognizing the field’s hotspots and frontiers, as well as new research directions.
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Full thickness endoscopic resection of large submucosal gastric tumors (>3 cm) is a big challenge for endoscopists. Issues include how to efficiently resect the lesion, obtain homeostasis, and suture the defect. There are no guidelines regarding the importance of patient position on the success of endoscopic resections in anesthetized patients. Typically, the patient is placed in left lateral position for the endoscopic therapy and during the procedure patient’s position is changed to maintain the tumor above the gastric fluids to prevent gastric juices and tumor or tumor fragments from falling into the peritoneal cavity in the event of perforation. This study emphasized the importance of planning the procedure to ensure that the patient’s position and anesthetist’s concerns are met and allow optimal access to the lesion for endoscopic resection. Prior to sedation the patient should be positioned so that the tumor is in the up position which also prevents blood obscuring the operative field, helps detect bleeding points for immediately hemostasis. In addition, due to gravitational effect, the resected tumor will fall into the gastric cavity exposing the root of the tumor making resection easier and reduce procedure time. Preplanning avoids unnecessary readjustment of positioning and improves the ease and safety of the procedure.
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Introduction

Endoscopic full-thickness resection techniques are now widely applied in the management of large gastric submucosal tumors (>3 cm) (1–3). Although, endoscopic full-thickness resection is considered a safe and minimally invasive method, many challenging factors remain to be solved (4, 5). Endoscopist’s main focus is on the technical details of the resection including homeostasis and closure of the resulting defect (6, 7). To date, no study has focused on the critical effects of patient position on successful performance of these procedures and the left lateral positions and supine positions are considered the routine position for endoscopic procedures (8). In clinical practice, the tumor may be located anywhere in the stomach. When located on the dependent side it may be obscured by intragastric fluids which interfere with tumor resection, finding the tumor base, and achieving homeostasis.

Patient positioning for endoscopic procedures has not yet received much attention which contrasts with most other surgical procedures. However, the increasing requirement for general anesthesia for endoscopic resection procedures has led to the recognition of the need for patient positioning guidelines. The goal of optimal positioning is to provide the optimum access to the operative site while minimizing potential risks to the patient. Each position carries some degree of risk which is maximized in the anaesthetized patient who cannot make others aware of compromised conditions. Patients may also be transferred and positioned on operating tables whilst they are unconscious. The maneuvering and the final positioning have an impact on potential injuries sustained under anesthesia as endotracheal tubes, intravascular lines, and urinary catheters should be free to move and adequately secured before any movement. This all adds to challenges encountered by both the endoscopist and anesthetist attempting changing patient position during the procedure.

Because of the importance of keeping the tumor at a high position away from the dependent portion of the operative field, it is clear that the patient’s position should vary according to the location of tumor. The optimal patient position can be left lateral, right lateral, prone, or even supine depending on the location of tumor. If unclear, the location of the tumor can be confirmed by CT before the procedure. This study discusses the influence of patient position on the success of large submucosal gastric tumor resections.



Importance of patient positioning for endoscopic resection

The left lateral position remains the standard (traditional) position for endoscopic therapy. In our early practice, we used the left lateral position as the routine position. However, in some cases, we noted that homeostasis was difficult because blood immediately covered the operating field obscuring the bleeding point resulting in a delay in achieving hemostasis. We also found that it was sometimes difficult to find the base of tumor when fluid covered the operating field.

After group discussion, it was recognized that it was possible to use the effects of gravity to overcome these difficulties. Ensuring that the tumor was located above the dependent part of the gastric cavity resulted in fluids and the tumor tending to move to the dependent portion away from the operative field. In addition, as resection proceded the tumor fell into the gastric lumen allowing the base to be easily seen and bleeding points addressed. The solution was to initially position of the patient depending on the location of the tumor.

Liu et al. described a typical case of a 56-year-old women whose CT scan suggested a tumor on the posterior wall of greater curvature of the stomach (9). The endoscope was inserted into the stomach with the patient in the left lateral position. After washing the stomach, it was noted that watery fluids covered the tumor. The patient’s position was changed to the prone position which produced an unobscured endoscopic field. The tumor was resected and the resected tumor fell into the gastric cavity away from the operative field allowing the defect to be closed using endoloops and endoclips without leakage of fluids into the peritoneal cavity (Figure 1).




Figure 1 | Graphical presentation of patient position variation during the Endoscopic full-thickness resection.



According to our experience the combination of endoscopy and CT scan can usually provide the required information about the location of the tumor and the effects of patient position (10–12) allowing the patient position to be pre-planned. The supine position (include anterior lateral) and left lateral position is convenient for most patients requiring endoscopic full-thickness resections. For patients where the tumor is located on the posterior wall and greater curvature of gastric body and fundus, the prone position or right lateral is best. When in doubt and before the endoscopic resection is begun, water can be injected into the gastric cavity to confirm that the position chosen is ideal. If not the position can be changed allowing safe endoscopic full-thickness resection.



Importance of patient positioning from anesthetist’s perspective

For surgical procedures, patients are placed on an operating table, and for the endoscopic treatment, on a trolley. There are well-established guidelines for patient positioning during surgical procedures, but no such guidelines are available for endoscopic therapies, especially when resecting large gastric tumors (13, 14). Advanced endoscopic techniques (eg, endoscopic submucosal dissection, endoscopic full-thickness resections, and peroral endoscopic myotomy) may have procedure times exceeding 60 minutes and in some cases lasting several hours, and thus frequently require general anesthesia (15–17). When general anesthesia is intended, the airway is typically secured while the patient is still supine via an endotracheal tube. If the patient position needs to be adjusted during endoscopy therapy, extra care must be taken to secure and tape the endotracheal tube to prevent dislodgement while the patient is left lateral or prone or during position changes. Placing an anesthetized patient in the prone position requires the coordination of the entire staff (endoscopist, anesthetist, nurses). The primary duty of anesthesiologist is to coordinate the maneuver while maintaining inline stabilization of the cervical spine and monitoring the endotracheal tube. In order to prevent dislodging, the endotracheal tube should be disconnected from the circuit before shifting from supine to prone. Which, and how many, lines and monitors are disconnected during the shifting is up to the clinical judgment of the anesthesiologist. Ventilation and monitoring should be resumed as rapidly as possible. Patient positioning is critically important and should be preplanned by the endoscopist to avoid during the procedure changes in position and possible complication associated with it.

Frequently, the patient can assist in positioning prior to induction of anesthesia. However, the operating room team must move the patient while the patient is under general anesthesia. Additional staff will be needed for the transfer and positioning of patients with morbid obesity or unstable spine fractures. The anesthesiologist must be aware of any blood pressure alterations when the patient is moved following the induction of general anesthesia and must ensure a safe systemic blood pressure prior to any patient movement.



Future perspective and conclusion

Endoscopic full-thickness resection of large submucosal tumors is a recent development (18, 19). Most studies have focused on technical aspects such as how to resect the lesions, deal with homeostasis, and suturing of the defect (20–24). To our knowledge, no study has been primarily concerned with patient positioning for endoscopic full-thickness resections.

Patient position is a critical element for the successful endoscopic resection therapy of large submucosal gastric tumors. Prior to achieving any position, the patient must be transferred onto the endoscopy room trolley. The final position of the patient is of the utmost importance, but achieving these positions requires careful planning and collaboration. The overall plan for each patient position should be discussed prior to any procedure.

The ideal position depends on the location of the tumor and should be one in which the tumor is not covered by fluid and can fall into the gastric lumen away from the operative field. The combination of CT and endoscopic examination can help to make a primary plan for the patient’s position. Even during procedure, one can inject water and observe the operative field and make sure that tumor is at higher level position.

Patient positioning should be individualized according the location of the tumor. Traditionally, the left lateral position and supine position are used for the tumor resections. After the stomach cleansing, the potential operative field (tumor) area to ascertain whether it is partially or fully covered with gastric fluids. If so, the patient’s position is changed from left lateral to right lateral, supine or prone position depending on the location of the tumor so as to keep the tumor away from the dependent portion of the stomach. Typically, if the tumor is located in the lesser curvature of stomach, the left lateral position is used. For tumors located along the greater curvature. The right lateral position can be used with the supine position being used for tumors located in the anterior gastric wall and the prone position for tumors located in the posterior gastric wall.
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Background and aims

Endoscopic ultrasound (EUS) is playing a more and more important role in the management of pancreatic cystic lesion (PCLs). The aim of our study was to evaluate the clinical impact of EUS and EUS guided fine needle aspiration (FNA) on patients with low-risk PCLs.



Materials and methods

Low-risk PCL patients who underwent EUS-FNA in 2 edoscopic centers were retrospectively collected and analyzed. The clinical impact of EUS-FNA on these patients was analyzed and the predictors for significance EUS-FNA (defined by diagnosis and treatment method change, new high-risk feature identified after imaging scans) were analyzed by logistic regression analyses.



Results

From July 2004 to February 2017, 186 patients with low-risk PCLs were included. The study cohort had a mean age of 52.4 ± 15.9 years (range: 19-86 years) with 89 (47.8%) male patients included. The clinical significance of EUS-FNAs was observed in 74 patients (39.8%). The presumed diagnoses of PCLs by imaging were changed in 51 (51/74, 68.9%) patients. Nineteen (19/74, 25.7%) new high-risk features were identified by EUS-FNA, and four patients (4/74, 5.4%) underwent surgery due to suspicious or malignant cytology. Based on multivariate analysis, large cyst size [odds ratio (OR): 1.12, 95% confidence interval (CI): 1.02–1.19, P = 0.033], young age (OR: 0.94, 95% CI: 0.91–0.99, P = 0.041) and BMI over 25 (OR: 3.15, 95% CI: 1.29–7.86, P = 0.013) were independent predictors of clinical significance for EUS-FNA. The optimal age and cyst size to predict significance EUS-FNA was 46.0 years and 2.3cm.



Conclusions

On the basis of a 2-center retrospective study, EUS-FNA was clinically significant in about 40% of low-risk PCLs, especially in young, large cyst size, and overweight patients.





Keywords: endoscopic ultrasound, fine needle aspiration (FNA), pancreatic cystic lesion, cross sectional imaging, clinical significance, cytology, cyst fluid analysis



Introduction

Pancreatic cystic lesions (PCLs) are being incidentally detected at an increased rate due to the widespread use of cross-section imaging technologies (1). The incidence of PCLs ranged from 1.9% to 13.5% in different races, and there was a strong correlation between increasing age and the prevalence of PCLs (2).

PCLs represent a wide clinicopathologic spectrum. Most PCLs are benign, but mucinous neoplasm, including mucinous cystic neoplasm(MCNs) and intraductal papillary mucinous neoplasm (IPMNs) represent precursor lesions to invasive adenocarcinoma (3). Surgical resection plays a core role in the management of PCL. However, the surgical indications are varied between different guidelines (4–6). Furthermore, following these guidelines resulted in an inaccuracy in determining the true surgery candidates (7, 8). Therefore, objective indications obtained by advanced modality is needed to better manage PCLs.

Endoscopic ultrasound (EUS) and EUS-guided fine needle aspiration (FNA) play more and more important roles in the management of PCLs. EUS enables us to show more detailed cyst features, and the objects indicators in cyst fluid such as cytology, biochemical markers, and molecular bio-makers obtained by EUS-FNA can further help us identify the nature of PCLs (9). Similar with the recommendations for surgical indications, the indications for EUS and EUS-FNA also vary between different guidelines (4–6). In general, EUS is recommended only when a PCL has high risk factors. However, only 6% of PCLs had high risk features when identified (10). Although most PCL related pancreatic cancers occur in cysts with high risk features, the pancreatic cancer related mortality in low-risk cysts should not be ignored (11, 12).

Although EUS-FNA is an invasive procedure, it has been identified to be safe (13). The value of EUS in the vast majority of low risk PCLs is rare studied. Whether the EUS-FNA has clinical impact on low-risk PCLs is not determined yet.

To address the aforementioned issues, we conducted this 2-center retrospective study to explore the value of EUS and EUS-FNA in PCL patients who had no imaging high-risk features. The more precise indications to perform EUS-FNA in low-risk PCL patients are also explored in this study.



Materials and methods


Patients selection

From July 2004 to February 2017, the PCL patients who performed EUS-FNA in Eastern Hepatobiliary Hospital, Shanghai, China and Suzhou Science and Technology Town Hospital, Jiangsu province, China, were retrospectively analyzed. The indications for EUS-FNA in our study were as follow: (1) EUS performed before the indications were clarified in guidelines; (2) The cross-sectional imaging diagnoses were not determined; (3) We intended to perform EUS guided ethanol ablation after malignancy was excluded by EUS-FNA; (4) The patient himself requested further scans to alleviate anxiety. All patients had EUS under the supervision of an anesthesiologist, and prophylactic antibiotics were given to all patients prior to EUS-FNA. All of the procedures were carried out by experienced therapeutic endoscopists who completed more than 100 EUS scanning cases each year. EUS was performed using linear echoendoscopes (GIF-UCT260; Olympus Corporation, Japan or SP-900,Fuji Corporation, Japan). Cyst fluid were aspirated under EUS guidance using a 19-gauge or 22-gauge needle (NA-200H-8022; Olympus Corporation or Expect; Boston Scientific, Massachusetts, MA or Echo Tip Ultra; Cook Medical, IN). The morphology of the cyst was evaluated and recorded by endoscopists. The cystic fluid was evaluated by the “string sign” initially and then sent for cytology evaluation and assessment of the carcino-embryonic antigen (CEA), glucose (year after 2016), and amylase levels. We used elevated cyst fluid CEA levels >192ng/mL, a positive string sign or a cyst fluid glucose < 25 mg/dl to define mucinous cysts. The serous cyst was diagnosed by clear non-viscous cystic fluid with negative string sign and cystic fluid CEA levels <192ng/mL in multilobulated cyst. The pseudocyst was diagnosed by elevated amylase and lipase in cyst fluid with negative string sign and cystic fluid CEA levels <5ng/mL. Cytology was considered as the golden standard for malignancy. All EUS-FNA were performed within 3 months after the cysts were identified.

The patient inclusion criterion were as follow: (1) Patients who underwent EUS-FNA and cyst fluid analyses in these 2 centers. (2) Before EUS-FNA, the cross-sectional imaging examinations were performed. (3) The detailed medical record and follow up data can be obtained. (4) Patients without high risk features recommended by Fukuoka guidelines (low-risk PCLs) (5). The exclusion criterion were as follow: (1) Patients who had one of the following clinical or radiologic high risk features (pancreatitis, size≥3 cm, enhancing nodule, main pancreatic duct dilatation, thick cyst wall, abrupt change in main pancreatic duct diameter with upstream parenchymal atrophy, lymphadenopathy, elevated serum CA 19-9, cyst growth ≥ 5 mm/2 years) (5). (2) The cyst fluid analyses were incomplete due to insufficient cyst fluid. (3) EUS performed by trainees. (4) The aforementioned PCL high risk features in EUS reports were incomplete. (5) The medical record or follow up data can not be obtained. The study was approved by the Institutional Review Board of both hospital.



Definition of clinical significance EUS

The primary aim of our study is to explore whether EUS or EUS-FNA has clinical significance in low-risk PCLs. All the low-risk PCLs included in our study will undergo surveillance according to the current guidelines.Therefore, we defined EUS as having clinical significance according to the following criterion: (1) The imaging diagnoses were inconsistent with the diagnoses after EUS-FNA; (2) EUS-FNA identified new high-risk features in accordance with the 2017 Fukuoka guidelines (5); and (3) The management approach was changed after EUS-FNA. That means the endoscopic or surgical treatment would be adopted after EUS-FNA.

The second aim of our study was to identify the more precise indications to perform EUS-FNA. Subjects were divided into 2 groups: the clinical significance group and clinical insignificance group.The demographic information, smoking and drinking status, body mass index (BMI), pancreatic cancer family history, presence of non-specific abdominal symptoms (abdominal pain, abdominal discomfort, weight loss), presence of diabetes mellitus, cross-sectional imaging findings (including size, location, single or multiple cyst morphology) were reviewed and analyzed.



Statistics analysis

Continuous variables with a normal distribution are represented by means and standard deviation (SD), while categorical variables are represented by numbers (%). The Student’s unpaired t-test for normal distributed continuous variables and the Mann–Whitney U test for non-normally distributed variables were used to compare demographic data and imaging findings between the clinical significance and insignificance groups. For categorical data, we utilized the χ2 test, and for cell counts less than 5, we used Fisher’s exact test. The independent high risk factors related with clinical significance EUS were calculated using univariate analysis and logistic regression analysis. The optimal cutoff level of parameters were assessed by receiver operator characteristic (ROC) curve. A statistically significant P-value of less than 0.05 was used. Using the SPSS 22.0 software, the data was examined (SPSS, Chicago, Illinois, USA).




Results


Patients and cyst imaging characteristics

From July 2004 to February 2017, a total of 392 PCL patients performed EUS-FNA in the 2 centers. After the inclusion and exclusion criterion were applied to the study cohort, a total of 186 patients with low risk cysts were included in our study (Figure 1). The demographic data and cyst imaging characteristics were summarized in Table 1. The study cohort had a mean age of 52.4 ± 15.9 years (range: 19-86 years) with 89 (47.8%) male patients included. According to the cross-sectional imaging results, the mean cyst size was 2.15 ± 1.80 cm. Most cysts had size larger than 2cm (124/186, 66.7%). Sixty-one (32.8%) cysts located in the head of pancreas, 70 cysts (37.6%) located in the body of pancreas and 55 (29.6%) cysts located in the tail of pancreas. Most of the cysts (156/186, 83.9%) were presented with single cyst morphology on cross-sectional imaging. Analyzing their personal life history, 52 (28.0%) patients had smoking history, 25 (13.4%) patients had alcohol abuse history and 16 (8.6%) patients had pancreatic cancer family history. The mean BMI for the study cohort was 23.47 ± 3.22 with 60 patients (32.3%) had BMI over 25. Forty-five (24.2%) had DM and 76 (40.9%) had non-specific abdominal symptoms at the time of diagnosis.




Figure 1 | Patient selection flowchart (PCN, pancreatic cystic neoplasm; EUS-FNA, Endoscopic ultrasound guided fine needle aspiration).




Table 1 | Clinical and imaging characteristics of 186 pancreatic cystic neoplasm patients.





The clinical significance of EUS-FNA on patients with low risk PCLs

The clinical significance EUS-FNAs were observed in 74 patients (39.8%). After EUS-FNA, the presumed diagnoses of PCLs by cross-sectional imaging were changed in 51(51/74, 68.9%) patients among the 74 patients. The most common diagnosis change was mucinous cysts (MCN and IPMN) turned out to be SCNs (36/51, 70.6%). Twelve SCNs(12/51, 23.5%) turned out to be mucinous cysts after EUS-FNA. Two SCNs (3.9%) and one MCN (2.0%) turned out to be pancreatic neuroendocrine tumor (pNET). Besides, 19 (19/74, 25.7%) new high risk features were identified by EUS-FNA, including 10 mural nodules (10/19, 52.6%), 5 (5/19, 26.3%) main pancreatic duct dilation and 4 (4/19, 21.1%) cyst size >3cm. Among the 19 patients, 8 patients underwent endoscopic ethanol ablation due to new high risk features were identified. Moreover, 4 patients (4/74, 5.4%) underwent surgery due to suspicious or malignant cytology. Finally, 2 IPMN with malignant, 1 IPMN with high-grade intraepithelial neoplasia and 1 pNET were identified by pathological examinations.



Predictors of clinical significance EUS-FNA in patients with low-risk PCLs

The patients were divided into 2 groups, the clinical significance EUS-FNA group and clinical insignificance EUS-FNA group. Table 2 compares the clinical, demographic, and cystic characteristics of these two groups. Patients with a clinical significance EUS-FNA were younger (48.5 ± 12.7 vs 56.0 ± 13.6, P=0.034). The cyst size was larger in clinical significance EUS-FNA group than in clinical insignificance EUS-FNA group (2.36 ± 1.54cm vs 1.93 ± 1.36cm, P=0.043). The patients who had BMI over 25 is much more in clinical significance EUS-FNA group (32/74, 43.2% vs 28/112, 25.0%, P=0.029). Moreover, patients with pancreatic cancer family history was not fully significance common in clinical significance EUS-FNA group (10/74, 13.5% vs 6/106, 5.7%, P=0.052). The gender, tumor location, cyst morphology, smoking history, alcohol abuse history and presence of DM and presence of non-specific abdominal symptoms did not differ significantly between these two groups.


Table 2 | Comparisons of the clinical and imaging feature between significance and insignificance EUS-FNA.



The age, cyst size, BMI over 25 and pancreatic cancer family history were included in multivariate analysis, the gender was adjusted. Large cyst size [odds ratio (OR): 1.12, 95% confident interval (CI): 1.02–1.19, P=0.033], young age (OR: 0.94, 95% CI: 0.91–0.99, P=0.041) and BMI over 25 (OR:3.15, 95% CI: 1.29-7.86, P=0.013) were independent predictors of clinical significance EUS-FNA (Table 3).


Table 3 | Multivariate predictors for clinical significance EUS-FNA in low-risk PCLs patients.



Moreover, according to ROC curve analyses, the optimal age to predict significance EUS-FNA was 46.0 years (Figure 2) and the optimal cyst size to predict significance EUS-FNA was 2.3cm (Figure 3).




Figure 2 | The ROC curve analysis to predict the optimal age for clinical significance EUS-FNA (the area under the curve=0.626).






Figure 3 | The ROC curve analysis to predict the optimal cyst size for clinical significance EUS-FNA (the area under the curve=0.765).






Discussion

PCLs are rather prevalent. However, there is still a debate about how PCLs should be managed. The risk of malignancy should be carefully assessed. However, due to morphological overlap and the lack of unique imaging characteristics, a precise diagnosis of PCNs might be challenging (14, 15).

EUS and EUS based techniques are more and more common used in the management of PCLs (9). EUS is particularly useful for assessing diagnostic features and potential predictors of malignancy in PCLs. The performance of cytology in differentiating malignant and benign PCLs and the cystic fluid CEA level in differentiating mucinous and non-mucinous PCLs are sub-optimal (16). However, due to the low prevalence of malignancy in incidental PCLs and the invasive nature of the procedure, the indications to perform EUS-FNA tend to be conserved in current guidelines. Only a small percentage of patients will be recommended to perform EUS-FNA according to the recommendations. The vast majority of PCLs without high-risk features still harbor malignant PCLs. How to find these malignant patients is a clinical challenge with little focus on it. In this study, we identified EUS-FNA maybe useful in 39.8% low risk PCL patients. Additionally, we found that a cyst size larger than 2.3 cm, age<46 at the diagnosis, and BMI over 25 at the diagnosis are predictors of clinical significance EUS-FNA. Our study provides further evidence for the important role of EUS-FNA in the management of PCNs and identifies which patients with low-risk PCNs might benefit from EUS-FNA.

The value of EUS and EUS-FNA in patients with PCLs has been studied in many previous studies. According to the 2 studies by Allen et al. and Ferrone et al., EUS alone influences the management of 40% of PCNs discovered by chance (17, 18). The role of EUS-FNA was further explored. Ardengh et al. concluded that EUS-FNA has a management impact in almost 72% of incidental PCLs through a large prospective study. They deemed EUS-FNA had a major influence on the management strategy (19). In 2016, Rodríguez-D’Jesús et al. reported that EUS-FNA altered the diagnosis and management in 39% and 21% of patients with PCLs through a retrospective study. They concluded that EUS and EUS-FNA impact the diagnosis and management of patients with PCLs; therefore, both are necessary in the workup of these patients (20). In 2019, Chang et al. Conducted a large sample size retrospective study and reported that EUS-FNA changed the diagnosis in 45.7% PCLs patients and 54.5% patients with presumed branch duct (BD) IPMN and changed the management recommendation in 35.6% of patients with PCLs and 50.5% patients with BD-IPMN (21). Additional, they concluded EUS-FNA may be more useful in younger patients and in patients with a cyst size larger than 3cm (21). However, all the aforementioned studies did not focus on patients with low-risk PCLs. Due to the higher difficulty in making accurate diagnosis in low-risk PCLs, we deemed the composition of the study cohort is one of the highlights of our study.

In the past, EUS-FNA for PCLs was reported to be associated with high incidence of complications. However, the situation changed recently. According to the recent meta-analysis (13, 22) and prospective randomized trial (23), we concluded that EUS-FNA is a safe procedure for diagnosing PCL that has a low risk of complications. The majority of side effects were minor, self-limiting, and did not necessitate medical attention. Extending the indications for EUS-FNA is logically possible and do not increase risk.

To make a definitive diagnosis for patients without adequaate pathological specimen seems impossible. The value of cytology obtained by EUS-FNA is limited in differentiating MCNs and SCNs with 42% sensitivity (24). Only about 35% of cytologic samples obtained by EUS-FNA were informative (25). Hence, the incidence of changing diagnoses after EUS-FNA is not included in our study. Instead, the clinical significance is adopted by us to assess the clinical impact of EUS-FNA on patients with low-risk PCLs. A more positive or conservative approach will be adopted after clinically significant EUS-FNA, including follow-up strategy and treatment strategy.

Many progresses have been described into the field of EUS-FNA for PCLs. For example, the intracystic Glucose level is reported to be more accurate than CEA level in diagnosing mucinous cysts (26, 27). The reported diagnostic yield for EUS-guided through the needle microforceps biopsy (EUS-TTNB) in diagnosing a specific cyst type was significantly higher with TTNB histology (72.5%) compared to that in FNA cytology (38.1%) (28). The in vivo imaging of the cyst epithelium can be visualized using EUS-guided needle-based confocal laser endomicroscopy (cCLE). Antonio et al. found that the diagnostic yield for nCLE at a US facility was 84.1%, much higher than the current “composite standard” (clinical, morphological, cyst fluid cytology, and chemical analyses) (29). However, the study cohort of our study is obtained between 2004 and 2017, when these techniques were not applied in clinical practise. Moreover, these techniques may not be applicable in most centers. Therefore, the conclusion of our study may be applicable to most centers.

There were certain limitations of our study. First, it was a retrospective review of a cohort of patients who underwent EUS-FNA. Follow-up data to determine which feature is associated with progression are lacking. Second, interobserver variability is unavoidable which may have caused bias. Third, the study’s sample size for each subgroup analysis was relatively small, which constrained the results. A big prospective cohort is clearly required.



Conclusion

On the basis of a 2 centers retrospective study, EUS-FNA was clinically significance in about 40% of low-risk PCLs, especially in young, large cyst size and overweight patients. Extending the indications of EUS-FNA may be reasonable based on the conclusion of our study. However, prospective study with large sample size is needed to further verify the findings of our study.
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Background and aim

Magnifying image-enhanced endoscopy was demonstrated to have higher diagnostic accuracy than white-light endoscopy. However, differentiating early gastric cancers (EGCs) from benign lesions is difficult for beginners. We aimed to determine whether the computer-aided model for the diagnosis of gastric lesions can be applied to videos rather than still images.



Methods

A total of 719 magnifying optical enhancement images of EGCs, 1,490 optical enhancement images of the benign gastric lesions, and 1,514 images of background mucosa were retrospectively collected to train and develop a computer-aided diagnostic model. Subsequently, 101 video segments and 671 independent images were used for validation, and error frames were labeled to retrain the model. Finally, a total of 117 unaltered full-length videos were utilized to test the model and compared with those diagnostic results made by independent endoscopists.



Results

Except for atrophy combined with intestinal metaplasia (IM) and low-grade neoplasia, the diagnostic accuracy was 0.90 (85/94). The sensitivity, specificity, PLR, NLR, and overall accuracy of the model to distinguish EGC from non-cancerous lesions were 0.91 (48/53), 0.78 (50/64), 4.14, 0.12, and 0.84 (98/117), respectively. No significant difference was observed in the overall diagnostic accuracy between the computer-aided model and experts. A good level of kappa values was found between the model and experts, which meant that the kappa value was 0.63.



Conclusions

The performance of the computer-aided model for the diagnosis of EGC is comparable to that of experts. Magnifying the optical enhancement model alone may not be able to deal with all lesions in the stomach, especially when near the focus on severe atrophy with IM. These results warrant further validation in prospective studies with more patients. A ClinicalTrials.gov registration was obtained (identifier number: NCT04563416).



Clinical Trial Registration

ClinicalTrials.gov, identifier NCT04563416.





Keywords: early gastric cancer, image-enhanced endoscopy, convolutional neural network, deep learning, tumor diagnosis



Introduction

Gastric cancer is the third most common cause of cancer-associated deaths worldwide, particularly in Asia (1). Early detection and treatment can cure the disease, with a 5-year survival rate greater than 90% (2). However, the sensitivity of conventional endoscopy with white-light imaging (C-WLI) in the diagnosis of early gastric cancers (EGCs) is only 40% (3). Magnifying image-enhanced endoscopy (M-IEE) techniques, such as magnifying narrow band imaging (M-NBI), have been developed. Two randomized controlled trials reported that white-light imaging combined with M-NBI can increase the sensitivity to 95% (4, 5). If an abrupt demarcation line (DL) is absent, the diagnosis of a non-cancerous lesion may be made with a 99% negative predictive value (NPV). Therefore, M-IEE may reduce the number of biopsies required to detect EGCs in screening endoscopy (6). The use of white-light imaging to detect suspected lesions and M-IEE techniques to diagnose EGC are recommended for screening endoscopy (7). However, because of the natural background of gastric inflammation, a benign lesion under M-IEE is easily confused with early cancer.

Magnifying optical enhancement (M-OE), an M-IEE technique, was developed by HOYA Co. (Tokyo, Japan). This technology combines digital signal processing and optical filters to clearly display a mucosal microsurface pattern (MSP) and microvessel pattern (MVP) (8). Nevertheless, differentiating EGCs from benign lesions is difficult for beginners with an accuracy of approximately 60% (9). Endoscopists often need to employ considerable effort to improve their diagnostic skills, and expertise with suboptimal interobserver agreement is crucial for the use of M-IEE (10).

Currently, artificial intelligence (AI) using deep machine learning has made a major breakthrough in gastroenterology; it uses the gradient descent method and backpropagation to automatically extract specific image features. The detection accuracy in identifying upper gastrointestinal cancer was 0.955 in C-WLI (11). Polyps can be identified in real time with 96% accuracy in screening colonoscopy (12). A multicenter study showed that C-WLI endoscopy can detect 80% of EGCs (13). AI shows an outstanding application in detection. Meanwhile, several studies verified the M-IEE diagnostic model through still images (14, 15). However, studies using EGC video verification are rare, which further simulated clinical practice. A recent study was able to distinguish tumors from adjacent tissues, using EGC videos (16). The comparison of EGC and various gastric benign lesions is missing. In this study, we included various disease phenotypes that need to be differentiated from EGC to develop an M-OE assistance model and test in unaltered full-length videos to ask whether the assistance model alone can meet the clinical need.



Methods

This study complied with the Standards for the Reporting of Diagnostic Accuracy Studies initiative and the Declaration of Helsinki (17). It was approved by the Medical Ethics Committee of Qilu Hospital of Shandong University.


Preparation of image training sets

M-OE images between February 2016 and September 2019 were retrospectively obtained from one tertiary hospital to develop an algorithm for the diagnosis of EGCs. All images were captured by magnifying endoscopy (EG-2990Zi; Pentax, Tokyo, Japan) and OE (EPK-I7000; Pentax, Tokyo, Japan) mode 1. The images of different types of devices came from different patients and were taken from different parts of the lesions. The images with the distal cap attachment were strictly selected. Only images that did not affect the judgment of lesions were retained, which the distal cap attachment accounts for no more than 25% of the image area.

Due to the fact that the diagnosis of advanced cancer and active ulcer is usually sufficient with the C-WLI endoscopy, the M-OE gastric images of advanced cancer, lymphoma, the active stage of ulcer, and artificial ulcer after endoscopic submucosal dissection were excluded. Poor-quality images resulting from less insufflation of air, post-biopsy bleeding, halation, blur, defocus, or mucus were also excluded. A single pathologist who was blinded to the endoscopic findings reviewed the histopathology. The pathological diagnostic criteria were based on the revised Vienna classification (18). C4 (mucosal high-grade neoplasia) and C5 (submucosal invasion by neoplasia) were diagnosed as cancer. C1 (negative for neoplasia), C2 (indefinite for neoplasia), and C3 [mucosal low-grade neoplasia (LGIN)] were diagnosed as non-cancerous lesions. Two experienced endoscopists who had performed M-OE for more than 3 years reviewed and manually labeled all images of pathologically proven EGC lesions. LGIN was discarded because a considerable number of LGIN were later confirmed as high-grade or even intramucosal carcinoma (19–21). For cases in which a discrepancy existed between pathological findings and endoscopic diagnosis, the pathologist and endoscopists would reassess and discuss to reach a joint decision. The M-OE images of EGCs should meet the following conditions: the presence of irregular or absence of MVP with a DL or the presence of irregular or absence of MSP with a DL (22). Finally, 952 M-OE EGC images from 126 patients and 3,442 M-OE non-cancerous images from 325 patients were selected. A total of 719 EGC images from 94 patients and 1,490 and 1,514 images of benign lesion and background mucosa, respectively, from 262 patients formed the training set (Table 1 and Figure 1). The rest of the patients and images formed the validation set.


Table 1 | Image composition of training set.






Figure 1 | Data flow chart of the computer-aided system. Firstly, the model was developed using the training sets. Secondly, the model was evaluated by independent validation sets including videos and images, and the video frames with error were labeled and retrained the model. Finally, the model was tested using independent test video sets.





Constructing a convolutional neural network algorithm

You Only Look Once version 4 is a popular and open-access model architecture worldwide (23). It has excellent performance in terms of accuracy and speed.

Images were divided into three categories: background mucosa, benign lesion, and EGC (Figure 2). Background mucosa is a mucosal image of the gastric fundus, cardia, and pyloric gland, which has no suspicious DL. The background images of atrophy and intestinal metaplasia (IM) were also included if there was no suspicious DL. A benign lesion means that the lesion needs to be distinguished from EGCs, such as erosion, localized IM, scarring, and localized atrophy. EGC refers to a cancerous lesion with MVP or MSP. The model automatically analyzes the input images and diagnoses the EGC with a blue rectangular frame and identifies benign lesions and background mucosa with green and red rectangular frames, respectively. For the convenience of statistical analysis, the images of the background mucosa and benign lesions were regarded as non-cancerous images.




Figure 2 | Image classification of the training set. (A) Early gastric cancer (EGC) with a mucosal microsurface pattern (MSP), (B) early gastric cancer (EGC) with microvessel pattern (MVP), (C) localized intestinal metaplasia, (D) localized atrophy, (E) erosion, (F) scaring, (G) cardia gland mucosa, (H) fundic gland mucosa, and (I) pyloric gland mucosa.



An independent set of 671 validation images was prepared from 32 EGC patients and 63 non-cancerous patients, and the model showed 84% accuracy per image analysis. Moreover, 101 video segments recorded in the endoscopic system, 21 EGC video segments and 80 non-cancerous video segments, were used for validation. A total of 550 EGC images and 620 non-cancerous images that were transformed from the error recognition set were manually labeled and retrained.



Offline unaltered video test sets

A total of 117 full-length M-OE videos recorded using the endoscopy system were included in the test set. All patients had at least one biopsy. If more than one lesion was present in one patient, only the most serious lesion was evaluated.

Our CPU is Intel Core i5-8400, and the GPU is NVIDIA GeForce GTX 1080ti. The processing speed of the model is up to 30 frames/s, which meets the requirements of real-time recognition. (Supplementary Videos S1, S2) A video set may indicate different diagnostic results for the same lesion, which can be confusing, due to the model output diagnosis to each frame. In order to analyze the diagnostic performance, postprocessing based on videos was performed. The results of the video recognition were concentrated on the time axis, with the cancer tag upward and benign tag downward. The cancer tag would be prompted more frequently for the cancerous lesion. An engineer with no medical background marked out the region of interest (ROI) through automatic calculation by a computer. The ROI started from any cancer recognition tag, and if there was no new cancer recognition tag within 3 s, it was regarded as the end of the ROI. Considering that the longer ROI indicates that the lesion is more likely to be EGC, the total time of the region of interest (TTROI) was recorded.



Evaluation of endoscopists and outcome measures

A total of 117 full-length videos were used to evaluate the model and experts. Five experts with more than 5 years of experience in magnifying endoscopy were evaluated. In the case of unknown pathology and no interference, the most serious lesion diagnosis was given for each patient.

In the test set, C4 and C5 were considered as cancers based on the gold standard of pathology. The performance of the model was evaluated through the test set. The receiver operating characteristic curve (ROC) was drawn according to the TTROI, and the best cutoff value was obtained. The diagnostic accuracy of each pathological type was analyzed. Sensitivity, specificity, positive likelihood ratio (PLR), negative likelihood ratio (NLR), and overall accuracy were calculated according to the cutoff value.



Statistical analysis

A Mann–Whitney U test was performed to calculate the statistical difference in the TTROI between cancerous and non-cancerous groups. The Pearson chi-square test was used to determine the statistical difference of no ROI between cancerous and non-cancerous groups. The two-paired McNemar test was performed to compare the accuracy between experts and the model. Kappa analysis was calculated to evaluate the interobserver agreement. Univariate analysis was performed for the pathological type with poor diagnostic accuracy. All statistical tests were two sided, and P<0.05 was considered statistically significant. Analyses were performed using R (version 4.0.2; Vienna, Austria) and SPSS (version 21.0; New York, U.S. IBM Corp).




Results

A total of 117 full-length videos for 10 h from 64 cases of non-cancerous lesions and 53 cases of EGC were used for the test. The clinical characteristics of the included patients are shown in Table 2.


Table 2 | Clinicopathologic characteristics of gastric mucosal lesions in the test set.




Model performance

The TTROIs of the cancerous (median, 47 s; interquartile range, 12–90) and non-cancerous groups (median, 0 s; interquartile range, 0–0) were significantly different (P<0.0001). No ROIs of the cancerous (9.4%) and non-cancerous groups (78.1%) were significantly different (P<0.0001).

According to the TTROI, drawing the ROC curve, the area under the curve (AUC) was 0.874 and the best cutoff value was 1 s. Based on the cutoff value, a total of 5 cases of EGC and 14 cases of non-cancerous lesions were misidentified. Except for atrophy combined with IM and LGIN, the diagnostic sensitivity of different pathological types was almost 0.90 (Figure 3). The diagnostic sensitivity of atrophy combined with IM and LGIN were 0.63 and 0.43, respectively (Table 3). The sensitivity, specificity, PLR, NLR, and overall accuracy of the model to distinguish EGC from non-cancerous lesions were 0.91, 0.78, 4.14, 0.12, and 0.84, respectively.




Figure 3 | The diagnostic accuracy of different pathological types was approximately 0.90, except for atrophy combined with intestinal metaplasia (0.69) and low-grade neoplasia (0.43). EGC, early gastric cancer.




Table 3 | Detailed results of the model diagnosis.





Comparison with endoscopists

No significant difference was observed in the overall accuracy of the diagnosis between the computer-aided model and experts. Nevertheless, the diagnostic accuracy of the model for differential EGCs was significantly different from that of expert C (0.92 vs. 0.65, P < 0.01). Moreover, although the diagnostic performance of the model for atrophy combined with IM seemed inferior to that of experts, there was no statistical difference between them (0.69 vs. 0.94, P = 0.13). A good level of kappa values was found between the model and experts, which were 0.62, 0.64, 0.53, 0.61, and 0.71 respectively (Table 4).


Table 4 | Diagnostic accuracy of the model versus experts.





Influencing factors for the recognition of atrophy combined with intestinal metaplasia and low-grade neoplasia

We conducted a univariate analysis on factors that may lead to the false diagnosis of atrophy combined with IM (Table 5). The proportion of moderate, severe, and diffuse lesions increased in the error group, suggesting that severe diffuse atrophy combined with IM may be difficult to distinguish from EGC by using the computer-aided model.


Table 5 | Univariate analysis of diagnostic errors of atrophy combined with intestinal metaplasia.



There were seven LGINs in the unaltered full-length video data set, including four ESD-certified LGINs showing high-grade neoplasia in biopsy. Five of the seven LGINs were deemed as having obvious DL by experts, which was an important endoscopic characteristic for diagnosing EGC. Therefore, even the endoscopic experts showed poor diagnostic accuracy for LGIN lesions (0.43–0.57).




Discussion

We developed an M-OE model covering multiple gastric lesions, using unaltered full-length M-OE videos to evaluate whether the M-OE model can meet the needs of clinical diagnosis. High diagnostic sensitivity was obtained for pathological subtypes, except atrophy combined with IM and LGIN. The overall accuracy is comparable to experts. Currently, three studies on the AI of magnifying EGC are available, all of which were verified by images (14, 15). Considering the variety of benign lesions under magnifying endoscopy, Hiroya et al. (24) included various types of benign lesions in the training set. However, their non-cancerous and cancerous images originated from the same patient. No biopsy pathology was performed; hence, they excluded any suspicious benign lesions to prevent the mixing of cancerous images. A recent video verification of EGC has shown similar results with us (16). However, they used the images of adjacent tissues as the control group and the adjacent tissue of the EGC is often the background mucosa, which could overestimate the performance of the model. In addition, the video clips they used may not represent clinical practice. It is difficult to adapt to multiple gastric lesions only by distinguishing between EGC and adjacent tissues. The distinction between cancer and benign lesions needs further verification. In order to achieve real-time clinical assistance, our study overcomes the shortcomings of the above studies and still achieves a high diagnostic ability through video verification in the case of multiple benign lesions.

We analyzed the statistical distribution of the TTROI and no ROI between cancerous and non-cancerous groups. In the cancerous group, only five cases had no ROI and the median TTROI was 47 s, whereas in the non-cancerous group, 50 cases had no ROI and the median TTROI was 0 s. The TTROI and no ROI were significantly different (P<0.0001). Our model can well distinguish cancerous from non-cancerous groups, which achieve 0.91 sensitivity and minimize the missed diagnosis of EGC. The main reason for cancer recognition errors is differentiated carcinoma with a color similar to that of the background mucosa. We improve the robustness of the model by giving the model different images of benign gastric lesions. For different pathological types, most pathological types are close to 0.90 sensitivity and 0.80 specificity regardless of being benign or malignant.

The diagnostic accuracy of atrophy combined with IM and LGIN needs to be further improved, which causes low specificity. LGIN was also poorly recognized by experts. Since one-quarter of LGIN is diagnosed as EGC after the operation (19–21), a diagnostic resection of LGIN with DL is recommended in our center, which is consistent with the European guideline (18). Meanwhile, there is heterogeneity in the diagnosis of LGIN by pathologists. Therefore, we did not regard LGIN as a kind of lesion with deep learning features alone, to prevent dirty data from affecting the diagnostic efficiency of the model. We speculate that by constantly giving clear malignant and benign data, the final diagnostic efficiency will be generalized to the LGIN pathological entity. At present, the diagnostic accuracy of LGIN by the model is not inferior to that of experts.

Through the analysis of possible reasons for poor recognition of atrophy combined with IM, we found that the model is difficult to accurately diagnose severe and diffuse gastritis. Mistakes usually occur when the lesion is observed at near focus so that the DL of lesions is beyond the visual field, which indirectly indicates that the DL of lesions is an important feature of differentiating benign from malignant. In the practice of endoscopy, it is impossible to ensure that the DL of lesions is always in the endoscopic field, especially for magnifying endoscopy. Combining with the C-WLI detection model may solve this problem (25). Although it could produce false-positive prompts, our model can provide not only a diagnosis of the lesion but also the frame lesion location. In the actual test, endoscopists can make a secondary judgment on the suspicious lesions by the presence or absence of DL and actively discard some false-positive interferences. Therefore, we speculate higher specificity and PPV in practical applications. In any case, AI cannot replace endoscopists but only provide aid in clinical practice.

However, the NLR of our model is 0.12, which indicates that the model could rule out cancer robustly. Another strength is that the positive threshold is only 1 s. If the positive threshold is too high, overlong false-positive prompts will cause trouble for endoscopists in clinical practice. At the same time, the model has a good warning effect on suspected lesions, especially LGIN and severe atrophy combined with IM. The malignant risk of these two kinds of lesions is increased, so timely reminding endoscopists can evaluate these high-risk precancerous lesions more pertinently. Our model can adapt to the unaltered full-length video, which is undoubtedly progressive. Compared with the video clips, the model will encounter more situations that are biased toward clinical practice and needs a low negative likelihood ratio to adapt to long non-cancerous video segments. Of course, our model still needs to be verified online to evaluate the impact of the model on the observation of endoscopists.

This study had several limitations. First, it was conducted in a single center, and the test set is still relatively small. Second, the M-OE model only recognized MSP, MVP, and DL features, excluding C-WLI features. The C-WLI characteristics of the full-length video test will inevitably affect the diagnosis of endoscopists. It is necessary that the model could be applied to other endoscopy systems, especially NBI, which is the most commonly used image enhancement system. We will develop a united model including C-WLI and M-NBI in the future research. Third, the recognition ability of LGIN needs to be further improved. Last, the active ulcer was excluded in this study since the serious inflammatory background and the reactive hyperplasia of the mucosa surrounding the active ulcer would interfere with the model’s diagnosis. Since  the combination of C-WLI and M-OE is required to determine whether lesions are benign or malignant, the application of the model is limited.



Conclusion

We developed a new computer-aided system for the diagnosis of multiple gastric lesions in M-OE endoscopy, which is comparable to that of experts. The M-OE model alone may not be able to deal with all lesions in the stomach. Further development of our computer-aided system will combine the WLI model with the M-IEE models for automatic detection of lesions and accurate real-time diagnosis.
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Hepatoid adenocarcinoma of the duodenum is a rare special type of adenocarcinoma, featured by hepatocyte components in primary adenocarcinoma of the duodenum. It has the characteristics of high malignancy, invasiveness, rapid progress, and poor prognosis. An abnormal elevation of serum alpha-fetoprotein (AFP) may occur in most cases. The diagnosis is mainly based on pathological morphology. Here, we reported a case of hepatic adenocarcinoma of the duodenum. The middle-aged female patient had an ampulla mass at diagnosis and received radical pancreaticoduodenectomy. The postoperative pathology was stage IIIA duodenal adenocarcinoma. At 1 month after surgery, she had multiple intrahepatic metastases and retroperitoneal lymph node metastasis; the AFP level was 300 ng/ml at that time. As she refused target therapy, two cycles of capecitabine-oxaliplatin (XELOX) chemotherapy were performed. However, the AFP elevated from 300 to 1,931.90 ng/ml, and the disease progressed rapidly. Immunohistochemistry (IHC) of tissue samples from presurgical endoscopic ultrasound guided fine needle aspiration (EUS-FNA), surgery, and liver biopsy showed positive AFP staining. Combining the abnormal elevation of serum AFP and microscopic pathological morphology, this case is diagnosed as hepatoid adenocarcinoma of the duodenum with liver metastasis. The physical condition of this patient was too poor to receive follow-up treatment. She died of the rapid disease progression with an overall survival time of 161 days. Considering that in most patients with hepatoid adenocarcinoma the abnormal elevation of serum AFP occurs preoperatively and returns to normal postoperatively rather than normal before surgery and increased after surgery, the primary lesion is located in the stomach rather than the intestine, and the patients are more often older men rather than middle-aged women; this case is rare particularly. Therefore, reporting this case with complete case data may be helpful to further study, so as to improve the understanding of this special type of malignant tumor.
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Introduction

In 1970, Bourreille et al. (1) reported a case of hepatic metastasis from gastric adenocarcinoma with elevated serum alpha-fetoprotein (AFP) for the first time. In 1985, Ishikura et al. (2) proposed the term “hepatoid adenocarcinoma (HAC)”. HAC is a particular type of adenocarcinoma named for its similarity to the histological morphology and immunophenotype of hepatocellular carcinoma (HCC). It is a rare type with an estimated annual incidence rate of 0.58–0.83 per million people (2–4) and mostly happened in older men (5, 6). HAC is highly invasive and prone to liver metastasis, and prognosis is very poor, with an average overall survival rate of 10–18 months (7). HAC can be found in almost all malignant tumors of the digestive tract, especially in the stomach, accounting for about 63% of all HACs, possibly due to the fact that the stomach and liver are derived from the same part of the embryo (5, 8, 9). In addition, HAC can also occur in ovaries, lungs, bladder, etc. (10–12), and its onset is rare in the intestinal tract, especially in the duodenum. With the keywords hepatoid adenocarcinoma, duodenum, only three published papers were searched in the PubMed databases, and an article based on Surveillance, Epidemiology, and End Results (SEER) database found that the incidence of HAC of the gastrointestinal tract including the duodenum (excluding the stomach) in all HACs was only 5% (13). The scarcity of numbers reflects the rarity of HAC of the duodenum. Because the incidence of this special type of tumor is extremely low, its pathogenesis is not clear at present. Ishikura et al. (2) studied gastric HAC and found that the foregut derivatives of the primitive digestive tube were closely related to the production of AFP, which may be caused by the deviation in the cell differentiation process leading to tumor differentiation into hepatocytes. Sporadic cases of HAC originating from the intestinal tract have also been reported, most of which were accompanied by elevated serum AFP (14–16). Liming et al. (17) believe that one possibility is that the intestinal tract can produce a small amount of AFP during embryonic development, which promotes the appearance of tubular adenocarcinoma and hepatoid differentiation regions. In addition, it may be due to the existence of stem cells with bidirectional differentiation potential in the intestinal tract, which promotes glandular epithelium and hepatocyte differentiation (18, 19). Ziwei et al. (20) also believe that HAC cells resemble totipotent cells, which can proliferate in the early stage; this conjecture explains the generally poor prognosis.

The clinical manifestations of HAC patients are usually non-specific and mostly depend on the specific location of the primary tumor. For example, patients with colorectal cancer (CRC) may have abdominal pain, fever, or hematochezia. When a tumor occurs in the ampulla and nipple area of the duodenum, clinical manifestations such as yellow skin, yellow eyes, and yellow urine (such as in this case) can be seen. In most cases, patients have abnormally elevated serum AFP expression, but normal serum AFP expression (for example, in the early stage of diagnosis of this case) can also be seen.

Here, we introduce a middle-aged female patient diagnosed with hepatic adenocarcinoma of the duodenum with hepatic metastases; serum AFP was normal at the time of diagnosis but increased significantly with the progression of the disease. As the patient refused genetic testing and targeted therapy, she was treated with two cycles of XELOX chemotherapy and subsequently died due to rapid progression.



Case presentation


Diagnosis

Our patient is a 59-year-old woman with a history of hypertension and hyperglycemia for more than 15 years without previous history of alcohol consumption or smoking nor history of liver disease. She presented with intermittent fever without obvious inducement for 3 weeks (specific time points in Figure 1) with the highest temperature of 39°, accompanied by jaundice, occasional nausea, vomiting, and slight discomfort in the right upper abdomen. Biochemical examination revealed glutamic-pyruvate transaminase (ALT) levels of 198 U/L, glutamic-oxaloacetic transaminase (AST) 131 U/L, total bilirubin (TBil) 68 μmol/L, and direct bilirubin (DBil) 35.1 μmol/L. Blood routine examination revealed no obvious abnormalities. CT of the chest and abdomen showed no obvious active lesions in both lungs but gallbladder enlargement and dilatation of intrahepatic and extrahepatic bile ducts, common bile duct, and main pancreatic duct. MRI of the abdomen showed low biliary obstruction, and the obstruction level was located on the ampulla. Considering the possibility of inflammatory lesions, local hospitals gave anti-infection, fluid rehydration, liver protection, and other symptomatic treatment, but no obvious relief of symptoms.




Figure 1 | Time points corresponding to the diagnostic and therapeutic process.



Abdominal color ultrasound was performed at the general surgery department of our hospital on 19 October 2020. It showed that there is a mass in the ampullary region with dilation of intrahepatic and extrahepatic bile ducts and main pancreatic duct. Moreover, enlargement of the gallbladder was also shown. No obvious abnormality was observed in the liver. CT of pancreatic vascular reconstruction showed a mass in the ampulla, surrounded by enlarged lymph nodes, and was considered malignant. The intrahepatic and extrahepatic bile ducts and pancreatic ducts were dilated, the gallbladder was enlarged, and no obvious abnormalities of the liver and retroperitoneal lymph nodes were observed (Figures 2A, D). Tumor marker AFP was 5.00 ng/ml (normal range 0–10 ng/ml) (Table 1). The pathological result of EUS-FNA was moderately to poorly differentiated ampullary adenocarcinoma (Figure 3A); the immunohistochemistry (IHC) of EUS-FNA was AFP (+) (Figure 3B).




Figure 2 | Images of the liver and retroperitoneal lymph node lesions were evaluated before and after the operation (new liver and retroperitoneal lymph node lesions after operation, shown by red arrows). (A) CT of liver before the operation; (B) CT of liver was evaluated at baseline after the operation; (C) MRI of the liver was evaluated at baseline after the operation (C1: DWI-b50; C2: T1WI; C3: DWI-b800; C4: T2WI); (D) CT of retroperitoneal lymph nodes before the operation; (E) CT of retroperitoneal lymph nodes was evaluated at baseline after the operation; (F) MRI of retroperitoneal lymph nodes was evaluated at baseline after the operation.




Table 1 | Changes of Alpha-fetoprotein (AFP), Carcinoembryonic antigen (CEA) and Carbohydrate antigen 19-9 (CA19-9) levels at diagnosis, after the surgery, and after one cycle of chemotherapy.






Figure 3 | Pathological morphology (A) (HE ×400), expression of positive Alpha-fetoprotein(AFP) staining (B) (SP ×100) of tissue samples from presurgical endoscopic ultrasound-guided fine needle aspiration (EUS-FNA); Pathological morphology (C) (HE ×400), expression of positive Alpha-fetoprotein(AFP) staining (D) (SP ×100) of tissue samples fromsurgery.





Surgical intervention

After the patient was admitted to the hospital, the patient was evaluated with an Eastern Cooperative Oncology Group (ECOG) score result of 1. Physical examination revealed yellow skin and yellow sclera. The patient and family had no previous medical history of chronic viral hepatitis, bowel polyps, and inflammatory bowel disease (IBD). The patient underwent pancreaticoduodenectomy on 30 October 2020. Intraoperative exploration showed that there were no free ascites or metastatic nodules in the abdominal cavity, the liver had a normal size with cholestasis-like changes, and the gallbladder was swollen. A mass with a size of about 3 cm * 3 cm could be reached in the ampulla, and the texture was hard. Postoperative pathology (pancreaticoduodenectomy specimen) (Figure 3C) showed that the duodenal papilla had a poorly differentiated adenocarcinoma, the size of the mass was 4 cm * 2.5 cm * 1.2 cm, and the cancer tissue penetrated the duodenal muscle wall and invaded the pancreatic tissue. There is no definite cancer tissue invasion in the common bile duct. Vascular cancer embolus and perineural invasion can be seen. No cancer remains at the gastric margin, small intestinal margin, common bile duct margin, broken end margin of the pancreas, peripheral margin of the pancreas, and hook process margin of the pancreas. Cancer metastasis was found in 1/6 lymph nodes around the pancreas, and no cancer metastasis was found in 3 lymph nodes around the stomach, 1 lymph node around the intestine, and 2 lymph nodes around the common bile duct. Another 3 lymph nodes were sent, and no cancer metastasis was found. Pathological stage was IIIA (T4, N1, cM0); IHC: cancer cell expression CK(+), S100(-), Her2(Sto)(++), COX2(+), VEGFR2(-), EGFR(++), Ki67(about 60%+), P16(focal +), CD56(-), PD-1(-), PD-L1(SP142)(the tumor cells -, interstitial immune cells about 5%+), MLH1(+), MSH2(+), MSH6(+), PMS2(+), c-Met(+), CgA(-); AFP (+) (Figure 3D).



Baseline assessment

One month after surgery, CT and MRI scan showed multiple hepatic masses (Figures 2B, C) and retroperitoneal enlarged lymph nodes (Figures 2E, F), which were considered metastases. The patient refused to accept gene testing and targeted therapy, so one cycle of XELOX 3-week regimen chemotherapy was performed according to National Comprehensive Cancer Network (NCCN) guidelines for CRC.



Liver biopsy

After one cycle of chemotherapy, tumor marker AFP rose from 300 to 1,931.90 ng/ml (Table 1). In order to clarify the nature of the liver lesions, liver biopsy was performed. Microscopic observation showed that the tumor cells were distributed in plate shape, and abundant blood sinus structures were seen, adenocarcinoma area and hepatoid differentiation area coexist, polygonal tumor cells with larger volume and eosinophilic cytoplasm can be seen in the hepatoid differentiation area (Figure 4A). Liver biopsy pathology showed adenocarcinoma, poorly differentiated; IHC showed cancer cell expression Hept1 (-), CK19 (+++), CK7 (-), CDX-2 (focal +), Ki67 (70%+), CK20 (-), Villin (+++), Syn (focal +), CgA (focal +), CD56 (focal +); AFP (+), GPC-3 (+) (Figures 4B, C).




Figure 4 | Pathological morphology (A) (HE ×100), expression of positive Alpha-fetoprotein(AFP) staining (B) (SP ×100) and positive glypican-3(GPC-3) staining (C) (SP ×100) in the liver metastases.



Combining the abnormal increase of serum AFP, microscopic pathological morphology and IHC features of tissue samples from presurgical EUS-FNS, surgery, and liver biopsy, this is a rare case of HAC of the duodenum with liver metastasis.

However, the disease progressed rapidly, and the patient died within 1 month after biopsy. The survival time was only 161 days. Patients and their families hope that the information they provide can help clinicians have a deeper understanding of this kind of diseases, thus helping more patients.




Discussion

This is a case report about the rare, highly malignant duodenum HAC. Because of the highly invasive and rapid progress nature of HAC, early diagnosis is particularly important. The diagnosis of HAC mainly depends on the pathological morphology; whatever the origin, most of them show similar morphological characteristics. Both adenocarcinoma and hepatoid differentiation areas can be observed in HAC. Adenocarcinoma areas are tubular in shape, and hepatoid differentiation areas have a similar arrangement to that of primary liver cancer. Furthermore, tumor cells in hepatoid differentiation areas have rich, eosinophilic or transparent staining cytoplasm, the nucleus is centered, mostly (quasi) circular or vacuolar, the nucleolus is large and obvious, mitotic images can be seen, and some of them have flake necrosis (21). Some scholars believe that the diagnosis of HAC can be established as long as the hepatoid differentiation area is found pathologically (22). However, the hepatoid differentiation area of HAC is mostly located in the deep part of the tumor, which makes the diagnosis extremely difficult. Important IHC markers included AFP, GPC-3, SALL4, and HSP70, among which the positive rate of AFP and GPC-3 was 85%~95% and 100%, respectively (22, 23). It is generally believed that AFP and GPC-3 are more specific markers in identifying hepatocyte differentiation areas and have been used as markers for the diagnosis of HAC routinely (24). In an analysis of 42 HAC cases reported by Zeng et al. (8), serum AFP levels were elevated in most patients with HAC, usually detected at extremely high levels (>1,000 ng/ml), while other serological biomarkers such as CEA and CA19-9 were consistently within the normal range, which were consistent with the clinical features of this patient. Abnormal elevation of serum AFP contributes to the objective diagnosis of the disease; however, the absence of a significant elevation of AFP could also be seen in some cases. The imaging features of HAC were not specific either, making it difficult to distinguish from other liver metastases (9). As HAC of the duodenum is rare and AFP staining is not included in routine IHC in CRC, it is difficult to conduct studies on large samples of this special type of tumor.

Gastric HAC is relatively more common than the others, so the research on this special type of tumor mostly focuses on gastric HAC. Clinical treatment of gastric HAC is usually preceded by radical gastrectomy. Radical gastrectomy combined with resection of liver metastases is feasible when liver metastasis is clearly identified and patient conditions permit. If radical resection of gastric lesions is not possible, surgical treatment is still recommended, and the surgical method should be changed to palliative gastrectomy. For patients with hepatic metastasis, palliative gastrectomy can be combined with other treatment methods, such as hepatic artery intubation chemotherapy (25). At present, there are no clear research results on the specific programs of postoperative adjuvant therapy (26). Simmet et al. (27) reported two cases of gastric HAC with hepatic metastasis, which achieved complete remission (CR) after first-line chemotherapy with cisplatin and etoposide, suggesting that cisplatin-based chemotherapy regimen may be the best choice for first-line chemotherapy for patients with gastric HAC. Due to the rarity of cases and lack of a large-sample randomized controlled study, the current clinical treatment strategy for patients with HAC of the duodenum is similar to that for CRC. Surgical treatment is the first choice, followed by chemotherapy and radiotherapy. It has been reported that the serum AFP level of HAC patients is correlated with prognosis. In most cases, the higher the level of serum AFP after the operation, the higher the rate of liver metastasis, and the worse prognosis (28). The reason may be that the increase of serum AFP can upregulate the expression of vascular endothelial growth factor receptor (VEGFR), which further leads to the formation of tumor emboli (29). However, whatever the level of AFP, the prognosis of patients with HAC is much worse than that of patients with normal adenocarcinoma. The average survival time is 10–18 months, and the 1-, 3-, and 5-year survival rates are 37.5%, 12.5%, and 8.3%, respectively (7).

Most of the previously reported cases of HAC had a primary lesion in the stomach, and most of the cases showed abnormal elevation of serum AFP in the preoperative period; whereas in this case, the primary lesion was located in the duodenum, which is a rare site, and the elevation of serum AFP was observed in the postoperative period, which made the diagnosis of this case less precise. The reason for reporting this case is to draw the clinician’s attention to the specific pathological type of HAC. When the pathological morphology of the tumor tissue tends to coexist with areas of adenocarcinoma and hepatoid differentiation, the possibility of HAC should be highly suspected and the accurate diagnosis should be identified as soon as possible. Moreover, the normal serum AFP at the time of diagnosis of the primary lesion cannot exclude the possibility of hepatocellular adenocarcinoma.

In conclusion, HAC of the duodenum is a rare special type of duodenal cancer with poor prognosis. It is often difficult to make a definite diagnosis in the early stage. The disease was not considered in the first EUS-FNA biopsy and pancreaticoduodenectomy; the diagnosis was made after the fast elevation of AFP and liver biopsy. It is suggested that for middle-aged and elderly patients, if the level of serum AFP increases and there is insufficient evidence for the diagnosis of hepatocellular carcinoma, HAC should be considered. Due to the low incidence rate, the treatment experience for this kind of disease is insufficient; targeted and effective standardized treatment remains to be explored.

In reviewing the paper, the following shortcomings remain, as there is no standard treatment regimen for this rare case, which is a common dilemma in the treatment of HAC. Focusing on this case, although the patient’s symptoms were somewhat relieved by the systemic treatment described above, it is undeniable that the patient’s survival was still relatively short and the exact mechanism of this is still to be explored in a pooled analysis of a large number of cases in order to find more effective treatment regimens.
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Background

To describe the development process and structural relationships of scientific achievements in endoscopic ultrasonography (EUS) in pancreatic tumors over the past decades and to reveal the key research topics using bibliometric analysis.



Methods

All relevant publications covering the research of EUS in pancreatic tumors from 1984 to 2021 were involved through the Web of Science Core Collection. R-bibliometrix was used to conduct the bibliometric analysis, and VOSviewer software was used to explore the hot spots and networks related to this field.



Results

Between 1984 and 2021, 4071 publications were involved. The number of annual publications increased from 1 to 310. The United States contributed the most publications to this field (n=1433, 35.20%), followed by Japan (n=827, 20.31%) and Germany (n=319, 7.84%). There was active cooperation between countries/regions. Gastrointestinal Endoscopy (GIE) was the most productive journal and the most influential journal. Professor Giovannini M, who produced the most publications, had a great influence on this research. The focus in this field was clarified by analyzing the top 10 citations and co-citations publications. Moreover, the analysis of the keywords showed Important topics: “Classification of pancreatic tumor disease” “Development of EUS in the diagnosis of pancreatic tumor diseases,” and “Development of EUS in the treatment of pancreatic tumor diseases.”



Conclusion

For the first time, bibliometric analysis was used to gain a deep understanding of the global trends of studies investigating EUS in pancreatic tumor diseases. The EUS field is rapidly evolving, and our study may be a critical reference for clinical researchers related to this field.
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Introduction

Flexible endoscopy was created in 1911, and ultrasound (US) followed in 1956. By combining ultrasonography and endoscopy, endoscopic ultrasonography (EUS) created an entirely new dimension in imaging (1). EUS was developed in the early 1980s, it places an ultrasound probe on the tip of the endoscope to directly observe the morphological structure and lesions of the mucosal surface as well as visualize the tube wall hierarchy, lesion origin, and infiltration depth using ultrasound technology. Due to the proximity of the US transducer to the lesion and the use of a high-frequency US probe, the picture resolution was improved (2).

The pancreas is a retroperitoneal organ, and traditional imaging diagnosis of pancreatic diseases is so inaccurate that malignant tumors are typically detected late in their progression, resulting in missed opportunities for surgery. Pancreatic neoplasms include benign pancreatic neoplasms and pancreatic malignancies, among which pancreatic cancer is one of the most deadly malignancies, with a fatality rate that is roughly equivalent to its incidence (3), and its five-year survival rate is still low. The aggressive biology, inefficient therapy, and advanced stages at the time of diagnosis all contribute to the disease’s poor prognosis (4). As a result, detecting precursor lesions, early diagnosis, or effective treatment strategy may be a viable way for extending survival. Using EUS, images of the pancreas can be captured through the esophagus, stomach, and duodenum without being obstructed by gas, fat, or bone, and EUS also is allowed for tissue collection, making it the most widely used screening technology for early pancreatic tumors diagnosis (5, 6).

Lots of studies have shown that EUS and its related techniques, such as EUS elastography (EUS-EG), EUS-guided fine needle aspiration (EUS-FNA) and contrast-enhanced EUS (CE-EUS) are now considered to be the most sensitive imaging modality for the clinical diagnosis of pancreatic lesions, along with the detection of small cancers, the variability diagnosis of pancreatic solid or cystic lesions, and the staging of pancreatic lesions. Since the first clinical application of EUS in the 1980s, more than 30 years of development have changed various fields of gastroenterology. EUS has become a vital diagnostic and therapy tool, with more and more diagnostic and treatment recommendations recommending its use for inspection and treatment, particularly in pancreatic and gastrointestinal diseases (7).

It is expected that if we can analyze the recent research status of the application of EUS in pancreatic tumor diseases found in the literature that is presently available and explore the current research challenges and future research hotspots, we will be able to provide references for researchers interested in pancreatic tumors. Bibliometrics is the tool for achieving the aforementioned objectives. Using mathematical and statistical techniques, bibliometrics is the multidisciplinary study of all knowledge bearers, such as books, magazines, and other publications (8). It is a broad knowledge base that integrates philology, mathematics, and statistics with a focus on quantification. In addition to evaluating the contributions of various nations, institutions, journals, and scholars, bibliometric analysis can also describe a particular research area, foresee particular trends, and identify potential future research hotspots, all of which have a significant impact on disease prevention and treatment (9).

However, no study on the analysis of EUS in pancreatic tumors from a literature perspective exists, thus for the first time, we were able to acquire a comprehensive understanding of the global trends of studies examining EUS in pancreatic disease from multiple perspectives. Using the Web of Science (WOS), the goal of this study is to explore the content of the research literature on the application of EUS in pancreatic tumors. To provide a resource for clinical care and academic research in this area, we use the bibliometric strategies to conduct an extensive analysis of this field’s research status throughout the previous decades, identify research trends, and predict probable future research hotspots.



Methods


Data source and collection

A comprehensive collection was conducted of all of the publications from the Web of Science Core Collection (WOSCC) from 1984 to 2021 with the following retrieval strategies: [(endoscopic ultrasound) OR (endoscopic ultrasonography)] OR (EUS)] and [(Pancreatic cancer) or (PDAC) or (pancreatic tumor) or (pancreatic neoplasms) or (pancreatic cystic tumors)], and only “articles” was included. To avoid citation variations caused by frequent database updates, all related records were downloaded on May 4, 2022, and imported into relevant bibliometric tools for further analysis. All primary searches were independently performed by two authors (Xia and zhang), and their agreement showed considerable accordance. Figure 1 depicts the complete procedure of literature selection and screening.




Figure 1 | Flow diagram of literature selection and screening in this study.





Statistical analysis

We attempted to compile “The WOSCC Literature Analysis Report” to summarize publication features such as authors, nations, journals, institution status, annual publications, H index, and relations between authors or countries. By reviewing the most recent JCR (Journal Citation Reports) issue, a crucial tool for determining the academic effect of research, we obtained the most recent impact factor (IF) of the pertinent journals. The H-index is a statistic for evaluating an individual’s contribution to scientific research (10). and the H-index, which reflects the academic influence of researchers or countries/regions, can be found on WOS.

We evaluated the number of publications and growth trends in various nations/areas using the bibliometrics online analytical platform. VOSviewer software was used to visualize keyword networks generated from related studies, allowing co-occurrence analysis to categorize terms into different clusters. The average year of appearance definition, which we used to gauge the relative novelty of terms, also colored each keyword when it first appeared.




Results


Annual output

According to the retrieval strategy, 6387 publications were included initially. 200 were excluded for unmatched document types, and 116 were excluded for published in 2022. In the end, 4071 “articles” were selected to perform analysis. The total number of publications worldwide was analyzed and an increasing trend in the total publishing has been demonstrated (from 1 in 1984 to 310 in 2021). The number of publications showed two stages: less before 2000 and more after 2000. The number of annual publications was more than 60 after 2000, more than 200 after 2014, and more than 300 in 2021 (the number was nearly 300 in 2018, and 2020). The annual publication outputs of the application of EUS in the pancreatic tumors field are shown in Figure 2. English was the most popular language in this subject, making up 94.92 percent of the total. German was the most prevalent non-English language, making up 2.11 percent of the total, followed by French (1.65%), Spanish (0.93%), and others such as Hungarian, Italian, Chinese, et al. are under 0.01%.




Figure 2 | Times Cited and Publications Over Time.





Country/region analysis

A total of 80 countries or regions participated in publishing articles on this research over the past few decades. The United States published the highest number of articles (n=1433, 35.20%), followed by Japan (n=827, 20.31%), Germany (n=319, 7.84%), France (n=280, 6.88%), Italy (n=264, 6.46%), China (n=225, 5.53%), South Korea (n=167, 4.10%), Spain (n=145, 3.56%), England (n=131, 3.22%), Netherlands (n=117, 2.87%). The top 10 countries/regions were showed in Figure 3. The outcomes of the cited frequency report from the WOSCC indicated that 4071 articles connected to this field were referenced 119,150 times since 2001, and 90,462 times without self-citation. The average citation frequency per literature was 29.27, and the H-index was 141. The United States had the highest citation frequency (58,351 times, 51,569 times without self-citation). With an H-index of 116, the average number of citations per piece of literature was 49.72. With an H-index of 65, Japan’s publications were mentioned 18,404 times (16,735 times without self-citation), placing it second among all nations.




Figure 3 | The contributions of different countries/regions to the research field.



We mapped the cooperation of countries and regions to have a better understanding of the extent of collaboration between them globally. Not only did the United States have the highest number of publications, but also had the closest international collaboration, which was shown by the U.S.’s prominent position in the co-occurrence network (Figure 4A). Active partnerships between nations and areas were shown on the visualization map; for instance, the USA had tight ties to Japan, Germany, France, and Italy (Figure 4B).




Figure 4 | Country/region analysis. (A)The cooperation of countries/regions in this field from 1984 to 2021. (B) Country collaboration map in this field from 1984 to 2021.





Journal analysis

Until 2021, a total of 607 scholarly journals had published articles on this research. There are 92 journals with more than 10 publications, 24 journals with more than 30, and 10 journals with more than 60, 5 journals with more than 100. The top 10 journals with the greatest contribution to this research accounted for 30.63% (1247/4071) of the total publications included in this study (Figure 5A). Gastrointestinal Endoscopy (GIE, IF2021 = 9.427, Q1) was the most productive journal contributing 341 scientific publications in this field, followed by Endoscopy (n=142, IF2020 = 10.093, Q1), Pancreas (n=140, IF2020 = 3.327, Q3), Pancreatology (n=124, IF2020 = 3.996, Q3), World Journal of Gastroenterology (n=111, IF2020 = 5.742, Q3). Moreover, the top 10 most influential journals were listed based on the H-index (Figure 5B). GIE, Endoscopy, American journal of gastroenterology, Pancreas and Clinical gastroenterology, and hepatology ranked top 5, which means that these academic journals probably have a significant influence on this field. In Figure 5C, we showed the close relations between these journals. Larger bubbles for GIE, Endoscopy, and Pancreas indicated more publications in those fields. Additionally, Endoscopy, the World Journal of Gastroenterology, Pancreas, and Pancreatology all had active citation agreements with GIE.




Figure 5 | Journal distributions. (A) Top 10 journals of the publications, (B) Top 10 influential journals(H-Index). (C) The close relations between top 10 influential journals.





Author analysis

According to the number of publications, influential authors were evaluated. A total of 260 authors had published at least 10 articles, 60 authors with more than 20 articles, and 7 authors with more than 50 articles. The author with the most articles published among these was Giovannini M (n=66), followed by Yamao K (n=61), Brugge WR (n=59), and Palazzo L (n=58) (Figure 6A). Moreover, the citation number, h-index, and g-index were also used to evaluate the author’s contributions. Citations in this field indicate that Brugge W ranked first (4388 citations), followed by Palazzo L (3896 citations) and Eloubeidi M (3237 citations) (Figure 6B).




Figure 6 | Author contributions. (A) Top 20 authors with the most publications, (B) Top 20 authors with the most ctiations, (C) h-index of publications from top 20 authors, (D) g-index of publications from top 20 authors, (E) Network map of co-authorship between authors with more than 30 publications.



The highest h-index was recorded by Eloubeidi M. (n=31), followed by publications from Brugge W (n=29) and Palazzo L (n=28) (Figure 6C). The publications’ g-index from Eloubeidi M (n=50) was also first, followed by that from Palazzo L. (n=48) and Yamao K (n=47) (Figure 6D). Collaborations between the authors were depicted in the network map in Figure 6E.



Citation and co-citation of publications

The citation network map of Publications that have more than 200 citations was shown in Figure 7A. And the top 10 articles with the highest citations were shown in Table 1. There were 939 citations for the publication written by Brugge W et al. from the Journal of Gastroenterology in 2004, followed by the article published by Tanaka M et al. in the Journal of Pancreatology in 2017, with 647 citations, and Rosch T et al. in the Journal of New England Journal of Medicine in 1992, with 532 citations. The citation network map of references that were co-cited in more than 150 citations is shown in Figure 7B. With active co-cited corporations with “Varadarajulu S” and “Dewitt J,” “Wiersema M” had the most publications among them all. In Table 2, the top 10 references with the most co-citations were presented. The top three references with the most citations were from Wiersema M [1997, 605 citations], Chang K [1997; 482 citations], and Brugge W [2004, 474 citations].




Figure 7 | Network map of citation and co-citation publications. (A) Citation analysis of publications with more than 200 citations. (B) Co-citation analysis of references with more than 50 citations.




Table 1 | Top 10 citation analysis of publications.




Table 2 | Top 10 co-citation analysis of cited reference.





Analysis of keywords

We extracted keywords from the publications and analyzed co-occurrence via VOSviewer. A co-occurrence association was created between two keywords when they occurred in the same article. Strong co-occurring keywords can more precisely reveal research hotspots than a single term. A total of 100 keywords that were found to appear more than 50 times were used to construct the network visualization map (Figure 8A). And the top 10 keywords were diagnosis, cancer, management, pancreatic cancer, carcinoma, biopsy, tumors, pancreas, adenocarcinoma, lesions. The line that connects two terms in this keyword network map gets changed off as a sign. The number of occurrences was represented by the size of the bubble. The network visualization map’s colors show the several clusters that the keywords formed. And in Figure 8B, each keyword was colored according to the moment when it emerged. The color of keywords served as a visual representation of when they first appeared, with blue implying an early introduction and yellow suggesting a more recent emergence.




Figure 8 | Co-occurrence analysis of keywords. (A) Network visualization map of keywords, (B) Overlay visualization map of keywords.






Discussion


Research trends

A bibliometric analysis was performed to introduce the development of EUS in pancreatic tumor diseases based on articles published from 1984 to 2021. In 1984, there was only one publication, which might because the area was still developing, but increased to 310 in 2020, especially in the last decade (2010-2021, the number of annual publications has exceeded 160), which reflects the hot research status in this field in recent years. Our investigation revealed a general upward trend in the annual production of this research, indicating that more people have been paying attention to it lately. The top five producing countries were the USA, Japan, Germany, France, and Italy, demonstrating their prominence in the field of this research. According to the country collaboration map, North America and Europe have produced the most articles among the top 20 nations, indicating that these two areas may have great potential for study and growth. These top contributing nations and regions were connected on the network map and nation collaboration map, demonstrating the research’s global scope. This sort of international collaboration might promote academic exchange, draw better scientists to the topic, and speed up research on the application of EUS in pancreatic tumors.

Author analyses allow for a more thorough and unbiased assessment of researchers’ contributions, the quality of their work, and their academic standing in a field of study. The 20 most productive authors in this area were also active scholars. Brugge W has the most citations, Eloubeidi M currently has the greatest h-index, and Giovannini M published the most publications. According to our study, the most well-known and respected authors in the field using these facts and indications may be identified. Notably, the majority of the authors were from organizations affiliated with universities and hospitals. Additionally, we evaluated the co-authorship of more than 20 papers and discovered that while there was some coordination and contact, it wasn’t close. Therefore, author collaboration should be the main topic of future study. To put it another way, by identifying these leaders, we would be able to review the literature before starting new EUS-related research and quickly and accurately understand how this subject has developed.

As to the journals, the results showed that GIE, Endoscopy, Pancreas, Pancreatology, and World Journal of Gastroenterology were the most prevalent journals. The journals shown in the network map’s co-citation frequency were closely related to one another in the field. This could guide new researchers who want to conduct their research and submit remarkable findings in this area. These journals mainly focus on clinical studies, and this research will mainly focus on the clinical field in the future.



Research status

The number of citations that an article obtains may be the most crucial bibliometric characteristic because it indicates how relevant and significant a study is in academic research. In this study, we analyzed the publications with citations from 1984 to 2021. And found that among the 4071 publications, 272 (6.69%) articles were cited more than 100 times. And the top 10 cited articles were listed in detail. Overall, eight of the top 10 publications were related to the diagnosis of EUS in pancreatic diseases, which indicated the vital function of EUS in the diagnosis of pancreatic diseases. According to keywords co-occurrence analysis, hotspots, subjects and trends are able to identify to guide researchers or clinicians to comprehend the development of related studies of EUS in pancreatic tumor diseases. In Figure 8, as was shown in the network map, the co-occurrences of keywords were analyzed and mainly clustered into three research subjects or trends. In this study, the hotpots of the progress of EUS in pancreatic diseases were as follows.



Classification of pancreatic tumor disease

Pancreatic tumor diseases were classified into benign tumors and malignant tumors. And benign included serous cystadenoma (SCN), pancreatic intraepithelial neoplasia (PanIN), mucinous cystic neoplasm (MCN), intraductal papillary mucinous neoplasm (IPMN), intraductal oncocytic papillary neoplasm (IOPN), intraductal tubulepapillary neoplasm (ITPN), and pancreatic neuroendocrine neoplasms(pNENs) (11). Among malignant tumors, pancreatic ductal adenocarcinoma (PDAC) has the highest incidence and malignancy, others included acinic cell carcinoma, pancreatic blastoma, and so on. Notably, endoscopic ultrasonography is crucial for the detection and management of both benign and malignant pancreatic tumors (12).



Development of EUS in the diagnosis of pancreatic tumor diseases

EUS can directly display the pancreatic tissue structure and the adjacent relationship of the surrounding organs. Compared with traditional imaging examination, EUS has a higher sensitivity and specificity in the diagnosis of pancreatic diseases and was recommended in guidelines. According to our study, the development of EUS in the diagnosis of pancreatic diseases were shown in detail.

In 1980, DiMagno. et al. (2) developed EUS for the evaluation of digestive diseases for the first time. As the whole pancreas can be visualized without any blind spots in the ultrasonographic images, EUS had gradually become an important diagnostic tool for pancreatic diseases. For the next decades, EUS was primarily used to aid in the diagnosis of pancreatic diseases. Strohm WD et al. (13) applied it to diagnose a pancreatic tumor in 1984 for the first time. However, on account of the lack of pathological confirmation of EUS, the clinical role of EUS had been restricted. But the advent of EUS-guided fine needle aspiration (EUS-FNA) offered a new diagnostic strategy for pancreatic tumor disease. In 1992, Peter et al. (14) successfully performed EUS-FNA on a patient with a pancreatic disease which could not be diagnosed by conventional methods, and obtained pancreatic tissue, which was suggested by pathology as mucinous cystic neoplasm. Pathological diagnosis, which cannot be obtained by EUS but could be acquired by EUS-FNA, is the gold standard for many diseases, which has promoted the development of EUS and made great progress. The method of EUS-FNA is not limited to pancreatic diseases, but applies to other lesions of the adjacent organs and structures.

In 1995, Kato et al. (15) in Japan first used the perfusion imaging approach in combination with EUS, an enhanced harmonic EUS has been developed, which was performed by injecting carbon dioxide through the angiographic catheter inserted into the celiac trunk or superior mesenteric artery during EUS circumferential scanning. Because of its advantages of high-resolution ultrasound and contrast-enhanced ultrasound, it is of great significance for distinguishing the characterization of solid and cystic pancreatic lesions, judging the stage of pancreatic cancer and vascular involvement (16). In 2002, Maurits J et al. (17) reported EUS-guided needle biopsy (EUS-TNB), which is similar to EUS-FNA but can obtain more reliable tissue for pathological diagnosis. In 2007, Janssen J et al. (EUS-EG 2007) reported the clinical use of EUS-elastography (EUS-EG) in pancreatic disease. EG is the technology that can image the differences of distortion between the soft tissue and the hard tissue in real-time. So it can study imaging of tumors and spreading diseases that cannot be detected by traditional ultrasound. Since then, EUS-EG has been widely used in the differential diagnosis of pancreatic solid mass, benign and malignant lymph nodes, gastrointestinal submucosal masses, and some other solid tumors. Endoscopic confocal laser endomicroscopy (CLE) is a new endoscopic confocal laser microscope that integrates traditional endoscopy under microscopic imaging technology, real-time histologic diagnosis in the endoscopic examination at the same time, through dynamic observation on the surface of the magnified 1000 times of particular organization cells, blood vessels, basement membrane, and stroma morphology and structure, and was called ‘optical biopsy under endoscopy’ (18). In 2011, Konda et al. (19) first applied this technique to evaluate the feasibility of nCLE of pancreatic lesions. Shortly afterward, the technique gradually matured and is mainly used in the differential diagnosis of pancreatic cystic lesions, solid pancreatic mass and enlarged lymph nodes.

Endoscopic ultrasonography (EUS) can perform personalized and real-time scanning of pancreatic lesions in the stomach or duodenal cavity at the nearest distance, and is one of the most sensitive methods for finding small pancreatic lesions. It can find lesions only 2mm in size, which has become one of the most accurate methods for locating pancreatic cancer and is conducive to the early detection of pancreatic cancer. Since its inception in the 1980s, this technique has played a huge role in the diagnosis of pancreatic diseases, especially with the development of assistive imaging, such as the CHE, EG, CLE and so on, and the development of EUS-FNA and EUS-FNB has brought the role of EUS to a new level. At present, EUS has been recommended as a critical diagnostic way in many clinical guidelines.



Development of EUS in the treatment of pancreatic tumor diseases

EUS not only can be used as a diagnostic tool for pancreatic diseases, but also has made significant breakthroughs in the transformation into minimally invasive intervention therapy with the continuous development of technological progress, and has become an important treatment method for pancreatic diseases.

EUS-guided ablation is a reliable treatment for patients with inoperable pancreatic diseases, high surgical risk, or rejection of surgery, mainly including ethanol ablation, mixed cryogenic ablation, radiofrequency ablation, photodynamic ablation, and laser ablation. EUS- radiofrequency ablation (RFA) is a novel tumor treatment method, which causes coagulation necrosis in surrounding tissues by releasing heat through a high-frequency current, and is widely used in the treatment of liver, lung and kidney tumors. Goldberg et al. (20) in 1999 reported the use of EUS-guided radiofrequency ablation for pancreatic diseases in porcine models for the first time. This study indicated that EUS-guided radiofrequency ablation can be used to produce coagulation necrosis in the porcine pancreas lesions. As technology continues to advance, it has become the most widely used way of ablation in the pancreas at present.

EUS-guided photodynamic ablation (PDT) is a tumor-specific ablative therapy that combines photosensitive drugs with EUS-guided light irradiation to produce oxygen-free radicals leading to cell death. Chan et al. (21) in 2003 first introduced the application of EUS-guided photodynamic therapy (PDT) in the pancreas. This study confirmed that EUS-PDT is safe and effective for advanced focal pancreatic cancer to a certain extent, but it remains to be further proved by further studies.

Pain is the most common complication in patients with pancreatic cancer, and peritoneal plexus block is a first-line adjuvant for the treatment of pain in patients with pancreatic cancer. Wiersema et al. (22) proposed in 1996 that EUS-celiac plexus neurolysis (CPN) could relieve the pain of patients with pancreatic patients. In addition, EUS-CPN can also improve the survival rate of patients with pancreatic cancer. Fuji-Lau et al. (23) showed in a case-control study that patients treated with EUS-CPN had a longer survival time compared with patients without. However, EUS-CPN does not eliminate pain, but only relieves it to some extent.

EUS-guided intratumoral fine-needle injection (EUS-FNI) is a relatively new targeted therapy that aims to maximize intratumoral drug concentration while minimizing systemic exposure and drug toxicity. As a result, it can be applied as a preoperative intervention to reduce tumor size or as a palliative care measure for unresectable tumors with obstructive symptoms. Currently, EUS-FNI can be used for a variety of interventions, including chemotherapy, immunotherapy, oncolytic virus therapy and tumor implantation. Chang et al. (24) in 2000 conducted the first clinical trial using EUS-FNI to directly inject anti-tumor agents into local cancer, which delivered allogeneic mixed lymphocyte cultures to unresectable pancreatic adenocarcinoma and the median survival of patients was 13.2 months with no operation-related complications. EUS-guided ethanol ablation is a novel alternative therapy for pancreatic cystic tumors and pancreatic neuroendocrine tumors in recent years, and its safety and feasibility have been reported in some studies (25, 26). EUS-FNI has precise localization and fewer adverse reactions, which can improve the clinical therapeutic effect of pancreatic masses.

Peripancreatic effusion is a common local complication after pancreatitis or pancreatic trauma. The fluid is divided into acute peripancreatic fluid accumulation, acute necrotic accumulation, pancreatic pseudocyst and walled-off necrosis (27). Pancreatic pseudocyst has clear cyst walls and few necrotic components, which usually appear 4 weeks after acute pancreatitis or pancreatic trauma, and a small part of them are secondary to chronic pancreatitis (28). The most common decompression indications of pancreatic pseudocyst are abdominal pain, infection, and biliary obstruction, and cysts (> 6cm in diameter) that continue to grow or remain unhealed for more than 6 weeks. Pancreatic abscesses and walled-off necrosis often need drainage intervention. Drainage is generally performed 4-6 weeks after the formation of peripancreatic effusion and full liquefaction of mature necrotic material in the capsule wall (29). In 1992, Grimm et al. (30) first proposed EUS-guided drainage therapy for pancreatic pseudocysts., which concluded that EUS-guided drainage is as effective as percutaneous drainage in the treatment of pancreatic pseudocysts.

Interstitial brachytherapy is an effective method for local control of pancreatic malignancies. Radioactive particles are implanted in and around the target tissue, exposing the target tissue to γ rays, resulting in local tissue damage and tumor ablation. Importantly, these radioactive seeds have a very low dose rate and penetration depth of no more than 1.7 cm, thus minimizing radiation exposure and damage to adjacent organs (31). Sun et al. (32) in 2005 showed for the first time in a pig model that the implantation of radioactive particles into pancreatic tissues guided by EUS is a safe and feasible brachytherapy method. The most popular radioactive particle is iodine-125, which has a half-life of 59.7 days and is suitable for fast-growing tumors such as pancreatic cancer.



Strengths and limitations

An objective quantitative analysis was made of the existing literatures by using bibliometrics. Researchers and clinicians’ understanding of the worldwide presentation and patterns of EUS development in pancreatic tumors may be improved by these findings and recommendations. Our research has several advantages. First of all, this study for the first time used the bibliometrics analysis method with a deep insight to present the global development, status and trend of research on EUS in pancreatic tumor diseases. Secondly, our study uses widely used tools, which ensure the reliability of the data. Thirdly, bibliometric analysis is more thorough and objective than conventional literature evaluations. However, similar to other bibliometric analyses, this study also has some limitations. First, we only searched articles in the WOS database; we did not search other databases like PubMed or Embase, thus some publications may have been missed. However, it is worth noting that the WOC is the one that is most frequently utilized in the bibliometric analysis. Secondly, there may be differences between bibliometric analysis results and actual research conditions. Our conclusions are based on research that has been published, however some crucial material might not have appeared in academic papers. Thirdly, there may not have been a thorough discussion in our research because some of the recently released significant articles may not have received enough attention from scholars. Despite these limitations, our study provides an elaborate global perspective on EUS of pancreatic tumor diseases research over the past five decades.




Conclusion

A thorough overview of the global research on EUS in pancreatic tumor diseases during the past decades was shown using bibliometric analysis. This topic is going through a period of tremendous development, and more scholars are becoming interested in it. Research results indicate that the USA contributed the most to productivity, and it connected closely with other countries, such as Japan, China, England, Germany, France, Italy, and Japan. And journals such as GIE, Endoscopy, Pancreas, Pancreatology and World Journal of Gastroenterology pay close attention to developments in the field. With the development of endoscopic technology and equipment, EUS has gradually developed from a simple diagnostic method to a significant part of interventional treatment of digestive system diseases, especially playing an important role in the diagnosis and treatment of pancreatic diseases. The topic of EUS in Pancreatic tumor diseases is worthy of continued follow-up by researchers, and we believe that this study contributes valuable information for researchers and clinicians.
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Objective

Convolutional Neural Network(CNN) is increasingly being applied in the diagnosis of gastric cancer. However, the impact of proportion of internal data in the training set on test results has not been sufficiently studied. Here, we constructed an artificial intelligence (AI) system called EGC-YOLOV4 using the YOLO-v4 algorithm to explore the optimal ratio of training set with the power to diagnose early gastric cancer.



Design

A total of 22,0918 gastroscopic images from Yixing People’s Hospital were collected. 7 training set models were established to identify 4 test sets. Respective sensitivity, specificity, Youden index, accuracy, and corresponding thresholds were tested, and ROC curves were plotted.



Results

1. The EGC-YOLOV4 system completes all tests at an average reading speed of about 15 ms/sheet; 2. The AUC values in training set 1 model were 0.8325, 0.8307, 0.8706, and 0.8279, in training set 2 model were 0.8674, 0.8635, 0.9056, and 0.9249, in training set 3 model were 0.8544, 0.8881, 0.9072, and 0.9237, in training set 4 model were 0.8271, 0.9020, 0.9102, and 0.9316, in training set 5 model were 0.8249, 0.8484, 0.8796, and 0.8931, in training set 6 model were 0.8235, 0.8539, 0.9002, and 0.9051, in training set 7 model were 0.7581, 0.8082, 0.8803, and 0.8763.



Conclusion

EGC-YOLOV4 can quickly and accurately identify the early gastric cancer lesions in gastroscopic images, and has good generalization.The proportion of positive and negative samples in the training set will affect the overall diagnostic performance of AI.In this study, the optimal ratio of positive samples to negative samples in the training set is 1:1~ 1:2.
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Background

Gastric cancer is the third leading cause of cancer-related mortality and one of the most common malignant tumors in the world. Over one million new cases of gastric cancer are diagnosed each year, resulting in over 780000 deaths (1, 2). The prognosis for people with gastric cancer varies according to the stage, with advanced gastric cancer patients having a poor prognosis. Patients with early gastric cancer, on the other hand, have a 5-year survival rate that exceeds 90%. This is because patients can be treated quickly following an endoscopic submucosal dissection (ESD).

In this view, endoscopy is widely regarded as the gold standard for early gastric cancer detection. However, the ability of endoscopic physicians to distinguish benign from malignant tissue via gastroscopy is highly dependent on their diagnostic competency, and inexperienced endoscopic physicians frequently misdiagnose patients. Atrophic gastritis is a precancerous condition that accounts for approximately 95% of stomach adenocarcinomas (3).

The morphological traits of early gastric cancer are difficult to distinguish from atrophic gastritis when using white light endoscopy. Endoscopic experts require extensive specialized training and a wide range of skills to successfully detect gastric cancer. Disparities in early gastric cancer detection rates across locations and hospital levels are related to differences in endoscopic physician expertise. Therefore, the most effective way to reduce stomach cancer mortality is to improve the effectiveness of early gastric cancer endoscopic diagnosis.

A growing number of researchers have developed an image recognition system based on a convolutional neural network for medical practice and disease screening, for example, the identification and classification of skin cancer (4, 5), radiation oncology (6), retinopathy (7), and histological classification of pathological biopsies (8).

Several studies that used CNN to train and recognize images of gastric cancer have yielded positive results (9–11). However, in this work, we used the YOLO-v4 algorithm (12)(Source code is at https://github.com/AlexeyAB/darknet.). The algorithm is a region-based CNN with high speed, adaptability, and a low rate of detection of background errors.

This multidisciplinary (AI and endoscopy) topic is attracting an increasing number of research institutes. While the field appears promising, it raises concerns about the flexibility and stability of these algorithms. When the algorithm design cannot be improved further, there is a tendency to seek new images and win through data volume.

In our previous work, we developed the EGC-YOLO with the YOLO-v3 algorithm (13) using nearly 40,000 gastroscopic images and achieved acceptable specificity and sensitivity in the test sets, but we want to go even further. In this study, we collected over 200,000 photos from four hospitals to see how proportion of positive and negative samples in the training set influenced EGC-YOLOV4 test performance.



Methods


Data sources and classification

We collected gastroscopic cases in Yixing People’s Hospital between 2018 and 2021 and divided them into 2 categories based on pathological types, including images of early gastric cancer and images of non-gastric cancer (including moderate + heterosexual hyperplasia, severe heterosexual hyperplasia, and intramucosal carcinoma). There were 1200 early gastric cancer images and 219,718 non-gastric cancer images. There were a total of 220918 gastroscopic images obtained. The images were selected by four endoscopists, each with more than 10 years of experience in endoscopy and more than 10000 gastroscopy cases. In addition, 568 gastroscopic images (268 early gastric cancer images and 300 non-gastric cancer images) were obtained from the Department of Gastroenterology, Nanjing Drum Tower Hospital; 1340 images (403 images of early-stage gastric cancer and 937 images of non-gastric cancer) were obtained from the Department of Gastroenterology, The Second Affiliated Hospital of Soochow University; 4453 gastroscopic images (366 for early-stage gastric cancer and 4087 for non-gastric cancer) were obtained from The Endoscopy Center of Civil Aviation Hospital of Shanghai.



Data platform

We created an online test platform and data storage server specifically for this experiment, which has two modules. In the first module, each test worker can upload data and use the online image box selection and marking tool to mark and save each image. The platform website is https://image-exp.dev.zhishiq.com:8443/. In the second module, the results of all test sets were displayed immediately after the test. On each tested image, the sites suspected of having early gastric cancer lesions were marked with red boxes, which is very intuitive.



Research equipment and software

PYTHON programming language, LINUX OS system, GPU: NVIDIA RTX 2080TI+NVIDIA GTX 1080TI. Figure 1 depicts the construction of the EGC-YOLOV4.




Figure 1 | Steps and Architecture for EGC-YOLOV4.





Training set construction

A total of 220918 gastroscopic images, 1200 endoscopic images of early gastric cancer, and 219718 non-gastric cancer images were provided by Yixing People’s Hospital. Hereinafter collectively referred to as training sources.

Training set 1: 1200 images of early gastric cancer were selected as positive samples from training sources, and 0 images of non-gastric cancer were randomly selected as negative samples from training sources, with a positive to negative ratio of 1:0.

Training set 2: 1200 images of early gastric cancer were selected as positive samples from training sources, and 1200 images of non-gastric cancer were randomly selected as negative samples from training sources, with a positive to negative ratio of 1:1.

Training set 3: 1200 images of early gastric cancer were selected as positive samples from training sources, and 2400 images of non-gastric cancer were randomly selected as negative samples from training sources, with a positive to negative ratio of 1:2.

Training set 4: 1200 images of early gastric cancer were selected as positive samples from training sources, and 4800 images of non-gastric cancer were randomly selected as negative samples from training sources, with a positive to negative ratio of 1:4.

Training set 5: 1200 images of early gastric cancer were selected as positive samples from training sources, and 9600 images of non-gastric cancer were randomly selected as negative samples from training sources, with a positive to negative ratio of 1:8.

Training set 6: 1200 images of early gastric cancer were selected as positive samples from training sources, and 19200 images of non-gastric cancer were randomly selected as negative samples from training sources, with a positive to negative ratio of 1:16.

Training set 7: 1200 images of early gastric cancer were selected as positive samples from training sources, and 38400 images of non-gastric cancer were randomly selected as negative samples from training sources, with a positive to negative ratio of 1:32



Test set construction

Test set 1: This test set consists of a single external test set. All the 268 positive samples were gastroscopic images of early gastric cancer provided by the Department of Gastroenterology of Nanjing Drum Tower Hospital, whereas 300 negative samples were non-gastric cancer gastroscopic images provided by this hospital.

Test set 2: This test set consists of a single external test set. All the 366 positive samples were gastroscopic images of early gastric cancer from the Endoscopy Center of Gubei Branch of Shanghai Ruijin Hospital, whereas 4087 negative samples were randomly selected non-gastric cancer images.

Test set 3: This test set consists of a single external test set. All the 403 positive samples were gastroscopic images of early gastric cancer from the Department of Gastroenterology, The Second Affiliated Hospital of Soochow University, whereas 937 negative samples were non-gastric cancer images.

Test set 4: This test set consists of a mixed external test set. All the 717 positive samples were images randomly selected by the system after mixing images of early gastric cancer from the three hospitals mentioned above, whereas 1002 negative samples were images randomly selected by the system after mixing images of non-gastric cancer from the three hospitals.




Results


1. The training set 1 model

The training set 1 model was tested individually on test sets 1, 2, 3, and 4, respectively, with an average reading speed of 15 milliseconds/sheet. As shown in Figure 2, the measured AUC values were 0.8325, 0.8307, 0.8706, and 0.8279, respectively.




Figure 2 | ROC curves and AUC values obtained from training set 1 model testing each test set: (A) results from test set 1; (B) results from test set 2; (C) results from test set 3; (D) results from test set 4.





2. The training set 2 model

The training set 2 model was tested individually on test sets 1, 2, 3, and 4, respectively, with an average reading speed of 15 milliseconds/sheet. As shown in Figure 3, the measured AUC values were 0.8674, 0.8635, 0.9056, and 0.9249, respectively.




Figure 3 | ROC curves and AUC values obtained from the training set 2 model testing each test set: (A) results from test set 1; (B) results from test set 2; (C) results from test set 3; (D) results from test set 4.





3. The training set 3 model

The training set 3 model was tested separately for test sets 1, 2, 3, and 4, respectively, with an average reading speed of 14 milliseconds/sheet. As shown in Figure 4, the measured AUC values were 0.8544, 0.8881, 0.9072, and 0.9237, respectively.




Figure 4 | ROC Plot and AUC Values Obtained from Training Set 3 Model Testing Each Test Set: (A) Results from Test Set 1; (B) Results from Test Set 2; (C) Results from Test Set 3; (D) Results from Test Set 4.





4. The training set 4 model

The training set 4 model was tested separately for test sets 1, 2, 3, and 4, respectively, with an average reading speed of 14 milliseconds/sheet. As shown in Figure 5 ,the ROC curve was plotted with AUC values of 0.8271, 0.9020, 0.9102, and 0.9316, respectively.




Figure 5 | ROC curves and AUC values obtained from the training set 4 model testing each test set: (A) results from test set 1; (B) results from test set 2; (C) results from test set 3; (D) results from test set 4.





5. The training set 5 model

The training set 5 model was tested individually on test sets 1, 2, 3, and 4, respectively, with an average reading speed of 14 milliseconds/sheet. As shown in Figure 6, the AUC values were 0.8249, 0.8484, 0.8796, and 0.8931, respectively.




Figure 6 | ROC curves and AUC values obtained by the training set 5 model testing each test set: (A) results from test set 1; (B) results from test set 2; (C) results from test set 3; (D) results from test set 4.





6. The training set 6 model

The training set 6 model was tested individually on test sets 1, 2, 3, and 4, respectively, with an average reading speed of 15 ms/sheet. As shown in Figure 7, the AUC values were 0.8235, 0.8539, 0.9002, and 0.9051, respectively.




Figure 7 | ROC curves and AUC values obtained from the training set 6 model testing each test set: (A) results from test set 1; (B) results from test set 2; (C) results from test set 3; (D) results from test set 4.





7. The training set 7 model

The training set 7 model was tested individually on test sets 1, 2, 3, and 4, respectively, with an average reading speed of 16 milliseconds/sheet. As shown in Figure 8, the AUC values were 0.7581, 0.8082, 0.8803, and 0.8763, respectively.




Figure 8 | ROC curves and AUC values obtained from the training set 7 model testing each test set: (A) results from test set 1; (B) results from test set 2; (C) results from test set 3; (D) results from test set 4.





8. Change trend of AUC

According to the change trend of AUC in Figure 9, it can be found that the AUC first increases and then decreases with the increase of negative samples in the training set model. When the training set 2 model and training set 3 model are used for the test set, the AUC results of all test sets are greater than 0.85. Even when the ratio of positive samples to negative samples in the training set is at 1:1 ~ 1:2, EGC-YOLOV4 has good diagnostic performance for each test set (with the best generalization). Although Test Set 4 is a mixture of the first three independent external test sets with complicated internal data types, after testing, it was found that its maximum AUC once exceeded 0.90, and the highest AUC of all test results could be obtained. The Figure 8 AUC peak for test set 1 occurred in the training set 2 model, the AUC peak for test set 2 occurred in the training set 4 model, the AUC peak for test set 3 occurred in the training Figure 8 set 4 model, and the peak for test set 4 occurred in the training set 4 model.




Figure 9 | The trend lines graph of AUC value with the gradient of sample proportion in the training set models.





9. Trends in sensitivity and specificity

The variation tendency in Figures 10–13 showed that when there were few negative samples in the training set model, the minimum value of specificity changed sharply with the threshold. When there were more negative samples in the training set, the minimum value of specificity increased significantly, and its stability was significantly improved, and it could finally be very steadily maintained above 0.9. The sensitivity always showed a monotonic decreasing trend with increasing threshold, and when the negative sample in the training set model increased significantly, the maximum value of sensitivity gradually decreased and finally was lower than 0.8.




Figure 10 | Curves of sensitivity, specificity, Youden index, and accuracy with threshold after test set 1 was tested separately by seven training set models.






Figure 11 | Curves of sensitivity, specificity, Youden index, and accuracy with threshold after test set 2 was tested separately by seven training set models.






Figure 12 | Curves of sensitivity, specificity, Youden index, and accuracy with threshold after test set 3 was tested separately by seven training set models.






Figure 13 | Curves of sensitivity, specificity, Youden index, and accuracy with threshold after test set 4 was tested separately by seven training set models.



Figures 10–13 are the curves of sensitivity, specificity, Youden index, and accuracy with threshold after testing test sets 1, 2, 3, and 4 with seven training set models, respectively.



10. Comparison of youden index and accuracy

In the test results of each group in this study, we listed the maximum Youden index and maximum accuracy rate of each group in Tables 1 and 2, and their corresponding sensitivity and specificity. It can be obviously found that the accuracy rate is always higher than Youden index under the same threshold value, but the corresponding sensitivity and specificity cannot be stably at a higher level at the same time when it reaches the maximum value, and some sensitivities are even less than 0.5. However, the Youden index better balances the importance of sensitivity and specificity in the actual diagnosis, that is, the corresponding sensitivity and specificity results can reach a good level at the same time when the Youden index is the largest, which ensures a low missed diagnosis rate while reducing misdiagnosis, so the Youden index is superior to the accuracy rate in the indication of threshold value.


Table 1 | The results of testing four test sets for each of the seven training set models.




Table 2 | The results of testing four test sets for each of the seven training set models.






Discussion

In this study, we constructed and developed the EGC-YOLOV4 system with the YOLO-v4 algorithm, trained AI according to different sample ratios using gastroscopic images from Yixing People’s Hospital, obtained seven training set models, created four test sets with gastroscopic images from three different hospitals, and tested four test sets using seven training set models, respectively, which could efficiently and accurately screen for early gastric cancer in gastroscopic images. YOLO-v4 is capable of properly diagnosing gastroscopy pictures from various hospitals and has excellent generalizability. The percentage of positive and negative samples in the training set influences the overall diagnostic performance of AI, and an excessive number of negative samples decreases the diagnostic performance.

The rapid advancement of artificial intelligence’s picture identification capability has given the area of medical illness diagnostics significant technological advantages. In clinical practice, the primary diagnostic procedures for gastric cancer are gastroscopy + mucosal pathological biopsy and imaging detection, which are employed for qualitative, localisation diagnosis and staging assessment, respectively. In the last two years, AI has conducted a number of studies in the area of gastroscopic image recognition, and more and more evidence indicates that a gastroscopic AI system may be used in clinical practice.

Ishioka et al. (14), for instance, created a real-time AI system for recognizing gastric cancer picture frames in gastroscopic movies that has a sensitivity of 94.1 percent for discriminating stomach cancer. The gastric cancer diagnostic method developed by Hirasawa et al. (15) not only detects stomach cancer but also localizes it with a sensitivity of 92.2% and a positive predictive value of 30.6%. Tang et al. (16) developed a D-CNN model to predict gastric mucosal cancer using 3407 gastroscopic images from 666 gastric cancer patients as the training set and 228 gastroscopic images as the test set. The AUC of the AI model for distinguishing intramucosal cancer from advanced gastric cancer was found to be 0.942, with a sensitivity of 0.905 and a specificity of 0.853.Zhu et al. (17) constructed a CNN-CAD system based on the ResNet50 algorithm to determine the depth of gastric cancer invasion in order to screen patients undergoing endoscopic surgery. This system had an AUC of 0.94, sensitivity of 76.47 percent, specificity of 95.56 percent, overall accuracy of 89.16 percent, positive predictive value of 89.66 percent, and negative predictive value of 88.97 percent. This CNN-CAD method provides a high degree of accuracy and specificity for determining the depth of gastric cancer invasion, hence reducing the need for gastrectomy. Nagao et al. (18) used traditional white-light gastroscopy images, narrow-band imaging endoscopic images, and chromoendoscopy images to train AI to predict the depth of invasion of gastric cancer; the results demonstrated that the AI system could accurately predict the depth of invasion of gastric cancer.

Currently, the quality of endoscopic equipment and video collection devices in hospitals of all levels in China is inconsistent, high-definition acquisition cards are not widely used, and not all gastroscopic pictures can achieve 1080p resolution. Even though this field has great application potential, the stability and generalization of artificial intelligence in detecting endoscopic images from various medical institutions are still worth verifying, as overfitting issues frequently arise during the construction of AI systems, and how to obtain good generalization of AI systems is the most pressing issue at present. In order to deal with this issue, the training set we constructed in this study contains many images with varying resolutions to simulate the uneven image quality encountered in daily work. We then constructed four test sets with gastroscopic images from three different hospitals to test the diagnostic performance of each training set model separately and independently, and the results demonstrated that EGC-YOLOV4 could still demonstrate good diagnostic performance and was able to fully demonstrate its effectiveness.

People often train AI systems with more photos in the hopes of winning by volume when the algorithm architecture cannot be much further improved. But are AI systems that have been trained on more photos better tested? The findings of this investigation clearly refute this theory.The findings of this research show that an excessive number of negative samples in the training set reduces the diagnostic performance of AI, but an optimum number of negative samples may maximize AI power. The highest generalization performance in the EGC-YOLOV4 system is achieved by AI trained with a training set sample ratio from 1:1 to 1:2. To guarantee that the AI system performs the best in terms of diagnostic performance, it is thus a good idea to use pre-experiments to estimate the ratio of positive samples to negative samples in the most appropriate training set. We also discovered that when the same training set model was used for testing, the four test sets’ optimal threshold values varied from one another, and in practice, a mature AI diagnostic software had to first set the threshold when screening for early gastric cancer. The determination of the specific set values of threshold had to be preset and corrected in accordance with various source datasets before AI testing, and the appropriate training set model had to be used.

Even though our study yielded favorable test results, there are still limitations, including: 1. In this research, during the process of manually labeling the lesion site of gastric cancer, all lesions are labeled in the shape of rectangular boxes, which is likely to result in a small amount of non-gastric cancer stomach mucosa inside the rectangular box. During the process of artificial intelligence system learning, this portion of non-gastric cancer mucosal images will be misidentified as early gastric cancer by AI, and their mucosal characteristics will be extracted, leading to the possibility that the trained artificial intelligence system will misdiagnose non-gastric cancer mucosa as gastric cancer. If the labeling tool can be modified to a polygonal lasso, it will precisely match the lesion mucosal border and optimize the decrease of the original lesion boundary. 2. Since this research only employed retrospective data and photos, further multicenter prospective studies might be conducted to remove selective bias and increase the study’s reliability; 3. To analyze the trend of AI system performance when there are fewer negative samples than positive samples, we will add more sample proportion gradients in the design process of the training set model, such as 1:0.125, 1:0.25, and 1:0.5.
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Gastrointestinal stromal tumors are common gastrointestinal tumors typically originating from the muscularis propria layer of the stomach. Small gastric stromal tumors are usually detected incidentally during routine endoscopic examination. Although they may have malignant potentially, controversies remain regarding the need for endoscopic resection of small gastric stromal tumors originating from the muscularis propria. According to the guidelines of the European Society of Medical Oncology, all gastrointestinal stromal tumors >2 cm in size should be resected with endoscopic surveillance recommended for tumors <2 cm. Endoscopic resection including endoscopic mucosal dissection (EMD), endoscopic submucosal dissection (ESD), submucosal tunneling endoscopic resection and snare assisted endoscopic resection. However, EMD and ESD procedures may be accompanied with serious complications including perforation, bleeding, and abdominal infection. Snare-assisted endoscopic resection is an alternative approach and has the advantages of a shorter procedure time and a low rate of perforation or bleeding. This study summarizes the safety and feasibility of a novel snare-assisted endoscopic resection technique and highlights the pros and cons of the different endoscopic approaches currently used for subepithelia small gastric tumors.




Keywords: gastric tumors, gastrointestinal stromal tumors, gastrointestinal endoscopy, snare assisted endoscopic resection, endoscopic mucosal resection, endoscopic submucosal dissection



Introduction

Small gastric stromal tumors are common, often asymptomatic and usually detected incidentally during upper gastrointestinal endoscopy (1–3). Widespread uses of digestive endoscopy and advances in endoscopic ultrasonography (EUS) have resulted in the diagnosis of small gastric submucosal tumors (4). These tumors are mostly gastrointestinal stromal tumors which have malignant potential. Minimally invasive endoscopic resection has become increasingly popular as a method for removal of small submucosal tumors.

According to the National Comprehensive Cancer Network (NCCN) guidelines, tumor resection is the first-line treatment for non-metastatic gastrointestinal stromal tumors. Larger gastrointestinal stromal tumors (>5 cm) often have more aggressive morphologic features and proliferation activity such that laparoscopic resection or surgery is recommended for complete resection (5, 6). However, it is still controversial for the treatment criteria of gastrointestinal stromal tumors (<2 cm) because of their uncertain malignant potential. Periodical surveillance and follow-up are recommended for tumors ≤2 cm, since they are considered of very low risk of malignancy and metastasis (7). However, several researchers have emphasized that small tumors have intermediate or high risk and should be resected to confirm the diagnosis and to avoid further risk of malignancy (8, 9).

Currently, the main endoscopic approaches for small gastrointestinal tumors include endoscopic mucosal dissection (EMD), endoscopic submucosal dissection (ESD), submucosal tunneling endoscopic resection, and snare assisted endoscopic resection (10–12). EMD is not ideal as it cannot reliably ensure complete resection for relatively larger tumors. ESD reliably provides complete resection and an accurate pathological diagnosis but is associated with a risk of perforation or bleeding and requires a relatively long procedure time (13, 14). The alternative is a snare-assisted endoscopic resection procedure which, compared to ESD, include a shorter procedure time, a low rate of perforation or bleeding, and increased cost effectiveness (15). This study summarizes the safety, feasibility and utility of the novel snare-assisted endoscopic resection technique for small gastric tumors originating from the muscularis propria compared to the well-established techniques of EMR and ESD.



Snare assisted endoscopic resection-accessories and technique


Instruments and accessories

A single-channel flexible endoscope such as the EVIS GIF-Q260J, Olympus, Tokyo, Japan is used to perform the procedure. Other equipment included a snare (Boston Scientific, Ref; M00562650), a transparent cap (Olympus, Model No: D-201-11804), endoscopic clips (ROCC-D-26-195, Micro-Tech (Nanjing) Co., Ltd, Chinaor HX-610-135, Olympus), and a virtual input & output (VIO) electrosurgical generator (ICC 200 EA INT; ERBE, Tübingen, Germany). The endoscope and all accessories are sterilized by soaking in paracetic acid prior to use.



Description of technique

Routine bowel preprations are performed before the procedure. After stomach cleansing using a saline solution, a single channel flexible endoscope with a transparent cap and a snare attached on the tip of the endoscope is introduced into the stomach. The lesion is observed and sucked into the transparent cap after which the snare is used to ligate the base of the tumor. The wire of the snare is tightened and a high frequency (35W) current is applied to resect the lesion. After the lesion is removed, any bleeding is controlled with electro coagulation forceps. Endoclips are then used to close the wound site and the resected specimen is sent for histopathologic examination (Figure 1).




Figure 1 | Schematic of the snare-assisted endoscopic resection method. (A) Endoscope entery into the stomach with a transparent cap and snare attached on the tip. (B) Suction of the tumor into the transparent cap and snare ligation. (C) Resection of the tumor. (D) Closure of the wound using endoclips.






Snare assisted endoscopic resection- indications and limitations

Controversies remain concerning the specific indications for endoscopic resection for small gastric tumors originating from muscularis propria. Based on current experience, patients with intraluminal submucosal tumors without ulceration, and maximal tumor diameter of 2 cm measured by endoscopic ultrasonography (EUS) or computed tomography (CT), and no evidence of lymph node involvement or distant metastasis are candidates for snare-assisted endoscopic resection (16, 17). Differentiation between potentially malignant gastrointestinal stromal tumors and other benign or non-neoplastic lesions is extremely difficult using image methods, especially for small lesions. In addition, some studies have reported that small gastric stromal tumors (<2 cm) may be of intermediate or high risk. Pang et al. reported a series with tumor size <2 cm in which 9 patients (3.9%) were in the intermediate risk group and 2 patients (0.9%) were in the high risk group (18). Yang et al. reported a series in which 7 cases (2.5%) were of intermediate risk and 10 cases (3.6%) and high risk in gastric stromal tumors <2 cm (19). Gao et al. reported that EUS-suspected gastrointestinal stromal tumors larger than 9.5 mm may be associated with significant progression (20).

In our center 62 patients (21 men and 41 women) with small gastric submucosal tumors were managed with a snare-assisted endoscopic resection. The mean age was 53.7 ± 11 years (range 28-73 years old). The mean tumor size was 0.64 ± 0.16 cm (median 0.60, range 0.31-0.97 cm). The technical success rate was 100%. The mean procedure time was 19.8 ± 9 minutes (median 20, range 9-30 min). There were no complications during or after the procedure. Due the small amount of mucosal damage wound clips were not required in 23 (37%) patients. Twenty-five (40.3%) of the tumors were located in the fundus near the cardia, 32 (51.6%) were located in the body and 5 (8%) were in the antrum. During 3-22 months of follow up, no recurrence or metastasis have occurred.

The snare-assisted endoscopic resection methods have several limitations. First, this method might not be suitable for gastric tumors located in the gastric cardia. When dissecting tumors located in the gastric cardia, the small size of the gastric cardia limits the performance of this method. Second, the direction of the traction can be provided on the oral side only. However, in most cases, this traction direction is sufficient for resection of tumors located in the fundus and corpus. Third, perforation cannot be completely avoided in all cases. Dissection of gastric tumors with a wide base will cause a wide defect in the stomach wall and likely result in a greater perforation rate. However, further investigation is needed to explore the risk factors associated with the perforation rate when using this method.



Other endoscopic approaches- techniques, safety and associated complications

Endoscopic methods other than snare-assisted endoscopic resection include, EMD, ESD, endoscopic submucosal excavation, submucosal tunneling endoscopic resection, and endoscopic full-thickness resection (21–23). All the procedures are performed under anesthesia with tracheal intubation.

Endoscopic Submucosal Dissection Technique: The endoscopic submucosal dissection mainly includes three steps: (i) identifying and marking the tumor boundaries; (ii) injecting saline mixed with indigo carmine into the submucosal layer; (iii) incising the mucosal layer with hook knife and dissecting the tumor using an IT knife.

Endoscopic Mucosal Dissection Technique: The endoscopic mucosal Resection technique is an improvement in the ESD procedure. The procedure includes. (i) Marking the tumor boundaries and injecting the solution into the submucosal layer; (ii) Incising the mucosal layer longitudinally; (iii) Dissecting the submucosal and muscular tissue to expose and remove the tumor completely; (iv) Checking the wound and clipping the incision.

EMD or ESD can be used successfully to treat gastric stromal tumors originating from the superficial muscularis propria layer, but when the tumor originates from the deep muscularis propria layer or has a tight connection with the underlying muscularis propria layer or serosal layer, the complete resection rate decreases and the rate of complications increases (24). If a small gastrointestinal stromal tumor is deemed to have a high potential for malignancy and postoperative recurrence, surgical resection is the best option to achieve sufficiently deep and lateral margins (25).

In a large-scale study of ESD treatment of 144 patients with muscularis propria tumors, the complete resection rate was 92.4% and no recurrence was detected. Several studies have demonstrated that endoscopic full-thickness resection can be the diagnostic and definitive treatment for these tumors, with a success rate of 90% and low incidence of complications (26, 27). Therefore, for tumors <2 cm, besides periodic follow-up using EUS, endoscopic resection may be a good option. Endoscopic full-thickness resection allows en bloc resection by resecting the tumor and the surrounding serosal layer, but primary closure may be difficult, and perforation, serious bleeding and peritonitis may occur, which contraindicates its use for small muscularis tumors (28).

Endoscopic resection of muscularis propria tumors in different locations of the gastrointestinal tract can encounter difficulties; therefore, these tumors should be treated via different endoscopic approaches. For example, the complications rate for ESD/EFTR varies among the different locations of the stomach with the fundus being regarded as a difficult area for endoscopic resection (29). Perforation associated with endoscopic treatment is a serious complication that could confer an increase rate of mortality and major morbidity. Perioperative bleeding is another major complication of endoscopic resection of upper gastrointestinal tumors. The incidence of perioperative bleeding reported by recent studies ranges from 0 to 38.7%, which shows a high degree of variability (30, 31).



Conclusion and future direction

Advancement in endoscopic resection techniques including development of EMD and ESD has resulted in increased use of endoscopy for treatment of small gastric submucosal tumors. The selection of a particular technique depends on the size and location of the tumor. Overall, numerous studies have confirmed that these approaches are effective in terms of safety, and outcomes. Although both EMD and ESD are effective and are generally preferred for larger and deep lesions an approach that reduces procedure time, costs, and reduces hospital stay would be preferred. The snare-assisted method for the removal of gastric submucosal tumors smaller than 2 cm has the advantages of short procedure time, rare complications, short hospital stay and rapid post-procedural recovery. This is a simple and effective method for the treatment of small gastric submucosal tumors and achieves clinical success rates equal to or better than achieved with other endoscopic resection techniques (e.g., EMR and ESD) with advantages of efficacy, quickly and cost effectiveness.

The management of small gastric stromal tumors, particularly originating from the muscularis propria of the stoamch, is evolving towards an ultra minimally invasive approach. Where available, snare-assisted endoscopic resection can reduce procedure time, hospital stay, and cost of small gastric stromal tumors management. Specific treatment algorithms for snare assisted endoscopic resection, as are established for EMR and ESD, are needed. There is also a need for multinational collaboration and a consensus on training and credentialing pathway for snare assisted endoscopic resection technqiue, and on areas of future research necessary for widespread adoption.
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The characteristics of Helicobacter pylori (H. pylori) infection-negative gastric cancer have not been well documented because of its rarity, despite several types of H. pylori infection-negative gastric cancers being reported. In this report, we describe a case of early gastric cancer that developed without H. pylori infection with characteristic magnifying narrow-band imaging and novel histological findings. The difficulty in making an accurate diagnosis and differential diagnosis is highlighted, with the goal of providing more clinical experience for the diagnosis of H. pylori infection-negative gastric cancer.
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Introduction

Helicobacter pylori (H. pylori) infection causes chronic atrophic gastritis and progresses to gastric cancer (GC) (1), which is considered one of the most serious healthcare problems worldwide (2). Previously, the prevalence of H. pylori infection-negative gastric cancer (HPINGC) was very low, at 0.42%–5.4% of all cases of GCs (3–5). However, H. pylori eradication therapy is now becoming widespread, and the morbidity of H. pylori infection is decreasing. Therefore, it is expected that HPINGC will become a comparatively more common disease in the near future. Over the last 10 years, several types of HPINGC, including intraepithelial signet ring cell carcinoma and fundic gland type, foveolar epithelial type, cardiac gland type, pyloric gland type, and mixed type GC, classified by the Mizutani group, have been reported (3–5). Herein, we report a case of a 48-year-old woman with a new subtype of gastric adenocarcinoma: mixed foveolar epithelium and mucous neck cell-type adenocarcinoma in H. pylori infection-negative mucosa.



Case report

A 48-year-old woman visited our hospital after experiencing epigastric pain for approximately 1 month. There was no obvious cause of the paroxysmal dull abdominal pain and no history of loss of appetite, postprandial vomiting, or gastrointestinal bleeding. The physical examination was normal. The 14C urea breath test (UBT) and serum H. pylori antibody results were negative, and she had no history of H. pylori eradication. Routine laboratory investigations were unremarkable.

Esophagogastroduodenoscopy showed a yellow and elevated lesion in the upper part of the greater curvature, and the background mucosa showed a regular arrangement of collecting venules (RAC), which was specific to the normal corpus mucosa with no atrophic changes (Figure 1A). The lesion presented as a defined light brownish area under narrow-band imaging (NBI) (Figure 1B). Magnifying endoscopy with NBI (ME-NBI) revealed an expanded and thinned white zone with altered polarity and a dilated and irregular microvascular architecture (Figure 1C). The granular microsurface structure was detected by acetic acid staining, which was completely different from the surrounding fundic gland mucosa (Figure 1D). The initial suspected diagnosis was H. pylori-negative early GC based on all the above observations. This elevated lesion was diagnosed as differentiated gastric mucosal cancer that was 2 cm in diameter without ulceration or deep invasion signs, was defined as cT1a(M) by the eCura system, and met endoscopic submucosal dissection (ESD) indications (6). Therefore, diagnostic ESD was performed. Histopathologic examination of the resected specimen showed that the surrounding mucosa of the elevated lesion was a normal gastric fundic gland (Figures 2A,B); however, the superficial part of the elevated lesion had cellular atypia, and the nuclei were large and hyperchromatic with multiple layers (Figures 2A–D). These cells were Muc5AC positive (Figure 3C). Furthermore, under the atypia surface, tumor cells showed a pyloric gland-like morphology (Figures 2C, D), which was positively stained for MUC6 but negatively stained for PG1 and H+-K+-ATPase. Both layers, namely, the superficial part and the undersurface, displayed negativity for MUC2 and CD10 (Figures 3D–H). The Ki-67 labeling index was high in the superficial part and low in the undersurface, and P53 was positive in the superficial part (Figures 3A, B). Therefore, the final pathological diagnosis was early mixed foveolar epithelium and mucous neck cell-type gastric adenocarcinoma that was 7 × 5 mm in size (Figure 4). The postoperative course was uneventful, and she has been asymptomatic with no recurrence for 18 months.




Figure 1 | Endoscopic images. Esophagogastroduodenoscopy showed a yellowish and elevated lesion in the upper part of the greater curvature of the H. pylori-negative background (A). NBI showed a defined light brownish elevated area (B). Magnifying narrow-band imaging revealed an expanded and thinned white zone with changed polarity, as well as dilated and irregular microvascular architecture. The granular microsurface structure of this lesion was stained with acetic acid (D). The yellow dotted line indicates the extent of the lesion diagnosed as cancer by histopathology.






Figure 2 | Histological examination of the resected specimen. Low-power field (A) and high-power field (B–D) of hematoxylin and eosin staining. Tumor cells were similar to mucous neck cells (C) and foveolar epithelium (D). Scale bars represent 400 μm (A), 200 μm (B), 100 μm (C), and 50 μm (D). The yellow dotted line indicates the extent and size of the diagnosed cancer; the red arrow indicates a normal gastric corpus gland; the black arrows indicate sufficiently high cellular atypia in the surficial part; and the yellow line and blue arrows indicate that the undersurface part is the cancerous lesion.






Figure 3 | Phenotypic marker expression by immunohistochemistry staining with Ki67 (A), P53 (B), MUC5AC (C), MUC6 (D), PG1 (E), proton pump (H+ -K+-ATPase) (F), MUC2 (G), and CD10 (H). Scale bars represent 100 μm. Black arrows indicate different positively stained parts.






Figure 4 | Pathological recovery diagrams. New subtype of gastric adenocarcinoma arising from an H. pylori-uninfected stomach: foveolar epithelium and mucous neck cell-mixed type adenocarcinoma, pT1a (M), Ly0, V0, pUL0, pHM0, and pVM0. The specimen was 2 × 2.5 cm and type 0-IIa, and the cancerous lesion was 7 × 5 mm with red marking in the blue circle.





Discussion

Currently, the prevalence of H. pylori infection is gradually decreasing with improvements in living conditions and eradication therapy, causing a decline in H. pylori infection-related GC. However, the frequency of HpNGC may show a relative increase. HpNGC is an adenocarcinoma that occurs in the stomach without active or previous H. pylori infection. Although various types of HpNGC have been reported (3–5), the main causal factors and diagnostic criteria have not yet been definitively established. Therefore, it is essential to recognize different types of HpNGC.

First, the definition of H. pylori infection negativity should be determined. Endoscopic, pathological, and clinical assessments are recommended as the criteria for the diagnosis of the gastric mucosa background without H. pylori infection, including negativity for H. pylori by endoscopic or pathological findings, negative UBT or serum IgG test, and no H. pylori eradication history. For endoscopic diagnosis, the lack of mucosal atrophy and the presence of RAC indicate H. pylori negativity. Additionally, linear erythema and fundic gland polyps are included as signs of H. pylori infection negativity. With pathological methods, biopsy specimens taken from the stomach are evaluated according to the updated Sydney System by pathologists. Combining endoscopic detection with pathological findings can diagnose not only current H. pylori infection but also any past infection by evaluating atrophic changes and intestinal metaplasia (7, 8). With clinical methods, H. pylori negativity is confirmed by two or more tests, such as the UBT, serum or urine antibody test, and stool antigen test, because each test may give a false-negative result for H. pylori infection. Clinical methods can diagnose current infection with H. pylori but cannot distinguish between infection-naïve patients and patients with past infection (9). Together, the minimum criteria for H. pylori negativity require negative findings from two or more methods that include endoscopic or pathological findings and negative UBT or serum IgG tests, as well as no eradication history.

Previously, six types of HpNGC were reported, namely, intraepithelial signet ring cell carcinoma (SRCC), fundic gland type, foveolar epithelial type, cardiac gland type, pyloric gland type, and mixed type GC (3–5). However, the variety of cells of origin may account for their varied appearance. Generally, SRCC presents as a discolored flat or depressed lesion in the lower or middle part of the stomach in relatively young female patients (5). Compared with SRCC in H. pylori infection-positive stomach tissue that presents in all layers, H. pylori-negative SRCC is generally located in the proliferative zone, as its pathological growth pattern has less invasion (10). The fundic gland type is usually located in the middle and upper part of the stomach in comparably older patients, and the predominant gross type is submucosal tumor-like. ME-NBI shows arborizing-like vessels and dilated crypts, which are defined as differentiated-type adenocarcinoma with chief cell differentiation that positively stains for H +/K + ATPase, a parietal cell marker, and/or pepsinogen-I, a chief cell marker (11). The foveolar epithelial type is believed to develop from surface mucosal cells, and the gross type consists of lateral spread with some degree of elevation, villous or papillary surfaces, and a raspberry-like appearance of the non-atrophic gastric mucosa (12, 13). Unlike the undifferentiated type or fundic gland type, the field of cancerization is superficial, resulting in the appearance of defined demarcation, with MUC5AC positivity by immunohistochemistry (IHC). The cardiac gland type appears to originate from the cardiac gland, which displays depressed and red lesions, and perturbed ductal structures are observed in NBI-ME. The pyloric gland type is derived from the pyloric region with positive staining for CD10 and chromogranin A. The mixed type is believed to originate from various cell types, including foveolar epithelial cells, fundic gland cells, pyloric gland cells, or intestinal-type cells.

In this case, the tumor was located in the upper gastric corpus and developed in the fundic gland mucosa without H. pylori infection (Figure 1). The gross type as well as the microstructure and microvascular architecture in ME-NBI were similar to those of normal GC. Therefore, the final judgment was strongly dependent on the histological examination and IHC analysis. Histologically, the superficial part of the lesion had MUC5AC-positive staining, showed sufficiently high cellular atypia, and appeared smoothly connected to the lower part of the lesion with MUC6 positivity. However, the whole lesion was stained negatively for CD10 and MUC2. Thus, the final diagnosis was gastric-type adenocarcinoma. It is known that tumor cells have the ability to mimic the morphology and function of mucosal epithelial cells where they co-occur. This adenocarcinoma is characterized by its existence above the fundic glands and composition of chief cells, parietal cells, and mucous neck cells. Tumors continuously occur from these mucous neck cells and form MUC6-positive parts. Furthermore, it develops to the foveolar part and forms MUC5AC-positive parts. Therefore, the whole cancerous lesion showed bidirectional differentiation, a foveolar-type epithelium to the surface, and mucous neck cells to the bottom. Since this bidirectional differentiation is a basic characteristic of the gastric mucosa, this tumor merely imitated this characteristic. This structure is different from the previously reported HpNGC.

In addition, this lesion is necessary to distinguish it from adenocarcinoma arising from pyloric gland adenoma. First, this lesion does not show typical endoscopic and histological findings of adenocarcinoma arising from pyloric gland adenoma (14, 15). The cancerous area is a superficial epithelial area showing MUC5AC. The subepithelial component of pyloric adenoma shows low atypical glands as adenoma, which indicates MUC6. A very important issue is that MUC6+ glands are not only related to pyloric glands but also associated with mucous neck cells of fundic glands. In this case, tumors developed in the fundic gland mucosa without H. pylori infection, and it is more reasonable to regard MUC6+ cells as mucous neck cells than those of the pyloric gland. Therefore, this case shows high atypical glands as cancer in the subepithelial MUC6 component. This lesion does not belong to adenocarcinoma arising from pyloric gland adenoma. Therefore, we propose the new entry of this cancer as HpNGC.

In summary, we report a rare case of early GC in an H. pylori infection-negative patient with the following characteristic clinicopathological findings: (1) elevated shape with an expanded and thinned white zone, as well as a dilated and irregular microvascular architecture in ME-NBI, and (2) histological differentiation toward mixed foveolar and mucous neck cell mucosa. In the future, the accumulation of cases may clarify the clinicopathological characteristics, but the current study does seem to describe a novel type of HpNGC.
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Purpose

The study aims to assess the incidence of short-term patient-reported postoperative gastrointestinal symptoms (PGISs) after gastric cancer surgery and explore the relative risk factors for the symptoms.



Methods

Patients with radical gastrectomy were included for this retrospective and observational study. Symptoms extracted from the MD Anderson Symptom Inventory Gastrointestinal Cancer Module (MDASI-GI) were collected in postdischarge week (PDW) 1 and postoperative month (POM) 1. The distributing states of symptoms were analyzed in PDW1 and POM1. Logistic regression models were used to identify risk factors for PGISs.



Results

Among 356 patients with complete interviews, 156 (43.8%) patients reported abdominal distention in PDW1, which was significantly higher than patients in POM1 [103 (28.9%), p < 0.001]. Pain (15.2% vs. 9.8%), dysphagia (5.6% vs. 7.0%), diarrhea (3.7% vs. 3.4%), and vomiting (2.5% vs. 2.8%) had no significant differences between PDW1 and POM1. Logistic models found that risk factors for PGISs were total gastrectomy [odds ratio (OR): 1.948; 95% CI: 1.097–3.459; p = 0.023] and disturbed sleep (OR: 3.116; 95% CI: 1.831–5.303; p < 0.001) in PDW1 and female gender (OR: 1.726; 95% CI: 1.071–2.782; p = 0.025), total gastrectomy (OR: 1.729; 95% CI: 1.055–2.834; p = 0.030), and disturbed sleep (OR: 3.533; 95% CI: 1.757–7.106; p < 0.001) in POM1.



Conclusions

The main symptom after gastric cancer surgery was abdominal distention. The relative risk factors for gastrointestinal symptoms after gastric cancer surgery were total gastrectomy and disturbed sleep. Timely symptom intervention may improve the quality of life of postgastrectomy patients.





Keywords: surgery, gastrectomy, gastric cancer, symptom, risk factor



Introduction

Gastric cancer (GC) is the fifth most common type of cancer and the third leading cause of cancer deaths worldwide (1). In China, GC is still an upper gastrointestinal malignancy with high morbidity and mortality (2). At present, radical gastrectomy is the first-line treatment for GC that can prolong patients’ survival time (3, 4). As surgery for GC gradually shifts toward minimally invasive approaches that can minimize trauma and postoperative complications and accelerate recovery (5, 6), postoperative gastrointestinal symptoms (PGISs) such as abdominal distention, pain, and vomiting continue to exist that affect quality of life (7).

In recent years, more attention is being given to the patient’s subjective feelings as part of the recovery process (8). However, postoperative symptoms are not directly observable unless the patient reports them to the clinician (9). Patient-reported outcome (PRO) report is an important tool to assess the patient’s physical health, functional status, and posttreatment feeling without interpretation bias from the medical personnel (10, 11). Many studies assumed that PROs reflect more accurately on the patient’s perspective and assist clinicians to improve the quality of life of patients (12, 13).

PGIS is one of the common postoperative symptoms of GC. Gastrointestinal symptoms could increase patient distress and contribute to changes in functional status, treatment failure, depression, anxiety, and poor quality of life (14). In order to promote postoperative recovery and improve patients’ quality of life, this study aims to understand short-term patient-reported PGISs and explore relative risk factors of PGISs.



Methods


Participants

This study included patients with GC who underwent radical gastrectomy with D2 lymphadenectomy in the Department of Gastrointestinal Surgery of Sichuan Cancer Hospital in China between January 2020 and December 2021. Informed consent was taken from all of the participants in this study. The inclusion criteria were as follows: 1) age 18 year and above; 2) GC tumor–node–metastasis (TNM) stage c/pT1-4NxM0; 3) under standard radical gastrectomy (total, proximal, and distal gastrectomy). Exclusion criteria included: 1) previous abdominal radiotherapy; 2) preoperative chemotherapy; 3) pulmonary, cardiovascular, and renal disease; 4) mental illness; 5) diabetes.



Data collection

The electronic medical record system provided age, gender, surgical data, and TNM stage according to the eighth edition of “TNM Classification of Malignant Tumors” by the American Joint Committee on Cancer/Union for International Cancer Control (15). The double-tract reconstruction was used in proximal gastrectomy. Roux-en-Y anastomosis of the esophagus and jejunum was performed in total gastrectomy. Multiple anastomotic methods were applied to distal gastrectomy, such as Billroth I, Billroth II, and Billroth II plus Braun anastomosis and Roux-en-Y anastomosis of the remnant stomach and jejunum. PGISs and sleep status were reported by patients, and each patient was interviewed by a healthcare provider who was trained in qualitative interviewing. The interviews were qualitative one-to-one interviews, which were conducted postdischarge week (PDW) 1 and postoperative month (POM) 1. Each interview lasted for 20 min per patient. PGISs (pain, abdominal distention, diarrhea, vomiting, dysphagia) and disturbed sleep were asked during the interview. All of the symptoms were extracted from the MD Anderson Symptom Inventory Gastrointestinal Cancer Module (MDASI-GI), a valid reliable questionnaire for assessing symptom severity and interference with function in gastrointestinal cancer (16, 17).



Data analysis

Demographic data, clinical data, and symptoms were presented as numbers and percentages. The t test and chi-square test were used to examine the quantitative and categorical data, respectively.

We performed univariate analyses using gender (women vs. men), approach of operations (open surgery vs. laparoscopic surgery), type of gastrectomy (total vs. proximal vs. distal), TNM stage (stages I–II vs. stage III), and sleep status (disturbed vs. non-disturbed), and PGISs were taken as the dependent variable. Those variables with p-values ≤0.05 were entered into the multivariate logistic analyses to determine the risk factors for PGISs.

Statistical analyses were performed using SPSS 20.0 software (IBM Corp., Armonk, NY, USA). A two-sided p-value <0.05 was considered significant.




Results


Patient characteristics

A total of 356 cases of postoperative patients with GC were involved in the study. There were 249 (69.9%) men and 107 (30.1%) women, and over 50% of the patients were aged ≤60 years (50.3%). Fifty (14%) patients underwent open surgery, and 306 (86%) patients underwent laparoscopic surgery. Of patients included in the study, 215 (60.4%) patients were staged with TNM I–II, and 141 (39.6%) patients were staged with TNM III. Baseline demographic and clinical features are summarized in Table 1.


Table 1 | Demographics and clinical characteristics.





Postoperative gastrointestinal symptoms

A total of 252 (70.8%) patients reported PGISs in PDW1, comprising abdominal distention (156, 43.8%), pain (54, 15.2%), dysphagia (20, 5.6%), diarrhea (13, 3.7%), and vomiting (9, 2.5%). Of the 356 patients, 185 (52.0%) patients reported PGISs about abdominal distention (103, 28.9%), pain (35, 9.8%), dysphagia (25, 7.0%), diarrhea (12, 3.4%), and vomiting (10, 2.8%) in POM1. The ratio of abdominal distention symptom reported in POM1 was lower than that in PDW1 (28.9% vs. 43.8%, p < 0.001). However, similar numbers of other PGISs were reported at two points in time (Figure 1).




Figure 1 | Frequency of postoperative gastrointestinal symptoms in the 356 patients. * p < 0.001.





The relations between postoperative gastrointestinal symtoms and clinical features

In POM1, the ratio of PGISs in men was less than that in women (48.2% vs. 60.7%, p < 0.001). In Table 2, compared with patients who underwent distal gastrectomy, the ratio of dysphagia was significantly higher in patients with total gastrectomy in PDW1 and POM1 (all p < 0.001) and the ratio of dysphagia was also significantly higher in patients with proximal gastrectomy in PDW1 (p = 0.002) and POM1 (p = 0.003).


Table 2 | The relations between PGISs and clinical characteristics.





The relations between postoperative gastrointestinal symtoms and sleep status

As Table 3 shows, patients with disturbed sleep reported PGISs more than patients with non-disturbed sleep in PDW1 and POM1 (all p < 0.001).


Table 3 | The relations between PGISs and sleep status.





Risk factors for postoperative gastrointestinal symtoms

The multivariate logistic regression model identified that variables significantly associated with PGISs in PDW1 included total gastrectomy [odds ratio (OR): 1.948; 95% CI: 1.097–3.459; p = 0.023], disturbed sleep (OR: 3.116; 95% CI: 1.831–5.303; p < 0.001), and female gender (OR: 1.726; 95% CI: 1.071–2.782; p = 0.025) and total gastrectomy (OR: 1.729; 95% CI: 1.055–2.834; p = 0.030) and disturbed sleep (OR: 3.533; 95% CI: 1.757–7.106; p < 0.001) in POM1 (Table 4).


Table 4 | Multivariate logistic regression analysis of risk factors for PGISs.






Discussion

Gastrointestinal symptoms are particularly common after abdominal surgery (18, 19). To our knowledge, this is the first study to alone observe short-term PGISs in GC. Five symptoms extracted from MDASI-GI were reported by patients through interviews. In this study, we found that abdominal distension is the main PGIS (43.8% vs. 28.9%), followed by pain (15.2% vs. 9.8%), dysphagia (5.6% vs. 3.4%), diarrhea (3.7% vs. 3.4%), and vomiting (2.5% vs. 2.8%) in PDW1 and POM1. Furthermore, with the recovery process, abdominal distension symptom was significantly relieved within 1 month after surgery, and other symptoms were also relieved but without statistical differences. Abdominal distension is the most common symptom after GC surgery and often associated with gastrointestinal dysfunction; studies found (18) that operation, analgesia, and inflammatory reaction could lead to the occurrence and development of gastrointestinal dysfunction. Therefore, the proportion of abdominal distension in early postoperative period was high, but with the recovery of gastrointestinal function, its ratio will decrease significantly. Previous studies showed that PGISs could increase the risk of postoperative complications, prolong the time of hospitalization, delay the follow-up adjuvant treatment, and reduce the quality of life (20, 21). PRO can provide the real feeling of patients after surgery, so that clinicians can carry out the necessary intervention to accelerate postoperative rehabilitation and improve the quality of life.

In this study, we found that the incidence of dysphagia symptom was higher in patients with total and proximal gastrectomy. This is consistent with studies from Lee et al. (22) and Choi et al. (23) suggesting that the dysphagia symptom was worse in the total gastrectomy group. Because of the disharmony and inconsistency of contraction and peristalsis between the esophagus and jejunum, patients with total or proximal gastrectomy sometimes suffer from dysphagia when eating. In addition, patients who underwent distal gastrectomy have a normal cardiac structure, so less dysphagia symptom is reported. According to multivariate models, total gastrectomy was considered as a risk factor for PGISs (p < 0.05). To reduce the burden of PGISs, surgeons should make the decision of total gastrectomy with caution and give professional dietary guidance after surgery.

The occurrence and development of PGISs are often related to many factors. Ana et al. (24) considered that gender is the influencing factor of gastrointestinal symptoms in patients with advanced cancer. Nolte et al. (25) found that the quality of life also varies by gender. In this study, we found that the ratio of women with PGISs was more than that of men in POM1 (60.7% vs. 48.2%, p < 0.001); this result clearly showed that the recovery of the gastrointestinal tract in women was slow after surgery. In fact, women are not only more emotionally sensitive than men but also more likely to think negatively (26, 27). In addition, Chinese male patients may show higher tolerance to their own symptoms due to the influence of traditional culture. Thus, our clinicians should keep in mind that gender will affect PROs and help them adjust their moods.

Moreover, we found that sleep status affected the occurrence of PGISs, and patients with disturbed sleep suffered from PGISs more than those without sleep disturbance (p < 0.001). Evidence has indicated that sleep disturbance occurred more frequently among cancer survivors (28), especially in GC (29), which reduces the quality of life and increases the incidence of complications (30). Patients who underwent gastrectomy always have psychosocial distresses such as fear of recurrence, difficulty in resuming social life, and concerns about family and finances (31), which can affect sleep status and then aggravate PGISs. In this study, we found that the risk of increased ratios of PGISs with disturbed sleep was 3.116 times that of patients with non-disturbed sleep in PDW1 (OR: 3.116; 95% CI: 1.831–5.303; p < 0.001) and 3.533 times in POM1 (OR: 3.533; 95% CI: 1.757–7.106; p < 0.001). Clinically, the sleep status and psychological status of patients are often ignored by surgeons. Therefore, clinicians need to pay more attention to sleep conditioning and psychological comfort.

In order to improve patients’ symptoms and enhance the quality of life of patients, timely intervention is very important. Comprehensive health education was proven to be an effective method, which could markedly improve patients’ quality of life through disease awareness-raising activities, guidance on behavior and lifestyle, rehabilitation management, and psychological counseling (32). Drug therapy is also an option. Previous studies have found that auricular-plaster therapy of traditional Chinese medicine can improve postoperative gastrointestinal dysfunction and the quality of life (33).

This study has several limitations. Firstly, patients and healthcare providers were from the same department; patients’ reported symptoms would be biased. Secondly, few patients underwent open surgery, which may lead us to underestimate the incidence of PGISs. However, minimally invasive surgical approaches to the treatment of GC have become increasingly more common (34). Finally, we only observed the main symptoms; other symptoms reported by patients were not included, which may lead to selection bias. Further research needs to be continued.



Conclusions

The main symptom after GC surgery was abdominal distention. The relative risk factors for gastrointestinal symptoms after GC surgery were total gastrectomy and disturbed sleep. Timely symptom intervention may improve the quality of life of postgastrectomy patients.
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Background

Single-cell sequencing (SCS) technologies enable analysis of gene structure and expression data at single-cell resolution. However, SCS analysis in pancreatic cancer remains largely unexplored.



Methods

We downloaded pancreatic cancer SCS data from different databases and applied appropriate dimensionality reduction algorithms. We identified 10 cell types and subsequently screened differentially expressed marker genes of these 10 cell types using FindAllMarkers analysis. Also, we evaluated the tumor immune microenvironment based on ESTIMATE and MCP-counter. Statistical enrichment was evaluated using Gene Ontology and Kyoto Encyclopedia of Genes and Genomes pathway analysis. We used all candidate gene sets in KEGG database to perform gene set enrichment analysis. We used LASSO regression to reduce the number of genes in the pancreatic risk model by R package glmnet, followed by rtPCR to validate the expression of the signature genes in different pancreatic cancer cell lines.



Results

We identified 15 cell subpopulations by dimension reduction and data clustering. We divided the 15 subpopulations into 10 distinct cell types based on marker gene expression. Then, we performed functional enrichment analysis for the 352 marker genes in pancreatic cancer cells. Based on RNA expression data and prognostic information from TCGA and GEO datasets, we identified 42 prognosis-related genes, including 5 protective genes and 37 high-risk genes, which we used to identified two molecular subtypes. C1 subtype was associated with a better prognosis, whereas C2 subtype was associated with a worse prognosis. Moreover, chemokine and chemokine receptor genes were differentially expressed between C1 and C2 subtypes. Functional and pathway enrichment uncovered functional differences between C1 and C2 subtype. We identified eight genes that could serve as potential biomarkers for prognosis prediction in pancreatic cancer patients. These genes were used to establish an 8-gene pancreatic cancer prognostic model.



Conclusions

We established an 8-gene pancreatic cancer prognostic model. This model can meaningfully predict prognosis and treatment response in pancreatic cancer patients.





Keywords: single-cell sequencing, pancreatic cancer, chemokines, immune microenvironment, prognostic model



Introduction

Pancreatic cancer is one of the most lethal malignancies and is associated with a high mortality rate (1–3). Pancreatic ductal adenocarcinoma (PDAC) is derived from the pancreatic ductal epithelium and accounts for about 90% of pancreatic cancer (4, 5). The lethality of pancreatic cancer is largely due to its difficulty to diagnose early and a lack of effective treatments. Despite improved surgical techniques and the use of neoadjuvant and adjuvant chemotherapies, the prognosis of pancreatic cancer remains stubbornly poor. Though immunotherapies have shown preliminary effectiveness in pancreatic cancer treatment, they are still at the preclinical stage (6). Therefore, it is urgent and imperative to explore the mechanisms of pancreatic cancer progression to identify new therapeutic modalities, especially immunotherapy.

The continuous development of sequencing technology has significantly improved RNA sequencing (RNA-seq) methods and techniques (7). However, bulk RNA-seq is the whole observation and detection of a population of cells. As the analysis represents the average expression of a population of cells, bulk RNA-seq fails to capture cellular heterogeneity (8, 9). The genetic information of cells with the same phenotype may differ significantly, and many rare cell populations are lost in the overall characterization. The emergence and advancement of single-cell sequencing (SCS) in the last decade have enabled precision genetic analysis of tumors (10, 11). SCS provides an abundance of molecular information, making it possible to characterize a variety of rare or previously unidentified cell populations within tumors (12, 13). SCS is a highly impactful tool that can facilitate the early diagnosis, tracking, and individualized treatment of cancers. SCS has been widely used to uncover molecular mechanisms and characterize rare subpopulations in many cancers, including lung cancer (14), breast cancer (15), gastric cancer (16), and colorectal cancer. In colorectal cancer, macrophages and dendritic cells were significantly associated with myeloid-targeting immunotherapies (17). SCS also revealed rare targetable genes that could be informative to develop lung cancer treatment (18, 19). However, SCS has been under-utilized in pancreatic cancer studies.

In the present study, we downloaded pancreatic cancer SCS data as well as corresponding clinical data from Gene Expression Omnibus (GEO) database, Cancer Genome Atlas (TCGA) expression data collection, and International Cancer Genome Consortium (ICGC). Based on these data, we identified 2 molecular subtypes of HCC with significant immunological differences. Then, we performed appropriate gene selection using dimensionality reduction algorithms. We examined molecular and immune signatures and constructed a polygenic risk score model. Our 8-gene model may serve as a promising biomarker to predict pancreatic cancer patient prognosis and immunotherapy efficacy.



Methods


Data acquisition and preprocessing

We downloaded the SCS data GSE156405 from GEO (http://www.ncbi.nlm.nih.gov/geo/) database. We retained scRNA-seq data from five patients with needle biopsy. We download pancreatic cancer gene expression spectrum data and clinical information from TCGA database (https://portal.gdc.cancer.gov/).

PACA-AU data was obtained from the ICGC database (https://dcc.icgc.org/). We obtained GSE21501, GSE28735, GSE57495, GSE62452, GSE71729, and GSE85916 datasets from the GEO database (https://www.ncbi.nlm.nih.gov/geo/). Subsequently, preserved pancreatic cancer sample data of six datasets (GEO) were combined and eliminated batch effects using removeBatchEffect (20).



Dimensionality reduction

The scRNA-seq data were processed as described below:

	1) Single-cell analysis was performed on five samples from GSE156405.

	2) Set thresholds such that each gene was expressed in a minimum of three cells and each cell expressed a minimum of 250 genes.

	3) The percentage of mitochondria and rRNA was calculated by PercentageFeatureSet function (21).

	4) Cells were filtered such that each cell used in subsequent analysis expressed more than 500 and fewer than 6000 genes, had less than 30% mitochondrial gene expression, and a minimum unique molecular identifier (UMI) of 1000.

	5) The FindVariableFeatures function was used to find hypervariable genes (21).





Definition and analysis of cell subsets

The cells were clustered by FindNeighbors and FindClusters (21). We obtained immune cell markers associated with pancreatic cancer from previous studies, including stellate cell (ADIRF), fibroblasts (COL1A1, COL1A2, and DCN), T cells (CD2, CD3D, CD3E, and CD3G), B cells (CD79A and CD79B), neutrophils (CSF3R, S100A8, and S100A9), mast cells (GATA2, TPSAB1, and TPSB2), NK cells (KLRF1, FGFBP2, and KLRC1), macrophage (CD163 and CD68), pDC (LILRA4) and pancreatic cancer cells (KRT19 and TM4SF1) (22–24). FindAllMarkers was used to select marker genes of each subpopulation (logFC =0.5, Minpct=0.35). Prognostic genes were clustered by ConsensusClusterPlus in the RNA-seq cohort (25). The optimal number of clusters was determined according to the cumulative distribution function (CDF).



DEGs identification and functional enrichment analysis

The limma package in R was used to identify differentially expressed genes (DEGs) associated with tumorigenesis by comparing gene expression levels between pancreatic cancer tissues and normal tissues. Statistical enrichment was evaluated using Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis. GO enrichment analyses included biological process (BP), molecular function (MF), and cellular component (CC).



Cell score

CIBERSORT was used to calculate the immune cell fraction for each tumor subtype in the RNA-seq and GEO datasets. The MCP counter was used to evaluate the immune microenvironment, and the expression levels of immune cell marker genes were used to evaluate the degree of immune cell infiltration.



LASSO regression and immune score

LASSO regression (developed by Tibshirani) can develop a refined model by constructing a penalty function (26, 27). It is a biased estimation with complex collinearity. In our study, we used LASSO regression to reduce the number of genes in the risk model by R package glmnet (28). Then, we performed a 10-fold cross-validation for model building. The ESTIMATE database was utilized to calculate immune cell score. CIBERSORT is a deconvolution algorithm that calculates the proportion of cells via processing of bulk RNA-seq data.



Statistical analysis

We used SPSS 23.0 (SPSS, Inc., Chicago, IL) for statistical analysis. R package Survival CoxPH function was used to conduct a univariate Cox proportional risk regression model. Multivariate Cox regression analysis was performed on the prognosis-related genes identified by LASSO. The R package timeROC was used to perform receiver operating characteristic (ROC) analysis on the prognosis classification of the RiskScore. Differences were considered statistically significant at P < 0.05 (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001)




Results


Single-cell data for dimensionality reduction and clustering

All data processing and analysis workflows were shown in Figure S1. We performed log-normalization to normalize data from five pancreatic cancer samples (Figure 1A). Through data integration, scaling, and PCA dimensionality reduction, we identified 15 distinct subpopulations (Figure 1B). The 15 subpopulations were re-grouped into 10 different cell types according immune cell marker gene expression (Figure 1C). We screened differentially expressed marker genes of the 10 cell types by FindAllMarkers analysis. The top five marker genes in each cell subpopulation were presented in Figure 1D (positive=TRUE). Furthermore, we performed functional enrichment analysis using the 352 marker genes in pancreatic cancer cells. GO and KEGG pathway enrichment analyses were performed on the 352 DEGs using WebGestaltR tools (P<0.05) (29). According to GO functional annotation, 256 clusters were annotated significantly in the BP category (Figure 2A). A total of 161 GO terms were annotated in the CC category (Figure 2B). Lastly, 38 clusters with significant differences were annotated in the MF category (Figure 2C). Thirty-three DEGs were annotated in the KEGG pathway (Figure 2D). The results showed that intercellular junctions and extracellular matrix interactions were significantly enriched.




Figure 1 | UMAP plot and maker genes of cell population. (A) UMAP plot of SCS in five samples. (B) UMAP of the 14 subgroups after clustering. (C) UMAP of subpopulation after cell annotation. (D) Top five marker genes in the cell population.






Figure 2 | GO and KEGG annotation. (A) BP annotation of the maker genes in cancer cells. (B) CC annotation of the maker genes in cancer cells. (C) MF annotation of the maker genes in cancer cells. (D) KEGG annotation of the maker gene in cancer cells.





Construction of pancreatic cancer molecular subtypes

The above analyses revealed cancer cells represented a large proportion of the cells sequenced from pancreatic cancer patients, as they were the main principal components. We further identified prognosis-related marker genes and constructed new molecular subtypes of pancreatic cancer based on them. We identified 5 protective genes and 37 high risk genes through univariate analysis in RNA-seq and GEO datasets (p < 0.05, HR > 1) (Figure 3A). Pancreatic cancer samples in RNA-seq were clustered by using 42 prognostic associated genes. CDF Delta area curve revealed the clustering result is relatively stable when the clustering number is two. Therefore, we defined 2 molecular subtypes (k=2) (Figures 3B, C). C1 subtype had a relatively better prognosis, whereas C2 subtype was associated with a worse prognosis. Similar results were also observed in the GEO cohort (Figures 3D, E), which further confirmed the prognostic significance of the molecular subtype classification.




Figure 3 | Molecular signatures of cancer cells. (A) Venn diagram overlap of 352 marker genes in cancer cells from two cohorts by single factor analysis. (B) CDF curve and CDF delta area of RNA-seq queue sample. (C) Heatmap of RNA-seq sample clustering (consensus k=2). (D) Overall survival curves of C1 and C2 subtype in RNA-seq dataset. (E) Overall survival curves of C1 and C2 subtype in GEO database.





Cell type differences between C1 and C2 subtypes

To assess cell differences between C1 and C2 subtypes, we probed our SCS data and by examining differentially expressed marker genes in different molecular subtypes. Using our RNA-seq data and the GEO database, we calculated the immune cell score of each subtype and compared the resulting score between the C1 and C2 subtypes. The results showed the cancer cell score of the C2 subtype was significantly increased compared with the cancer cell score in C1 subtype (Figures 4A, B). T and B cell scores in C1 subtype were significantly higher than in the C2 subtype.




Figure 4 | Immune cell scores and heat map of immune microenvironment score. (A) Cell score between C1 and C2 subtype in RNA-seq dataset. (B) Cell score between C1 and C2 subtype in GEO database. (C) Differences in heat map distribution of ssGSEA immune microenvironment score in subtypes. (D) Heatmap distribution differences of ssGSEA immune microenvironment score in GEO dataset in subtypes. **p < 0.01; ***p < 0.001; ns, no significant.





C1 and C2 subtype immune signatures

To further explore immune microenvironment differences between the two subgroups, we evaluated the degree of immune cell infiltration in pancreatic· cancer cohorts using immune cell marker gene expression. The immune cell marker genes were derived from previous studies (30). The tumor immune microenvironment was also evaluated based on ESTIMATE and MCP-counter. The discrepancy of immune cells between the RNA-seq and GEO cohort was shown in Figures 5A–F. ESTIMATE, MCP-counter, and single sample gene set enrichment analysis (ssGSEA) revealed significant differences between most immune cells. The distribution of immune infiltration in RNA-seq was consistent with the GEO cohort. These results revealed the consistency of molecular characteristics and molecular subtype stability. We presented ssGSEA immune scores by heatmaps to illustrate differences in the immune microenvironment, (Figures 4C, D). Taken together, these findings demonstrated a significant difference in immune microenvironment score between C1 and C2 subtypes.




Figure 5 | Immune microenvironment score. (A–C) The distribution of immune microenvironment score in RNA-seq dataset. (D–F) The distribution of immune microenvironment score in GEO database. *p < 0.05; **p < 0.01; ***p < 0.001.





Immune checkpoints and chemokines

The development and use of immune checkpoint targeting immunotherapies in the personalized treatment of pancreatic cancer has become increasingly common. Therefore, we evaluated the distribution of immune checkpoint gene expression in the RNA-seq and GEO datasets. We found 32 (69.57%) of the 46 checkpoint genes were aberrantly expressed in the RNA-seq dataset, and most of them were overexpressed in the C2 subtype, which has the worst prognosis (Figures S2A, S2B). In the GEO dataset, 28 (68.29%) of the 41 checkpoint genes were aberrantly expressed. Consistent with the RNA-seq dataset, most of them were overexpressed in the C2 subtype (Figures S2C, S2D).

Chemokines play essential roles in cancer progression and may facilitate immune cell migration into the tumor microenvironment, further affecting cancer progression and therapeutic response. Here, we analyzed the expression of chemokines in C1 and C2 subtype. In the RNA-seq data, 25 out of 41 chemokines were differentially expressed between the subtypes (Figure S3A), which suggest that the degree of immune cell infiltration in C1 and C2 subtypes may differ. In the GEO cohort, 22 out of 37 chemokines were differentially expressed between C1 and C2 subtype (Figure S3B). Such differences may contribute to rapid tumor progression and poor immunotherapy efficacy. Additionally, we evaluated chemokine receptor gene expression in the two subtypes. A total of 13 out of 18 chemokine receptor genes were differentially expressed in RNA-seq database (Figure S3C). In the GEO database, 11 of the 17 chemokine receptor genes were differentially expressed (Figure S3D). Chemokines and chemokine receptor relative gene expression maintained was consistent between C1 and C2 subtypes in both the RNA-seq and GEO datasets. Most were highly expressed in the C2 subtype, which is associated with a worst prognosis. These results also were illustrated as heat maps (Figures S3E, S3F).



Functional and pathway enrichment analyses

To verify the functional differences between the C1 and C2 subtypes, we performed GO functional enrichment analysis of DEGs between the C1 and C2 subtypes in the RNA-seq dataset. Regarding GO function annotations of DEGs, 553 annotations with significant differences were observed in BP, including epithelial cell differentiation, angiogenesis, and regulation of signaling receptor activity (Figure S4A). A total of 124 GO CC terms were annotated (Figure S4B). The most significant difference between the C1 and C2 subtypes was plasma membrane protein complex. A total of 58 genes were significantly annotated in MF (Figure S4C). Additionally, KEGG pathway analysis was adapted for gene set enrichment analysis (GSEA) of C1 and C2 subtypes (p < 0.05, and FDR < 0.25) (Figure S4D) (31).

To continue exploring the C1 and C2 subtypes, we performed gene set enrichment analysis (GSEA) using all candidate gene sets in KEGG database. Several cancer-related pathways, such as base excision repair, P53 signaling pathway, and pancreatic cancer were significantly enriched in the C2 subtype according to the RNA-seq dataset (Figures 6A, B). Importantly, the enrichment results from the GEO dataset were consistent with the RNA-seq results (Figures 6C, D).




Figure 6 | Enrichment analysis of GSEA pathway. (A, B) GSEA of C1 and C2 subtype in RNA-seq dataset. (C, D) GSEA of C1 and C2 subtype in the GEO dataset.





Mutational signature and immune cell type classification

Also, we used the TCGA dataset to analyze gene mutations in the C1 and C2 subtypes. We found that subtype was markedly correlated with gene mutations in pancreatic cancer. We noted a higher percentage of KRAS, TP53, SMAD4, and CDKN2A mutations in the C2 subtype (Figure 7A). Similarly, data from ICGC-AU showed that the mutation frequency of KRAS was significantly lower in the C1 subtype than in the C2 subtype (Figure 7B).




Figure 7 | Gene mutations and distribution of immune subtypes. (A) Somatic mutations analysis of DEGs in two molecular subtypes. (B) Mutation frequency differences of KRAS among different subtypes in ICGC cohort. (C) Sankey between molecular types and immune subtypes. (D) Survival curve of existing immune subtypes. (E) Distribution of immune subtypes among different molecular types. *p < 0.05.



Six infiltrating immune cell types have been identified in human cancer: IC1 (wound healing), IC2 (INF-R dominant), IC3 (inflammation), IC4 (lymphocyte depletion), IC5 (immunologically silenced), and IC6 (TGF-beta dominant). As expect, IC1, IC2, and IC6 are associated with poor prognosis. In TCGA, most pancreatic cancer patients belonged to IC1, IC2, and IC3 immune subtypes (Figure 7C), though the IC5 immune subtype is not included in TCGA data. Survival analysis revealed these immune subtypes were not significantly associated with overall survival in pancreatic cancer (Figure 7D). We also observed significant differences in the distribution of these immune subtypes in C1 and C2 subtypes (Figure 7E). IC3 was the major infiltrating immune cell type of the C1 subtype, whereas IC1 become the predominant immune cell type of the C2 subtype.



Tumor Immune Dysfunction and Exclusion (TIDE) analysis

We used the TIDE software (http://tide.dfci.harvard.edu/) to evaluate potential clinical effects of immunotherapy in the C1 and C2 subtypes. A higher TIDE prediction score indicates an increased chance of immune escape, which indicates immunotherapy may be less beneficial for these patients. In the RNA-seq dataset, exclusion scores were remarkably elevated in the C2 subtype and dysfunction scores were higher in the C1 subtype. However, TIDE scores between the C1 and C2 subtypes were not significantly different (Figures 8A–C). The exclusion and dysfunction scores in the GEO dataset were consistent with the RNA-seq dataset. Although, the TIDE score was increased in the C2 subtype compared to the C1 subtype (Figures 8D–F). This result was consistent with previous immune checkpoints and immune microenvironment analysis.




Figure 8 | TIDE analysis of immune therapy. (A) Exclusion scores among different molecular subtypes in RNA-seq dataset. (B) C1 and C2 subtype dysfunction scores in the RNA-seq dataset. (C) TIDE score of different molecular subtypes in RNA-seq data. (D) Differences of Exclusion scores among different molecular subtypes of the GEO dataset. (E) C1 and C2 subtype Exclusion scores in the GEO dataset. (F) TIDE score of different molecular subtypes in the GEO dataset. *p < 0.05; ***p < 0.001.





Prognostic model

Using the GEO dataset, we identified 42 genes that can predict cancer prognosis. We randomly sampled the GEO dataset with a sampling ratio of Train: test = 7:3. Then, we applied LASSO regression (lambda= 0.046) to obtain 11 prognosis-related genes (Figure 9A). To further reduce the number of genes, we used stepAIC, which reduced the number of genes to eight (EPS8, DSG2, RHOD, ITGB6, ANKRD37, SELENBP1, FOXA3, ALDH1A1) and determined the corresponding risk coefficients (Figure 9B) (32). Finally, we arrived at an 8-gene prognostic model for pancreatic cancer patients. We calculated the risk score of each sample in both the GEO training dataset and validation dataset and divided the samples into high and low risk groups using the median as cutoff. A higher score predicted poorer prognosis in pancreatic cancer patients. Kaplan Meier (KM) curves and ROC curves were displayed in Figures 9C, D. The corresponding AUC in 1-year, 2-year, and 3-year were 0.65, 0.71, and 0.75, respectively. Moreover, we validated our model in GEO validation, TCGA, and ICGC datasets (Figures 9E, F).




Figure 9 | Establishment and analysis of prognostic models. (A) LASSO coefficient profiles of 42 prognostic genes in the GSE dataset. (B) Multivariate analysis of the risk model genes. (C) KM and ROC analysis of the risk model in the GEO dataset. (D) KM and ROC analysis of the risk model in the GEO validation dataset. (E) KM and ROC analysis of the risk model in the complete GEO dataset. (F) KM and ROC analysis of the risk model in complete the RNA-seq dataset. *p < 0.05; **p < 0.01.






Discussion

SCS technologies have been increasingly used in disease research over the past decade (33–35). SCS can reveal gene structure and expression status at single-cell resolution, which facilitated the exploration of biological processes and disease mechanisms with unprecedented precision (36, 37). In our study, we classified and defined two pancreatic cancer subtypes by analyzing SCS data from multiple public databases. We observed sequenced cells form 10 cell subgroups, including stellate cells, fibroblasts, T cells, B cells, neutrophils, mast cells, NK cells, macrophages, pDCs, and pancreatic cancer cells. These subgroups can be identified by expression of specific marker genes. Researchers have found immune cells of the various lymphoid and myeloid lineages by SCS (38). These immune cell subsets facilitated the formation of an immunosuppressive microenvironment in pancreatic cancer. We further explored the molecular and immune signatures of different cell subsets. Furthermore, we used TIDE software to evaluate potential clinical immunotherapy efficacy in the C1 and C2 subtypes. C2 had a higher TIDE score, which suggests patients with this subtype would benefit less from immunotherapy. Nevertheless, we need to note that the mechanism(s) of immune cell exclusion and dysfunction may well be different in different tumor types. Therefore, this conclusion still needs to be verified by more precise molecular and animal experiments.

Pancreatic cancer has an extremely poor prognosis, which is largely attributed to its difficulty to diagnose early (39–41). Given this limited therapeutic window, it is of great interest to establish gene models that can effectively predict pancreatic cancer prognosis. Hosein et al. (38) observed macrophage heterogeneity in pancreatic cancer at different stages using single-cell RNA-seq. Specifically, they revealed macrophages express different genes at different times and play different functional roles. Studies have yet to relate marker genes with cell subgroup in pancreatic cancer.

We identified 10 different cell types using data clustering and dimension reduction. Then, we performed functional enrichment analysis for 352 marker genes in pancreatic cancer cells. Notably, we found some marker genes were markedly correlated with pancreatic cancer progression. These finding indicate the prognostic risk model may provide clinical treatment guidance. Specifically, we found EPS8, DSG2, RHOD, ITGB6, ANKRD37, SELENBP1, FOXA3, and ALDH1A1 could be potential biomarkers to accurately predict the prognosis of pancreatic cancer patients. Therefore, we established a prognostic model based on these eight genes. The prognostic risk model was a worthy prognostic indicator, as evidenced by its ability to accurately indicate prognosis in three external datasets (GEO validation, TCGA, and ICGC datasets). Similar with our findings, serval studies have demonstrated EPS8, DSG2, ITGB6 were aberrantly expressed in pancreatic cancer, breast cancer, pituitary tumor, and gastric cancer (42, 43). Hütz et al. (43) found silenced DSG2 facilitated pancreatic cancer cell migration and invasion. EPS8 increased polyubiquitination by downregulating ALDH7A1 protein expression in pancreatic cancer. Zhuang et al. (44) observed that ITGB6 was significantly upregulated and closely associated with overall survival in pancreatic cancer. These findings have important significance for prognosis prediction and subsequent treatment of pancreatic cancer patients. The risk model could predict the patient prognosis and may inform the use of individualized therapies in pancreatic cancer patients.



Conclusion

Based on pancreatic cancer SCS data from the GEO, TCGA and ICGC databases, we identified a new molecular subtype of HCC with distinct molecular and immune signatures. Meanwhile, we established a risk model based on 8 prognosis-related genes, which has stable and effective prognosis prediction performance.
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Objective

To compare the initial success rate, feasibility, and effectiveness of endoscopic retrograde cholangiopancreatography (ERCP) versus percutaneous transhepatic cholangiography (PTC) for anastomotic biliary stricture after liver transplantation (LT).



Methods

We retrospectively analyzed the data collected during January 2015 to December 2021 from liver transplantation recipients who developed anastomotic biliary stricture after liver transplantation and treated by ERCP and/or PTC. The success rate, complications and patients’ survival rate of ERCP and PTC procedures was evaluated.



Results

Forty-eight patients who underwent LT and were confirmed to have the anastomotic biliary stricture were enrolled. Overall, 48/48 patients underwent single or multiple ERCP procedures as the first line therapy; 121 therapeutic ERCPs (3.36 ± 2.53 ERCPs per patient) were performed in 36/48 patients successfully. All the 12 patients who failed ERCP tend to have special bile duct conditions such as overlong, angle shaped, and/or extremely narrowed bile duct and underwent PTC as an alternative treatment. The initial success rate of ERCP was 75% (36/48) while the success rate of ERCP for the 12 patients with special bile duct was 0% (0/12). PTC was an effective second-line treatment for those 12 patients who failed ERCP, and 58.33% (7 of 12 cases) were treated successfully. The average procedure time in PTC group was significantly lower than ERCP group (t=2.292, P=0.027). The feasibility of ERCP was associated with the anatomical shape of bile duct and the severity of the stricture site. Finally, the cumulative survival rate was 100% (12/12) in PTC group compared to 86.11% (31/36) in ERCP group (χ2 =0.670, P=0.413).



Conclusion

ERCP is the gold standard method for the diagnosis and effective intervention for the management of biliary complications after LT. However, its use in certain types of biliary complications (e.g., patients with severe anastomotic biliary stricture and those with overlong and angle shaped bile ducts) is not promising and associated with significant risk of complications. PTC and other interventions should be studied along with ERCP for patients for whom ERCP may not work. The feasibility and efficacy of primary management can be predicted by the noninvasive imaging examinations like Magnetic Resonance Cholangiopancreatography (MRCP) before the procedure, which may help with the choice of the most reasonable therapeutic modality and avoiding unnecessary financial burden and complications.
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Introduction

Hepatocellular carcinoma (HCC) represents an important cause of morbidity and mortality. It is the sixth most common cancer and the fourth leading cause of cancer related death worldwide (1). HCC is increasingly act as a primary indication for liver transplantation. In general, liver transplantation is considered as the best treatment option for early-stage HCC, since it simultaneously treats the tumor and the underlying liver disease (the main risk factor for the development of new tumors). Thus, the number of patients transplanted for HCC are increasing, with a rate of 15-50% in all the liver transplantations performed in the world (2, 3). Although liver transplantation remains an outstanding therapy for HCC, biliary tract complications still remain a common problem following liver transplantation, which has been known as the “Achilles heel” of liver transplantation despite improved surgical technique and experience (4, 5).

Biliary complications after liver transplantation mainly include anastomotic stricture, non-anastomotic stricture, and bile leakage, although other complications such as bile duct stones, sphincter of oddi dysfunction, and progression of primary biliary disease can occur (6–8). These complications are commonly managed by endoscopic retrograde cholangiopancreatography (ERCP), which is considered as the gold standard and first line choice for most kinds of biliary complications after liver transplantation (9–12).

Although ERCP is considered safe and effective, the success rates of ERCP treatment is unsatisfactory, which ranges from 60% to 70% for anastomotic strictures and from 25% to 33% for non-anastomotic strictures (13, 14). For the reason that non-anastomotic biliary stricture has complicated etiology therefore it is quite difficult to be illuminated and managed, we just focused on anastomotic stricture in this study. In addition, the need for multiple ERCPs and post-ERCP complications is relatively high after liver transplantation. The patients for whom ERCP failed should be managed by other alternate techniques. PTC or bilioenteric anastomosis surgery are considered as the second-line therapy for these patients (15–17). However, the success rate, feasibility and effectiveness of PTC has not been well documented. Therefore, the aim of this study is to compare ERCP and PTC therapies in patients with anastomotic stricture.



Materials and methods


Patients and data collection

We retrospectively reviewed the study population consisted of 1264 consecutive patients who had undergone liver transplantation. After excluding those who received living donor liver, splitting donor liver, pediatric donor liver, re-transplantation, combined organ transplantation, and T-tube placement, we identified 1171 adult patients who received whole liver Donation after Citizen Death (DCD) at the First Affiliated Hospital of Zhengzhou University. Finally, we included 48 patients who developed anastomotic biliary stricture and underwent ERCP as a primary therapy for the management. No organ was obtained or used from executed prisoners in this study. All recipients received a duct-to-duct anastomosis of the bile duct without T-tube.

The study protocol was approved by the Institutional Review Board of the first affiliated hospital of Zhengzhou university and all methods were performed in accordance to relevant guidelines and regulations. Informed written consent was obtained from each patient before performing all procedures. We recorded the relevant demographic details (age, gender), etiology, biliary complications after liver transplantation, number of ERCPs and PTCs per patient, post-ERCP and PTC complications, and complementary or alternative treatments to ERCP (e.g., PTC and/or surgery) (Figure 1). Liver function of all the included patients were recorded and analyzed before and after the procedures. The baseline characteristics of included patients are shown in Table 1 and Figure 2.




Figure 1 | Schematic of study design and procedural data of liver transplantation patients.




Table 1 | Baseline characteristics of 1171 liver transplantation patients.






Figure 2 | Baseline characteristics (etiology) of included patients.





Interventions

All ERCPs were performed by experienced endoscopists with a volume of 300 to 500 ERCP procedures annually. Based on the radiological findings and the clinical characteristics of the patients, the type of ERCP treatment (ENBD or ERBD) and the diameter, size, number, and frequency of stent replacement were determined by the endoscopist.

An anastomotic stricture was defined as a dominant, short narrowing at the site of anastomosis and the contrast medium pass through narrowly or cannot pass through the stricture site on MRCP or ERCP imaging. ERCP procedure was considered to be accomplished successfully when the guide wire pass through the stricture site and a biliary stent was placed across the stricture site successfully during the ERCP procedure. ERCP was failed when the ERCP procedure was not completed according to the original plan (i.e., the guide wire cannot pass through the stricture site successfully). Patients who failed ERCP were managed by alternative or complementary treatment options such as PTC, surgery, or both.



Statistical analysis

The statistical analysis was performed using IBM SPSS Statistics 24.0. Descriptive statistics were employed to report findings, continuous variables were reported as means with standard deviation (SD) or median, and interquartile range (IQR). Categorical variables were reported as a percentage (%). The comparison of the differences in major characteristics between biliary complication and non-biliary complication groups was examined by t-tests, Wilcoxon Mann–Whitney test, or chi-square test as appropriate. A Kaplan-Meier survival analysis was also conducted. The statistical significance level was 0.05 for a two-tailed test.




Results

We identified 1171 cases (age, mean ± SD: 49.40 ± 10.26 years; range 18-75), 83.86% men. Ninety-four of 1171 (8%) patients developed biliary complications during a follow-up of 81.6 months (mean ± SD: 38.20 ± 25.31 months). The main reported biliary complications were anastomotic strictures in 51.06% (48/94) patients (Figure 3). Therapeutic ERCP was performed in 48/48 patients as a first line therapy. Overall, 121 therapeutic ERCPs (mean 3.36 ± 2.53 ERCPs per patient) were performed in 36/48 patients with biliary anastomotic stricture who gained success from ERCP. The initial success rate of ERCP was 75% (36/48). Twelve patients who failed ERCP were found to have special bile duct conditions such as overlong, angle shaped, and/or extremely narrowed bile duct on MRCP and ERCP examination, and later were allocated to PTC procedure as a second line therapy. The success rate of ERCP in patients with special bile duct was 0% (0/12), while the initial success rate of PTC in patients with special bile duct was 58.33% (7/12). Totally only 8 therapeutic PTCs (mean 1.14 ± 0.38 PTCs per patient) were performed in 7/12 patients who gained success from PTC, which was significantly lower than ERCP group (t=2.292, P=0.027). Five of 12 (41.67%) patients with special bile ducts who failed PTC received biliary enteric anastomosis as their final therapy.




Figure 3 | Biliary complications ratios after liver transplantation.



Six patients suffered post-ERCP complications consist of cholangitis in 3, pancreatitis in 2 and bile leakage in 1 patient. Unfortunately, 5 of 36 patients who gained ERCP successfully died before the endpoint date of our study, of which 4 (80%) patients suffered from post-ERCP complications. We believed that complications caused by ERCP maybe one of the risk factors leading to mortality of these patients. However, there could be other risk factors such as liver function cannot be alleviated by ERCP procedure and therefore led to multi-organ functional disturbance ultimately. Importantly, the 12 patients with special bile duct conditions of which 7 received PTC successfully and 5 received biliary enteric anastomosis did not have any complications nor morbidity until our study endpoint.

The liver function of patients who underwent ERCP and PTCD were examined and analyzed before and after the procedure. In PTC group, all the patients 7/7 (100%) who underwent successful PTC gained recovery of liver function. On the other hand, in ERCP group, only 31/36 (86.11%) patients who received successful ERCP gained the recovery of liver function and the remaining 5/36 patients died finally. Those 5/36 patients whose liver function failed to recover after successful ERCP procedure may cause by the occlusion of the single plastic stent etc. Therefore, it is suggested that ERCP may not be the best choice for every patient suffered from biliary anastomotic stricture, especially for those with special bile duct conditions that failed ERCP. PTC is more efficient than ERCP for those patients with overlong, angle shaped or severe stricture bile duct that failed ERCP procedure (58.33% vs 0%).

The cumulative survival rate of the 36 patients who underwent successful ERCP was 86.11% (mean: 63.71, 95% CI: 56.35-71.08 months) compared to 100% (mean: 73.30, 95% CI: 73.30-73.30 months) of those underwent PTC (χ2 =0.670, P=0.413) (Figure 4). Patients underwent PTC had better overall survival compared to the patients who underwent ERCP successfully.




Figure 4 | Kaplan-Meier survival analysis in 36 ERCP patients and 12 PTC patients.





Discussion

Biliary tract complications are commonly recognized clinically and considered as an important cause of morbidity and mortality after liver transplantation with an estimated incidence of 5% to 35% worldwide (3–7). Benign biliary strictures after transplantation can be classified into anastomotic and non-anastomotic strictures, which play an important role in graft and patient survival. For the reason that non-anastomotic biliary stricture has complicated etiology and is quite difficult to be illuminated and well managed, we just focused on anastomotic stricture in this study. Currently, biliary stricture is commonly managed by the gold standard and first line therapy ERCP for its efficient and minimally invasive character. However, other procedures including PTC intervention or surgery can also be considered if the condition cannot be managed by ERCP successfully (13–16). ERCP is a highly effective therapy for biliary complications after liver transplantation, but in some cases, the initial therapy may fail because of the inability of guide wire to pass through the stricture. In this study, we mainly evaluated the success rate, complications rate, patient’s survival rate, and efficacy of ERCP and PTC procedures for anastomotic stricture.

The overall incidence of biliary strictures ranges from 10%-37% after liver transplantation, and anastomotic stricture comprises the majority of biliary strictures (8, 10, 16, 17). In our study, we found that 64.89% of the biliary complications was biliary stricture; of which 78.69% were anastomotic stricture, which was in accordance with previous studies. Several previous studies confirmed that ERCP and biliary stenting is a successful treatment in the majority of patients, which is considered to be more minimally invasive and convenient compared to both PTC and surgical treatment. Nevertheless, there are some procedure failures and also some contraindications, such as a minimal time between the liver transplantation surgery and ERCP procedure (8–10, 18, 19).

We have observed that ERCP failed in patients with overlong, angle shaped bile duct and severe anastomotic biliary stricture, which didn’t not allow the contrast medium and guide wire to pass through during ERCP (Figures 5A1, B1). However, PTC got success under these circumstances. On the other hand, ERCP is appropriate in patients with simple and moderate anastomotic biliary stricture, which allows the guide wire to pass through (Figures 5C1, 5B2). Most patients with anastomotic stricture require multiple endoscopic sessions at a frequency of every 2-3 months and the placement of single or multiple stents of 7-11.5 Fr for at least 12-24 months to prevent stent occlusion and other post-ERCP complications. In this study, we used a single plastic stent (TTSO-8.5-8, Cook, USA), however, some recent studies indicate that multiple plastic stents or metallic stents are comparatively more efficient, suggesting that the type of stent might be one of the factors affecting the efficiency of ERCP and the need for multiple ERCPs (20–22). Another endoscopic approach, defined by the placement of a fully covered self-expandable metal stent across the stenosis, has been reported to be effective; however, the high migration rate remains to be a major concern (23, 24). Further studies are needed before a definitive conclusion is drawn on which type of stent placement is the best choice for anastomotic biliary stricture after liver transplantation. However, we believed that the type of stent could be directly correlated with the success rate and post-ERCP complications. We have realized that stent placement is suitable for anastomotic stricture, while endoscopic nasal biliary drainage (ENBD) could be preferred for leakage patients. Nevertheless, further investigations are deemed necessary to evaluate the suitability of stent placement or ENBD for leakage patients.




Figure 5 | (A1) MRCP image showed the anastomotic biliary stricture with overlong and angle shaped bile duct. (A2) ERCP failed in patients with overlong and angle shaped bile duct. (B1) MRCP image showed the severe anastomotic biliary stricture. (B2) ERCP failed in patients with severe anastomotic biliary stricture. (C1) MRCP image showed a simple and moderate anastomotic biliary stricture. (C2) ERCP succeed in patients with simple and moderate anastomotic biliary stricture.



PTC is usually reserved for severe anastomotic biliary stricture or overlong and angle shaped bile duct which cannot be traversed by ERCP and for patients who have undergone Roux-en-Y reconstruction after liver transplantation (Figures 5A2, C2). Although usually successful, PTC therapy is regarded as a second-line alternative therapy because of its invasive character, which may cause the discomfort and inconvenience for the patients. Gwon et al. (25) recently developed a technique using the dual catheter placement technique, namely 2 drainage catheters inserted via a single percutaneous tract. They achieved clinical success in 98.7% of 79 patients with anastomotic stricture. Our study showed that PTC was successful in 58.33% (7/12) cases where ERCP was totally failed. This is considerable success rate of 58.33% compared to 0% of ERCP for the 12 patients with special bile duct condition who failed the ERCP. So we believed that for the patients with severe stricture or angle shaped bile duct, PTC could be the primarily alternative therapy to ERCP. PTC treatment instead of ERCP will not only avoid need for multiple ERCPs and post ERCP complications but also have potential to reduce the patients’ visit to the hospital and extra financial burden. The feasibility of primary management can be predicted by the MRCP imaging findings, which may help with the choice of the therapeutic modality at the first place itself. If MRCP findings showed the severe stricture or the bile duct is too long, or there is an angulation at the stricture site, we recommend PTC as the first line therapy. However, this study has several limitations including retrospective nature of the study, lack of control group, small sample size, and short follow up time. We believe that it is important to share initial results with fellow colleague so they would know what to expect and what more can be done to improve the technique.

In conclusion, ERCP is the gold standard for the diagnosis and effective intervention for the management of most kinds of biliary complications after liver transplantation. ERCP should be preferred, whenever feasible with the aim to avoid surgical intervention and resolve the patients’ problems. However, its use in some cases was not promising and the need for multiple ERCPs is relatively high; therefore, it should not be the best option for certain kinds of biliary complications (e.g., patients with severe anastomotic biliary stricture and/or overlong and angle shaped bile duct). Beside this, a high proportion of these patients will need PTC/surgery as their final therapy. PTC and other interventions should be studied along with ERCP for patients for whom ERCP may not work. The feasibility of primary management can be predicted by the cholangiographic findings like MRCP, which may help with the choice of the therapeutic modality and avoid unnecessary complications after ERCP and extra financial cost. Further prospective, multicenter studies are needed to confirm these results.
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Objective

To present the global research features and hotspots, and forecast the emerging trends by conducting a bibliometric analysis based on literature related to autophagy of pancreatic cancer from 2011 to 2022.



Methods

The literature data regarding autophagy of pancreatic cancer were retrieved and downloaded from the Web of Science Core Collection (WOSCC) from Clarivate Analytics on June 10th, 2022. VOSviewer (version 1.6.18) was used to perform the bibliometric analysis.



Results

A total of 616 studies written by 3993 authors, covered 45 countries and 871 organizations, published in 263 journals and co-cited 28152 references from 2719 journals. China (n=260, 42.2%) and the United States (n=211, 34.3%) were the most frequent publishers and collaborated closely. However, publications from China had a low average number of citations (25.35 times per paper). The output of University of Texas MD Anderson Cancer Center ranked the first with 26 papers (accounting for 4.2% of the total publications). Cancers (n=23, 3.7%; Impact Factor = 6.639) published most papers in this field and was very pleasure to accept related researches. Daolin Tang and Rui Kang published the most papers (n=18, respectively). The research hotspots mainly focused on the mechanisms of autophagy in tumor onset and progression, the role of autophagy in tumor apoptosis, and autophagy-related drugs in treating pancreatic cancer (especially combined therapy). The emerging topics were chemotherapy resistance mediated by autophagy, tumor microenvironment related to autophagy, autophagy-depended epithelial-mesenchymal transition (EMT), mitophagy, and the role of autophagy in tumor invasion.



Conclusion

Attention has been increasing in autophagy of pancreatic cancer over the past 12 years. Our results undoubtedly provide scholars with new clues and ideas in this field.
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Introduction

Pancreatic cancer remains the most aggressive and fatal among all malignancies, with a dismal 5-year relative survival rates of only 11%. Approximately 62,210 new pancreatic cancer cases are expected in the US in 2022 (1). Pancreatic ductal adenocarcinoma (PDAC) is the majority (90%) of pancreatic cancers. Most patients with pancreatic cancer are not suitable for curative surgery because of an advanced or metastatic stage at the time of diagnosis (2). Over the past decade, even the most advanced diagnostic tools, perioperative management, and systemic anti-tumor therapy for advanced disease have been developed but only modest improvements in patient outcomes (3). Therefore, early diagnosis, mechanisms of tumorigenesis, and anti-tumor strategies of pancreatic cancer have always been research hotspots.

Autophagy is an evolutionarily conserved catabolic mechanism that damaged organelles, aggregated proteins, cytoplasmic macromolecules, or pathogen are delivered to lysosomes for degradation, providing macromolecular precursors and energy, and ultimately recycled back into the cytosol for reuse (4–12). Based on diverse cellular functions, autophagy broadly encompasses three types: macroautophagy, microautophagy, and chaperone-mediated autophagy (13). Macroautophagy is the main autophagy process (hereafter autophagy) in which the autophagosome is newly formed by a double-membrane vesicle to sequester a variety of cellular cargo and transport this autophagic material to lysosomes for subsequent degradation (14, 15). Autophagy can be selective and non-selective depending on the way of sequestration of degradation targets. Non-selective autophagy is responsible for randomly engulfing cytoplasmic components into phagophores (the precursors to autophagosomes), whereas selective autophagy identifies and removes specific components. Selective autophagic degradation processes include mitophagy for damaged and/or superfluous mitochondria, aggrephagy for protein aggregates, ferritinophagy for the iron-sequestering protein ferritin, xenophagy for intracellular pathogens and the like (16–19). By contrast, microautophagy is responsible for directly engulfing cellular cargo by lysosomes (20). Finally, chaperone-mediated autophagy involves the direct translocation of specific cytosolic proteins (and possibly DNA and RNA) across the lysosomal membrane with the assistance of HSC70 and other co-chaperones (21, 22). In virtually all eukaryotic cells, autophagy occurs at a low basal level in physiological condition to maintain cellular homeostasis or regulate cellular functions (23, 24). Given the catabolic degradation function of autophagy, it is not surprising that dysregulation of autophagy has been associated with numerous human diseases, including cancers, neurodegenerative diseases, autoimmune disorders, and inflammatory diseases (25, 26). A total of 18,881 autophagy-related articles were published before 2019 and relevant research has dramatically risen in the past decade (27). Among which, the relationship between autophagy and cancer is one of the research hotspots. In 2011, Yang et al. reported that pancreatic cancers have a distinct dependence on autophagy (28). Then, hundreds of research articles have been published on autophagy of pancreatic cancer. Thus, it is urgently needed to collect and analyze the vast quantities of literatures on this topic.

Bibliometrics is a quantitative science based on large volumes of literatures. It can use of mathematical and statistical methods to comprehensively analyze the authors, keywords, journals, countries, institutions, citations, and their associations of selected publications, thus providing an objective evaluation of the dynamics and emerging trends in a research field or discipline (29). The visualization of bibliometric analysis can demonstrate the results in different forms and contribute to data interpretation, which make the results more intuitive and comprehensive (29, 30). This method has been widely used to assess various research domains, including medicine (31–33).

Previous bibliometric studies has focused on the research of autophagy (27), mitophagy (34), pancreatic cancer (35), tumor microenvironment of pancreatic cancer (36), and pancreatic neuroendocrine tumors (37). As a novel perspective, we conducted a bibliometric analysis based on literature related to autophagy of pancreatic cancer from 2011 to 2022. This study aims to present the global research features and hotspots, and forecast the emerging trends in that field, which may provide researchers with new clues and ideas in the field of autophagy and pancreatic cancer.



Materials and methods


Data screening and collection

Web of Science Core Collection (WOSCC) is the most frequently used database in bibliometric analysis (31). We retrieved and downloaded literature data in the WOSCC from Clarivate Analytics on June 10th, 2022. Primary search terms were “pancreatic cancer”, “pancreatic carcinoma”, “pancreatic ductal adenocarcinoma” and “autophagy” and detailed search strategy is provided in Supplemental File S1. The retrieval time was set from January 1st, 2011 to June 9th, 2022. The language was limited to English and the literature type we searched for was restricted to article or review article. Two authors (MY S and Q L) independently screened the search results and removed the paper that did not related to autophagy of pancreatic cancer by reading the title, abstract, and if necessary, the whole article. Different viewpoints would be resolved by negotiation or reviewed by an experienced corresponding author (XL O). The literature data was finally exported with the record content of “Full Record and Cited References” and downloaded in plain text format.



Data analysis and visualization

We used VOSviewer (version 1.6.18) to perform the bibliometric analysis based on the literature data. The annual output of publications related to autophagy of pancreatic cancer was plotted using GraphPad Prism (version 6.0.4).

VOSviewer is a free JAVA-based computer program developed by Van Eck and Waltman, which is used for constructing and generating bibliometric maps visually. It provides a variety of easy-to-interpret visualization maps, including network visualization, overlay visualization, and density visualization (38). In VOSviewer, the co-authorship network map of countries/organizations/authors, the overlay visualization map of the citation analysis of sources, the density map of the co-citation analysis of cited authors and the co-occurrence analysis of all keywords were built. The data analyzing flow chart can be seen from Figure 1.




Figure 1 | Flow chart of the data collection and analysis for research on autophagy of pancreatic cancer.






Results


Publication outputs and trend

According to our search strategy, a total of 616 publications on autophagy of pancreatic cancer were remained for bibliometric analysis, including 479 articles (77.8%) and 137 reviews (22.2%). The annual number of publications on the autophagy of pancreatic cancer from 2011 to 2022 (June 9th, 2022) is presented in Figure 2. Generally, the number of publications increased year by year and it dramatically raised from 11 in 2011 to 101 (including 66 articles and 35 reviews) in 2021, suggesting a gradually increased attention to autophagy of pancreatic cancer over the past 12 years. Moreover, as of June 9th, 2022, a total of 34 papers (including 31 articles and 3 reviews) have been published.




Figure 2 | The annual output of autophagy and pancreatic cancer from 2011 to 2022.





Countries and organizations

All included publications in the field covered 45 countries and 871 organizations. The output of China ranked the first with 260 (accounting for 42.2% of the total publications), followed by the United States (n=211, 34.3%), Italy (n=40, 6.5%), Germany (n=37, 6.0%) and Japan (n=37, 6.0%) (Table 1). However, among the top 10 countries, publications from China had a low average number of citations (25.35 times per paper), while the United States (63.9 times) was in first place by the average number of citations, followed by Italy (62.4 times), Germany (49.08 times), England (39.95 times) and France (39.18 times). Besides, a co-authorship network map of countries was built (Figure 3A) as the cooperation between different countries can be considered as a measure of international cooperation. Only the countries with a minimum of five publications were included and 25 countries were subsequently identified. China collaborated closely with the United States. The United States cooperated with 23 countries, ranked first, followed by Germany (n=12), Spain (n=11), China (n=10), Italy (n=10), and England (n=10).


Table 1 | The top 10 productive countries in the field of autophagy and pancreatic cancer.






Figure 3 | A visual map for VOSviewer network of countries and organizations related to autophagy of pancreatic cancer. (A) Country cooperation analysis. The total link strength was 241; the layout parameters: Attraction: 2, Repulsion: 1; (B) Organization cooperation analysis. The total link strength was 266; the layout parameters: Attraction: 4, Repulsion: -1. The circle size means the number of publications; the thickness of the line means the strength of the connection.



The top 11 active organizations based on publication number were listed in Table 2. The production from these organizations ranged 12 to 26 publications, accounting for 28.7% (177/616) of the total publications. Organizations from China and the United States account for 6 and 5 respectively. University of Texas MD Anderson Cancer Center contributed the most publications (n=26, 4.2%) with 2657 citations, followed by Fudan University (n=18, 2.9%) with 645 citations and China Medical University (n=18, 2.9%) with 310 citations. Publications from China organizations had also a low average number of citations. Notably, among the top 11 organizations, Dana-Farber Cancer Institute published a relatively low number of 12 papers related to autophagy of pancreatic cancer from 2011 to 2022. But it had the highest average number of citations (169.58 times). Five documents were set as a minimum for each organization to be analyzed; therefore, 58 of 871 organizations were included for network analysis (Figure 3B). The cooperation between organizations was a little stronger than that between countries based on the total link strength.


Table 2 | The top 11 productive organizations published literature related to autophagy of pancreatic cancer.





Analysis of journals and co-cited journals

A total of 263 academic journals published the 616 publications on autophagy of pancreatic cancer between 2011 to 2022. As is displayed in Table 3, the top 12 most frequent journals were distributed 153 papers, accounting 24.8% for all the obtained publications. The most productive journal has been Cancers with 23 papers (3.7% of the total), followed by Oncotarget (19, 3.0%), Frontiers in Oncology (15, 2.4%), Autophagy (13, 2.1%), and International Journal of Molecular Sciences (13, 2.1%). The top 3 journals with the highest total number of citations were Autophagy (982 citations), Oncotarget (841 citations), and Gastroenterology (713 citations). Among the top 12 journals, 66.7% (8/12) had an Impact Factor (IF) of more than five, and 66.7% (8/12) were at the Q1 JCR division. Besides, the journals (n=31) published a minimum of five publications were included in the overlay visualization map (Figure 4). The yellow nodes represented the emerging journals in recent 3 years. Cancers (IF=6.639, Q1), Frontiers in Cell and Developmental Biology (IF=6.684, Q2), Biomedicine & Pharmacotherapy (IF=6.53, Q1), and Cells (IF=6.6, Q2) were emerging journals publishing papers in the field of autophagy and pancreatic cancer.


Table 3 | The top 12 productive journals associated with autophagy of pancreatic cancer.






Figure 4 | The overlay visualization map of journals associated with research on autophagy of pancreatic cancer. The layout parameters: Attraction: 4, Repulsion: -1. The circle size means the number of publications; the circle colors mean the average published year.



Among 2719 co-cited journals, 14 journals had citations more than 500. As is shown in Table 4, Nature had the most co-citations up to 1415 times, followed by Cancer Research (1267 times), Autophagy (1238 times), and Cell (1116 times). Among the top 10 co-cited journals, 80% (8/10) had an IF of more than ten, 90% (9/10) were at the Q1 JCR division, and 80% (8/10) were from the United States.


Table 4 | The most co-cited journals associated with autophagy of pancreatic cancer.





Analysis of authors and co-cited authors

A total of 3,993 authors contributed the 616 included publications. The top author is defined as one who has published at least 5 papers and received over 600 citations. Finally, ten top authors were identified (Table 5). By the number of papers, Daolin Tang and Rui Kang published the most papers (n=18, respectively), followed by Alec C Kimmelman (n=16), Michael T Lotze (n=9), and Haoqiang Ying (n=7). Papers published by Alec C Kimmelman who comes from New York University had the highest total number of citations (3288 times). Notably, top authors all come from the United States. The authors (n=142) who had published with a minimum of three publications were entered into co-authorship network analysis of authors (Figure 5A). There were strong collaborations among authors who were in the same cluster/color, such as Daolin Tang, Rui Kang, and Michael T Lotze. However, sparse connection was observed among different clusters, indicating little cooperation between research groups.


Table 5 | The top 10 authors and most co-cited authors in the field of autophagy and pancreatic cancer.






Figure 5 | Authors and co-cited authors in the field of autophagy and pancreatic cancer. (A) The co-authorship network analysis of authors. The layout parameters: Attraction: 3, Repulsion: -1. The circle size means the number of publications; the thickness of the line means the strength of the connection; the circle colors mean different clusters; (B) The density map of co-cited authors. The layout parameters: Attraction: 2, Repulsion: 1. The color brightness means the frequency of occurrence.



A total of 20,319 authors were co-cited at least once. There were 50 authors who had been co-cited with a minimum of 40 times. They were included to make the density visualization which can intuitively display the most co-cited authors (Figure 5B). Specifically, SH Yang (n=227) was the most frequent co-cited authors, followed by N Mizushima (n=222) and RL Siegel (n=176). The remaining seven top authors were co-cited from 104 to 140 (Table 5).



Analysis of papers and co-cited references

Among the 616 papers in our study, 100 papers were cited more than 50 times. The most cited papers were summarized in Table 6. Four original articles by Shenghong Yang et al. (28), Andrea Viale et al. (39), Wen Hou et al. (40), and Cristovão M Sousa (41), with 957, 699, 594, and 531 citations, respectively, were ranked first, second, third and fourth. The remaining six studies [Mathias T Rosenfeldt 2013 (42); Rushika M Perera 2015 (43); Kirsten L Bryant 2014 (44), Jennifer A Kashatus 2015 (45), Annan Yang 2014 (46), and Conan G Kinsey 2019 (47)] were cited between 266 to 485 times. Also, four top cited articles were published in Nature.


Table 6 | The most cited papers in the field of autophagy and pancreatic cancer.



The results showed a total of 28,152 references were co-cited from 1 to 197. As is shown in Table 7, the most co-cited paper in the field of autophagy and pancreatic cancer by Shenghong Yang et al. (28), Mathias T Rosenfeldt et al. (42), and Annan Yang et al. (46), with 197, 96, and 86 citations, respectively, were ranked first, second, and third. The remaining eight top papers were co-cited from 54 to 73. Notably, the top 1 cited and co-cited paper was the same article published in Genes & Development by Shenghong Yang et al. in 2011 (28), entitled “Pancreatic cancers require autophagy for tumor growth”, indicating a wide influence and a highly proven peer recognition in the field.


Table 7 | The most co-cited papers in the field of autophagy and pancreatic cancer.





Analysis of keyword co-occurrence

The co-occurrence analysis of all keywords showed a total of 2668 keywords were extracted. The keywords with the same meaning were merged (Supplemental File S2), such as pancreatic cancer, cancer cells, beclin 1, etc. Table 8 listed the top 20 high-frequency co-occurrence keywords. These keywords may reveal the hotspots in the field of autophagy and pancreatic cancer. The most co-occurrence keyword was autophagy (n=419 co-occurrences), followed by pancreatic cancer (n=360), apoptosis (n=146), cancer (n=146), expression (n=111), growth (n=102), gemcitabine (n=101), inhibition (n=97), activation (n=80), cells (n=75), etc. According to Price’s Law, the keywords appeared over 15 times were used to build a network map to visualize keyword clusters (Figure 6A) and 69 keywords were finally identified. The network was divided into five clusters with different colors and it is highly homogeneous between the items in the same color. There were 24 items in cluster 1 (red), including activation, cancer, cells, growth, inhibition, metabolism, pathway, progression, degradation, inflammation, mechanisms, tumorigenesis, AMPK, beclin 1, mice, KRAS, p53, p62, phosphorylation, stress, etc. There were 13 items in cluster 2 (green), including tumor microenvironment, epithelial-mesenchymal transition, down-regulation, NF-kappa-B, stem-cells, tumor-suppressor, etc. There were 12 items in cluster 3 (blue), including apoptosis, cell death, death, endoplasmic-reticulum stress, in-vitro, induction, mitophagy, mTOR, oxidative stress, etc. There were 11 items in cluster 4 (yellow), including gemcitabine, survival, resistance, chemoresistance, chemotherapy, chloroquine, combination, hydroxychloroquine, hypoxia, therapy, etc. There were 9 items in cluster 5 (purple), including expression, proliferation, tumor-growth, identification, prognosis, invasion, metastasis, migration, and promotes.


Table 8 | The top 20 keywords related to autophagy of pancreatic cancer.






Figure 6 | Keywords related to autophagy of pancreatic cancer. (A) Network visualization of keywords drawn by VOSviewer. The layout parameters: Attraction: 2, Repulsion: 1. The circle size means the frequency of occurrence; the circle colors mean different clusters; (B) Overlay visualization of keywords drawn by VOSviewer. The layout parameters: Attraction: 2, Repulsion: 1. The circle size means the frequency of occurrence; the circle colors mean the average published year.



The overlay visualization map of the 69 keywords is showed in Figure 6B. The research focus can be intuitively observed by the evolution of high-frequency keywords over time. The yellow nodes represented the emerging keywords near 2019. Among which, the most co-occurrence keywords were resistance (n=49 co-occurrences), followed by tumor microenvironment (n=23), epithelial-mesenchymal transition (EMT) (n=22), mitophagy (n=21), and invasion (n=21). These keywords may become the future research hotspots in the field of autophagy and pancreatic cancer.




Discussion

In this study, we used VOSviewer software to perform a bibliometric analysis based on the literature related to autophagy of pancreatic cancer in WoSCC database from 2011 to 2022 (June 9th, 2022). A total of 616 studies were written by 3993 authors, covered 45 countries and 871 organizations, published in 263 journals and co-cited 28152 references from 2719 journals. Most of which are original articles (77.8%). An average of 45.70 references each publication were noted. The primary aim of the current study was to explore the global research features and hotspots and forecast the emerging trends which may be helpful to researchers in autophagy of pancreatic cancer field.

Overall, the annual publication output has dramatically increased from 11 in 2011 up to 101 in 2021 which reveals that attention has been increasing in autophagy of pancreatic cancer field over the past 12 years. Autophagy plays an important role in tumor pathogenesis and contributes to tumor growth (48, 49). The article published in Genes & Development (IF=11.361) by Shenghong Yang et al, in 2011 which confirmed that pancreatic cancers actually require autophagy for tumorgenic growth has been cited and co-cited the most frequently (28), indicating Shenghong Yang is an accomplished scholar in this field and his study is considered as the most fundamental and important study. Besides, it pointed chloroquine and its derivatives are powerful inhibitors of autophagy which could be used to treat pancreatic cancer patients (28). Therefore, more attention on the research of autophagy and pancreatic cancer field will be triggered (50).

As far as countries for publication of papers are considered, a bibliometric analysis of autophagy showed that China and the United States were the most productive countries (27). Again, one bibliometric study on mitophagy (34) and the other bibliometric study on pancreatic cancer research (35) arrived the same conclusion. Our results also showed that China and the United States were the most frequent publishers in the field of autophagy and pancreatic cancer. 76.5% of the total publications was contributed by China and the United States, far more than any other country. This phenomenon could be called “Matthew effect”. In the network visualization map, extensive cooperation was observed between countries with a minimum of five publications, indicating a widespread trans-national communication in the research of autophagy and pancreatic cancer. Specifically, China and the United States collaborated closely. The United States can play as the central role in the cooperation network map with its cooperation with 23 countries. Despite the United States, Germany, Spain, China, Italy, and England can also be suggested as minor cores as they cooperated with 12, 11, 10, 10, and 10 countries, respectively. However, China had a lower average number of citations than United States, Italy, Germany, England, France and Japan, and none of the top 10 cited and top 11 co-cited papers were written by Chinese scholars, implying the quality of studies written by Chinese scholars needs further improvement. In terms of organizations, China and the United States contributed six and five of the top 11 organizations, respectively. The number of average citations per papers of top 11 organizations was generally consistent with that of countries. Among which, Dana-Farber Cancer Institute had the highest average number of citations (169.58 times) among the top 11 organizations, and two high-frequency cited authors (Xiaoxu Wang and Joseph D Mancias) were from this institution, showing the high influence of its published articles. Besides, cooperation between countries were found to be a little sparser than those between agencies, indicating that international cooperation should be strengthened in this field. Notably, University of Texas MD Anderson Cancer Center, the most productive organization, collaborated most closely with many United States universities and research institutions, and also with Universities from China, such as China Medical University, Fudan University, Sun Yat-Sen University, Xi’an Jiaotong University, and Tongji University, showing that the United States and China collaborated closely between organizations.

When it comes to journals and co-cited journals, our results showed the journals published the most papers related to autophagy of pancreatic cancer were Cancers (n=23), Oncotarget (n=19), Frontiers in Oncology (n=15), Autophagy (n=13), and International Journal of Molecular Sciences (n=13). Among the top 12 journals, 66.7% had an IF of more than five, and 66.7% were at the Q1 JCR division. Nature (n=1415 times), Cancer Research (n=1267 times), Autophagy (n=1238 times), and Cell (n=1116 times) were the most high-frequency co-cited journals. Among the top 10 co-cited journals, 80% had an IF of more than ten, 90% were at the Q1 JCR division. These data indicated many high-quality and high-impact journals were particularly interested in and play a significant role in the field of autophagy and pancreatic cancer. Besides, it is worth noting that Cancers, the most productive journal, was also an emerging journal in recent 3 years, implying this journal was very pleasure to accept the researches in this field. Despite the most productive journals, Frontiers in Cell and Developmental Biology (IF=6.684, Q2), Biomedicine & Pharmacotherapy (IF=6.53, Q1), and Cells (IF=6.6, Q2) were the emerging journals that accepted related papers in recent 3 years. These results will also assist future scholars in selecting journals when submitting manuscripts associated to autophagy of pancreatic cancer.

A high citation frequency indicating a wide influence and a highly proven peer recognition in the field. In this bibliometric analysis, the top 10 most-cited papers were as follows (Table 6): Shenghong Yang et al. published “pancreatic cancers require autophagy for tumor growth (28)” in Genes & Development in 2011, which was the most cited paper (957 citations). This study reported that pancreatic cancers have a distinct dependence on autophagy. The second cited paper, “Oncogene ablation-resistant pancreatic cancer cells depend on mitochondrial function”, was published by Andrea Viale et al. (39) in Nature in 2014. This study illuminated a therapeutic strategy of combined targeting of the KRAS pathway and mitochondrial respiration to treat pancreatic cancer. The third cited paper, “Autophagy promotes ferroptosis by degradation of ferritin” was published by Wen Hou et al. (40) in Autophagy in 2016. This study found autophagy promotes ferroptosis by degradation of ferritin which provide novel insight into the interplay between autophagy and regulated cell death. The fourth cited paper was published by Cristovão M Sousa et al. (41) in Nature in 2016. It reported pancreatic stellate cells (PSCs)-derived alanine is an alternative fuel source that can sustain the growth of cancer cells in the tumor microenvironment. And alanine release in PSC is dependent on PSC autophagy which is mediated by cancer cells. The fifth cited paper was published by Mathias T Rosenfeldt et al. (42) in Nature in 2013. It showed the progression of pancreatic cancer is intrinsically associated with the status of p53 (a tumor suppressor gene). Inhibition of autophagy promotes cancer onset instead of blocking cancer progression in mouse model with oncogenic KRAS but without p53. The sixth cited paper was published by Rushika M Perera et al. (43) in Nature in 2015. This article reported MiT/TFE-dependent autophagy-lysosome activation is essential for pancreatic cancer growth, which is a novel hallmark of malignant tumor. The seventh cited paper was published by Turtle et al. (44) Kirsten L Bryant in Trends in Biochemical Sciences in 2014. This is a review presented oncogenic KRAS plays a critical role in controlling tumor metabolism by increasing autophagy and orchestrating other multiple metabolic changes. The eighth cited paper was published by Jennifer A Kashatus et al. (45) in Molecular Cell in 2015. This article illuminated the activation of Ras or MAPK pathway (the downstream biological process) leads to Mek-dependent phosphorylation of the GTPase Drp1 and subsequent mitochondrial fission. Inhibition of Drp1 or its phosphorylation blocks pancreatic cancer growth. The ninth cited paper was published by Annan Yang et al. (46) in Cancer Discovery in 2014. This article reported autophagy plays a central role in pancreatic cancer and showed that autophagy inhibition may have therapeutical effect on pancreatic cancer, independent of p53 status. The tenth cited paper was published by Conan G Kinsey et al. (47) in Nature Medicine in 2019. This article represented trametinib combined with hydroxychloroquine may be a new strategy to treat RAS-driven cancers. Besides, the most co-cited papers were listed in Table 7. These most co-cited studies have a major impact on autophagy of pancreatic cancer field. The first, second, third, sixth and seventh co-cited papers are the same as the first, fifth, ninth, fourth and sixth cited paper listed in Table 6. The eighth and ninth co-cited papers are about the epidemiology of cancers. The remaining 4 top co-cited articles are mainly about the role of autophagy in pancreatic cancer. Keywords represent the major topic of papers. To explore the global research features and hotspots, we constructed a co-occurrence analysis of all keywords in the field of autophagy and pancreatic cancer by VOSviewer. As autophagy broadly consists of macroautophagy, microautophagy, and chaperone-mediated autophagy, we individually searched for publications concerning the three types. The publication numbers were 18, 0, and 7, respectively. The content of the remaining publications was indistinguishable. Macroautophagy has been studied the most. The keywords appeared over 15 times were clustered into five main categories in the network visualization map (Figure 6A) which can intuitively show the direction and scope in this field. After reviewing and summarizing relevant researches, we found the keywords in cluster 1 (red) and cluster 5 (purple) mainly focused on the regulation mechanisms of autophagy in pancreatic cancer onset and progression. Among which, expression, growth, and inhibition could represent the research hotspots. In the top cite and co-cited papers, Shenghong Yang et al. reported pancreatic cancers required autophagy for tumor growth in 2011 (28), which is considered as the most fundamental and important study in this field. The other article published in Genes & Development by Jessie Yanxiang Guo et al. in 2011, reported activated oncogene HRAS or KRAS could increase basal autophagy which was essential to maintain human cancer cell survival in starvation and in oncogenesis (51). As KRAS mutation was found in 70~95% of PDAC patients (52), researches on the regulation of autophagy in Ras-expressing pancreatic cancer cells were rapidly increasing. Notably, Mathias T Rosenfeldt et al. showed Inhibition of autophagy promotes cancer onset instead of blocking cancer progression in mouse model with oncogenic KRAS but without p53 (42), suggesting a dual role of autophagy in pancreatic cancer progression (53, 54). In the transcriptional program, Rushika M Perera et al. presented MiT/TFE-dependent autophagy-lysosome activation is essential for pancreatic cancer growth, which is a novel hallmark of malignant tumor (43). Besides, Di Malta, C. et al. found transcriptional activation of Rag guanosine triphosphatases could control the mechanistic target of rapamycin complex 1 and regulate anabolic pathways related to nutrient metabolism, leading to excessive cell proliferation and tumor growth (55). Researches have also shown that autophagy supports the growth of pancreatic cancer through both cell-autonomous and nonautonomous pathways (56). These studies provide us insights into the role of autophagy in pancreatic cancer, which may be used to treat this malignant cancer in future. The keywords in cluster 2 (green) were mainly associated with the relationship between autophagy and tumor microenvironment as well as that between autophagy and EMT in pancreatic cancer. Notably, tumor microenvironment and EMT were the emerging keywords in recent years, indicating they may become the future hotspots in the field of autophagy and pancreatic cancer. Hypoxic tumor microenvironment is characterized as a hallmark of pancreatic cancer (57). Increased autophagy flux may mediate the survival of pancreatic cancer stem cells (CSCs) under a hypoxic tumor microenvironment. The inhibition of autophagy converts survival signaling to suicide and finally suppresses cancer development in mouse models (58). Besides, a top cited and co-cited paper published in Nature by Cristovão M Sousa et al. in 2016, reported PSCs-derived alanine is an alternative fuel source that can sustain the growth of cancer cells in the tumor microenvironment. And alanine release in PSC is dependent on PSC autophagy which is mediated by cancer cells (41). Despite of CSC and PSC, immune cells, endothelial cells, and fibroblasts may also promote tumor progression through the metabolic crosstalk with malignant cells in the tumor microenvironment (59), the role of autophagy in tumor microenvironment needs further study. In terms of EMT, it is a trans-differentiation process in which epithelial cells acquire mesenchymal features that promote the invasion and metastasis of cancers (60). Enhanced autophagy induced by HIF-1 alpha was reported to promote EMT and the metastatic ability of pancreatic CSCs (61). In RAS-mutated pancreatic cancer cells, the inhibition of autophagy activated the SQSTM1/p62-mediated NF-kappa-B pathway, subsequently enhancing EMT which finally promoted cancer invasion (62). This broadens the horizon for the research of the dual role of autophagy in pancreatic cancer. The keywords in cluster 3 (blue) were mainly related to the role of autophagy in the apoptosis of pancreatic cancer cells. Apoptosis represents a type of programmed cell death that can remove the damaged cells orderly and efficiently (63). Targeting apoptosis is a common therapy strategy for PDAC. However, the cancer cells can establish various mechanisms to reduce apoptosis, including autophagy (64). For example, mitochondrial uncoupling protein 2 (UCP2) plays an essential role in tumorigenesis and development. UCP2 induces autophagy through enhancing Beclin 1 and inhibiting the AKT-MTOR pathway, leading to anti-apoptosis effects or inhibiting other types of cell death in a reactive oxygen species (ROS)-dependent mechanism (65), implying an anti-apoptosis role of autophagy. Eicosapentaenoic acid, a common omega-3 fatty acid, can not only induce autophagy but impair its anti-apoptosis ability in pancreatic cancer cells (66). Ubiquitin specific peptidase 22 (USP22) is an epigenetic regulator, it was reported USP22 induced autophagy by activating MAPK1, thereby promoting cell proliferation and gemcitabine resistance in pancreatic cancer cell lines (67). As discussed above, CSCs and PSCs sustain tumor growth depend on autophagy. Studies have reported inhibiting autophagy also triggers apoptosis in CSCs and PSCs (58, 68). These studies indicate that chemotherapy combined the regulation of autophagy could be a potential future direction in treating pancreatic cancers. Besides, mitophagy is an emerging keyword in this cluster. It is reported mitophagy involved the cell death and modulation of metabolism in pancreatic cancer. Again, mitophagy plays a double-edged action in the regulation of the antitumor efficacy of certain cytotoxic agents (69). The keywords in cluster 4 (yellow) were mainly about the autophagy regulation in the treatment of pancreatic cancer. Autophagy is an essential catabolic mechanism in pancreatic cancer onset and progression. The inhibitions of autolysosome formation, a lysosomotropic agent named chloroquine (CQ) and a V-ATPase inhibitor named bafilomycin A1, were reported to suppress tumorigenic growth of pancreatic cancers alone (28). However, a phase II and pharmacodynamic study showed hydroxychloroquine (HCQ, an inhibitor of autophagy) monotherapy did not result in a consistent autophagy inhibition as evaluated by peripheral lymphocytes LC3-II levels and achieved negligible benefits in previously treated patients with metastatic pancreatic cancer (70). The dual role of autophagy in pancreatic cancer makes it difficult to be a therapeutic target alone (54). Therefore, most studies focused on combination therapy for treating pancreatic cancer by inhibiting [e.g., CQ or bafilomycin A1 (28), DQ661 (71)] or inducing [Quercetin (72), Demethylzeylasteral (73)] autophagy to increase therapeutic efficacy of gemcitabine or other antitumor drugs. As mentioned above, activation of autophagy has led to gemcitabine resistance by inhibiting apoptosis in the treatment of PDAC patients. A recent randomized phase II preoperative study reported resectable pancreatic adenocarcinoma patients treated by gemcitabine and nab-paclitaxel with HCQ resulted in an evidence of autophagy inhibition and immune activity and achieved greater pathologic tumor response and lower CA199 levels than patients treated by gemcitabine and nab-paclitaxel alone (74). Alternatively, autophagy induction may result in an antitumor efficacy through autophagy-mediated metabolic stress or injury. For instance, combined therapy with Demethylzeylasteral and gemcitabine induces autophagic cell death and demethylzeylasteral could increases the chemosensitivity to gemcitabine in treating pancreatic cancer (73). These results suggest autophagy-related drugs play a complex role in pancreatic cancer chemotherapy. As discussed above, the current research related to autophagy of pancreatic cancer mainly about basic research and clinical application. The focus of scholars has gradually switched from basic research to clinical application. The hot topics in current research have always been the mechanisms of autophagy in tumor onset and progression, the role of autophagy in tumor apoptosis, and autophagy-related drugs in treating pancreatic cancer (especially combined therapy). The emerging topics mainly focused on chemotherapy resistance mediated by autophagy, tumor microenvironment related to autophagy, autophagy-depended EMT, mitophagy, and the role of autophagy in tumor invasion, that may become the main future direction in the field of autophagy and pancreatic cancer.

Our study first conducted a bibliometric analysis related to autophagy of pancreatic cancer, providing an objective and intuitive evaluation of the research features and hotspots and forecasting the emerging trends in that field. Admittedly, this study has some limitations. First, we collected the literature data only from WOSCC database and the related papers from other sources may be neglected. Secondly, the literature language was limited to English, that may result in the source of bias. Thirdly, since the total number of citations depends on various factors (e.g., time of publication, journal, research area), the number of citations may not accurately represent the impact of a paper, and some recent landmark papers may have been omitted.



Conclusion

This study showed research activities were multiplying in the field of autophagy and pancreatic cancer. China and the United States were the most frequent publishers and collaborated closely in this field. Cancers published most papers in this field and was very pleasure to accept the related researches. We have also listed the most cited and co-cited papers and authors. Importantly, the mechanisms of autophagy in tumor onset and progression, the role of autophagy in tumor apoptosis, and autophagy-related drugs in treating pancreatic cancer (especially combined therapy) were the research hotspots. The emerging topics were chemotherapy resistance mediated by autophagy, tumor microenvironment related to autophagy, autophagy-depended EMT, mitophagy, and the role of autophagy in tumor invasion. These results undoubtedly provide scholars with new clues and ideas in the field of autophagy and pancreatic cancer.
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Objectives

To assess the utility of Dual-layer spectral-detector CT (DLCT) in predicting the pT stage and histologic grade for colorectal adenocarcinoma (CRAC).



Methods

A total of 131 patients (mean 62.7 ± 12.9 years; 72 female, 59 male) with pathologically confirmed CRAC (35 pT1-2, 61 pT3, and 35 pT4; 32 high grade and 99 low grade), who received dual-phase DLCT were enrolled in this retrospective study. Normalized iodine concentration (NIC), slope of the spectral HU curve (λHU), and effective atomic number (Eff-Z) were measured for each lesion by two radiologists independently. Intraobserver reliability and interobserver agreement were assessed. The above values were compared between three pT-stage and two histologic-grade groups. The correlation between the pT stages and above values were assessed. Receiver operating characteristic (ROC) curves were calculated to evaluate the diagnostic efficacy.



Results

Intra-class correlation coefficients were ranged from 0.856 to 0.983 for all measurements. Eff-Z [7.21(0.09) vs 7.31 (0.10) vs 7.35 (0.19)], NICAP [0.11 (0.05) vs 0.15 (0.08) vs 0.15 (0.08)], NICVP [0.27 (0.06) vs 0.34 (0.11) vs 0.35 (0.12)], λHUAP [1.20 (0.45) vs 1.93 (1.18) vs 2.37 (0.91)], and λHUVP [2.07 (0.68) vs 2.35 (0.62) vs 3.09 (1.07)] were significantly different among pT stage groups (all P<0.001) and exhibited a positive correlation with pT stages (r= 0.503, 0.455, 0.394, 0.512, 0.376, respectively, all P<0.001). Eff-Z [7.37 (0.10) vs 7.28 (0.08)], NICAP[0.20 (0.10) vs 0.13 (0.08)], NICVP[0.35 (0.07) vs 0.31 (0.11)], and λHUAP [2.59 (1.11) vs 1.63 (0.75)] in the high-grade group were markedly higher than those in the low-grade group (all P<0.05). For discriminating the advanced- from early-stage CARC, the AUCs of Eff-Z, NICAP, NICVP, λHUAP, and λHUVP were 0.83, 0.80, 0.79, 0.86, and 0.68, respectively (all P<0.001). For discriminating the high- from low-grade CARC, the AUCs of Eff-Z, NICAP, NICVP, and λHUAP were 0.81, 0.81, 0.64, and 0.81, respectively (all P<0.05).



Conclusions

The quantitative parameters derived from DLCT may provide new markers for assessing pT stages and histologic differentiation in patients with CRAC.





Keywords: colorectal neoplasms, tomography, X-ray computed, pathology, neoplasm staging



Highlights

	CRAC with higher quantitative parameters was associated with more aggressive characteristics.

	Eff-Z, NICAP, and λHUAP demonstrated moderate positive correlations with the pT stages (r= 0.503, 0.455, 0.512, respectively).

	Eff-Z, NICAP, and λHUAP exhibited excellent diagnostic capability for predicting advanced-stage or high-grade CRAC (all AUCs≥0.80).





Introduction

Colorectal cancer (CRC) is the third most common cancer and the second-largest cause of cancer-related death globally. In recent years, the incidence and mortality rates of CRC have shown an increasing trend in people aged under 50 years (1, 2). Tumor-node-metastasis (TNM) stage and histologic grade are significant predictors of survival for patients with CRC (3, 4). Patients with locally advanced colorectal cancer (pathological T3/T4) had a decreased 5-year survival rate compared with those at the early stage (5). In addition, poorly differentiated CRC shows an increased risk of recurrence and a progressively poor prognosis (3, 4).

The choice of therapeutic strategies for CRC patients3is highly dependent on the preoperative stage and tumor ocation. According to the National Comprehensive Cancer Network (NCCN) Clinical Practice Guidelines, neoadjuvant chemoradiotherapy followed by surgery is the preferred modality for locally advanced rectal cancer (below the peritoneal reflection) (5). Although neoadjuvant chemotherapy is not currently a standard treatment for colon cancer, it still has many potential advantages for T3/T4 tumors, including tumor downstaging, reduction in high-risk features of resected tumors, and achieving R0 (margin negative) resection (6–9). Additionally, the Asian Guidelines recommend central lymphadenectomy in selected T2 and all T3/T4 colon cancers (10, 11). Therefore, the correct preoperative identification of advanced-stage CRC would be valuable for determining the most appropriate treatment decision, particularly for high-risk patients, such as those with poor histologic differentiation.

Various imaging modalities have been used for evaluating tumor stage qualitatively, including endoscopic ultrasonography (EUS), multi-detector row computed tomography (MDCT), and magnetic resonance imaging (MRI). The assessment of tumor stage with EUS is well validated, but EUS has two significant limitations: over-staging T2 tumors and inapplicability to stenotic tumors (12). MDCT has been recommended by many current guidelines due to its rapid scanning and thin slices. However, the diagnostic performance is unsatisfactory for tumor staging between radiological stage and pathological results, with an overall consistent rate of 60% ~70% (13–15). Compared to MDCT, MRI has excellent soft-tissue resolution (16). Nevertheless, it is still rather difficult to differentiate fibrosis-induced desmoplastic reaction (pathological T2) from fibrosis-containing tumor cells (pathological T3) (17, 18). Furthermore, the accuracy of analysis with the above imaging modalities depend on the experience of the radiologists, lacking objective and quantitative indicators.

Recently, dual-layer spectral-detector CT (DLCT) has been developed as a novel imaging technology for characterizing different materials by their energy-dependent attenuation properties. In contrast to dual-source or fast kV switching techniques, DLCT employs two layers of detectors to absorb and differentiate high and low energy simultaneously with perfect spatial and temporal alignment. This detector-based spectral separation technique can keep the data intact and improve the accuracy of energy spectrum analysis without altering clinical workflow or increasing radiation exposure (19, 20). Previous studies have suggested that DLCT can enhance the visualization of colorectal lesions, distinguish intra- and extra-luminal iodine or calcium from ingested material, and improve computed tomography (CT) virtual colonography via electronic cleansing (21–23). For instance, Obmann MM et al. showed that DLCT could improve polyp conspicuity and reader confidence in a CT colonography phantom, superior to a conventional 120-KVp CT (21). In Wang and colleagues’ research, iodine concentration (IC) and normalized IC (NIC) derived from DLCT were verified to be helpful in assessing local colonic wall thickening caused by colon neoplasia (22). Spectral data appear to be promising for evaluating the pathological prognostic factors of gastrointestinal tumors and providing a differential diagnosis. We hypothesized that the poorly differentiated or advanced stages CRC may present with relatively higher quantitative parameters derived from DLCT due to the numerous tumor angiogenesis or increased tumor heterogeneity. However, evidence of DLCT’s efficacy in differentiating pathological tumor (pT) stage and histologic grade for CRC is still lacking.

Therefore, this study aimed to explore the correlation between the DLCT quantitative parameters and the prognostic factors in colorectal adenocarcinoma (CRAC), further investigating the diagnostic performance of those parameters in the differentiation of advanced-stage from early-stage and high-grade from low-grade CRAC.



Materials and methods


Participants

In this study, 131 CRAC patients demonstrated by pathology were retrospectively enrolled between May 2021 and March 2022. All patients signed informed consent forms according to our institutional guidelines. The inclusion criteria were the following: (a) the presence of tubular adenocarcinoma in the colon or rectum as supported by pathology; (b) complete pathological information, including pT staging and histologic grade; (c) complete clinical information,including carcinoembryonic antigen (CEA) and carbohydrate antigen (CA) 19-9 levels. The exclusion criteria were the following: (a) received preoperative chemotherapy or radiation therapy; (b) poor image quality with motion or metal artifacts; (c) time interval between CT examination and surgery > 1 week. Figure 1 provides a flowchart showing the patient-selection process.




Figure 1 | Flowchart of patient selection. CRAC, colorectal adenocarcinoma; DLCT, dual-layer spectral-detector CT.





Dual-layer spectral-detector CT imaging protocol

CT was performed using a DLCT (IQon spectral CT, Philips Healthcare, Best, the Netherlands) with a nonenhanced and dual-phase contrast-enhanced scan in a craniocaudal direction and the supine position. The patients were injected with a nonionic contrast agent (ultrafast 370, Bayer Healthcare, Guangzhou, China) intravenously by a high-pressure injector at a rate of 2.5 mL/s, with a total dose of 80~120ml (1.5 ml/kg of body weight). Arterial phase (AP) images were triggered by bolus-tracking when the attenuation in the abdominal aorta reached 150 HU. Venous phase (VP) images were acquired 40 seconds after the AP. The scan range comprised the upper edge, including the diaphragm, and the lower, surpassing the symphysis pubis.

The scanning parameters were as follows: tube voltage, 120 kV; tube current, automated modulation with Dose Right Index 22; collimation, 0.6 × 64 mm; rotation time, 0.4 seconds; helical pitch, 1.1.



Image generation and quantitative analysis

The conventional images and quantitative spectral analysis were performed using IntelliSpace Portal software (Version 10.0; Philips Healthcare). The spectral-based image data were post-processed to generate different image types: (a) iodine density images (iodine map); (b) effective atomic number (Eff-Z) images; (c) virtual mono-energetic images (VMI). All the images were reconstructed with 1mm slice thickness and 1 mm interval.

Two radiologists with more than ten years of experience in gastrointestinal imaging (YY and LM), to whom the clinical and pathological information were not disclosed, evaluated the data independently according to the following steps. First, the 40keV VMI axial images obtained in the arterial and VP were selected to identify tumor margin. Second, a freehand ROI was manually drawn around the edge of the tumor, avoiding fat, necrosis, vessels, and calcification.

The above measurements were performed on each slice of the entire tumor, and the average values of all the ROIs were calculated to minimize the measurement bias. Third, CT values of lesions at 40 and 100keV, and IC of the lesion, abdominal aorta, or external iliac artery were measured on the corresponding spectral images obtained at arterial and VP. The Eff-Z value of tumors was measured on Eff-Z images (pre-contrast phase).

The NIC of tumor and slope of the spectral HU curve (λHU) were calculated at arterial and VP, respectively, according to the following formulas:

	

	

All original measured data were tested for consistency. The final results were expressed as the average values of the obtained data.



Histopathologic analyses

All patients were operated upon within one week after the DLCT examination. The tumor specimens were further assessed with both HE and immunohistochemical staining by a gastrointestinal pathologist with 12 years of experience in the field (XHD). The evaluation of TNM stages and pathological factors was based on the eighth edition of the American Joint Committee on Cancer Staging system. Tumour grade was classified as grade 1 (well differentiated, greater than 95% gland formation), grade 2 (moderately differentiated, 50%~95% gland formation), or grade 3 (poorly differentiated, less than 50% gland formation). According to two tiered grading system of WHO criteria, the tumors were classified as either low- (G1 and G2) or high-grade CRAC (G3).



Statistical analysis

Intraobserver reliability and interobserver agreement were determined using the intra-class correlation coefficient (ICC). ICCs are considered to provide adequate reliability if they are higher than 0.75. The normal distribution of quantitative variables was assessed using the Kolmogorov-Smirnov test. Continuous variables are presented as mean ± standard deviation (SD) or median with interquartile range (IQR), as appropriate. The Chi-square test was used to evaluate the enumeration data. The Student’s t-test, one-way analysis of variance (ANOVA), Mann-Whitney U test, or Kruskal-Wallis ANOVA test was used to compare the quantitative parameters between two groups by histologic grades (high and low) and three groups by pT stages (pT1-2, pT3, and pT4). The Bonferroni method was used to correct the p-value for multiple comparisons. Spearman correlation analysis was performed to assess the correlation between the pT stages and DLCT parameters quantitatively: weakly correlated: 0~0.40, moderately correlated: 0.41~0.75, strongly correlated: 0.76~1.00. A receiver operating characteristic (ROC) curve was generated to evaluate the diagnostic efficacy of each parameter for differentiating advanced- (pT3/4) from early-stage (pT1/2) and high- from low-grade CRAC. A comparison of ROC curves was applied to test the significance of differences between the area under ROC curves (AUCs).

Statistical analyses were performed using SPSS Statistics 22.0 and MedCalc12.7.2 software. All tests were two sided, and p-values lower than 0.05 were considered significant.




Results


Comparison of patients’ clinical-pathological characteristics between different pT stages and histologic grades

One hundred and thirty-one patients (male 59, female 72; median age 62.7 ± 12.9 years, range 25~91 years) without distant metastasis were enrolled in the study. According to the postoperative pathological results, the distribution of primary tumor (pT stage) was: pT1-2 (n=35), pT3 (n=61), and pT4 (n=35). Due to inaccurate assessment of preoperative tumor staging, the patients with pT3~4 rectal adenocarcinoma received surgery directly instead of preoperative chemotherapy or radiation therapy. Thirty-two patients had low-grade tumors, and 99 patients had high-grade tumors.

There was a significant difference in the aspect of pN stage among different pT stages and histological grades (all P<0.05). CA19-9 and CEA levels markedly varied among different pT stages (all P<0.05).

The patients’ clinical-pathological characteristics between different pT stages and histologic grades are shown in Table 1.


Table 1 | Clinical pathological characteristics on 131 CRAC.





Intraobserver reliability and interobserver agreement

The intraobserver reliability and interobserver agreement of DLCT parameter measurement were excellent. The range of 95% confidence interval (CI) for intraobserver reliability were 0.877 to 0.992. The range of 95% CI for intreobserver agreement were 0.739 to 0.983 (Table 2).


Table 2 | Intraobserver reliabilty and interobserver agreement of DLCT parameter measurement.





Comparison of DLCT parameter values between different pT stages and histologic grades

Based on the Kolmogorov-Smirnov test, all of the quantitative parameters showed non-normal distributions (all P<0.05).The Eff-Z values of tumors at the pT1-2, pT3, and pT4 stages were significantly different [7.21(0.09) vs 7.31 (0.10) vs 7.35 (0.19), P<0.001, respectively]. The NICAP and λHUAP values of the tumors were significantly different among pT1-2, pT3, and pT4 stages [0.11 (0.05) vs 0.15 (0.08) vs 0.15 (0.08); 1.20 (0.45) vs 1.93 (1.18) vs 2.37 (0.91), P<0.001, respectively]. The NICVP and λHUVP values of the tumors were significantly different among pT1-2, pT3, and pT4 stages [0.27 (0.06) vs 0.34 (0.11) vs 0.35 (0.12); 2.07 (0.68) vs 2.35 (0.62) vs 3.09 (1.07), P<0.001, respectively]. Tumors at the pT4 stage demonstrated higher Eff-Z, NICAP, λHUAP, and NICVP values than pT1-2 tumors, and higher λHUVP values than pT1-2 and pT3 tumors (Table 3, Table S1, Figures 2–4).


Table 3 | Comparison DLCT parameter values between different pT stages and histologic grades, and the correlations with pT stages.






Figure 2 | Box and whisker plots of (A) effective atomic number (Eff-Z) in pre-contrast phase, (B) normalized iodine concentration (NIC) in arterial and venous phase (VP), (C) spectral HU curve (λHU) in arterial and VP of different pathological tumor (pT) stage colorectal adenocarcinoma (CRAC); (D) Eff-Z in pre-contrast phase, (E) NIC in arterial and VP, (F) λHU in arterial and VP of high- and low-grade CRAC. Boxes show the upper and lower quartiles, and horizontal lines within boxes indicate median values. Whiskers represent the 95th and fifth percentiles. High- and low-grade CRAC showed no difference in λHU from VP (P>0.05), whereas differences in the rest of quantitative parameter values were observed between different pT stages and histologic grades (all P<0.05).






Figure 3 | 59-year-old man with pathological tumor stage 2 and grade 1 rectal adenocarcinoma, who underwent preoperative dual-layer spectral-detector CT. (A) Axial arterial phase (AP) contrast-enhanced image shows irregular wall thickening of the rectum. (B) 40 keV virtual mono-energetic image (VMI) in AP shows apparent contrast enhancement between the lesion and surrounding tissue. (C) Iodine map in AP shows the lesion with an iodine concentration (IC) value of 0.33 mg/ml; the external iliac artery at the same slice with an IC value of 8.29 mg/ml; a normalized iodine concentration(NIC) value of lesion was 0.04 in AP. (D) Effective atomic number (Eff-Z) images in the pre-contrast phase shows the colorful lesion with an Eff-Z value of 7.20. (E) Sagittal reconstruction 40 keV VMI shows the tumor located in upper rectum (arrow). (F) H E staining demonstrates the tumor is mostly composed of gland-forming elements (×40). (G) The tumor cells invade the muscularis propria (×40).






Figure 4 | 61-year-old man with pathological tumor stage 3 and grade 3 colon adenocarcinoma, who underwent preoperative dual-layer spectral-detector CT. (A) Axial arterial phase (AP) contrast-enhanced image shows an irregular mass of the descending colon. (B) 40 keV virtual mono-energetic image (VMI) in AP shows apparent contrast enhancement between the lesion and surrounding tissue. (C) Iodine map in AP shows the lesion with an iodine concentration (IC) value of 1.13 mg/ml; the external iliac artery at the same slice with an IC value of 5.47 mg/ml; a normalized iodine concentration (NIC) value of lesion was 0.21 in AP. (D) Effective atomic number (Eff-Z) images in the pre-contrast phase shows the colorful lesion with an Eff-Z value of 7.39. (E) Coronal reconstruction 40 keV VMI shows the tumor located in descending colon. (F) H E staining demonstrates the tumor with a minor glandular component (×40). (G) The tumor cells invade beyond the muscularis propria (×40).



The Eff-Z, NICAP, λHUAP and NICVP values were significantly different between high- and low-grade CRAC [7.37 (0.10) vs 7.28 (0.08), P<0.001; 0.20 (0.10) vs 0.13 (0.08), P<0.001; 2.59 (1.11) vs 1.63 (0.75), P<0.001; 0.35 (0.07) vs 0.31 (0.11), P=0.015]. High- and low-grade tumors showed no difference in λHUVP values [2.40 (0.82) vs 2.35 (0.84), P=0.902] (Table 3, Figures 2–4).



Correlation between DLCT parameters and pT stages

The Eff-Z, NICAP, and λHUAP values demonstrated a moderate positive correlation with the pT stages (r=0.503, P<0.001; r=0.455, P<0.001; r=0.512, P<0.001, respectively). The NICVP and λHUVP values showed a weak correlation with the pT stages (r=0.394, P<0.001; r=0.376, P<0.001, respectively) (Table 3).



Diagnostic performance of Eff-Z, NICAP, λHUAP, NICVP, and λHUVP values for discriminating advanced- from early-stage CRAC

For discriminating the advanced- from early-stage CRAC, the AUCs of the Eff-Z, NICAP, and λHUAP values were 0.826 [(95% CI: 0.750~0.887), P<0.001], 0.803 [(95% CI: 0.724~0.867), P<0.001], and 0.859 [(95% CI: 0.787~0.913), P<0.001], respectively. The AUCs of NICVP, and λHUVP were 0.793 [(95% CI: 0.713~0.859), P<0.001] and 0.682 [(95% CI: 0.595~0.760), P<0.001], respectively. Further pairwise comparisons showed that the AUCs of the Eff-Z, λHUAP, and NICVP values were significantly higher than that of λHUVP (all P<0.05) (Table 4, Table S2, Figure 5A).


Table 4 | Performance of DLCT parameters in differentiating advanced- from early-stage CRAC.






Figure 5 | Receiver operating characteristic curves for predicting high-grade (A) and advanced-stage and (B) CRAC. Details of the area under the curves of each metric are shown in the results section. CRAC, colorectal adenocarcinoma.



According to the AUC, the cut-off values of the mean Eff-Z, NICAP, and λHUAP were 7.26 (with 81.25% sensitivity, 74.29% specificity), 0.10 (with 89.58% sensitivity, 60.00% specificity), and 1.50 (83.33% sensitivity, 77.14% specificity), respectively. The cut-off value for the NICVP and λHUVP were 0.32 (with 60.42% sensitivity, 85.71% specificity) and 2.10 (with 75.00% sensitivity, 54.29% specificity) (Table 4, Figure 5A).



Diagnostic performance of Eff-Z, NICAP, λHUAP, and NICVP values for discriminating high- from low-grade CRAC

For discriminating high- from low-grade CRAC, the AUCs of the Eff-Z, NICAP, λHUAP and NICVP were 0.812 [(95% CI: 0.735~0.875), P<0.001], 0.805 [(95% CI: 0.726~0.869), P<0.001], 0.815 [(95% CI: 0.738~0.877), P<0.001], and 0.643 [(95% CI: 0.555~0.725), P<0.001], respectively. Further pairwise comparisons showed that the AUCs of the Eff-Z, λHUAP, and NICAP values were significantly higher than that of NICVP (all P<0.01) (Table 5, Table S3, Figure 5B).


Table 5 | Performance of DLCT parameters in differentiating high- from low-grade CRAC.



The cut-off values of the mean Eff-Z, NICAP, λHUAP and NICVP were 7.31 (with 90.62% sensitivity, 76.77% specificity), 0.16 (with 68.75% sensitivity, 74.75% specificity), 1.86 (93.75% sensitivity, 64.65% specificity), and 0.31 (with 78.12% sensitivity, 52.53% specificity), respectively (Table 5, Figure 5B).




Discussion

Pathological tumor stage and histologic differentiation are the most critical factors for CRAC prognosis (3, 24) and may wanrrant different management approaches (6–11). In this study, we evaluated and compared the relationship between quantitative parameters derived from DLCT and pathological tumor stages and histologic differentiation in patients with CRAC. We found that CRAC with higher quantitative parameters (Eff-Z, NICAP, λHUAP, NICVP) was associated with more aggressive characteristics (advanced pT stage, poor histologic differentiation), and exhibited a positive correlation with pT stage. Eff-Z, NICAP, and λHUAP values could successfully distinguish advanced- from early-stage tumors and high- from low-grade CRAC.

To derive the imaging measures, the ROIs were created on each CT slice of the entire tumor. This approach may well reflect the characteristic and heterogeneity of the CRAC. Besides, considering that the physiological distributions of IC in individuals would affect the iodine perfusion (25, 26), we compared the gender and age in the two groups (pT-stage and histologic-grade subgroups) to reduce the bias caused by the two factors. We found no significant differences regarding the gender and age in these two groups.

We observed that the quantitative parameters (Eff-Z in pre-contrast phase, λHUAP) increased significantly in the advanced pT stage or high-grade CRAC. Eff-Z, which describes the nature of material or compound interactions with radiation (27, 28), can discriminate and reflect the characteristics of material more accurately than attenuation in HU (29). The Eff-Z of cancerous tissue differs from healthy tissue because of the different trace element concentrations in tumor tissues (30). In most tumors, Eff-Z is consistently higher than healthy tissue, as verified by many studies (31, 32). Additionally, Eff-Z can reflect material heterogeneity. λHU describes the attenuation changes of different materials as a function of the energy spectrum of x-ray photons, which is associated with material composition, density, and interactions between photon energies and material (33, 34). We hypothesized the higher Eff-Z in the plain phase and λHUAP values in aggressive CRAC (e.g., advanced T stage, high grade) may be attributed to increased tumor heterogeneity, where tumor tissue exhibited nuclear pleomorphism and abnormal elemental composition. The spectral curve of the lesion was also affected by the iodinated contrast agent. Higher iodine intake within the tumor leads to a steeper spectrum HU curve slope due to more tissue attenuation of X-rays (35). Besides, it is worth noting that Eff-Z value in the tumor tissue is changed by contrast material after enhancement. The addition to a tumor with a high atomic number element, such as iodine, shifts the linear attenuation coefficients and effective atomic number of that tumor significantly.

Many studies have suggested that IC can reflect blood volume, microvascular permeability, and tissue neovascularization (36–39). In this study, to minimize technical or physiological variabilities, such as injection rate and dose of contrast agent, and individual cardiac output differences, we used NIC values to assess the lesion iodine content. We found that both NIC in AP and VP are significantly higher in the advanced pT stage or high-grade CRAC. According to the acquisition time of our abdomen CT, the AP was triggered by bolus-tracking when the attenuation in the abdominal aorta reached 150 HU, and the VP followed at intervals of 40 seconds. Hence, the AP NIC mainly reflects the degree of neovascularization in CRAC, while the VP NIC represent the microcirculation of the tumor and distribution of contrast media within interstitial spaces (40). Neovascularization is of utmost importance for tumor growth and invasion. Studies have demonstrated an increased micro-vessel density (MVD) in tumors with poor histologic differentiation and poor prognoses (41, 42). MVD is a surrogate marker that reflects tumor angiogenesis and has a significant positive correlation with IC (43). Advanced-stage or high-grade CRAC presents increased angiogenesis and abnormal microvascular permeability, leading to higher NIC values. Our results agreed with those of Cao et al. and Gong et al., who used rapid kV switching dual-energy CT (Discovery 750 HD, GE) to evaluate the colon cancer differentiation degree (44, 45). They showed that the IC and NIC of high-grade colon cancer were significantly higher than that of low-grade colon cancer; Therefore, quantitative parameters of iodine concentration can provide helpful information in distinguishing low- from high-grade colorectal cancer.

We found that the quantitative parameters (Eff-Z in pre-contrast phase, both NIC and λHU in AP) manifested good diagnostic performances in diagnosing pathological tumor stage and histologic grades in CRAC (all the AUCs≥0.80). Notably, we found that the most valuable quantitative parameters were obtained in the AP rather than the VP, in accordance with Li R and colleagues’ results, who found that the NIC value in the AP gave a relatively high diagnostic performance in discriminating poorly differentiated from well-differentiated gastric cancers (46). Previous studies have shown that the AP IC has the strongest correlations with quantitative volume perfusion CT parameters (47), potentially explaining why the AP parameters had the highest discriminating power for differentiating the above pathological factors in CRAC. Conversely, the ability of some metrics to discriminate tumor stages or histologic grades of CRAC was unsatisfactory, such as λHUVP and NICVP, with an AUC of 0.68 and 0.64, respectively. The following two reasons might interpret the results. First, these quantitative parameters obtained in the VP can’t reflect the tumour’s blood supply or heterogeneity accurately. Second, the sample size was relatively small. Expanding the sample size may improve the diagnostic performance of the two parameters.

The present study had some limitations. First, ROI included the entire tumour, but it may not completely match the microscopic histological sample. Second, other rare histologic types were not included, such as mucinous adenocarcinoma, signet ring cell and undifferentiated carcinomas. Future research with more cases of different types is essential to draw broader conclusion. Third, this study was a retrospective and single-center design; hence, we need to perform further prospective clinical trials to validate our results. Finally, because the sample size was imbalanced, the research will be expanded in the future to confirm the accuracy of the results.

In conclusion, DLCT is a potential modality for performing non-invasive evaluations of pT stages and histologic grades in CRAC preoperatively. CRAC with higher values of Eff-Z, NICAP, λHUAP, and NICVP, are associated with more aggressive characteristics and worse prognosis. Eff-Z, NICAP, and λHUAP exhibited excellent diagnostic capability for predicting advanced-stage or high-grade CRAC (all the AUCs≥0.80). The findings indicate that DLCT quantitative parameters may lead to better guidance of surgical and oncological treatment planning for patients with CRAC.
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Background

The prediction models for primary duodenal adenocarcinoma (PDA) are deficient. This study aimed to determine the predictive value of the lymph node ratio (LNR) in PDA patients and to establish and validate nomograms for predicting overall survival (OS) and cancer-specific survival (CSS) for PDAs after surgical resection.



Methods

We extracted the demographics and clinicopathological information of PDA patients between 2004 and 2018 from the Surveillance, Epidemiology and End Results database. After screening cases, we randomly divided the enrolled patients into training and validation groups. X-tile software was used to obtain the best cut-off value for the LNR. Univariate and multivariate Cox analyses were used in the training group to screen out significant variables to develop nomograms. The predictive accuracy of the nomograms was evaluated by the concordance index (C-index), calibration curves, area under the receiver operating characteristic curve (AUC) and decision curve analysis (DCA). Finally, four risk groups were created based on quartiles of the model scores.



Results

A total of 978 patients were included in this study. The best cut-off value for the LNR was 0.47. LNR was a negative predictive factor for both OS and CSS. Age, sex, grade, chemotherapy and LNR were used to construct the OS nomogram, while age, grade, chemotherapy, the number of lymph nodes removed and LNR were incorporated into the CSS nomogram. The C-index, calibration curves and AUC of the training and validation sets revealed their good predictability. DCA showed that the predictive value of the nomograms was superior to that of the American Joint Committee on Cancer (AJCC) TNM staging system (8th edition). In addition, risk stratification demonstrated that patients with higher risk correlated with poor survival.



Conclusions

The LNR was an adverse prognostic determinant for PDAs. The nomograms provided an accurate and applicable tool to evaluate the prognosis of PDA patients after surgery.





Keywords: lymph node ratio, nomogram, primary duodenal adenocarcinoma, overall survival, cancer-specific survival



Introduction

Primary duodenal adenocarcinoma (PDA), which arises from duodenal mucosal glandular epithelial cells, is a rare malignant tumour (1). According to epidemiological investigation, its incidence is no more than 0.5 in 100,000, accounting for only 0.5% of all gastrointestinal tumours (2, 3). The majority of PDAs occur in the second portion of the duodenum, followed by the first portion (4). Due to the adjacency of anatomical position and the same surgical approach, cancers from the head of pancreas, the distal common bile duct, the ampulla of Vater and the descending portion of the duodenum called “periampullary carcinoma” have often been studied together (5). However, the biological features and prognosis of these tumours are different. Therefore, it is necessary to study PDA as a unique entity.

Surgical resection is the main curative treatment for PDAs (6). Pancreaticoduodenectomy or segmental resection is performed in most cases (7). One meta-analysis demonstrated that surgery might greatly improve survival compared with nonsurgery (5-year overall survival rate, 43.4% vs 2.5%) (8). Poultsides et al. (9) pointed out that the 5-year overall survival (OS) rate after resection of PDA was 48%. Another study indicated that the 5-year cancer-specific survival (CSS) rate after surgery was 43% (3). However, due to the low incidence of this disease and the small sample size of clinical research, there are few studies on prediction models for PDA patients after surgery.

The lymph node ratio (LNR), which refers to the proportion of positive lymph nodes in the total examined nodes, has shown its importance for the prognostic prediction of several malignancies in recent years. Zhou et al. (10) pointed out that the LNR was an important prognostic factor for non-small-cell lung cancer. Macedo et al. (11) indicated that the LNR was a better prognostic tool than the TNM system in colorectal cancer. Our previous study demonstrated that it was an important predictor of poor survival in pancreatic neuroendocrine tumours (12). However, there are no published reports about nomograms for predicting the survival of PDA patients combined with LNR data.

In this study, based on data from the Surveillance, Epidemiology, and End Results (SEER) database, we identified the effect of the LNR on the prognosis of patients with PDA. We further established and validated nomograms to predict 1-, 3-, and 5-year OS and CSS rates for PDAs after surgery.



Materials and methods


Data collection

The SEER database is a population-based database supported by the National Cancer Institute in the USA and contains a large amount of evidence-based medical data (13). We used SEER*Stat software (version 8.3.9.2) to extract data from the SEER database. The Incidence SEER Research Plus Data, 18 Registries, Nov 2020 Sub (2000–2018) dataset was selected for analysis (username for log in: 15881-Nov2020). Patients diagnosed with PDA between 2004 and 2018 were confirmed retrospectively. The selection parameters in the software were as follows: Site and Morphology, “Primary Site – labelled” (C17.0-Duodenum) and “ICD-O-3 Hist/behav” (8140/3, 8143/3, 8144/3, 8210/3, 8211/3, 8220/3, 8221/3, 8255/3, 8260/3-8263/3, 8310/3, 8323/3, 8480/3, 8481/3, 8574/3, 8576/3). The extracted demographic variables included age, sex, patient ID, year of diagnosis, race and marital status. The corresponding clinicopathological variables were as follows: histologic type, grade, diagnostic confirmation, American Joint Committee on Cancer (AJCC) TNM staging system, T stage, N stage, M stage, tumour size, surgery at the primary site, scope of regional lymph node surgery, radiation recode, chemotherapy recode, regional nodes examined, positive regional nodes, survival months, SEER cause-specific death classification, vital status recode, first malignant primary indicator and sequence number.



Data processing

The exclusion criteria were as follows: 1) patients who did not undergo surgery; 2) patients who did not have regional lymph nodes removed during surgery; 3) patients who had multiple primary tumours; and 4) missing or unknown clinical information.

We treated age as a continuous variable and other factors as categorical variables. Patients who were single, separated, divorced or widowed were regarded as unmarried. Tumour grade was defined as Grade I (well differentiated), Grade II (moderately differentiated), Grade III (poorly differentiated) and Grade IV (undifferentiated or anaplastic) according to the SEER tumour grade system. The TNM staging system was adjusted based on the eighth edition of AJCC. OS was defined as the time from the date of diagnosis to the date of death by any cause or last follow-up, and CSS was defined as the time from the date of diagnosis to the date of death caused by PDA (12).



Construction and validation of the nomograms

The enrolled patients were randomly assigned to a training set and a validation set at a ratio of 7:3. For the training cohort, the “survival” package in R software was used for univariate and multivariate Cox regression analysis to screen significant variables (14). After that, the “rms” package was used to construct nomograms based on the results of multivariate analysis (14). The validation cohort was treated as an external validation of the nomograms.

We calculated the concordance index (C-index) and the area under the receiver operating characteristic curve (AUC) of the training and validation groups to evaluate the discrimination ability of the nomograms (15). Calibration curves were plotted to assess the calibration ability (16). In addition, we used decision curve analysis (DCA) to evaluate the clinical usefulness of the nomograms (17). Furthermore, DCA was performed to compare the AJCC staging system (8th edition), LNR and the nomograms.



Statistical analysis

Statistical analyses were performed as described in our previous study (12). Continuous variables were reported as the mean with standard deviation. Categorical variables were presented as frequencies and percentages. X-tile software was used to determine the optimal cut-off value of the LNR (18). Survival curves (for both OS and CSS) were generated using the Kaplan–Meier method, and the differences in groups were analysed using the log-rank test. Variables with P < 0.2 in univariate analysis were considered for generating multivariate analysis. Factors with P < 0.05 in multivariate analysis were entered into the nomograms. Corresponding 95% confidence intervals (CIs) and hazard ratios (HRs) were calculated. We used Pearson’s correlation to detect collinearity among the variables. A correlation coefficient < 0.7 between two variables was regarded as no multicollinearity (19). P < 0.05 was defined as statistically significant. All statistical tests were performed using R statistical software (version 4.1.2, https://www.r-project.org, Vienna, Austria).




Results


Patient characteristics

From 2004 to 2018, a total of 978 eligible patients from the SEER database were included in this study. Among them, 685 cases were randomly allocated to the training group, while 293 cases were allocated to the validation group. The study procedure is shown in Figure 1. The demographic and clinicopathological characteristics of the enrolled patients are summarized in Table 1. For the overall group, the median age was 65 years, and the median follow-up time was 38 months (range, 1-179 months). By the end of the last follow-up, 326 patients (47.6%) had died from PDA, and 56 patients (8.2%) had died from other causes in the training set. For the validation set, the numbers were 138 (47.1%) and 26 (8.9%), respectively. The 1-, 3-, and 5-year OS rates for the training group and the validation group were 75.8%, 55.3%, 47.9% and 76.8%, 53.6%, 47.4%. The corresponding 1-, 3-, and 5-year CSS rates for the two groups were 79.1%, 61.0%, 54.5% and 80.9%, 60.8%, 55.3%, respectively. There were no significant differences between the two groups. The best cut-off value for the LNR was 0.47. Thus, we divided the total patients into three groups (LNR1: 0, LNR2: ≤ 0.47 and LNR3: > 0.47). Patients with a lower LNR were associated with better OS and CSS (Figures 2A, B).




Figure 1 | The flow chart of included patients.




Table 1 | Patient demographics and clinicopathological characteristics.






Figure 2 | Kaplan–Meier curves of OS (A) and CSS (B) for all included patients stratified by LNR. OS, overall survival; CSS, cancer-specific survival; LNR, lymph node ratio.





Nomogram construction

For the training cohort, the following variables were included in the univariate analysis: age, sex, race, marital status, grade, tumour size, T stage, N stage, M stage, radiotherapy, chemotherapy, the number of lymph nodes removed and LNR. The factors with significant differences were incorporated into the multivariate Cox regression analysis. The multivariate analyses identified that age, sex, grade, chemotherapy and LNR were significantly associated with OS and that age, grade, chemotherapy, the number of lymph nodes removed and LNR were significantly associated with CSS (Tables 2, 3). Therefore, nomograms for predicting the 1-, 3-, and 5-year OS and CSS rates were established based on these variables (Figures 3A, B). Each variable was given a score on the points scale. The survival probability of a patient can be easily calculated by adding the scores of each selected factor. There was no collinearity among the screened variables for the overall dataset, the training or the validation sets (Supplementary Figure S1).


Table 2 | Univariate and multivariate analysis of overall survival (OS) in the training set.




Table 3 | Univariate and multivariate analysis of cancer-specific survival (CSS) in the training set.






Figure 3 | (A) Nomogram predicting the 1-, 3- and 5-year OS rates for PDA patients after surgery. (B) Nomogram predicting the 1-, 3- and 5-year CSS rates for PDA patients after surgery. OS, overall survival; PDA, primary duodenal adenocarcinoma; CSS, cancer-specific survival.





Nomogram validation

We performed internal and external verification of the two nomograms. In the internal validation, the C-index for OS prediction was 0.697 (95% CI, 0.670 to 0.724), while for CSS, it was 0.700 (95% CI, 0.671 to 0.729). In the external validation, the C-index for OS prediction was 0.669 (95% CI, 0.629 to 0.709), while for CSS, it was 0.674 (95% CI, 0.626 to 0.722). The calibration curves of the OS nomogram showed high consistency between the predicted and observed survival probability in both the training (Figure 4A) and validation (Figure 4E) cohorts. Similarly, the calibration plots of the CSS nomogram were close to the standard curves in the two sets (Figures 5A, E). The AUC values for predicting 1-, 3-, and 5-year OS rates were 0.767, 0.717 and 0.704 in the training group (Supplementary Figure S2A) and 0.705, 0.722 and 0.715 in the validation group (Supplementary Figure S2B). With regard to the 1-, 3-, and 5-year CSS rates, the AUC values were 0.762, 0.733 and 0.703 in the training group (Supplementary Figure S2C) and 0.764, 0.715 and 0.706 in the validation group (Supplementary Figure S2D). For both the training and validation sets, the DCA curves for OS (Figures 4B–D, F–H) and CSS (Figures 5B-D, F-H) indicated that our nomograms exhibited optimal net benefit with a wider range of threshold probability compared to the AJCC staging system (8th edition), and LNR had good prediction ability regarding patient prognosis.




Figure 4 | Calibration curves for OS prediction in the training cohort (A) and the validation cohort (E). Decision curve analysis of the AJCC 8th edition staging system, nomogram and LNR for the 1- (B), 3- (C) and 5-year (D) OS rates of PDA patients from the training cohort. Decision curve analysis of the AJCC 8th edition staging system, nomogram and LNR for the 1- (F), 3- (G) and 5-year (H) OS rates of PDA patients from the validation cohort. OS, overall survival; LNR, lymph node ratio; PDA, primary duodenal adenocarcinoma. For calibration curves, red, blue and green lines represent 1, 3, and 5 years, respectively.






Figure 5 | Calibration curves for CSS prediction in the training cohort (A) and the validation cohort (E). Decision curve analysis of the AJCC 8th edition staging system, nomogram and LNR for the 1- (B), 3- (C) and 5-year (D) CSS rates of PDA patients from the training cohort. Decision curve analysis of the AJCC 8th edition staging system, nomogram and LNR for the 1- (F), 3- (G) and 5-year (H) CSS rates of PDA patients from the validation cohort. CSS, cancer-specific survival; LNR, lymph node ratio; PDA, primary duodenal adenocarcinoma. For calibration curves, red, blue and green lines represent 1, 3, and 5 years, respectively.





Risk stratification

Finally, we performed risk stratification for PDA patients based on the two established nomograms. They were categorized into four groups according to the scores for OS (Min-89.9, 89.9-111.4, 111.4-136.9, 136.9-Max) or the scores for CSS (Min-100.2, 100.2-126.3, 126.3-159.7, 159.7-Max). The Kaplan–Meier survival curves showed that statistically significant differences in OS (Figures 6A, B) and CSS (Figures 6C, D) were observed among the four different risk groups in both the training and validation sets.




Figure 6 | Kaplan–Meier curves of OS for the training group (A) and validation group (B) stratified by different risk scores. Kaplan–Meier curves of CSS for the training group (C) and validation group (D) stratified by different risk scores. OS, overall survival; CSS, cancer-specific survival.






Discussion

PDA is a rare gastrointestinal malignancy. Patients are usually diagnosed at an advanced stage due to a lack of specific symptoms, which leads to adverse prognoses (3). Considering the low prevalence of this disease and the limited number of clinical studies, there is no consensus on prognostic factors. Therefore, we used a large dataset collected by the SEER program to identify the factors affecting the survival of PDA patients after surgery. Furthermore, we developed nomograms to predict OS and CSS for these patients. Given the significance of LNR, we analysed it separately and integrated it into the nomograms according to the multivariate Cox regression analysis. The relatively high C-indices and values of AUC in the training and validation sets demonstrated that the nomograms displayed good ability in predicting OS and CSS. The calibration curves showed excellent agreement between the predicted and actual survival, which further ensured their accuracy and reliability.

It is well established that lymph node status (yes/no presence of metastatic node) is an important prognostic determinant in PDA patients after operation. Sakamoto et al. (20) suggested that lymph node metastasis was a negative predictive factor for OS. Meijer et al. (21) reported that lymph node involvement correlated with poor survival. However, lymph node status ignores the different prognoses of lymph node-positive cases, which may lead to confusion in such patients. To overcome this limitation, LNR emerged as a substitute for lymph node status. Its effect on survival has been confirmed by many neoplasms, such as gastric, pancreatic, and ampullary cancer (22–24). With respect to PDA, Jensen et al. (25) pointed out that LNR > 0.2 was associated with increased mortality. Tran et al. (26) indicated that the LNR was an important predictor of lower OS. Liang et al. (27) identified that LNR > 0.4 was associated with decreased survival. Another study showed that patients with high LNR levels had shorter OS (9). Our study, in accordance with previous reports, demonstrated that LNR was an adverse independent prognostic factor for both OS and CSS. Furthermore, LNR may eliminate the variation in dissection techniques by different surgeons and the variation in specimen examination by different pathologists and is more accurate than lymph node status for prognosis prediction.

Apart from LNR, the proposed nomograms contain several other predictors, such as age, sex, grade, chemotherapy and the number of lymph nodes removed. Our research identified that older age was strongly associated with worse survival, as shown in other reports (3, 4, 28). Similar to the conclusion of Wang et al. (29), the mortality rate of women was lower than that of men. Moreover, histologic grade, which reflects the biological characteristics of tumour tissue, was also an important prognostic factor for PDA patients in our study. This was consistent with previous reports (3, 28, 30, 31). Ecker et al. (32) indicated that PDA patients with lymph node positivity after surgery could gain survival benefits from adjuvant chemotherapy. A similar effect was observed in our research. In addition, this study demonstrated that the number of lymph nodes examined ≥ 15 was associated with improved survival, which was also in accordance with the results of some investigations (20, 33, 34). The possible reason is that the number of lymph nodes removed affects not only the accuracy of N staging but also the therapeutic effect of lymphadenectomy to eradicate potentially hidden lesions in lymph nodes (20).

In the present study, we constructed and validated nomograms to predict 1-, 3-, and 5-year OS and CSS for PDA patients after surgery. The nomograms have the following advantages. First, their prediction ability was superior to that of the AJCC TNM staging system (8th edition). This is because our nomograms integrated not only clinicopathological variables but also demographic variables, which were more accurate than the TNM staging system. DCA curves confirmed this. Second, the variables used in the nomograms are easily obtained in clinical work. Therefore, by using the variable scores, clinicians may precisely assess the risk factors for patients and develop subsequent individualized treatment. A clear risk stratification of patients in different stages was demonstrated by survival curves. Third, the SEER database is a large and open database. Its information comes from 18 states in the US. Thus, the extracted data were rich, detailed and multicentric. Our results should be more applicable to the general population than studies from a single centre.

However, this study has several limitations. First, our nomograms were constructed based on the SEER database. SEER only includes information from American patients, which may not represent patients from all over the world. Second, some important parameters, such as surgical margin status, vascular invasion, chemotherapy regimens and radiation dose/technology, were unavailable in the SEER dataset. This may have an impact on some results.

In conclusion, this study demonstrated that the LNR is an independent risk indicator for PDAs. Based on the SEER database, we constructed nomograms to predict OS and CSS for PDAs after surgery. These nomograms could assist clinicians in making individualized predictions of patient survival and providing improved treatment suggestions.
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Background and Aim

Endoscopic resection (ER) and laparoscopic resection (LAP) have been recommended for the treatment of gastric gastrointestinal stromal tumors (GISTs) less than 2 cm. However, the therapeutic approach for gastric GISTs between 2 and 5 cm in diameter is still under debate. In this retrospective study, we aimed to evaluate the feasibility, efficacy, and safety of ER for gastric GISTs (2–5 cm) compared with LAP.



Methods

From January, 2011 to January, 2018, 197 patients with GISTs at our institution with tumor diameter between 2 and 5 cm were included in our study. Clinical baseline characteristics, histopathological results, and perioperative outcomes were collected and compared in all the patients. Propensity score matching (PSM) methods were used to balance baseline characteristics.



Results

There was no significant difference in age (p = 0.246), gender (p = 0.572), tumor location (p = 0.333), pathological risk classification (p = 0.543), Ki-67 index (p = 0.212), and follow-up time (p = 0.831) in the ER and LAP groups. However, significance difference was found in times to liquid diet intake (4.45 ± 1.2 vs. 5.40 ± 1.5 days, p = 0.013) and hospital stays (7.72 ± 1.1 vs. 10.01 ± 1.3 days, p < 0.001). During the follow-up period, there was one recurrence in the ER group vs. two recurrences in the LAP group. After PSM, the tumor size was balanced between the two groups with 49 patients in each group. The times to liquid diet intake (4.18 ± 1.3 vs. 5.16 ± 1.6 days, p = 0.042) and hospital stay days (7.12 ± 1.1 vs. 9.94 ± 1.3, p < 0.0001) were still short in the ER group.



Conclusions

ER is more associated with a quick postoperative recovery than LAP. ER could be an alternative approach for gastric GISTs (2–5 cm). However, the long-term follow-up outcomes are still unclear and random control trials are needed.





Keywords: endoscopic resection, laparoscopic resection, gastric GISTs, tumors, comparison



Introduction

Gastrointestinal stromal tumors (GISTs) are the most common mesenchymal lesions, accounting for 1% of gastrointestinal (GI) tumors (1). It can present throughout the GI tract, predominately in the stomach and small intestine (2–4). The clinical incidence of GISTs is about 1 per 100,000 annually with 54% men and 46% women (1). GISTs show a wide variety of clinical manifestations due to potential malignancy, the prognosis of which is difficult to predict and related to tumor size, mitotic index, KI-67, proliferative index, etc. (5).

With the development of the endoscopic technique, the detective rate of GISTs obviously increased (6). For small GISTs (<2 cm), endoscopic surveillance and follow-up are recommended. For non-metastatic GISTs with size >2 cm, tumor resection is the first-line treatment according to the National Comprehensive Cancer Network (NCCN) guidelines. GISTs have a low rate of lymphatic metastasis; local resection without lymphadenectomy is admitted. Large GISTs (>5 cm) appear to be more aggressive in morphologic features and proliferation activity, so laparoscopic resection (LAP) or surgery is more beneficial for complete resection. However, it is still controversial for the treatment criteria of relatively small GISTs (2–5 cm). Recently, the safety and effectivity of endoscopic resection (ER) have been proven in many studies (7, 8). Compared to LAP, ER is more minimally invasive, although in some cases has limited procedure space. Only a few reports have referred the outcome of ER for gastric GIST (2–5 cm) (9), and little is known about the clinical outcomes of ER procedures in comparison with LAP for gastric GISTs (2–5 cm). Therefore, this retrospective study aimed to compare the safety and feasibility of ER and LAP for gastric GISTs 2–5 cm in diameter in our center.



Materials and methods


Patients

This retrospective study was conducted in the first affiliated hospital of Zhengzhou University from January, 2011 to January, 2018. Patients who underwent curative resection and were confirmed with gastric GISTs by postoperative histopathological examinations were included in our study. Among these patients, 197 patients with tumor between 2 and 5 cm in diameter treated by ER were randomly matched (1:1) using propensity score matching (PSM) methods to patients who underwent LAP. The match criteria were as follows: 1) average age difference between groups <5 years; 2) gender consistency; 3) mean tumor maximum diameter difference between groups <0.5 cm; and 4) consistency of whether neoadjuvant imatinib was administered.

Baseline characteristics and clinicopathological data were obtained from the electronic medical database of our hospital, including age, sex, clinical symptoms, tumor locations, tumor size, and histopathological results. Operation-related outcomes were also collected, including operative duration, intraoperative and postoperative adverse events, time to oral intake, and length of postoperative stay. The median follow-up period, recurrence rate, and overall survival time were also recorded and compared. Informed consents were signed from all the inclusion patients after explaining each treatment management and the possible risks. This study was approved by the Institutional Review Board of The First Affiliated Hospital of Zhengzhou University.



Surgical procedures

Procedures were performed under anesthesia with tracheal intubation. Endoscopic resection includes endoscopic submucosal dissection (ESD) and endoscopic full-thickness resection (EFTR). The ESD procedure mainly included three steps as follows: (i) identifying and marking the tumor boundaries; (ii) injecting the saline water mixed with indigo carmine to the submucosal layer; and (iii) incising the mucosal layer with a hook knife and dissecting the tumor using the IT knife.

EFTR enables the resection of tumors that originated from the muscularis propria or serosal layer. The technique mainly has five steps: (i) marking the dots around the tumor using argon plasma coagulation; (ii) injecting the saline water into the submucosal layer; (iii) incising and dissecting the mucosa; (iv) resecting on full thickness; and (v) clipping the incision.

The LAP procedure includes the following steps: (i) Establish an initial access site and use carbon dioxide to create the pneumoperitoneum at a pressure of 12 mmHg. (ii) Four additional trocars are placed in an inverted trapezoidal setting in both procedures. (iii) Before resection, check out the overall abdominal situation. (iv) The wedge resection or gastrectomy is performed according to the tumor size and location. (v) Make sure that the gastric-wall defect is closed with a laparoscopic linear stapler or hand-sewn.



Histopathological evaluation

The resected specimens were fixed and sent to the pathological department. Hematoxylin and eosin (HE) and immunohistochemicals were applied in all specimens, including the cell type, the mitotic index (MI), and the risk and related immunohistochemical markers.



Follow-up strategy

All patients received telephone follow-up or outpatient services within 1 month after being discharged to determine whether short-term complications occurred. Regular outpatient follow-up was performed according to the following strategy: 3, 6, and 12 months and yearly thereafter. Endoscopy and computed tomography (CT) were performed on every outpatient follow-up. Endoscopic examination was performed to assess the healing of the wound, and computed tomography (CT) evaluated the extent of the tumor. Recurrence was confirmed by CT scans and endoscopic ultrasound (EUS) was applied if necessary.



Statistical analysis

The main observational indicators included patient clinicopathological characters, perioperative results, and follow-up outcomes. Data were analyzed using SPSS 22.0 (International Business Machines Corporation, Chicago, IL, USA). Continuous data are shown as mean and standard deviation. Categorical data are expressed as frequency. Statistical differences between groups were performed using Student’s t-test for continuous data and chi-square test or Fisher’s exact test for categorical data. p < 0.05 was considered statistically significant.




Results


Clinical baseline data

The patients with GISTs who underwent surgical treatment in our hospital were retrospectively analyzed. According to the inclusion and exclusion criteria, 197 cases were finally included in this study with 74 cases in the ER group and 123 cases in the LAP group. The average age of the patients in the ER group was 59.5 years, and the ratio of male to female patients was 30:44; the average age of the patients in the laparoscopic group was 57.6 years, and the ratio of male to female patients was 57:66. The most common location distribution of tumors was the gastric fundus in both groups. There was no significant difference in age (59.50 vs. 57.57, p = 0.246), gender (p = 0.572), and tumor location (p = 0.333) between the two groups, but there was a statistically significant difference in tumor size (27.59 mm vs. 33.24 mm, p < 0.001).



Operative and pathological outcomes

All the 197 patients underwent tumor resection successfully. The ER group had significant advantages in postoperative fasting time and postoperative hospital stay, which were significantly shorter than those in the laparoscopic group (4.45 ± 1.2 days vs. 5.40 ± 1.5 days, p = 0.013; 7.72 ± 1.1 days vs. 10.01 ± 1.3, p < 0.001). There was no significant difference in operation time (98.80 ± 12.0 min vs. 110.79 ± 15.5 min, p = 0.110).

According to histological outcomes, 11, 26, 10, and 11 patients were identified to have very low-, low-, middle-, and high-risk GISTs in the ER group, respectively. In the LAP group, 16, 54, 37, and 16 patients were identified to have very low-, low-, middle-, and high-risk GISTs, respectively. The risk classifications had no difference between the two groups (p = 0.543). Moreover, 33, 29, and 12 patients were identified to have a Ki-67 index of <5%, 5%–10%, and >10% in the ER group, respectively. In the LAP group, 39, 63, and 21 patients were identified to have a Ki-67 index of <5%, 5%–10%, and >10%, respectively. The Ki-67 index had no significant difference between the two groups (p = 0.212).



Postoperative compilations

Six complications in 74 cases were found in the ER group, namely five cases of perforation and one case of pleural effusion. Eight complications in 123 cases in the LAP group were found, namely three cases of bleeding, two cases of intestinal obstruction, one case of perforation, one case of incision fat liquefaction, and one case of unstable vital signs. The postoperative complication rate had no difference between the two groups (p = 0.853).

In the ER group, two cases were converted to laparoscopic treatment during the operation, and 10 cases in the laparoscopic group were converted to open surgery due to the inability to resect the tumor entirely (Table 2).



Follow-up

A total of 197 patients were followed up by gastroscopy and CT scans. The mean follow-up times were 54.27 ± 12.6 and 55.96 ± 13.5 months, respectively. Ten patients in the LAP group were treated by imatinib, but only one patient received imatinib therapy. During the follow-up period, there was one recurrence in the ER group and two recurrences in the LAP group.



Propensity score matching analysis

Because the difference in tumor size between the two groups was obvious, it was considered a confounder. Propensity score matching (PSM) (1:1) was performed on the two groups of cases, and 49 pairs were successfully matched. A total of 98 matched patients were statistically analyzed, and there were no significant differences in age (58.82 vs. 57.31, p = 0.462), gender (p = 0.682), tumor location, (p = 0.727), and tumor size (29.78 mm vs. 29.53 mm, p = 0.897) between the two groups (Table 1).


Table 1 | Baseline characteristics of patients with gastric GISTs (2–5 cm) undergoing ER or LAP in the cohort.



There were two complications in 49 cases in the ER group, namely two cases of perforation. There were two complications in 49 cases in the laparoscopic group, namely one case of bleeding and one case of perforation. In the ER group, two cases were converted to laparoscopic treatment during the operation, and three cases in the LAP group were converted to open surgery due to inability to resect the tumor entirely (Table 2). The postoperative complications had no difference between the two groups (p = 1.00). However, the postoperative hospital stay (p < 0.01) and the time to first oral intake (p < 0.001) were still shorter in the ER group. Moreover, one patient experienced recurrence in each group (p = 1.00).


Table 2 | Therapeutic outcomes of included patients.






Discussion

Gastrointestinal stromal tumors (GISTs), the most common mesenchymal neoplasms, have been shown to be derived from interstitial Cajal cells (1). With a wide variety of clinical manifestations, it can be present throughout the GI tract, predominantly in the stomach (50%–60%). The incidence of GISTs is about 1 per 100,000 annually, which is still a threat to human health due to the potential malignance existing in all the GISTs.

Complete resection is still the first-line treatment for non-metastasis GISTs (10). Most GISTs rarely have lymphatic metastasis, so local resection without lymphadenectomy is admitted. Endoscopic surveillance and follow-up are currently recommended for GISTs larger than 2 cm. Sometimes it burdens patients emotionally and financially, so tumor resection is often selected. Large GISTs (>5 cm) appear to be more aggressive in morphologic features and proliferation activity, so laparoscopic resection (LAP) or even more surgery is more beneficial for complete resection. However, it is still controversial about the treatment criteria for relatively small GISTs (2–5 cm). With the development of laparoscopic and endoscopic techniques, these minimally invasive operations can achieve both surgical negative margin and an intact capsule of the GISTs. Few studies have made a comparison of the safety and effectiveness between laparoscopic resection and endoscopic resection. In this study, we thoroughly examined two types of minimally invasive resection treatment for gastric GISTs with diameters ranging from 2 to 5 cm.

Through previous review of literature, guidelines, and a summary of clinical experience, we determined that the tumor diameter is an important factor affecting the selection of approach (11). It has certain effects on operation time, postoperative recovery, and even disease prognosis. By comparing the clinical baseline data of the two groups, it was found that the tumor size in the endoscopic group was significantly lower than that in the laparoscopic group, so we included “tumor diameter” into the PSM variable for analysis. The location of the tumor also affects the choice of surgery to some extent (11). In the laparoscopic group, 10 cases were converted to open surgery, of which five cases were located in the lesser curvature of the gastric body (near the posterior wall of the gastric angle), four cases were located in the greater curvature of the fundus, and one case was located in the greater curvature of the gastric body. We therefore included “tumor location” in the analysis.

Considering that too many covariates will result in too much loss of the output data of this study, we only included patient age and gender in the variable analysis. In the end, 49 cases in the endoscopic treatment group and 49 cases in the laparoscopic treatment group were successfully matched. After matching, there were no significant differences in patient age, gender, tumor size, and tumor diameter between the two groups. In terms of operation-related indicators, the postoperative fasting time and postoperative hospital stay of the endoscopic group were significantly shorter than those of the laparoscopic group, which showed the minimally invasive advantages of endoscopic treatment, consistent with the results of Wang et al. In terms of operation time, the advantage of the endoscopic group is not obvious, and there is no statistical difference between the two groups. Considering that the data range included in this study is between, 2011 and, 2018, it represents the continuous development of domestic endoscopic technology on the basis of ESD. In the past 10 years, the performance of operations, endoscopic care cooperation, and suturing technology has been unstable, and it has not reached the maturity of laparoscopic technology in the same period; these cases were not operated on by the same endoscopist.

In terms of complications, no difference was observed between the two groups. However, Pang et al. compared endoscopic (n = 268) and surgical (including open and laparoscopic resection, n = 141) resection of small GISTs (<5 cm) in, 2019 (8). They discovered that endoscopic resection was always associated with a lower incidence of complications even after a propensity score matching analysis (3.6% vs. 13.1%, p = 0.026), suggesting endoscopic resection as a safe and promising alternative treatment for gastric GIST. Other previous studies in the past decades found that endoscopy had a similar or higher incidence of complications compared with laparoscopy; the conclusion was consistent with ours (12, 13). Therefore, whether ER has the advantage of safety should be verified in future studies, but the advantage of promoting quick recovery has no doubt in our study cohort.

The majority of the lesions may be endoscopically removed with a full capsule when seen macroscopically. The burnt edge on the capsule, however, may lead to a pathological diagnosis of R1 resection when examined under a microscope. Even in the hands of seasoned professionals, this is sometimes unavoidable and is not seen as learning-curve-related. Fortunately, research has shown that patients who receive R0 and R1 resection do not significantly vary in terms of relapse-free survival (RFS) (14, 15). Thus, despite resection margin involvement, endoscopic resection for stomach GISTs was still seen as a viable option (16), and the margin status was not analyzed in our study.

During the follow-up period, one patient died due to recurrence and metastasis in the endoscopic group but none in the laparoscopic group. There was one case of recurrence and metastasis in the endoscopic group and two cases of recurrence and metastasis in the laparoscopic group. The pathological results of these three patients suggested that they were all high-risk types. The recurrence rate was similar between the two groups. However, one study did find a high local recurrence rate (5.8%) after endoscopic enucleation of 86 GISTs, especially in large tumors (17), though complete endoscopic resection was achieved in all cases in this study. Our results also showed that patients in the ER group had smaller tumors than those in the surgical group. It may have been expected that endoscopic resection should also have advantages in OS and RFS than in surgical resection, but this was not the case. This may be due to the small sample size and short follow-up period. Long-term outcomes of GISTs still require confirmation in more prospective studies or multicenter studies.

This study has some limitations. It is a single-center retrospective study with a relatively small sample size, and there is a certain selection bias in the sample data. Therefore, it is necessary to further verify the above results through a multicenter prospective study. Endoscopic treatment is becoming more and more mature, and data over a longer time span could be collected for comprehensive analysis. The evaluation of patients’ satisfaction with perioperative management was not included in this study, and it is recommended to add this indicator in future research.



Conclusion

In conclusion, in this retrospective study, the clinical baseline data of the two groups of patients were unevenly distributed. After propensity score matching, there was no statistical difference in age, gender, tumor size, and tumor diameter between the two groups. The matched endoscopic group was significantly better than the laparoscopic group in terms of postoperative fasting time and postoperative hospital stay. During the average follow-up of 55.12 months, there was no significant difference in the postoperative long-term efficacy between the two groups. Endoscopic resection treatment is safe and feasible for primary gastric stromal tumors with a diameter of 2–5 cm, and further research needs to be confirmed by multicenter prospective trials.
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Hepatocellular carcinoma (HCC) is one of the most commonly seen liver disease. Most of HCC patients are diagnosed as Hepatitis B related cirrhosis simultaneously, especially in Asian countries. HCC is the fifth most common cancer and the second most common cause of cancer-related death in the World. HCC incidence rates have been rising in the past 3 decades, and it is expected to be doubled by 2030, if there is no effective means for its early diagnosis and management. The improvement of patient’s care, research, and policy is significantly based on accurate medical diagnosis, especially for malignant tumor patients. However, sometimes it is really difficult to get access to advanced and expensive diagnostic tools such as computed tomography (CT), magnetic resonance imaging (MRI) and positron emission tomography (PET-CT)., especially for people who resides in poverty-stricken area. Therefore, experts are searching for a framework for predicting of early liver diseases based on basic and simple examinations such as biochemical and routine blood tests, which are easily accessible all around the World. Disease identification and classification has been significantly enhanced by using artificial intelligence (AI) and machine learning (ML) in conjunction with clinical data. The goal of this research is to extract the most significant risk factors or clinical parameters for liver diseases in 525 patients based on clinical experience using machine learning algorithms, such as regularized regression (RR), logistic regression (LR), random forest (RF), decision tree (DT), and extreme gradient boosting (XGBoost). The results showed that RF classier had the best performance (accuracy = 0.762, recall = 0.843, F1-score = 0.775, and AUC = 0.999) among the five ML algorithms. And the important orders of 14 significant risk factors are as follows: Total bilirubin, gamma-glutamyl transferase (GGT), direct bilirubin, hemoglobin, age, platelet, alkaline phosphatase (ALP), aspartate transaminase (AST), creatinine, alanine aminotransferase (ALT), cholesterol, albumin, urea nitrogen, and white blood cells. ML classifiers might aid medical organizations in the early detection and classification of liver disease, which would be beneficial in low-income regions, and the relevance of risk factors would be helpful in the prevention and treatment of liver disease patients.
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Introduction

Despite advances in both the diagnostic and management of patients with liver disease, the access for early diagnosis based on basic and cost effective clinical parameters like biochemical and blood routine test is frequently unavailable, which has a large impact on the clinical outcomes and quality of life for patients suffering from liver disease. In addition, it is really difficult to get access to advanced and expensive diagnostic tools such as computed tomography (CT), magnetic resonance imaging (MRI) and positron emission tomography (PET-CT)., especially for people who resides in poverty-stricken area and can’t afford these expensive tests.

Hepatocellular carcinoma (HCC) is the fifth most common cancer worldwide, and chronic HBV and HCV infection remains the major etiological contributor of HCC cases globally. WHO estimated that 257 million people (3.5% of the global population) are chronically infected with HBV infection as of the year 2015 (1, 2). The establishment of HBV chronicity depends on the age of exposure. The children younger than age 2 have 90% greater risk of HBV infection than adults (3, 4). Therefore, most chronic HBV infections are acquired vertically (i.e., mother to child transmission) at birth or feeding stage. Universal birth-dose HBV vaccination reduces the prevalence of chronic HBV in newborns (5); thus, most patients with chronic HBV were born in the pre-vaccination era.

Patients with chronic HBV are at risk of liver disease such as cirrhosis and HCC. The incidence of these liver diseases parallels the prevalence of chronic HBV (6), and therefore, the global distributions of chronic HBV and HCC mirror each other (7–10). It is estimated that chronic HBV is etiologically implicated in as many as 50% to 80% of all HCC cases, especially in HBV endemic areas (where chronic HBV prevalence is greater than 8%) (10, 11). The lifetime risk of chronic HBV carriers to develop cirrhosis and/or HCC is 15% to 40% (12, 13). The relative risk ratio of HCC in patients with chronic HBV ranged from 14 to 223 compared with that in noncarriers (14–16). The risk is substantially increased in those patients with liver cirrhosis (17). According to a systematic review in Asia, the incidence rates of HCC were 0.2, 0.6, and 3.7 per 100 person-years in inactive carriers, noncirrhotic chronic HBV, and cirrhotic chronic HBV, respectively (18).

The diagnosis of liver disease or condition depends on the information that includes risk factors that make accurate diagnosis difficult. These risk factors include resource and organizational limits, conflicts, ambiguity, and uncertainty. Many symptoms are vague and vary from person to person. Several diagnostic tests are costly, seldom performed, and often do not provide a black-and-white result. In addition, cognitive bias and improper use of heuristics are common occurrences during the diagnostic phase among physicians. This study intends to present a framework to aid medical professionals and other interested researchers in properly diagnosing liver disease, utilizing comprehensive assessment criteria. The outcomes of this research will aid physicians in making more precise judgments about liver disease identification.



Materials and methods


Patients

The study population consisted of 525 retrospectively reviewed consecutive patients who were suspected to have liver disease at The Affiliated Hospital of Zhengzhou University. We demonstrated the performance of the selected classifier models on the 525 patient’s liver disease data. The 525 patients’ liver disease data are divided into training and validation subsets. The training sample was used to train a model, and validation was used for model testing. In addition, we compare the classifier models using statistical measures to obtain the best classifier model. Based on the best classifier model, we identified significant factors contributing to liver disease. All results were performed in the R programming language.



Regularized regression (RR) classifier

RR is a classification approach that uses a penalized regression with coefficient estimates biased towards zero to regress the category of interest on text features. In other words, to avoid the problem of overfitting, this approach prevents us from learning a more complex or flexible model. Ridge, lasso, and elastic net are frequently used penalty parameters for RR. The elastic net is a generalization of the ridge and lasso penalties that combines the two penalties used in the present study (19). The elastic net technique learns from the shortcomings of the lasso and ridge regression methods to improve the RR classifier.



Logistic regression (LR) classifier

The Logistic classifier algorithm is based on LR (20) and used to determine the relationship between a categorical target variable and several input variables. To make predication, as with inputs, it requires actual values based on the probability of an input belonging to a particular class. The probability is determined using a sigmoid function that incorporates the exponential function. LR is frequently used in machine learning due to its high efficiency and low computing resource requirements (21).



Decision tree (DT) classifier

The DT aims to develop a model that predicts the target variable by learning simple decision rules inferred from the input features. DT is the form of a tree that consists of a series of decisions and choices. They determine the class of a variable based on its features. Generally, these classes reside on the last branches of a DT. It may be binary or multi-class classifiers. Multiple rules with binary outcomes are used to build a set of tests that determine the class of a variable based on its features. DTs are an example of a divide and conquer method since they split the variables repeatedly until a final decision is reached (22). Due to their understandability and simplicity, DT is one of the most popular machine learning algorithms (23).



Random forest (RF) classifier

RFs, also known as random decision forests, consist of many random DTs. RFs developed a model using a random sampling of the actual data and a random subset of features (24). This randomness contributes to the model being more resilient than a DT and less prone to overfitting on the training data (25). Each tree provides a classification, which we call a “vote” for that class. The classification with the highest votes is chosen by the forest (over all the trees in the forest) (26).



Extreme gradient boosting (XGBoost) classifier

XGBoost offers a parallel tree-boosting approach that efficiently and precisely addresses various data science issues. The Extreme Gradient boost is a powerful and scalable classification algorithm developed by Chen and Guestrin (27). The fundamental concept of Extreme Gradient boost is the gradient boosting decision tree, which produces the final predictions from the combined prediction of many DTs. In Extreme Gradient boost, each new tree is constructed sequentially, attempting to correct the errors of the previous trees until the number of DTs specifies the threshold.



Performance measures for classification algorithm

After completing the training phase, all the models were tested on the test dataset. The performance of classification algorithms is evaluated through statistical indicators. This study uses four performance indicators: accuracy, precision, recall, F1-score, and area under curve (AUC). The performance measurements utilized in this article are detailed in the following section. Accuracy indicates how closely the measured value corresponds to a known value, while precision provides the accuracy of the model in terms of those predicted to be positive. A recall defines the number of real positives the model collected after being labeled as positive (true positive). The F1 provides a ratio between precision and recall. The receiver operating characteristics (ROC) is a probability curve, whereas AUC reflects the degree of separability. The ROC curve represents the relationship between sensitivity (true positive rate) and specificity (false positive rate) (28, 29).




Results

The collected parameters of liver disease patients included age, gender, albumin, ALP, ALT, AST, total bilirubin, cholinesterase, cholesterol, creatinine, GGT, urine protein, white blood cells, red blood cells, hemoglobin, platelet, direct bilirubin, and urea nitrogen used in the study are displayed in Figure 1. The study consists of 472 male and 53 female patients with an average age of 49.31 years. Among the 525 patients with liver disease, 256 had Hepatitis B cirrhosis, and 269 had Hepatocellular carcinoma.




Figure 1 | Depicts the visual inspection of patient characteristics used in the study.



The findings of the classifier models for testing data based on performance metrics are provided in Table 1. The results highlighted in bold emphasize that a particular classifier model performed significantly better than the other classifier models. The RF classifier obtains the highest accuracy (0.762) among all classifier models, while the RR classifier has the second highest accuracy (0.743). However, the RR classifier had the highest precision (0.731), and the LR classifier had the second-highest precision (0.725). According to Table 1, the classifiers with the best performance in terms of recall are RF, followed by DT. It is also observed from Table 1 that the RF classifier yields the best results in terms of F1-score and AUC, followed by RR and XGBoost classifiers, respectively. Overall, the findings based on performance metrics reveal that the RF has the best classier model for liver disease.


Table 1 | Performance measure of classifier machine learning models.



After finding the optimum classier model, next we determine the variables importance based on the RF model, as presented in Figure 2. Variable importance describes the degree to which a model utilizes a certain variable to generate accurate predictions. Variables of high importance are drivers of the output, and their values have a substantial effect on the output values, while variables with little relevance may be excluded from a model to make it easier and quicker to fit and predict. Based on the mean decrease Gini and clinical experience using the RF algorithm, the final 14 important variables are Total bilirubin, GGT, direct bilirubin, hemoglobin, age, platelet, ALP, AST, creatinine, ALT, cholesterol, albumin, urea nitrogen, and white blood cells.




Figure 2 | Variable importance plot of the 14 risk factors of liver disease based on the random forest classier.





Discussion

HCC is the most common liver disease. HCC etiologies vary based on geography, lifestyle, and advanced medical care facilities availability. Although, NAFLD/NASH and excessive alcohol intake are the important risk factors leading to the development of HCC. However, at present, most of the HCC cases are caused by chronic infection from HBV or HCV (30). With the rising rates of obesity and diabetes mellitus as well as the declining levels of alcohol intake and viral hepatitis infection in many areas, It is expected that NAFLD/NASH will become the most important risk factor for HCC (31). Consequently, it is crucial and should be emphasized on surveillance and early diagnosis of HCC in at-risk populations. Universal unified prevention measures, education on high-risk behaviors, and screening programs for blood donors are crucial to prevent and reduce HBV and HCV induced HCC. However, vaccination is the key to prevent HBV-related HCC. Current antiviral therapies for HBV and HCV infection can only decrease HCC but cannot entirely eradicate it (32). Treatment of HCC has improved substantially over the last decades, with several curative options. Novel therapies, such as radioembolization with 90Y-labeled glass beads, and medications, such as sorafenib and regorafenib, have shown improvements in survival rates. However, there are serval areas where still improvement is needed (33). Additional studies are needed to improve prevention strategies and advance management of patients with HCC, especially in the field of tumor regression therapies.

In 2015, nearly 1 million persons died because of complications of chronic HBV. In contrast to the reductions in mortality from other important infections, such as HIV, tuberculosis, and malaria, the mortality from chronic HBV-related complications increased over the past decade (1). Specifically, HBV cirrhosis-related deaths were 241,700 in 1990 compared with 312,400 in 2010. The numbers of deaths from chronic HBV-related HCC were 210,200 in 1990 compared with 341,400 in 2010. Deaths from HBV-associated HCC occur at a younger age in sub-Saharan Africa (median age 38.9) than in the Western Pacific region (median age 54.5) (34).

Even though several risk factors were etiologically illustrated for HCC, there are still dead zone in this field in terms of the un-satisfactory prognosis for HCC. For the reason that sometimes patients cannot get access to advanced and costly diagnostic tools such as CT, MRI and PET-CT etc., especially for people who has the problem of economics. Therefore, the results of our study imply a framework for early diagnosis of liver diseases based on basic tests like biochemical and blood routine test, which is easily accessible for almost all people all over the word. This study used more powerful machine learning classifier models with 18 liver disease parameters filtrated by clinical experience. The classifier models were compared based on the accuracy, precision, recall, F1-score, and AUC measures. We found that the RF classifier outperformed RR, LR, extreme gradient boosting, and DT in terms of accuracy, recall, F1-score, and AUC measures. In contrast, the RR classifier achieved the highest precision among all other classifier models. Overall, the findings of this research demonstrate that the RF model performed the best for the classification of liver disease. Furthermore, the variable importance plot revealed the most significant clinical factors that contributed the most to liver disease based on the RF model. Further, including other risk factors might also aid classification algorithms in accurately identifying liver disease in a patient. Studies conducted based on various age groups and topologies might assist in highlighting the contributions of several risk factors in the identification of liver disease. Future work should concentrate on these areas in order to increase model accuracy.



Conclusion

In this study, we applied ML classification algorithms to accurately detect liver disease in 525 with 18 risk factors filtered by clinical experience. The performance of ML classification algorithms is determined based on accuracy, precision, recall, F1-score, and AUC measures. Our findings show that the RF classifier model is the best-performing algorithm for liver disease classification among all RR, LR, DT, and XGBoost classifiers. Further, we identified the 14 important risk factors based on the RF classifier that has contributed the most to liver disease in 525 patients. The outcomes of this study will aid medical professionals and researchers in making better conclusions about identifying liver disease, which could also guide or improve the treatment of patients who do not have a clinical diagnosis.
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Introduction

Recent single-cell level sequence analysis in pancreatic cancer, which is a representative of intractable gastrointestinal cancers, revealed that the tumor tissue comprised of not only epithelial malignant cancer cells but also stromal activated fibroblasts and infiltrated immune cells. This indicates that various changes in gene expression occur in cells, including changes in cell-to-cell communication, to form a microenvironment that is characteristic of cancer (1–6). Epithelial malignant cancer cells harbor “big 4” driver mutations, that is, substitutions or alterations of nucleotides in KRAS proto-oncogene, GTPase (KRAS), tumor protein P53 (TP53), and cyclin-dependent kinase inhibitor 2A (CDKN2A), and mothers against decapentaplegic homolog 4 (SMAD4) commonly occurs in pancreatic ductal adenocarcinoma (PDAC) (https://portal.gdc.cancer.gov), which can be useful for predicting survival in patients with resected PDAC (7). Conversely, numerous gene expression alterations, due to cancer-specific transcription, RNA processing, and translations, are demonstrated by mesenchymal components, which include activated fibroblasts, vascular endothelial cells, and immune cells (8, 9). Importantly, this cancer-specific alterations induce the production of abnormal peptides and proteins with deleterious degenerations, which led to anti-apoptotic and pro-survival signals in cell-to-cell communication among tumor-component cells, contributing to biologically malignant phenotypes such as epithelial-to-mesenchymal transition phenotypes, invasion, and metastasis (8, 9). Thus, the aberrant protein production is important for the development of cancer-specific therapeutic approaches. Eventually, studies on mutation-prone tumors indicated that the mismatch-repair status predicted the clinical benefit of immune checkpoint blockade with anti-programmed cell death 1 reagents (10–12), suggesting that genetic mutations and resultant production of aberrant peptides or proteins may sensitize the response to cancer therapy. Recent studies have emerged that the importance of the regulation of aberrant protein production (RAPP) in many secretary and membrane proteins (13–16), playing a role in epithelial cancer cell and activated fibroblast or immune cell communication, the process associated with patient survival (6). In this article, we focused on the mechanism of RAPP in gastrointestinal cancer, especially pancreatic cancer, and explored the possibility of an innovative approach against intractable cancers.



RAPP in cancer

The process of RAPP is mediated by a signal recognition particle (SRP), a ubiquitous initiator of protein translation (17), which is composed of six protein subunits arranged on a noncoding RNA, 7SL1 (16). The Alu domain is associated with SRP9 (9 kDa; encoded at the cytogenetic band 1q42.12) and SRP14 (14 kDa; encoded at the cytogenetic band 15q22) proteins, whereas the signal recognition domain is bounded by SRP19 (19 kDa; encoded at the cytogenetic band 5q22.2), SRP54 (54 kDa; encoded at the cytogenetic band 14q13.2), SRP68 (68 kDa; encoded at the cytogenetic band 17q25.1), and SRP72 (72 kDa; encoded at the cytogenetic band 4q12) proteins (16). Given that an SRP is a complex composed of multiple proteins encoded by multiple regions, it is suggested that it is responsible for a finely regulated mechanism (16, 17). This mechanism is also conserved across species, of which disruption can lead to various human diseases (16, 17). Here, we focused on the role of SRP in gastrointestinal cancers.


SRP

Studies on the Alu-domain associated with SRP9 and SRP14 indicated that they are involved in several human cancers and can be used as diagnostic markers. The proteomic expression analysis of human colorectal cancer showed the upregulation of SRP9 with hypoxic adaptation of the tumor microenvironment of heterogeneous primary human tumor tissues (18), suggesting the role of SRP9 in RAPP in cancer. Interestingly, in adenosine-to-inosine RNA editing, 10 recurrent nonsynonymous RNA editing candidates were identified in nine genes, including the gene for SRP9 (19), indicating that the mechanism of those genes not directly encoded in the genomic DNA is implicated in colorectal cancer. The nucleotide sequence analysis of non-Hodgkin B-cell lymphoma, a hematopoietic malignancy, allowed the identification of an aberrant fusion gene of SRP9 conjoined with epoxide hydrolase 1 (EPHX1, encoded at the cytogenetic band 1q42.12) (20), suggesting that the mechanism that converts epoxides from the degradation of aromatic compounds to trans-dihydrodiols resulting in secretion from cells may be involved in this disease. The study of dysregulated RNA binding proteins identified 11 candidates of RNA binding proteins, including SRP14, which are involved in the hepatitis B virus (HBV)-related hepatocellular carcinoma prognosis (21), indicating that RAPP may be involved in the mechanism such as the HBV lifecycle and the progression of this disease. The study of pancreatic cancer PSN-1 cells indicated that the knockdown of SRP72 resulted in a significant increase in sensitization to radiation therapy as measured by colony formation assays, indicating that SRP72 is a marker of radiotherapy resistance against cancer (22).



7SL1

Previous studies indicated that 7SL1, a noncoding RNA that binds to proteins to execute potent post-transcriptional regulation, is upregulated in cancer cells (23). It was demonstrated that 7SL1 binds to the 3’-untranslated region (UTR) of mRNA of tumor suppressor TP53 and that the interaction of 7SL1 with TP53 mRNA reduced the translation of p53 protein. On the other hand, the silencing of 7SL1 resulted in the increased binding of embryonic lethal, abnormal vision, Drosophila (ELAV)-like 1, Hu Antigen R (HuR) to TP53 mRNA, an interaction that led to the promotion of p53 translation, which reveals the competitive mechanism of 7SL1 and HuR for binding to TP53 3’-UTR (23). HuR selectively binds to adenylate-uridylate-(AU)-rich elements (AREs) found in the 3’-UTRs of various mRNAs. Given that AREs stimulate the degradation of mRNAs, HuR plays a role in stabilizing ARE-containing mRNAs by inhibiting degradation (24). The HuR is highly expressed in many cancers, including pancreatic cancer, functions as the post-transcriptional regulator of core metabolic enzymes, and is critical for survival under acute glucose deprivation in pancreatic cancer cells (25). In hepatocellular carcinoma, Wilms tumor 1-associating protein (WTAP) is significantly upregulated, and avian erythroblastosis virus E26 (V-Ets) oncogene homolog-1 (ETS1) was identified as the downstream effector of WTAP, suggesting that WTAP-guided m6A modification contributes to the progression of hepatocellular carcinoma via the HuR-ETS1-cyclin dependent kinase inhibitor 1A (p21)/cyclin dependent kinase inhibitor 1B (p27) axis (26). In pancreatic cancer, the role of mRNA modification at m6A in polo-like kinase 1 in cell cycle homeostasis was demonstrated (27), although the involvement of HuR and 7SL1 was elusive, suggesting that 7SL1 is involved, at least partially, in the process of antagonizing to p53 (Figure 1).




Figure 1 | The role of endogenous immune stimulatory noncoding RNA 7SL1 in the pathway for the regulation of the aberrant protein production (RAPP) and its possible application in cancer therapy. (A) Transcriptional regulation of 7SL1 and the downstream mechanism for tumor suppressor tumor protein P53 (TP53). MYC, proto-oncogene, basic helix-loop-helix (BHLH) transcription factor (MYC); FOXP3, forkhead box P3; PRC2, polycomb repression complex 2; SUZ12, SUZ12 polycomb repressive complex 2 subunit; EZH2, enhancer of zeste 2 polycomb repressive complex 2 subunit; Pol II, RNA polymerase II; Pol III, RNA polymerase III; SRP, signal recognition particle; RIG-1, retinoic acid-inducible gene 1 protein; MDA5, melanoma differentiation-associated gene 5; HuR, embryonic lethal, abnormal vision, Drosophila (ELAV)-like 1, Hu antigen R. (B) Although the unshielded 7SL1-mediated stimulation of tumor tissues can result in disease progression, the exosomal delivery of 7SL1 or its combination with engineering chimeric antigen receptor (CAR)-T cells can stimulate an anti-tumor effect and lead to a favorable disease outcome. Ag, antigen.



A study on forkhead box P3 (FOXP3), a transcription factor that is crucial for the development and inhibitory function of regulatory T-cells (Treg), indicated that overexpression of FOXP3 resulted in the repression of the transcription of 7SL1, whereas the knockdown of FOXP3 showed the upregulation of 7SL1 RNA transcription (28). The mechanism was confirmed by chromatin immuno-precipitation analysis and reporter assay (28). The study showed that FOXP3 promoted the expression of TP53 at the translational levels through repressing 7SL1 RNA (28). However, considering the recent study that indicated that Treg is chemoattracted to the tumor microenvironment by chemokine gradients such as C-C motif chemokine receptor 4 (CCR4)-C-C motif chemokine ligand 17 (CCL17)/CCL22, CCR8-CCL1, CCR10-CCL28, and CXCR3-CCL9/10/11, it is demonstrated that Treg cells are activated and inhibit antitumor immune responses, suggesting that strategies to deplete Treg cells and the control of Treg cell functions to increase antitumor immune responses are required in cancer immunotherapy (29), which demonstrates the multifaceted role of Treg in cancer. Given that FOXP3 unlikely represents the effect on 7SL1 exclusively in Treg cells, whether 7SL1 is an appropriate target to control Treg remains to be investigated.

Although a role of the polycomb repressive complex 2 (PRC2) component, working on the enhancer of zeste 2 polycomb repressive complex 2 subunit (EZH2)-mediated epigenetic control of RNA polymerase II (Pol II) transcribed coding gene transcription, has been well-established, a recent study on EZH2-mediated epigenetic regulation of RNA polymerase III (Pol III) transcription indicated that EZH2 is involved in the repression of Pol III transcription of tRNA(Tyr), 5S rRNA, and 7SL1 RNA genes via the interaction with transcriptional factor complex IIIC (TFIIIC) as well as SUZ12 polycomb repressive complex 2 subunit (SUZ12) (30), suggesting that basic mechanisms common to cells, which are specific mechanisms to cancer, are involved in 7SL1 regulation. Thus, it is necessary to study the upstream regulation of 7SL1 transcription in cells, which responds to various stimuli such as hypoxia and hyponutrition that are characterized by the extracellular tumor microenvironment.




Damage-associated molecular patterns in cancer-associated fibroblasts-to-cancer cell interactions

In a single-cell sequence analysis (1–6), it was well-recognized that interactions between cancer cells and CAFs in stroma generate signals for cancer progression, inflammatory responses, and therapeutic outcomes (31–33). Previous reports have indicated that the arrangement of SRPs in 7SL1 is necessary to execute a physiological function of PARP in DAMPs (34). Reportedly, SRP dysfunction resulted in the induction of invasion and metastasis of cancer cells, which is associated with the evacuation from host’s immune response. A previous study elucidated that SRPs and 7SL1 are involved in the process of such signal, which revealed the importance of endogenous RNA response acting as damage-associated molecular patterns (35). In this study, it was demonstrated that triggering of notch receptor 1-MYC proto-oncogene and basic helix-loop-helix (BHLH) transcription factor (MYC) signaling in the stroma of breast cancer results in the activation of Pol III-driven increase in 7SL1, which is normally shielded by SRP9 and SRP 14 (35). The induced 7SL1 transcription resulted in an alteration of its stoichiometry with SRP9 and SRP 14, which led to the generation of unshielded 7SL1 in the stromal exosomes (35). Moreover, the unshielded 7SL1 can drive an inflammatory response. The unshielded 7SL1 activates the retinoic acid-inducible gene 1 protein (RIG-I), a pattern recognition receptor usually reserved for viral infections, to enhance tumor growth, metastasis, and therapy resistance, suggesting that the regulation of RNA unshielding can couple stromal activation with deployment of DAMPs of RNA, which is closely associated with the aggressive features of cancer (35). This also indicates the potential of 7SL1 as a target of cancer therapy, considering the immunogenic property of this endogenous non-coding RNA. The significant roles of exosome-mediated RNA transfer was demonstrated in a breast cancer study, indicating that CAFs orchestrate an intricate crosstalk with cancer cells by utilizing exosomes (36). The significance in gastrointestinal cancer warrants further investigation.



Application to chimeric antigen receptor-T therapy

Recently, it was demonstrated that the immune stimulatory property can be utilized for the development of CAR-T cell therapy (37). The vector-mediated gene transfer of 7SL1 activated the RIG-I/melanoma differentiation-associated gene 5 (MDA5) signaling and promoted the expansion and effector-memory differentiation of CAR-T cells (37). MDA5 binds to RNAs with a modified DExD/H-box helicase core and a C-terminal domain, thus leading to a proinflammatory response that includes interferons (38, 39). RN7SL1 restricts myeloid-derived suppressor cell development, decreases transforming growth factor beta 1 (TGFB) in myeloid cells, and fosters dendritic cell subsets, which led to the endogenous expansion of effector-memory and tumor-specific T cells (37, 40). It is suggested that the unshielded form of 7SL1 can be used in peptide antigens to enhance anti-tumor efficacy (Figure 1).



Discussion

Despite advances in surgery, standard radiation therapy, and chemotherapy, immunotherapy was added as a fourth treatment to cancer, as the discovery of immune modulation through immune check points and exploration of new combinations of cancer multimodality therapies led to overcoming long-term resistance and tumor recurrence (41). Cancer is a genetic disease involving numerous mutations (42–44), and the evidence that the mismatch-repair status predicted the clinical benefit of immune checkpoint blockade with pembrolizumab is important (10–12), as this suggests that the quantity or quality of gene mutations may influence susceptibility to immune checkpoint inhibitor therapy. Furthermore, the effect of immunotherapy can be maximized by regulating gene mutations and the consequent amino acid mutation neoantigen to eradicate cancer (45–47). If inducing a hot state in which cell-to-cell interactions are activated immunologically is possible, immune checkpoint inhibitors can not only be applied, but cancer-specific antigens can also be identified and used as vectors or employed as CAR-T therapy (48, 49). Nevertheless, methods to induce immunologically cold tumors into hot ones remain to be developed, and further investigations are necessary for application in a clinical setting.

The RAPP pathway study revealed the immune stimulatory property of endogenous non-coding RNA, 7SL1, which is a component of SRPs. A previous study suggests several important implications. First, given that the co-deploy peptide antigen with 7SL1 can exert an efficient anti-tumor effect (36), this approach may be useful to treat intractable solid tumors such as mutation-prone gastrointestinal cancer. Second, considering that unshielded 7SL1 in exosomes can be transferred in the tumor microenvironment (34), it is possible that the cell-to-cell communication is assessed by an RNA study in liquid biopsy as a companion diagnostic tool. Third, as radiotherapy can induce inflammatory microenvironment remodeling (50), the combination of RAPP pathway-mediated stimulatory cancer therapy with radiation may be useful to induce the immune response to convert an immune cold into a hot tumor, and multiple protocols have been developed (51). Fourth, nucleotide-mediated immune stimulation may be expanded as an anti-cancer therapy. Eventually, the intratumoral injection of the seasonal flu shot can generate systemic CD8+ T cell-mediated antitumor immunity and sensitizes resistant tumors to the checkpoint blockade, suggesting that it converts immunologically cold tumors to hot tumors and serves as an immunotherapy for cancer (52). To optimize the effect of treatment for intractable cancer, further studies to accumulate evidence are warranted.
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Background and aim

The role of extended resections in patients with clinical stage IV gallbladder cancer (GBC) remains unclear. This study retrospectively analyzed the clinical outcomes of patients who underwent extended resections for IV GBC.



Methods

Patients who were diagnosed with IV stage GBCs and underwent extended resections in Eastern Hepatobiliary Surgery Hospital, Shanghai, China, were retrospectively included in our study. Extended resection was defined as a major hepatectomy (resection of ≥3 liver segments), a pancreatoduodenectomy, or both. The clinical outcomes (baseline characteristics, preoperative variables, intraoperative variables, pathological outcomes, and follow-up data) were obtained and analyzed. The factors associated with major postoperative complications and long-term survival were analyzed by logistic regression analyses.



Results

From January 2011 to June 2017, 74 patients were included in our study. There were 33 (44.6%) males and the median age was 62.5 years (interquartile range [IQR], 56.0-67.0 years). According to pathological specimens, the median tumor size was 7cm (IQR, 6-8cm), 73(98.6%) of them received R0 resection and 72 (97.2%) of them were IV A stage GBC. Three perioperative deaths (5.4%) occurred, and major postoperative complications occurred for 15 patients (20.3%). Among them, 61 patients (82.4%) experienced recurrence and 17 patients (23.0%) were still alive after a median follow-up period of 52 months. The disease free survival time was 9 months (95% confidence interval [CI], 7.8-10.2 months) and the overall survival was 18.0 months (95% CI, 15.2-20.8 months). Longer hospital stay days [odds ratio, (OR)=1.979, 95%CI:1.038-1.193, P=0.003), initial symptoms with abdominal pain (OR=21.489, 95%CI=1.22-37.57, P=0.036), more blood transfusion volume during hospitalization (OR=1.036, 95%CI:1.021-1.058, P=0.005), and intraoperative hemorrhage (OR=18.56, 95%C:3.54-47.65, P=0.001) were independently associated with postoperative complications. Moreover, locally recurrence (OR=1.65, 95%CI:1.17-1.96, P=0.015), and more adjuvant chemotherapy cycles (OR=1.46, 95%CI:1.13-1.76, P=0.026) were independently associated with long-term survival.



Conclusion

Our retrospective study identified that extended resections can be safely and efficaciously performed on stage IV GBC patients in selected cases and performed by experienced surgeons.
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Introduction

Gallbladder cancer (GBC) is not common, but the malignancy nature of the cancer is highly aggressive. The incidence rate is less than 2/100,000 worldwide, with broad regional diversity (1, 2). The incidence of gallbladder cancer in China accounted for 0.4%~3.8% of all the biliary tract diseases, the disease 6th among digestive tract tumors (3, 4). Due to the lack of clinical symptoms in the early stages and the anatomical peculiarity of the absence of a submucosal layer, GBC is often diagnosed at an advanced stage (5). As a result, the prognosis for GBC is relatively poor, with the 5-year survival rate only reaching 5% in China (6).

The only curative treatment is complete surgical resection (7). However, only about one-tenth to one-fifth of patients are surgical candidates when diagnosed and they often underwent radical resections. But the prognosis of GBC after resection remains unfavorable (8, 9). Especially for patients with an advanced stage of GBC, the reported median overall survival (OS) period was only about 1 year after radical resection (10).

To achieve R0 resection, extended resections have been described in the treatment of advanced GBC. Comparing to radical resections, the extended resections have more extensive excision. These surgical methods include major hepatectomy, pancreatoduodenectomy (PD), and hepatectomy combined with PD (11–15). The survival benefits of extended resections for advanced GBC were inconsistent in these studies, but the reported post-operative adverse event rate is unexpectedly high (>50%). However, almost all published studies combined T3 and T4 GBC with a small sample size. The evidence level is not that high and we should not only follow the conclusions from these studies. More data is needed to show the actual clinical outcomes for stage IV GBC patients who underwent extended resections.

The objective of this study is to analyze the results of extended resections for patients with stage IV stage GBC with a study cohort in a large volume center. The primary aim is post-operative survival. The second aim is to explore the factors associated with long-term survival and postoperative major complications.



Materials and methods


Study cohort

From January 2011 to June 2017, patients who were diagnosed with IV A stage GBCs and underwent extended resections in the department of biliary surgery, Eastern Hepatobiliary Surgery Hospital, Shanghai, China, were retrospectively included in our study. The following inclusion criteria were applied: (1) patients pathologically diagnosed with GBC; (2) patients whose full electronic medical records and imaging records could be obtained; and (3) patients whose follow-up data could be obtained. Exclusion criteria included (1) specimens obtained from reresections; (2) concomitant other neoplasms on final pathology (e.g., primary liver cancer, cholangiocarcinoma); and (3) patients with unavailable pathological and follow-up data.(4) patients were incidentally diagnosed with GBC. The selection procedure of the study participants is presented in Figure 1. The Institutional Review Board of our hospital approved the study protocol.




Figure 1 | Disease free survival in months.



The grade of T4 stage was according to the American Joint Committee on Cancer (AJCC) 8th edition. In our study, if a patient was staged with IV A, he/she had T4 (invasion of the portal vein or main hepatic artery, or direct invasion of two or more extrahepatic organs or structures), N0-1 (one to three regional lymph nodes had metastases) and M0. If a patient was staged with IV B, he/she had any T, N2 (more than four regional lymph nodes had metastases), and M0 (patients with M1 will not receive surgical resection).

The decision on surgical treatment was made by a multidisciplinary hepatopancreatobiliary team. The choices of surgical procedures depended on the location and extent of diseases obtained by imaging modalities. All the operations were performed by experienced surgeons. Long-term survival was defined as survival for 2 years or longer.



Perioperative management and chemotherapy strategy

Routine preoperative exams were carried out before surgery to rule out any surgical contraindications. The electrocardiograph, lung function, coagulation function, liver function, renal function, electrolyte, and hemoglobin were among the standard tests performed. One hour before the surgery, antibiotic prophylaxis (third generation cephalosporin or ciprofloxacin) was routinely used. After preoperative evaluations, all the patients were supposed to have good surgical tolerance (American Society of Anesthesiologists grade II or above). Informed consent was provided by every patient. All operations were performed by experienced surgeons.

After surgery, antibiotics (third generation cephalosporin) were routinely used and lasted for a week. Blood examinations were performed to determine whether infections and electrolyte disturbances existed. Total parenteral nutrition was performed before the recovery of intestinal function. Plain CT was performed if any clinically significant symptoms occurred to exclude postoperative complications.

Adjuvant chemotherapy will be recommended for patients after surgical resection if they can tolerate it. Most of the regimens used for post-operative adjuvant chemotherapy were oxaliplatin+ S-1/capecitabine. Post-operative adjuvant radiation was not routinely performed in our hospital.

If a patient experiences a recurrence, chemotherapy with palliative intent will be recommended. The most frequently used regimen was S-1/capecitabine.



Variable definitions

Various indicators were included in our study to fully illustrate the impact of extended resections on patients with stage IV GBC.

First, the baseline characteristics, including age, sex, body mass index (BMI), initial symptoms, hospital stay days, and surgical methods. Major hepatectomy (resection of three or more segments of the liver), PD, or both, with or without en bloc resection of the duodenum, colon, or stomach, were the surgical methods used in our study (14). Enlarged lymph node dissection and biliary anastomosis were performed in each case.

Second, the preoperative variables, including total bilirubin, alanine aminotransferase (ALT), carcinoembryonic antigen (CEA), carbohydrate antigen 19-9 (CA19-9) and the history of biliary drainage [through Endoscopic Retrograde Cholangiopancreatography (ERCP) or percutaneous transhepaticcholangial drainage (PTCD)].

Third, the intraoperative variables, including operation duration, intraoperative blood loss, blood transfusion volume, and intraoperative complications.

Fourth, the pathological outcomes included tumor size, location (gallbladder neck, body and bottom), differentiated degree, margin status, and peripheral tissue invasion status. Peripheral tissue invasion status consisted of perineural invasion, vascular invasion, cancerization of ducts, lymphatic metastasis, and common bile duct invasion.

Fifth, the follow-up data, including perioperative deaths(within 30 days after surgery), post- operative major complications, post-operative adjuvant chemotherapy history, disease-free survival (DFS) rate, and overall survival (OS) rate. The number of months between the date of extended resection or the date of the final follow-up examination was used to determine DFS. Recurrence was defined as a local or metastatic tumor confirmed by radiology or histology during postoperative follow-up. The OS calculation took into account all types of fatalities. Most of the regimens used for post-operative adjuvant chemotherapy were oxaliplatin+ S-1/capecitabine. Post-operative adjuvant radiation was not routinely performed in our hospital. Major complications were defined as Clavien-Dindo grade III or higher (16).



Statistical analysis

Continuous variables are presented as median (interquartile range), and categorical data are presented as number (%). Survival was reported using Kaplan-Meier methods. The differences between groups were compared by student’s t-test, Mann-Whitney U test, chi-square test, and Fisher’s exact test. Logistic regression analysis was used to identify factors associated with long-term survival and decreased adverse events. Variables of potential significance (P < 0.10) were entered into the Logistic regression model. All models were adjusted for age and sex, and the results were presented as an odds ratio (OR) with a 95% confidence interval (CI). All p values of 0.05 or lower were considered statistically significant. All statistical analyses were performed using SPSS version 22.0 (IBM Corporation, Armonk, NY, USA).




Results


Baseline characteristics

Between January 2011 and June 2017, 345 patients underwent extended resection with curative intent in our hospital. After inclusion and exclusion criteria were applied to the study cohort, 74 stage IV GBC patients were finally included in our study.

Among the 74 patients, there were 33 (44.6%) males and 41 (55.4%) females. At the time of diagnosis, the median age was 62.5 years (interquartile range [IQR], 56.0-67.0 years). The median BMI was 23.27 (IQR, 21.47-24.90) with 28 patients(37.8%) having a BMI over 24. The median hospital stay day was 23 days (IQR,18-31 days). The initial presenting symptoms were jaundice (n = 38), abdominal pain (n = 49), nausea (n = 2), weight loss (n = 1), back pain (n = 1), and no symptoms (n=1). 18 (24.3%) of them had multiple presenting symptoms. The median hospital stay day was 23 days (IQR, 18-31 days). 56 patients (75.7%) underwent major hepatectomy, 1 patient (1.4%) underwent PD, and 17 patients (23.0%) underwent major hepatectomy combined with PD (Table 1).


Table 1 | The baseline characteristics and perioperative variables of gallbladder cancer patients who underwent extended resection.





Perioperative variables

At presentation, the median value of CA19-9 was 287 ku/L(IQR 64.8- 880.8 ku/L), and 65 (87.8%) of them had elevated CA19-9 value (>37 ku/L). The median value of CEA was 3.35 ng/mL(IQR 2.30 - 5.45 ng/mL), and only 22 (29.7%) of them had elevated CEA value (>5 ng/mL). At presentation, the median total bilirubin level was 55.25 umol/l (IQR, 11.25 - 202.5 umol/L), and 47 (63.5%) of them had elevated total bilirubin levels(>18 umol/L). The median value of ALT was 69 U/L(IQR 20.75 - 162 U/L), and 50 (67.6%) of them had elevated ALT value (>40 U/L). 32 (43.2%) of them underwent preoperative biliary drainage (25 patients through PTCD and 7 patients through ERCP)(Table 1).

For intraoperative variables, the median operation duration was 330 mins (IQR, 292.5-412.5 mins) including operation duration, the median intraoperatve blood loss was 400ml (IQR, 250ml-725ml), and the median blood transfusion volume during hospitalization was 800ml (IQR, 0-1600ml). Intraoperative complications occurred for 4 patients (5.4%), and all the complications were hemorrhagic (Table 1).



Pathological outcomes

According to pathological specimens, the median tumor size was 7 cm (IQR, 6-8 cm). 12 (16.2%), 13 (17.6%) and 28 (37.8%) tumors originated from the bottom, body, and neck of the gallbladder. The location of tumors could not be identified in 21 (28.4%) patients due to the deep invasiveness of the tumors. Most of them were moderately differentiated (n = 67, 90.5%), 5 (6.8%) were identified as being poorly differentiated, and 2 (2.7%) were identified as being well differentiated.

After resection, only 1 patient (1.4%) received R1 resection due to the margin status being positive. The other 73 patients were identified to have received R0 resection and their margin status was all negative. But, contrary to the good results of the margin status, 36 patients (48.6%) had perineural invasion, 59 patients (79.7%) had vascular invasion, 11 patients (14.9%) had invasion of the common bile duct, and only 4 patients (5.4%) had cancerization of the duct. According to pathological specimens, 25 patients (33.8%) had N1 lymphatic metastases, 2 patients (2.7%) had N2 lymphatic metastases, and the other patients had N0 lymphatic metastases. Finally, 72 patients were staged as IV A GBC and 2 patients were staged as IV B GBC. Histology showed adenocarcinoma (n = 67), squamous-cell carcinoma (n = 4), adenosquamous carcinoma (n = 2), and neuroendocrine tumor (n = 1) (Table 2).


Table 2 | The pathological outcomes and long-term follow up data of gallbladder cancer patients who underwent extended resection.





Long-term follow-up data

Three perioperative deaths (5.4%) occurred, two due to sepsis and one due to liver failure. Major postoperative complications occurred for 15 patients (20.3%), including infection(n = 9), delayed gastric emptying (n = 4), biliary fistula (n = 1), and others (n = 4). The median number of adjuvant chemotherapy cycles was 6.0 (IQR 3.0–9.0).

Recurrence occurred for 61 patients (82.4%) after a median disease-free interval of 9 months (95% confidence interval [CI], 7.8–10.2 months, Figure 1). Imaging data showed that there were 36 cases that had local recurrence and 25 cases had distant recurrence (on the peritoneum, n = 12, in the lung, n = 10, other locations, n = 3).

All the deaths were tumor-related. After a median follow-up period of 52 months, 26 patients (35.1%) survived beyond 2 years, and 17 patients (23.0%) were still alive at the time of last follow-up. The median OS was 18.0 months (95% CI, 15.2-20.8 months, Figure 2) and the median OS was 18.0 months (95% CI, 16.0–20.0 months) when the perioperative deaths were excluded.




Figure 2 | Overall survival in months.




Factors associated with postoperative complications in patients with GBC who underwent extended resections

A logistic regression model was established to identify factors associated with postoperative complications. The baseline characteristics, perioperative variables, and intraoperative variables were included in the univariate analysis. The differences in variables between the patients with or without postoperative complications were compared and presented in Supplementary Table 1 (without age and gender adjusted) and Table 3 (with age and gender adjusted), and the patients who experienced perioperative death were excluded (n = 3). Finally, a total of 14 GBC patients (14/71, 19.7%) experienced postoperative complications after extended resections.


Table 3 | Univariate and multivariable analyses of risk factors for postoperative complications.



Based on univariate analysis, longer hospital stay days (P=0.013), initial symptoms with abdominal pain (P=0.024), more intraoperatve blood loss (P=0.099), more blood transfusion volume during hospitalization (P=0.016) and intraoperative hemorrhage (P=0.001) were closely correlated with postoperative complications. These factors were included in the multivariate logistic regression analysis (Table 3).

Based on multivariate logistic regression analysis, longer hospital stay days (OR=1.979, 95%CI:1.038-1.193, P=0.003), initial symptoms with abdominal pain (OR=21.489, 95%CI=1.22-37.57, P=0.036), more blood transfusion volume during hospitalization (OR=1.036, 95%CI:1.021-1.058, P=0.005), and intraoperative hemorrhage (OR=18.56, 95%C:3.54-47.65, P=0.001) were independently associated with postoperative complications after age and gender were adjusted (Table 3).



Factors associated with long-term survival in patients with GBC who underwent extended resections

Patients who survived longer than 2 years were defined as long-term survivors in our study. All the variables were included in the univariate analysis. The differences in variables between the patients with or without postoperative complications were compared and presented in Supplementary Table 2 (without age and gender adjusted) and Table 4 (with age and gender adjusted). The analysis of margin status was excluded because only one patient had positive margin status.


Table 4 | Univariate and multivariable analyses of risk factors for long-term survival.



Based on univariate analysis, histology types of adenocarcinoma (P=0.048), locally recurrence (P=0.012), and more adjuvant chemotherapy cycles (P=0.016) were closely correlated with long-term survival. These factors were included in the multivariate logistic regression analysis (Table 4).

Based on multivariate logistic regression analysis, locally recurrence (OR=1.65, 95%CI:1.17-1.96, P=0.015), and more adjuvant chemotherapy cycles (OR=1.46, 95%CI:1.13-1.76, P=0.026) were independently associated with long-term survival after age and gender were adjusted (Table 4).





Discussion

This retrospective study investigated the clinical outcomes of extended resections in patients with stage IV GBC. To date, this study has the largest sample size on this issue. Our study cohort identified that extended resections can be safely and efficaciously performed on stage IV GBC patients in large volume centers. Despite a reported median disease-free survival of 9 months and a median OS of 18.0 months, 35% of the patients survived beyond 2 years, and 23% were still alive after a median follow-up time of 52 months. About one-fifth of patients experienced major postoperative complications, and the perioperative deaths were less than 5%. Moreover, we identified that longer hospital stay days, initial symptoms with abdominal pain, more blood transfusion volume during hospitalization, and intraoperative hemorrhage were independently associated with major postoperative complications and local recurrence, and more adjuvant chemotherapy cycles were associated with long-term survival.

The value of extended resections for advanced GBC remains controversial. Results from previous studies were inconsistent. Two Japanese retrospective studies showed no survival benefit for advanced bile duct cancer and GBC patients who underwent hepatopancreaticoduodenectomy. No patient survived beyond 2 years, and the R0 resection rate was only 20% (17, 18). In a study from the Memorial Sloan Kettering Cancer Center (11), perioperative mortality rate was14% (5 of 36 patients) for major hepatectomies. Recurrence occurred for 24 patients (73%) and R0 resection margins were achieved for 91% of the patients. Most importantly, the 5-year survival rate was 27%. The R0 resection rate and 5-year survival rate were comparable with our study. They concluded that major hepatectomy combined with PD is appropriate in certain cases. However, the surgical indications were still not clear. Another study by Fong et al. (19) concluded that radical resection can provide long-term survival, even for large tumors with extensive liver invasion. However, the multi-variable analysis in that study showed that the extent of liver resection was not a risk factor for long-term survival. Due to the emerging evidence from previous studies, we conducted this study to explore the impact of extended resections for stage IV GBC. We believe our study can significantly help establish the role of extended resections in the management of stage IV GBC.

Searching the prognosis data about the advanced GBC patients who did not receive surgical resections, a Netherland population-based study that the 1-year survival rate for patients with advanced unresected GBC is less than 10% (20). The median OS of all patients who had unresected GBC treated with palliative chemotherapy was 6.4 months (14). Moreover, in a large scale randomized controlled ABC-02 trial (gemcitabine + cisplatin vs gemcitabine alone for unresected biliary tract cancer), no patient survived beyond 3 years (21). In our study, the 2 year survival rate was 35.1%, the estimated 5-year survival rate was about 20% and median OS was 18 months. The prognosis of advanced GBC patients was significantly improved by extended resection. However, more prospective randomized controlled studies are needed to further confirm the conclusion.

Almost all the patients reached R0 resection in our study. The R0 resection was higher than in previous studies. The first reason may be due to the careful patient selection preoperatively. The contrast-enhanced CT and MRI images will be carefully reviewed by radiologists and surgeons. Large tumors with extensive liver invasion will not perform extended resections. Second, the aim of the surgery is R0 resections. If the surgeon found there was no possibility to reach R0 resection during operation. The surgery will not continue and only a biopsy will be performed. Third, the surgeons who were qualified to perform extended resection were all rich in experience. On average, they perform more than 200 biliary and pancreatic surgeries every year. Therefore, most of them were IV A stage GBC and a high R0 resection rate was achieved in our study cohort.

Reducing the major postoperative complications is a way to improve prognosis. We identified that longer hospital stay days, more blood transfusion volume during hospitalization, and intraoperative hemorrhage were independently associated with major postoperative complications. These factors were interrelated. More blood transfusions are required when intraoperative hemorrhage occurs. The complications due to hypovolemia require more hospital days for recovery. Therefore, more detailed intraoperative procedures are required to prevent intraoperative hemorrhage and finally reduce the major postoperative complications. Moreover, the initial symptoms of abdominal pain were also identified as a risk factor for major postoperative complications. The abdominal pain caused by extensive nerve invasion requires a larger resection area and finally causes intraoperative hemorrhage. However, the assumption should be verified in further studies.

For effective patient selection, prognostic factors for long-term survival should be identified. In our study, no pathological outcomes were associated with poor prognosis. However, poor survival in other studies was associated with preoperative tumor biomarker level, perivascular invasion, and invasion of the liver parenchyma (18, 22–24). All clinical stages of GBC were included in these studies with the small sample size. The IV stage GBCs were already aggressive tumors; therefore, these factors may not influence prognosis. Adjuvant chemotherapy is acknowledged as the first line treatment after surgical resection in most cancers. The recent BILCAP trial concluded that adjuvant capecitabine can improve OS for patients with resected biliary tract cancer (25). Another recent study found that individuals with resected GBC who had adjuvant chemoradiation treatment had considerably lower recurrence rates and improved OS than those that underwent surgery alone. Notably, individuals with N0 disease did not appear to benefit from adjuvant therapy. Therefore, this effect was only shown in patients with positive lymph node status (26).However, the role of adjuvant chemotherapy in advanced GBC after surgical resection is still not clear. Our study showed more adjuvant chemotherapy cycles were associated with long-term survival. However, no comparison group was set in our study. Further prospective randomized control is needed to clarify the true value of adjuvant chemotherapy and the optimal regimens.

Our study had several limitations. First, it was a retrospective review of a cohort of patients in a single center, so some selection bias may exist. The small sample size made it impossible to draw statistical conclusions about prognostic factors for prolonged survival, especially the pathological outcomes. Second, due to the retrospective nature, the postoperative quality of life was not analyzed. Third, the high morbidity and mortality rates associated with extensive resections should be weighed against the apparent survival benefit. Therefore, further prospective randomized control with a larger cohort of patients is needed to clarify the true value of extended resections.



Conclusion

Our retrospective study identified that extended resections can be safely and efficaciously performed on stage IV GBC patients in large volume centers. The median disease-free survival was 9 months and the median OS was 18.0 months, 35% of the patients survived beyond 2 years, and 23% were still alive after a median follow-up time of 52 months. About one-fifth of patients experienced major postoperative complications, and the perioperative deaths were less than 5%. Longer hospital stay days, initial symptoms with abdominal pain, more blood transfusion volume during hospitalization, and intraoperative hemorrhage were independently associated with major postoperative complication and locally recurrence and more adjuvant chemotherapy cycles were associated with long-term survival. Therefore, extended resections for patients with IVA stage GBC should be considered in selected patients and performed by experienced surgeons.
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Endoscopic submucosal dissection is an effective approach with higher en bloc resection and complete resection rate for superficial gastrointestinal (GI) lesions. However, endoscopic submucosal dissection is technically challenging and associated with several adverse events, such as bleeding or perforations. The single channel flexible endoscope’s intrinsic limitations in preserving visualization of the submucosal dissection plane as compared to laparoscopic surgery are the most common cause of complications during the endoscopic submucosal dissection technique. As a result, traction techniques were created as the endoscope’s second helping hand in order to improve the effectiveness of the endoscopic submucosal dissection method. Trainees can master endoscopic submucosal dissection methods more quickly by using traction techniques. The anatomical location of the lesion plays a major role in determining which traction technique should be employed. An appealing way of traction is robot-assisted endoscopic submucosal dissection, and various types of endoscopic robots that allow bimanual operation are currently being developed. The advent of robot-assisted endoscopic technology ushers in a new era of endoscopic submucosal dissection, and with it come its own unique challenges that remain to be elucidated. Future research and development efforts are needed to focus on pathways and curriculums for trainees to master the currently available traction techniques and provide avenues for the development of newer traction modalities. In this article, we discuss evolution, characteristics, technological improvements and clinical comparisons of both robotic and non-robotic endoscopic traction techniques used in endoscopic submucosal dissection.
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Introduction

Endoscopic submucosal dissection (ESD) has become the widely accepted and minimally invasive therapy of choice for superficial gastrointestinal (GI) tumors (1–3). ESD is an efficient therapeutic endoscopic procedure with a high en bloc resection rate and lower local recurrence rate compared to endoscopic mucosal resection (4, 5). However, ESD is technically challenging because it is associated with prolonged procedure time and several adverse events. The most common complications of ESD are perforation and bleeding (6, 7). In addition, it also requires stricter access conditions and longer learning curve than endoscopic mucosal resection which limits the worldwide popularity, especially in the United States and Western Countries (8, 9).

The major cause of complications in ESD procedure is that the visibility of the dissection plane is not secured because of the mucosal flap (10). Appropriate tissue tension and clear visibility of the tissue to be dissected using traction are essential for effective and safe ESD procedure. Although, the use of a transparent cap and reduplicative submucosal injection before the next resection is beneficial to obtain clear visibility of the submucosal layer. However, the supporting capacity of cap is limited and repeated injections prolong the procedure time. Another simple method is to change the patient’s position during the procedure for adequate tissue tension, but when the lesion is in the upper GI tract, the optimal position is limited. Although expert and experienced endoscopists can perform the endoscopic resection using superior dexterity gained from rich experience, unskilled endoscopists commonly find it technically demanding and difficult to complete the resection without good visibility of the dissection plane. The lack of a controllable second hand in ESD is a major difference compared with laparoscopic surgery which has three ports to assist the procedure.

Inspired by the surgical pull and push techniques, traction technology arisen and was applied as a “second-hand” for endoscope (11). With the assistant of some accessories, it can not only provide a clear view of submucosal tissue and vessel for operation but also gets adequate tissue tension, which facilitates ESD to be more effective and safer. In recent years, traction techniques have developed rapidly, including clip-with-snare traction, clip-with-line traction, magnetic anchor traction, percutaneous traction, external forceps traction, and internal-traction method (12–15). Although, these techniques are effective for simple counter traction, but they are still restricted in terms of being able to regulate the direction of the traction, change the submucosal layer’s tension, and re-grasping of the tissue. Some of these techniques are also invasive and only effective in certain regions of the GI tract. Endoscopic use of flexible robotic arms may aid the operator in getting over the ESD procedure’s technical challenges (16). Robot-assisted ESD is a desirable traction technique, and several kinds of endoscopic robots that permit bimanual operation are currently being developed. A new era of endoscopic surgery with robot assistance has begun. The goal of this study is to compare robotic and non-robotic endoscopic traction techniques in endoscopic submucosal dissection, as well as to review their development and characteristics.



Non-robotic endoscopic traction


Double-scope technique

In the double-scope traction technique, a second small-caliber endoscope is inserted along with the main endoscope after circumferential resection. By passing a share, net, or forceps through the second endoscope’s channel, and deploying the instrument of interest on the desired edge of tissue undergoing resection, traction can be applied (17). The primary endoscope is responsible for ESD. The double-scope method is not feasible for deep intubation of the GI tract, and hence is generally used for colorectal or gastric ESD (18). Additional limitations of the double-scope method include friction from the two endoscopes, requirement of two endoscopists, and difficulty in resection of large lesions due to insufficient space for maneuvering and operability.



Double-channel scope traction (the R-Scope)

The double-channel endoscope (also known as the R-scope; Olympus) has two movable instrument channels: one moves grasping forceps vertically for lesion counter traction; the other swings a cutting knife horizontally for dissection (19, 20). The R-scope is heavier and more difficult to operate than a single-channel endoscope. Maneuvering two tools simultaneously through the double-channel-scope is technically challenging and time-consuming. The learning curve for efficient use and troubleshooting common problems that one may face while using the R-scope also needs to be elucidated.




Robot-assisted traction techniques


EndoSamurai

The EndoSamurai (Olympus Medical Systems Corp, Tokyo, Japan) consists of an endoscopic shaft and two independent arms with built-in working channels for interchanging surgical tools (21, 22). These independent arms are parallel to the endoscope shaft and can be opened after introduction of the scope to the site of interest. A third working channel is available within the endoscopic shaft. However, this working channel allows relatively less triangulation compared to the two independent arms, which translates into suboptimal tissue counter traction. The EndoSamurai system requires an overtube for the insertion of the scope, and two endoscopists are needed for operation, (one at the scope and one controlling the command console for the two working channel arms. The EndoSamurai system allows five degrees of freedom. The complexity of controlling a multi-channel therapeutic endoscope needs further study, as does elucidation of a learning curve. Additionally, retraction of larger organs can be difficult which limits the potential for resection with clear margins. Furthermore, no human studies exist to date and the feasibility of this system in vivo remains to be seen.



ANUBIScope

The ANUBIS project was a result of collaboration between Storz and Institut de Recherche contre les Cancers de l’Appareil Digestif (IRCAD). The ANUBIScope consists of a four-way articulating flexible endoscopic shaft with two “wings” which are closed during introduction of the scope, acting as a tulip shaped blunt trocar to prevent luminal injury (23, 24). These “wings” house two 4.2 mm working channels, whereas a third 3.4 mm working channel is housed in the endoscope shaft. Similar to the EndoSamuai system, tissue retraction in a retroflexed position has been reported to be difficult with the ANUBIScope and remains an area of further experimentation. Additionally, the ANUBIScope requires cooperation and synchronized workflow between two physicians. The STRAS/ANUBIScope system is a robotic version of the ANUBIScope which has a tele-operated interface that obviates the need for a second physician and has been successfully used to perform ESD in porcine models with a favorable safety profile. Nonetheless, further study is needed before adoption of this system in human subjects.



Master and slave trans-endoluminal robot

The MASTER system consists of a master controller, a telesurgical workstation to independently control endoscopically deployed surgical tools for ESD, and a custom-designed therapeutic endoscope with two working channels. It should be performed by two operators, the endoscopist maneuvering the endoscope and the surgeon controlling the master robotic controller. Gastric ESD assisted by MASTER has been reported in several studies (25, 26). The MASTER system has been tested for EFTR as well as NOTES hepatic wedge resection with favorable preliminary results in terms of procedure time, maneuverability, degrees of freedom, ease of use and the cognitive load while performing procedures. More recently, a randomized, controlled, ex vivo study comparing conventional ESD to robot-assisted ESD (RESD) showed that RESD resulted in a higher en bloc resection rate with a shorter procedure time and a lower perforation rate. Robotic traction techniques, however, are currently in their infancy, and further experimental studies are needed to explore the safety and efficacy profile of these modalities.




Conclusion and future perspective

Endoscopic submucosal dissection is a landmark technique in the development of endoscopic therapy and has been rapidly promoted. Although endoscopic submucosal dissection is an effective therapy for superficial lesions in the GI tract, it is challenging and requires a high degree of skill levels, which might hinder its execution and raise the possibility of complications (27, 28). The current ESD procedure carries the high risk of complications such as bleeding and perforation resulting from blind dissection. This is because a standard endoscope has inherent limitations in maintaining visualization of the submucosal dissection plane due to its one-handed operation capacity. A long period of training is required for endoscopists because they must undergo extensive training before they can perform ESD in a secure and expert manner. Variety of non-robotic traction techniques have been emerged to overcome these limitations with the goal of achieving proper counter traction. These traction techniques can achieve good, clear visualization of the submucosal layer using only a few, easy-to-configure components. However, they are constrained by the fact that the direction of traction cannot be changed, and the modification process is difficult because re-grasping is not allowed (29–31). Moreover, the tension of traction can reduce over time in some of these techniques. Robot-assisted traction in endoscopic submucosal dissection is another attempt to mitigate this difficulty.

Various endoscopic robot systems with twin arms that can be operated bimanually are currently available in the market. Robotic systems have shown success in therapeutic endoscopic operations, but the development of specially tailored endoscopes and tools had delayed their widespread clinical use. According to several investigations, it is theoretically possible to do endoscopic submucosal dissection using a simple robot that enables the endoscopist to dynamically apply counter traction. In comparison to conventional non-robotic procedures, robotic-assisted traction could significantly shorten the duration of the surgery and obtain a greater rate of direct vision dissection. Robotic-assisted traction is simple to implement into clinical practice and decreases the learning curve of endoscopic submucosal dissection for beginners. Additionally, it enables the endoscopist to carry out standard endoscopic submucosal dissection. Consequently, further research into the robotic-assisted traction strategy is necessary.
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The tumorigenesis of esophageal carcinoma arises from transcriptional dysregulation would become exceptionally dependent on specific regulators of gene expression, which could be preferentially attributed to the larger non-coding cis-regulatory elements, i.e. super-enhancers (SEs). SEs, large genomic regulatory entity in close genomic proximity, are underpinned by control cancer cell identity. As a consequence, the transcriptional addictions driven by SEs could offer an Achilles’ heel for molecular treatments on patients of esophageal carcinoma and other types of cancer as well. In this review, we summarize the recent findings about the oncogenic SEs upon which esophageal cancer cells depend, and discuss why SEs could be seen as the hallmark of cancer, how transcriptional dependencies driven by SEs, and what opportunities could be supplied based on this cancer-specific SEs.
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Introduction

Esophageal carcinoma is the fourth most common gastrointestinal cancer worldwide. The incidence and mortality rates of esophageal carcinoma accounts for 11.75% and 14.99%, respectively (1). According to statistics from the International Researches Agency of Cancer (IRAC), the mortality rate of the cancer would increase 69% in China by 2040, while the main histological type is squamous cell carcinoma (ESCC) (2, 3). The standard-of-care regimens consisted of surgery, platinum-based chemotherapy, radiotherapy, and PD-1/PD-L1 blockade therapy (4, 5), which have improved the survival rate and patient’s quality of life. However, chemoradiotherapy resistance, postoperative recurrence and unresectable advanced lesions are still impeding the long-term survival of these patients. Given that the limited actionable drivers in ESCC, more effective avenues based on the clarification of the carcinogenesis are required. Recently, it is widely recognized that the disease-associated variations are bound up with enhancer regions, especially super-enhancers (SEs), which undoubtedly provides novel insights into therapeutic maneuvers.

Enhancers refer to non-coding part of genome that activate genes expression independent of orientation, distance, and location regarding its transcription start sites (TSSs). These regulatory elements always provide binding sites for multiple transcription factors (TFs) that can also be transcribed to produce non-coding enhancer RNAs (eRNAs). More recently, cluster of enhancers located genomic proximity were identified as the unique transcriptional single entity, known as SEs. SEs are underpinned by highly abundant and orchestrated interactions with transcription apparatus and active enhancer marks (Acetylation at lysine 27, H3K27ac & Monomethylation at lysine 4, H3K4me1). Notably, SEs have been demonstrated to dictate cell identity and disease and play a key role in carcinogenesis in a broad spectrum of tumors. Recently, it has been proposed that SEs have the potential to serve as valuable prognostic and therapeutic targets in cancer.

During the past decade, various types of cancer pathogenesis have been proved to be closely associated with SEs, such as oncogenes activation, dysregulated signaling pathways, and genetic mutations. Generally, cancer-specific SEs assembly are not presented in the corresponding non-cancerous tissues, such as C-Myc, INSM1 (6) and TAL1 (7). Broadly, these SEs activate the tumorigenic signaling pathways, promoting oncogenic transcriptions, and enriched in key TFs binding motifs. Fortunately, the sensitivity of SEs to perturbation has shown the promising therapeutic vulnerability in various types of cancer, including breast cancer (8), nasopharyngeal carcinoma (9), small cell lung cancer (10), medulloblastoma (11) and esophageal carcinoma (12). The critical oncogenes of ESCC, e.g. TP63, SOX2, KLF5 and ALDH3A1, have been shown to participate in core regulatory circuitry (CRC) driven by SEs (12). Besides, the pharmacological inhibition of cyclin dependent kinase 7 (CDK7), bromodomain-containing protein 4 (BRD4) and histone deacetylases (HDACs), has been applied in esophageal carcinoma treatment (13).

Therefore, not surprisingly, deregulation of SEs is fundamental mechanism of cancer, which offers an Achilles heel for diagnostic and therapeutic maneuvers (14). This review attempts to discuss SEs’ fundamental characteristics and roles in esophageal carcinoma, which would pave the way for SE-based diagnostic and therapeutic maneuvers.



Super-enhancers: identification, organization and functions


Identification of super-enhancers

Enhancers were firstly recognized as the cis-regulatory elements from simian virus 40 (SV40), which could prominently promote rabbit β-globulin transcription in HeLa cells (15, 16). In general, enhancers activate cell-type-specific gene expression regardless of their distance, position, and orientation with respective to the cognate promoter (17, 18). The elements of enhancer are bound up with critical TFs through their tissue-specific recognition motifs, thereby functioning as the platform to integrate signaling pathways and further dictate cell lineages (19). Mechanistically, the enrichment of master TFs on enhancers results in recruiting of the subunit of the Mediator complex (Med1), RNA polymerase II (Pol II), and the basal transcription apparatus, which is organized by looping between enhancers and their cognate promoters. Additionally, enhancer regions are mainly overlapped with DNase hypersensitive sites (DHS), and the active state of enhancers are dependent on the following combinations of histone modifications: enrichment with H3K27ac, H3K4me1, and deficiency of Trimethylation at lysine 4 (H3K4me3) (Table 1) (20).


Table 1 | Histone modification markers and the related functional state of the regulatory elements.



SEs were firstly identified as the unique cluster of enhancers in close genomic proximity, which were densely occupied by master TFs Oct4/Pou5f1, Sox2, Nanog (OSN), Klf4, Esrrb, and Med1 in murine embryonic stem cells (mESCs) (21, 22). The Rank Ordering of Super-Enhancers (ROSE) algorithm had been proposed to separate typical-enhancers (TEs) from SEs, whose constituent enhancers were stitched together within 12.5 kb genomic regions enriched by input-normalized level of Med1 signal.



Structural features of super-enhancers

Liquid-liquid phase separation (LLPS) is a physicochemical process by which membraneless organelles are generated in eukaryotic cells, which could compartmentalize biochemical reactions within the dense phase (23–25). It has been demonstrated that SEs are phase-separated assemblies accumulated by exceptionally high densities of master TFs, co-activators, and RNA Pol II, dictating the roles in cell identity and disease, including cancers (26). The intrinsically disordered regions (IDRs) of the co-activators (BRD4 & Med1), driven by high-valency and weak-affinity interactions, are responsible for the formation of the phase-separated condensates at SEs, which could bring those cis-elements and the cognate promoter in close three-dimensional (3D) proximity and then facilitate SEs activation (Figure 1). This physical interaction between enhancer and promoter both involving in TEs and SEs are mediated by cohesin-associated CTCF (CCCTC-binding factor) loops. Additionally, the ubiquitously expressed TF Yin Yang 1 (YY1) has been also identified as the structural regulators contributing to this loop structure (27). The disruption of this structure is likely to result in activation of oncogenes outside the neighborhood by deletion of CTCF binding site, which are consistent with a tendency of liquid phase condensates to undergo fusion.




Figure 1 | Schematic diagram of the phase-separated condensates at super-enhancers.





Functional properties of super-enhancers

The main features of SEs had been summarized as following Richard A. Young et al. and colleagues: (i) high-density occupancy of master TFs, co-activators and chromatin remodelers (Table 1), (ii) large genomic spanning, (iii) ability to exceptionally activate transcription, (iv) sensitivity to perturbation and (v) dictate cell identity and disease (28). Based on these observations, the oncogenic role of SEs usually caused by genetic variations are proposed to drive the transcriptional addiction in cancer.

The transcriptional activities of SEs exhibit an order-of-magnitude higher than TEs and the individual constituent enhancers within SEs, which also showing highly context-dependent manner under rigorous genetic regulation (29). And more interestingly, the cooperativity of SEs constituents is neither additively nor synergistically, suggesting that the “modus operandi” of each component under highly precise and complex regulation by other component (30).




Establishment of oncogenic super-enhancers in esophageal carcinoma

Generally, inappropriate SEs are acquired de novo during tumorigenesis compared with the counterpart normal tissues, which driving expression of the critical oncogenes. The malignant transformation and maintenance underpinned by tumorigenic SEs could be seen as one of the core tenets of cancer biology (28, 31, 32). Mechanically, the formation of oncogenic SEs may stem from (i) focal amplification, (ii) genomic rearrangements, (iii) single nucleotide polymorphisms (SNPs), (iv) disruption of topological associating domain (TADs).


Genetic variations harboring super-enhancers constituents

Somatic copy number alterations (SCNAs) are common mechanism of oncogenesis driven by SEs. For example, focal amplification peak harboring SEs identified by profiling of H3K27ac in esophageal carcinoma (chr13:73880413-74042621, about ~162 kb), which subsequently proven to activate the oncogene KLF5 expression. And these cancer-specific focal amplification peaks enriched in SEs have also been identified in several types of cancers, including head and neck squamous cell carcinoma, colorectal carcinoma, and liver hepatocellular carcinoma as well (33). Additionally, genomic rearrangements could change the natural genomic context resulting in close proximity between oncogene promoter and their SEs, which ectopically activates gene expression (34). This phenomenon is also described as “enhancer hijacking”, by which oncogenic SEs formed in colorectal carcinoma, medulloblastoma, and acute myeloid leukemia as well (11, 35, 36). Besides, SNPs have been reported to promote tumorigenesis by disrupting the activities of SEs, including acquired oncogenic or abrogating protective allele within master TFs binding sites (37, 38).

These genomic variants provide novel insights into the carcinogenesis of esophageal carcinoma, which deserves further investigation.



Hijacking of super-enhancers by topological associating domain disruption

TADs have been recognized as the self-interacting genomic region, which demonstrates higher interconnection frequency than the outer regions (39). It has become clear that the main function of TADs is to insulate promoters from distal enhancers or SEs, which conducted by binding of insulator CCCTC-binding factor (CTCF) in cooperation with cohesin complex at their TAD boundaries (40). Although TADs structures are conserved in mammalian, disruption of TADs boundaries caused by genetic or epigenetic could be convenient for abnormal interactions between enhancer/SEs and promoters, which is undoubtedly could be laid the foundation for tumorigenesis.

It has been reported that TADs boundaries disruption could be caused by recurrent mutations of CTCF and cohesin binding sites, which were identified in esophageal carcinoma as well as other types of cancers, including liver hepatocellular carcinoma, colorectal carcinoma, and gastric carcinoma (41, 42). Furthermore, the boundaries disruption is also exemplified by epigenetic dysregulation in glioma by increasing hypermethylation in CTCF site followed by its reduced binding activity (43). Modification of 3D genome by TADs disruption could activate oncogene expression driven by inadvertent SEs-promoter looping, which might be utilized as the novel candidates for targeting the oncogenic SEs in esophageal carcinoma.




Principles of SEs-driven oncogenic transcription dependencies


Transcriptional core regulatory circuitries

The ESC master TFs OSN have previously been demonstrated to bind to their own genes or those of the others in mESCs, which forms an autoregulatory feed-froward loop, i.e., CRC (44, 45). The constituents of this interconnected loop were subsequently extended with the other core TFs, Klf4 and Esrrb, both of which prominent for the maintenance of ESC state (Figure 2A) (21). Thus, CRC plays a critical role in the reprogram of somatic cell into induced pluripotent stem cells (iPSCs), and its dysregulation is undoubtedly involved in cancer (12, 46).




Figure 2 | Model of core regulatory circuitry and its implications in esophageal tumorigenesis. (A) CRC model in murine embryonic stem cells. (B) CRC model in human embryonic stem cells identified by “CRC Mapper” algorithm. (C) Histopathology- and cell-type-specific CRC in esophageal carcinoma, including adenocarcinoma (left) and squamous cell carcinoma (right). Hematoxylin-eosin stain (magnification x 100).



Trio-occupancy of OSN has also been well-studied in hESCs (human ESCs), which dominates the pluripotency contributing to human fibroblasts differentiated into the induced pluripotent identity. And this model has been complemented for additional seven key TFs by “CRC Mapper” algorithm, including FOXO1, ZIC3, NR5A1, RARG, MYB, RORA, and SOX21 (Figure 2B) (47). The principle of CRC identification by “CRC Mapper” has been characterized as the following three properties: TFs (i) encoded by SEs-assigned genes, (ii) binding to SEs of their own genes, (iii) forming fully interconnected feed-froward loops with other TFs by binding to their SEs.

In accordance with this strategy, cancer-type and -subtype specificity of CRC models have been identified in esophageal cancer and other malignancies. For example, KLF5 has been proven to be collaborated with ELF3, GATA6 and EHF in EAC (46), while cooperated with TP63 and SOX2 in ESCC to form CRC (12), respectively (Figure 2C). And SOX2 has also been identified co-regulated with KLF4, EGR1 and NOTCH1 in Glioblastoma (48). These cancer-type and -subtype specific CRCs driven by SEs orchestrate the oncogenic transcriptional addiction, while offers therapeutic vulnerabilities due to perturbation sensitivity of their own SEs. These tissue-specific and cancer-specific CRCs driven by SEs orchestrate the oncogenic transcriptional addiction, which offers therapeutic vulnerabilities consistent with the perturbation sensitivity of their own SEs.

Furthermore, cell-type-specific CRC observed in types of cancers is in line with tumor heterogeneity, one of the hallmarks of malignancy. For example, the other CRC (MYC/JUNB/FOSL1) has been identified in ESCC, different with the KLF5/SOX2/TP63 circuitry (Figure 2C). This heterogeneity of CRC coincides with the two major genomic molecular subtypes in ESCC, which are presumably dominated by the two CRCs respectively. And different CRCs have also been identified in other types of cancers, including medulloblastomas and acute myeloid leukemia (49, 50). The heterogeneity of CRC highlights cell-type-specific property of SEs, which sheds light on the novel therapeutic possibilities.



Concentration of oncogenic signaling pathways on super-enhancers

The constituents within SEs have been demonstrated to be heavily loaded with terminal TFs of the Wnt, Tgfb-1, and Lif signaling pathways in mESCs, showing the preferential affections upon SE-assigned genes compared with genes regulated by TEs (51). Therefore, SEs could serve as a platform to converging multiple signaling pathways, dictating the development and disease state of cells, especially oncogenesis (52). For example, EAC-specific SEs has been proposed to be loaded with tumor-promoting TFs LIF, which contributes its malignant features by activating STAT3 and PI3K/AKT signaling pathways (46). Similarly, the cancer-subtype-specific SEs are densely bound up with its specific master TFs TP63 in ESCC, which participates in the formation of CRC and promotes cancer cell proliferation via PI3K/AKT signaling pathways (12, 53, 54). These findings have also been clarified in other types of cancer, e.g., colorectal carcinoma (51), pancreatic carcinoma (55) and osteosarcoma (56). Taken together, these lines of evidence have been proposed that these oncogenic SEs occupied by key TFs pertaining to the critical signaling pathways upon which cancer cell depend, which offers the therapeutic vulnerabilities for esophageal carcinoma.




The occupancy of CDK7 at super-enhancers in esophageal carcinoma

The cyclin-dependent kinases (CDKs) of mammals comprise two main subfamilies with unique properties associated with cell cycle (CDKs 1-6 & 14-18) and transcriptional regulation (CDKs 7-13 & 19-20) (57). The unique functional repertoire of CDK7, the critical component of CDKs, is based on the regulation of transcription and cell cycle progression. Generally, CDK7 could activate transcriptional initiation and elongation by combining with transcription factor II H (TFIIH), while it could also control cell cycle progression by virtue of forming CDK-activating kinase (CAK) (58, 59).

Studies have demonstrated that the dysregulation of CDK7 was involved in various types of cancers and considered to be positively correlated with the aggressive clinicopathological features of these cancers, including esophageal cancer, hepatocellular carcinoma, gastric cancer, and colorectal cancer (13, 60–62). In ESCC, an immunohistochemical (IHC) analysis demonstrated that elevated expression of CDK7 was observed in over 80% samples which was associated with high tumor grade and poor prognosis. Notably, inhibited proliferation and decreased chemotherapeutic resistance have been observed when CDK7 gene was silenced (63). Besides, the level of CDK7 was higher in ESCC tissues with lymph node metastases compared to control group and positively correlated with tumor metastasis and patients’ overall survival (64).

The overabundance of CDK7 within SEs regions offer the opportunities of blockade therapies in a lineage-specific cancer cell manner. THZ1, a covalent inhibitor of CDK7, was proposed to have a preferential impact on a plethora of oncogenes driven by SEs and could cause the disruption of specific transcriptional programs. For example, Chipumuro et al. found that this inhibitor could suppress the transcription of amplified Mycn to suppress the neuroblastoma cells proliferation and the sensitivity to THZ1 was related to preferentially decreased expression of SE-driven oncogenes (65). Subsequent studied showed that esophageal cancer, lung cancer and prostate cancer were sensitive to THZ1 treatment at low nanomolar range (10, 13, 66). Additionally, THZ1 could also cause downregulation of SEs-associated functional long noncoding RNAs acting as competing endogenous (ce-lncRNAs), such as HOTAIR, XIST, SNHG5, and LINC00094 (67), which are associated with expression of cancer hallmark genes. Notably, LINC00094, as a novel oncogenic lncRNA could be activated by master TFs, e.g., TCF3 and KLF5, and positively correlate with poor prognosis. Upon inhibiting these TFs by THZ1, the level of LINC00094 is downregulated, which could cause tumor regression in ESCC. Thus, these studies have demonstrated THZ1 could be utilized as the crosshair of cancer drug discovery (57).

Similar to CDK7, CDK9 is mainly responsible for oncogenic transcription, e.g., as MCL-1 and C-Myc, by binding to elongation complex (p-TEFb) (68) and knocking down CDK9 has shown an excellent antineoplastic activity in hematologic and solid tumors. SNS-032, a selective inhibitor against CDK family as well can inhibit transcription initiation and elongation by targeting both CDK7 and CKD9, with the IC50 values of 62 and 4 nM, respectively (69–71). It could suppress the lung and lymph node metastasis as well as inhibit ESCC proliferation (72). These findings indicate that SNS-032 play an antineoplastic role in ESCC and is expected to enter clinical trials to validate its efficacy, especially in those with metastasis.



The occupancy of BRD4 at super-enhancers in esophageal carcinoma

The bromo domain and extra-terminal domain (BET) family contain BRD2, BRD3, BRD4, and testis-specific BRDT, which are characterized by acetylation recognition and transcription regulation (73). The well-known member of the BET family, BRD4 was initially recognized as the component of Mediator complex, and subsequently the general regulator for RNA Pol II by virtue of recruitment with transcriptional elongation factor P-TFEb. Consistently, the genomic profiling of BRD4 demonstrated that it is mainly enriched at active enhancers and promoters, which is not surprisingly complicated in critical cellular processes, such as embryogenesis (74) and cancer development (75–82). More importantly, the tumorigenic transcriptional activation of BRD4 are preferentially to regulate SE associated oncogenes, such as C-Myc and BCL2 (83, 84)

Emerging evidence have demonstrated that inhibition of BRD4 occupancy result in SEs disruption and subsequently suppress its related oncogenes expression (73). Up till now, about 20 BRD4 inhibitors have been entered into clinical trials, some of which showed valuable therapeutics for several cancers, including hematological malignancies and non-small cell lung cancer (85). The critical oncogenes within these cancers showed highly sensitivity to JQ1, one of the promising anti-tumor BET inhibitors (22, 86). For instance, JQ1 has been demonstrated to inhibit ESCC proliferation by inhibiting C-Myc amplification (86). For another, it could also block recruitment of BRD4 on the promoter of aurora kinases A and B (AURKA/B) to trigger cellular senescence, which provided a novel action manner of BRD4 in esophageal carcinoma (87). In esophageal adenocarcinoma (EAC), high expression of YAP1 has been reported to be observed and positively associated with poor prognosis. JQ1 is capable of blocking BRD4 binding to the YAP1 promoter and suppress Hippo/YAP1 signaling (88), which could be synergistically enhanced when traditional chemotherapeutic agents, e.g., docetaxel, are added both in vitro and in vivo (88). Notably, cell cycle arrest, especially in G1 phase, has been observed in all the studies above. These studies also indicated that JQ1 might be a promising drug in esophageal carcinoma treatment.

Although a variety of small-molecule BET inhibitors have been entered in clinical researches, however, the off-target and side-effects cannot be neglected (89). Proteolysis targeting chimeric (PROTAC) technology have been utilized as an effective degradation tool over the years, which can ubiquitinate the disease-causing proteins by hijacking E3 ligases to achieve the anti-tumor effects (90). Compared to the general small-molecule inhibitors, the hetero-bifunctional molecule based on PROTAC technology demonstrated degradation of BET protein at low nanomolar dose with negligible side-effects (91). The first oral PROTACs (ARV-110, NCT03888612 & ARV-471, NCT04072952) have achieved encouraging benefit for prostate and breast cancer treatment in clinical trials (92). The newly developed GNE987, and PROTAC pan-BET degrader, have been showing good potency against several cancers, including hematological malignancies (93, 94), neuroblastoma (95), and prostate carcinoma (96). Additionally, MZ1, a PROTAC BET degrader, was previously identified unexpectedly degradation of BRD4 over other members of BET family, such as BRD2 and BRD3 (97). However, MZ1 have been proposed to suppress ESCC migration by degrading BRDT, initially recognized as testis-specific protein, rather than BRD2, BRD3 and BRD4. The migratory inhibition of ESCC by MZ1 resulted from down-regulation of ΔNp63 target genes enriched within SEs (98).



The enrichment of histone acetylation at super-enhancers in esophageal carcinoma

Histone H3K27ac has been proposed to separate the active enhancers from poised enhancers occupied by H3K4me1 alone (99). The occupancy of H3K27ac facilitates the chromatin accessibility, which is responsible for exceptionally higher enrichment of master TFs, co-activators, and transcriptional machinery on SEs. Therefore, the dysregulated H3K27ac within SEs region could drive the oncogenesis in several types of cancer.

Histone acetylation is a relative steady-state controlled by two families of enzymes: histone acetyltransferases (HATs) and histone deacetylases (HDACs) (100, 101). Numerous studies have demonstrated that the disturbed equilibrium of histones acetylation is closely related with the tumorigenicity of esophageal carcinoma (Table 2). Furthermore, the tumor-promoting genes activated by hyperacetylation have also been identified in esophageal carcinoma (Table 3). The dysregulated histone acetylation of esophageal carcinoma could be accounted for the oncogenesis driven by SEs, which densely bound up with the active enhancer marker H3K27ac.


Table 2 | The correlations between dysregulated HDACs (and/or HATs) and the advanced oncogenic features of esophageal carcinoma.




Table 3 | The associations between dysregulated histone acetylation modifications and advanced oncogenic features.



Based on this knowledge, the aberrant histone acetylation has been addressed as the alternative avenues for cancer treatment, especially those driven by oncogenic SEs. For example, the aberrantly expressed gene SIRT7, NAD-dependent deacetylase, was activated by SEs in non-alcoholic fatty liver disease (NAFLD)-associated hepatocellular carcinoma (HCCs). Depletion of SIRT7 associated SE could suppress the tumorigenicity both in vitro and in vivo (110). And several types of HDAC inhibitors (HDACis) have been shown as the promising therapeutic strategies against esophageal carcinoma (Table 4). Therefore, the recruitment of exceptionally high histone acetylation modification, especially H3K27ac, within the oncogenic SEs could contribute their vulnerabilities to HDACis for patients of esophageal carcinoma.


Table 4 | The molecular mechanism of histone deacetylase inhibitors against esophageal carcinoma.





Conclusive remark

The concept of SEs and their function in physiology and disease has been established in the last decade. To date, there is no doubt that SEs acquired de novo are one of the hallmarks of esophageal carcinoma, and the available studies conclude the characteristics of the oncogenic SEs in esophageal carcinoma: (i) they are acquired based on genetic variants or TADs boundaries disruption, (ii) they drive the transcriptional additions depend on CRCs and convergence of tumorigenic signaling pathways, (iii) they could be targeted by inhibition of BRD4, CDK7, and histone acetylation, which exceptionally enriched within these cis-elements. However, there are still several unresolved points regarding SEs in esophageal carcinoma: (i) how the individual bona fide constituents selectively respond to targeted inhibition pertaining to the disproportionately enriched factors, (ii) how 3D genome structure of the SEs are influenced by the tumor-promoting signaling pathways, (iii) what are the critical transitions of SEs landscape during the process of precancerous lesions to cancer, (iv) what are the main differences of SEs profiling between squamous cell carcinoma and adenocarcinoma, (v) what are the clinical benefits based on the combinations of traditional treatments and novel therapeutic avenues targeting the subtype-specific or cell-type-specific CRCs. These insights about SEs-driven transcriptional dependencies in esophageal carcinoma, may shed light on the potential clinical application of the cancer-specific SEs.
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Traction techniques have emerged as a desirable “second-hand” while performing endoscopic submucosal dissection (ESD), enabling adequate visualization of submucosal tissue and vasculature, which allows for safe and efficient dissection. Multiple traction techniques have been developed over the years, and these can be broadly divided into internal and external traction techniques. This arsenal of techniques allows for traction that is personalized to the location of the lesion undergoing ESD. Mastering traction techniques requires structured training, and understanding of the benefits and pitfalls of each technique. Future research and development efforts need to focus on pathways and curriculums for trainees to master the currently available endoscopic traction techniques and provide avenues for the development of newer traction modalities.
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Introduction

Endoscopic submucosal dissection (ESD) is increasingly being adopted as the management modality of choice for early superficial gastrointestinal (GI) tumors (1–3). ESD enables resection of challenging lesions, including en-bloc resection of lesions larger than 20 mm, which translates into a higher curative resection and lower local recurrence rate (4). Despite these benefits, the applicability of ESD is limited owing to its technical complexity and potential for serious adverse events. For trainees, performing ESD entails a steeper learning curve. In the West, the applicability of ESD is further limited by lack of infrastructure to deal with the numerous obstacles faced by endoscopists when attempting to establish an ESD center (5, 6). Nonetheless, the techniques and tools for ESD continue to advance and evolve, predominantly in Japan and China.

Over the years, ESD has seen advancements in the approach to visualization and identification of the submucosal layer, such as use of a transparent cap and reduplicative submucosal injection before proceeding further with resection (7). However, the supporting capacity of transparent cap is limited, and repeated injections prolong procedure time. In recent years, tissue traction has emerged as an appealing “second-hand” while performing ESD (8). Inspired by the surgical pull and push techniques, traction not only provides clear view of submucosal tissue and vessels, but also provides adequate tissue tension during ESD. Traction techniques have been evolving since they first came to limelight. The various traction techniques currently in practice have advantages and pitfalls, depending on the location and size of the lesion (9).

Traction techniques can broadly be categorized into internal and external endoscopic traction technique (Figure 1). This article aims to summarize the evolution and characteristics of traction techniques, while highlighting the pros and cons of various approaches to traction.




Figure 1 | Flowchart of explored endoscopic traction techniques for endoscopic submucosal dissection.





External traction techniques

Early in the course of endoscopic mucosal resection (EMR), double-scope traction, percutaneous traction, and magnetic anchor traction techniques were employed for the resection of early gastric cancer in human and animal experiments (10). Subsequently, these traction modalities evolved and were implemented to improve the feasibility of ESD.


Percutaneous technique

The percutaneous-traction technique has mostly been utilized in animal trials (11). A laparoscopic port with a trocar is inserted directly into the gastric lumen after endoscopic determination of the proper port position. Snare forceps are subsequently inserted through the gastric port to grasp and pull the lesion to advance ESD, providing traction independent of the endoscope. The percutaneous-traction method carries a high risk of pneumoperitoneum and peritonitis. The incidence and severity of delayed adverse events also remains to be studied. Furthermore, the percutaneous-traction method is not advisable for lesions of the esophagus, the anterior gastric wall, lesions located in the high fundus of the stomach, and colorectal lesions, as this may increase the risk of adverse events.



Magnetic-anchor technique

Two prospective clinical trials have demonstrated the feasibility of magnetic-anchor-guided ESD of gastric lesions (12, 13). After placing an internal magnetic anchor at the target lesion, traction can be applied by a high-power electromagnet placed outside the body (Figure 2A). As one would expect, the magnetic force and consequently, the traction generated by this technique, depends on the patient’s abdominal wall thickness. The adverse effect profile of deploying a magnetic traction system for ESD also needs to be further elucidated to better understand its clinical utility.




Figure 2 | External endoscopic resection techniques. (A) Schematic of magnet-anchor traction technique ((from Gotoda et al). (B) Schematic of clip-line traction technique. (C) Schematic of pulley clip-line traction technique (D, E) Schematics of clip-snare traction technique.





Clip-line technique

The most widely used and simplest traction techniques employ endoscopic clips. Since 2008, a variety of clip traction techniques have emerged (14, 15).

Jeon et al’ first described the clip-line traction technique in 2009 (16). A clip with dental floss or suture attached to its tail end is mounted on the endoscope. The clip is then advanced with the endoscope and deployed at the desired edge of the luminal lesion; controlled traction is achieved as the endoscopy technician or assistant manually pulls on the free end of the thread (Figure 2B). This is among the preferred techniques for trainees due to its relative ease of adoptability (14). The clip-line traction technique has also been used for other endoscopic interventions, such as endoscopic submucosal excavation (ESE), endoscopic full thickness resection (EFTR), and submucosal tunneling endoscopic resection (STER), where it has been shown to reduce the procedure time. However, this technique is limited by the degree of force that can be applied to the clip-line; there is a risk of clip dislodgement with excessive traction.

The clip-line technique can be modified into a pulley traction technique by deploying a second clip at the contralateral mucosa, thereby altering the direction of traction (Figure 2C). The pully technique is unsuitable for lesions within the esophagus, the cardia and the pylorus of stomach (17).



Clip-snare technique

The clip-snare traction technique entails pre-looping of a snare at the tip of the endoscope before introducing it into the GI tract. First demonstrated by Yoshida et al. and later be Ota et al., this technique is more commonly known as the clip-snare method with a pre-looping technique (CSM-PLT; Figures 2D, E) (18, 19). A clip is subsequently inserted through the working channel of the endoscope and attached to the mucosal flap of the lesion. The snare is then loosened, advanced forward and tightened to grasp the clip. Compared to a silk thread or a dental floss, the snare has a stable sheath to provide traction by pulling or pushing the clip in forward as well as retroflexed endoscope views. Moreover, the snare and the endoscope can be maneuvered independently for flexible movement. By deploying additional, adjacent clips, this technique can be modified to provide multi-point traction (20).



External forceps traction technique

Imaeda et al. first demonstrated the external forceps traction technique (21). After a circular incision of the lesion, the endoscope was retrieved to introduce grasping forceps with the assistance of a second forceps passing through the accessory channel of the endoscope. The grasping forceps were then anchored at the margin of the lesion like a lock. Traction is then applied, not only by pulling or pushing but also by rotation. Furthermore, when traction is not appropriate the lesion could also be released and regressed. This method has only been attempted in cases of early rectal cancer46. It should be noted that it is difficult to insert and control forceps-produced traction when operating on deep-seated colonic lesions.




Internal traction techniques


Clip-based traction techniques

Chen et al. were among the first to demonstrate an internal traction technique; two clips were deployed on opposite ends of the lesion while performing ESD (22). Hot biopsy forceps were subsequently used to pull the small loop between two clips to achieve traction. The internal traction technique evolved thereafter in diverse forms, most notably the Sakamoto-Osada clip (S-O clip) based traction technique. The S-O clip was originally developed for colonic ESD by Sakamoto et al. (23). Subsequently, multiple variations of this system have been developed and reported, including the latex-band traction technique (a nylon thread looped with a latex band which is grasped by an endoclip; the nylon thread is maneuvered to apply traction); the clip and ring shaped thread traction technique (hemoclips with attached ring shaped thread are deployed at the oral and anal edges of the lesion; a third clip grasps the thread and is fixed to the opposite mucosal wall, creating a triangulated traction system. Alternatively, a single clip may be deployed on the desired edge of resected tissue and a second clip deployed on the contralateral mucosa to create internal traction); the loops-attached rubber band traction technique (a circular rubber band connected to many smaller nylon loops which are grasped with a clip when being deployed at the site of interest); the spring-action S-O clip technique (a 7 mm x 1.8 mm spring attached to a metal clip on one end for anchoring at the ESD site and a double nylon loop on one end to be grasped by a clip for contralateral anchoring); the double-clip counter-traction technique using a rubber band (two clips connected by a rubber band), and the wallet strategy (hemoclips with attached rubber bands are deployed at the oral and anal edges of the lesion; a third clip grasps rubber bands of both clips and is fixed to the opposite mucosal wall, creating a triangulated traction system.

Nomura et al. have reported a simplified clip-on-clip method (first clip is deployed at the ESD site of interest; second clip is deployed at the base of the first clip; a third clip is deployed on the contralateral mucosa while grasping the second clip from the free space available between its grasping teeth (Figure 3)); this technique is beneficial when performing ESD in narrow luminal regions such as the rectosigmoid colon (24). This technique also carries the advantage of providing traction independent of the endoscope. However, it is difficult to control the traction direction and the stability of this technique can be questionable at times; if the clips are placed suboptimally, adequate traction cannot be applied, and an additional clip is sometimes needed.




Figure 3 | Internal endoscopic traction technique. (A) Schematic of S-O clip based internal traction technique (from Matsumoto et al). (B) Schematic of clip-on-clip method (from Nomura et al).





Gravity based traction

In recent years, data on feasibility of gravity-based traction has emerged, mostly in the context of colorectal ESD. A magnetic bead or a sinker is attached to the edge of the lesion which can be pulled by gravity. Altering patients’ position to identify the ideal site for traction has been reported as an adjunct to facilitate adequate gravity-based traction (25).




Traction by location


Traction in the esophagus

The esophagus is a straight narrow tube extending from the pharynx to the cardia of the stomach. It has a special anatomy without a serosal layer and moves with respiration and heartbeats. Traction devices are seldom applied in the esophagus due its narrow lumen. Whenever needed, the clip-with-line traction technique is advisable. In a multicenter randomized controlled trial, Yoshida et al’ demonstrated the superiority of the clip-line assisted ESD over conventional ESD in terms of procedure time (44.5min vs 60.5min) and should be considered the first choice for esophageal cancers≥20mm (18). The external forceps method is another option for esophageal ESD. Motohashi et al. and Hirota et al. have reported traction techniques modified from the above technique, which needs an overtube with a side-channel for forceps introduction, or an Impact Shooter® mounted on the scope (25, 26). Although this requires special devices, the direction of traction can be changed by rotating the angle of the overtube. The feasibility and potential efficacy of these traction modalities needs to be validated in larger randomized trials.



Traction in the stomach

The stomach is a J-shaped organ with varying sizes, and consists of four layers with a fibrous serosa. It is divided into 5 regions: cardia, fundus, body, antrum, and pylorus. Sufficient space and elasticity allow for a lot of traction.

Clip-line assisted ESD has been reported to significantly shorten procedure time without compromising safety while performing resection of gastric lesions (27). Further prospective, randomized and controlled study of this technique revealed that the procedure time reduction is most pronounced when performing ESD in the greater curvature of the upper or middle stomach with a low risk of perforation (28). The CSM-PLT technique has also been used for gastric ESD and has been reported to reduce procedure time compared to conventional ESD. Preliminary study of employing the clip-snare traction technique for gastroesophageal ESD has also been reported. Similarly, S-O clip-based internal traction technique has also been used and has been reported to increase procedure speed by 25% without additional risk of adverse events (29).

External forceps-based traction technique for gastric ESD proves to be cumbersome when dealing with lesions in the cardia, lesser curvature or the posterior wall of the upper gastric body due to restricted endoscopic retroflexion (30).

There are innovative traction techniques that have been introduced in the extensive space of the stomach for ESD, such as the EndoLifter and steerable grasper with a sheath (31). The former consists of a retractable grasping forceps attached to a transparent cap by a hinge that allows simultaneous grasping, retracting, and lifting of the mucosa. The steerable grasper is fixed on the endoscope with tape, and enables bidirectional rotation upto 100 degrees. Technical feasibility and safety of these traction techniques has been demonstrated in porcine stomach models where they provide dynamic and controlled traction at various locations. Further randomized trials are warranted to accelerate translation of these techniques for human use.



Traction in the colon and rectum

The colorectum is a long structure with several angulation segments, always accompanied by peristalsis. Colorectal ESD remains challenging due to procedural complexity, long procedure time, and high adverse events.

A novel clip-line traction technique has been designed by Yamasaki et al’., which obviates the need for withdrawal and reinsertion of the endoscope; a thread is tied to the teeth of a clip which is subsequently introduced into the lumen through the working channel of an endoscope. This technique has been utilized in a randomized controlled trail and was reported to significantly shorten procedure time compared with conventional-ESD (30). However, for lesions in the proximal colon, the efficacy of this technique dampened; it was difficult to control the force of traction applied to tissue. Yamada et al. used the CSM-PLT traction technique in a small number of patients for colorectal ESD; compared to conventional ESD, CSM-PLT reduced mean procedure time (31).

Multiple S-O clip-based traction techniques have been successfully utilized for traction during colorectal ESD, including the loops-attached rubber band traction technique, the spring-action S-O clip technique, the latex-band traction technique, the double-clip counter-traction technique, as well as the wallet strategy (both with rubber bands and ring-shaped thread). Employing the ring shaped thread for triangular traction has been shown to reduce dissection time compared to conventional ESD in a randomized trial (80 versus 130 minutes) by Mori et al. (32). As previously mentioned, the clip-on-clip traction technique is beneficial when performing ESD in narrow luminal regions such as the rectosigmoid colon (33).




Conclusion and future perspective

ESD is a landmark advancement in therapeutic endosocpy and continues to rapidly evolve. The steep learning curve, long procedure time, and potential for serious adverse events have been challenging for trainees during the learning and application of ESD. The advent of traction techniques has decreased procedure times consistently without increasing the risk of adverse events. The various traction techniques presented above indeed facilitate the advancement and application of ESD, especially for trainees. Factors that should be considered comprehensively before choosing a traction technique include the anatomical location of lesion, the anticipated procedure time, the traction direction, the device needed (for resection as well as traction) and by extension, the type of endoscope needed, the safety of the traction technique being considered, and the cost. Ones experience with traction should also be considered. Notably, the use of traction techniques is not limited to ESD, and can be employed for emerging endoscopic technologies and other anatomical sites. Future research may focus on technological advancements and development of a structural curriculum for trainees which accommodates the increasing level of complexity of various traction techniques.
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Background and aim

Patients with gastric intestinal metaplasia (IM) are at increased risk of gastric cancer (GC). The endoscopic grading of gastric intestinal metaplasia (EGGIM) with high-definition endoscopes has shown the potential to facilitate GC risk stratification. However, a comprehensive review and meta-analysis of published articles are lacking. We conducted a meta-analysis to access the value of EGGIM in the assessment of histological IM.



Materials

Studies were selected from PubMed, Medline, Embase, and Cochrane (last selection, Jun 2022). We extracted relevant data to calculate the accuracy of EGGIM compared with the operative link of gastric intestinal metaplasia (OLGIM) and to calculate pooled odds ratio (OR) with a 95% confidence interval (CI) assessing GC risk with different grading.



Results

Four diagnostic studies and three case-control clinical trials were included in the analysis, which included 665 patients and 738 patients, respectively. Compared with OLGIM III/IV, EGGIM(5-10) had a pooled sensitivity and specificity of 0.92(95%CI 0.86-0.96) and 0.90(95%CI 0.88-0.93), and the area under the curve(AUC) was 0.9702. In assessing early GC, the pooled OR of patients with EGGIM(5-10) was 7.46(95%CI 3.41-16.31) compared with that of EGGIM(0-4).



Conclusions

EGGIM is highly consistent with OLGIM, and patients with EGGIM(5-10) are at a higher risk for early GC. Some heterogeneity in the current research suggests that we need to carry out more strict control of confounding factors.



Systematic Review Registration

[https://www.crd.york.ac.uk/PROSPERO/display_record.php?RecordID=248691], (Prospero registration number: 248691)





Keywords: endoscopic grading of gastric intestinal metaplasia, EGGIM, intestinal metaplasia, accuracy, Sensitivity



Introduction

Gastric cancer (GC) is the fifth most commonly diagnosed cancer worldwide and the fourth most common cause of cancer-related death (1). More than 95% of GC are adenocarcinomas (2). According to Lauren’s classification, gastric adenocarcinomas can be classified into diffuse and intestinal types based on histology (3). The intestinal type is the most common type of gastric adenocarcinoma (4), which develops through a multistep process from gastritis, atrophy, intestinal metaplasia (IM), dysplasia to intestinal-type GC (5). Among those steps, IM is widely recognized as a precancerous stomach mucosal lesion, and patients with IM are at increased risk for intestinal-type GC.

Operative Link on Gastric Intestinal Metaplasia (OLGIM) is a grading standard to risk stratify IM, which involves five biopsy specimens: two from the antrum two from the corpus, and one from the angle of the stomach. Patients with OLGIM stage III-IV are at an increased risk of early gastric neoplasia (HR 20.7; 95%CI 5.04 to 85.6) and may develop early gastric neoplasia within two years (6). A meta-analysis that included three case-control studies reported a 3.99-fold odds ratio(95%CI 3.05 to 5.21) for GC of OLGIM stage III-IV (7). Although studies have supported that OLGIM can effectively risk-stratify GC (8–10), there are still some limitations. There are chances that biopsies may miss certain gastric mucosal lesions because they can present multifocally. Furthermore, the histopathology risk stratification tool can bring an extra burden to the healthcare system (11).

In recent years, image-enhanced endoscopy (IEE), including narrow-band imaging (NBI), linked color imaging (LCI), and blue laser imaging (BLI), has improved the performance of endoscopy (12). IEE can present a better characterization of the mucosal pattern, which is more accurate for endoscopists to make diagnoses based on images. Above this foundation, the endoscopic grading of gastric intestinal metaplasia (EGGIM) score system using IEE technology has been proposed to assess the GC risk based on endoscopic visualization of IM, which shows high concordance with OLGIM. EGGIM is performed by endoscopic evaluation of greater and lesser curvature of the antrum, angulus, and greater and lesser curvature of corpus. Each area was scored according to the extent of intestinal metaplasia (0, no intestinal metaplasia; 1, an area less than or equal to 30%; 2, a size greater than 30%), with a total score of 10 (8). Several studies have shown its potential to facilitate GC risk stratification. However, a comprehensive review and meta-analysis of published articles are lacking.

In this study, we conducted a systematic review and meta-analysis to explore the value of the EGGIM system in the assessment of histological IM and the risk classification of early gastric cancer.



Materials and methods


Study design

We performed a systematic search for diagnostic studies and case-control studies that evaluate the diagnostic accuracy of the EGGIM system using the OLGIM system or GC incidence as a gold standard. The protocol for this study has previously been registered with PROSPERO (registration no. 248691). The protocol followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) (13) guidelines.



Search strategy

Four scientific databases (PubMed, Medline, Embase, and Cochrane) were searched by two researchers (WL and QXL) independently from their inception through Oct 14, 2021. Eligible articles published after this date were added manually. The last elicitation date was Jun 25, 2022. The references of identified articles were also checked to retrieve potential missed articles. The detailed search strategy is shown in Supplementary Materials 1. Variables were combined with “Endoscopic grading of gastric intestinal metaplasia” or “EGGIM”. Titles and abstracts were read to exclude irrelevant records. Articles not excluded were read through by two reviewers. Disagreements were resolved with a third reviewer (DSJ).



Inclusion/exclusion criteria

The inclusion criteria were as follows: 1) Diagnostic studies whose primary or secondary outcome was the evaluation of the accuracy of EGGIM using OLGIM as a gold standard, or case-control studies using EGGIM to stratify GC risk. 2) True positive (TP), true negative (TN), false positive (FP), false negative (FN), or the number of GC events were included in the paper. 3) The papers were published in English. We excluded study types, including letters, reviews, expert opinions, study protocols, animal studies, preclinical trials, and studies with fewer than 10 cases.



Data extraction and quality evaluation

Two reviewers (YY and DSJ) read the included articles and extracted data independently. The following variables were collected: the first author, publication year, country, study period, sample size, gender, the experience of endoscopists, endoscopic technology, and details of the measurement data. All collected data were double-checked by a third reviewer (FSS). Two reviewers(FSS and WL) scored the included diagnostic studies independently for risk of basis according to Quality Assessment of Diagnostic Accuracy Studies (QUADAS-2) (14) and scored the included case-control studies independently for risk of basis according to The Newcastle–Ottawa Scale (NOS) (15). Disagreements were resolved with a third reviewer(WW).



Data synthesis and statistical analysis

Meta-DiSc 1.4 and RevMan 5.4.1 (Cochrane, London, UK) were used to analyze the data. Heterogeneity was assessed with Cochrane’s Q test and Higgins’s I2 statistics. A fixed-effects model was used when heterogeneity was absent (I2 <50% or p > 0.1) and a random-effects model was used if heterogeneity existed (50% <I2 <80% or p < 0.05). When heterogeneity was substantial (I2 >80% or p < 0.01), a descriptive analysis was used, and subgroup analyses implement for different image-enhanced technology when the necessary data were available. All P-values were two-tailed, and P values < 0.05 were deemed to be statistically significant.




Results

We identified a total of 435 studies. Four diagnostic studies with 665 patients (8, 10, 16, 17) and three case-control studies with 728 patients met the selection criteria (9, 18, 19) (Figure 1).




Figure 1 | Flow diagram of literature research.



Table 1 summarizes the characteristics of the studies included in the meta-analysis. Two of the diagnostic studies compared NBI-assisted EGGIM with OLGIM and the other two comparisons were made LCI and BLI respectively. One case-control study compared NBI-assisted EGGIM with OLGIM to classify GC and non-GC patients; one used LCI and one used multiple IEE technologies risks stratify early gastric neoplasia. Most of the trials were conducted in Portugal, of which two were multinational studies and the remaining three were conducted in China and Japan. Four studies stipulate endoscopists’ experience. Two studies required endoscopists who have operated more than 100 NBI per year, one study required endoscopists who performed 200 LCI per year, and the other study required endoscopists who have experience in performing more than 5000 upper endoscopies.


Table 1 | Characteristics of studies included in the meta-analysis.




Quality assessment

The assessment of the risk of bias and applicability concerns for the four diagnostic studies are presented in Table 2. The survey conducted by Rui Castro et al. (17) was determined to have a high risk of bias in patient selection and reference standards since they failed to enroll consecutive patients and to include all cases in the analysis. The remaining studies were deemed to have a low risk of bias and applicability concern because the cases were included consecutively, EGGIM was graded before the pathological examination, and the pathologists were blinded when determining the gold standard OLGIM.


Table 2 | Assessment of risk of bias and applicability concern for all included diagnostic studies.



According to the NOS assessment, three case-control studies (9, 18, 19) obtained 6 stars, which represents acceptable study quality shown in Table 3.


Table 3 | Assessment of risk of bias and applicability concern for all included case-control studies.





EGGIM compared to OLGIM

Compared with OLGIM III/IV, EGGIM(5-10) obtained a pooled sensitivity and specificity of 0.92(95%CI 0.86-0.96) and 0.90(95%CI 0.88-0.93), and the area under the curve(AUC) was 0.9702 (Figure 2).




Figure 2 | Diagnostic accuracy analysis of EGGIM(5-10) compared to OLGIM III/IV.



The results showed heterogeneity in the specificity(P=0.0034, I2 =78.1%), between the studies, which means there are differences in the diagnosis of true negatives between studies. Rui Castro et al. (13) who compared BLI with OLGIM reported five false positives among 37 patients(13.51%), and Guanpo Zhang et al. (16) who used LCI reported 33 false positives among 277 patients(11.91%). However, two studies (8, 10) that compared NBI with OLGIM reported a lower false positives rate, 11 out of 250 (4.40%) and 4 out of 101 (3.96%) were false positives, respectively.



EGGIM for gastric cancer risk stratification

A high EGGIM score (5-10) has a significantly higher risk for GC compared with a low EGGIM score (0-4), with an odds ratio of 7.46 (95%CI 2.06-23.05; P=0.04, I2 = 68%) (Figure 3).




Figure 3 | EGGIM(5-10) pooled analysis for early gastric cancer.






Discussion

The OLGIM system based on histological examination to assess GC risk has been reported in the Kyoto global consensus (20). However, the clinical utility of OLGIM remains controversial especially in low-risk populations since it requires 5 biopsies. The frequency of OLGIM assessment remains low in daily clinical practice (21). The extent of mucosal lesions positively correlates with GC risk (22), and pathological assessment usually focuses on local areas of the stomach and fails to assess the whole stomach. Furthermore, endoscopic risk stratification tools, such as the Kimura-Takemoto classification, are highly correlated with pathological atrophy, and multi-point biopsies are not required (23). Therefore, endoscopic risk stratification tools play a significant role in gastric cancer risk stratification compared with histology-based risk assessment tools.

Our meta-analysis evaluated the effectiveness of EGGIM as a GC risk stratification tool. EGGIM was compared with the gold standard- the pathology-based OLGIM system. We found that EGGIM was in high concordance with OLGIM with an AUC of 0.9702, and patients with EGGIM (5-10 points) had a 7.46-fold higher risk of developing early GC than those with EGGIM (0-4 points). The EGGIM system as a tool for endoscopic GC risk stratification may be helpful for daily clinical practice.

Meta-analysis of the EGGIM system compared with OLGIM shows heterogeneity in specificity between different studies. The results suggest that there are differences in the number of false-positive cases in the various studies. The EGGIM system overestimated the GC risk for some patients with OLGIM stages 0-II. On the other hand, the EGGIM system has a high sensitivity with no apparent heterogeneity, indicating that EGGIM can identify high-risk patients well. Therefore, EGGIM can identify the high-risk population with an acceptable rate of false positives, which can serve as the first step in risk stratification. An endoscopic-guided biopsy will improve the efficiency of GC screening and reduce the need for pathological examinations.

In addition to EGGIM, Kimura-Takemoto’s endoscopic atrophy classification, which assesses the transition of the fundic-pyloric border (24), is widely used in GC risk stratification. It was consistent with the Operative link for gastritis assessment(OLGA) (25–27). Patients with Kimura-Takemoto endoscopic atrophy classification stages O2-O3 had a higher risk of gastric cancer HR=9.3 (95%CI 1.7-174, P=0.007) (28). Kimura-Takemoto’s endoscopic atrophy classification assesses the border of atrophy, and EGGIM assesses the extent of intestinal metaplasia in five gastric sites. Both Kimura-Takemoto classification and EGGIM can predict GC risk, and the combination of the two may be able to improve the accuracy and consistency of GC risk stratification.

The Kyoto classification risk scoring system, which adds observations of intestinal metaplasia, Fhypertrophic fold enlargement, and nodularity to the Kimura-Takemoto system, is also widely used to assess GC risk (29, 30). The study by Masashi Kawamura et al. (19) found that OLGIM stage III/IV, high EGGIM score (5-10), and Kimura-Takemoto open type were risk factors for GC in multivariate analysis; however, the Kyoto classification risk scoring system combined with endoscopic features are not significant(P=0.315). The Kyoto classification risk scoring system based on white light endoscopy may result in a lower diagnostic power than IEE. Meanwhile, it incorporates multiple endoscopic features that may fail to provide new risk predictors. Further studies are recommended to explore the clinical utility of these endoscopic features. We hope these endoscopic and pathological risk assessment tools would be complementary to each other and optimally applied in practice.

There are some limitations of this meta-analysis. First, the number of included studies was small, with only 4 diagnostic studies and 3 case-control studies. Second, the specificity of EGGIM compared to OLGIM is heterogeneous, and there is a heterogeneity of EGGIM in predicting GC risk. Due to insufficient literature, subgroup analysis could not be performed for the operating physicians, the endoscopic techniques, etc. The EGGIM stage in one of the included case-control studies (9) was based on the reports, and there may be a significant bias in the evaluation of the EGGIM. Rui Castro’s study (17) did not report the essential characteristics of the included patients and the endoscopist’s experience, which reduced the study’s reliability.



Conclusion

In summary, our meta-analysis is the first one to synthesize multiple studies to assess the effectiveness of EGGIM. The results showed that EGGIM was a reliable tool for gastric cancer risk stratification. Even though EGGIM carries a false-positive rate, it can still be complementary to pathological biopsy in risk stratification. In addition, with the development of endoscopic technology, endoscopic diagnosis of GC precancerous mucosa has shown great potential, and a unified diagnostic standard may be helpful to promote its application in daily practice. Finally, further prospective studies on endoscopic GC risk stratification systems such as EGGIM are needed to clarify their clinical utility.
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Objective

Lymphagioma, which in most cases as benign tumors, occurs in head, neck, axilla, and mediastinum. Lymphangioma is exceedingly rare in the upper gastrointestinal tract including esophagus, stomach, and duodenum. However, the clinical characteristics, natural history, and recurrence rate after endoscopic resection remain unclear. This study aims to evaluate the characteristic findings and assess the efficacy of endoscopic techniques in the management of this disease.



Methods

In this systematic retrospective analysis, we evaluated all 24 cases of upper gastrointestinal lymphangioma resected by endoscopic mucosal resection (EMR) or endoscopic submucosal dissection (ESD) and diagnosed by histopathology at our hospital from January 2012 to May 2021. We analyzed the results of endoscopy, endoscopic ultrasonography (EUS), CT, histologic examination, and follow-up assessments.



Results

9 male and 15 female patients with esophageal lymphangioma were enrolled in this study, with a mean age of 54.17 ± 11.60 years (range 30-71 years). The lesions’ size varied from 2.20 to 40.10 mm, with the median size of 7.83 mm. All patients were evaluated preoperatively, whose endoscopic appearance typically appears as dilated lymphatic channels beneath the surface epithelium of the protrude mucosal or sub-mucosal lesion. Endoscopic ultrasonography revealed the presence of a honeycomb-like or grid-like mass with a heterogeneous echo pattern, and a clear boundary between the lesion and the muscularis propria layer may be helpful for the primary diagnosis of this disease. 22 patients underwent EMR and 2 patient were treated with ESD. Histologic examination revealed that the lesions contained many dilated lymphatic vessels, which confirmed the initial diagnosis of lymphangioma in all patients. No major adverse events were found during the operation or a median follow-up of 43 months (range 13–92).



Conclusions

Endoscopic ultrasonography has important clinical value for the primary diagnosis of lymphangioma in the upper gastrointestinal tract. This study also suggests that endoscopic resection should be considered as a more minimally invasive, safe, feasible, and effective therapeutic option comparing to laparoscopic surgery.





Keywords: endoscopic ultrasonography (EUS), en bloc resection, clinical outcomes, vascular tumor, upper gastrointestinal lymphangioma



Introduction

Described for the first time by Koch in 1913, lymphangiomas are benign congenital malformations of the lymphatic system and consist of dilated lymphatic vessels (1). As a type of tumor mostly appears as submucosal lesion, the incidence of lymphangiomas is 1.2–2.8%, and those tumors occur most frequently in head, neck, axilla, and mediastinum (1, 2). Lymphangiomas can be found at any age of life, of which approximately 50% are present at birth and 90% are diagnosed before the age of 2, and both genders are equally affected (3, 4). Within the gastrointestinal tract, the small bowel mesentery is the most common site involved, followed by retroperitoneal sites (5, 6). Lymphangiomas exceedingly rarely involve the upper gastrointestinal tract including esophagus, stomach, and duodenum (7, 8). These tumors are usually asymptomatic and found incidentally because the clinical presentation is highly polymorphic and nonspecific, contributing little to establish the diagnosis (9, 10). As a minimally invasive technique, endoscopic resection has come to play a pivotal role in the management of upper gastrointestinal lymphangioma (UGL) (11, 12). However, studies involving a mass of UGLs are lacking, and many questions need to be answered regarding the clinical characteristics, natural history and recurrence rate after resection (13). In this systematic retrospective analysis, we evaluated all cases of UGL diagnosed and resected endoscopically at our hospital from January 2012 to May 2021. We analyzed the results of endoscopy, endoscopic ultrasonography (EUS), computed tomography (CT), histologic examination, and follow-up assessments to clarify the characteristic findings and assess the efficacy of endoscopic techniques in the management of this disease as well as its related complications, diagnostic difficulties, and therapeutic problems.



Materials and equipment

We report a systematic retrospective study from January 2012 to May 2021 concerning 24 patients who underwent EMR or ESD procedure for UGL in a tertiary hospital (The First Affiliated Hospital of Zhengzhou University, China). This retrospective study was approved by the Ethics Committee of this hospital.

The preparation, procedure, possible costs, and potential complications were explained to the patients or their family members in advance and all signed informed consent were provided by the participants. Before endoscopic treatment under general anesthesia, each patient had been evaluated by CT scans reviewed by two radiologists with more than 5-year experience. In addition, EUS was performed preoperatively in all 24 cases and each was reviewed by an experienced endoscopist who had performed more than 100 EUS examinations. Information about age, gender, clinical manifestation, CT scan results, lesion size, location, origin layer based on EUS, and complications was recorded.

The main endoscopic equipment and accessories include: Endoscopes (GIF-QF260J; Olympus Medical Science, Japan), Hook knife (KD-620LR; Olympus Medical Science, Tokyo, Japan), Insulation-tip knife (KD-611L; Olympus Medical Science, Tokyo, Japan), Snare with maximum insertion diameter of 1.8 mm (SD-221L-25; Olympus Medical Science, Japan), and Hemoclips (HXROCC-D-26-195-C, MICRO-TECH, China; HX-610-090 L, Olympus Medical Science, Tokyo, Japan).



Methods


Procedures

All patients were hospitalized and received general anesthesia during the operation. After the evaluation for patients, EMR or ESD was performed at the discretion of the endoscopist who will consider the preoperative examinations and intraoperative results. If the tumor was small and originated from the mucosal layer, the EMR was chosen. On the contrary, for large lymphangiomas originated from the submucosal layer without involving the muscle layer, the ESD was the superior option.

EMR procedure En bloc resection was defined as the tumor was excised in a whole piece, whose capsule was intact. First, a solution of adrenaline and saline was injected into the submucosal space under the lesion with the injection needle to prevent complications such as perforation and bleeding. Then a snare was inserted through the main channel to capture and fix the lesion which was then removed using electric coagulation. Finally, hemostasis was obtained with endoscopic electric coagulation.

ESD procedure First, circumferential marking was made using an insulated-tip knife at a distance of 0.5 to 1.0 cm from the lesion border. Then, a solution of adrenaline and saline was injected to lift the submucosa to enhance surgical safety as well as prevent further complications. After a circumferential mucosal incision was performed by endoscopic hook knife, the transparent cap assisted in stripping the lesion. Finally, the tumor was completely and uneventfully en bloc resected by foreign forceps and then hemostasis was obtained.



Histopathological assessment

For all patients after the endoscopic resection procedure was performed, the specimens were stretched smoothly by pins on a corkboard and fixed with 10% formalin for later pathological examination. Every specimen was diagnosed by 2 expert gastrointestinal pathologists, providing a final confirmation.



Follow-up

The evidence of postoperative complications including fever, dyspnea, hematemesis, and chest or abdominal pain was recorded. Each of the patients was discharged successfully and they were followed up by endoscopy and/or detailed telephone interviews. The interview’s outline was clinical symptoms, outcomes of treatment, and tests performed at their local hospitals.



Statistical analysis

The statistical analyses were performed using IBM SPSS Statistics v23.0 (Statistical Package for the Social Sciences, Inc, Chicago, IL, United States). The mean ± SD was done as quantitative variables and percentage (%) as qualitative variables.




Results


Baseline characteristics

The data from the clinical assessment, treatment, and follow-up were analyzed retrospectively. From January 2012 to May 2021, more than 100 patients were diagnosed with Upper Gastrointestinal Lymphangioma by histopathological examination, 24 patients of whom underwent EMR or ESD procedures for UGL in the First Affiliated Hospital of Zhengzhou University. The average age at diagnosis was 54.17 ± 11.60 years (range 30-71 years). There were 9 (37.50%) males and 15 (62.50%) females with a sex ratio equal to 0.6. Clinically, the presentation was highly polymorphic. Most patients presented with multiple symptoms including abdominal pain (n = 9), abdominal discomfort (n = 5), regurgitation (n = 5), bloating (n = 3), foreign body sensation (n = 2). The main symptom for esophageal lymphangioma was abdominal discomfort (n = 4), while that for duodenal and gastric lymphangioma was abdominal pain (n = 6). Lymphangiectasia was histologically confirmed in one patient seven months before the endoscopic resection of the lymphangioma. The baseline characteristics of the 24 patients are shown in Table 1.


Table 1 | Baseline characteristics.





Imaging features

The UGL was unique in 23 patients (95.80%), whereas 1 patient had more than one UGL. 25 lesions found in 24 patients were diagnosed by the endoscope and/or endoscopic ultrasonography before operation (Figure 1). Endoscopic appearance typically appears as dilated lymphatic channels beneath the surface epithelium of the protrude mucosal or sub-mucosal lesion (Figures 2, 3, 4). As related to the ultrasound features of the lesions, their size ranged from 2.2 to 40 mm with a median size of 7.8 mm. The most common site was esophagus (n=14; 58.33%) and duodenum (n=9, 37.50%), followed by stomach (n=1, 4.20%). As for esophageal lesions, they were located 17 to 35 cm distal to the incisor. At pre-operative EUS, 5 (20.83%) originated from the mucosal layer, 13 (54.17%) from the submucosal layer, and 6 (25.00%) from the muscular mucosa layer. Of the 24 patients who underwent EUS, 14(58.33%) patients showed hypoechogenicity (Figure 5); 4 (16.67%) patients showed higher echo (Figure 6), 5 (20.83%) showed slightly mixed echogenicity (Figure 7), and 1 (4.17%) showed equal echogenicity. Of the 20 patients who underwent CT scans, lesions that presented as uneven density were shown in different locations in 9 (37.5%) patients, whereas CT was normal in 11 (45.8%) patients. Imaging data are shown in Table 2.




Figure 1 | Site of lymphangiomas in the upper gastrointestinal tract.






Figure 2 | Endoscopic appearance of lymphangioma in the esophagus.






Figure 3 | Nodular lymphangioma in the gastric fundus.






Figure 4 | Mucosal prominence with white spots was the endoscopic appearance of the duodenal lesion.






Figure 5 | EUS image shows the gastric lesion with hypoechogenicity.






Figure 6 | EUS examination demonstrates duodenal lymphangioma with hyperechogenicity.






Figure 7 | The esophageal lymphangioma was characterized by a heterogeneous echo.




Table 2 | Endoscopic characteristics.





Treatment and pathological manifestations

All lesions were successfully resected endoscopically including 23 (91.67%) by endoscopic mucosal resection (EMR) and 2 (8.33%) by endoscopic submucosal dissection (ESD) (Table 2). Histologic examination revealed that the lesions contained many irregularly dilated lymphatic vessels, lined with flattened endothelial cells without atypia, and with abundant lymphoid tissue. All those typical findings confirmed the initial diagnosis of lymphangioma in all patients. During and after operation, adverse events occurred in 3 (1 with active gastrointestinal bleeding during the operation and 2 with high fever after wards). All patients recovered.



Follow−up and recurrence

After the follow-up period ranged from 13 to 92 months (median 43 months), 1 patient was lost to follow-up because of the long period, and 23 survived to whom the last visit was used as the endpoint of follow-up. They all received gastroduodenoscopy and all patients were in good health, and neither recurrence nor death was observed.




Discussion

As most benign congenital malformations, lymphangiomas most commonly occur in childhood in head, neck, axilla, and mediastinum (9). Only a minority of cases are observed in adult patients and are diagnostically challenging. In addition, lymphangiomas have been extremely rarely reported in the upper gastrointestinal tract, including the esophagus, stomach, and duodenum (7, 8). Esophageal lymphangioma was first reported by Watson-Williams in 1934, and Brady and Milligan were the first persons to diagnose it by endoscopy (14). Possible etiologies are malformation of lymphatic vessels and the obstruction of lymphatic flow by inflammation or injury (15). And the acquired failure of lymphatic channels is more likely associated with the adult manifestations, possibly related to inflammatory conditions or physical trauma such as those result from surgical or radiation therapies (16). While the congenital and acquired causes are not mutually exclusive, a congenital impairment in communication between mesenchymal slits and the venous system may put patients at greater risk of drainage blocking in response to trauma (16, 17). Except for lymphangiectasia was histologically confirmed in one patient seven months before the endoscopic resection of the lymphangioma, no precipitating etiology could be identified in the current adult cases described in our research. In addition, there was no obvious connection between UGL and family tumor history in our study.

To date, only 75 UGLs have been described in English and Chinese language publications since 1934 based on our review, including 31 cases of esophageal lymphangioma, 27 cases of gastric lymphangioma, and 17 cases of duodenal lymphangioma (5, 18–21). Considering almost half of those cases reported later than 2000, it suggests increased use of upper endoscopy and rising awareness of endoscopists on upper gastrointestinal lesions (18, 19, 21). To the best of our knowledge, the present study including 24 patients is the largest scale of research referring to this rare clinical entity in the upper gastrointestinal tract. Cheng et al. (18) found that the esophageal tumors most frequently locate in the distal esophagus, while in Chinese patients, esophageal lymphangioma showed a predilection of upper- and middle-esophagus location. The former study has been confirmed in our research consisting of 6 patients with upper-esophageal lesions and 5 patients with middle-esophageal lesions in all 14 Chinese patients with esophageal lymphangiomas. For duodenal lymphangiomas, the most common site was the duodenum descending part (21), which was also shown in our study. Compared to other gastric parts, previous studies reported that the most common location was the gastric body and antrum (19, 22, 23). Some authors have suggested that it is slightly more common in males than in females compared to our study, but no sex predominance has been confirmed until now (5).

The clinical presentation of these lesions depends on their size and location, and symptoms were diverse regardless of the age of presentation and sites. As most of these UGLs were detected incidentally, previous studies also reported that UGLs were associated more frequently (45%) with non-specific signs and symptoms such as vomiting, dyspepsia, abdominal pain, or were incidental findings (24, 25). And these non-specific signs and symptoms were consistent with our results.

An accurate preoperative diagnosis of UGLs, especially in an adult patient is uncommon owing to its rarity and diverse clinical and radiological features (16, 18). The imaging examination such as computed tomography seems not very helpful in the diagnosis of UGLs. In recent years, with the wide application of EUS which could provide valuable information, EUS became one of the most important diagnostic modalities for vascular tumors arising from the gastrointestinal tract (11, 24). However, the EUS features of gastric lymphangioma are not well demonstrated, possibly owing to its rarity (26). In endoscopy, most UGLs are recognized as polyps, and EUS is used to confirm the size and origin of the lesion (27). The classical characteristics of UGLs under EUS manifest a honeycomb- or grid-like multi-microcystic echo pattern and the lesion may involve lamina propria and submucosal layer. Sometimes, the echo pattern varies according to the size of dilated lymphatic vessels (2, 7, 18). In our experience, endoscopic appearance typically appears as dilated lymphatic channels beneath the surface epithelium of the protrude mucosal or sub-mucosal lesion. We find EUS an excellent initial diagnostic tool, and the presence of a honeycomb-like or grid-like mass with a heterogeneous echo pattern and a clear boundary between the lesion and the muscularis propria layer could be helpful for the primary diagnosis of UGL. As a result, EUS is recommended to all patients with UGLs before final endoscopic or surgery resection.

According to the previous research, complete en bloc resections usually contribute to excellent outcomes and prognoses for patients (28, 29). Many studies have illustrated that endoscopic resection is suitable for smaller lymphangiomas, while laparoscopic surgery is the recommended management for larger tumor involving the muscularis propria or the lesion is suspected malignant (11, 20, 25). In our study, all UGLs were successfully resected endoscopically including 22 (91.67%) by EMR and 2 (8.33%) by ESD. In addition to adverse events occurred in 3 patients who finally recovered, there were no other cases of recurrence during the follow-up period. As a truly minimally invasive technique, endoscopic treatment preserves the integrity of the anatomy and the original function of the organ (30). Hence, we recommend endoscopic resection both for yielding a final histological diagnosis and to prevent them from growing too large for endoscopic management.

It is extremely challenging for the diagnosis of relatively small gastrointestinal lymphangiomas, and histological examination is essential for a definitive diagnosis (26).Margaret et al. reported that it was hard to distinguish lymphangioma because of the histologic overlap with lymphangiectasia of the gastrointestinal mucosa (31). Compared with lymphangiectasia, he demonstrated the most reliable histologic features of lymphangioma as the presence of smooth muscle surrounding the lymphatic spaces and complete circumferential lining of spaces by endothelial-type cells (31, 32). Other types of vascular tumors include haemangiolymphangioma and haemangioma (33). Haemangiolymphangiomas are masses with mucosal and submucosal proliferations of capillary-type blood vessels, and of lymphatic-type vessels. And the cavity contained red blood cells or lymphatic fluid (34). While haemangiomas consist of clustered vascular hyperplasia in the submucosa, lumen irregularity, partial dilation (12). Other studies concluded that the typical features of lymphangiomas are the presence of alternating lymphoid tissue, lymphatic space, and chylous or serous fluid within an irregularly dilated lymphatic channel (16, 20, 25). The histological analysis of the resected mass from our patient provided a clear result for this differential diagnosis that the lesions contained many irregularly dilated lymphatic vessels, lined with flattened endothelial cells without atypia, and with abundant lymphoid tissue.

In conclusion, there were no typical signs of UGL for its clinical manifestations vary in both location and size. EUS has important clinical value for the primary diagnosis lymphangioma in the upper gastrointestinal tract. Because of the endoscopic resection’s low technical complexity and complications for managements of patients with UGLs, this study suggests that this method should be considered as a minimally invasive, safe, feasible, and effective therapeutic option comparing to laparoscopic surgeries. Further studies are needed to confirm our findings.
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Background

The first-line chemotherapy for patients with RAS and BRAF wild-type metastatic colorectal cancer (mCRC) commonly involves cytotoxic regimens, such as FOLFOX and FOLFIRI, combined with epidermal growth factor receptor (EGFR) antibodies. When progression occurs following anti-EGFR antibody-combined chemotherapy, anti-angiogenic inhibitors can be used as second-line treatment. Although randomized controlled trials have shown that anti-angiogenic inhibitors [bevacizumab, ramucirumab, and aflibercept (AFL)] carry survival benefit when combined with FOLFIRI as second-line chemotherapy, such trials did not provide data on patients with mCRC refractory to anti-EGFR antibody-combined chemotherapy. Therefore, our group planned a multicenter, nonrandomized, single-arm, prospective, phase II study to investigate the safety and efficacy of FOLFIRI plus AFL as a second-line chemotherapy for patients with mCRC refractory to oxaliplatin-based chemotherapy combined with anti-EGFR antibodies.



Methods

FOLFIRI (irinotecan 180 mg/m2, l-leucovorin 200 mg/m2, bolus 5-FU 400 mg/m2, and infusional 5-FU 2400 mg/m2/46 h) and AFL (4 mg/kg) will be administered every 2 weeks until progression or unacceptable toxicities occur. The primary endpoint will be the 6-month progression-free survival (PFS) rate, whereas the secondary endpoints will include overall survival, PFS, response rate, disease control rate, adverse events, and relative dose intensity for each drug. A sample size of 41 participants will be required. This study will be sponsored by the Non-Profit Organization Hokkaido Gastrointestinal Cancer Study Group and will be supported by a grant from Sanofi.



Discussion

There is only an observational study reporting data on FOLFIRI plus AFL for patients with mCRC who previously received anti-EGFR antibodies; therefore, a prospective clinical trial is needed. This study will prospectively evaluate the efficacy and safety of FOLFIRI plus AFL in patients with mCRC who are resistant to anti-EGFR antibodies and have limited data. Moreover, this study will reveal predictive biomarkers for AFL-based chemotherapy.



Clinical trial registration

Japan Registry of Clinical Trials, jRCTs011190006. Registered 19 November, 2019, https://jrct.niph.go.jp/latest-detail/jRCTs011190006.
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Introduction

The incidence of colorectal cancer (CRC) has increased over the decades and is the second most common cause of cancer-related death in Japan. Estimates in 2016 revealed 201,446 new CRC cases, with 50,099 deaths throughout Japan (1). Metastatic CRC (mCRC) carries a poor prognosis with no currently available cure. Chemotherapy remains the standard treatment for mCRC and aims to prolong survival and improve patients’ quality of life. Nowadays, chemotherapy regimens, such as combinations of 5-fluorouracil (5-FU), leucovorin (LV), and oxaliplatin (FOLFOX) and 5-FU, LV, and irinotecan (FOLFIRI), have been recommended as first-line therapies usually in combination with monoclonal antibodies, such as an anti-vascular endothelial growth factor (VEGF)-A antibody [bevacizumab (BEV)] or anti-epidermal growth factor receptor (EGFR) antibodies (cetuximab or panitumumab) (2). Other studies have also recommended FOLFOXIRI, a combination chemotherapy comprising 5-FU, LV, oxaliplatin, and irinotecan (IRI), with or without BEV (3, 4). Chemotherapies comprising anti-EGFR antibodies have been recommended as the first-line chemotherapy for patients with RAS and BRAF wild-type mCRC. Indeed, a subgroup analysis of the FIRE-3 study showed that anti-EGFR antibody-based regimens promoted better survival outcomes than BEV-based regimens for left-sided mCRC (5), with several subgroup analyses of prospective clinical trials showing similar outcomes (6, 7). Nowadays, chemotherapy with anti-EGFR antibodies (cetuximab or panitumumab) has been the most recommended regimen in the ESMO-Asian consensus guidelines for patients with RAS wild-type left-sided mCRC (8).

Aflibercept (AFL) is a recombinant fusion protein containing portions of the extracellular domains of VEGF receptors 1 and 2 fused to the Fc portion of human immunoglobulin G1 (9). Interestingly, the VELOUR study, which compared FOLFIRI with or without AFL, showed that FOLFIRI plus AFL had better survival outcomes than FOLFIRI alone (median overall survival [OS]: 13.50 vs. 12.06 months, hazard ratio [HR] = 0.817, p = 0.0032) (9). Moreover, ML18147 (10) and RAISE (11) have found that BEV-based chemotherapy and FOLFIRI plus ramucirumab (RAM), a monoclonal antibody targeting VEGF receptor 2, were efficacious second-line therapies. ML18147 showed that continuous BEV plus second-line chemotherapy after progression with BEV plus first-line chemotherapy prolonged survival compared with second-line chemotherapy alone (median overall survival [OS]: 11.2 vs. 9.8 months, HR = 0.81, p = 0.0062) (10). RAISE also showed the efficacy of FOLFIRI plus RAM for patients with mCRC refractory to the first-line chemotherapy with BEV, oxaliplatin, and fluoropyrimidines compared with FOLFIRI plus placebo (median OS: 13.3 vs. 11.7 months, HR = 0.844, p = 0.0219) (11). Notably, ML18147 and RAISE have included participants who received BEV as their first-line chemotherapy, whereas VELOUR included those who received first-line chemotherapy without BEV. In the VELOUR study, the subgroup analysis defined by RAS or BRAF status showed that WT (all RAS wild-type and BRAF wild-type) and BRAF mutant-type (mut) tended to have better OS outcomes with FOLFIRI plus AFL (WT: HR = 0.76, 95% confidence interval [CI] 0.53–1.10; BRAF mut: HR = 0.42, 95% CI 0.16–1.09), which is a promising result for patients receiving first-line chemotherapy with anti-EGFR antibodies (12). However, the VELOUR study did not report results for patients who received first-line therapy with anti-EGFR antibodies, whereas little evidence regarding this population was presented. Therefore, no clinical studies have yet demonstrated the efficacy of adding a molecular-targeted agent to second-line chemotherapies for mCRC refractory to first-line treatment including anti-EGFR antibodies.

Considering the lack of evidence, second-line regimens have been selected based on physicians’ discretion or patient preference. Therefore, this multicenter clinical study sought to investigate the efficacy and safety of FOLFIRI plus AFL for unresectable advanced or recurrent CRC refractory to combination therapy with oxaliplatin and panitumumab or cetuximab.



Materials and methods


Study design and treatment

This multicenter, nonrandomized, single-arm, prospective, phase II study was designed to investigate the safety and efficacy of FOLFIRI plus AFL as the second-line chemotherapy for patients with mCRC refractory to oxaliplatin-based chemotherapy combined with anti-EGFR antibodies (Figure 1). The inclusion and exclusion criteria are summarized in Table 1.




Figure 1 | Study design. ECOG PS, Eastern Cooperative Oncology Group Performance Status.




Table 1 | Eligibility criteria.



The treatment protocol starts 7 days after study registration; the treatment schedule is outlined in Figure 2. AFL (4 mg/kg) will be given as a continuous intravenous infusion over 60 min on day 1, followed by a continuous infusion of IRI (180 mg/m2) over 90 min and l-leucovorin (200 mg/m2) over 120 min. Immediately after completing the l-leucovorin infusion, 5-FU (400 mg/m2) will be provided via rapid intravenous injection, followed by a continuous intravenous infusion of 5-FU (2400 mg/m2) delivered over 46 h using an infusion pump. This 2-week treatment course will be repeated until disease progression or unacceptable toxicities occur.




Figure 2 | Treatment schedule for FOLFIRI+AFL. 5-FU, 5-fluorouracil; AFL, aflibercept beta; CI, continuous infusion; IRI, irinotecan; l-LV, l-leucovorin.



This study will be conducted in accordance with the Declaration of Helsinki and Ethical Guidelines for Medical and Health Research Involving Human Subjects. HGCSG1801 received approval on October 9, 2019, by Hokkaido University Certified Review Board. All patients will be required to provide written informed consent before enrollment.



Endpoints and assessments

The primary endpoint will be the 6-month progression-free survival (PFS) rate, whereas the secondary endpoints will include OS, PFS, overall response rate (ORR), disease control rate (DCR), safety profile, and relative dose intensity.

The OS period will be defined as the duration from the first administration of the study treatment until death due to any cause. Surviving cases will be censored on the last confirmed survival day. The PFS period will be defined as the duration from the first administration of the study treatment until disease progression or death due to any cause, whichever comes first. Cases with no confirmed progression will be censored on the last confirmed PFS date. ORR and DCR will be evaluated based on the Response Evaluation Criteria in Solid Tumors version 1.1 (13). Regarding safety, the frequency of adverse events will be evaluated using the Common Terminology Criteria for Adverse Events v5.0.

The exploratory endpoint will indicate the relationship between primary/secondary endpoints and changes in the following biomarkers: placental growth factor (PlGF), hepatocyte growth factor (HGF), interleukin (IL)-6, IL-8, angiopoietin-2, neuropillin-1, tissue inhibitor of metalloproteinase-1 (TIMP-1), soluble intercellular adhesion molecule-1, soluble vascular cell adhesion molecule-1, thrombospondin-2 (TSP-2), osteopontin (OPN), sVEGFR1, sVEGFR2, sVEGFR3, VEGF-A, VEGF-D, interferon gamma, and transforming growth factor β1.



Biomarker analysis

Blood plasma will be collected three times (before study treatment initiation, before the fifth–sixth cycle, and after study discontinuation) to measure angiogenic factors mentioned earlier. These factors will be analyzed concurrently using the multiplex assay kit Ukit (G&G Science Co., Ltd.) from the MILLIPLEX® MAP multiplex assay kit lineup by Millipore (www.merckmillipore.jp/1milliplex-jp).

The MILLIPLEX® kit is a dedicated reagent for multiplex assay systems using Luminex xMAP® technology (https://www.merckmillipore.com/JP/en/life-science-research/protein-detection-quantification/Immunoassay-Platform-Solutions/luminex-instruments/xmap-technology/OUGb.qB.D_kAAAFB6sYRRk_Q,nav). Samples will be incubated with magnetic bead analytes (MILLIPLEX® MAP) stained stepwise with two fluorescent dyes to specifically bind the target protein to the magnetic bead analyte. Thereafter, the sample will be reacted with a biotin-labeled detection sample and fluorescently labeled with streptavidin-PE, followed by the identification of the magnetic bead analyte and fluorescence intensity quantification using two types of lasers. The analyses of these factors will be performed by GG.



Statistical analysis

The full analysis set (FAS) will include all enrolled patients. However, patients with serious protocol violations (no informed consent or serious violations of the study procedures) will be excluded. The safety analysis set (SAS) will include all enrolled patients who receive one dose of the study treatment. All efficacy analyses will be performed in the FAS population, whereas safety analysis will be performed in the SAS population.

The VELOUR study reported 6-month PFS rates of 38.9% and 58.4% for FOLFIRI and FOLFIRI + AFL, respectively, as second-line chemotherapy for mCRC refractory to first-line chemotherapy containing oxaliplatin and fluoropyrimidines, respectively (9). Based on the aforementioned results, we hypothesized a 6-month PFS rate of 58.4% for FOLFIRI plus AFL in patients previously treated and exhibited progression with anti-EGFR agents plus oxaliplatin-based first-line chemotherapy. Given the threshold and expected 6-month PFS rates of 38.9% and 58.4%, respectively, as well as a two-sided significance level (alpha error) of 0.1, a registration period of 2 years, and a follow-up period of 18 months, 37 cases will be required when the probability that the lower limit of the CI calculated using the Greenwood formula (14) exceeds the threshold is 80%. Consequently, the target number of cases will be set at 41 to account for ineligible cases.

This study primarily sought to evaluate the efficacy of FOLFIRI + AFL. The main analysis will utilize the Kaplan–Meier method (15) to evaluate the 6-month PFS rate (i.e., primary endpoint) in the FAS population. The 90% CI will be calculated using the Greenwood formula for the observed 6-month PFS rate, with significance being indicated when the lower limit of the 90% CI exceeds the threshold of 38.9%.

Secondary endpoints will be analyzed to supplement the main analysis results. OS and PFS will be evaluated using the Kaplan–Meier method, and the ORR and DCR will be calculated using the Clopper–Pearson 95% CI (16).




Discussion

Limited data have been available on the optimal second-line regimen for mCRC refractory to anti-EGFR antibodies. The QoLiTrap study reported promising data of FOLFIRI plus AFL for patients who previously received anti-EGFR antibodies (ORR 23.7%, median PFS 9.4 months and median OS 17.4 months); however, it is an observational study and included patients receiving FOLFIRI plus AFL as second- or later-line therapy (17). Therefore, a prospective clinical trial is needed.

The present study will evaluate the efficacy and safety of FOLFIRI plus AFL in patients who have progressed with EGFR inhibitors, as well as changes in angiogenesis-related biomarkers during FOLFIRI plus AFL chemotherapy, to identify predictive biomarkers for AFL-based chemotherapy.

Although no predictive markers for the efficacy of angiogenesis inhibitors, such as RAS or BRAF, in EGFR antibody therapy have previously been identified, some promising factors have been reported. Accordingly, PlGF and HGF were significantly increased during BEV-combined chemotherapy before imaging indicated progression, whereas VEGFR2 was significantly increased after BEV administration and then decreased at the time of progression (18). Moreover, patients with high IL-8 levels upon treatment initiation had a significantly shorter PFS versus those with low levels. A biomarker study in the CALGB80405 trial showed that low VEGF-D and low PlGF may indicate BEV effectiveness and that factors, including angiopoietin-2, HGF, ICAM-1, IL-6, OPN, TIMP-1, TSP-2, VCAM-1, VEGFR3, can be prognostic indicators (19).

The biomarker analysis in the VELOUR study (20, 21) revealed that high levels of VEGF-A, VEGFR2, PlGF, and VEGFR3 and low levels of IL-8 indicated the efficacy of FOLFIRI + AFL, with neuropilin-1 and angiopoietin-2 having been identified as prognostic factors.

The Angiogenesis Panel that will be used in the biomarker analysis of the present study is a kit that can simultaneously measure 17 angiogenic factors. By evaluating changes in these factors before, during, and after study treatment administration, prognostic and prognostic factors can be identified.

The results of this study will elucidate the efficacy and safety of FOLFIRI plus AFL in mCRC refractory to anti-EGFR antibodies, as well as identify biomarkers for such a regimen.
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Colon adenocarcinoma (COAD) is a malignant tumor with a high mortality rate. Angiogenesis plays a key role in the development and progression of cancer. However, in COAD, studies between angiogenesis and prognosis, immune cell infiltration, and personalized treatment guidance are currently lacking. In the present study, we comprehensively assessed 35 angiogenesis-related genes (ARG) and identified key ARGs affecting OS in COAD patients. The ARG Prognostic Index (ARGPI) was constructed based on a univariate Cox regression model and its prognostic value was evaluated in TCGA-COAD, GSE39582, GSE161158 and TRSJTUSM Cohort. We constructed ARGPI as an independent risk factor for OS in COAD patients and combined with clinical parameters to further construct an ARGPI-based nomogram, which showed a strong ability to predict overall survival in COAD patients. High ARGPI is associated with cancer-related and immune-related biological processes and signaling pathways; high TP53 mutation rate; high infiltration of MSC, pericytes, and stromal cells; and more CMS4 subtype. And low ARGPI benefited more from immune checkpoint inhibitor treatment. In addition, we also predicted the sensitivity of different ARGPI groups to common chemotherapeutic and targeted agents. In conclusion, this study constructed an ARGPI based on ARG, which robustly predicted the OS of COAD patients and provided a possible personalized treatment regime for COAD patients.
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Introduction

According to the latest global cancer statistics, Colon adenocarcinoma (COAD) ranks among the highest in incidence and mortality (1). Patients with advanced colorectal cancer (CRC) have a very poor prognosis compared with those with early-stage colorectal cancer (2). At present, the main methods for the treatment of COAD are surgery, radiotherapy and chemotherapy, targeted therapy and immunotherapy. Although advances in understanding of the pathophysiology of COAD have led to increasingly individualized treatment regimens and have resulted in significantly improved overall survival in advanced stage patients, this is far from sufficient relative to early-stage patients (3). Since current treatments for COAD still have many limitations, it is imperative to develop biomarkers that can effectively predict disease progression and individualized treatment response.

Angiogenesis is one of the key conditions for a variety of physiological and pathological activities (4). Pathological angiogenesis in pathological diseases, including cancer, often results in abnormal vascular structure and function, which is one of the important factors in maintaining rapid growth of cancer (4). Because the oxygen, nutrients and growth factors needed to support the growth of cancer cells are all delivered by blood vessels. It is therefore not difficult to understand that tumor cells secrete a large number of pro-angiogenic factors to maintain the formation of vascular networks, albeit disorganized (5). Therefore, inhibition of angiogenesis is a good therapeutic option for the treatment of solid tumors (6, 7). However, current studies mostly target a certain gene or signaling pathway, such as vascular endothelial growth factor (VEGF), fibroblast growth factor and Notch signaling pathway, etc. (8). Unfortunately, anti-angiogenesis cannot completely eliminate tumor cells, which may also be one of the important reasons for cancer drug resistance (9). Therefore, the future will focus on the combination therapy of anti-angiogenic agents with chemotherapy, targeted therapy and immunotherapy (9–11). Current studies have focused on the value of angiogenesis-related genes in the prognosis and immunotherapy of gastric cancer (12). However, no studies have focused on the role of angiogenesis-related genes (ARG) in COAD, including the prognostic value and choice of combination therapy, especially immunotherapy.

Our study is the first to systematically explore the differential expression and prognostic value of angiogenesis-related genes in COAD and further explore the relationship with the immune microenvironment and the impact on the choice of chemotherapy, targeted therapy and immunotherapy. The 3-gene ARG Prognostic Index (ARGPI) was first identified by COAD. Next, we assessed the clinical value of ARGPI and its impact on the immune microenvironment, and finally assessed the clinical value of ARGPI for the effect of immunotherapy. We believe that this study has certain prognostic value and clinical treatment guiding significance for COAD patients.



Materials and methods


Patients and tissue samples

From March 2016 to December 2017, 77 surgical specimens after CRC resection were collected at Tongren Hospital, Shanghai Jiao Tong University School of Medicine (TRSJTUSM), immediately placed in liquid nitrogen, and stored at -80°C. This study was approved by the Ethics Committee of TRSJTUSM (No. 2017-003-01). All patients provided written informed consent and adhered to the Declaration of Helsinki.



Data collection

RNA-seq data for 33 cancers from TCGA were obtained from the University of California Santa Cruz (UCSC, https://xena.ucsc.edu/) xena, and clinical data for the TCGA-COAD dataset were obtained. Somatic mutation data in COAD patients were obtained from The Cancer Genome Atlas (TCGA, https://portal.gdc.cancer.gov/) database. The RNA-seq data and clinical data of GSE39582, GSE161158 and GSE78220 were obtained from the Gene Expression Omnibus (GEO, https://www.ncbi.nlm.nih.gov/geo/) database. Consensus molecular subtypes (CMS) of COAD patients in GSE39582 were obtained from data from previously published studies (13). RNA-seq data and matched clinical data from patients in the IMvigor210 cohort of advanced urothelial carcinoma treated with atezolizumab from previously published studies (14). All RNA-seq data were investigated in log 2 (FPKM+1). Patients with an overall survival of less than 30 days were excluded from the prognostic correlation analysis.



Identification of key genes related to angiogenesis

The 36 ARG were obtained from h.all.v7.5.1.symbols.gmt (http://www.gsea-msigdb.org/gsea/msigdb/cards/HALLMARK_ANGIOGENESIS). Based on RNA-seq data of TCGA-COAD samples (471 tumors vs. 41 normal samples) obtained from UCSC xena, 35 ARG were identified using the limma package (PRG2 expression values with an average value of less than 0.2 were excluded) of differentially expressed genes (P < 0.05, |log 2 FC| > 1). Key genes were then identified by a univariate Cox regression model.



ARGPI construction and verification

The ARGPI was constructed based on the results of the univariate Cox regression model. Briefly, the ARGPI for each sample is calculated by multiplying the expression values of key genes by their weight coefficient (coef values) in the Cox model and adding them together. Its ability to predict patient prognosis in the TCGA-COAD, GSE39582, GSE161158 and the TRSJTUSM Cohort. In addition, the prognostic value of ARGPI in 32 cancers was validated using the Kaplan-Meier survival curve analysis.



RNA extraction and qRT-PCR analysis

Related experiments were performed as previously described (15). Briefly, total RNA was extracted from frozen tissue using RNAiso Plus reagent (Takara Bio, Japan), and RNA was reverse transcribed to cDNA using PrimeScript™ RT Master Mix (Takara Bio, Japan). Quantification was performed by SYBR-Green qPCR Master Mix (Vazyme Bio, China) and normalized to β-actin. Relative quantification of PCR experimental data was performed using the 2−ΔΔCt method. PCR reaction program: preheat at 95°C for 30s, and then enter the amplification cycle. Denaturation at 95°C for 30s, renaturation at 55°C for 30s, and then maintained at 72°C for 60s to complete one cycle. The number of cycles was set to 40 times. Finally, the program was terminated after 5 minutes at 72°C.

The β-actin primer sequences are as follows, forward: CCCTGGAGAAGAGCTACGAG, reverse: GGAAGGAAGGCTGGAAGAGT.

The VEGFA primer sequences are as follows, forward: AGGGCAGAATCATCACGAAGT, reverse: AGGTCTCGATTGGATGGCA.

The JAG2 primer sequences are as follows, forward: AGCCATGCCTTAACGCTTTT, reverse: CACACACTGGTACCCGTTCA.

The TIMP1 primer sequences are as follows, forward: CGCAGCGAGGAGGTTTCTCAT, reverse: GGCAGTGATGTGCAAATTTCC.



Clinical significance of ARGPI and construction of nomogram

To determine whether ARGPI is an independent prognostic marker affecting OS in patients with COAD, we performed univariate and multivariate Cox regression analyses, respectively. Based on ARGPI, we combined multiple clinical indicators to construct a nomogram and used it to predict 1-, 3-, and 5-year OS in COAD patients. Calibration curve was used to evaluate the consistency between nomogram predictions and actual values, and ROC curve was used to evaluate the AUC value of the nomogram in predicting OS of COAD patients at 1-, 3-, and 5-year.



Gene set enrichment analysis

The TCGA-COAD samples were divided into high and low ARGPI groups by median ARGPI value. Based on the gene sets “c2.cp.kegg.v7.4.symbols.gmt” and “c5.go.v7.4.symbols.gmt”, the biological processes (BP) and signaling pathways of different ARGPI groupings affecting COAD were analyzed by GSEA. GSEA is a classic tool for elucidating biological functions across different subgroups of patients through genomic expression data (16).



Immune cell infiltration analysis

xCell is a novel method to infer 64 immune and stromal cells based on gene signatures combined with gene set enrichment dominance and deconvolution methods (17). We calculated the infiltration levels of 64 immune and stromal cells in TCGA-COAD samples using xCell.



Mutation spectrum analysis

Somatic mutation data from TCGA-COAD patients were analyzed based on the maftools package (18). We first analyzed the mutational spectrum of angiogenesis-related genes in TCGA-COAD patients. Secondly, according to the median value of ARGPI, TCGA-COAD patients were divided into high ARGPI group and low ARGPI group, and the top 10 most easily mutated genes in different groups were discussed respectively. and calculated the tumor mutational burden (TMB) for each sample, TMB typically represents the number of nonsynonymous mutations per megabase in somatic cells (19).



Immunotherapy responsiveness and drug sensitivity analysis

We first analyzed the correlation of ARGPI with PDL1 and TMB. And use the TIDE algorithm to predict and predict cancer immunotherapy response (20), and analyze the difference of TIDE-related scores in different APGRI groups. Finally, the ability of ARGPI to predict immunotherapy response was validated using two immunotherapy cohorts (IMvigor210 cohort and the GSE78220 cohort). In this study, Immunotherapy efficacy indicators include complete remission (CR), partial remission (PR), stable disease (SD) and disease progression (PD). CR and PR were classified as immunotherapy response, SD and PD as immunotherapy nonresponse.

The IC50 values of 88 common chemotherapy and targeted drugs were analyzed using the pRRophetic package to study the sensitivity of different APGPI groups to different drugs.



Statistical analysis

The TMB is obtained by processing the PERL programming language (v5.32.1). All data were analyzed in R language (R version 4.1.0). The Spearman method was used for correlation analysis, and the Wilcoxon test was used to analyze the differences between different ARGPI groups. Comparison of the distribution of CMS in different ARGPI groups by chi-square test. P<0.05 represents statistical significance.




Result


Construction and verification of ARGPI in COAD

First, we determined the somatic mutation of 35 ARG in COAD. As shown in Figure 1A, 167 of the 433 COAD samples had somatic mutations, of which VCAN was the ARG with the highest somatic mutation frequency (10%), followed by COLA5A and POSTN. Second, we obtained 471 COAD tissues and 41 normal tissues from TCGA, and identified 9 differentially expressed ARG (DEARG), including 8 up-regulated DEARG and 1 down-regulated DEARG. The associated heatmaps and volcano maps are shown in Figures 1B, C.




Figure 1 | Construction of ARGPI. (A) 35 ARG mutation spectrum. (B, C) Heatmap and volcano plot of expression differences of 35 ARG between COAD and normal tissues. (D) Univariate Cox Analysis of 10 DEARG. (E–G) Kaplan-Meier survival analysis of three significant ARG in univariate Cox analysis. (H) Kaplan-Meier survival analysis of ARGPI subgroups in the TCGA-COAD cohort.



To identify prognostic genes affecting COAD survival, we performed a univariate Cox regression analysis of OS for 9 DEARGs. The results showed that only three genes (VEGFA, JAG2, and TIMP1) significantly affected OS in COAD patients (Figures 1D–G). We then constructed a prognostic index for all cancer samples based on the results of univariate Cox regression analysis (The detailed results of univariate Cox regression analysis are listed in Supplementary Table S1). ARGPI formula =coef of VEGFA*expression level of VEGFA+ coef of JAG2 * expression level of JAG2 + coef of TIMP1 * expression level of TIMP1. The COAD patients were divided into high ARGPI group and low ARGPI group by the median ARGPI value, and the results showed that the OS of the high ARGPI group was significantly lower than that of the low ARGPI group (Figure 1H).



The external cohort validation of ARGPI

In order to verify the stability and universality of ARGPI to guide prognosis. We first examined the expression of key ARGs using samples from the TRSJTUSM cohort. Univariate Cox regression model and Kaplan-Meier survival curve analysis showed that all three key ARGs significantly affected OS in CRC patients (Figures 2A–D). The ARGPI of the TRSJTUSM cohort was then constructed according to the above ARGPI formula. Similarly, CRC patients were divided into high-ARGPI group and low-ARGPI group according to the median ARGPI, and the results showed that the OS of the low-ARGPI group was significantly better than that of the high-ARGPI group (Figure 2E), which is consistent with the results of the TCGA-COAD dataset of. More importantly, consistent results were shown in GSE39582 and GSE161158, with significantly lower OS in the high ARGPI group than in the low ARGPI group (Figures 2F, G). Finally, we validated the prognostic value of ARGPI in 32 cancer types, and the results showed that ARGPI exhibits potential prognostic value in 22 cancer types (Supplementary Figure 1).




Figure 2 | Verification of ARGPI. (A) Univariate Cox Analysis of JAG2, VEGFA and TIMP1 in TRSJTUSM Cohort. (B–D) Kaplan-Meier survival analysis of JAG2, VEGFA and TIMP1 in TRSJTUSM Cohort. (E) Kaplan-Meier survival analysis of ARGPI subgroups in the TRSJTUSM cohort. (F) Kaplan-Meier survival analysis of ARGPI subgroups in the GSE39582 cohort. (G) Kaplan-Meier survival analysis of ARGPI subgroups in the GSE161158 cohort.





Construction of a nomogram to predict the prognosis of patients with COAD

First, we fitted into the clinicopathological features of COAD patients. Univariate Cox regression analysis showed that tumor stage and ARGPI were significantly associated with prognosis in COAD (Figure 3A). Multivariate Cox regression analysis confirmed that tumor stage and ARGPI were independent prognostic factors affecting COAD patients after adjusting for other clinicopathological factors (Figure 3B). Furthermore, we validated this conclusion in the TRSJTUSM cohort. Results show that tumor stage and ARGPI are independent prognostic factors for colorectal cancer patients (Supplementary Figures 2A, B). Due to the high correlation between ARGPI and patient prognosis, we constructed a nomogram combining clinical parameters. The nomograms we constructed were designed to assess 1-, 3-, and 5-year OS in COAD patients (Figure 3C). Calibration curves revealed a high consistency between the predicted values and actual values of nomograms for 1-, 3-, and 5-year OS in COAD patients (Figure 3D). In addition, we analyzed the AUC values of the nomogram for predicting OS at 1-, 3-, and 5-years by ROC curves. As shown in Figure 3E, the nomogram showed excellent predictive power for predicting the prognosis of COAD patients at 1, 3, and 5 years (AUC values of 0.794, 0.799, and 0.738, respectively).




Figure 3 | Construction of a nomogram. (A, B) Univariate and multivariate Cox analysis of clinicopathological factors and ARGPI in TCGA-COAD Cohort. (C) A nomogram based on ARGPI and clinicopathological factors to indicate OS in COAD patients. (D, E) Calibration curves and ROC curves were used to assess the robustness and accuracy of nomograms in predicting 1-, 3-, and 5-year OS in COAD patients. ** p < 0.01, and *** p < 0.001.





GSEA

To gain insight into the biological processes and signal transduction pathways that ARGPI may affect in COAD, we divided patients into high and low ARGPI groups with median ARGPI values and performed GSEA. First, we explored the biological process by which ARGPI might affect COAD, and the results showed that the BPs involved in the high ARGPI group were mainly enriched in GOBP ADAPTIVE IMMUNE RESPONSE, GOBP BLOOD VESSEL MORPHOGENESIS, GOBP CELL CHEMOTAXIS, GOBP CELL SUBSTRATE ADHESION, GOBP COLLAGEN FIBRIL ORGANIZATION (Figure 4A). The BPs involved in the low ARGPI group were mainly enriched in GOBP DNA CONFORMATION CHANGE, GOBP NUCLEOSOME ASSEMBLY, GOCC CHROMOSOMAL REGION, GOCC CHROMOSOME CENTROMERIC REGION, GOCC DNA PACKAGING COMPLEX (Figure 4B). Second, we explored the signaling pathways by which ARGPI may affect COAD. The results showed that the signaling pathways affected by the high ARGPI group were mainly enriched in KEGG CELL ADHESION MOLECULES CAMS, KEGG CYTOKINE CYTOKINE RECEPTOR INTERACTION, KEGG ECM RECEPTOR INTERACTION, KEGG FOCAL ADHESION, KEGG NEUROACTIVE LIGAND RECEPTOR INTERACTION (Figure 4C). The signaling pathways affected by the low ARGPI group were mainly enriched in KEGG ASCORBATE AND ALDARATE METABOLISM, KEGG BUTANOATE METABOLISM, KEGG DRUG METABOLISM CYTOCHROME P450, KEGG PORPHYRIN AND CHLOROPHYLL METABOLISM, KEGG RETINOL METABOLISM (Figure 4D). Detailed results of GSEA are presented in Supplementary Table S2.




Figure 4 | Gene Set Enrichment Analysis of ARGPI. (A, B) The 5 biological processes that were most significantly enriched in the high ARGPI group and the low ARGPI group, respectively. (C, D) The 5 signal pathways that were most significantly enriched in the high ARGPI group and the low ARGPI group, respectively.





Correlation between ARGPI and immune cell infiltration

To determine whether ARGPI affects the level of immune cell infiltration in COAD samples, we assessed the infiltration levels of 64 immune-related cells in COAD samples using xCell. Using Spearman to analyze the correlation of ARGPI with immune cell infiltration, the results showed that ARGPI was associated with 45 out of 64 immune cell types (p < 0.05), including a positive correlation with 27 immune cell infiltration and 18 immune cell infiltration was negatively correlated (Figure 5A). Among them, Mesenchymal stem cell (MSC) were the immune cells with the strongest correlation with ARGPI (Figure 5B), followed by Pericytes (Figure 5C), mv Endothelial cells (Figure 5D), Astrocytes (Figure 5E), ly Endothelial cells (Figure 5F), Endothelial cells (Figure 5G).




Figure 5 | Correlation between ARGPI and immune cell infiltration. (A) Correlation histogram of ARGPI with 64 kinds of immune cells and stromal cells. (B–G) Scatter plot of 6 immune cell correlations most significantly associated with ARGPI.





Correlation between ARGPI and CMS

Previous studies have shown that COAD patients can be classified into 4 CMS. In short, CMS1 is known as the “MSI-like” subtype. CMS2 is known as the “Canonical” subtype. CMS3 is known as the “Metabolic” subtype. CMS4 is known as the “mesenchymal” subtype (13). We obtained the classification of consensus molecular subgroups of GSE39582 from previous studies, and further analyzed the distribution between ARGPI groupings and CMS, as shown in Figure 6A, there were significantly more CMS1 and CMS4 in the high ARGPI group than in the low ARGPI group, especially CMS4. While the low ARGPI group had significantly more CMS2 and CMS3 than the high ARGPI group. In addition, we also analyzed the prognosis in different CMS groups, and the results showed that the prognosis of the CMS4 phenotype was significantly worse, especially relative to the CMS2 phenotype (Figure 6B).




Figure 6 | Distribution of consensus molecular subtypes (CMS) in different ARGPI subgroups (A) and prognostic analysis of CMS (B).





Association of ARGPI with PDL1, TMB, MSI and TIDE scores

Numerous studies have shown that PDL1, TMB and Microsatellite instability (MSI) are important predictors of immunotherapy response (21). First, we explored the gene mutation between different ARGPI groups, as shown in Figures 7A, B, we showed the 10 most easily mutated genes in different ARGPI groups. The mutation rates of APC, TP53, TTN and KRAS were higher than 40% in both groups. TP53, RYR2 and ZFHX4 were more common in the high ARGPI group. DNAH5 and OBSCN were more common in the low ARGPI group. We next discussed the association between ARGPI and PDL1 and TMB, and the results showed that ARGPI was not significantly correlated with neither PDL1 nor TMB (Figures 7C, D). Finally, we evaluated the potential clinical benefit of immunotherapy in different ARGPI groups by using TIDE. A lower TIDE score represents a lower possibility of immune evasion. That is, the lower the TIDE score, the greater the benefit of the patient from immune checkpoint inhibitor (ICI) treatment. In our results, the TIDE score in the low ARGPI group was significantly lower than that in the high ARGPI group (Figure 7E), implying that patients in the low ARGPI group had a higher clinical benefit from ICI than those in the high ARGPI group. In addition, compared with the high ARGPI group, patients in the low ARGPI group had higher MSI scores (Figure 7F) and lower cancer-associated fibroblasts (CAF), Exclusion, and Dysfunction (Figures 7G–I). However, there was no significant difference in Myeloid-derived suppressor cell (MDSC) between the two groups (Figure 7J).




Figure 7 | Association of ARGPI with markers for predicting ICI response. (A, B) The 10 most mutated genes in TCGA-COAD samples in the high and low ARGPI groups. (C) Differences in TMB in different ARGPI groups. (D) Correlation between ARGPI and PDL1 expression. (E–J) TIDE, MSI score, CAF, T-cell Exclusion and dysfunction scores, and MDSC in different ARGPI groups. “ns” represents not significant and “***” represents p < 0.001.





Benefits of ICI therapy in different ARGPI subgroups

Inhibition of immune checkpoints using anti-PD1 and anti-CTLA4 monoclonal antibodies has become a mainstay option in anticancer therapy with unprecedented (22–24). Next, we explored the prognostic value of ARGPI for ICI therapy by combining the IMvigor210 and GSE78220 cohorts to assess clinical benefit. In the IMvigor210 cohort, the prognosis was worse in the high ARGPI group (Figure 8A), which is consistent with the results of the COAD cohort. The ROC curve of ARGPI in predicting OS of patients in IMvigor210 showed certain accuracy, with AUCs of 0.487, 0.571 and 0.600 for predicting OS at 6 months, 12 months and 18 months, respectively (Figure 8B). In addition, significantly more patients responded to ICI treatment in the low ARGPI group (Figure 8C). Likewise, the ARGPI was significantly lower in the ICI response group than in the ICI nonresponse group (Figure 8D). The results obtained based on IMvigor210 were further confirmed in GSE78220. First, patients in the high ARGPI group had a worse prognosis (Figure 8E), and the ROC curve for predicting patient OS in GSE78220 showed higher accuracy, with AUCs of 0.831, 0.699, and 0.761 for predicting OS at 6, 12, and 18 months, respectively (Figure 8F). Likewise, fewer patients responded to ICI treatment in the high ARGPI group (Figure 8G), and ARGPI was lower in the ICI response group (Figure 8H). Taken together, our data strongly suggests that ARGPI has a strong ability to assess response to ICI therapy.




Figure 8 | Validation of ARGPI ability to predict therapeutic benefit in ICI therapy. (A) Kaplan-Meier survival analysis of ARGPI subgroups in the IMvigor210 cohort. (B) ROC analysis of OS with ARGPI at 6-, 12- and 18-months follow-up in the IMvigor210 cohort. (C) Clinical response rates to ICI immunotherapy in the high and low ARGPI groups in the IMvigor210 cohort. (D) ARGPI distribution in different ICI immunotherapy clinical response status groups in the IMvigor210 cohort. (E) Kaplan-Meier survival analysis of ARGPI subgroups in the GSE78220 cohort. (F) ROC analysis of OS with ARGPI at 6-, 12- and 18-months follow-up in the GSE78220 cohort. (G) Clinical response rates to ICI immunotherapy in the high and low ARGPI groups in the GSE78220 cohort. (H) ARGPI distribution in different ICI immunotherapy clinical response status groups in the GSE78220 cohort. “ns” represents not significant, “*” represents p < 0.05 and “**” represents p < 0.01.





Drug sensitivity analysis

Chemotherapy and targeted therapy are also important treatment strategies for patients with metastatic CRC (25, 26). Therefore, to understand whether ARGPI could serve as an ability to predict sensitivity to chemotherapy and targeted therapy in COAD patients, we assessed IC50 values for 88 common drugs in TCGA-COAD patients using the pRRophetic package. We found that COAD patients with different ARGPI groups had significantly different IC50s for 51 drugs (Supplementary Table 3). We show differences in the sensitivity of 20 common chemotherapy/targeted agents across different ARGPI groups. The low ARGPI group may be more sensitive to drugs such as Cisplatin, Doxorubicin, Gemcitabine, Lapatinib and AKT.inhibitor.VIII (Figures 9A–E). The high ARGPI group may be more sensitive to drugs such as Imatinib, Dasatinib, Elesclomol, Docetaxel, Bosutinib, Paclitaxel, and PLX4720 (Figures 9F–L). Overall, ARGPIs were strongly associated with drug sensitivity.




Figure 9 | The relationship between ARGPI and treatment sensitivity. (A–L) Differences in sensitivity of 12 common drugs among different ARGPI groups. “*” represents p < 0.05, “**” represents p < 0.01, and “***” represents p < 0.001.






Discussion

Current studies have fully demonstrated the critical role of angiogenesis in promoting tumor growth and metastasis (27, 28). Pro-angiogenic-related factors not only promote pathological angiogenesis in cancer, but also lead to immunosuppression (27). Conversely, innate and adaptive immune cells regulate angiogenesis in the tumor microenvironment (TME) by producing and releasing numerous pro-angiogenic factors (27, 29). Unfortunately, the clinical benefit of antiangiogenic agents alone in CRC patients is limited (30). Given that angiogenesis and immune microenvironment are closely related and cross-talk, combination therapy based on classical anti-angiogenic therapy and ICI therapy, which has achieved major breakthroughs in the field of cancer treatment, has received extensive clinical attention (31–34). At present, a small number of studies have begun to focus on the clinical application of anti-angiogenic agents and ICIs in CRC (35). However, effective predictive markers based on angiogenesis-related factors for treatment selection in patients with COAD have not yet been developed. Therefore, the necessity and urgency of exploring ARG as prognostic markers and therapeutic targets in COAD patients is more prominent. In this study, we analyzed the DEARG on the basis of the TCGA-COAD cohort, we obtained 9 DEARG, and further univariate Cox regression model determined that three genes were influencing prognostic factors for OS in COAD patients, and ARGPI was constructed based on these three genes. In the TCGA-COAD, GSE39582, GSE161158 and the TRSJTUSM cohorts, survival was lower in the high ARGPI group and higher in the low ARGPI group. Finally, we validated the prognostic value of ARGPI in 22 cancers by Kaplan-Meier survival curves, although it showed consistent prognostic value with COAD in 15 cancer types, which may suggest that ARGPI may play different roles in different tumors. In conclusion, ARGPI is a good prognostic marker for predicting COAD OS.

ARGPI consists of three genes, VEGFA, JAG2 and TIMP1. VEGFA is one of the main factors driving tumor vascular bed expansion and is significantly upregulated in hypoxia (36). In addition, VEGFA is also associated with antitumor immune responses. VEGFA induces T cell depletion in anti-PD-1-resistant microsatellite stable CRC patients (37). Meanwhile, the first approved angiogenesis inhibitor, bevacizumab, a VEGFA-targeting monoclonal antibody, was initially approved in combination with chemotherapy for the treatment of metastatic CRC (38). Bevacizumab combined with ICI drugs has shown promising preliminary clinical benefits in RCC and NSCLC and is further suitable for patients with CRC with stable microsatellites (39). JAG2 is a transmembrane ligand of the Notch receptor and up-regulated activates the cancer-related Notch signaling pathway (40, 41). Notch signaling can promote and cancer stem cell (CSC) maintenance through crosstalk with VEGF receptors to regulate angiogenesis and influence the TME (41, 42). It has been shown that JAG2 acts as a prognostic factor for colon cancer (43) and is involved in regulating colon cancer cell migration and invasion (44). TIMP1 is a member of the TIMP family with multiple functions (45), and its role in cancer has been controversial (46). Studies have shown that TIMP1 can inhibit apoptosis and promote colon cancer occurrence and metastasis through FAK-PI3K/AKT and MAPK pathways (47). In the calculation formula of ARGPI, the coefficients of VEGFA, JAG2 and TIMP1 are all positive numbers, and ARGPI is positively correlated with VEGFA, JAG2 and TIMP1. In conclusion, ARGPI is closely related to angiogenesis and the immune microenvironment.

After controlling for clinical confounding parameters, ARGPI was shown to be an independent risk factor for OS in COAD patients. Based on ARGPI, combined with clinicopathological parameters, we established a nomogram to predict the prognosis of COAD patients. We validated its accuracy and robustness for 1-, 3-, and 5-year OS prediction with calibration curves and ROC curves. In addition, it is particularly important that we provide an excellent biomarker for predicting OS in COAD patients.

In order to understand the BP and signal transduction pathways in different ARGPI subgroups, it was shown by GSEA that the high ARGPI group mainly related to BP related to angiogenesis and adaptive immunity, and mainly affected cancer-related signaling pathways. This strongly suggests that ARGPI closely links angiogenesis and immunology in COAD. Understanding the TME can help us find new biomarkers for COAD treatment. We first estimated the infiltration levels of 64 immune and stromal cells using the Xcell algorithm. Another important advantage of xCell is the efficient classification of immune cells related to innate and adaptive immunity (17). We found that most immune cell infiltration levels were closely related to ARGPI. Remarkably, we found a significant positive correlation between ARGPI and MSC, pericytes and endothelial cells. Current studies suggest that MSC play an important role in promoting neovascularization (48) and can differentiate into CAF after interacting with cancer cells (49). CAF have been shown to imply a poor prognosis in CRC and promote CSC maintenance and chemoresistance (50, 51). Interaction between pericytes and endothelial cells is a central process regulating blood vessel formation (52). Studies have shown that Tie2 expressed by pericytes controls angiogenesis (53). Furthermore, tumor-associated endothelial cell proliferation-induced angiogenesis is a key factor in carcinogenesis, including CRC (54). Our results imply that ARGPI may affect COAD progression by affecting these immune cells. In terms of COAD immune subtype classification, the high ARGPI group had significantly more CMS4 subtypes than the low ARGPI group, and significantly fewer CMS2 and CMS3 patients. Moreover, the prognosis of patients in the CMS4 subgroup was significantly worse, which may be one of the reasons for the poor prognosis of the AGGPI high expression group. This is consistent with the analysis results obtained from the immune cell correlation analysis.

Next, we explored the relationship between ARGPI and known predictors of immunotherapy response. Such as PDL1, TMB and MSI. In general, PDL1 expression is an effective marker of response to ICI therapy in some tumors, such as non-small cell lung cancer and urothelial carcinoma (55, 56), but is not a good predictor of ICI response in CRC (57). MSI status has been shown to be a strong predictor of response to ICI in CRC patients, and MSI-High means better response to ICI therapy (57). Likewise, TMB may also serve as an emerging biomarker for predicting ICI response in CRC patients (58). MSI-High often means higher TMB, but there is no clear correlation between the two (58). In this study, we first investigated the gene mutation spectrum of different ARGPI groups, and we found that the gene with the largest mutation difference between groups was TP53. The TP53 mutation in the high ARGPI group was significantly higher than that in the low ARGPI group. TP53 is one of the most frequently mutated genes in CRC and is associated with poor prognosis (59). This is consistent with our survival results. Furthermore, we found that ARGPI was not significantly associated with neither PDL1 nor TMB. Therefore, we further used the TIDE score to predict the treatment response of COAD patients to ICI. Interestingly, the different ARGPI groups reflected differences in the clinical benefit of ICI therapy. The low ARGPI group may have a better response to ICI treatment (lower TIDE score). In contrast, the low ARGPI group had higher MSI scores. High MSI may be one of the reasons why the low ARGPI group benefited more from ICI therapy. In addition, the high ARGPI group had higher CAF content and higher T cell Exclusion and Dysfunction scores. Therefore, higher ARGPI-induced immunosuppression may be related to excess CAF or to T cell exclusion and dysfunction. More importantly, we confirmed this notion in two immunotherapy cohorts (IMvigor210 cohort and the GSE78220 cohort). We first analyzed the prognostic value of ARGPI in these two treatment cohorts, and as with COAD, the high ARGPI group implied a worse prognosis. And in the low ARGPI group, the patients with ICI response were significantly higher than those in the high ARGPI group. Likewise, ARGPI scores were significantly lower in the ICI response group. Taken together, our results implicate ARGPI as a promising biomarker for COAD predicting ICI response, offering new possibilities for improving the outcome of immunotherapy in CRC.

5-Fluorouracil-based chemotherapy is the first-line chemotherapy drug for CRC, but the problem of drug resistance has become increasingly serious (60). Reuse of old drugs is an important strategy in the development of anti-tumor drugs, which has the advantages of cost saving and drug safety. This study identified potentially sensitive drugs in patients in different ARGPI groups. The combination of these drugs with anti-vascular survival agents and ICI therapy may help to improve the efficacy of treatment and reduce the occurrence of drug resistance.

Although our model is beneficial for assessing patient prognosis and guiding clinical personalized treatment, there are still shortcomings. For example, TCGA-COAD has fewer clinical factors, and more clinical factors should be included in the future to fully explore the clinical value of ARGPI. It is necessary to conduct extensive prospective studies in the future to gain an in-depth understanding of the prognostic value and therapeutic guidance value of ARGPI in COAD.



Conclusions

In conclusion, for the first time, we have established a risk model of genetic angiogenesis that can accurately predict the prognosis of COAD patients and analyzed the correlation with TME. ARGPI may be a promising biomarker to guide personalized treatment of COAD. Furthermore, ARGPI consists of only three genes, making it easier to obtain and calculate.
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Background

Colorectal cancer (CRC) is a common digestive tract malignancy with rising incidence and morbidity worldwide during recent years. Yi-Yi-Fu-Zi-Bai-Jiang-San (YYFZBJS), a traditional Chinese medicine formula, has showed positive effects against cancers. However, the mechanisms underlying its anticancer effects requires investigation.



Methods

Information on bioactive compounds, potential YYFZBJS targets, and CRC-associated genes, was obtained from public databases. The key targets and ingredients as well their corresponding signaling pathways were identified using bioinformatic approaches, including Kyoto encyclopedia of genes and genomes (KEGG) analyses, gene ontology (GO), and protein–protein interaction (PPI). Subsequently, molecular docking was used to verify the main compounds-targets. Potential YYFZBJS therapeutic effects against CRC were validated in vitro and in vivo.



Results

Using pharmacological network analysis, 40 YYFZBJS active compounds and 21 potential anti-CRC targets were identified. YYFZBJS was an important regulator of CRC through various targets and signaling pathways, particularly the cell cycle and PI3K/AKT pathway. Additionally, YYFZBJS suppressed the proliferation of CRC cells. Flow cytometry showed that YYFZBJS induced apoptosis and cell cycle arrest in the G2/M phase. Western blotting analysis indicated that YYFZBJS reduced the protein levels of CDK1, p-AKT, and p-PI3K, without altering total PI3K and AKT protein levels. In vivo analysis found that YYFZBJS inhibited tumor growth and PI3K/AKT signaling in a mouse model of CRC.



Conclusion

As predicted by network pharmacology and validated by the experimental results, YYFZBJS inhibited proliferation, induced apoptosis and arrested cell cycle progression in CRC by modulating the CDK1/PI3K/Akt signaling pathway.
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Introduction

Ranked as the 3rd leading malignant tumor globally, colorectal cancer (CRC) is considered a fatal disease with mortality rates. Among the symptoms of CRC patients, the most common are abdominal pain, anemia, and rectal bleeding (1). CRC accounts for about 10% of annual cancer diagnoses and deaths (2). The rise of CRC incidence is attributed to risk factors like ageing populations, obesity, dietary habits, and limited physical activity (1). CRC is treated using surgery, chemotherapy, radiotherapy, and immunotherapy. However, these strategies are associated with disease recurrence, metastasis, and severe side effects. Thus, more effective treatments, without severe adverse effects should be developed.

Traditional Chinese medicine (TCM) is used as an adjunctive therapeutic option for preventing CRC metastasis, enhancing chemotherapeutic effects while minimizing toxicity, and increasing the patients’ quality of life (3). Furthermore, due to its effectiveness and few side effects, the use of TCM for oncological applications has been rising in Western countries. Yi-Yi-Fu-Zi-Bai-Jiang-San (YYFZBJS), a classical TCM formula, was first described in Golden Chamber which was written by a TCM master, Zhang Zhong-Jing (Eastern Han Dynasty, A.D. 150–219). It’s made up of three traditional Chinese medicines, Yi-yi-ren (Semen Coicis), Fu-Zi (monkshood), and Bai-jiang-cao (Herba Patriniae), which are combined at a 30:6:15 ratio. In China, this formula has historically been used to treat gastro-intestinal disorders. Previous studies have shown that YYFZBJS markedly suppresses CRC progression in ApcMin/+ mice by remodeling the gut microbiota and inhibiting the generation of regulatory T cells (4). Another study found that YYFZBJS inhibits the development of ETBF-induced colorectal tumors in mice, as well as in vitro CRC cells proliferation through the regulation of ETBF primed Bone marrow-derived macrophages (5). Notably, the combination of Fuzi with radiotherapy exhibits significant anti-proliferative efficacy, strengthens immune response, suppresses immune escape, and weakens immune suppression in several types of human cancer cells (6, 7). Herba Patrinia ethanol extract (PE) triggers apoptosis of CRC cells and inhibits CRC tumor angiogenesis and proliferation (8). Like TCM formula, YYFZBJS contains several components and modulates several targets and cancer signaling pathways. Currently, the bioactive ingredients and mechanisms by which it inhibits CRC are not fully understood. Here, the inhibitory effects of YYFZBJS were explored to uncover its underlying mechanisms.

Network pharmacology combines systems biology, polypharmacology, and molecular networks to comprehensively describe the relationship between drugs, their targets, and diseases in terms of a visual active ingredients–targets–diseases network (9). Molecular docking involves modeling interactions between small molecules and proteins and its use in investigating the mechanisms of action of new drugs has markedly increased in recent years. Thus, network pharmacology and molecular docking offer unique advantages and have great potential in the study of TCM.

Here, the molecular mechanisms mediating the effects of YYFZBJS on CRC were elucidated (Figure 1).




Figure 1 |  A flowchart of this study based on network pharmacology, molecular docking, and experimental validation of the mechanisms underlying the effects of YYFZBJS in colorectal cancer.





Material and methods


Herbal data collection

Active YYFZBJS compounds were identified on the Traditional Chinese Medicine Systems Pharmacology (TCMSP) database (https://tcmsp-e.com) (10). In this study, oral bioavailability (OB) and drug-likeness (DL) were adopted to identify the bioactive ingredients of YYFZBJS. OB described the percentage of an oral dose capable of producing pharmacological activity. DL was applied to determine the similarity of a compound to conventional drugs and its physicochemical properties. Only compounds that had related targets and met the ADME criteria (ie, OB threshold≥30% and DL threshold≥0.18) were included in the study for subsequent research (11). Additionally, drug-related targets (DRTs) and their gene symbols were obtained from TCMSP and UniProt (https://www.uniprot.org), respectively.



Related targets of CRC

Information on disease targets was obtained using datasets from GEO (https://www.ncbi.nlm.nih.gov/gds), Online Mendelian Inheritance in Man Database (OMIM, https://omim.org) and GeneCards (https://www.genecards.org). The term “Colorectal Cancer” was searched in OMIM and GeneCards to obtain all CRC targets, as well as in GEO to obtain dataset GSE22598 (Patient data) and GPL570 platform files. The R (version 3.6.0) package, LIMMA, was used to identify differentially expressed genes (DEGs) using p≥0.05 and log2 fold change (FC) ≥1 as cutoff thresholds. Finally, we summarized the differentially expressed genes by taking the intersection of the DEGs identified from the GSE22598 and the CRC targets acquired from GeneCards and OMIM.



Construction of the YYFZBJS–targets–drug and protein–protein interaction networks

Using R (version 3.6.0), the drug-disease common targets were identified and visualized on a Venn diagram. Using Cytoscape (version 3.8.2), the protein–protein interaction (PPI) network between putative YYFZBJS targets was combined with that of the CRC-related targets. Next, the Cytoscape plugin, CytoNCA, was used to identify nodes with topological importance in the interaction network based on betweenness centrality (BC) and degree centrality (DC). These variables reflect the topological significance and their applications in systems pharmacology and network pharmacology have been previously described (12).



Gene ontology and Kyoto encyclopedia of genes and genomes analyses

Gene ontology (GO) biological process enrichment analysis was conducted for the common drug targets on R’s bioconductor environment (http://www.bioconductor.org/) and used histograms and bubble charts to present the top 20 processes (p <0.05). Kyoto encyclopedia of genes and genomes (KEGG) pathway enrichment analysis was done using the R packages “clusterProfiler” and “pathview” and the top 20 KEGG pathways visualized on heatmaps. The network of functional pathways was developed using Cytoscape.



Molecular docking

Molecular docking analysis was done using the molecular operating environment (MOE) v2015.10 in order to validate compound–target interactions. Protein 3D structures from the protein data bank (PDB, http://www.rcsb.org/) were imputed it into MOE to construct mating pockets of molecular docking after deleting water molecules, preparing protein structure, and minimizing energy. The structures of the compounds used for mating pocket construction and molecular docking analysis were downloaded from PubChem (https://pubchem.ncbi.nlm.nih.gov/) (13).



YYFZBJS preparation

The composition of YYFZBJS was 60g Yi-yi-ren (Semen Coicis), 12g Fu-Zi (monkshood), and 30g Bai-jiang-cao (Herba Patriniae) were purchased from Union hospital of Tongji Medical College, Huazhong University of Science and Technology under the guidance of Chinese Pharmacopeia 2020 edition. The extracts of the above variously prepared YYFZBJS were obtained by the following process. Firstly, all herbs were soaked for 30 min and decocted twice independently with the 8-fold volume of water, 1 h each time. Secondly, the decoction was collected and filtrated through filter paper. Thirdly, an 8-fold volume of 95% ethanol was added to the filtrate remains and reflux twice, 1 h each time. Next, these two parts of filtrates were combined, condensed to a density of 1.0 g/mL by rotary evaporation at 55°C and frozen at -80°C. Finally, it was converted into lyophilized powder by a freeze-drying machine (Cuddon; Blenheim, New Zealand). For in vitro assays, the YYFZBJS lyophilized powder was dissolved in culture media by ultra-sonication for 20 min, followed by centrifugation at 13,000 rpm for 5 min. The obtained supernatant was filtered with a 0.22 μm filter membrane as the extract solution. Before using, the extract solution was diluted to the desired concentrations. Culture media without YYFZBJS was used as negative control. For in vivo experiments, mice were intragastrically administered a YYFZBJS decoction.



Azoxymethane/dextran sulfate sodium induced CRC model and YYFZBJS treatment

Fifty male C57BL/6J (6–8 weeks) mice were obtained from the SPF (Beijing) biotechnology Co., Ltd. The animals were housed in pathogen-free conditions. CRC was induced using azoxymethane (AOM, Sigma Chemical Co) and dextran sulfate sodium (DSS, MP Biomedicals) as described before (14). Briefly, the mice were intraperitoneally (I.P.) injected with AOM (12 mg/kg) on day 1. After 1 week, they were administered 2.5% DSS in drinking water for 7 days and given tap water for 14 days to allow recovery. This cycle was repeated thrice and the mice sacrificed 2 weeks after the final DSS cycle. In the clinical practice of Chinese herbal medicine, YYFZBJS is usually prescribed at 51 mg daily. After converting the human dose into a mouse dose (assuming a person of 60 kg and a conversion factor of 9 between a person and a mouse), the equivalent mouse dose was 7.65 g/kg. Based on this human equivalent dose, the mice were administered YYFZBJS at 3.825 g/kg, 7.65 g/kg, and 15.3 g/kg once day from the second week for 10 weeks during the DSS treatment separately, with the control group receiving the same volume of sterile isotonic saline. The animals were provided normal drinking water. Mouse health and weight were monitored daily and weekly, respectively.



Cell culture and transfection

The human CRC cell lines, HCT116 and SW480, were purchased from the American Type Culture Collection (ATCC, Manassas, VA, United States) and confirmed to be mycoplasma-free using a LookOut mycoplasma PCR detection kit (Sigma Chemical Co). SW480 cells were cultured in DMEM/high glucose media (Gibco, USA). HCT116 cells were cultured in McCoy’s 5A media (Gibco, USA) supplemented with 10% FBS (Gibco, USA) at 37 °C, 5% CO2.

HCT116 and SW480 cells (4×105 per well) were seeded in six-well plates and then transfected with a CDK1 overexpression plasmid (Guangzhou RiboBio Co., Ltd, Guangzhou, China) using Lipofectamine®2000 (Invitrogen, USA) according to manufacturer instructions. After 6 h, the transfection mixture was replaced with fresh growth media.



Histology

Mice were sacrificed and whole intestines collected and washed with ice-cold phosphate-buffered saline (PBS). To assess inflammation, the length of the whole colon was measured before and after being opened longitudinally (15). Adenoma incidence was determined by counting the number of tumors visible in the intestine. Tissues were fixed in 4% paraformaldehyde and embedded in paraffin. Next, the sections were stained with hematoxylin and eosin (HE) and examined by a pathologist who was blinded to the experimental groups.



Cell counting kit-8 assay

Cell proliferation was assessed using the cell counting kit-8 (CCK-8) assay (GLPBIO, Montclair, CA, USA). HCT116 and SW480 were seeded at 3 × 103 cells/well in 96 well plates and cultured to 80% confluence. They were then treated with YYFZBJS at 0, 30, 60 and 90 μg/mL for 24 h. Next, 10µL of CCK-8 solution was added into each well and the cells incubated for 90 min followed by absorbance (450 nm) reading on a microplate reader (Thermo Fisher, USA). The data are representative of three independent experiments in triplicate. IC50 values were calculated from the percent of viability reported to untreated cells using online tools https://www.xiantao.love/products.



Colony formation assays

HCT116 and SW480 cells were treated with 30, 60 and 90 μg/mL of YYFZBJS or PBS as a control for 24 h. The cells (3 × 103 per dish) were then cultured in 10 cm dish, and the medium was changed every 5 days for 14 days. Next, the colonies were fixed with 2% paraformaldehyde (Beyotime Biotechnology, Shanghai, China) for 30min and stained with 0.1% crystal violet (Beyotime Biotechnology, Shanghai, China) for 15min. They were then washed thrice, dried, and the number of positively stained colonies counted and imaged under a microscope (Leica, Germany).



Cell cycle analyses

HCT116 and SW480 cells were treated with YYFZBJS (30, 60 or 90 μg/mL) or PBS (negative control) for 24 h. The cells (1×106) were then collected, fixed in cold ethanol, and stored at 4°C overnight. The next day, they were washed twice with cold PBS and stained with 200μL PI/RNase staining buffer (BD Biosciences, USA) at 4 °C for 30 min in the dark. Measurements were taken using a flow cytometer (Beckman Coulter, USA) and the data analyzed using FlowJo 8.1 software.



Apoptosis analyses

Apoptotic cells were detected using an Annexin V-APC/7-ADD apoptosis detection kit (BD Biosciences, USA). Briefly, cells were detached using EDTA-free trypsin, centrifuged, and the supernatant discarded. They were then rinsed with ice-cold PBS, centrifuged, and the cell pellet resuspended in 200 μl of 1 × binding buffer. The cells were then transferred into a FACS tube and stained with Annexin V-APC and 7-AAD (5µL each) in the dark for 15 mins, at room temperature. Next, flow cytometry measurements were taken, and the data analyzed on FlowJo 8.1.



Western blot analysis

Total protein was extracted from the YYFZBJS-treated CRC cells or mouse CRC tissues using RIPA lysis buffer supplemented with a phosphatase and protease inhibitor cocktail. Protein concentration was then measured using a BCA assay kit according to manufacturer instructions. Next, 40μg of each sampled were resolved using 10% SDS-PAGE and transferred onto 0.45μm PVDF membranes (Millipore, USA). Membranes were then blocked using 5% skimmed milk in TBST for 1 h at room temperature, and then washed with TBST. The membranes were then incubated overnight (at 4°C) with antibodies against CDK1(1:1,000; Abcam), p-PI3K (1:1,000; CST), PI3K (1:1,000; CST), p-AKT (1:1,000; CST), AKT (1:1,000; CST) and β-actin (1:2000, ABclonal). The membranes were then washed and incubated with HRP-conjugated goat anti-mouse or anti-rabbit (1:1000) secondary antibodies for 2 h, at room temperature. Signal was then developed using an ECL kit.



Statistical analysis

Statistical analysis was done using SPSS (version 26.0) and data plotted for visualization using GraphPad Prism (version 8). Data were expressed as mean ± SD. For normally distributed data, independent sample t test and one way ANOVA were used to statistically compare two groups and multiple groups, respectively. Non-normally distributed data were compared using nonparametric rank sum test. p<0.05 indicated statistically significant differences.




Result


YYFZBJS chemical compounds and targets

A total of 40 active YYFZBJS components were retrieved (oral bioavailability: ≥30%, drug likeness: ≥0.18) from TCMSP (Supplementary Table 1). The corresponding genes were then converted into gene symbols using Uniprot. Upon removal of duplicates and nonhuman targets, 197 drug targets were obtained.



Identification of candidate protein targets associated with CRC

Analysis of screening data from OMIM and GeneCards revealed 168 and 679 CRC-related targets respectively. After merging the results from OMIM and GeneCards, and duplicate removal, 760 targets were obtained. Analysis of colorectal cancer dataset GSE22598 from GEO and its associated platform file (GPL570), identified 1308 DEGs, which were visualized on heatmaps and volcano plots (Figures 2A, B). As shown in Figure 2C, we obtained 91 differentially expressed genes by taking the intersection of the DEGs identified from the GSE22598 and the CRC targets acquired from Genecards and OMIM using an online tool (http://bioinformatics.psb.ugent.be/webtools/Venn/) (Figure 2C).




Figure 2 | CRC-related differential gene analysis and CRC target collection. (A) Heatmap of differential gene analysis on dataset GSE22598. (B) Volcano plot of differential gene analysis on dataset GSE22598. (C) CRC common differentially expressed genes collection.





Target protein–protein interaction network analysis

A total of 197 genes related to YYFZBJS, and 91 genes related to CRC were screened out. Next, Venn diagram analysis revealed 21 common targets between the YYFZBJS related genes and the CRC related genes (Figure 3A). We then used Cytoscape 3.8.2 to develop a CRC-target drug network based on the 21 common targets and 91 CRC-related active components of the 3 herbs (Figure 3B). The active components were presented as TCMSP MolIDs using different colors to indicate which herbs they belong to. The YYFZBJS active components with the most target genes were Mol000006 (luteolin), Mol000098 (quercetin), Mol000422 (kaempferol), MOL000359 (sitosterol), and MOL000449 (stigmasterol). Thus, we speculated that these active components may contribute to the effects of YYFZBJS against CRC.




Figure 3 | Identification of YYFZBJS’s candidate targets in CRC. (A) Venn diagram showed 21 common targets of YYFZBJS in CRC. (B) “YYFZBJS-components-target” network (red V represents herbs; blue oval represents YYFZBJS compounds; sky blue rectangle represents compound targets). (C) An interactive PPI network of YYFZBJS-CRC target genes. (D) PPI network of significant proteins extracted from (C, E) PPI network of candidate YYFZBJS targets for CRC treatment extracted from (D). DC, degree centrality; BC, betweenness centrality; CC, closeness centrality.





Identification of candidate targets for YYFZBJS against CRC

To better understand the effects of YYFZBJS on CRC, we merged the PPI network of its putative targets and the PPI network of CRC-related targets in order to identify candidate YYFZBJS targets in CRC. This network contains 2,308 nodes and 64,565 edges (Figure 3C). Next, a subnetwork containing 283 nodes and 9,376 edges was obtained by selecting the top 30% based on degree centrality (DC, Figure 3D). After screening the subnetwork’s top 30% based on betweenness centrality (BC), a core network containing 85 nodes and 1516 edges was constructed (Figure 3E). Based on the core network, higher degrees indicated larger node sizes; magenta indicates the highest degree. The nodes with the top four degrees were CDKN1A, MYC, PCNA, and CDK1, which identified as critical genes in the PPI and subjected to further analysis.



GO enrichment analysis of YYFZBJS-CRC common targets

To determine the function of the identified protein targets, we performed functional enrichment analysis of the target genes. The R package, clusterProfiler, was used to annotate the biological process (BP), molecular function (MF), and cell composition (CC) of the 21 hub target proteins. The top 20 BP, CC, and MF terms (ranked based on their adjusted p value) are shown in Figures 4A–C. Low adjusted p values and red color indicated greater GO term enrichment. A total of 273 GO terms, including 252, 9, and 12 terms belonging to BP, CC, and MF, respectively, were identified. Most BP GO terms were associated with response to radiation, regeneration, response to light stimulus, cellular response to chemical stress, response to metal ions, response to oxidative stress, and response to xenobiotic stimulus. The main CC terms were associated with transferring phosphorus-containing groups, transferase complex, protein kinase complex, serine–threonine protein kinase complex, and cyclin-dependent protein kinase holoenzyme complex. MF terms were mainly enriched for kinase regulator activity, cyclin-dependent protein serine–threonine kinase regulator activity, protein kinase regulator activity, and endopeptidase activity.




Figure 4 | Gene ontology and KEGG pathway enrichment analysis of identified YYFZBJS-CRC common targets. (A) Biological processes. (B) Cellular components. (C) Molecular functions. (D) KEGG pathway enrichment analysis of key targets. The color scale indicates the p value, and the dot size indicates the gene count in each term. (E) Schematic of the PI3K/Akt signaling pathway. (F) Gene–pathway network of YYFZBJS against CRC. Sky blue squares represent target genes. Red V shapes represent pathways. Big size of the dot represents higher betweenness centrality.





Pathway enrichment and construction of the compound–target–pathway network

We used KEGG pathway analysis to identify potential pathways underlying the effects of YYFZBJS in CRC treatment. KEGG annotation revealed that 149 of the 163 target genes were enriched for 97 pathways (p<0.001). The top 20 significantly enriched pathways are shown. Furthermore, KEGG enrichment analysis showed that several target genes were closely associated with the cell cycle, cellular senescence, microRNAs in cancer, PI3K/Akt signaling, and p53 signaling pathway (Figure 4D). Among these pathways, PI3K/Akt signaling was the most prominent pathway based on the number of genes (Figure 4E), suggesting that YYFZBJS may activate P13K–Akt signaling in CRC. The PI3K/Akt pathway modulates cell proliferation, cell cycle, differentiation, apoptosis, and migration via multiple factors, including EGFR, BCL2, CCND1, CDK1, and CDK4. Next, a gene–pathway network was constructed using the significantly enriched pathways. Genes that influence these pathways are shown in Figure 4F.



Molecular docking verification of core targets and active ingredients

Five active ingredients (quercetin, luteolin, kaempferol, stigmasterol, and sitosterol) and ten potential target genes (CDKN1A, CCND1, CDK1, MYC, PLAU, FOS, MET, MCL1, HMOX1, and MMP3) were selected through network analysis, with high node scores and confidence. Molecular docking studies were conducted to identify the interactions between the active YYFZBJS ingredients and CRC-related potential target genes at the molecular level. The 3D structures of the active ingredients and potential target genes were obtained from TCMSP and RCSB PDB, respectively. After dehydration and hydrogenation, we performed docking analysis using AutoDock tools and the AutoDock Vina software. The absolute binding energy value correlated positively with the connective stability of the ingredient molecule and target protein. The most stable connective patterns and binding energies are shown on Figures 5A, B.




Figure 5 | Molecular docking results. (A) Docking patterns of key targets genes (CDKN1A, CCND1, CDK1, MYC, PLAU, FOS, MET, MCL1, HMOX1, and MMP3) and specific active ingredients (quercetin, luteolin, kaempferol, stigmasterol, and sitosterol) of YYFZBJS. (B) Binding affinities (kcal/mol) of key targets and specific active ingredients of YYFZBJS.



According to the scoring results, quercetin-CDK1, kaempferol-CDK1, quercetin-CCND1, luteolin-CCND1, quercetin-PLAU, luteolin-MET had a strong correlation. Based on network analysis and molecular docking simulation, quercetin, which targets multiple CRC-related targets, with strong binding to the cell cycle factor, CDK1, was selected as candidate drug for in vivo analysis



Clinical significance of target hub genes in CRC

In total, 50 tumor samples and paired adjacent noncancerous tissue from TCGA (https://tcga-data.nci.nih.gov/tcga/) were analyzed. The publicly available data indicated that among the core target proteins, the levels of CDKN1A, CCND1, CDK1, MYC, PLAU, FOS, MET, MCL1, HMOX1, and MMP3 were significantly different in CRC tissues when compared with normal colorectal tissues (Figure 6). The levels of CDKN1A, FOS, MCL1, and HMOX1 were high in CRC tissue and low in normal colorectal tissue, while those of CCND1, CDK1, MYC, PLAU, MET, and MMP3 were significantly higher in CRC tissues than in normal colorectal tissue.




Figure 6 | (A–J) The expression levels of CDKN1A, CCND1, CDK1, MYC, PLAU, FOS, MET, MCL1, HMOX1, and MMP3 in normal tissues versus CRC tissues based on the TCGA dataset. **p < 0.01, ***p < 0.001 versus the Normal.





YYFZBJS inhibits the proliferation of human CRC cells

To assess its effects on human CRC cells, cultured HCT116 and SW480 cells were treated with YYFZBJS at 0, 30, 60, and 90 μg/mL for 24 h and cell viability examined using CCK8 analysis. This analysis revealed that YYFZBJS significantly suppressed the viability of HCT116 and SW480 cells (Figures 7A, B). Colony formation assay, revealed that YYFZBJS suppressed colony formation by HCT116 and SW480 cells at all indicated concentrations (Figures 7C, D). Five active compounds including quercetin, kaempferol, beta-sitosterol, isorhamnetin, and stigmasterol were observed to inhibit SW480 and HCT116 proliferation in a concentration-dependent manner. The 24 h IC50 values of quercetin, luteolin, kaempferol, stigmasterol, and sitosterol in SW480 were 25.63, 85.89, 43.54,58.97, and 83.13μM; meantime the 24 h IC50 values of quercetin, kaempferol, beta-sitosterol, isorhamnetin, and stigmasterol in HCT116 were 27.58, 99.56, 41.28, 64.49, and 67.79μM. The cell viability curves were shown in Supplement Figure 1. These data indicate that YYFZBJS inhibits CRC cell viability and proliferation.




Figure 7 | YYFZBJS inhibits cell viability. Viability of (A) HCT116 and (B) SW480 cells after treatment for 24 h with indicated doses of YYFZBJS. All data are presented as mean  ± SD (n=3). (C) Colony formation assays were done using HCT116 and SW480 cells treated with YYFZBJS. A representative of three experiments is shown. (D) Colony formation is presented as mean ± SD (n=3), *p < 0.05, **p < 0.01, ***p < 0.001 versus the control group. #p < 0.05 versus the YYFZBJS 90 μg/ml group.





YYFZBJS induces apoptosis and arrests cell cycle progression in the G2/M phase by inhibiting CDK1/PI3K/AKT signaling

Next, we treated the CRC cells, HCT116 and SW480, with YYFZBJS at 0, 30, 60, and 90 μg/mL for 24 h and assessed the levels of CDK1 and PI3K/AKT using western blot analysis. This analysis revealed that YYFZBJS dose-dependently inhibited CDK1, p-PI3K and p-AKT expression in HCT116 and SW480 cells, which was reversed by CDK1 overexpression (Figures 8A–D). These results indicated that YYFZBJS could not only alter the expression of CDK1 and PI3K/AKT in colon cancer cells, but that it also has a regulatory relationship with CDK1. In addition, we performed different concentrations of YYFZBJC intervention in HCT116 and SW480, while overexpressing CDK1 in the 90μg/mL group. Then, the cell apoptosis and cell cycle distribution were investigated through flow cytometry. The results showed that administration of YYFZBJS at 30, 60, and 90μg/mL significantly increased the rate of apoptosis (Figures 8E, F). Moreover, YYFZBJS induced cell cycle arrest in HCT116 and SW480 cells (Figures 8G, H). Upon CDK1 overexpression, YYFZBJS’s ability to induce apoptosis and cell cycle arrest in the tumor cells was weakened (Figures 8E–H). These results suggest that YYFZBJS induced apoptosis and cell cycle arrest in the G2/M phase by inhibiting CDK/PI3K/AKT signaling.




Figure 8 | In HCT116 and SW480 cells, YYFZBJS induces apoptosis and cell cycle arrest in the G2/M phase, and inhibits CDK1/PI3K/AKT signaling. (A–D) Western blot analysis revealed that YYFZBJS (30, 60, and 90 µg/mL) dose dependently suppresses CDK1 expression and PI3K/AKT signaling in HCT116 and SW480 cells. Transfecting the cells with overexpressed CDK1 plasmid reversed YYFZBJS-induced PI3K/AKT expression in HCT116 and SW480 cell lines. (E) Flow cytometric analysis of Annexin V-APC/7-ADD double staining in HCT116 and SW480 cells treated with various concentrations of YYFZBJS for 24 h. (F) Statistical analysis of the apoptotic rate in HCT116 and SW480 cells. (G) Flow cytometric analysis of cell cycle arrest in HCT116 and SW480 cells treated with indicated doses of YYFZBJS for 24 h. (H) Quantification of cells in the G2/M phase of the cell cycle. All data are presented as mean ± SD (n=3). *p < 0.05, **p < 0.01, ***p < 0.001 versus the control group; #p < 0.05, ##p < 0.01 versus the YYFZBJS 90 μg/ml group.





YYFZBJS inhibited tumor growth and PI3K/AKT signaling in a mouse model of CRC

To investigate the antitumor effects of YYFZBJS, we established a mouse model of CRC using AOM/DSS and treated the mice with YYFZBJS at 3.825 g/kg, 7.65 g/kg, and 15.3 g/kg using oral gavage. The mice were then sacrificed after 11 weeks and the entire colorectal tissue (from cecum to anus) collected. We then measured colon length and counted the number of tumors. Colon length shortening is regarded as a hallmark of inflammation upon DSS treatment (16). Here, we found that the mean colon length was significantly shorter in mice treated with AOM/DSS when compared to control mice (p<0.01), Notably, YYFZBJS markedly reversed the colon length changes triggered by AOM/DSS (Figures 9A, B). Tumor number and size is an indicator of the modeling efficiency and treatment efficacy. Here, we found that YYFZBJS significantly reduced the number of tumors dose-dependently (Figures 9C, D). In the model group, we found that mice that freely drank the DSS solution for seven consecutive days in the first, second, and third cycles, exhibited marked weight loss when compared with the controls. In contrast, significant improvement in weight loss was observed in mice treated with YYFZBJS after exposure to AOM/DSS (Figure 9E). Compared with the control group, Disease Activity Index (DAI) score was significantly decreased in the YYFZBJS treatment group (Figure 9F). Notably, the number of different tumor sizes was much less in all three different doses of YYFZBJS groups than that of the model group (Supplementary Figure 9J). These results suggest that YYFZBJS can effectively protect against AOM/DSS-induced tumorigenesis.




Figure 9 | YYFZBJS inhibits colorectal cancer progression in mice through suppression of the CDK1/PI3K/Akt pathway. (A, B) YYFZBJS suppresses intestinal shortening in the mouse model of colon cancer (n=10). (C, D) YYFZBJS inhibits tumorigenesis in the mouse model of colon cancer (n=10). (E) YYFZBJS slowed weight loss in the mouse model of colon cancer (n=10). (F) YYFZBJS improved intestinal DAI score in the mouse model of colon cancer (n=10). (G) Hematoxylin and eosin staining (H&E; magnification: 100×) analysis confirmed that YYFZBJS improved intestinal morphology after disruption by AOM and DSS and inhibited tumorigenesis. (H, I) Western blot analysis confirmed that the effects of YYFZBJS on the mouse model of colon cancer was mediated via CDK1/PI3K/Akt signaling. All data are presented as mean ± SD (n=3), ***p < 0.001, ****p < 0.0001 versus the control group; #p < 0.05, ##p < 0.01, ###p < 0.001 versus the model group.



HE analysis of the colon tissues revealed that the model group lost normal tissue morphology, with intestinal villi exhibiting disruption, and tissue showing apparent nuclear enlargement, aggregation, and shrinkage. Treatment with YYFZBJS partially restored normal intestinal structure and improved the above pathological changes (Figure 9G). Network pharmacology analysis suggested that YYFZBJS may exert its effects on CRC via CDK1 and PI3K/AKT signaling. Thus, we examined protein levels of CDK1, PI3K, AKT, and p-AKT in colorectal tissues using western blotting. This analysis revealed that the expression of CDK1 was reduced upon treatment with YYFZBJS at 3.825, 7.65, and 15.3 mg/kg (Figure 8H). Next, western blot analysis of PI3K, p-PI3K, AKT, and p-AKT levels found that YYFZBJS significantly reduced the levels of p-PI3K and p-AKT without altering total PI3K and AKT levels (Figures 9H, I). These results are consistent with findings from network pharmacology analyses. Taken together, these results indicate that YYFZBJS exerts its effects on CRC via CDK1 and PI3K/AKT signaling.




Discussion

Using network pharmacology-based approach, experimental validation, and molecular docking tests, we explored bioactive components and the molecular mechanism of YYFZBJS for treating CRC. A YYFZBJS compound–target network constructed using 40 compounds and 197 compound targets suggested that most YYFZBJS compounds affect multiple targets. For example, luteolin, quercetin, and kaempferol affected 54, 140, and 55 targets, respectively, suggesting that they pleiotropically mediate the effects of YYFZBJS. Although each herb showed distinct numbers of putative targets, there were many overlapping targets, indicating that multiple YYFZBJS compounds may modulate the same target, resulting in synergistic effects. Anticancer agents like luteolin induce apoptosis and arrest the cell cycle, thereby inhibiting metastasis and angiogenesis in multiple cancers (17). Quercetin inhibits tumors by regulating MAPK–ERK1/2, Wnt–β-catenin, and PI3K/Akt/mTOR pathways. Quercetin also affects cancer metabolism by inhibiting key glycolysis and glucose uptake enzymes (18). Kaempferol can restore cellular redox hemostasis by inhibiting the NF-κB pathway and upregulate the Nrf2 transcriptional pathway to control cancer through its antioxidative/antinitrosative and anti-inflammatory potential (19). Our findings indicate that YYFZBJS has multitarget therapeutic effects. The role of these active compounds in CRC warrant further investigation.

We selected 40 bioactive compounds and 197 protein targets from public databases. PPI network analysis indicated that CDKN1A, CCND1, CDK1, MYC, PLAU, FOS, MET, MCL1, HMOX1, and MMP3 may be key mediators of the effects of YYFZBJS against CRC. CDK1 is a Ser/Thr protein kinase. Data indicates that CDK1–CCNB1 signaling regulates mitosis (20). CCNB1 is the main CDK1 activator and together with CDK1, promotes G2/M transition (20). Deregulated cell cycle results in formation of cancer stem cells, which drive tumorigenesis (21). CDK1 is upregulated in CRC (22). GO enrichment analysis revealed that YYFZBJS is associated with major biological processes (e.g., cyclin binding, regulator activity, protein kinase regulator, and cyclin-dependent protein serine/threonine kinase). KEGG pathway analysis revealed that multiple signaling pathways are involved in the treatment effects, including the cell cycle, cellular senescence, microRNAs in cancer, PI3K/Akt pathway, and p53 signaling. The PI3K/Akt pathway promotes cancer by influencing multiple biological processes, including cell survival, metabolism, proliferation, and cell growth (23). KEGG pathway analysis revealed that YYFZBJS’s mechanisms of action in CRC involve the cell cycle and PI3K/AKT signaling. Together, these data suggest that YYFZBJS exerts anti-CRC effects through these signaling pathways, target genes, and active compounds.

The mechanisms through which YYFZBJS act against CRC were further investigated through molecular docking analysis. Molecular docking can efficiently predict the binding affinity between TCM components and their targets based on the spatial structure of ligands and receptors. Of the ten targets chosen for molecular docking analysis, CDKN1A, CDK1, MCL1, and MYC are known to be key factors in the cell cycle and PI3K/AKT signaling. Molecular docking analysis showed that quercetin, luteolin, kaempferol, stigmasterol, and sitosterol, can interact with CDKN1A, CDK1, MYC, PLAU and MCL1, etc. Previous studies have reported that quercetin-induced growth inhibition and cell death in prostatic carcinoma cells are associated with increased CDKN1A levels (24). Quercetin inhibits proliferation in endometriosis by regulating CCND1 (25). P21 (encoded by CDKN1A), is a cyclin-dependent kinase inhibitor that prevents the phosphorylation of key cyclin-dependent kinase substrates, thereby inhibiting cell cycle progression. MYC is a key proto-oncogene but currently, there are no therapies that directly target MYC (26).

Our data show that in the CRC cells, HCT116 and SW480, YYFZBJS inhibited CDK1 expression, induced cell cycle arrest at the G2/M phase, and activated apoptosis. Moreover, upregulation of phospho-Akt (p-Akt) and PI3K in the control group indicated PI3K/Akt signaling activation. Compared with the control group, p-Akt and PI3K were significantly suppressed in the YYFZBJS group while total Akt levels were unaffected, and these effects were YYFZBJS dose-dependent. These findings indicate that YYFZBJS’s anti-CRC effects are mediated by PI3K/Akt signaling. The PI3K/Akt signaling pathway, which is dysregulated in many cancers, including CRC, may influence CRC invasion, migration, proliferation, and autophagy (27). It is also reported that CDK1/PI3K/AKT inhibitors may be effective adjuvants in CRC treatment (28).

There are several limitations to our study. Because the public databases utilized in this study are continuously updated, some bioactive ingredients and target genes may not have been included in our analysis. Additionally, other signaling pathways (e.g., P53 and cellular senescence) may be involved in the anti-tumor effects of YYFZBJS. Further research is needed to examine the potential involvement of such pathways. Moreover, YYFZBJS contains active components such as quercetin, luteolin, kaempferol, stigmasterol, and sitosterol by network pharmacology, however these are also widely distributed in many herbs/plants/fruits/vegetables and are not very specific. The aim of this paper is to investigate the effect of compound prescription on CRC. Later, we will find the unique active components of single herb and YYFZBJS in combination with high performance liquid chromatography, and further study its mechanism of action. Nonetheless, our findings provide important preliminary information on the role of YYFZBJS in CRC treatment and indicate that YYFZBJS may be a promising CRC therapeutic candidate.



Conclusion

Our results indicate that in CRC, YYFZBJS inhibited proliferation and induced apoptosis by modulating the CDK1/PI3K/Akt signaling pathway and highlight YYFZBJS as a promising adjuvant in CRC treatment.
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Gastrointestinal (GI) cancers are the second most common cause of cancer related deaths in the World. Neuroendocrine neoplasms (NENs) is a rare tumor that originated from peptidergic neurons and neuroendocrine cells. NENs occurs in all parts of the body, especially in stomach, intestine, pancreas and lung. These rare tumors are challenging to diagnose at earlier stages because of their wide anatomical distribution and complex clinical features. Traditional imaging methods including magnetic resonance imaging (MRI) and computed tomography (CT) are mostly of useful for detection of larger primary tumors that are 1cm in size. A new medical imaging specialty called nuclear medicine uses radioactive substances for both diagnostic and therapeutic purposes. Nuclear medicine imaging relies on the tissue-specific uptake of radiolabeled tracers. Nuclear medicine techniques can easily identify the NENs tissues for their ability to absorb and concentrate amine, precursors, and peptides, whereas the traditional imaging methods are difficult to perform well. The somatostatin receptor (SSTR) is a targetable receptor frequently expressed in the gastroenteropancreatic neuroendocrine neoplasms (GEP-NENs), and is a promising target for tumor-targeted therapies and radiography. SSTR based somatostatin receptor imaging and peptide receptor radionuclide therapy (PRRT) has emerged as a new hot subject in the diagnosis and treatment of GEP-NENs due to the rapid development of somatostatin analogues (SSAs) and radionuclide. This review aims to provide an overview of the current status of nuclear medicine imaging modalities in the imaging of GEP-NENs, and puts them in perspective of clinical practice.
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Introduction

Gastrointestinal (GI) cancers account for approximately 20% of all cancer and are responsible for 23% of cancer-related deaths worldwide (1). The GI epithelial tumors are more common compared to non-epithelial tumors and mainly found in the esophagus, stomach, liver, gallbladder, bile duct, pancreas, small intestine, colon, rectum and the anal region. A subset of GI epithelial lesions exhibits neuroendocrine differentiation and was known as neuroendocrine neoplasms (NENs). Gastroenteropancreatic neuroendocrine neoplasms (GEP-NENs) is one of the most common types of NENs and its incidence has been rising during the past three decades (2, 3). However, the clinical manifestations of NENs are mostly atypical (4). Examination techniques for early diagnosis of GEP-NENs are therefore urgently needed. The timely and accurate diagnosis of GEP-NENs remains challenging for clinicians. Endoscopy and endoscopic ultrasonography (EUS) maybe useful for visualizing tumors found in the stomach, duodenum, rectal and sigmoid. The diagnostic accuracy of traditional imaging techniques, including CT, MR, and US, has improved over the last few years (5, 6). However, traditional imaging techniques are unable to effectively diagnose the small primary tumors which have been metastasized. Additionally, primary midgut tumors that are common in jejunum, ileum, and proximal colon are challenging and difficult to diagnose by gastroscopy or EUS examination. With the extensive use of nuclear medicine in the early diagnosis of GEP-NENs, the clinical benefit for patients has improved widely. Nuclear medicine modalities have the benefit of showing the target tissues’ morphological and functional condition. The tissue origin, cell type, benign or malignant status, level of differentiation, and anatomic placement are used to categorize tumors. Somatostatin receptors (SSTRs) are highly expressed in the GEP-NENs. SSTRs are overexpressed on well-differentiated GEP-NENs tumor cells, especially SSTR2. The exact detection or treatment of GEP-NENs can be accomplished by labeling somatostatin analogues (SSAs) with diagnostic radionuclides or therapeutic radionuclides based on the specificity of the SSTR (7). SSAs or peptide receptor radionuclide therapy (PRRT) can be used to diagnose, stage, and evaluate the effectiveness of the treatment. SSAs and radionuclides have continued to advance, and as a result, nuclear imaging and therapy are currently a popular topic in the field of GEP-NENs.

This review provides an overview of the currently used imaging modalities and ongoing developments in the imaging of GEP-NENs, with the emphasis on nuclear medicine and puts them in perspective of clinical practice.



Nuclear medical imaging

Routine imaging techniques such as CT and MRI, are the first line anatomic imaging modalities for the diagnosis of NENs. CT/MRI can provide detailed and accurate anatomic information in locating the primary tumor and identifying the local and distant metastases. However, the diagnostic sensitivity of these anatomical imaging techniques is not very high especially in the diagnosis of NENs. Nuclear imaging is a novel imaging technology which combines functional and morphologic techniques (8). This combination can provide more information for the better diagnosis and treatment guidance of NENs. Common nuclear imaging methods for NENs diagnosis include SRS and tumor metabolism imaging (9).

The appropriate use of imaging agents is very crucial for the management of NENs. Gallium-68 SSTR (68Ga-SSTR) PET/CT and Fluorine-18-fluorodeoxyglucose (18F-FDG) PET/CT are two most commonly used functional imaging for the diagnosis of NENs. Both can localize lesions that are difficult to be detected by traditional imaging techniques, as well as assess the function of the lesion and optimize treatment strategies. Most well-differentiated NENs highly express SSTR (10), which makes it possible to clinically apply SSTR-mediated radiographic imaging, including 99mTc-Octreotide SPECT-CT imaging and 68Ga-SSTR PET/CT imaging.



Diagnostic role of nuclear medicine in GEP-NENs

18F-FDG is the most popular molecular probe in nuclear medicine that reflects glucose metabolism in vivo. It is more sensitive to tumors with low differentiation and high malignancy, and its absorption and retention are mostly dependent on the expression and phosphorylation level of glucose transporters. According to the Ki-67 index for tumor grading, NEMs are divided into three grades: G1 (less than 2%), G2 (between 22% and 20%), and G3 (more than 20%) (11). Numerous investigations have demonstrated that 18F-FDG PET-CT performs poorly in low-grade, well-differentiated GEP-NENs and performs well in high-grade, poorly differentiated GEP-NENs (12, 13). The SUVmax of 18F-FDG PET/CT and Ki-67 expression are positively correlated as shown in several investigations (14, 15). This finding suggests that 18F-FDG PET/CT has an important prognostic value in high grade GEP-NENs. Currently, guidelines published by both European Neuroendocrine Tumor Society (ENETS) and European Association of Nuclear Medicine (EANM) recommend the use of 18F-FDG PET/CT to localize high-grade hypodifferentiated GEP-NENs for stratified analysis of patient prognosis prediction using semiquantitative parameters (16).

SSTR is an important target for molecular imaging diagnosis and radionuclide therapy of SSTR-positive tumors (17). GEP-NENs with varying degrees of grading express different amounts of SSTR on their surfaces. 111In-Octreotide is the earliest SSTR agonist used in clinical practice and can be used for SPECT-CT, but its low resolution affects its detection of microscopic lesions and metastases (18). Currently, SSTR agonists commonly used in clinical practice include 68Ga-DOTATATE, 68Ga-DOTATOC and 68Ga-DOTANOC (19). 68Ga is a positron radionuclide with a half-life of about 67 min. PET/CT imaging using 68Ga-labeled SSTR agonists can substantially improve image quality and spatial resolution, compensating for the deficiency of 111In-Octreotide (20). 68Ga-DOTATATE PET/CT plays an important role in the detection, primary staging, restaging and efficacy assessment of SSTR-positive tumors. The guidelines published by the ENETS and the EANM both recommend the use of SSTR agonist PET/CT as the first-line imaging method for the diagnosis and staging of GEP-NENs.

However, the half-life and positron energy limit the utilization of 68Ga SSTR scanning. Poorly differentiated GEP-NENs usually do not express or under-express SSTR, and therefore 68Ga-DOTA-SSTR PET imaging is not effective in these tumors. These tumor cells usually have a higher glucose metabolism rate, so 18F FDG-PET is more suitable in poorly differentiated GEP-NENs and has a higher sensitivity for metastatic lesions. 18F-FDG PET/CT and 68Ga-DOTATATE PET/CT have complementary effects. The combined detection of 18F-FDG PET/CT and 68Ga-DOTATATE PET/CT has better localization and diagnostic value for GEP-NENs than the two alone (21).



Advances in nuclear medicine diagnosis of GEP-NENs

In recent years, radionuclides with longer half-life and better imaging results have been gradually incorporated into clinical studies with great potential for development. 64Cu-DOTATATE is the latest SSTR agonist approved by the FDA for localization of SSTR-positive NENs. 64Cu has a longer half-life and better image resolution than conventional radionuclides, and is more sensitive for diagnosing SSTR-positive GEP-NENs. The long half-life of 64Cu extends the time window for PET/CT imaging to 3 h, compensating for the shorter half-life of 68Ga (22). Another more mature PET imaging agent for NENs is 18F-FDOPA (23), which is a structural analogue of dopamine and can reflect the metabolism of dopamine in NENs. However, owing to the difficult synthesis and purification procedure and the early poor yield, it was not generally promoted in clinical practice. Its production has significantly increased in recent years due to improvements in chemical synthesis and labeling processes, and it has been promoted quickly with amazing results. In clinical research conducted abroad, 18F-FDOPA has been extensively explored in the neurological, cardiac, and tumor domains, with the tumor study focusing primarily on medullary thyroid cancer and NENs (24). Currently, tumors with low or ambiguous SSTR expression are the key indications for NENs imaging with 18F-FDOPA. Piccardo (25) et al. conducted a head-to-head 18F-DOPA and SSTR agonists for PET/CT diagnostic meta-analysis, which showed that both examinations could accurately diagnose intestinal NENs, with a combined sensitivity of 95% for 18F-DOPA in a lesion-based analysis, slightly higher than the combined sensitivity of 82% for SSTR agonists. Therefore, some studies (26, 27) have recommended 18F-DOPA as a second-line screening method as complementary and alternative of SSTR-based imaging agents.



Therapeutic role of nuclear medicine in GEP-NENs

Surgery is still the preferred treatment for GEP-NENs (28), and systemic chemotherapy is an another option for individuals who are not candidates for surgery. Targeted therapy can be divided into non-radiolabeled SSA and PRRT. SSA has been applied in the clinical practice for more than 20 years. However, SSA has a relatively limited impact on establishing tumor biology and imaging remission, but it can successfully treat the clinical symptoms of hormone overproduction and stop NENs development (29). Since SSTR-targeted PRRT has been utilized in clinical settings in Europe and the US, it has proven to be an effective method for treating NENs and other SSTR-positive cancers, particularly GEP-NENs. PRRT utilizes therapeutic radionuclide 177Lu and 90Y-labeled SSTR agonists to deliver precise targeted internal radiotherapy to GEP-NENs.

SSA therapy is primarily indicated for the initial treatment of patients with carcinoid syndrome and unresectable tumors. In contrast, PRRT therapy is indicated for patients with SSTR-positive, G1/2 grade advanced GEP-NENs. The second-generation 90Y-DOTA-TOC and the third-generation 177Lu-DOTATATE are the most commonly used PPRT therapeutics. Several studies now confirm the safety and efficacy of 177Lu-DOTATATE-mediated PRRT (30, 31). It is well tolerated by patients, has a low incidence of acute and long-term adverse effects, and is effective in reducing the specific symptoms of neuroendocrine syndrome, such as diarrhea, facial flushing, and cardiac dysfunction caused by right heart failure. In addition, PRRT has a significant analgesic effect, especially for bone pain caused by bone metastases from gastrointestinal or bronchial NENs.



Therapeutic advances in nuclear medicine of GEP-NENs

The results of combination therapy with PRRT showed the highest response rate for NENs with the combination of 90Y-DOTA-TOC and 177Lu-DOTA-TATE (38.1%), with a low rate of tumor recurrence and mild adverse effects in most patients (32). There may be additional benefit from receiving a combination of both nuclides (33). The rationale for this treatment modality is to use the shorter tissue penetration of moderate-energy β-rays emitted by 177Lu and the longer tissue penetration of high-energy β-rays emitted by 90Y to achieve greater killing effect on both smaller and larger tumors when applied in combination.

In PRRT research, the results of animal experiments and clinical trials show that the antagonist probe 177Lu-OPS201 has higher tumor radiation dose and better radiation safety than the agonist probe 177Lu-DOTATATE, so it is more suitable for PRRT clinical research of NENs (34). Radionuclide labeled SSTR antagonist 177Lu-DOTA-JR11 has a higher tumor uptake rate and a longer tumor retention time than SSTR agonist 177Lu-DOTA-TOC, thereby increasing the radiation dose in the tumor by 1.7-10.6 times. The tumor growth delay time and the median survival time of patients were prolonged. Other studies have shown that after PRRT treatment of NENs patients with radionuclide labeled SSTR antagonist, it has a high uptake rate in all known lesion sites (liver, lymph node and bone) (35). Albrecht et al. (36) compared the efficacy of two cycles of PRRT with 177Lu-DOTA-JR11, an antagonist of radionuclide labeled SSTR, and 177Lu-DOTA-TOC, an agonist, in orthotopic NENs xenograft tumor mice. Mice treated with 177Lu-DOTA-JR11 had significantly reduced tumor mass and almost no viable remaining tumor tissue 3 weeks after the end of two cycles of PRRT. In addition, the results of preclinical studies have shown that nuclide labeled SSTR antagonists induce more DNA double-strand breaks than agonists, resulting in better therapeutic effects (37). Therefore, it is of great significance to use radionuclide labeled SSTR antagonists as a neoadjuvant tool for PRRT in NENs patients. At present, a series of targeted imaging and therapeutic drugs based on radionuclide labeling are also being developed (38–40). It is believed that there will be major innovations in this field in the near future.



Conclusion and future perspective

GEP-NENs are challenging to diagnose and localize due to their wide anatomical distribution and complex clinical features. Although traditional techniques (CT, MRI) have significantly advanced during the last two decades, identification and detection of small primary GEP-NENs tumors still remains challenging. The staging and early identification of the disease is also very crucial for selection of the right treatment and effective management of the patients in timely manner. Using radionuclide-labeled SSTR analogues for nuclear medicine imaging of GEP-NENs shows superior imaging sensitivity and specificity as well as prognostic significance. At present, it serves as the gold standard for GEP-NENs diagnosis, localization, and staging. In future, with the improved technology and introduction of new tracers might further improve the sensitivity and specificity of these methods. Currently available and published data on tumor-targeted radioactive therapy is very encouraging. It has been acknowledged that PRRT has a therapeutic benefit in the management of advanced GEP-NENs and that it has significant potential for advancement as a first-line therapy. More individuals can now benefit from PRRT thanks to combination therapy and recent advances in pharmaceuticals. Nuclear medicine is now more useful in the diagnosis and treatment of GEP-NENs as a result of advancements in research on radionuclides and their ligands. However, it has to be further improved both in terms of dosages and patient’s selection. We are aware that debates are still open in this area and will continue in the future. To get at a more compelling consensus, more assessments and thorough clinical investigations are required. However, it is important to stress that the role of nuclear medicine has grown over the last two decades, and its daily practice can confirm that these methods do offer many alternative valid solutions in the field of GEP-NENs diseases, as well as in other diseases.
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Gastric cancer (GC) is a leading contributor to global cancer incidence and mortality. According to the GLOBOCAN 2020 estimates of incidence and mortality for 36 cancers in 185 countries produced by the International Agency for Research on Cancer (IARC), GC ranks fifth and fourth, respectively, and seriously threatens the survival and health of people all over the world. Therefore, how to effectively treat GC has become an urgent problem for medical personnel and scientific workers at this stage. Due to the unobvious early symptoms and the influence of some adverse factors such as tumor heterogeneity and low immunogenicity, patients with advanced gastric cancer (AGC) cannot benefit significantly from treatments such as radical surgical resection, radiotherapy, chemotherapy, and targeted therapy. As an emerging cancer immunotherapy, oncolytic virotherapies (OVTs) can not only selectively lyse cancer cells, but also induce a systemic antitumor immune response. This unique ability to turn unresponsive ‘cold’ tumors into responsive ‘hot’ tumors gives them great potential in GC therapy. This review integrates most experimental studies and clinical trials of various oncolytic viruses (OVs) in the diagnosis and treatment of GC. It also exhaustively introduces the concrete mechanism of invading GC cells and the viral genome composition of adenovirus and herpes simplex virus type 1 (HSV-1). At the end of the article, some prospects are put forward to determine the developmental directions of OVTs for GC in the future.
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1 Introduction

Gastric cancer (GC) is a common malignant tumor originating from gastric mucosa epithelial cells, and its onset is relatively insidious. In the early stage, there is generally no apparent symptom of discomfort or only indigestion-like clinical manifestations such as inappetence, gastroesophageal reflux, belching, and stomachache. However, as the disease progresses, hemorrhage, perforation, obstruction, cachexia, and other symptoms of advanced gastric cancer (AGC) gradually appear. Unfortunately, patients are already in the terminal stage at this time, and the cancer cells have already invaded the surrounding organs or metastasized far away, which leads to the loss of the curative chance for most patients (1). According to the GLOBOCAN 2020 estimates of incidence and mortality for 36 cancers in 185 countries produced by the International Agency for Research on Cancer (IARC), an estimated 19.3 million new cancer cases and almost 10.0 million cancer deaths occurred worldwide in 2020, and GC ranked fifth (5.6%) and fourth (7.7%), respectively (2). Therefore, accurately diagnosing early GC and effectively treating AGC patients who have lost the chance of radical surgical resection are two serious health problems worldwide.

Currently, therapeutic strategies for GC mainly incorporate surgical resection, radiotherapy, chemotherapy, targeted therapy, and immunotherapy. Among them, radical surgical resection is still the preferred and only method considered to cure GC. Endoscopic submucosal dissection (ESD) is recommended for early GC which is limited to the mucosa and without lymph node metastasis, and gastrectomy with D2 lymphadenectomy is recommended for AGC (3). Radiotherapy, chemotherapy, targeted therapy, and immunotherapy are basically intended to provide another choice for patients with post- or non-operative conditions. Chemotherapy, as the most common and indispensable adjuvant therapy, is updated constantly with advances in research. Recently, a randomized, open-label, phase 3 trial (NCT02322593) in 62 centers across Japan and South Korea showed that TAS-118 (S-1 (an oral anticancer agent comprising the 5-fluorouracil prodrug tegafur and targeted modulators, gimeracil and oteracil) plus leucovorin) plus oxaliplatin is more effective than S-1 plus cisplatin, and could be considered a new first-line treatment option for AGC in Asian patients (the median overall survival (OS) was 16.0 months (95% CI 13.8–18.3) in the TAS-118 plus oxaliplatin group and 15.1 months (95% CI 13.6–16.4) in the S-1 plus cisplatin group (hazard ratio 0.83, 95% CI 0.69–0.99; p=0.039)) (4). Furthermore, targeted therapy usually focuses on the human epidermal growth factor receptor 2 (HER2), because of its frequent amplification (5). In an open-label, randomized, phase 2 trial (NCT03329690), therapy with trastuzumab led to significant improvements in response and OS, compared with standard chemotherapy, among patients with HER2-positive GC (median, 12.5 vs. 8.4 months; hazard ratio for death, 0.59; 95% confidence interval, 0.39 to 0.88; P=0.01) (6). Although chemotherapy and targeted therapy have obtained satisfactory efficacy, resistance and fatal side effects gradually develop with the extension of exposure time. Thus, a new strategy is urgently needed to fill this gap.

With the exploration of the biological behavior and internal molecular mechanism of cancers, immunotherapy has become a novel, popular and promising treatment that can restore the ability of the immune system to respond to neoplasms, limiting their growth and killing malignant cells, ultimately achieving remission or even complete elimination (7). Existing cancer immunotherapies mainly include tumor vaccines (such as cervical cancer vaccine), immune checkpoint inhibitors (ICIs) (such as anti-PD-L1 antibody), adoptive immunotherapies (such as CAR T-cell) and OVTs (such as adenovirus) (8). OVTs are a safe and mature immunotherapy method because of their representative capacity to promote the infiltration of immune effector cells into the tumor microenvironment (TME) and have been favored by numerous researchers (9).

OVs, as their name implies, can specifically invade tumor cells and eventually lyse them. The first definitive record of OV was in 1904, when a 42-year-old leukemia patient was infected with influenza. Doctors were surprised to find a dramatic decrease in malignant cells in his blood. Recently, on January 2, 2021, Sarah Challenor also reported a 61-year-old patient with stage III Epstein–Barr virus (EBV)-positive classical Hodgkin lymphoma who was diagnosed with COVID-19, and four months later, the palpable lymphadenopathy had reduced and a fluorine-18 fluorodeoxyglucose positron emission tomography/CT (18FDG-PET/CT) scan revealed widespread resolution of the lymphadenopathy and reduced metabolic uptake throughout (10). These miraculous phenomena about viruses “curing” cancers suggest that OVTs may be a promising cancer treatment. More notably, in 2015, the US Food and Drug Administration (FDA) approved the first OV (T-Vec, a HSV-1-based OV generated by deleting ICP47 gene and replacing ICP34.5 with GM-CSF gene) for the clinical treatment of malignant tumors by virtue of a randomized, open-label, phase 3 trial (NCT00769704); it can achieve a higher durable response rate (DRR) (26.4%; 95% CI, 21.4% to 31.5% vs. 5.7%; 95% CI, 1.9% to 9.5%) and longer OS (23.3 months; 95% CI, 19.5 to 29.6 months vs. 18.9 months; 95% CI, 16.0 to 23.7 months) in patients with unresectable stage IIIB to IV melanoma than subcutaneous injection of granulocyte macrophage colony-stimulating factor (GM-CSF) alone (11). In Japan, another single-arm, phase II clinical trial (UMIN000015995) was completed to test the efficacy of G47Δ (a HSV-1-based OV generated by deleting ICP47 and ICP34.5 genes and replacing ICP6 gene with lacZ coding sequence) administered stereotactically in patients with residual or recurrent glioblastoma, and the results indicated that the 1-year- survival rate of 13 patients reached an astonishing 92.3% (12). Moreover, in a phase I/II, single-arm study (UMIN000002661) assessing the safety of G47Δ, the results revealed that G47Δ was safe for treating recurrent or progressive glioblastoma and warranted further clinical development (13). Based on these, G47Δ has received conditional approval from Japan’s Ministry of Health, Labor and Welfare (MHLW) as an OVT for patients with malignant glioma. Furthermore, studies proving the ability of OVTs to rapidly eliminate cancer cells have led to approval of H101 in China and Rigvir in Latvia.

An increasing number of OVTs are being clinically approved, and trials of OVs for other malignancies have sprung up continually, including GC. As a malignant tumor with a poor prognosis, strong heterogeneity, and low immunogenicity, GC therapy may acquire a certain degree of breakthrough with the help of OV’s exceptional function. Moreover, peritoneal metastasis is the most frequent form of distant metastasis and recurrence in GC, and the prognosis is extremely poor due to the resistance of systemic chemotherapy. OVTs for GC patients with peritoneal metastases via intraperitoneal injection not only act on the vast majority of metastases, but also activate the inherent immune cells in the abdominal cavity and recruit immune cells in the blood to exert corresponding antitumor functions. However, there is no systematic summary of OVTs for GC to date. In this review, we integrate most of the experimental studies and clinical trials of various OVs tested for the diagnosis and therapy of GC and meticulously discuss the mechanism of infection and the viral genome composition of adenovirus and HSV-1. Finally, we also put forward some prospects about the developmental directions of OVTs for GC in the future.



2 Mechanism of OVTs

According to existing experimental results on OVTs for cancers, a nonoptimal delivery route is one of the dominant reasons for treatment failure. Intravenous administration is a simple, common, and effective route for other cancer treatments, but when OVs are injected into the bloodstream, viral defense barriers such as the complement system, immunoglobulin and coagulation cascade will promptly inactivate the virus particles (14). Virions marked by natural immunoglobulin M (IgM) antibodies and coagulation factor X are captured and cleared by macrophages rapidly and efficiently in the liver, spleen, and lung, which probably trigger toxic reactions in the corresponding organs (15). Furthermore, during the process of rapid proliferation of cancer cells, a suitable environment for their survival called the tumor microenvironment (TME) is gradually established. Numerous mesenchymal cells such as myeloid-derived suppressor cells (MDSCs), cancer-associated fibroblasts (CAFs), mesenchymal stem cells (MSCs), and capillary endothelial cells, which are abundant in the TME, constitute a physical barrier in conjunction with the extracellular matrix (ECM). Even if OVs successfully escape the abovementioned clearance process and enter the TME, they will ultimately be captured or rejected by these “trap” cells, resulting in a further decrease in oncolytic effectiveness (16). Thus, intratumoral injection is still the optimal route of administration for solid tumors, including GC (17).

When OVs invade the interior of tumors, they mainly exert their antitumor function by selectively infecting and lysing the malignant cells locally (Figure 1) and stimulating the systemic adaptive antitumor immune response (Figure 2) (18):




Figure 1 | OVs can selectively infect and lyse cancer cells locally. (A) Following viral infection, most normal cells activate antiviral pathways against viral infections. The antiviral machinery can be triggered by viral PAMPs that activate PRRs (such as cGAS for DNA viruses and RIG-I for RNA viruses). Once PAMPs are detected, a signaling cascade through the adaptor molecule STING or MAVS phosphorylating IRF3 and NF-κB to dimerize and translocate to the nucleus to regulate the programmed transcription of type I IFN and proinflammatory cytokines. Among them, proinflammatory cytokines recruit immune cells to infiltrate the TME, and local IFN production can promote antiviral activity through IFNR. Upon type I IFN binding to receptors, the activated JAK-STAT signaling pathway leads to the rapid transcription of abundant ISGs to inhibit various stages of the viral lifecycle from invasion to release and can even target infected cells for apoptosis or necrosis. (B) In malignant cells, this process is disrupted. Cancer cells may increase the number of viral receptors or downregulate key signaling components within the innate antiviral signaling pathway, including PPRs, STING, MAVS, type I IFN and ISGs, thereby limiting their proapoptotic and cell cycle regulatory effects. Therefore, OVs can easily reach the critical value of viral load for oncolysis. OV, oncolytic virus; PAMPs, pathogen-associated molecular patterns; DAMPs, damage-associated molecular patterns; PRRs, pattern-recognition receptors; dsDNA, double-stranded linear DNA; dsRNA, double-stranded linear RNA; cGAS, cyclic GMP–AMP synthase; ATP, adenosine triphosphate; GTP, guanosine triphosphate; cGAMP, cyclic GMP–AMP; ER, endoplasmic reticulum; TBK1, TANK-­binding kinase 1; IKK, IκB kinase; IRF3, interferon regulatory factor 3; NF-κB, nuclear factor-κB; RIG-I, retinoic acid-inducible gene I; TNF-α, tumor necrosis factor-α; IL-6, interleukin-6; ISGs, interferon-stimulated genes; IFN, interferon; IFNR, interferon receptor; JAK, Janus kinase; STAT, signal transducer and activator of transcription; TME, tumor microenvironment.






Figure 2 | OVs can stimulate a systemic adaptive antitumor immune response. Cancer cells are lysed by mature OVs to release viral progeny, TAAs, PAMPs and DAMPs into the TME. Among them, progeny virions will ceaselessly infect the surrounding cancer cells to establish a cascade amplification reaction to eliminate malignancy. Infiltrative APCs can swallow and process TAAs, PAMPs, and DAMPs to present neoantigens by MHC molecules for the activation of immune cells. The sensitized CTLs attack the identified cancer cells by releasing perforin and granzyme B, and the activated Th cells can stimulate B cells to promote their activation and secrete neutralizing antibodies, which can mark malignant cells for ADCC by NK cells or ADCP by macrophages. Finally, immune effector cells, immune effector molecules and progeny virions will travel through the body with the blood to initiate a systemic adaptive antitumor immune response. APC, antigen-presenting cell; NK, natural killer cell; MHC, major histocompatibility complex molecule; CTL, cytotoxic T lymphocyte; Th, T helper cell; ADCC, antibody-dependent cellular cytotoxicity; ADCP, antibody-dependent cellular phagocytosis; PAMPs, pathogen-associated molecular patterns; DAMPs, damage-associated molecular patterns; TCR, T-cell receptor; BCR, B-cell receptor; TAA, tumor-associated antigen.




2.1 Selectively infect and lyse the malignant cells locally

First, OVs infect host cells by recognizing and combining with relevant receptors or other special routes. Subsequently, they replicate and amplify by using nutrients from the host, similar to other viruses (18). After a certain period of proliferation, a small amount of new progeny virions, viral nucleic acids, and capsid protein accumulate inside the cell, which are known as pathogen-associated molecular patterns (PAMPs), and these products are identified by pattern-recognition receptors (PRRs, including Toll-like receptor (TLR), NOD-like receptor (NLR), and RIG-I-like receptor (RLR)) to initiate innate antiviral immune responses (19). In this review, we mainly highlight the two most acknowledged antiviral signal transduction pathways.

For a DNA virus, its gene fragments can activate the DNA sensor cyclic GMP–AMP synthase (cGAS) through direct binding, which triggers conformational changes that induce enzymatic activity (Figure 1A). Activated cGAS converts GTP and ATP into cyclic GMP–AMP (cGAMP), which is a unique endogenous second messenger. Then, the cGAMP product binds to STING, an endoplasmic reticulum (ER) -localized adaptor, and undergoes a conformational change to form dimers. Following the translocation of STING dimers to the Golgi apparatus, they interact with TANK­binding kinase 1 (TBK1) and IκB kinase (IKK), which phosphorylate interferon regulatory factor 3 (IRF3) and nuclear factor-κB (NF-κB), respectively. Activated IRF3 and NF-κB dimerize and translocate to the nucleus to regulate the transcription of type I interferon (IFN) and proinflammatory cytokines (20). In addition, other viral DNA sensors, such as IFI16, DAI and DDX41, can transmit antiviral immune signals through STING (21).

Retinoic acid-inducible gene I (RIG-I) is one of the primary originators of initiating infection signals of RNA virus, the other antiviral signal transduction pathway, along with melanoma differentiation association gene 5 (MDA5) and laboratory of genetics and physiology 2 (LGP2) (22). In the absence of ligand, RIG-I exists in an autorepressed conformation wherein its helicase domain and repressor domain (RD) associate with its caspase activation and recruitment domains (CARDs), which precludes it from participating in signaling. It is only when RIG-I engages the appropriate PAMP RNA through the helicase and RD that the CARDs are released from autorepression to associate with the adaptor molecule mitochondrial antiviral-signaling protein (MAVS) on the membrane surface of mitochondria. MAVS assembles into aggregates that allow the ensuing signaling cascade to induce the phosphorylation and nuclear translocation of the key innate immune transcription factors IRF3 and NF-κB to drive the expression of downstream genes (23).

In summary, both DNA and RNA viruses can induce the production of type I IFN, which is released into the microenvironment surrounding infected cells. Upon type I IFN binding to receptors, a signal is transmitted by activating the Janus kinase signal transducer and activator of transcription (JAK-STAT) pathway in the cells, leading to the rapid transcription of abundant IFN-stimulated genes (ISGs), such as myxovirus resistance (Mx), viperin, and double-stranded RNA-dependent protein kinase (PKR), and they can inhibit various stages of the viral lifecycle from invasion to release (24). When normal cells are infected with OVs, the intact innate antiviral immune system responds quickly and eliminates internal immature virions, sometimes even inducing apoptosis of seriously infected cells to protect the other cells.

However, during the process of becoming cancerous, some aberrant changes enable OVs to survive and proliferate extensively in host cells (Figure 1B); for example, the number of viral receptors on the membrane surface increases dramatically. Adenovirus, as a familiar OV, mainly engages its receptor coxsackievirus adenovirus receptor (CAR) and coreceptor integrins to complete the invasion process (25), and the expression of CAR is significantly elevated in GC, lung cancer and female reproductive tumors (26, 27). Similarly, the herpes virus receptor, herpesvirus-entry mediator (HVEM), is also markedly increased in malignant melanoma, colorectal cancer, GC, and glioblastoma (28). The amplification of these receptors will facilitate an increasing number of virions entering the host cells and increase the basic level of OVs to obviously accelerate the multiplication rate. Moreover, PPRs act as viral sensors and cannot efficaciously activate their downstream signal of viral defense if their expression is reduced or their function is destroyed. In hepatocellular carcinoma (HCC), TLRs are downregulated to protect cancer cells from the apoptosis they trigger, likely linked to the occurrence and poor prognosis of HCC (29). Similarly, recent studies have demonstrated that NLRs function as intrinsic tumor suppressors in intestinal epithelial cells (IECs), by regulating their responses to proliferative signals following intestinal injury, but they are frequently deleted in colorectal cancer (30). Adaptors STING and MAVS are indispensable intermediate transducers of antiviral signals, and the existing data imply that the STING signaling pathway may be recurrently suppressed by multifarious mechanisms in a considerable variety of malignant diseases and may be required for cellular transformation (31). To the best of our knowledge, cancers mainly acquire energy through glycolysis due to their rapid growth rate. Lactate serves as a key metabolite responsible for glycolysis-mediated RLR signaling inhibition by directly binding to the MAVS transmembrane domain and preventing MAVS aggregation, building a barrier to impede type I IFN production upon RLR activation (32). Hypoxia is also a common phenomenon in solid tumors and is strongly linked to hallmarks of cancers. This will lead to an overall downregulation of the type I IFN pathway to block the transcription of ISGs, due to repressed transcription and lower chromatin accessibility in a hypoxia-inducible factor 1/2α-independent manner (33). Cancer cells have a significantly weakened defense capability against OVs through the abovementioned various adaptive changes, which allow OVs to replicate and assemble, safely and quickly. Coupled with the silencing or mutation of genes that mediate apoptosis signals, infected tumor cells will not die immediately under normal circumstances (34, 35). Therefore, OVs can easily reach the critical value of viral load in tumor cells, eventually lysing them and releasing progeny viruses into the TME (34). Overall, OVs can take advantage of the differences in affinity and tolerance between normal and malignant cells for selectively infecting and lysing cancer cells.



2.2 Stimulate the systemic adaptive antitumor immune response

The immunogenicity of oncolysis caused by overloaded OVs significantly exceeds the process of apoptosis, which can stimulate a systemic antitumor immune response to a certain extent (Figure 2) (36). Findings from a phase II, multicenter, open-label study (NCT02366195) of patients with stage IIIB–IVM1c melanoma indicated that T-Vec had a significant therapeutic effect at the injection site of the tumor and it upregulated immune-cell populations in noninjected lesions, such as CD8+ and CD4+ T cells (37). When cancer cells cleaved by OVs undergo immunogenic cell death (ICD), a large number of progeny virions, tumor-associated antigens (TAAs), PAMPs and damage-associated molecular patterns (DAMPs) are released into the TME and blood circulation (18). Therefore, progeny virions will ceaselessly infect the surrounding cancer cells to establish a cascade amplification reaction, ultimately achieving the purpose of eliminating the malignancy. Proinflammatory cytokines produced by activated NF-κB can recruit antigen-presenting cells (APCs), B cells, T cells and natural killer (NK) cells and stimulate the activation of their relevant signaling pathways to perform antitumor functions (38). APCs, as specialized antigen-presenting cells, can take up and process the TAAs, PAMPs, and DAMPs produced by oncolysis and present these peptide antigens to T cells by major histocompatibility complex (MHC) molecules, ultimately activating CD4+ T cells and CD8+ T cells with the participation of costimulating molecules on the membrane surface (39). The sensitized cytotoxic T lymphocytes (CTLs) attack identified cancer cells by releasing perforin and granzyme B (18), and activated T helper (Th) cells offer costimulatory signals to B cells, thereby promoting their activation, causing them to secrete neutralizing antibodies, which can mark malignant cells for antibody-dependent cellular cytotoxicity (ADCC) by NK cells or antibody-dependent cellular phagocytosis (ADCP) by macrophages (40). In the end, immune effector cells, immune effector molecules and progeny virions generated in the TME will travel through the body with the blood and initiate a systemic adaptive antitumor immune response.



2.3 Two major therapeutic strategies of OVTs

The existing therapeutic strategies of OVTs are mainly divided into two categories, one is an oncolytic tool relies on its oncolysis, another is an exogenous gene delivery system relies on its selectivity for various cancers. As mentioned above, natural OVs can preferentially replicate and assemble in human cancer cells and inhibit tumor growth without specific deletion or modification to the genome. Multiple preclinical and clinical studies have demonstrated that OVTs have oncolytic properties and can stimulate antitumor immune responses against various malignancies (41). However, the two most challenging problems of OVTs in the process of application are as follows: (i) a significant reduction in the efficacy because of unsatisfactory oncolysis or the virions are eliminated by the body’s strong immune system and (ii) OVs may infect and damage healthy tissues and cells with the increase of viral titer (42). For these two problems, on the one hand, the curative effects can be enhanced by further modification of their genome, which named armed OVs. Mechanistically, a variety of different armed oncolytic strategies have been explored, with particular success observed in strategies introducing immune-stimulating genes (such as T-Vec has an insertion of human GM-CSF in both copies of the ICP34.5 gene within HSV-1) and tumor-damaging genes (such as the insertion of tumor-suppressor genes or RNA interference to regulate oncogenes) (43–45). Although their efficacy is more favorable, the exogenous genes introduced by armed OVs have more unforeseen effects and potentially dangerous to normal cells than original OVs. On the other hand, the selectivity of the OVs also can be enhanced by further deletion of genes which essential for their proliferation in normal cells (42). For example, the deletion of E3 gene in adenovirus or ICP47 gene in HSV-1 can promote peptide loading of MHC-I molecules to encourage the elimination of virions by the immune system in normal cells (46). However, these changes cannot affect the survival of OVs in cancer cells due to their antiviral immune responses are inherently defective. Nowadays, the third-generation adenovirus vector engineered by gene editing technology, which removes all of genes except inverted terminal repetitions (ITRs) and a packaging gene Ψ, only acts as an exogenous gene delivery system without the ability of self-replication (47, 48). Although the specificity and capacity of exogenous gene insertion are commendably increased, the absent replicative activity and low immunogenicity of virions can’t activate the immune response or very poorly so that OVs lose the abilities of oncolysis and stimulating the systemic adaptive antitumor immune response (49). Therefore, it is indispensable that these engineered OVs treat cancer patients in combination with other antitumor agents, especially ICIs and adoptive immunotherapy.




3 Summary of OVTs for treating GC


3.1 Adenovirus


3.1.1 The internal structure and invasive process of adenovirus

Adenovirus is a nonenveloped double-stranded linear DNA virus with a nucleoprotein core encapsulated by an icosahedral protein capsid from which proteinaceous fibers protrude (50). It mainly initiates infection by high affinity binding of the fiber protein to CAR (Figure 3) or other receptors, such as CD46 and desmoglein (DSG)-2 (51). Upon cell binding, adenovirus typically requires a secondary receptor for endocytic uptake. This is usually mediated by the arginine-glycine-aspartate (RGD) sequence in an exposed loop of the penton base binding to active state αvβ3/αvβ5 integrins, followed by outside-in signals, which are critical for stimulating virion endocytosis to enter lysosomes. Because adenoviruses change the conformation of the protein capsid through a highly controlled process within lysosomes, the viral DNA are released from the lysosomes and transferred to the nucleus through nuclear pore complexes, and a series of complicated but regulated transcription and translation processes are carried out (52).




Figure 3 | The internal structure and invasive process of adenovirus. Infection with adenovirus is mainly initiated by high affinity binding of fiber protein to CAR, with the participation of αvβ3/αvβ5 integrins as secondary receptors. Endocytic virions are released from lysosomes and transferred to the nucleus through nuclear pore complexes for transcription and translation. The adenoviral genome contains two ITRs at both ends, the packaging signal Ψ, and the major functional genes, such as early transcription units E1~E4 and late transcription units L1~L5. CAR, coxsackievirus adenovirus receptor; RGD, arginine-glycine-aspartate; LITR, left inverted terminal repetitions; RITR, right inverted terminal repetitions; Ψ, packaging signal; E1~E4, early transcription units; L1~L5, late transcription units; MLP, major late promoter.



Adenoviruses contain a genome of approximately 36 kb with inverted terminal repetitions (ITRs) of ∼100 bp at both ends, and on the inside of the left ITR (LITR), the signal Ψ is involved in viral packaging. Between the right ITR (RITR) and Ψ, early transcription units E1~E4 encode proteins that are required for viral replication, and all major late proteins are organized in the transcription units L1~L5, related to the assembly of adenovirus (53). E1A is the first gene that is transcribed during adenovirus infection to regulate the metabolism of host cells to make replication easier, and E1A protein can also activate the promoters of other early transcription units (54). Replication requires a complex constructed by three viral proteins encoded by E2 genes: precursor terminal protein (pTP), DNA polymerase (DNA Pol), and the single-stranded DNA binding protein (ssDBP) (55). The E3 protein is a glycoprotein that can be transferred to the endoplasmic reticulum (ER) and then abrogate cell surface transport of MHC class I molecules to avoid the activation of CTLs (56). That, combined with the E4 gene, encodes at least 6 viral proteins that counteract host antiviral proteins during productive adenovirus infection (57). These products not only destroy the intracellular defensive capability of OVs but also block the signals of activating immune cells, ultimately promoting the proliferation of virions in host cells without restriction. When the early preparation for viral amplification is basically completed, the transcription and translation of the early transcription units are shut down, and the common major late promoter (MLP) begins to regulate the expression of late transcription units L1~L5 (58). With the participation of Ψ, mature progeny virions rush out of the tumor cells and enter the next round of lifecycle.



3.1.2 As an oncolytic tool

Oncolytic adenovirus therapy is gaining importance as a novel treatment option for the management of various cancers. As a well-known OV, oncolytic adenovirus has many studies and applications in treating GC, which can replicate in and kill tumor cells selectively (Table 1). Multiple studies have indicated that adenovirus possesses good selectivity and infectivity in GC cells to yield oncolysis (101, 103). According to the interpretation of the invasive process, Lotta Kangasniemi et al. incorporated an RGD-containing peptide into the HI loop of the fiber knob to preferably utilize αvβ-class integrins for binding and internalization, which significantly enhanced the transduction of target cells and oncolysis (59). However, it is worth noting that the modification of ligands also can promote more virions to enter normal cells, causing unwanted off-target and side effects. In addition, adenovirus can also increase the therapeutic effectiveness of peritoneal metastasis for GC patients. Peritoneal metastasis is the most frequent form of distant metastasis and recurrence of GC, and its prognosis is extremely poor due to its resistance to systemic chemotherapy. In an orthotopic human GC peritoneal dissemination mouse model, intraperitoneal administration of adenovirus (OBP-401) enhanced the accelerated autophagy and apoptosis of malignant cells and synergistically suppressed the peritoneal metastasis of GC in combination with paclitaxel (PTX) (61).


Table 1 | Studies of various OVs for the treatment of GC.





3.1.3 As an exogenous gene delivery system

Adenovirus vector is also a targeted, safe, and excellent gene delivery system, enables us to introduce exogenous genes into GC at will due to its selectivity for cancer cells (Table 1). P53 is a suppressor of carcinogenesis that plays a crucial role in a variety of cancers, including GC (114). In vivo studies showed that the growth of subcutaneous tumors of p53 mutant GC cells was significantly inhibited by intratumor injection of recombinant adenovirus encoding wild-type p53 (AdCAp53), but no significant growth inhibition was detected in the growth of p53 wild type GC (44). phosphatase and tensin homolog (PTEN) tumor-suppressor activity in the PI3K/Akt/mTOR pathway is essential to regulate many cellular processes of GC, including proliferation, survival, energy metabolism, and metastasis (115). Zhang, H. et al. revealed that a recombinant adenovirus co-expressing inhibitor of growth 4 (ING4) and PTEN (AdVING4/PTEN) could synergistically induce apoptosis of GC via enhancement of endogenous p53 responses (89). IFN regulatory factor-1 (IRF-1), XIAP-associated factor 1 (XAF1), and cGMP-dependent protein kinase (PKG) II, as tumor suppressor genes, also can inhibit proliferation and promote apoptosis of GC in a similar way (Table 1). Moreover, knocking down and out oncogenes possess the similar antitumor activity in the prolongation of GC patients’ survival. The PI3K-serine/threonine kinase (AKT)-mammalian target of rapamycin (mTOR) pathway is an important cellular pathway involved in cell growth, tumorigenesis, cell invasion, and drug resistance. Bao-Song Zhu et al. constructed a recombinant adenovirus with RNA interference to silence PI3K gene. After the PI3K signaling pathway has been blocked by siRNA, the proliferation of cells was inhibited and the apoptosis of GC cells was enhanced (99). In addition, myeloid cell leukemia-1 (Mcl-1) is an antiapoptotic protein that regulates apoptosis sensitivity in many cancers. When adenovirus-mediated RNAi technology was used to knockdown the expression of Mcl-1 in GC, CD44+ cancer stem cell (CSC)-like cells became sensitized to chemotherapeutic agents such as 5-fluorouracil (5-FU) and cisplatin (CDDP) (95). More interestingly, a green fluorescent protein (GFP)-expressing adenovirus can detect malignant cells from the peritoneal washes of GC patients more sensitively and may thus be useful for both therapy stratification and precision medicine (62).



3.1.4 Relevant clinical trials

Based on previous studies, the Sidney Kimmel Cancer Center at Thomas Jefferson University is investigating the side effects of the Ad5. F35-hGCC-PADRE vaccine and determining how well it works in treating patients with gastrointestinal adenocarcinoma in a phase IIA trial (NCT04111172). The adenovirus 5/F35-human guanylyl cyclase C-PADRE (Ad5.F35-hGCC-PADRE) vaccine may help train the patient’s own immune system to identify and kill tumor cells and prevent them from forming recurrences and metastases. In addition, a phase 1 trial that involves binary oncolytic adenovirus (CAdVEC) in combination with HER2-specific autologous CAR T-cells to treat advanced HER2-positive GC (NCT03740256) and a single arm phase 2 study of the combination of adenoviral p53 (Ad-p53) gene therapy administered intratumorally with approved ICIs in patients with recurrent or metastatic GC (NCT03544723) are underway.




3.2 Herpes simplex virus type 1


3.2.1 The internal structure and invasive process of HSV-1

Herpes virus is a round, enveloped double-stranded linear DNA virus with a core encapsulated by a protein capsid. The most common herpes virus, HSV-1, has a genome of 152 kb, but approximately 30 kb of these genes are not necessary for viral survival, which provides abundant space for the insertion of exogenous genes (116). Similar to most viral infection processes, HSV-1 entry into host cells requires viral binding to specific receptors to trigger membrane fusion, and multiple viral entry glycoproteins (gB, gC, gD, gH, and gL) on the surface of the virion play a coordinating role in this process (117). The direct fusion of HSV-1 with the plasma membrane of host cells involves three phases (Figure 4): (i) Virions attach to the membrane surface. gB and/or gC binds to heparan sulfate (HS) to facilitate viral adsorption to the cells. (ii) The host cell recognizes the virions. One of several entry receptors on the host cell surface, including HVEM, Nectin-1 or -2, and 3-O-sulfated heparan sulfate (3-OS HS), can bind to gD to stabilize the attachment between them and promote the formation of the gH-gL complex. (iii) Initiation of the fusion reaction of the viral envelope with the cytoplasmic membrane occurs. The gD, gB, and gH-gL complexes and their cognate receptors form the core fusion complex, which completes the fusion of the viral envelope with the host cell membrane (118).




Figure 4 | The internal structure and invasive process of HSV-1. HSV-1 requires viral binding to specific receptors to trigger membrane fusion to enter host cells. First, gB and/or gC binding to HS facilitates viral adsorption to the cells. Then, one of several entry receptors, including HVEM, Nectin-1 or -2, and 3-OS HS, can bind to gD to stabilize the attachment and promote the formation of the gH-gL complex. Subsequently, the gH–gL complex activates gB to interact with NMHC-IIA/B, PILRα or MAG. Finally, the gD, gB, and gH-gL complexes and their cognate receptors form the core fusion complex to initiate the fusion reaction of the viral envelope with the cytoplasmic membrane. The genomic DNA of HSV-1 is divided into UL, US, TRL, IRL, TRS, and IRS, which can be segmented into immediate-early (IE), early (E) and late (L) for their respective functions. HSV-1, herpes simplex virus type 1; gB, gC, gD, gH, and gL, viral entry glycoproteins; HS, heparan sulfate; HVEM, herpesvirus-entry mediator; 3-OS HS, 3-O-sulfated heparan sulfate; NMHC-IIA/B, non-muscle myosin heavy chain II A/B; PILRα, paired immunoglobulin-like receptor α; MAG, myelin-associated glycoprotein; UL/US, unique sequence of the long/short region; TRL/IRL, terminal/internal inverted repeat sequence of the long region; TRS/IRS, terminal/internal inverted repeat sequence of the short region; ICP, infected cell protein; TK, thymidine kinase.



Following the process of fusion, the nucleocapsid of HSV-1 is connected with the nuclear membrane to release DNA into the nucleus and activate its transcription and translation. The genomic DNA of HSV-1 is divided into long and short regions of unique sequences termed UL and US, respectively, which are flanked by regions of inverted internal and terminal repeats (119). Their expression of them is rigorous in chronological order and can be segmented into immediate-early (IE), early (E) and late (L) genes (also known as α, β, and γ). ICP0, ICP4 and ICP47 play an irreplaceable role in the early stage of infection as the expression products of IE genes. Among them, ICP0 is a multifunctional nonessential ubiquitin E3 ligase that targets a multitude of cellular proteins for proteasome-mediated degradation and counters intrinsic and IFN-related antiviral responses and epigenetic silencing of the viral genome (120). ICP4 is an essential transactivating factor that represses IE genes and activates E and L genes (120). Similar to the E3 gene in adenovirus, ICP47 can also block peptide loading of MHC-I molecules, encouraging the escape of detection by the immune system (46). The E genes include ICP6 and TK (thymidine kinase), which are mainly involved in viral DNA replication and nucleotide metabolism for amplification of HSV-1 (121). L gene expression occurs with the onset of viral DNA replication, and its products include capsid and DNA packaging proteins, glycoproteins, and tegument proteins (122). ICP34.5, one of the L genes, is the major viral neurovirulence factor, as well as a multifunctional protein that can bind phosphatase 1α (PP1α) to dephosphorylate eukaryotic translation initiation factor 2α (eIF2α) to prevent protein shutoff and bind TBK1 to block type 1 IFN induction to inhibit apoptosis of host cells (123). Thus, similar to adenovirus, we can modify the genetic composition of HSV-1 to make it more suitable for treating cancer in the clinic.



3.2.2 Relevant studies and clinical trials of HSV-1

HSV-1, as an OVT, plays a pioneering role in other cancer therapies, such as T-vec for melanoma or G47Δ for glioblastoma, but its application is relatively limited in GC (Table 1). Firstly, HSV-1 is a wonderful oncolytic tool. The existing results suggest that simply relying on the oncolytic ability of HSV-1 can induce apoptosis of infected GC cells and effectively treat disseminated peritoneal cancers (63, 66). More meaningfully, intratumoral HSV-1 injections markedly decreased M2 macrophages while increasing M1 macrophages and natural killer (NK) cells, which means that the inherent immunosuppressive microenvironment of GC is destroyed by this method (65). Similar to adenovirus, HSV-1 can also be used to deliver exogenous genes. Thrombospondin-1 (TSP-1) suppresses tumor progression via multiple mechanisms, including antiangiogenesis. A novel armed oncolytic HSV-1 combined with TSP-1-mediated function, T-TSP-1, enhanced the therapeutic efficacy of GC by providing a combination of direct viral oncolysis with antiangiogenesis (107). Despite these successes in the laboratory, it is regrettable that few clinical trials using herpes virus for the treatment of GC has been conducted thus far. A phase I/II study (NCT03866525) evaluates the safety and efficacy of OH2 (an engineered recombinant herpes simplex virus) as single agent or in combination with HX008, an anti-PD-1 antibody, in patients with gastrointestinal cancers is underway.




3.3 Other OVs

In addition, others OVs also have corresponding therapeutic effects on GC (Table 1). As an oncolytic tool, Newcastle disease virus (NDV) was an effective antitumor treatment against peritoneal carcinomatosis from human GC in a xenograft model, correlated with viral replication and dosage (70, 111), and it can re-establish antitumor immunity in the suppressive TME (112). As an exogenous gene delivery system, Wang, M. et al. constructed a recombinant vaccinia virus (VACV) strain expressing mutant survivin T34A (SurT34A) and FilC and validated its strong replication and destruction ability in a murine GC model (109). In particular, due to its ability to selectively invade tumor cells, the therapeutic efficacy of a novel genetically engineered VACV carrying the human sodium iodide symporter (hNIS) gene, GLV-1 h153, was investigated in GC along with its potential utility for imaging with (99 m)Tc pertechnetate scintigraphy and 124I positron emission tomography (PET) (110). Furthermore, tumor cell-specific recombinant VACV can accurately detect live metastatic tumor cells in blood samples from mice bearing human tumor xenografts, as well as in blood and cerebrospinal fluid samples from patients with GC (69). These data encourage the continued investigation of OVTs for the diagnosis and staging of GC in clinical settings.




4 Prospects

GC, as a malignant tumor with a poor prognosis, combines a variety of adverse factors, and once it progresses to an advanced stage, almost all existing methods cannot achieve the desired therapeutic effect. Therefore, it is urgent to provide new treatment options for these patients. OVs have attracted much attention since their discovery, and their special abilities, such as selectively lysing tumor cells, remodelling the inhibitory TME, and activating the systemic antitumor immune response, have made many researchers regard OVT as a promising strategy for the treatment of cancer, and several clinical trials have commendably confirmed this hypothesis. However, to date, research on GC is still quite limited, and the few experimental studies and clinical trials cannot promote the development of OVTs for GC. Thus, for better comprehension, we combined previous results in various cancers with our own insights to discuss the prospects of OVT.


4.1 OV is not only a killer but also a carrier

OVs are well known for their capacity for selective oncolysis, and it is almost effortless to obtain satisfactory positive results in vitro. However, during the actual usage process, due to the complex internal environment in the body, the interactions among various factors results in dissatisfactory oncolysis (124). If the dose is increased, adverse phenomena such as off-target infection of normal cells and unnecessary inflammatory responses will also appear (125). After continuous modification and development, their original oncolytic ability has been increasingly marginalized, and increasing attention has been given to selective infection, as an admirable exogenous gene delivery system (126, 127). Most related studies on the introduction of exogenous genes into GC cells have been enumerated (Table 1). However, one important point is that GC is a molecularly and phenotypically highly heterogeneous disease (128), and the previous studies basically selected meaningful genes from other cancers and stuck them into GC, which is unfavorable for further application of the technique in the clinic. The one-size-fits-all approach is one of the key reasons for the huge differences in therapeutic efficacy among patients, and the molecular typing of various tumors can make up for this deficiency to better guide the choice of clinical medication, including for GC (129).

The Asian Cancer Research Group (ACRG) previously performed whole-genome sequencing of GC and divided it into four subtypes: microsatellite instability (MSI); microsatellite stability/epithelial-mesenchymal transition (MSS/EMT); microsatellite stability/TP53 activation (MSS/TP53+) and microsatellite stability/TP53 mutation (MSS/TP53-) (130). For example, compared with MSS/TP53+ GC, the MSS/TP53- subtype is undoubtedly more suitable for introducing the wild-type p53 gene by OVs to remedy the error. The mutated CDH1 gene is one of the indispensable drivers of EMT involved in GC invasion and metastasis (131), and the MSS/EMT subtype has the worst prognosis because of typical CDH1 loss of expression. Thus, recovering the original level of CDH1 by OVs may improve the prognosis of GC subtype patients. Furthermore, The Cancer Genome Atlas (TCGA) project classified GC as Epstein–Barr virus (EBV)-positive (EBV), microsatellite instability (MSI), genomically stable (GS) and chromosomal instability (CIN), by analyzing gastric adenocarcinoma primary tumor tissue from 295 patients not treated with prior chemotherapy or radiotherapy (132). Taking EBV-positive GC as an example, 80% of this subtype has a PIK3CA mutation, which can cause the continuous activation of phosphatidylinositol 3-kinase (PI3K) and enhance the transmission of intracellular signals, promoting the carcinogenesis of gastric epithelial cells (133). We can reverse this process by relying on the function of OV carriers. Currently, our understanding of molecular the classification of GC has substantially changed, and the capacity of OVs to deliver exogenous genes has also been significantly enhanced. Based on both, targeted correction of characteristic abnormally expressed genes of various subtypes by OVTs can overcome the heterogeneity of GC, benefiting each patient and fulfilling the concept of precision medicine.



4.2 Look for more suitable promoters

The dual safety valves constituted by OVs and tumor-specific promoters can preferably avoid the occurrence of “off-target” events, further improving the targeting and safety of OVTs. For some cancers, promoters that regulate the expression of tumor-specific antigens (TSAs) are optimal candidates for OVTs; for example, the alpha-fetoprotein (AFP) promoter for hepatocellular carcinoma (Figure 5A) and the prostate-specific antigen (PSA) promoter for prostate cancer (Figure 5B) (134, 135).




Figure 5 | The expression levels of some genes in various tissues based on the GEPIA online database (http://gepia.cancer-pku.cn/index.html). AFP, alpha-fetoprotein; LIHC; liver hepatocellular carcinoma; PSA, prostate-specific antigen; PRAD, prostate adenocarcinoma; STAD, stomach adenocarcinoma; CEA, carcinoembryonic antigen; COAD, colon adenocarcinoma; READ, rectum adenocarcinoma; LUAD, lung adenocarcinoma; HER2, human epidermal growth factor receptor 2; MUC1, mucin 1; EpCAM, epithelial cell adhesion molecule; CLDN 18.2, claudin 18.2; MSLN, mesothelin; FOLR1, folate receptor 1; PGA, pepsinogen; PGC, gastricsin; CBLIF, cobalamin binding intrinsic factor.



Unfortunately, no appropriate promoter with impressive sensitivity and specificity has been found in GC thus far. Notwithstanding the available biomarkers of CEA, cancer antigen 19-9 (CA19-9) and cancer antigen 72-4 (CA72-4) are frequently used to monitor GC in the clinic (136). Among them, CA19-9 and CA72-4, as carbohydrate antigens, do not require specific promoters to regulate their expression, and CEA is a broad-spectrum tumor antigen mainly associated with carcinoma of the colon, lung, breast, stomach, etc (137). (Figure 5C). Although previous studies have shown that CEA could participate in OVTs for GC (Table 1), its sensitivity is not satisfactory; in fact, it is only 4.3% for early GC and 24% for AGC (138, 139). Additionally, its slight but significant upregulation in GC in the context of some inflammatory diseases suggests that the CEA promoter is not an excellent option (140). In addition, some results also suggested that HER2, mucin 1 (MUC1), epithelial cell adhesion molecule (EpCAM), claudin 18.2 (CLDN 18.2), mesothelin (MSLN), and folate receptor 1 (FOLR1) are important targets in GC (141–143). After analysis, only EpCAM seems to be a candidate tumor-specific promoter for further research, while the other promoters have either low-level expression or poor specificity (Figures 5D-I).

The promoters of stomach-specific proteins are capable of becoming tumor-specific promoters similar to PSA in the prostate gland, such as pepsinogen (PGA), gastricsin (PGC), and cobalamin binding intrinsic factor (CBLIF). However, during the occurrence and development of GC, a large proportion of patients will experience a process of chronic atrophic gastritis, which can decrease the expression of these proteins by damaging the gastric mucosal epithelium, causing less expression in tumors than in normal tissue (Figures 5J-L) (144). In brief, finding a more suitable promoter than CEA to regulate the action of OVs will be a breakthrough in the treatment of GC.



4.3 Overcoming the deficiency of intravenous injection

One of the vital reasons for limiting the development of OVTs is the innate antiviral immune system. Due to a general history of previous infection in the population, such as adenovirus and HSV-1, pre-existing complement, immune cells, and corresponding antibodies will rapidly neutralize and inactivate OVs in the blood circulation (145, 146). Although intratumoral injection can avoid this problem to a certain extent, in the case of systemic multiorgan metastasis, peritoneal implantation and other special circumstances, intravenous injection is still the most appropriate way to obtain a better therapeutic effect. For this reason, it is also an attractive direction to explore how to treat GC by intravenous administration without disabling the OVTs.

The complement system constitutes a complex of heat labile serum proteins and cell surface proteins that act as an innate immune defense against invading pathogens, and intravenous injection of OVs with complement regulators can counteract inactivation mediated by complement to some extent (147). For immunoglobulin, using compound targeted mutagenesis of binding sites that mediate virus-immunoglobulin interactions, the engineered OVs resisted inactivation by the aforementioned factors, avoided sequestration in liver macrophages, and failed to trigger hepatotoxicity after intravenous delivery (15).

In addition to the above two strategies, a method such as the “Trojan horse” is generally recognized as a promising solution for intravenous injection. With the help of carrier cells which have a tropism toward the TME and are susceptible to OV infection, they can remain viable long enough to allow migration and finally release OVs within the tumor bed (148). Due to their unique capability to specifically migrate to tumors, MSCs, MDSCs and tumor-infiltrating leukocytes (TILs) are universally regarded as candidates for carrying OVs, and their efficacy has been verified in glioma, colorectal cancer, and other malignancies (17, 149, 150). Moreover, angiogenesis plays an indispensable role in tumor proliferation, progression, and metastasis to supply sufficient nutrients for malignant tissues. Taking this into account, endothelial progenitor cells (EPCs) have stimulated worldwide interest as possible vehicles to perform autologous cell therapy of tumors because of their tumor-homing properties, and they may be a neotype of carriers for OVs (151).

OV delivery by carrier cells has attracted extensive attention, but there are still few studies on treating GC by this method. Only one study suggested that recombinant adenovirus KGHV500 carried by CIKs, which was equipped with a broad-spectrum anti-p21-Ras single-chain variable fragment antibody (scFv), could significantly infiltrate the TME to inhibit proliferation, migration, and invasiveness and promote cell apoptosis of GC (86). With the continuous innovation of material fabrication technology, the applications of new types of materials in cancer therapy is emerging, which can not only deliver therapeutic drugs efficiently by preventing them from being eliminated by the immune system but also target and transmit them into the tumor location relying on photodynamic therapy (PDT), magnetism, pH and so on (152–155). Therefore, using these emerging materials as carriers of OVs can be regarded as another approach to solving the problem of intravenous injection, but research on GC treatment is still lacking.



4.4 OVs are also diagnostic and staging tools

Diagnosing difficulty at an early stage leads to the poor prognosis of GC patients. The relevant data showed that the 5-year OS rate of patients who accepted radical surgical resection with early-stage localized GC is more than 60%, whereas that of patients with distant metastasis is less than 5% (156). In recent years, although endoscopic screening and pathological biopsy of patients with a high risk have greatly improved the diagnostic efficiency and slightly reduced the mortality of GC (157), it is undeniable that their accuracy is closely related to the technique and experience of the operators, and a number of patients are still missed due to various reasons. In addition, as an invasive operation, endoscopy also places a serious psychological burden on patients.

In summary, developing a technique with simple operation, high accuracy, and excellent patient compliance can become an important supplement to existing diagnostic methods for GC. OVs, as a tumor-targeting vector, can selectively introduce certain tagged protein genes, such as green fluorescent protein (GFP), into GC cells (62), and fluorescent endoscopy has been used in its diagnosis for a long time (158). Their combination may further improve the diagnostic sensitivity and specificity of early GC. It is widely known that therapeutic effects are closely related to the accurate staging of cancer, and patients with AGC in different stages need to receive the most appropriate therapeutic schedule to obtain the maximum benefit (159). Positron emission tomography with computed tomography (PET/CT), while currently the best method for evaluating systemic metastasis of malignant tumors, only had a sensitivity of 33% (95% CI, 17%-53%) for detecting distant metastases of GC in a multicenter prospective cohort study, which suggested it has limited additional value for GC staging (160). Based on the understanding of PET/CT imaging theory and the delivery ability of OVs, incorporating some transporter genes of radioactive substances used in PET/CT into cancer cells, such as human sodium iodide symporter (hNIS), can observably increase tracer uptake to improve the sensitivity of the examination, and this has been verified in pancreatic cancer and colon cancer (161, 162). Certainly, how to combine the advantages of OVs with existing examination methods to facilitate the diagnosis of GC is also a topic that needs additional study.



4.5 Destruction of the inhibitory TME by OVTs

The normal immune system possesses the function of recognizing, killing, and eliminating malignant cells in time to prevent the occurrence of cancers, which is called “immune surveillance”. However, under the selective pressure of immune surveillance, tumor cells undergo continuous remodeling at the genetic and epigenetic levels and develop a series of escape mechanisms; for example, by creating a suitable TME for growth or resisting apoptosis (163). In this long process, named “cancer immunoediting”, the immune system can both constrain and promote tumor development, which proceeds through three phases termed elimination, equilibrium, and escape to edit tumor immunogenicity and acquire immunosuppressive mechanisms (164). However, most existing immunotherapies are designed to damage the cancer cells themselves even though the dynamic and complex cell networks within the TME play a pivotal role in tumor progression and drug resistance, and it is possible to recover antitumor immunity by breaking negative and indulgent TME (165). For GC, the TME houses a variety of immunosuppressive cells, including regulatory T (Treg) cells, tumor-associated macrophages (TAMs), MSCs, MDSCs, and CAFs, which can promote tumor growth by releasing various molecules that directly activate cancer cell growth signals or reshape surrounding areas (166, 167). Accordingly, targeting these “rebellious” cells will be a new concept for treating GC, and it has been verified in many aspects.

CAFs are one of the critical components in the GC mesenchyme and not only directly confer growth advantages to cancer cells via paracrine signaling with chemokines, cytokines, and growth factors, but they also play a critical role in migration through direct physical interactions between CAFs and cancer cells (168). Consequently, proliferation and invasion can be significantly inhibited when the interactions between them are blocked (169). Through study of GC clinical specimens, poor prognosis and resistance to cancer therapies are closely associated with the infiltration of MDSCs, and the higher the number of MDSCs in patients with late-stage III or IV GC, the worse the prognosis (170). Inhibiting the effects of MDSCs is beneficial to GC patients (171), as well as other immunosuppressive cells (172–174). Although OVs were initially known for their ability to lyse tumor cells, they can also invade nontumor cells (150, 175). Similarly, extending their oncolytic function to tumor stromal cells can destroy the inherently inhibitory TME to restore normal immune surveillance. Applying this theory, prostate cancer and glioblastoma have achieved great curative efficacy as expected, but no similar research has been conducted on GC (176, 177).



4.6 Combining OVTs with other cancer therapies

To date, adjuvant therapies such as chemoradiotherapy, targeted therapy and immunotherapy alone cannot achieve revolutionary curative effects in patients with AGC, which is probably closely related to its strong heterogeneity and low immunogenicity, as previously mentioned, and a combination of various methods, including OVT, assuredly maximizes its therapeutic effects and minimizes drug resistance (178, 179). Chemotherapy as the preferred choice for postoperative and AGC patients can indeed prolong survival, and the combination of various chemotherapy regimens with OVTs shows a certain additive effect for GC as well (61, 102). Most chemotherapeutic agents were developed through their direct cytotoxic effects without consideration of their major detrimental effects on the immune system, such as lymphodepletion, an antagonism for OVTs (180). Targeted therapy has no obvious overlap with OVTs in mechanism and leads to the fact that their combination cannot complement each other (181). In addition to direct oncolysis, OVTs possess a unique ability to indirectly induce innate and adaptive antitumor immunity, which can lead to effective infiltration of immune cells, converting a “cold” tumor with few immune cells into a “hot” one with increased immune cells (182). This is extremely meaningful and not available in other immunotherapies, which means the “soldiers” against cancer cells are prepared and then need to be equipped with “weapons” to further enhance their combat capabilities at present. ICIs have revolutionized medical oncology, although currently only a subset of patients have a response to such treatment (183), and the remaining tumors are nonresponsive, in part due to a lack of tumor-infiltrating immune cells (184). Therefore, OVTs can help increase their effectiveness as a supplement to synergistically enhance the antitumor effect of ICIs, and multiple completed or ongoing items have obtained remarkable results in numerous malignancies, but not in GC (185).

Despite the robust successes of ICIs, primary and acquired resistance is common and is attributable to several factors, including insufficient antitumor T cells, inadequate function of these cells, and the impaired formation of memory T cells. CAR T-cell therapy is another form of immunotherapy that havs strong potential to address many of the limitations of ICIs by its ability to augment the number, specificity, and reactivity of T cells against tumor tissue (186). Unlike hematopoietic tumors, a key limitation of CAR T-cell therapy in solid tumors is the immunosuppressive TME, which leads to T-cell hypofunction, restricting CAR T-cells persistence within the tumors (187). Fortunately, this “door” can be opened by the “key” of OVTs. This combinatorial approach improved antitumor efficacy and prolonged survival in mouse models of solid tumors when compared with monotherapies (188). Another important hurdle encountered with CAR T-cells is tumor immune evasion due to antigen loss (187). To overcome this challenge, OVTs can restore or overexpress absent original tumor antigens and provide tumor cells with unprecedented neoantigens and any other genes that can promote the effectiveness and targeting of CAR T-cell therapy, as a target for CAR (189), as well as CAR NK-cell therapy (190). In the same way, incorporating the content of OVs to damage the suppressive TME, a combination of CAR T-cell therapy and OVTs that deliver targets of inhibitory mesenchymal cells for CAR T-cells, can disrupt the TME more favorably and completely (191). In summary, OVTs may become the optimal companion for CAR T-cell therapy to achieve unprecedented progress in treating solid tumors, including GC; nevertheless, few researchers are currently exploring this avenue.




5 Conclusion

OVs have attracted extensive attention and exploration worldwide because of their abilities to selectively infect and lyse tumor cells. However, in the course of decades of research, scientists found that their selectivity is not absolute, which means they can replicate and proliferate inside nontumor cells as well. Furthermore, an increasing number of animal experiments and clinical trials have revealed that not all OVs can exert ideal oncolysis under safe virus titers, limiting the development of OVTs. Nonetheless, with the continuous decryption of relevant functions of the genes in OVs, coupled with the rapid progress of gene editing technologies, artificial and purposeful modification of specific genes is possible. Currently, after varying degrees of transformation, the oncolysis of engineered OVs has been sidelined, and they are instead primarily regarded as excellent carriers of exogenous genes for targeting tumor cells. As a malignant tumor with a poor prognosis, strong heterogeneity, and low immunogenicity, how to effectively treat AGC patients has always been a worldwide problem. According to the characteristics of molecular typing in GC, engineered OVs can change their genetic and epigenetic expression levels by combining the introduction of exogenous genes and specific promoters to precisely destroy the malignancy of each subtype and preferably inform clinical medication choices. In addition, OVs can play a fascinating role in the diagnosis and staging of GC to better guide treatment in the clinic, but this needs further investigation. The TME, complicated but structured, plays an irreplaceable role in the occurrence and development of GC. By shifting the “spearhead” of OVs from tumor parenchymal cells to stromal cells, it is possible to break through this inhibitory mechanism to promote the infiltration of various immune effector cells and rebuild the function of immune surveillance against GC. For monotherapy, the crucial reasons for the poor response of various therapies are heterogeneity and resistance, so combination therapy definitely is the developmental direction of cancer treatment in the future, whether for GC or other malignancies. Specifically, the most meaningful function of OVTs is attracting immune cells into the TME to transform “cold” tumors into “hot” tumors, which will significantly improve the effect of immunotherapies for GC, such as ICIs and CAR T-cell therapy. Overall, OVTs can serve as powerful catalysts to assist other treatments, enabling GC patients to benefit more from cancer therapies.
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Background and aim

The prevalence of small submucosal gastric tumors is rising. Despite the fact that high success rate of endoscopic resection of small submucosal gastric tumors originating from the muscularis propria has been reported, the procedure is technically challenging and has a high rate of complications. In this study, we investigated the efficacy and feasibility of a novel snare-assisted endoscopic resection technique for small submucosal gastric tumors.



Patients and methods

This is a single-center consecutive study of 50 patients who were diagnosed with small submucosal gastric tumors originating from the muscularis propria and who subsequently underwent snare-assisted endoscopic resection between January 2019 and January 2021 at our hospital. Data on the demographic characteristics, procedural success rate, complications, recurrence rate, and histopathology of the resected specimen were collected and analyzed retrospectively.



Results

The majority of the patient’s population was male (66%) with the mean age of 48.4 ± 9 years (range, 20–70 years). The mean size of the tumor confirmed by endoscopic ultrasonography was 6.4 ± 1.6 mm (range, 3.1–9.8 mm). All the tumors were resected successfully using snare-assisted endoscopic resection technique. The mean procedure time was 22.8 ± 9.6 (range, 15–35 min). The technical (performed the procedure successfully without converting to surgery) and clinical (the patient fully recovered after the procedure without experiencing any complications) success rate of the procedure was 100%. Eighteen (24%) patients had very small amount of mucosal damage, and wound closure was not needed in these patients. During 6–24 months of follow-up, no recurrence or metastasis occurred. No adverse event was noted during the follow-up time.



Conclusion

The novel approach of snare-assisted endoscopic resection is simple, feasible, and effective for tumors with small size and originating from the gastric muscularis propria. In addition, it offers a better alternative therapy for the complete resection of small submucosal gastric tumors. Its advantages compared with traditional endoscopic approaches such as endoscopic submucosal resection and endoscopic submucosal dissection include shorter procedure times, lesser cost, and a lower rate of complications (perforation, bleeding, and infection).
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Introduction

Gastrointestinal small submucosal tumors are prevalent and most often detected in the gastric cavity and are thought to have a high risk of malignancy (1, 2). Small gastric submucosal tumors are typically found accidentally during the routine upper gastrointestinal endoscopic examination (3). They may be asymptomatic or occasionally manifest with vague gastrointestinal symptoms. Recent improvements in endoscopic ultrasonography and the widespread use of digestive endoscopy have improved the frequency of diagnosing smaller submucosal gastric tumors, including tumors with malignant potential such as gastrointestinal stromal tumors (1, 4).

Traditionally, small submucosal gastric tumors are managed with laparoscopic surgery (5). However, with the revolution in interventional endoscopy, minimally invasive endoscopic resection techniques have become very popular for the removal of these small submucosal gastric tumors in complete and en bloc resection manner (6, 7). At present, endoscopic mucosal resection (EMR), endoscopic submucosal dissection (ESD), submucosal tunneling endoscopic resection (STER), and endoscopic full thickness resection (EFR) are the main endoscopic methods available for the resections of gastrointestinal tumors (8–10). None are completely satisfactory in that en bloc resection for relatively larger tumors cannot be consistently guaranteed by EMR technique. On the other hand, ESD offers complete en bloc resection of the relatively large tumors and a precise pathological diagnosis, but it carries a risk of perforation, bleeding, and abdominal infection. It is also associated with longer operation time and usually can only be performed by an expert endoscopist (11, 12). Small submucosal gastric tumors arising from the muscularis propria have been reported to have high (up to 50%) perforation rate following endoscopic submucosal dissection (13). If curative therapy is delayed after a perforation, the patient may probably have hemorrhagic shock or even death afterwards.

For this reason, a safe, simple, less expensive technique that could significantly lower the procedure-related complications such as gastric perforation rate is preferred. In this study, we share our experience with a cutting edge endoscopic resection technique using snare assistance for small submucosal gastric tumors. The aim of the study was to investigate the efficacy and feasibly of the snare-assisted endoscopic resection technique, and we suggest that snare-assisted endoscopic resection will provide an improved and effective alternative approach for the management of small submucosal gastric tumors.



Material and methods


Patients

Between January 2019 and January 2021, a total of 50 consecutive patients with small submucosal gastric tumors (<2 cm) were treated with snare-assisted endoscopic resections at our hospital. All tumors were defined by endoscopic ultrasonography (EUS) or computed tomography (CT) before the endoscopic resection. This is a retrospective analysis of consecutive patients based on the following inclusion criteria: 1) presence of small submucosal gastric tumors originating from the muscularis propria layer of the stomach without any sign of ulceration, 2) tumor diameter no more than 2 cm as measured by EUS or CT, 3) no evidence of distant metastasis, 4) no lymph node involvement, and 5) patients only managed by snare-assisted endoscopic resection. Exclusion criteria were as follows: 1) tumor diameter larger than 2 cm, 2) patients with severe bleeding or coagulation disorders, 3) patients under age of 18 or older than 75, 4) patients unable to bear general anesthesia, and 4) patients who refused to give consent for the procedure. All the procedures were performed by gastroenterologists with experience of approximately 200–300 therapeutic endoscopic procedures such as ESD.



Definitions

The technical success rate was defined as when the procedure was successfully performed and completed without converting to surgery. The clinical success rate was defined as when the patient fully recovered after the procedure without any complications. The procedure time was defined as the time from endoscope entry into the gastric cavity to remove the lesion out. En bloc/complete resection was defined as the successful resection of the tumor in one piece.



Procedure

All the procedures were performed under general anesthesia in the endoscopy center of our institution. Prior to the procedure, routine bowel preparations were performed, and gastric cleansing was done using a saline solution. For the main procedure, a single-channel flexible endoscope (EVIS GIF-Q260J, Olympus, Tokyo, Japan) with transparent cap (Olympus, Model No. D-201-11804) and a snare (Boston Scientific, Ref; M00562650) attached on the tip was inserted into the gastric cavity. The lesion was examined carefully and sucked into the transparent cap. The snare was then used to ligate the base of the tumor. To resect the lesion completely, the wire of the snare was loosened to grasp the lesion from the base and then tightened. The high-frequency current was used to resect the lesion in one piece (Figure 1; Infographics). Hemostasis was achieved using electrocoagulation forceps (ICC 200 EA INT; ERBE, Tübingen, Germany) in case of bleeding. Finally, two to three endoclips depending on the resection size were used to close the wound site. The resected specimen was sent to the lab for histopathological diagnosis.




Figure 1 | Infographics of snare-assisted endoscopic resection technique. (A) Endoscope attached with snare at the tip was inserted into the gastric cavity and view of the small submucosal gastric tumors. (B) Snare ligation around the base of the tumor. (C) Suction of the tumor into the transparent cap and snare tightening around the base of the tumor. (D) Complete resection of the small submucosal gastric tumors using snare assistance. (E) Resected tumor and view of the lesion resection site. (F) Endoscopic clipping to close the lesion resection site.





Follow-up

All patients were followed up after the resection of their tumors for healing of the wound, complications, and recurrence of the tumor. During the follow-up period, patients were advised to visit the hospital for evaluation if any discomfort, such as abdominal pain or other general gastrointestinal symptoms, occurred. Endoscopic examination was performed to follow up all the patients who visited the hospital. However, for those patients who were unable to come in for follow-up visit, telephone interviews were conducted, and records of their post-procedure health including the results of their check-up at local hospitals were collected and analyzed. Forty-four (88%) patients were followed up successfully; however, we lost contact with eight (12%) patients during the follow up period.




Results

This is a single-center analysis of 50 consecutive patients who were diagnosed with small submucosal gastric tumors and subsequently underwent snare-assisted endoscopic resection. The majority of the patient’s population was male (66%) with the mean age of 48.4 ± 9 years (range, 20–70 years). The mean size of the tumor confirmed by endoscopic ultrasound was 6.4 ± 1.6 mm (range, 3.1–9.8 mm). The mean procedure time was 22.8 ± 9.6 (range, 15–35 min). In 47 (94%) patients, the procedure was completed in <25 min. The technical (performed the procedure successfully without converting to surgery) and clinical (the patient fully recovered after the procedure without experiencing any complications) success rate of the procedure was 100%. The endoscopic clipping to close the wound was required in 64% of the patients, and 24% patients had very small amount of mucosal damage during the procedure, in which wound closure was not needed in these patients.

Tumor location of the tumors were as follows: 25 (50%) in the body of the stomach, 22 (44%) in the fundus of the stomach near the cardia, and 3 (6%) were found in the antrum. During 6–24 months of follow up, no recurrence or metastasis was noted in any of the patient. No short- or long-term complication was observed in any of the patients. The most common tumor confirmed by histopathology examination was gastrointestinal stromal tumors (62%), leiomyoma (13%), schwannoma (4%), ectopic pancreas (4%), neurofibroma (2%), and neuroendocrine tumor (2%).



Discussion

During the routine upper gastrointestinal endoscopic examinations, a growing number of small submucosal gastric tumors, particularly those originating from the muscularis propria, are accidentally found (14). A variety of benign and malignant tumors, including gastrointestinal submucosal stromal tumors, leiomyoma, schwannoma, ectopic pancreas, neurofibroma, and neuroendocrine tumor are included in small submucosal gastric tumors (15). At present, the selection of which treatment strategy is used mainly depends on the tumor size. The American Society for Gastrointestinal Endoscopy (ASGE) guidelines in 2017 suggested endoscopic resection for tumors larger than 2 cm in size and periodic follow-up for tumors that are smaller than 2 cm in size and asymptomatic (15, 16). Contrarily, a number of recent studies suggested that small submucosal gastric tumors of smaller than 2 cm in size should also be resected endoscopically because they might be malignant.

There are several traditional endoscopic resection methods available for the resection of small submucosal gastric tumors such as EMR, ESD, and STER. However, EMR cannot perform complete en bloc resection of the lesion, and ESDs are crippled with serval complications such as perforations, bleeding, and infections (17–21). Therefore, a variety of advancements have been made in endoscopic resection techniques to reduce the complications rate and to prevent conversion rate to laparoscopic or open surgery during the procedure (22–24). In this study, we introduced a cutting edge snare-assisted endoscopic resection for small submucosal gastric tumors. The snare-assisted resection technique has several advantages over the traditional endoscopic resection techniques: (1) clear view of the dissection plane; (2) less procedure time; (3) lower cost; (4) reduced intra- and post-procedural complication rate (e.g., less bleeding); (5) shorter hospital stay duration and quick recovery after the procedure; (6) wound closure not necessary after the resection for tumors <1 cm in size; (7) stronger traction force for small submucosal gastric tumors, which is crucial for complete and smooth dissection of the tumor; and (8) endoscopic resection of small tumors using a snare assistance easy to master and perform.

As noted above, the snare-assisted resection method seems to be very crucial for the prompt removal of small submucosal gastric tumors, as the timely resection of these tumors reduces the patient’s psychological stress and eliminates non-specific gastrointestinal symptoms. Therefore, this is an appropriate option for patients with small submucosal gastric tumors who choose to have their small gastric tumors removed rather than being followed up. Our study, to best of our knowledge, is the largest to assess the efficacy and feasibility of novel snare-assisted endoscopic resection of small submucosal gastric tumors arising from the muscularis propria layer of the stomach.

Nonetheless, the snare-assisted endoscopic resection method has several limitations/disadvantages: (1) tumors located in the gastric cardia cannot be effectively resected with the assistance of a snare, as there is limited space for the lesion resection and removal; (2) tumors larger than 2 cm cannot be dissected; (3) complications cannot be completely avoided as it still carries the risk of perforation, although it is very rare; and (4) dissection of gastric small submucosal gastric tumors with a wide base may cause a wide defect in the gastric wall, which may lead to bleeding and perforations.

This study has several limitations including single-center analysis, retrospective design of the study, small sample size, and absence of control group. Further studies especially prospective clinical trials comparing snare-assisted resection with the traditional endoscopic resection are needed before the final recommendations are made on the efficacy and feasibility of snare-assisted endoscopic resection technique.



Conclusion

Although traditional therapeutic endoscopic techniques such as EMR, ESD, STER, and EFTR are efficient and frequently used for the resection of relatively larger size tumors, an alternative method that shortens surgery time, is affordable, has fewer complications, shortens hospital stay duration, results in fast patient recovery after the procedure, and is easy to perform would be desirable. This is an effective and feasible technique that has clinical success rates that are at par with or higher than those of other endoscopic resection methods (e.g., EMR and ESD). Further prospective multi-centered randomized-controlled studies are needed.
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Background

Sintilimab plus chemotherapy (SIDCHM) is more effective than placebo plus chemotherapy (PLCHM) for advanced or metastatic esophageal squamous cell carcinoma (ESCC). However, considering the high cost of sintilimab, this study evaluated the cost-effectiveness of SIDCHM in comparison with PLCHM for advanced or metastatic ESCC from the Chinese healthcare system perspective.



Methods

Polymorphic Markov models were constructed to simulate the course and cost of SIDCHM. Treatment drug costs were calculated at national list prices and clinical data, other costs, and utility values were extracted from the reference literature. Primary outcomes included quality-adjusted life-years (QALYs) and incremental cost-effectiveness ratios (ICERs). The robustness of the model was verified by one-way sensitivity analysis and probabilistic sensitivity analysis (PSA).



Results

SIDCHM obtained 1.03 QALYs at $24,044.49, whereas the effectiveness and cost of PLCHM were 0.67 QALYs and $14,166.24, respectively. The ICER for SIDCHM versus PLCHM was $23,458.08/QALY. The utility of the PFS state was the parameter that had the greatest effect on the ICER. The PSA showed that SIDCHM had an 86% probability of being cost-effective at the willingness-to-pay threshold of 3* Chinese gross domestic product per capita ($37,653/QALY).



Conclusion

From the Chinese healthcare system perspective, SIDCHM is considered a cost-effective treatment option compared with PLCHM as first-line therapy for advanced or metastatic ESCC.





Keywords: cost-effectiveness, sintilimab plus chemotherapy, esophageal squamous cell carcinoma, first-line treatment, placebo plus chemotherapy



Introduction

Esophageal cancer (EC) is one of the most frequently occurring malignancies of the digestive tract, ranking seventh in the incidence of malignant tumors worldwide; it is also a very aggressive and lethal disease (1, 2). In the histological subtype, the most common EC is squamous cell carcinoma (2), and the rate of esophageal squamous cell carcinoma (ESCC) is high in China, accounting for more than half of all patients with ESCC worldwide (3). Platinum drugs in combination with fluorouracil or paclitaxel are recommended as a standard first-line therapy currently for advanced or metastatic ESCC (4). In China, platinum plus paclitaxel is generally used, and platinum plus fluorouracil was chosen in preference in other countries (5). However, the median survival of patients with ESCC treated with standard first-line therapy is only 7.0–13.0 months, with very unsatisfactory results (6). The development of new therapy protocols for patients with advanced or metastatic ESCC, as a result, is an urgent matter.

Immune checkpoint inhibitor (ICI) which enhances the antitumor activity of T cells by blocking the programmed cell death protein 1 (PD-1) or cytotoxic T lymphocyte antigen 4 (CTLA-4) pathways, has shown breakthroughs in cancer therapy and has been effective in the treatment of EC in recent years (7, 8). The outcome of the phase II study by Xu et al. showed that the PD-1 inhibitor sintilimab significantly improved the overall survival of patients with advanced or metastatic ESCC after first-line chemotherapy compared to chemotherapy (9). A recent investigational phase III clinical study (ORIENT-15) evaluated the effect of sintilimab or placebo in combined chemotherapy (cisplatin plus paclitaxel or fluorouracil) as first-line therapy for unresectable locally advanced, recurrent, or metastatic ESCC. Sintilimab plus chemotherapy (SIDCHM) showed encouraging results with significant advantages in overall survival (OS, 16.7 vs 12.5 months, P < 0.001) and progression-free survival (PFS, 7.2 vs 5.7 months, P < 0.001) in comparison with placebo plus chemotherapy (PLCHM) (5).

Despite the significant advantages of sintilimab in the treatment of advanced or metastatic ESCC, we cannot ignore its high costs. Therefore, an economic evaluation of SIDCHM as a first-line treatment for advanced or metastatic ESCC based on the ORIENT-15 trial from the Chinese healthcare system perspective was designed.



Methods


Model structure

A Markov model was constructed to simulate the cost and effectiveness of SIDCHM, compared with PLCHM, as treatment in the first line for patients with advanced or metastatic ESCC in China. TreeAge Pro 2022 (TreeAge Software, LLC, USA) was used to develop the model and the R software (version 4.2.0) program was used for statistical analyses. Kaplan–Meier survival curves were numerically digitized to select the best-fit survival distribution. Finally, the Weibull survival distribution was used to generate the probability of metastasis for SIDCHM and PLCHM (Table 1). The model comprised three mutually exclusive health states: PFS, progressive disease (PD), and death (Figure 1) and has a run time of approximately 6 years (to be determined by the time at which 99% of the patients are assumed to die), and each cycle is 21 days long in this model. Through each cycle, patients either hold their assigned health status or advance to new health status and are not allowed to revert to their former health status. The background mortality rate in a Chinese context (10) was also calculated in the model. The output data we eventually had from the model was the total cost, quality-adjusted life-year (QALY), and incremental cost-effectiveness ratio (ICER). We set the willingness-to-pay (WTP) threshold at $37,653 (three times China’s GDP in 2021 per capita), as recommended by the World Health Organization, and consider the treatment option cost-effective if the ICER is below our predefined WTP threshold.


Table 1 | Relevant parameters of survival distribution.






Figure 1 | The Markov model simulates outcomes for the ORIENT-15 trial. All patients with ESCC started with PFS state and received treatment with SIDCHM or PLCHM. ESCC, esophageal squamous cell carcinoma; PD, progressive disease; PFS, progression-free survival; PLCHM, placebo plus chemotherapy; SIDCHM, sintilimab plus chemotherapy.





Clinical data

Data on the clinical efficacy and adverse events were obtained from the ORIENT-15 trial (5). The trial screened patients of ESCC (Their inclusivity criteria were age≥18 years with histologically unresectable locally regionally advanced, recurrent, or metastatic ESCC; unsuitable for curative surgery or definitive concurrent chemoradiotherapy; no prior history of systemic therapy, etc.) and then randomized eligible ones to either the SIDCHM group or the PLCHM group. Sintilimab or placebo was administered per cycle (21 days) until disease progression or unacceptable toxicity developed. Chemotherapy drugs (cisplatin plus paclitaxel or fluorouracil) were also given once every 21 days, that is, cisplatin at 75 mg/m2 per cycle, paclitaxel at 175 mg/m 2 per cycle, or fluorouracil at 800 mg/m2 per cycle. Chemotherapy was provided for up to six cycles; thereafter, treatment was continued with sintilimab or placebo until disease progression or unendurable toxicity. Sintilimab or placebo lasted for a maximum of 24 months. If chemotherapy is not resistible, sintilimab or placebo was provided. Chemotherapy (cisplatin plus paclitaxel or fluorouracil) was not convertible during the study. We assumed that patients of the SIDCHM group received 200 mg of sintilimab and that patients in both arms received the best supportive care (BSC) after disease progression occurs.



Costs and utilities

We have only calculated direct medical costs, including costs of drugs, tests (e.g., laboratory tests and radiological tests), follow-up, end-of-life care, management of adverse events of severe grade >3, and BSC. Drug costs were based on national tender prices, and other costs were based on published publications. Prices were adjusted to 2021 prices using the China Statistics Bureau Medical Price Index. All costs were expressed in dollars and converted at the average of the 2021 exchange rate (1 dollar = 6.45 RMB). The utility values for PD and PFS were taken from the published literature (11) as there were no relevant quality-of-life data from the ORIENT-15 trial. Costs and utilities were discounted, and the discounted value was 3% per year.



Sensitivity analysis

To examine the robustness of the model, this study provides a sensitivity analysis of our model, including one-way sensitivity analysis and probabilistic sensitivity analysis (PSA). We adjusted all of the variables up or down within a specified range to establish the most economically influential parameters for the one-way sensitivity analysis. The final results were represented as a Tornado diagram. The maximum and minimum values of these variables were extracted from the literature, and in the presence of missing data the base value of ±20% was used, and the discount rate was used as the lower and upper limits of 0 and 5%, respectively (Table 2). The PSA was used to verify the effect of the factors on the uncertainty of the results, and we performed 1000 replications of Monte Carlo simulations with all parameters assigned with the distribution appropriate in the model (Table 2). The results were expressed as a probabilistic scatter plot and cost-effectiveness acceptability curves.


Table 2 | The basic parameters of the input model and the range of sensitivity analyses.





Subgroup analysis

We performed subgroup analyses of all patients by using subgroup-specific hazard ratios reported from the ORIENT-15 trial (5) based on the method of Hoyle et al. (18).




Results


Base-case analysis

The base case showed that the SIDCHM group achieved 1.03 QALYs at $24,044.49. The effectiveness was 0.67 QALYs at $14,166.24 in the PLCHM group. The incremental effect and cost of SIDCHM compared with PLCHM were 0.36 QALYs and $9878.25, respectively. The ICER for SIDCHM compared with PLCHM was $23458.08/QALY (Table 3). In China, SIDCHM is a cost-effective treatment strategy compared to PLCHM when the cost-effectiveness WTP threshold is $37,653/QALY.


Table 3 | Effectiveness and costs in the model.





Sensitivity analysis

In the one-way sensitivity analysis, results were presented in a Tornado diagram (Figure 2). The utility value of PFS and the cost of sintilimab (100 mg) had the most important influences on the results of the model, and the parameters that had relatively minor effects on the model were the cost of laboratory tests and radiological examinations, the utility value of PD, cost of follow-up, etc. However, even if the values of these variables were changed, the ICER was always below our predefined WTP threshold. The results of the PSA are expressed as a probabilistic scatter plot (Figure 3) and cost-effectiveness acceptance curve (Figure 4), with an 86% probability that the SIDCHM group was cost-effective compared with the PLCHM group when the WTP threshold was $37,653.




Figure 2 | One-way sensitivity analyses of SIDCHM in comparison with PLCHM in China. BSA, body surface area; PD, progressive disease; PFS, progression-free survival; PLCHM, placebo plus chemotherapy; SIDCHM, sintilimab plus chemotherapy7.






Figure 3 | A probabilistic scatter plot of the ICER between the SIDCHM group and the PLCHM group. Each point means the ICER for 1 simulation. Ellipses are used to indicate 95% confidence intervals. Points that lie below the ICER threshold represent cost-effective simulations. ICER, incremental cost-effectiveness ratio; PLCHM, placebo plus chemotherapy; SIDCHM, sintilimab plus chemotherapy; WTP, willingness-to-pay.






Figure 4 | The cost-effectiveness acceptability curves for the SIDCHM treatment option compared to the PLCHM treatment option. PLCHM, placebo plus chemotherapy; QALY, quality-adjusted life year; SIDCHM, sintilimab plus chemotherapy; WTP, willingness-to-pay.





Subgroup analysis

For most subgroups, the ICER of SIDCHM compared with PLCHM was less than the WTP threshold of $37653/QALY, ranging from $26751.55/QALY (probabilities of cost-effectiveness, 87.1%) in patients with age ≥50 years to $335806.56/QALY (probabilities of cost-effectiveness, 53.6%) in patients with Eastern Cooperative Oncology Group performance status =0 (Table 4). Only in the subgroup of patients with programmed cell death ligand 1 expression (CPS)<1, the ICER of SIDCHM compared with PLCHM was higher than the WTP threshold of $37653/QALY (Table 4).


Table 4 | Results of subgroup analyses.






Discussion

In China, EC is the fourth most frequent cause of cancer death and the sixth most prevalent type of cancer, with 300,000 deaths and approximately 320,000 new cases in 2020 (19). ESCC histologically is more prevalent in China, accounting for 90% of all EC cases (20, 21). Palliative chemotherapy as first-line therapy for advanced or metastatic ESCC not only has a restricted survival advantage but also has a poor prognosis and a high number of adverse effects. ICI can significantly improve survival duration and quality of living in a variety of cancers through the inhibition of CTLA-4 or PD-1 pathways (22, 23). ICI plus chemotherapy has become the standard first-line therapeutic option for advanced or metastatic ESCC according to the 2022 guideline for EC treatment (24). Paclitaxel plus cisplatin in combination with camrelizumab is the first-line therapy choice for advanced or metastatic ESCC. The cisplatin plus fluorouracil chemotherapy regimen is combined with pembrolizumab as the first-line treatment for advanced or metastatic EC. Thus far, to the best of our knowledge, only two economic evaluations of camrelizumab or pembrolizumab plus chemotherapy as a first-line treatment option compared with chemotherapy alone for advanced or metastatic EC have been conducted, but neither is cost-effective (11, 25). From a Chinese healthcare system perspective, Zhang et al. concluded that the probability of camrelizumab in addition to chemotherapy being cost-effective as a first-line treatment option for advanced or metastatic ESCC was lower than about 1% when compared with conventional chemotherapy at a cost-effectiveness threshold of $31,498.70, and the factor that had the greatest impact on the ICER was the cost of 200 mg of camrelizumab (11). The results of the economics study by Zhu et al. revealed that the first-line regimen of pembrolizumab plus fluorouracil and cisplatin for EC may not be as cost-effective as fluorouracil and cisplatin from a Chinese economic perspective, and the sensitivity analysis found that the price effect of pembrolizumab was the greatest (25). The high price of ICI will be a major constraint in making it a cost-effective solution. Therefore, searching for an ICI that is less expensive and has good results in treating advanced or metastatic ESCC is essential. Sintilimab is an ICI Self-developed in China and has a significant price advantage over other ICIs imported abroad. More promisingly, in the ORIENT-15 study, Lu et al. used SIDCHM for the first time to treat advanced or metastatic ESCC and showed that compared to chemotherapy, SIDCHM provided significantly better survival outcomes to patients with advanced or metastatic ESCC, with relative increases in median survival and PFS of 33.6% and 26.3%, respectively, with no obvious differences found in the incidence of adverse events (5). Undeniably, sintilimab may be an important option for immunotherapy in advanced or metastatic ESCC. However, the price of sintilimab is still high compared with chemotherapy, which may significantly increase healthcare expenditures, and previous economic analyses regarding the first-line treatment of advanced or metastatic ESCC with ICI have not been cost-effective from the Chinese healthcare system perspective (11, 25). Therefore, a cost-benefit analysis of sintilimab for advanced or metastatic ESCC is imperative.

Based on the ORIENT-15 trial (5), our economic analysis showed that compared with that of PLCHM, the ICER of SIDCHM as first-line therapy for advanced or metastatic ESCC in China was $23,458.08/QALY, and the probability of SIDCHM being cost-effective was 86% when the WTP threshold was set at $37,653/QALY. A major innovation in our study is the discovery of cost-effective first-line ICI therapeutic options for advanced or metastatic ESCC. The results of the subgroup analysis showed that most subgroups of patients preferred treatment with ADCHM owing to >50% probability of cost-effectiveness as compared to PLCHM, except for subgroups with programmed cell death ligand 1 expression (CPS)<1. A few pharmacoeconomic evaluations were conducted on sintilimab, with only three studies retrieved in PubMed, but their economic results were all cost-effective, which is consistent with our findings. Two economic studies using clinical data from the ORIENT-32 trial (26) demonstrated that compared with sorafenib, sintilimab plus bevacizumab may provide a cost-effective treatment for Chinese patients with unresectable hepatocellular carcinoma (14, 27). Rui et al. reported that sintilimab plus chemotherapy as a first-line therapeutic option for nonsquamous non-small-cell lung cancer of locally advanced or metastatic was more cost-effective in China in comparison with karilizumab plus chemotherapy (28). Therefore, to reduce the economic burden of medical treatment and provide more accessibility to Chinese patients, more attention should be paid to whether to use SIDCHM as a first-line therapeutic option for advanced or metastatic ESCC compared to other ICIs from the perspective of policymaking in China. In other words, the present results have a significant reference value for the Chinese healthcare system in developing first-line therapeutic options for advanced or metastatic ESCC. We believe very strongly that SIDCHM has also the potential to become a cost-effective therapeutic option for other cancers because of its price advantage and positive anti-tumor effect, which needs more economic research.

Inevitably, this study has some limitations. First, given the shortage of long-term survival data, we must consider using the Weibull survival model to make inferences about survival outside of the follow-up time, which may not provide an accurate reflection of real-world conditions. We will update our cost-effectiveness analysis when longer-term data on survival becomes available. Second, in the setting of disease progression, we chose to offer BSC to all patients due to the absence of relevant survival datasets for the enrolled patients, which may not accurately represent clinical practice at this time. We will analyze this further when relevant treatment costs and survival data for patients after progression are available. Third, in the model, we considered only the most common serious adverse events (SAEs) of level 3 and higher. The sensitivity analyses showed that the economic results were insensitive to SAE-associated. Fourth, although 7% of the patients in the ORIENT-15 trial received chemotherapy that was different from the preferred regimen in China, which may affect the economic evaluation in China, the results of the sensitivity analysis do not support the finding that this affected the economic results. Fifth, we had assumed that all patients chose 200 mg of sintilimab in the model, which is different from the real clinical situation. However, this would strengthen our economic results rather than change them because it raises the cost of the SIDCHM group. Sixth, changes in exchange rates affect direct medical costs, but the results of the one-factor sensitivity analysis indicate that healthcare costs do not change the results of the model when they change within the range we set. Finally, given the lack of relevant survival utility values for China, the utility values in this present study were obtained from other countries, which may result in model outcome bias. However, the results of the sensitivity analysis suggest that this does not affect the results of our economic evaluation. Despite these limitations, which cannot be ignored, this study is important as an economic reference for Chinese decision-makers to decide whether SIDCHM can be used as a first-line therapeutic option for advanced or metastatic ESCC.



Conclusions

Current relevant guidelines for advanced or metastatic ESCC do not recommend SIDCHM as a first-line treatment option. However, the results of this study suggest that from the Chinese healthcare system perspective, SIDCHM is a cost-effective therapy choice for advanced or metastatic ESCC compared with conventional chemotherapy. Our findings will provide an important economic basis for the Chinese healthcare system to decide whether to use SIDCHM as a first-line treatment option for advanced or metastatic ESCC.
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Background

The liver is the most common site of distant metastasis in rectal cancer, and liver metastasis dramatically affects the treatment strategy of patients. This study aimed to develop and validate a clinical prediction model based on machine learning algorithms to predict the risk of liver metastasis in patients with rectal cancer.



Methods

We integrated two rectal cancer cohorts from Surveillance, Epidemiology, and End Results (SEER) and Chinese multicenter hospitals from 2010-2017. We also built and validated liver metastasis prediction models for rectal cancer using six machine learning algorithms, including random forest (RF), light gradient boosting (LGBM), extreme gradient boosting (XGB), multilayer perceptron (MLP), logistic regression (LR), and K-nearest neighbor (KNN). The models were evaluated by combining several metrics, such as the area under the curve (AUC), accuracy score, sensitivity, specificity and F1 score. Finally, we created a network calculator using the best model.



Results

The study cohort consisted of 19,958 patients from the SEER database and 924 patients from two hospitals in China. The AUC values of the six prediction models ranged from 0.70 to 0.95. The XGB model showed the best predictive power, with the following metrics assessed in the internal test set: AUC (0.918), accuracy (0.884), sensitivity (0.721), and specificity (0.787). The XGB model was assessed in the outer test set with the following metrics: AUC (0.926), accuracy (0.919), sensitivity (0.740), and specificity (0.765). The XGB algorithm also shows a good fit on the calibration decision curves for both the internal test set and the external validation set. Finally, we constructed an online web calculator using the XGB model to help generalize the model and to assist physicians in their decision-making better.



Conclusion

We successfully developed an XGB-based machine learning model to predict liver metastasis from rectal cancer, which was also validated with a real-world dataset. Finally, we developed a web-based predictor to guide clinical diagnosis and treatment strategies better.





Keywords: rectal cancer, machine learning, liver metastasis, web calculator, real-world research



Introduction

Rectal cancer is the eighth most common malignant tumor in the world, with a high mortality rate of about 340,000 lives yearly (1, 2). It has become one of the significant public health problems threatening human health. Patients with rectal cancer often have a poor prognosis due to liver metastasis and whose 5-year survival rate is less than 50% (3, 4). Previous studies have shown that 20-25% of patients with the initial diagnosis of rectal cancer develop liver metastasis. Even after radical resection, rectal cancers still have a 30% probability of liver metastasis (5, 6). Due to the poor prognosis and high prevalence of liver metastasis from rectal cancer, there is still more clinical concern about liver metastasis from rectal cancer (7, 8). Magnetic resonance imaging (MRI) and positron emission tomography/computed tomography (PET/CT) are standard techniques for screening patients with rectal cancer for distant metastasis. However, given the high cost of MRI and the disadvantages of PET-CT radiation damage, it is not recommended for all patients with rectal cancer to be screened for distant metastasis (9, 10). This imposes a high demand for the identification and rationalization of screening people at high risk of liver metastasis from rectal cancer. To address these issues, we used advanced machine learning algorithms to build a predictive model to predict liver metastasis in patients with rectal cancer.

Machine-Learning has become a new type of artificial intelligence that is beginning to be widely used in healthcare data analysis and is a powerful tool for improving clinical strategies (11–15). Machine-learning algorithms can automatically learn from input data to predict outcome values acceptable and identify patterns and trends in the data. A statistical and comprehensive review of machine learning in medical diagnosis by Bhavsar et al. shows that machine learning techniques help medical professionals reduce diagnostic errors, improve healthcare delivery and reduce treatment costs (16). Many scholars have achieved significant breakthroughs by using machine-learning algorithms in colorectal cancer, but machine-learning prediction models for liver metastasis in rectal cancer are not yet available (17, 18). Also, previous studies have limited constructing models only by using public databases, thus limiting the extrapolation of models. Therefore, involving real-world clinical datasets is essential for creating superior predictive models.

This study aims to develop machine-learning models that use clinicopathology features to predict the risk of liver metastasis from rectal cancer and suggest individual prevention strategies to help clinicians make treatment decisions.



Materials and methods


Study population

A retrospective analysis of the SEER (Surveillance, Epidemiology, and End Results) database and data from patients admitted to the First Affiliated Hospital of Jilin University and Shanxi Bethune Hospital was conducted. SEER is an authoritative source for cancer statistics in the United States. The Surveillance provides information on cancer statistics to reduce the cancer burden among the U.S. population. The inclusion criteria for the rectal cancer cohort from SEER were demonstrated as follows:(1) the primary pathological diagnosis was rectal cancer, (2) patients without concurrent malignancies, and (3) patients with complete clinical information, including age, gender, race, marital status, histological grade, tumor size, T-stage, N-stage, carcinoembryonic antigen (CEA), diagnostic information, and first site. In addition, the exclusivity criteria were shown as follows: (1) no complete clinical information, (2) another primary neoplastic disease, and (3) unknown liver metastatic status. The inclusion criteria for the external validation set were (1) metachronous liver metastasis (after diagnosis) and (2) patients not undergoing preoperative neoadjuvant therapy. All aspects of the clinical cohort study were approved for inclusion by the Institutional Ethics Committee of the First Hospital of Jilin University and Shanxi Bethune Hospital and were performed in adherence to the Declaration of Helsinki.



Data collection and data processing

SEER patient data were obtained from “SEER Research Plus Data, 18 Registries, Nov 2020 Sub (2000-2018)” and extracted using SEER * STAT (8.4.0) software. Patients diagnosed with rectal cancer from 2010-2017 were included in this study. Patients with rectal cancer from multiple centers in China were included in the external validation. The entire workflow is demonstrated in detail in Figure 1. In addition, patient data from multicenter hospitals were processed according to SEER database standards (Supplement Table 1). We transformed the clinical information into numbers to make it easy to compute in the model (Supplement Table 2).




Figure 1 | The workflow of the selection procedure for rectal cancer patients. Abbreviations: LGBM, light gradient boosting; XGB, extreme gradient boosting; RF, random forest; LR, logistic regression; KNN, K-nearest neighbor; MLP, multilayer perceptron.





Construction of the predictive model

In this study, we used six machine learning algorithms to predict liver metastasis of rectal cancer, including random forest (RF), Light Gradient Boosting (LGBM), extreme gradient boosting (XGB), multilayer perceptron (MLP), logistic regression (LR) and K-Nearest Neighbor (KNN). RF is a machine learning algorithm that deals with classification and regression problems by building multiple decision tree methods (19). LGBM is a gradient-boosting framework using a tree-based learning algorithm that has been successfully applied to the construction of medical models in recent years (20). XGB is a classical decision tree algorithm applied to classification or regression prediction models (21). MLP is a feedforward neural network model used in different prediction models (22). LR algorithm is a classification algorithm commonly used for dichotomous variables and is widely used in data mining due to its simplicity, parallelizability, and explanatory power (23). KNN algorithm is identified as an essential classification algorithm in the supervised machine-learning domain and is widely used in pattern recognition, data mining, and intrusion detection (24).

Patients from the SEER database were randomly partitioned into a training set and an internal test set using python with a ratio of 8:2. To improve the model’s effectiveness while ensuring the data’s authenticity, we use a synthetic minority oversampling technique (SMOTE) for the SEER database to solve the data imbalance problem (25). The training set was used to build the model, and the internal test set was used for model validation and evaluation. In the training set, k-fold cross-validation (k = 10) is performed, and a grid search is used to find the best combination of parameters. Subsequently, the model performance is initially evaluated in the internal test set. Finally, a rectal cancer cohort from two hospitals was used to validate the model’s generalization capability and efficiency.



Model performance and feature importance

Model performance is evaluated by area under the curve (AUC), predictive accuracy, sensitivity, specificity, and F1-score. Our primary evaluation metric for machine-learning models is AUC, calculated from ROC curves, which are graphical plots showing the diagnostic power of binary classifiers as their discriminative thresholds change (26). It is also combined with other metrics for a comprehensive evaluation to determine the best model. To further explore the degree of importance of incorporated features in all algorithms, we used the Permutation Importance principle for feature importance analysis of variables. The Permutation Importance approach assesses the effect of model construction on the remaining features by treating an incorporated feature as a random number. If the model performance decreases significantly, the feature is shown to have a more critical role (27). Finally, model performance was then further assessed by calibration curves.



Interpretability of the model and construction of the web calculator

The Shapley Additive explanation (SHAP) method is used in the article to interpret the constructed model. It allows for the calculation of precisely the contribution of each variable to the final prediction. In addition, each observation in the dataset can be interpreted by a specific set of SHAP values (28). We created a web calculator to make the model clinically easy to use and generalize.



Statistical analysis

All statistical analyses were performed in Python (version 3.8, Python Software Foundation) and R software (version 4.1.0). All machine learning algorithms were built based on scikit-learn (version 0.24.1). Categorical variables were expressed as totals and percentages, and differences between groups were compared using the χ2 test or Fisher’s exact test. Continuous variables were expressed as median and Standard Deviation (SD), and the Wilcoxon rank sum test was used to compare groups. The results were considered statistically significant when the two-sided P<0.05.




Result


Patient components and clinical baseline information

Our study included rectal cancer data from the SEER database, ranging from 2010 to 2017. A total of 152,199 patients with rectal cancer were initially included. Based on established inclusion and exclusion criteria, the final number of patients included in the SEER database was 19,957, 1,712 patients (8.58%) had liver metastasis, and 18,246 patients (91.42%) had no liver metastasis. Outer validation was performed using a total of 924 patients from two centers in China. Patient data from SEER and the two centers in China are presented in Table 1.


Table 1 | Clinical baseline features of SEER and multiple centers hospital database.



Seven clinicopathological factors were included in our established model: age at diagnosis, gender, T-stage, N-stage, CEA, grade of differentiation, and tumor size (Table 2). Patients in the SEER database were divided into liver metastasis (LM) and non-liver metastasis groups (NLM). For age at diagnosis, we found that the mean age at diagnosis was significantly more extensive in the NLM group (58.89) than in the LM group (62.01; P<0.001). Notably, the proportion of male patients in the LM group (1119/1712;65.4%) was significantly higher than that in the NLM group (10762/18246; 59%; P<0.001). Unexpectedly, we found no difference between the two subgroups regarding race and married status. According to our assumptions, the LM group showed higher T-stage and N-stage patients (P<0.001). In terms of tumor progression, we found that patients in the LM group (5.70cm) had significantly larger tumor sizes than patients in the NLM group (4.25cm; P<0.001). In addition, we found that patients in the LM group (1070/1712;62.50%) had a higher percentage of positive CEA expression than the NLM group (4627/18246;25.40%;P<0.001).


Table 2 | Distributions of clinicopathological characteristics in two groups.





Correlation of variables and feature importance of prediction

Seven selected variables were analyzed according to the spearman correlation test, and the heatmap results showed no significant correlation between the variables, and multicollinearity is unlikely (Figure 2). The importance ranking of features in the six machine-learning models is shown in Figure 3. The relative importance of the variables in the six machine learning models was analyzed using the permutation importance principle. Although the six machine learning algorithms ranked differently regarding the importance, CEA and tumor size ranked in the top two of most models. They may have a more critical predictive role for rectal cancer liver metastasis. In contrast, sex and grade ranked lower but contributed to rectal cancer liver metastasis. In the XGB model, the importance of features were ranked in descending order by tumor size, CEA, age, T-stage, N-stage, sex, and grade.




Figure 2 | Results of the correlation heatmap between all variables. The graph shows the correlations between all variables.






Figure 3 | Feature importance of six models. The plot shows the ranking of six models’ relevant volume of features. Abbreviations: LGBM, light gradient boosting; XGB, extreme gradient boosting; RF, random forest; LR, logistic regression; KNN, K-nearest neighbor; MLP, multilayer perceptron.





Model performance and model explainability

Ten-fold cross-validation of the training set data using six machine learning algorithms shows that the XGB model has an average AUC value of 0.993, indicating the best predictive power among all models (Figure 4). In the internal test set, XGB obtained an AUC of 0.918, an accuracy of 0.884, a sensitivity of 0.721, and a specificity of 0.787(Figure 5; Table 3). In the outer test set, the XGB model also showed excellent performance with an AUC of 0.926, an accuracy of 0.919, a sensitivity of 0.740, and a specificity of 0.765 (Figure 5; Table 3). The calibration curves for the internal and outer validation sets also demonstrate that the model has a reasonable degree of fit (Supplementary Table 3). Finally, to detect positive and negative correlations between characteristics and liver metastasis of rectal cancer, we used SHAP to reveal risk factors for liver metastasis of rectal cancer. The related results are presented in Figure 6.




Figure 4 | The training set has ten-fold cross-validation results of different machine learning models. Abbreviations: LGBM, light gradient boosting; XGB, extreme gradient boosting; RF, random forest; LR, logistic regression; KNN, K-nearest neighbor; MLP, multilayer perceptron.






Figure 5 | The roc curves of different machine learning models: (A) The roc curves of other machine learning models in the internal test set; (B) The roc curves of other machine learning models external test set. Abbreviations: LGBM, light gradient boosting; XGB, extreme gradient boosting; RF, random forest; LR, logistic regression; KNN, K-nearest neighbor; MLP multilayer perceptron; roc, receiver operating characteristic.




Table 3 | Comparison prediction performances of different models for liver metastasis.






Figure 6 | The Shapley Additive explanation (SHAP) values.





Web predictor

Although XGB has shown excellent predictive ability in liver metastasis from rectal cancer, it is intricate and complex, which is not conducive to clinical dissemination. Therefore, this study developed an online web calculator for predicting liver metastasis risk in patients with rectal cancer. The calculator can be easily extended clinically and only requires inputting patient clinicopathological information to derive the probability of obtaining liver metastasis in patients with rectal cancer while stratifying patients into high and low risk. (https://share.streamlit.io/woshiwz/rectal_cancer/main/rectal.py) (Figure 7).




Figure 7 | The machine learning model-based web predictor for predicting liver metastasis in rectal cancer patients.






Discussion

In this study, we constructed a model for predicting liver metastasis from rectal cancer using popular machine-learning algorithms combining seven clinical and pathological features. To the best of our knowledge, this study is the first article on the prediction of liver metastasis in rectal cancer combined with machine learning algorithms while using real-world data for outer validation. The AUC performance of these models is mostly more extensive than 0.85 (Figure 5; Table 3), while the accuracy is mostly above 0.80 (Figure 5; Table 3); therefore, we believe that the developed models are robust and reliable while allowing for more significant clinical benefits. Comparing the prediction performance of six machine-learning algorithms, we found that the model based on the XGB algorithm performed the best. Finally, to make the model clinically applicable and generalizable, we developed an online web calculator based on the XGB model to calculate the probability of liver metastasis from rectal cancer and thus screen patients at high risk for liver metastasis.

In addition, machine learning’s clinical importance is reflected in identifying important risk factors associated with liver metastasis from rectal cancer (29). In this study, tumor size, CEA, age, T-stage and N-stage were critical for liver metastasis from rectal cancer based on XGB algorithms’ ranking of feature importance. In the present study, tumor size showed the best predictor in numerous models. Large tumor size indicates a long growth cycle, leading to a more proliferative and aggressive state of tumor cells, which increases liver metastasis (29, 30). CEA is the standard tumor marker on colorectal cancer cell membranes and embryonic mucosal cells. An increasing number of studies have shown that pretreatment CEA levels are considered to be associated with tumor stage and metastasis, with studies showing that CEA is elevated in 45% of patients with stage B and 76% of patients with distal metastasis (31–34). Therefore, it is unsurprising that the preoperative serum CEA levels of patients with rectal cancer liver metastasis in this study were higher than those of non-liver metastasis. Although the proportion of young rectal cancer patients is increasing yearly, there is convincing evidence that younger people can achieve better outcomes than older patients (35).Interestingly, this study showed that the younger the patient, the higher the risk of liver metastasis from rectal cancer. The reason may be that younger patients’ tumor cells often undergo mismatch repair and thus upregulate the tumor’s aggressiveness (36–38). T-stage is an essential indicator of tumor progression and positively correlates with tumor metastasis in most tumors. Our results demonstrate that patients with rectal liver metastasis have a more advanced T-stage than those with non-rectal liver metastasis. Considerable research suggests that the reason may be due to the progressive increase in lymphatic vessels from the mucosal to the plasma layer of the rectal wall structure and the abundance of lymphatic reflux, which in turn increases the risk of liver metastasis from rectal cancer (39, 40). Several studies have shown that patients with regional lymph node metastasis are likelier to develop liver metastasis from rectal cancer (41–43). The liver is one of the organs with the most abundant lymphatic tissue in the body. Therefore, tumors are more likely to metastasize when local lymph nodes are metastatic. Although gender and differentiation grades did not perform well in the XGB model in this study, they still played a role in model construction. Tang et al. found that men and poorly differentiated patients were more likely to develop liver metastasis from rectal cancer, in concurrence with the results of this study (44, 45). Our model sufficiently integrates various risk factors that could affect liver metastasis from rectal cancer and achieves outstanding predictive performance.

Most traditional statistical methods are based on parametric regression models that assume a linear relationship between variables and outcomes (29, 46). However, we should know that most variables and results are more than just linearly related. With the rapid development of artificial intelligence, machine-learning algorithms play an increasing role in tumor diagnosis and prognosis assessment. Machine-learning algorithms have many advantages, including preventing overfitting and handling unbalanced data (47). In this study, XGB performed better than other algorithms because it added a regular term to the objective function to control the complexity of the model and avoid overfitting while supporting column sampling to enhance the stability of the model (21, 48).

Until now, only surgical resection has proven to be a curative treatment for patients with early resectable rectal cancer liver metastasis (49). Early systemic chemotherapy may improve prognosis and increase median survival in patients with undetectable rectal cancer liver metastasis (50). Combining all these results, we believe that further use of the rectal cancer liver metastasis model will aid clinical decision-making and improve the current treatment status.

The strengths of this study are the use of large-scale data from the SEER database for modeling and the use of real-world clinical data for outer validation, which prevents the overfitting of the data and ensures extrapolation of the model. However, this study also has some limitations. Firstly, the study is a retrospective study, and there may be selection bias in the sample selection. Secondly, there are limitations in the data available in the SEER database, such as the unavailability of crucial information on chemotherapy regimens, radiotherapy doses, and vascular infiltration, which limits the predictive value of our model. Finally, only two outer validation sets were used to validate the model, and further efforts are needed to validate the model’s performance on a more diverse population. These reasons may lead to a limited verification effect of our model.

For future work, we will focus on prospective and diverse population validation of the models to verify their performance and stability. These models are then expected to be integrated into applications that assist clinicians in medical decision-making. This can be a step toward a semi-autonomous diagnostic system that can assist clinicians in making individualized diagnoses of liver metastasis for patients with rectal cancer.



Conclusion

In conclusion, we developed a prediction model for liver metastasis from rectal cancer, which uses machine-learning algorithms to predict liver metastasis from rectal cancer. A web calculator has also been designed to facilitate the screening of patients at high risk of liver metastasis from rectal cancer by inputting some parameters, which may help physicians to individualize the treatment of rectal cancer patients.
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  Colorectal cancer (CRC) is among the most commonly diagnosed gastrointestinal malignancies worldwide. It is inadequate to handle in terms of staging and restaging only based on morphological imaging modalities and serum surrogate markers. And the correct and timely staging of CRC is imperative to prognosis and management. When compared to established sequential, multimodal conventional diagnostic methods, the molecular and functional imaging 18F-FDG PET/CT shows superiorities for tailoring appropriate treatment maneuvers to each patient. This review aims to summarize the utilities of 18F-FDG PET/CT in CRC, focusing on primary staging, follow-up assessment of tumor responses and diagnostic of recurrence. In addition, we also summarize the technical considerations of PET/CT and the conventional imaging modalities in those patients who are either newly diagnosed with CRC or has already been treated from this cancer.
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  1 Introduction

Colorectal cancer (CRC) is the first most common and leading cause of gastrointestinal cancers (GI) worldwide, whose incidence and mortality rates accounted for 10% and 9.4%, respectively (1). Based on the statistics from International Researches Agency of Cancer (IRAC), the incidence and mortality of CRC would increase 40.1% and 43.4% by 2040 worldwide, respectively (2). Approximately 20% of CRC patients have initially diagnosed with metastases, mostly depositing in regional lymph nodes, liver, lung, and peritoneum (3). And the overall survival rate of patients is closely associated with stage at presentation; the 5-year survival rate drops drastically decreases from stage I (93%) to stage IV (8%) (4). Therefore, the precise staging of the CRC is essential for prognosis and effective therapy. The curative surgery has been remained as the “workhorse” at the early stage of cancers, and part of patients only with isolated liver metastasis (5). Nowadays, the standard of care regimens tends to be multidisciplinary, consisting of surgery, 5-fluorouracil-based chemotherapy, radiotherapy, targeted therapies, and PD-1/PD-L1 blockade biotherapy (5). Accurate pre- and postoperative staging are pivotal to tailor treatment avenues, which unequivocally improving the survival and quality of life. Variety of imaging techniques have been introduced for this purpose, with varying degree of success.

In the routine clinical practice, colonoscopy continues to be the preferred method for the diagnosis of colon cancer, because it allows tissue biopsies (6). In addition, a number of non-invasive imaging modalities, including as morphologic imaging such as computed tomography (CT), magnetic resonance imaging (MRI), and metabolic imaging such as positron emission tomography (PET), are presently used for staging colon cancer (7–9). Conventional imaging modalities, CT or MRI, are only based on the modifications of morphology of lesions, which could be invalid for cases mainly with metabolic changes. And serial elevated serum carcinoembryonic antigen (CEA) is usually coupled with false positives and false negatives (10). Recent studies showed that the combined-imaging modality is preferable for the detection and characterization of different malignant lesions including colorectum when compared with traditional imaging techniques (11). PET with flourine-18 fluorodeoxyglucose (18F-FDG PET/CT, hereafter refers as PET/CT) not only provides alternations of morphology, but also glycolytic metabolism changes based on glucose uptake, which increasing early diagnostic efficacy and visualize active tumor tissue (12). As for the molecular imaging, PET/CT represents a valuable ally for staging, therapeutic monitoring, and restaging for CRC patients (13, 14). However, the false positives were usually occurred when infection, inflammation, and other non-neoplastic conditions (15). Despite these drawbacks, PET/CT is irreplaceable in its ability to assess the abnormal metabolic activity precedes morphological change and to identify small sized malignant tumors in morphologically normal structures. This review attempts to discuss the role of PET/CT in the treatment of patients with CRC, which could pave the way for early accurate diagnosis and even individualized therapeutic strategies.


 2 Evaluation of the preoperative TNM staging

Tumor-Node-Metastasis (TNM) staging system (AJCC) has provided the universal framework for optimal management of CRC patients since 1959 (16). The curative surgery is the mainstay of treatment based on accurate preoperative staging by the combination of T, N, and M indicators ( Figure 1 ). Although the conventional imaging has served as the standard modality for this staging, PET/CT has been shown superior to evaluate the primary tumor, regional lymph nodes, and distant metastasis. Here we attempt to review and summarize the pros and cons of PET/CT in preoperative staging of CRC patients.

 

Figure 1 | TNM stage of Colorectal cancer by AJCC 8th edition. Stage 0-I: Tumors spread within muscle layers without lymph nodes or distant deposits (Tis/T1/T2N0M0); Stage II: Tumors spread all layers or attached to nearby tissues without lymph nodes or distant deposits (T3/4N0M0); Stage III: Any T stage with the involvement of regional lymph nodes (TN1/2M0); Stage IV: Any T or N stage with distant metastasis (TNM1); Red arrow: the primary or metastatic tumors; yellow arrow: the metastatic lymph nodes. 



 2.1 T-staging: The infiltration extent of primary tumor

Accurate preoperative evaluation of T-staging aids in selecting the related surgery approaches (17). Although limited spatial resolution of PET/CT confines its clinical application, there are still several strengths regarding preoperative assessment of T-staging. A meta-analysis including 2283 CRC patients from 28 studies shown the excellent performance for preoperative T-staging by PET/CT. The pooled specificity and AUC were 99% and 96%, respectively, which was significantly superior to CT (18). Other study demonstrated that the accurate preoperative T-staging was 94.3% except for only two tumors overestimation (19). As for the obstructive CRC, preoperative PET/CT colonography shows the particular advantages. Nagata K et al. demonstrated that PET/CT colonography could recognized all 13 primary CRC and 2 synchronous lesions proximal to the obstruction, while missed by other conventional imaging and optical colonoscopy more or less (20). Indeed, all lesions removed by single-stage procedure plays a vital role in the favorable outcomes of patients.


 2.2 N-staging: Involvement of regional lymph nodes

Metastatic lymphadenopathy is indicated as a risk factor of recurrence and dismal survival in patients with CRC, which highlighting the merits of accurate detection and preoperative staging (21). The diagnosis of metastatic lymph nodes is generally based on a collection of morphological and density readout from the anatomic imaging techniques (CT & MRI). However, a plethora of positive lymph nodes tend to be not detected abnormality because of low density, small diameter, regular form and so on (22). Indeed, the overall accuracy of evaluation of N-staging by contrast enhanced CT (ceCT) has been reported merely from 59% to 71% (23, 24). Therefore, the alternative molecular imaging combined the morphological and functional techniques holds the promise for improving the diagnostic performance concerning metastatic deposits of CRC patients. Here we list several studies of the outstanding performance of PET/CT for this fields ( Table 1 ) (22, 25–28).

 Table 1 | The comparison of diagnostic performance between CT and PET/CT for N-staging in CRC. 



For detection of regional lymph node metastasis, a retrospective study including 370 CRC patients showed superiority of PET/CT in specificity compared with CT (83.6% vs. 64.8%, p = 0.000), while inferiority in sensitivity (43.5% vs. 58.7%, p = 0.029) (25). Consistently, Kwak et al. also reported higher specificity of PET/CT, while the comparable sensitivity compared to CT (28). Absence of functional information from CT has been recognized as the main drawback responsible for the lower specificity, while the slightly higher sensitivity could be due to the limited spatial resolution of PET/CT (29). Besides, there are still several studies indicated the possible reasons of PET/CT fail to detect the metastatic lymph nodes (1): the interference from physiological uptake by bowel and bladder (2); the proximity to the primary tumor so as to interfere the diagnosis of regional lymph node (14, 30).


 2.3 M-staging: Distant metastases

Life expectancy of CRC patients declines to 71% when local regional lymph nodes involved, while plummet to 17% in the case of distant metastases (31). Therefore, the clinical significance of tumor staging is particularly regarding the assessment of distant metastases. Although PET/CT has been suggested utilized in few circumstances, including metastatic synchronous adenocarcinoma, and metachronous metastases with elevated serial CEA but negative colonoscopy or CT, various clinical trials pertaining to PET/CT have shown advantages for M-staging. Given that liver metastasis is the main site of advanced CRC patients, ineligibility for curative hepatic resection is based on extrahepatic deposits except for few resectable lung metastases. Ruers et al. demonstrated that PET/CT could reduce the futile laparotomies concerning liver metastasis from 45% to 28%, which decreasing unnecessary procedures and economic burden to a large extent (32). Other retrospective study based on Korean population reported that PET/CT was superior to CT in specificity (94% vs. 87%) and accuracy (93% vs. 86%), which was accounted for the specific metabolic changes by the former (33). Therefore, more clinical trials pertaining to PET/CT should be performed in order to pave the way for clinical utilization.



 3 Assessment of the response to targeted therapies

The developments of targeted therapies were renewed and have flourished in the past two decades (34). Recent applications of such treatments in CRC have been exemplified by the approval of oral kinase inhibitors or monoclonal antibodies, e.g., anti-angiogenesis (VEGF) and targeting epidermal growth factor receptor (EGFR). However, given only part of patients respond to these targeted therapies, it has been highly recommended to early stratify patients in order to reduce unnecessary toxicity and economic burden. Generally, the anatomic imaging modalities based on RECIST criteria, CT or MRI, have been utilized to monitor the response of cytoreductive or cytotoxic chemotherapy, while shows inappropriate for evaluating the cytostatic effect by the above-mentioned targeted therapy (35, 36). It is a common knowledge that the alternations of glucose metabolism within tumor precede the morphological changes by several weeks (37). Within this framework, we review the most widely accepted PET tracer and the only licensed biomarker, 18F-FDG (38), for assessing the responses to targeted therapies for patients with CRC.

Vascular endothelial growth factor (VEGF) targeted therapy disrupts tumor vasculature as well as inhibits angiogenesis, which have been exemplified by the first approved bevacizumab (Avastin) for metastatic colon cancer (mCRC) (39, 40). The semi-quantitative analysis of 18F-FDG uptake compared to normal liver was demonstrated to be instrumental for pathologic response prediction to bevacizumab in mCRC (41). Because of the quantitative trait of PET, quantitative measurement for early treatment response shows more attraction. Standardized uptake value (SUV) is the widely accepted quantitative metric for assessing treatment response in clinical PET/CT utility ( Figure 2 ) (42). For example, the reduction of maximum SUV (SUVmax) more than 50% showed predictive value for early response to Bevacizumab in mCRC patients, with the larger the decline, the greater the efficacy (43). And the relative decrease of SUVmax more than 15% presented highly predictive for non-responders detection after one cycle of Sorafenib combined with capecitabine in mCRC patients (44).

 

Figure 2 | The schematic diagram of quantitative parameters of PET. The magnified transverse 18F-FDG PET image of radiotracer uptake in tumor (purple outline). SUVmax: maximum standardized uptake value (red spot within black square); ROI: region of interest (black circle); SUVpeak: the average SUV obtained from a 1mL sphere within the tumor. 



Dysregulations of EGFR pathway have been extensively involved in carcinogenesis of CRC, such as metastasis, proliferation, and resistant to apoptosis (45–47). The cetuximab-based regimens targeting EGFR signaling cascade is clinically utilized as the third-line therapy for mCRC patients without KRAS mutation (48). The PET Response Criteria in Solid Tumors (PERECIST) criterion was proposed for assessing the early therapy response by the relative change of SULpeak, i.e., peak SUV normalized to lean body mass (SUL) in a spherical 1 cm3 volume of interest (VOI) (49). Although treatment response using PERECIST predicted survival parameters (PFS & OS) at the end of cetuximab-based therapy (4 week) for mCRC, the innovative principle based on any eligible VOI more than 2 could ahead of this schedule after one week (50). And the early metabolic response based on the reduction of SUVmax more than 20%, fitted with EORTC criteria (51), could serve as the surrogate parameter for early clinical response under cetuximab in CRC patients (52). All cases reviewed here are summarized in  Table 2 .

 Table 2 | Evaluation of treatment response to targeted therapy by 18F-FDG PET/CT. 



Therefore, detection of non-responders at early treatment stage could spare patients from the exposure of unnecessary toxicity and heavy economic burden.


 4 Restaging of colorectal cancer

Most of CRC patients diagnosed at advanced staged would be suffered from recurrences, including liver, lung, and peritoneum metastases (21, 53). And serum markers and imaging modalities are utilized as the main examinations for those detection. Despite ceCT remains the clinical guideline recommendation, PET/CT is suggested in the workup of recurrent CRC patients with metachronous metastases, or elevated serial CEA but negative conventional imaging modalities and optical colonoscopy. Besides, PET/CT also presents the unique strengths for those kinds of scenarios.

Distinction of recurrent lesions from postoperative scar tissues is the important superiority of PET/CT. FDG uptake within recurrences could significantly reduce false positives and false negatives as well (54). The sensitivity and specificity of serum surrogate marker CEA has been demonstrated elevated when combined with PET/CT. One of the retrospective studies including 112 patients showed the early detection of recurrent CRC was 71% compared with 55% of CT when CEA level greater than 13 ng/mL (55). Actually, the level of CEA less than 5 ng/mL also presented excellent performance by PET/CT (56). Besides, the diagnostic accuracy of PET/CT for recurrent cases with elevated CEA was moderate (65-75%) in the case of negative findings by conventional imaging modalities (57). Moreover, with the aim of assess the impact of PET/CT in tailoring management in CRC patients with proven or suspected recurrence, and further to evaluate the impact of different management on the prognosis of patients. Scott et al. reported that PET/CT modified the therapeutic strategies of 65.6% CRC patients with symptomatic or residual lesions suggestive of recurrence. And the treatment maneuvers of 43.9% patients with resectable metastatic deposits in lung or liver have also been changed. Besides, the additional lesions of those patients showed progressive disease in 60.5% and 65.9% in the above-mentioned two groups of patients compared with conventional imaging techniques (36.2% & 39.2%), which indicated the value of PET/CT regarding the stratification of patients into curative or palliative avenues (58). In addition, there are also plenty of studies demonstrated that the outstanding performance for recurrent lesions by PET/CT in comparison with CT or MRI, which was generally accounted for the combination with functional imaging (59–61).


 5 Conclusion and perspective

Effective and precise pre- and postoperative staging is essential for the best and individualized management of CRC patients, especially for those with metastatic lesions. Nowadays, the conventional imaging modalities are still the mainstay for staging processes, while insensitivity to the monitor the treatment response of targeted therapy. Given that the single trait of morphological imaging techniques, the additional function of metabolic evaluation by PET/CT shows particular advantages, including early detection for tumors, sensitivity to the treatment response to cytostatic drugs, and evaluation numerous body regions in a single process. This makes PET/CT particularly helpful in the staging of patients to exclude the presence of distant metastases as well as in the restaging. However, more research is required to standardize the ideal PET/CT timing in relation to the chosen therapy (immunotherapy or chemotherapy). And there is still a dearth of information regarding the diagnostic potency of PET/CT in the evaluation of CRC. Given that anatomic imaging techniques are superior to detect small lesions because of the high resolution, the combined molecular and morphological imaging PET/CT would broaden its clinical utility. In conclusion, PET/CT adds value to the diagnosis of metastatic lesions and may aid patients with CRC in selecting more appropriate treatment modalities.
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Introduction

To evaluate the predictive value of 18F-fluorodeoxyglucose positron emission tomography–computed tomography (18F-FDG PET-CT) imaging parameters for the response to neoadjuvant chemoradiotherapy (nCRT) in locally advanced rectal cancer (LARC).



Methods

From January 2016 to March 2020, 52 LARC patients who underwent 18F-FDG PET-CT scans within 1 week before and 8-9 weeks after nCRT, were enrolled in this study according to a pre-designed screening criteria. After total mesorectal excision (TME) surgery, we assessed tumor response to treatment and analyzed the correlation between imaging parameters obtained from two PET-CT scans and tumor regression status.



Results

Tumor response assessment showed that 13 of 52 patients received good response (GR), including 9 cases with pathological complete regression (pCR) and 4 cases with near-pathological complete regression (near-pCR). We also found that the maximum standard uptake value after nCRT (post-SUVmax), the response index (RI), the mean standard uptake values after nCRT (post-SUVmean), and the ratio of tumor SUVmean to liver SUVmean after nCRT (post-Ratio), were correlated with GR and pCR. Among these parameters, post-SUVmax and RI had a near-strong correlation with pCR (rs= -0.58 and 0.59, respectively), and also had a strong correlation with GR (rs = -0.7 and 0.63, respectively). Further ROC analysis showed that post-SUVmax and RI had higher values in predicting whether patients could achieve GR and pCR after nCRT, and the area under the curve (AUC) of both were greater than 0.9. The positive predictive values (PPVs) and negative predictive values (NPVs) of post-SUVmax for GR were 80.01% and 97.3%, and for pCR were 66.68% and 97.5%, respectively. The PPVs and NPVs of the RI values for GR were 84.61% and 94.87%, and for pCR were 69.24% and 100%, respectively.



Conclusion

For LARC patients, the analysis of imaging parameters such as post-SUVmax and RI, which can reflect the changes of 18F-FDG uptake capacity of tumor tissues before and after nCRT, is of great value for predicting the response of patients to neoadjuvant therapy and guiding the selection of subsequent treatment strategies. 





Keywords: locally advanced rectal cancer, neoadjuvant chemoradiotherapy (NACRT), 18F-FDG PET-CT, pathological complete regression, near-pathological complete regression, clinical complete regression



Introduction

Neoadjuvant chemoradiotherapy (nCRT) combined with total mesorectal excision (TME) has been widely used as a standard treatment for locally advanced rectal cancer (LARC) patients. However, the follow-up treatment strategy for patients with good response (GR) after nCRT is still controversial. From the perspective of local radical treatment, TME is undoubtedly the most thorough treatment. However, there are some unavoidable problems with this treatment, especially for patients whose primary lesion is adjacent to the anorectal ring plane, even though clinical complete regression (cCR) is obtained, it is difficult to avoid the implementation of Miles operation. In addition, postoperative complications such as intestinal leakage, sepsis, abscess, wound healing difficulties, and cardiopulmonary complications usually increase significantly in patients who have received radical radiotherapy.

At present, the concept of personalized therapy is receiving more and more attention, and the method of screening the group suitable for sphincter retention therapy from the patients with GR after nCRT is increasingly emerging. Watch and Wait (W&W) strategy and local excision (LE) strategy are the focus of subsequent treatment of patients with cCR and near clinical complete response (near-cCR). However, clinical data show that the local recurrence rate of patients with “W & W” is still 21-25% within 2 years (1–3), and 7% of patients with LE strategy have local recurrence within 5 years (4). Therefore, whether cCR can be used as the standard to determine the treatment strategy of patients with LARC after nCRT is still debatable. Currently, it is indisputable that pCR is the best endpoint of nCRT, Pang's meta-analysis showed that patients with pCR were superior to cCR patients in 2-year LR (0.568% vs. 9.82%) and 5-year prognosis (DFS: 86.86% vs. 73.33%, OS: 91.92% vs. 80%) (5). However, patients who have obtained pCR after nCRT must be confirmed by pathology after surgery, so it is necessary to find an effective method to evaluate whether patients have achieved pCR before surgery.

18F-fluorodeoxyglucose positron emission tomography–computed tomography (18 F-FDG PET-CT) can not only distinguish benign and malignant lesions accurately through the uptake of 18F-FDG by cells, but also has important significance in evaluating the therapeutic response of tumors. However, due to the high cost of examination, PET-CT is still mainly used in the differential diagnosis of newly diagnosed patients, and its application in evaluating the efficacy of cancer patients is relatively rare. For LARC patients, although the value of PET-CT imaging parameters in the evaluation of nCRT reactivity has been reported, due to the different intervals between the second PET-CT scaning and nCRT in these studies, the significant evaluation parameters and their optimal cut-off values are different (6–8).

In this study, we screened 52 LARC patients who had performed PET-CT scans within 1 week before nCRT and 8-9 weeks after nCRT (shortly before TME surgery) from previous clinical data, and analyzed the predictive values of PET-CT imaging parameters for GR and pCR patients. The purpose is to provide a basis for the selection of individualized treatment options for LARC patients with GR after nCRT.



Materials and methods


Patients

LARC patients who completed neoadjuvant therapy combined with TME surgery, and performed PET-CT scans before and after neoadjuvant therapy in the Fourth Hospital of Hebei Medical University from January 2016 to March 2020, were included in this study. The inclusion criteria were as follows: (1) Histopathology confirmed rectal adenocarcinoma before neoadjuvant therapy; (2) T3-4, N0/N+, and M0 were diagnosed by imaging examination (Chest CT, Abdominal and Pelvic MRI) at initial diagnosis; (3) Neoadjuvant therapy and TME surgery were completed before entering this study; (4)The mode of neoadjuvant therapy was long- course concurrent chemoradiotherapy recommended by NCCN guidelines; (5) Before entering this study, two PET-CT examinations were completed, and the first PET-CT was performed within 1 week before nCRT, and the second PET-CT was performed within 8-9 weeks after nCRT. The exclusion criteria included: (1) Patients with other malignancies besides rectal cancer; (2) Patients with primary tumor baseline assessment of T1-2 before nCRT; (3) The timing of PET-CT scan was not within the period required for enrollment in this study; (4) SUVmax value of the primary lesion <2.0 in the first PET-CT; (5) The neoadjuvant therapy was chemotherapy alone, short-course radiotherapy (SCRT) or induction chemotherapy before radiotherapy; (6) The second PET-CT scan revealed distant metastasis. The collection of clinical data was approved by the ethics committee of the fourth hospital of Hebei Medical University (Number: 2021104). The data are anonymous, and the requirement for informed consent was therefore waived.



Treatment procedures

The treatment plan was determined by a multidisciplinary team consisting of gastrointestinal surgeons, medical oncologists, medical imaging specialists, and radiation oncologists. The neoadjuvant regimen was long-course concurrent chemoradiotherapy, and TME surgery was performed 9-10 weeks after nCRT. The prescription dose of radiotherapy was implemented in two phases: the first phase was 45Gy/25 fractions (45Gy/25F), 1.8Gy/1F, 5F/W, and the dose was received by planning target volume (PTV); the second phase was 5.4Gy/3F, 1.8Gy/1F, 5F/W, and the dose was received by clinical target volume-high (CTV-H). The radiotherapy targets were defined on the basis of the International Commission on Radiation Units and Measurements report no. 83 (2010) and the recommendations by Nancy in his academic writings (9). All patients received capecitabine (825 mg m–2) bid by oral concurrently with RT, and suspended drug use when RT was disrupted every weekend.



PET-CT scans and image parameter analysis

The baseline PET-CT was completed within 1 week before nCRT, and the second PET-CT scan was completed within 8-9 weeks after radiotherapy. Patients were fasting for at least 6 hours before injection of 18F-FDG (2.6-3.7 MBq/kg), and fasting blood glucose was required to be less than 12mg/dl. PET-CT scans (GEMINI GXL-16 PET-CT scanner, Philips, Netherlands) was performed after one hour of calm rest post-injection. All scans were performed on the same scanner with the same acquisition and reconstruction protocols. Each patient was asked to empty as much urine as possible before the scan. Patient was supine with arms raised during the scan. Spiral CT scan from the top of the head to the mid-thigh. PET scanning parameters were as follows: ube voltage, 120kV; tube current, 160 mAs; matrix, 512×512; pitch 0.813, slice thickness, 5mm; and rotation time, 0.5s. The PET image was acquired at 2.5min/bed using a three-dimensional model. PET and CT images were fused with syntegra software and transmitted to the Philips service workstation.

The PET-CT images were read by two experienced radiology and nuclear medicine physicians, and the imaging parameters for the efficacy assessment of patients were as follows: SUVmax (incl. pre-SUVmax, post-SUVmax); SUVmean (incl. pre-SUVmean, post-SUVmean); metabolic tumor volume (MTV), (incl. pre-MTV, post-MTV); response index (RI), RI=[(pre-SUVmax–post-SUVmax)/pre-SUVmax]×100%; total lesion glycolysis (TLG) (incl. pre-TLG, post-TLG), TLG=SUVmean×MTV; Ratio of tumor SUVmean to liver SUVmean×100% (incl. pre-Ratio, post-Ratio).



Pathological response evaluation

The efficacy of nCRT was evaluated by two pathologists according to the tumor regression grading (TRG) of mDworak standard, which was established by Kim (10) based on the standard of Dworak (11). The mDworak TRG standard is as follows: TRG 1 (minimal regression), defined as a dominant tumor mass encompassing more than 50% of the primary tumor and/or regional lymph node (LN) metastase; TRG 2 (moderate regression), defined as dominant fibroinflammatory changes with vasculopathy encompassing more than 50% of the entire tumor, including the tumor, regional LN metastases, and perirectal tumor deposits; TRG 3 (near complete regression), defined as one or two microscopic foci (each< 0.5 cm in diameter) of residual tumor cells or groups in the primary tumor and regional LNs; TRG 4 (complete regression), defined as no residual tumor cells in the primary tumor and regional LNs (ypT0N0). In this study, we defined TRG 3 as near-pCR, TRG 4 as pCR, TRG 3 and TRG 4 as good response (GR).



Statistical analysis

Statistical analysis was performed using SPSS software 22.0 (SPSS, Inc., Chicago, IL, USA) and MedCalc Version 16.2. Quantitative data that conform to normal distribution were described in the form of  x ± SD, while those that do not conform to normal distribution were described in the form of median (quaternary interval), i.e. M (QR). Comparison of differences among quantitative data: T test was used for those meeting normal distribution and homogeneity of variance, while Wilcoxon rank sum test was used for those not meeting normal distribution. Spearman method was used to analyze the correlation between imaging parameters and tumor regression. The correlation coefficient was expressed by rs, 0.2< rs ≤0.4 means weak correlation, 0.4≤ rs <0.6 means moderate correlation, 0.6 ≤ rs ≤ 1.0 means a strong correlation. Receiver operating characteristic (ROC) curve analysis was used to evaluate the diagnostic performance of significant imaging parameters. In this study, P < 0.05 was considered statistically significant.




Results


Characteristics of enrolled patients

From January 2016 to March 2020, there were 174 LARC patients who completed two PET-CT scans before and after neoadjuvant treatment were found in our center, of which 52 patients met the screening criteria of this study (Figure 1). The median age of these patients (42 males and 10 females) was 53.2 years (36-77.6), and the clinical stage was as follows: 36 patients had cT3, 16 had cT4 tumors; 4 patients had cN0, 7 had cN1 and 41 had cN2 diseases. In terms of the efficacy evaluation of nCRT, according to the mDworak standard, pathology experts identified 13 of 52 cases with TRG 1, 26 with TRG 2, 4 with TRG 3, and 9 with TRG 4. In our study, patients with TRG 1-2 status were defined as non-GR, TRG 3-4 status as GR, TRG3 status as near-pCR, TRG 4 status as pCR, and patients without TRG 4 status were defined as non-pCR. The main clinical characteristics of the patients and their response status to nCRT were listed in Table 1.




Figure 1 | Screening process of selected patients.




Table 1 | Characteristics of patients and tumor response to nCRT (N, %).





PET/CT imaging parameters of pCR and non-pCR patients

After analyzed the difference of PET-CT parameters between pCR and non-pCR patients by Wilcoxon rank sum test, we found that there were statistically significant differences in post-SUVmax, RI, post-SUVmean and post-Ratio between the two groups (P < 0.05). RI in pCR group was significantly higher than that in non-PCR group, while post-SUVmax, post-SUVmean and post-Ratio were significantly lower than those in non-pCR group. Spearman correlation analysis showed that RI (rs = 0.59, P < 0.001) and post-SUVmax (rs= -0.58, P < 0.001) were near-strongly correlated with pCR, post-SUVmean (rs = -0.43, P=0.001), was moderately negatively correlated with pCR, while post-Ratio (rs=-0.36, P=0.009) was weakly negatively correlated with pCR, as shown in Table 2. ROC curve analysis showed that the area under curve (AUC) of post-SUVmax, RI, post-SUVmean and post-Ratio were 0.939, 0.951, 0.831 and 0.775, respectively. Using post-SUVmax ≤ 2.5, RI > 0.67, post-SUVmean ≤ 2.2 and post-Ratio ≤ 1.39 as cut-off values, the sensitivity of these parameters to pCR diagnosis were 88.89%, 100%, 100% and 100%, the specificity were 90.7%, 90.7%, 65.12% and 55.81%, the positive predictive values (PPVs) were 66.68%, 69.24%, 37.51% and 32.14%, and the negative predictive values (NPVs) were 97.5%, 100%, 100% and 100%, respectively, as shown in Figure 2 and Table 3.


Table 2 | Correlation analysis of parameters of 18F-FDG PET-CT in pCR and non-pCR.






Figure 2 | ROC curve of post-SUVmax, RI, post-SUVmean and post-Ratio using the pCR as test variable.




Table 3 | ROC analysis of PET-CT parameters to pCR.





PET/CT imaging parameters of GR and non-GR patient

The differential analysis for PET-CT parameters between GR and non-GR patients showed that there were statistically significant differences in post-SUVmax, RI, post-SUVmean, post-TLG, post-Ratio between the two groups (P< 0.05). RI in GR group was not only significantly higher than that in non-GR group, but also had a strong positive correlation with GR (rs=0.63, P< 0.001). The values of post-SUVmax, post-SUVmean, post-TLG and post-Ratio were significantly lower than those in non-GR group. Post-SUVmax was strongly negatively correlated with GR (rs=-0.70, P < 0.001), post-SUVmean and post-Ratio were moderately negatively correlated with GR (rs=-0.48, P< 0.001; rs=-0.46, P=0.009), and post-TLG was weakly negatively correlated with GR (rs=-0.30, P=0.032), as shown in Table 4. In the analysis of ROC curve, we found that AUCs of post-SUVmax, RI, post-SUVmean, post-TLG, post-Ratio were 0.966, 0.921, 0.821, 0.698 and 0.805, respectively. Using post-SUVmax≤ 2.6, RI> 0.67, post-SUVmean≤ 2.2, post-TLG≤ 11.88 and post-Ratio≤ 1.39 as cut-off values, the sensitivity of these parameters to GR diagnosis were 92.31%, 84.66%, 100%, 84.62%, and 100%, the specificity were 92.31%, 94.87%, 71.79%, 64.1%, and 61.54%, the PPVs were 80.01%, 84.61%, 54.16%, 44%, and 46.43%, and the NPVs were 97.3%, 94.87%, 100%, 92.59%, and 100%, respectively, as shown in Figure 3 and Table 5.


Table 4 | Correlation analysis of parameters of PET-CT in GR and non-GR.






Figure 3 | ROC curve of post-SUVmax, RI, post-SUVmean, post-TLG, post-Ratio using the GR as test variable.




Table 5 | ROC analysis of PET-CT parameters to GR.






Discussion

Currently, as the standard treatment for LARC patients, nCRT has been widely used in clinical practice. However, not all patients can benefit from this treatment. Studies show that only about 20% of patients can achieve pCR efficacy (12–15). In this study, we evaluated the efficacy of 52 patients, and found that 17.31% of patients obtained pCR and 25.00% obtained GR (pCR+ near-pCR). As we all know, the ideal goal of tumor treatment is to enable patients to obtain “no evidence of disease” status ( NED) and long-term survival. The complete response (CR) status is the assessment of good therapeutic efficacy of tumor patients and is the interpretation of NED, including clinical complete response (cCR) and pCR. For LARC patients, cCR is a dynamic concept with time limit, obtained based on enteroscopy, imaging and other data, since the results of cCR obtained through existing examination methods may be denied by a more advanced examination result in the future. Studies have shown that the local recurrence rate of two years of LARC patients obtained cCR is still over 20% after “W&W” strategy was adopted (1–3). However, pCR and near-pCR are postoperative pathological results, which are outcome concepts and have a more critical impact in prognosis. Studies have shown that only 36% patients assessed as cCR in LARC patients after completing nCRT can be verified for pCR (16). Therefore, exploring a method that can accurately predict the responsiveness of LARC patients to neoadjuvant therapy is of great significance for guiding clinicians to choose the follow-up treatment after neoadjuvant therapy.

It is well known that 18F-FDG PET-CT has high sensitivity and specificity in the diagnosis of malignant tumors. Up to now, a number of studies have reported the significance and application value of PET-CT imaging parameters in predicting LARC patients after receiving nCRT. However, due to the inconsistency of PET-CT scanning timing after nCRT, the predicted values of various imaging parameters are not consistent in clinical application. In our study, the timing of the second PET-CT scan was set within 1 week before surgery, that is, 8-9 weeks after nCRT, to better reflect the tumor status pre-operation. And our results show that post-SUVmax, RI, post-SUVmean and post-TLG are of high value in evaluating the status of pCR status of LARC patients, and post-ratio was also a good predictor of GR in addition to the above indicators.

Post-SUVmax and post-SUVmean are parameters that reflect the uptake capacity of 18F-FDG by tumor cells after receiving nCRT. In this study, we found that these two parameters were significantly lower in patients who obtained pCR than in non-pCR patients. When the Cut-off values of post-SUVmax ≤2.5, its NPV was as high as 97.5%, that is, only 2.5% of the patients who obtained pCR using this parameter might be mistaken for non-pCR. Similarly, when the Cut-off values of post-SUVmean ≤2.2, its NPV was up to 100%. For GR and non-GR, these two parameters also had a good exclusion diagnostic advantage, with a NPV of 97.3% for post-SUVmax at Cut-off ≤2.6, and 100% for post-SUVmean at Cut-off ≤ 2.2. The NPV and PPV of post-SUVmax obtained by Mafione et al. in predicting GR were 69.56% and 91.30%, respectively (we obtained by further calculations based on the information provided in the original paper). This result is somewhat different from our study, which may be due to the fact that Maffione's second PET-CT was performed 4.6-17.4 weeks after nCRT (17). In another study (18), the researchers set the timing of the second PET-CT at 6-7 weeks after the completion of nCRT and found that the sensitivity, specificity, PPV and NPV of post-SUVmax in predicting pCR were 87.5%, 34.4%, 25% and 91.7% respectively. The advantage of this result in negative predictive value was similar to our results, which also reflected the advantage of post-SUVmax in excluding false-positive patients.

MTV and TLG are two parameters that reflect the overall glucose metabolism of tumor. MTV mainly reflects tumor metabolic volume, which is a direct parameter obtained after PET-CT scanning, while TLG is an indirect parameter obtained by MTV and SUVmean, which reflects both metabolic volume and metabolic activity of tumor cells (19). It is found that TLG is of great value in the prognosis of patients with non-small cell lung cancer, renal cell carcinoma, head and neck cancer, ovarian cancer and soft tissue sarcoma (20–24). In this study, we found that post-TLG had a negative predictive value of 92.59% for GR status in LARC patients, but did not show a predictive advantage in pCR status. In previous studies, there have been meaningful reports about MTV, ΔMTV and ΔTLG in predicting the responsiveness of LARC patients to nCRT (8, 25–27). However, in our study, none of these three parameters was found to have meaningful predictive value in our study. Therefore, the predictive value of these parameters needs to be further explored.

The RI value reflects the change of an ability of tumor to uptake 18F-FDG before and after therapy, which is also described as ΔSUVmax, Δ%SUV or ΔSUVmax% in some literatures. Murcia et al. found that the RI value was 79.9±4.69% in the responders, significantly higher than 60.3±4.6% in the non-responders, suggesting that this parameter has important value in differentiating the response ability of LARC patients to nCRT (28). In the study of leccisotti et al., patients received three time PET-CT scans in different timing (before nCRT, at the end of the second week of nCRT, and shortly before surgery), obtained early RI and late RI, and found that the early RI had a high predictive value for the pCR status. When the cut-off value was 61.2%, the sensitivity, specificity, PPV and NPV were 85.4%, 65.2%, 90% and 56%, respectively (7). In terms of predicting GR status, Capirci's study showed that when cut-off value was 63.4%, the predictive sensitivity, specificity, PPV, NPV and overall accuracy of RI for GR were 84.5%, 80%, 81.4%, 84.2% and 81% respectively, and the AUC of ROC curve was 0.862 (29). Caruso et al. found that when cut-off values were 70%, the sensitivity, specificity, PPV and NPV of Δ%SUV for GR prediction were 84.4%, 80%, 81.4% and 84.2%, respectively (30). In this study, we conducted ROC analysis on the predictive value of RI and found that AUCs obtained by pCR and GR were 0.951 and 0.921, respectively. When cut-off values were 67%, the sensitivity, specificity, PPV and NPV for pCR were 100%, 90.7%, 69.24% and 100%, respectively, and 84.62%, 94.87%, 84.61% and 94.87% for GR. It can be seen from previous results and our study that RI value is of high value in predicting whether LARC patients can obtain pCR and GR after receiving nCRT, and RI value of 60-70% or higher indicates high reactivity of patients to nCRT.

In this study, the timing of two PET-CT scans was strictly limited when the patients were enrolled. In particular, the time of the second scans were limited to in the 8 to 9 weeks after the completion of nCRT. This is exactly coincided with the timing of TME surgery recommended by the current diagnosis and treatment guidelines, and also reflects the status of the specimens in vivo to the greatest extent. However, this also leads to the limitation of number of cases in this study. Therefore, in subsequent clinical practice, we will increase the sample size to verify our results. In addition, as most patients receiving neoadjuvant therapy in our center chose a long course of nCRT in terms of treatment mode, we did not analyze patients receiving SCRT in this study, which might also be a limitation. Furthermore, in the inclusion criteria, the number of chemotherapy cycles between long-course nCRT and TME surgery was not limited, so the relationship between whether patients were treated with total neoadjuvant therapy (TNT) mode and the tumor reactivity of patients' PET-CT imaging parameters was not analyzed. Due to the TNT treatment model has been preferentially recommended by the NCCN guidelines since 2022, the prediction of efficacy by PET-CT has not yet been reported. It will be a new direction to study the prediction of tumor reactivity in TNT mode.

Under the premise of strictly limiting the inclusion criteria, this study obtained the predictive value of 18F-FDG PET-CT imaging parameters such as post-SUVmax, post-suvmean, RI, post-Ratio and post-TLG for the tumor pathological status of LARC patients before surgery. Among these indicators, post-SUVmax and RI, which can reflect the change of the maximum uptake capacity of 18F-FDG by tumor tissue, are of great value in predicting the GR and pCR status of patients. The application of these parameters will provide an important reference for the selection of subsequent treatment strategies for patients with high response to nCRT.
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Background

Early gastric cancer (EGC) has a high survival rate, but it is difficult to diagnosis. Recently, artificial intelligence (AI) based on deep convolutional neural network (DCNN) has made significant progress in the field of gastroenterology. The purpose of this study was to establish a DCNN assist system to improve the detection of EGC.



Methods

3400 EGC and 8600 benign images were collected to train the DCNN to detect EGC. Subsequently, its diagnostic ability was compared to that of endoscopists using an independent internal test set (ITS, including 1289 images) and an external test set (ETS, including 542 images) come from three digestive center.



Results

The diagnostic time of DCNN and endoscopists were 0.028s, 8.05 ± 0.21s, 7.69 ± 0.25s in ITS, and 0.028s, 7.98 ± 0.19s, 7.50 ± 0.23s in ETS, respectively. In ITS, the diagnostic sensitivity and accuracy of DCNN are 88.08%(95% confidence interval,95%CI,85.24%-90.44%), 88.60% (95%CI,86.74%-90.22%), respectively. In ETS, the diagnostic sensitivity and accuracy are 92.08% (95%CI, 87.91%- 94.94%),92.07%(95%CI, 89.46%-94.08%),respectively. DCNN outperformed all endoscopists in ETS, and had a significantly higher sensitivity than the junior endoscopists(JE)(by18.54% (95%CI, 15.64%-21.84%) in ITS, also higher than JE (by21.67%,95%CI, 16.90%-27.32%) and senior endoscopists (SE) (by2.08%, 95%CI, 0.75%-4.92%)in ETS. The accuracy of DCNN model was higher (by10.47%,95%CI, 8.91%-12.27%) than that of JE in ITS, and also higher (by14.58%,95%CI, 11.84%-17.81%; by 1.94%,95%CI,1.25%-2.96%, respectively) than JE and SE in ETS.



Conclusion

The DCNN can detected more EGC images in a shorter time than the endoscopists. It will become an effective tool to assist in the detection of EGC in the near future.





Keywords: deep convolutional neural network, early gastric cancer, diagnosis rate, sensitivity, accuracy, false positive, false negative



Introduction

According to the 2020 Global Cancer Statistics, Gastric cancer is the third most lethal and the fifth most common malignancy from a global perspective, and Asia remains the region with a high incidence of cancer, with a cancer incidence rate of 49.3% and a mortality rate of 58.3%, with 719524 new cases of gastric cancer (1). The survival rate of patients with stage IA was 91%, Whereas the patients with stage IV less than 17% (2) Therefore, the early detection of gastric cancer is particularly important. However, the diagnosis of early gastric cancer (EGC) is difficult and often be ignored, especially in countries with large populations, such as China: the detection rate of EGC in China is only 10%, much lower than that in South Korea (50%) and Japan (70%) (3, 4), the diagnosis rate of EGC has great room for improvement. However, the large number of patients, insufficient diagnostic knowledge and experience of physicians, lack of advanced endoscopic equipment, and shortage of endoscopists have seriously affected the improvement of the diagnostic level of EGC in China. These problems are particularly prominent in primary medical institutions (5).

Some studies have reported a false negative rate of 4.6-25.8% in the detection of gastric cancer by esophagogastroduodenoscopy(EGD) (6–14), 71.4% of gastric cancer patients were initially diagnosed with gastritis, ulcers or “suspicious lesions”, with the majority (73%) of errors made by endoscopists (9), technical factors and subjective cognition have significant influence on the screening of EGC (15). The detection of EGC requires not only well-trained endoscopists but also comprehensive knowledge (16), secondly, it is also necessary for endoscopists to avoid the influence of subjective factors, which limit the detection of EGC (17). Therefore, it is very important to develop a tool that has good detection ability and will not be affected by subjective factors to assist endoscopists in the detection of EGC. In recent years, artificial intelligence (AI) based on deep convolutional neural deep learning (DCNN) has come into being, and DCNN has made remarkable progress in various fields, including medicine. In the field of digestive endoscopy, it has been applied to the detection of colonic polyps (18) and the diagnosis of auxiliary capsule endoscopy (19). Based on the above reasons, we constructed an auxiliary diagnosis system for EGC base on DCNN, and tested the diagnostic efficiency of DCNN, aiming to improve the diagnostic efficiency of EGC.



Methods


Training dataset preparation

The DCNN was trained using EGD images obtained from the digestive center of Lanzhou University Second Hospital, total 12000 images were selected from the database from January, 2013 to December 2019, including 3400 images of EGC, 8600 images of benign lesions and normal images. All the lesions included in the study were confirmed by biopsy or surgical pathology and the lesion scope was clear, the patient and lesion characteristics of EGC in training set was shown in Supplementary Material 1. Postoperative pathological diagnosis included high-grade intraepithelial neoplasia and carcinoma confined to mucosa or submucosa. The equipment for endoscopic images was standard GIF-GIF-260/H290Z, Olympus Medical Systems, Co., Ltd., Tokyo, Japan) and a standard endoscopic video system (EVIS LUCERA ELITE CV-290/CLV-290SL; Olympus Medical Systems), and all images were white light endoscopes without magnification. Images containing poor inflation, halo, blur, defocus or mucus, and post-biopsy bleeding were excluded from the training dataset.



DCNN training

According to the outcome of pathology, the EGD images were labeled as EGC and other benign lesions, computer engineers will be annotated images for unified clipping, color space transformation, denoising, image morphology operations and normalization of a series of processing, eliminate human and environmental interference, better display image features, enhance the robustness of the algorithm. Algorithm engineers used the DCNN module to test multiple computer models such as DLA34 and Swim Transformer Tiny, and put the training set into the model for training. Through observation and comparison, the 18-layer convolutional neural network model with the optimal accuracy and speed was determined. Input resolution: 512 × 512, batch-size: 32, initial learning rate: 1.25e-4, optimization: Adam 



DCNN testing

We used standard EGC images independent of the training set to verify the accuracy of DCNN (From January 2020 to October 2020). Our test set was divided into internal test set (ITS)and external test set (ETS). The images of the ETS were from Wuwei Cancer Hospital and Minxian People’s Hospital. The test set excluded postoperative gastric images, magnification, staining endoscopy, mucus and halo images. The patient and lesion characteristics of EGC in ITS and ETS set was shown in Table 1. The ITS contains 1289 images (604 EGC) and the ETS contains 542 images (240 EGC). Non-cancer images include ulcers, polyps and chronic gastritis. We identified each lesion area by comparing endoscopic images with the extent of the lesion in the excised specimen, and manually annotated all gastric cancer lesions in the test data set by two experienced endoscopists (L.W and P.W) using a true red rectangular border.


Table 1 | Patient and lesion characteristics of EGC in Internal test set and External test set.





Comparison between the performance of DCNN and endoscopists

Eight endoscopists were selected from two hospitals and divided into the primary group and the expert group. Junior endoscopists (JE) with 2 years of operation experience and less than 1000 cases of EGD operation experience, respectively. Senior endoscopists(SE) have more than 10 years of endoscopic diagnosis and treatment experience, and each of them independently completed at least 80 cases of EGC ESD treatment; the images of the test set are arranged in a random order. Endoscopists individually read the images from the test set and recorded the time required to read the images. At the same time, DCNN recognizes the test set images and records the results.



Outcome measures and data statistics

The DCNN showed a 0–100% continuous variable number, which represented a probability score for gastric cancer in each image. Definition of correct answer, for EGC: the correct marking is the red rectangle (according to the results of the ESD postoperative pathology), the yellow rectangle is the DCNN marking and the blue rectangle is the endoscopists marking. When the yellow and red marking overlap is more than 50%, or blue and red marking overlap is greater than 50% is correct(Figure 1A); Non-cancerous lesions: The yellow rectangle box is not displayed and the word “cancer” is not displayed.95% confidence intervals (95% CI) using the modified Wald method: Agresti and Coull (The American Statistician. 52:119-126, 1998) Two-tailed unpaired Student’s T-test (chi-square test) was used, with a significance level of 0.05. The accuracy, sensitivity, specificity, positive and negative predictive values (PPV and NPV, respectively) were compared. Interobserver used Cohen’s Kappa coefficient (Kappa value) to assess intra-observer consistency for endoscopists. SPSS 26 (IBM, Chicago, IL, USA) was used to complete all calculations.




Figure 1 | Show the concept of correctly identifies and diagram of DCNN producing false positives. (A) Show 0-IIa lesion in the anterior wall of gastric antrum, the red rectangle is the correct marking, the yellow box is the DCNN marking, and the blue rectangle is the endoscopist’s marking. Only when the overlap reaches 50% or more, the diagnosis is correct. The yellow logo shows “Cancer 62%”, indicating that DCNN predicts that the probability of EGC for this lesion is 62%. (B) Show an image of falsely diagnosing inflammation as EGC. (C) Show an image of DCNN diagnosed the normal mucosa in the reflective area as EGC. (D) Show an image of DCNN diagnosed the bleeding mucosa in the reflective area as EGC.
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Results


Characteristics of patients and lesions in the test data set

The characteristics of patients and lesions in the test data set are summarized in Table 1, 95.52%patients were mucosal cancer (T1a), 4.48% patients were submucosal cancer(T1b) in ITS, and 91.67%patients were mucosal cancer (T1a), 8.33% patients were submucosal cancer(T1b) in ETS. In terms of histopathological types, 124 (92.54%) patients were differentiated gastric cancer, 10(7.46%) patients were undifferentiated gastric cancer in ITS. Differentiated cancers accounted for 41 (85.42%), and undifferentiated and mixed cancers accounted for 7 (14.58%). The cancer diameter ranged from 4mm to 48.5mm, with a median size of 15mm in ITS, and 6-40.2mm in ETS. The most common Macroscopic type was 0-IIa+IIc, accounting for 35.07% in ITS and 45.83% in ETS, respectively.



Performance of DCNN model and endoscopists for ITS and ETS


DCNN performance

The performances of DCNN model and endoscopist are summarized in Table 2. The sensitivity, specificity, accuracy, PPV and NPV of DCNN model in ITS was 88.08%,95% confidence interval (95% CI), (85.24%-90.44%); 89.05%(95%CI, 86.48%-91.19%), 88.60%(95%CI,86.74%-90.22%), 87.64%(95%CI,84.78%-90.04%),89.44%(95%CI,86.90%-91.54%),respectively.And 92.08% (95% CI,87.91%- 94.94%),92.05%(95%CI,88.40%-94.65%), 92.07%(95%CI,89.46%-94.08%), 90.2% (95%CI, 85.79%-93.38%), 93.60(95%CI,90.17%-95.92%) in ETS. The performance of DCNN model in ETS is obviously higher than that in ITS. The average time for DCNN model analysis of each image in ITS and ETS was 0.028s.


Table 2 | The performances of DCNN and endoscopist in internal test set and external test set.





Endoscopists performance

The endoscopist’s diagnostic performances are summarized in Table 2. The diagnostic time of each image was 8.05 ± 0.21s and 7.69 ± 0.25s for the JE group and SE group in ITS, and there was no significant difference in the diagnostic time between the two, respectively. In ITS,the sensitivity, specificity, accuracy, PPV and NPV of JE group were as follows: 69.54%(95%CI,66.88%-72.07%) 85.69%(95%CI, 83.74%-87.45%) 78.12%(95%CI, 75.78%-80.30%),81.08%(95%CI, 78.58%-83.35%)76.13%(95%CI, 73.94%-78.20%); SE group has a better performance, 89.57(95%CI, 87.71%-91.17%) of sensitivity,90.00%(95%CI, 88.29%-91.48%)of specificity,89.73% (95%CI,86.79%-92.08%) for accuracy,88.76% (95%CI, 86.86%-90.42%)for PPV and 90.73%(95%CI, 89.07%-92.16%) for NPV. The sensitivity and accuracy of the SE group were significantly higher than those of the JE group(P<0.01), The sensitivity of SE group was higher (by20.03%95%CI, 17.03%-23.42%,P<0.01) than JE group, and the accuracy of SE group was higher (by11.61%,95%CI, 10%-13.51%,P<0.01) than JE group. In the ETS, the diagnostic time for each image in the JE and SE groups was 7.98 ± 0.19s and 7.50 ± 0.23s, respectively, and there was no significant difference in diagnostic time between the two group, the performance of SE group was significantly higher than that of JE group, the sensitivity of SE group was higher (by19.58%,95%CI, 15.04%-25.09%,P<0.01) than that of JE group, and the accuracy of SE group was higher (by12.73%,95%CI, 10.17%-15.81%, P<0.01) than that of JE group. In terms of the ITS and the ETS, the diagnostic efficacy of endoscopists in the ETS was higher than that in the ITS.

In terms of diagnostic consistency, in the ITS, the DCNN model and endoscopist’s pairwise Kappa values ranged from 0.765 to 0.913, while the endoscopist’s diagnostic Kappa values ranged from 0.735 to 0.959. The diagnostic consistency was reasonable. The mean value of Kappa between DCNN model and endoscopist was 0.8794, JE-1 was 0.8424, JE-2 was 0.871, SE-1 was 0.8868, and SE-2 was 0.878. In the ETS, the Kappa values of DCNN model and endoscopists ranged from 0.676 to 0.981, while the diagnostic Kappa values of endoscopist ranged from 0.682 to 0.950. The mean value of Kappa between DCNN model and endoscopist’s was 0.8638, JE-3 was 0.8106, JE-4 was 0.8418, SE-3 was 0.8832, and SE-4 was 0.8686.



Comparison of DCNN and endoscopist performance

The receiver operating characteristic (ROC) curve of DCNN model and endoscopist’s diagnostic effectiveness is shown in Figure 2. In ITS, the area under ROC curve (AUC) of the DCNN model, JE group and SE group were 0.8857 (95%CI,0.8655-0.9058),0.7710 (95%CI,0.7443-0.7978) and 0.8890(95%CI,0.8690-0.9091),respectively. In ETS, AUC of the DCNN model, JE group and SE group were 0.9207 (95%CI,0.9020-0.9394), 0.7668(95%CI,0.7372-0.7964) and 0.9012 (95%CI,0.8805-0.9218), respectively. DCNN model was significantly faster than all endoscopists in test sets. The sensitivity of the DCNN model was 18.54% (95%CI, 15.64%-21.84%,P<0.01) higher than that of the JE group and 0.33%(95%CI, 0.06%-1.05%, P>0.05) lower than that of the SE group in the ITS. In the ETS, it was 21.67% (95%CI, 16.90%-27.32%, P<0.01) higher than that in the JE group and 2.08%(95%CI, 0.75%-4.92%, P>0.05) higher than that in the SE group. In terms of accuracy, DCNN model was 10.47%(95%CI, 8.91-12.27%,P<0.05) higher than that of JE group, and 1.16% (95%CI, 0.69%-1.93%,P > 0.05) lower than that of SE group in the ITS; In the ETS, it was 14.58%(95%CI, 11.84%-17.81%, P<0.01) higher than JE group and 1.94% (95%CI,1.25%-2.96%,P > 0.05)higher than SE group.




Figure 2 | ROC curve of DCNN model and endoscopists in internal test sets and external test sets.






Cause of false positives and false negatives

In order to further analyze the causes of false positives and false negatives produced by DCNN model and endoscopists, we summarized it in Tables 3, 4. The first cause for false positive of DCNN model is Gastritis (redness, atrophy, intestinal metaplasia)(44% and 62.5%,respectively),which were also the most reasons for endoscopists(59.29% and 68.52%).Mucus (10.67%) was the secondary cause of in the ITS, while ulcer (12.5%) was the secondary cause in the ETS, which we found that the surface appearance of ulcers were very similar to that of gastric cancer. The third false-positive factor was folding and foam (9.33% in the ITS) and blood (8.33% in the ETS). For endoscopists, ulcer was the second reason (11.43% and 18.52%). However, compared with the DCNN model, endoscopists rarely mistake mucus, foam, and folding for EGC.


Table 3 | Details of DCNN model and false positive images of endoscopists.




Table 4 | Details of false negative images by DCNN model and endoscopists.



Table 4 summarizes the causes of false negatives, the first reason for the false negative in DCNN model was that the diameter of the lesions was less than 10mm (38.88% and 21.05%, respectively). And the 32 images were from 14 patients respectively, DCNN model could identify some of the images in these cases, however the long shooting distance combined with the small diameter of the lesions was the biggest reason for the error recognition of DCNN model. The second factor was visual angle (25% in the ITS), distance and ulcers (15.79% in the ETS, respectively). Different shooting angles resulted in incomplete identification of multiple images of the same lesion, some lesions in these unrecognized images were relatively flat (type 0-IIb), some of the light increased as the shooting angle changed. The third factor of false negative was distant (16.67% in ITS), tangential line and inflammation-like(10.53%, respectively). For endoscopists, the biggest factor of false negative is inflammation-like (32.74% and 56.84%). Examples of false positive and false negative by DCNN model was shown in Figures 1B–D, 3A–D.




Figure 3 | Diagram of DCNN producing false negatives. (A) Show an image that the lesions were too small to be recognized by DCNN. (B) Show an image of the lesions were too far to be recognized by DCNN. (C, D) Shows images taken from different shooting angles of the same lesion. (C) was effectively recognized as EGC by DCNN, while (D) was not recognized by DCNN.






Discussion

In the world, only Japan and South Korea have relatively high diagnosis rate of EGC, while European and American countries have not carried out large-scale endoscopic screening of EGC. China has a large population, and the incidence of gastric cancer accounts for 1/4 of the world, but the diagnosis rate of EGC is only 10% (3, 4), it is far behind Japan and South Korea. The difficulty in treatment of EGC lies in early detection. EGD is the only effective tool to identify EGC. Although standardized training of EGD can improve the diagnosis rate, However, the time of training curve is long, and the scope of standardized training is limited (20, 21), in addition, there is a serious shortage of specialized endoscopists in China, the overall level of diagnosis rate in EGC is low, and it is difficult to improve the diagnosis rate of EGC in a short period of time. Therefore, how to quickly shorten endoscopists training time and improve the level of diagnosis rate of EGC is an urgently problem for us to solve.

Although various image enhancement techniques have been developed and applied, white light imaging(WLI) is the first step in standard EGD (16), The use of image enhancement technology is considered only after suspicious lesion under WLI. It has been reported that the sensitivity of WLI for EGC is 33%-75% (22), On the other hand, diagnosis depends on the experience and subjective awareness of the EGD operator (17). Therefore, through the training of images, we developed the DCNN system to assist the diagnosis of EGC in WLI. The sensitivity of DCNN model is 88.08% and 92.08%, which was significantly higher than that of all endoscopists, and its recognition time was significantly shorter than that of all endoscopists.

We found that ulcers (11.43% and 18.52%) were an important cause of false positives produced by endoscopists, as well as a cause of missed diagnosis (16.19% and 14.74%), which means that endoscopists have difficulty in distinguishing ulcers from EGC. Ulcers were included as negative controls in our DCNN model training. Therefore, compared with endoscopists, the proportion of false positives in DCNN model due to ulcers was lower than that of endoscopists (4%-12.5% vs.11.43%-18.52%). This means that our DCNN model can help endoscopists reduce the incidence of such errors. Of course, our DCNN model also has a certain false negative rate. Among them, 38.88% and 21.05% are lesions smaller than 10mm. Considering that it is difficult for even experienced endoscopists to diagnose small lesions, the development time of intratumoral cancer is 2-3 years, we speculate that this limitation can be confirmed by annual upper gastrointestinal endoscopy and biopsy (23), and for the update iteration of DCNN, we will also increase the training of small lesions. 25% and 5.3% false negatives are difficult to identify because of different angles of view. However, DCNN can identify at least two images of a patient from different angles, therefore, we speculate that the retention of suspicious lesions from multiple locations and angles can make up for this defect of DCNN. The lesion distance is the third major reason leading to false negative of DCNN. Although the morphology of these lesions is prominent, but the images were taken as a far distance, and the color, texture and other features of the lesions were not obvious, therefore it is easy to be ignored by the DCNN. Another rare reason for false negatives in DCNN is that lesions are similar to inflammatory changes, but they are the most common cause for endoscopists. This finding suggests that endoscopists may misdiagnose inflammation, but DCNN does not miss lesions (2.78% vs. 32.74% in ITS, 10.53% vs.56.84% in ETS).

The most common causes of false positives are mucosal redness, atrophy, and intestinal degeneration. Even experienced endoscopists can hardly distinguish these lesions by a single WLI without magnifying endoscopy. 29.33% and 8.34% of false positives are due to mucus, foam and folding. DCNN is more likely to be affected by the above factors, while endoscopists are less affected by these factors, which means that DCNN may be more affected by the background in the stomach in the actual application process. However, as demonstrated by Mori et al. (24) these limitations can be reduced by mucosal irrigation, the use of antifoaming agents and adequate gas injection, as well as the application of a large number of images for training in the real process of EGD.

For specificity and PPV, Although SE performed better on specificity and PPV in ITS, the DCNN model was higher than that of JE, our image of training set goes through carefully selected, excluded those poor quality of the image images, containing mucus, bubble, folding and dizzy light images, We believe that if we strengthen the training of false positive images, these problems will be solved (25). DCNN is more sensitive and can identify more EGCs than experienced endoscopists, especially for JE. In addition, the sensitivity and PPV of expert endoscopists are significantly higher than those of JE, so DCNN may be more helpful to those endoscopists with limited experience.

We reviewed the relevant literature and found that some AI have a sensitivity of up to 90% (26–28). However, the control groups in these studies only included normal or chronic gastritis, not ulcerative lesions that endoscopists are more likely to confuse. and there studies focused on the sensitivity of detecting gastric cancer as a whole, including advanced gastric cancer, and were not compared with endoscopists. Moreover, most studies did not analyze the causes of false positive and false negative for endoscopists and DCNN, so as to carry out targeted strengthening training. The sensitivity found in this study appears to be lower in ITS than those studies for the following reasons: first, only EGC images were included in this study, and intermediate and advanced gastric cancer were not included. Second, sensitivity was calculated per lesion, not per image in those studies, that is, if at least one image of gastric cancer is recognized in multiple images of the same lesion, the diagnosis is considered correct. Third, in these studies, the concept of correct diagnosis is that if the image area identified by DCNN overlaps slightly with that of EGC, it is considered correct. However, in our study, only the image range identified by DCNN overlapped by more than 50% with the image range marked by endoscopist was considered correct, while occasionally marked or not marked enough, we considered it incorrect. Recently, A multicenter study reported (29) that DCNN assisted diagnosis of upper gastrointestinal tumors, including gastric cancer shows diagnostic accuracy of DCNN was up to 90%, and the sensitivity was comparable with that of expert endoscopists. However, in this study, the rate of advanced gastric cancer was relatively higher, while the early gastric cancer was only 18.6%. Our research aims to find more EGC that endoscopists are prone to misdiagnose.

In terms of stability evaluation, SE group with higher diagnostic accuracy has better diagnostic consistency than JE group. According to the general guidelines of ICC standard (30), there are considerable differences in the diagnosis consistency among endoscopists, which is not clearly related to professional knowledge and experience. Due to the subjective interpretation of the characteristics of EGC and the different learning curve in the diagnosis of EGC, objective diagnosis is very necessary (9). The DCNN system achieves perfect observer protocol (Kappa 1.0) without interference of subjective judgment. The EGC detection system based on the DCNN has sufficient and consistent diagnostic performance, eliminating some diagnostic subjectivity. Moreover, the DCNN system is very helpful for JE, this is consistent with the research of Ikenoyama et al. (31) DCNN may be a powerful tool to assist endoscopists, especially JE in detecting EGC. The shorter screening time and fatigue free DCNN may enable rapid surveillance of EGC. More importantly, the diagnosis of EGC by DCNN can be fully automated and online, which may facilitate the development of telemedicine and thereby alleviate the problem of a shortage of endoscopists.

Yet, the study has several limitations, first of all, our DCNN only trained WLI images, it can provides the first step of EGC detection, which is also the most important step, but it did not trained narrow-band images (NBI) and the magnifying endoscopy (ME). However. in past research report, endoscopic image enhancement is rarely used, unless there is a suspicious lesion found in the WLI (32). In addition, a multicenter study showed no significant difference in the diagnostic efficacy of nonamplified NBI and WLI in EGC (33). Moreover, in reality, unless use the NBI routinely in esophageal observation, It is generally not used in endoscopic examination unless suspicious lesions are found under WLI (32). Secondly, we only use Olympus 260 or 290 series gastroscope system, without other brands of endoscopes such as Fuji Endoscope, this may reduce the efficiency of DCNN. Third, in the control group of gastric cancer detection dataset, we eliminated most of the images containing mucus and halo, and the diagnostic sensitivity of DCNN may be lower in the real world. Fourth, static images are used in the training and testing sets of this study, and video images can improve the performance and present the real scene, we plan to use video as a validation set in the future, which will be used as another separate study. Fifth, in this study, DCNN model missed diagnosis of small lesions, increasing the number of training of small lesions and flat lesions, as well as the number of negative control images will help improve the diagnostic efficiency of the model.

In conclusion, we constructed an assist EGC detection system based on DCNN and compared the diagnostic ability of DCNN and endoscopists. It has excellent diagnostic sensitivity, fast diagnostic characteristics, achieved a perfect observer protocol. It can help endoscopists (especially JE) to find more EGC. We believe that DCNN will contribute to the overall improvement of the diagnosis rate of EGC, and serve as an assisting work to help improve the diagnosis rate of EGC.
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Background

Stomach adenocarcinoma (STAD) arises from the mutations of stomach cells and has poor overall survival. Chemotherapy is commonly indicated for patients with stomach cancer following surgical resection. The most prevalent alteration that affects cancer growth is N6-methyladenosine methylation (m6A), although the possible function of m6A in STAD prognosis is not recognized.



Method

The research measured predictive FRGs in BLCA samples from the TCGA and GEO datasets. Data on the stemness indices (mRNAsi), gene mutations, copy number variations (CNV), tumor mutation burden (TMB), and corresponding clinical characteristics were obtained from TCGA and GEO. STAD from TCGA and GEO at 24 m6A was investigated. Lasso regression was used to construct the prediction model to assess the m6A prognostic signals in STAD. In addition, the correlation between m6a and immune infiltration in STAD patients was discussed using GSVA and ssGSEA analysis. Based on these genes, GO and KEGG analyses were performed to identify key biological functions and key pathways.



Result

A significant relationship was discovered between numerous m6A clusters and the tumor immune microenvironment, as well as three m6A alteration patterns with different clinical outcomes. Furthermore, GSVA and ssGSEA showed that m6A clusters were significantly associated with immune infiltration in the STAD. The low-m6Ascore group had a lower immunotherapeutic response than the high-m6Ascore group. ICIs therapy was more effective in the group with a higher m6Ascore. Three writers (VIRMA, ZC3H13, and METTL3) showed significantly lower expression, whereas five authors (METTL14, METTL16, WTAP, RBM15, and RBM15B) showed considerably higher expression. Three readers (YTHDC2, YTHDF2, and LRPPRC) had higher levels of expression, whereas eleven readers (YTHDC1, YTHDF1, YTHDF3, HNRNPC, FMR1, HNRNPA2B1, IGFBP1, IGFBP2, IGFBP3, and RBMX) had lower levels. As can be observed, the various types of m6 encoders have varied ramifications for STAD control.



Conclusion

STAD occurrence and progression are linked to m6A-genes. Corresponding prognostic models help forecast the prognosis of STAD patients. m6A-genes and associated immune cell infiltration in the tumor microenvironment (TME) may serve as potential therapeutic targets in STAD, which requires further trials. In addition, the m6a-related gene signature offers a viable alternative to predict bladder cancer, and these m6A-genes show a prospective research area for STAD targeted treatment in the future.





Keywords: stomach adenocarcinoma (STAD), M6A, predicting model, immunity, SNP, CNV



Introduction

Gastric cancer (GC) is the fifth most frequent cancer and the third major cause of cancer-related deaths globally. Stomach adenocarcinoma (STAD) is the most frequent histologic form of GC with rapid progression, and malignant GC accounts for 95 percent of all gastric tumors. Research has discovered that Helicobacter pylori infection is responsible for 90% of STAD cases (1). Many researchers have proposed that STAD could also be triggered by autoimmunity, bacteria, and their metabolites (2). STAD is now considered a collection of uncommon illnesses that risk human health (3), underlining the timely intervention of STAD (4). Chemotherapy is an important part of tumor treatment, but their cytotoxicity and potential adverse effects after long-term use will pose considerable issues for patients. Recurring usage of chemotherapy drugs is associated with tumor cell resistance, thereby compromising the curative impact (5). Moreover, the lack of precise biomarkers for early tumor diagnosis and restricted preclinical models result in unsatisfactory STAD therapeutic outcomes (6, 7). Therefore, there is a pressing need to identify novel and reliable biomarkers for the early identification and diagnosis of STAD.

There are 172 identified forms of RNA alterations, and the most common chemical modifications are m6A, m1A, and m5C. m6A is one of the most prevalent eukaryotic mRNA modifications (8). The m6A modification involves the methylation of adenosine’s sixth nitrogen atom, with Sadenosylmethionine, a cellular methyltransferase substrate, functioning as the methyl donor (9). Epigenetic regulation of cell development and differentiation has been linked to m6A and post-translational histone changes (10). m6A was the most prevalent internal epistemic RNA modification, and it was implicated with several biological functions such as RNA splicing, export, and translation (11, 12). M6A regulators, such as methyltransferases complex (“writers”), signal transducers (“readers”), and demethylases (“erasers”), control the m6A alterations (13). Different levels of m6A are associated with tumor stem cell self-renewal, cancer cell proliferation, and chemotherapy sensitivity in numerous studies (14, 15). Tumor stem cell self-renewal is stimulated by aberrant m6A, which contributes to tumor growth (16). Thus, a novel anticancer method based on restoring RNA methylation equilibrium in tumor cells was created (17, 18).

Numerous studies have shown that m6A regulators play an important role in tumor immune microenvironment control. FTO has a comparable antitumor effect on melanoma as a factor in anti-PD-1 resistance. The researchers expected that combining FTO inhibitors with anti-PD-1 inhibition would aid in the reduction of treatment resistance in melanoma patients. m6A alteration, as a reversible epigenetic change, should be addressed in the context of tumor therapy.



Materials and methods

We used the approaches proposed by Zi-Xuan Wu, et al. 2021 (19).


Datasets and PRGs

The TCGA was used to collect STAD gene and clinical data (20). 375 STADs and 32 normal data were registered in the TCGA on September 6, 2022. The GEO was searched for mRNA expression on September 6, 2022. Series: GSE84437. Platform: GPL6947-13512. The GEO was used to maintain 433 STAD cases (21) (Table 1). 24 m6A regulators were identified (22) (Table S1).


Table 1 | Patient clinical features.





DEGs and mutation rates

Perl matched and sorted transcription data to acquire exact mRNA data. The IDs were converted into gene names. FDR<0.05 and |log2FC|≥1 were utilized to assess a substantial change in m6a-genes expression. The relevance of differentially expressed m6a-genes was investigated (DEGs). Data on the simple nucleotide variation (SNP) and copy number variations (CNV) were obtained from TCGA. The R maftools package was used to evaluate and visualize the SNP mutation. The SNP2APA database was created to investigate the impact of SNPs and give OS across various cancer types. The EDGs and GEO data were subsequently merged from TCGA and matched to obtain m6a-genes. We examined this database for particular SNPs with predictive significance in STAD and investigated the connection between these SNPs and critical m6A-genes.



Tumor m6a classification based on the DEGs

Cluster analysis was performed using the Limma and ConsensusClusterPlus package, and the prognosis-related m6a-genes were separated into three clusters: clusters A, B and C. Survminer was used to study the survivability of m6a-genes, and survival was used to evaluate the predictive utility of m6a-genes. The limma was utilized to discover changes in particular genes between subtypes and tissue types.



GSEA analysis and cluster DEGs

GSEA was done in GEO and TCGA groups to compare the median level of three clusters’ expression to explore the biological signaling route. NES, gene ratio, and P-value were used to identify KEGG pathways with significant enrichment data. The enriched values (ssGSEA) of immune cells in both the 3 cohorts and the PCA methods were investigated. To test whether or not the prognosis model successfully divided patients into three groups. To assess a substantial change in m6a-genes expression, FDR<0.001 and |log2FC|≥1 were utilized. The relevance of differentially expressed m6a-genes was Cluster DEGs.



GO and KEGG analysis

Using GO and KEGG, the biological function and pathways linked with the DEGs were investigated. BP, MF, and CC regulated by differentially expressed m6a-genes were explored using R.



Prognostic signature and cluster

Every STAD patient’s risk score was evaluated. Lasso regression was associated with prognostic genes. These prognostic genes were subjected to cluster analysis to assess their respective expression in different clusters. Accordingly, the m6a-genes associated with prognosis were obtained after matching. M6a-DEGs were classified under two categories: low- or high-risk. Survival curves for the 2 categories were evaluated. To confirm the impact of clinical variables on this model, a nurse independent prediction analysis was performed. Risk and clinical interaction studies were made available.



Prognostic m6a-genes and immune cell infiltration

Tumor mutation load (TML) is a good predictor of immunotherapy response that count the amount of mutations per DNA megabase and detect alterations such as nucleotide insertions, base substitutions, and deletions. MSI is a molecular tumor characteristic that is distinguished by spontaneous nucleotide loss or gain from short tandem repeat DNA sequences. The association between m6a-genes Expression and TMB and MSI was explored.




Results


The m6A regulator landscape

M6A regulator mRNA expression changed between STAD and normal tissues (Figure 1A). The expression of each eraser (FTO, ALKBH5) was considerably increased in STAD tissues. Three writers (VIRMA, ZC3H13, and METTL3) revealed noticeably reduced expressions, whereas five writers (METTL14, METTL16, WTAP, RBM15, and RBM15B) displayed conspicuously high expressions. Three readers (YTHDC2, YTHDF2, and LRPPRC) were expressed at greater levels, while ten readers (YTHDC1, YTHDF1, YTHDF3, HNRNPC, FMR1, HNRNPA2B1, IGFBP1, IGFBP2, IGFBP3, and RBMX) were expressed at lower levels. The CNVs of the 23 m6A regulators were then summarized in STAD (Figure 1B). The results of the SNV analysis are shown as a circle graph (Figure 1C; Table S2). The m6A regulatory network represents an investigation into the expression correlation and prognostic significance of the 24 m6A regulators in STAD patients (Figure 1D; Table S3). To determine the hazard ratios (HRs) and PFS for the m6A regulators, a univariate Cox regression model was employed (Table S1). Consequently, ZC3H13, FTO, IGFBP1, IGFBP2, and IGFBP3 were identified as risk factors, whereas RBM15, HNRNPC, and HNRNPA2B1 were identified as protective factors. Furthermore, the frequency of m6A regulator mutations was lower than 7% (Figure 1E), indicating no relationship to tumor growth. Low expression of erasers, as prognostic variables, revealed that a reduction in m6A demethylation can inhibit the development of STAD. Upregulation of three STAD readers (YTHDC2, YTHDF2, and LRPPRC) is associated with poor prognosis. Table S2 contains a complete study of RNA expression and CNV.




Figure 1 | Landscape of genetic and expression variation. (A) The expression of m6A regulators. (B) The CNV variation frequency. (C) CNV Analysis (M6a shows a significant association with CNV in STAD). (D) The interaction between m6A regulators (The m6A regulatory network is a study of the expression correlation and prognostic importance of the 24 m6A regulators in STAD patients). (E) Waterfall plot of TMB (the frequency of m6A regulator mutations was lower than 7%). (*P < 0.05; **P < 0.01; ***P < 0.001).





Mutation and expression correlation, m6A survival analysis

ZC3H13 is the gene with the highest mutation rate (Figure 1E), based on which grouping analysis was performed. There was significant variability in four genes (HNRNPC, YTHDC2, YTHDF3 and ZC3H13) (Figure 2A). In terms of survival analysis, all these m6a-genes correlated with the prognosis of STAD, suggesting a strong relationship between m6a-genes on the progression of STAD and the survival status of patients (Figure 2B).




Figure 2 | Mutation and expression correlation. (A) Mutation and expression (There was considerable variation in four genes (HNRNPC, YTHDC2, YTHDF3, and ZC3H13). (B) m6A survival analysis (All of these m6a-genes were associated with STAD prognosis.).





Tumor classification and immune cells

When k was 3, intraorganizational links were strongest and intergenerational connections were weakest (Figure 3A). The PCA efficiently classified STAD’s individuals with various dangers into three basic categories (Figure 3B). A heatmap reflects both the m6a genes and clinical characteristics (Figure 3C). M6a Clusters were employed in survival research to investigate PRG predictive capacity, and Cluster C had a greater survival rate (P=0.005; Figure 3D; Table S4). The enriched values of immune cells in both 3 cohorts were studied. The variability between the three groups was highly significant except for two cells(CD56dim.natural.killer.cell and Eosinophil) (Figure 3E). The functional enrichment of m6a-genes was determined using GSEA (Figures 4A, B). These genes were associated with RNA and Methylation.




Figure 3 | Tumor classification and Immune cells. (A) The consensus (When k was 3, intraorganizational ties were the greatest and intergenerational relationships were the lowest). (B) PCA (The patients were separated into three groups based on their level of risk). (C) Heatmap. (D) Kaplan-Meier OS curves (Cluster C had a greater survival rate). (E) Enriched values of immune cells (Except for CD56dim.natural.killer.cell and Eosinophil, the variability across the three groups was extremely significant). (na P > 0.05; **P < 0.01; ***P < 0.001).






Figure 4 | GSEA. (A) GO. (B) KEGG. These genes were associated with RNA and Methylation.





Cluster variance analysis and differential gene identification

To further analyse the differential expression of the m6a gene in these clusters, a differential analysis (Figures 5A, B) was performed. When k was 3, intraorganizational links were strongest and intergenerational connections were weakest (Figure 5C). DEGs were employed in survival research to investigate Cluster DEGs’ predictive potential, and Cluster B had a greater survival rate (P=0.004; Figure 5D). A heatmap reflects both the Cluster DEGs and clinical characteristics (Figure 5E).




Figure 5 | Cluster variance analysis and DEGs. (A) VNN (Correlation of differential expression of m6a gene among the three clusters). (B) Boxplot. (C) The consensus (When k was 3, intraorganizational links were strongest and intergenerational connections were weakest). (D) Kaplan-Meier OS curves (Cluster B had a greater survival rate). (E) Heatmap.





GO and KEGG analysis

GO analysis revealed 707 core targets. The MF mainly involves signaling transcription coregulator activity (GO:0003712), ATPase activity (GO:0016887), catalytic activity, and acting on RNA (GO:0140098). The CC mainly involves the mitochondrial inner membrane (GO:0005743), mitochondrial matrix (GO:0005759), nuclear envelope (GO:0005635). The BP mainly involves the regulation of cellular amide metabolic process (GO:0034248), LncRNA metabolic process (GO:0034660), organelle fission (GO:0048285). Furthermore, KEGG analysis was used to identify the primary signaling pathways, which indicated that Cluster DEGs were mostly engaged in the Amyotrophic lateral sclerosis (hsa05014), Spliceosome (hsa03040), Cell cycle (hsa04110) (Figure 6; Tables S5, 6).




Figure 6 | Enrichment analysis. (A): GO. (B): KEGG.





m6A score construction

We created the m6Ascore, a set of scoring methods for assessing the m6A modification pattern of individual STAD patients, in response to the demand for more reliable and clear models for immunotherapy prediction based on these phenotype-related genes. Although survival analysis indicated two distinct prognoses, the cluster of m6A regulators and CEGs were separated into three groups. As a consequence, CEG PCA was used to distinguish between high and low m6Ascores. The high-m6Ascore group had a better prognosis than the low-m6Ascore group based on the results of the Kaplan-Meier survival analysis (Figure 7A). The relationships between m6A regulator clusters, immunological clusters, gene clusters, and m6Ascore groups were studied. It is evident that the relationships between the different m6a and gene clusters are intricate and their correspondence with survival states is not one-to-one. Cluster B has a higher probability of survival state (Figure 7B). In addition, as seen in the figure, multiple m6A-genes in STAD were significantly correlated with T and B cells, suggesting that m6A-genes affect immune cells and thus the development of STAD (Figure 7C). The greatest m6Ascore was found in m6A regulators cluster B, whereas the lowest m6Ascore was found in m6A regulators cluster A. (Figure 7D). Gene cluster C had the highest m6Ascore (Figure 7E).




Figure 7 | M6A Score Construction. (A) Survival (The high-m6Ascore group fared better than the low-m6Ascore group). (B) Ggalluvial plot. (C) Immune cells and prognosis m6A-genes. (D) m6A regulators cluster (The highest m6Ascore was discovered in the m6A regulators cluster B, whereas the lowest m6Ascore was discovered in the m6A regulators cluster A). (E) Gene cluster.





TMB score construction

We also created the TMBscore, a set of scoring methods for measuring the pattern of gene mutations in specific STAD patients. The greater Tumor Burden Mutation was found in low in m6Ascore.group (Figure 8A). Tumor Burden Mutation is negatively correlated with m6Ascore. It can be seen that m6Ascore is not a good predictor of gene mutations in STAD patients (Figure 8B). To test the predictability of TMB, a survival investigation was performed, and H-TMB had a greater chance of survival (Figure 8C). However, there was no difference in the survival analysis between TMB and m6Ascore (Figure 8D). Furthermore, separate analyses were carried out for high and low mutations based on the three groups of mutated genes. The gene mutation status was shown with a waterfall plot. The overall average mutation frequency of DEGs in the prognostic model ranged from 20 to 55% and 10 to 44%, suggesting that STAD mutations might be associated with the deregulation of critical genes (Figures 8E, F). The clinical data were incorporated to predict survival for the grouping of mutations. Mortality was higher and significantly different when the m6ascore increased. In addition, according to the risk assessment of survival, the survival rate was 51% in the low risk group compared to 41% in the high scoring risk group (Figures 8G, H).




Figure 8 | TMB Score Construction. (A) TMB of m6Ascore.group. (B) Tumor Burden Mutation with m6Ascore. (C) TMB.survival. (D) TMB-score.survival. (E) High mutations. (F) Low mutations. (G, H) Survival investigation.





M6A regulation and immunotherapy

Immunotherapy is a significant advancement in cancer treatment. The correlation of m6A modification with the impact of tumor immunotherapy based on the association between m6A alteration and immune cell infiltration in STAD was evaluated. There was no difference in tumor staging between T1-T2, while the difference between T3-4 was significant (Figures 9A, B). Anti-PD-1/L1 immunotherapy provided substantial therapeutic benefits and clinical response in individuals with two m6Ascore compared. Furthermore, patients with a low m6Ascore had considerably higher CD274 expression, indicating a possible successful response to anti-PD-1/L1 immunotherapy (Figure 9C). Significant difference in the analysis of immunotherapy results when ctla4 is positive and pd1 is negative or ctla4 is negative and pd1 is positive (Figures 9D–G). MSI demonstrates that m6Ascore expression is highest in MSS at both high and low risk groups (Figures 9H, I). The tumor composed of a complicated TME. New data demonstrates its crucial involvement in tumor development, immune escape, and immunotherapy response. We found several various tumor immune phenotypes in this study by parsing the TME landscape heterogeneity and complexity, which will also increase the capacity of the results of this investigation to advise and forecast immunotherapy reactivity.




Figure 9 | (A) T1-T2. (B) T3-4. (C) Anti-PD-1/L1 immunotherapy. (D) ips_ctla4_neg_pd1_neg. (E) ips_ctla4_neg_pd1_pos. (F) ips_ctla4_pos_pd1_neg. (G) ips_ctla4_pos_pd1_pos. (H, I) MSI analysis.






Discussion

The clinical management of STAD is a serious clinical concern due to rapid disease progression and poor prognosis. The level of precision medicine for STAD is hampered by a lack of effective tumor-killing initiators and selective tumor-targeting therapeutic medicines (23). A recent study found that alterations of the mechanism of programmed tumor cell death may potentiate the targeted therapeutic impact of STAD (24). Thus, early identification and diagnosis of the illness are essential. m6A is the most common internal alteration of mRNAs in all higher eukaryotes, and it is methodically regulated by a slew of ‘writers,’ ‘erasers,’ and ‘readers.’ (15) The alteration of m6A affects cancer processing. m6A controls cellular proliferation and maturation, both of which are linked to cancer genesis (13). Evidence shows that abnormal m6A methylation may promote cancer development by upregulating oncogenes and suppressing tumor suppressor genes and that m6A RNA methylation can be altered by the expression of m6A regulators and the activity of m6A enzymes, further impacting tumor progression (25). Based on the interactions of m6A regulators in STAD, the tendencies of m6A readers, writers, and erasers were determined. All erasers’ expression levels were reduced, whereas the majority of readers’ expression levels were considerably increased. This pattern shows that STAD aided in the methylation of m6A RNA. Furthermore, these variables control immune cell infiltration in STAD (26).

Two “writer” genes, METTL3 and METTL14, were shown to have opposing expression patterns in cancers compared to normal indicating that METTL3 and METTL14 functioned as a complex regulator in STAD. Furthermore, the link between m6a-genes, immune cell infiltration and immune checkpoint therapy was investigated. Recent studies have discovered a relationship between RNA modifications mechanisms and anticancer immunity (27). In the last decade, immune checkpoint inhibitors (ICIs) have revolutionized cancer treatment. In ICI-resistant cancers, activation of pyroptosis, ferroptosis, and necroptosis resulted in synergistically improved anticancer efficiency (28). However, there are few studies on the impact of m6a on ICIs. Many patients are resistant to immune checkpoint blockade (ICB) therapy, and multiple pathologic processes are regulated by m6A in RNA (29). According to Na Li’s findings, tumors are more susceptible to cancer immunotherapy in the absence of the m6A demethylase Alkbh5. The inhibitor of Alkbh5 has been shown to improve the effectiveness of cancer immunotherapy (30). Anti-PD-1/L1 immunotherapy offers significant therapeutic benefits and clinical response in persons with two m6Ascores assessed in the present study. Furthermore, patients with a low m6Ascore had significantly increased CD274 expression, indicating that anti-PD-1/L1 immunotherapy might be effective. According to a recent study, METTL3 plays a critical role in several forms of cancer. The abnormal m6A mutation in large intestine cancer was shown to be induced by overexpression of METTL3, which has been linked to tumor spread (31), and METTL3 was downregulated in STAD tissues in this investigation. Moreover, METTL3 has been shown to be oncogenic in the majority of malignancies and to be a tumor suppressor in RCC, bladder cancer, and glioblastoma stem cell (32). Diverse groups have demonstrated that METTL3 has either oncogenic or tumor-suppressive properties, which may be explained by tumor heterogeneity and/or diverse model systems used in the study, and further research is required to gain a better understanding.

KEGG analysis found that the genes were primarily involved in the mRNA surveillance pathway. The NMD mRNA surveillance pathway downregulates aberrant E-cadherin transcripts in gastric cancer cells and in CDH1 mutation carriers. In GSVA, the hedgehog signaling pathway was the most significantly enriched pathway. Smo and Gli1 genes are components of the hedgehog signaling pathway, and their over-expression may trigger STAD. The degree of expression is linked to the stage and severity of STAD (33). Furthermore, studies have shown that Hedgehog-interacting protein (HHIP) may inhibit the growth and proliferation of STAD cell lines by blocking Hedgehog signal transduction, which may serve as a new biological marker for STAD and a new approach for STAD treatment by targeting the drug target of HHIP formation (34). Overactivation of the hedgehog pathway is linked to the occurrence and progression of STAD, and specific targeted therapy targeting this pathway shows good potential as an effective measure for the clinical management of STAD (35).M6A genes may influence STAD cell migration and proliferation via modulating the nod like receptor signaling pathway.

This study examined numerous features of STAD using cluster analysis. The expression of 24 m6A regulators was divided into three unique patterns. Interactions between m6A regulators might result in m6A methylation or demethylation. The m6A regulator clusters indicated that tumor cells control their activity by different RNA regulation patterns. Survival disparities in diverse patterns suggest that m6A regulatory patterns have a major influence on STAD patients’ survival. However, classification of m6A regulators into three categories is insufficient to accurately reflect patient prognosis. As a result, the m6Ascore was developed to differentiate the m6A expression patterns and directly predict prognosis. In our investigation, the m6Ascore was linked to the impact of immunotherapy. Individuals with a low m6Ascore had a better prognosis than those who did not get immunotherapy. The higher mutation rate of the low m6Ascore group, along with the release of SNV neoantigens and ITH, might explain this result. The higher the mutation rate in tumor tissue, the more immunogenicity that has been stored is released, and treatment efficacy improves. As a result of the discovery of novel ICIs targeting CTLA4 and PD1, which are generated by activated T cells, neoantigens have emerged as important tumor antigens for the human immune system. However, other researchers observed an inverse association between ITH and the immune checkpoint response in liver cancer. Patients with significant tumor heterogeneity responded favorably to immunotherapy. The reason may be that tumor heterogeneity reacts differently to immunoreactivity, whereas tumor heterogeneity does not necessarily determine immunotherapy response.

The tumor part was composed of a complex TME. As the understanding of the diversity and complexity of the tumor microenvironment deepens, emerging evidence reveals its critical role in the tumor progression, immune escape, and its effect on response to immunotherapy (36). Based on the link between m6A change and immune cell infiltration in STAD, the correlation of m6A modification with the impact of tumor immunotherapy was investigated. Patients with a low m6Ascore had significantly increased CD274 expression, indicating the effectiveness of anti-PD-1/L1 immunotherapy. There is a significant difference in immunotherapy outcomes when ctla4 is positive and pd1 is negative or when ctla4 is negative and pd1 is positive. According to MSI, m6Ascore expression is the greatest in MSS at both high and low risk. Therefore, this study comprehensively through parsing the TME landscape heterogeneity and complexity, we identified some different tumor immune phenotypes, which may also provide benefits to guide and predict the reactivity of immunotherapy.

The relationship between m6a and STAD has been marginally explored. Currently, four papers have used bioinformatics analysis to explore the relationship between m6a and STAD (37–40). Yao Qi et al. observed the expression of METTL14 in STAD by bioinformatics and immunohistochemistry assays. METTL14 expression was substantially downregulated in STAD, reflecting the contribution of major tumors in STAD, progression of TNM staging and poor OS. Furthermore, the inhibitory effects of METTL14 on STAD cell proliferation, migration and invasion have been demonstrated in in vitro experiments. Na Luo et al. identified a 10-gene signature based on probable predictive m6a regulatory genes, and these genes (METTL3, WTAP, RBM15, RBM15B, YTHDC2, YTHDF2, HNRNPC, FMR1, LRPPRC, and RBMX) were found to be negatively associated with STAD clinical stage. 23 m6a genes were found in STAD Prognosis by Zhang Meijing et al.

The uniqueness of the study is as follows. First, the current study complemented prior papers with additional FRG data from the TCGA database, which is constantly updated. Second, TCGA data were used as the primary analysis, with GEO data included into the common pattern for model validation. Third, to strengthen the credibility of the results, several databases were employed to measure immune cells and function.

Our analysis has the following limitations: (1) the present study did not obtain sufficient different data sources from other publicly available sites to validate the model’s trustworthiness. (2) The functional enrichment processes at work in the regulatory networks of various risk groups were explored, but their specific mechanisms in permitting m6A require more investigation to confirm the current findings. (3) The prediction model created in this study must be externally and practically validated.



Conclusions

We discovered three distinct m6A regulatory patterns for STAD, as well as transcriptome and immune infiltration characteristics in distinct m6A regulatory patterns. The current study specifies the functions of m6A regulators and explains the underlying causes of different clinical outcomes and immunotherapy responses in different m6A regulatory patterns. A detailed investigation of individual m6A regulation patterns will contribute to the formulation of personalized immunotherapy treatments for STAD patients and provide a better understanding of STAD immune-cell characterization.

Furthermore, the goal of this work is to discover and thoroughly profile the gene signatures of m6A-related regulators in STAD. The many m6A alteration patterns contributed significantly to the TME’s variety and complexity. A predictive model was also created based on the m6a gene signature, which might predict the clinical course of STAD. Our findings suggest that the m6A genes are promising prognostic markers that might give new insights into STAD treatment options and guide successful immunotherapy.
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Objective

This study aimed to analyze and visualize the current research focus, research frontiers, evolutionary processes, and trends of artificial intelligence (AI) in the field of gastric cancer using a bibliometric analysis.



Methods

The Web of Science Core Collection database was selected as the data source for this study to retrieve and obtain articles and reviews related to AI in gastric cancer. All the information extracted from the articles was imported to CiteSpace to conduct the bibliometric and knowledge map analysis, allowing us to clearly visualize the research hotspots and trends in this field.



Results

A total of 183 articles published between 2017 and 2022 were included, contributed by 201 authors from 33 countries/regions. Among them, China (47.54%), Japan (21.86%), and the USA (13.11%) have made outstanding contributions in this field, accounting fsor 82.51% of the total publications. The primary research institutions were Wuhan University, Tokyo University, and Tada Tomohiro Inst Gastroenterol and Proctol. Tada (n = 12) and Hirasawa (n = 90) were ranked first in the top 10 authors and co-cited authors, respectively. Gastrointestinal Endoscopy (21 publications; IF 2022, 9.189; Q1) was the most published journal, while Gastric Cancer (133 citations; IF 2022, 8.171; Q1) was the most co-cited journal. Nevertheless, the cooperation between different countries and institutions should be further strengthened. The most common keywords were AI, gastric cancer, and convolutional neural network. The “deep-learning algorithm” started to burst in 2020 and continues till now, which indicated that this research topic has attracted continuous attention in recent years and would be the trend of research on AI application in GC.



Conclusions

Research related to AI in gastric cancer is increasing exponentially. Current research hotspots focus on the application of AI in gastric cancer, represented by convolutional neural networks and deep learning, in diagnosis and differential diagnosis and staging. Considering the great potential and clinical application prospects, the related area of AI applications in gastric cancer will remain a research hotspot in the future.





Keywords: gastric cancer, bibliometric analysis, CiteSpace, research trends, Web of Science, artificial intelligence




1 Introduction

Gastric cancer (GC) is one of the most important members of the global cancer burden (1). According to the 2018 Global Cancer Statistics Report, the number of GC cases has exceeded 1,034,000, and it has become the fifth most common cancer (5.6%) except breast (11.7%), lung (11.4%), colorectal (10.0%), and prostate cancer (7.3%) (2, 3). Due to its frequently advanced stage at diagnosis, gastric cancer is with high mortality. Additionally, it was estimated as responsible for about 783,000 deaths worldwide in 2018 and was the third leading cause of cancer death worldwide (4).

Endoscopic ultrasound (EUS), MRI, computed tomography (CT), positron emission computed tomography (PET-CT), and other imaging examinations recommended by the guidelines for GC of the Chinese Society of Clinical Oncology (CSCO) in 2021 played an important role in the clinical diagnosis, therapeutic evaluation, and prognosis prediction of GC (5). The majority of early gastric cancer (EGC) can be cured by endoscopic resection, and the 5-year survival rate can reach more than 90%. In addition, comprehensive surgical treatment is the main treatment for advanced GC; the 5-year survival rate of advanced GC is <30%. It can be concluded that early detection, early diagnosis, and treatment of GC is the main strategy to reduce the mortality and improve the survival rate. Significantly, the rapid development of endoscopy has increased the detection rate, diagnosis, and treatment rate of EGC, and increased the incidence postoperative quality of life (6, 7). However, the professional knowledge and experience of the endoscopist and complex factors of the gastrointestinal (GI) tract determine the accuracy of detection (8). At the same time, with the era of individualized treatment of GC, the obvious deficiency of biological information such as morphology, size, and enhancement of the lesion of traditional imaging examination reflecting tumor heterogeneity is gradually exposed (9–11). Every area and industry, including healthcare, has been influenced by digital transformation as a result of the synchronous maturation of several significant digital innovations in information and communications technology that developed at an unprecedented rate this new century. Meanwhile, a remarkable ecosystem for new opportunities in healthcare and other industries has been created by digital innovations including the further consolidation of tele-health, the evolution of fifth generation wireless networks (5G), artificial intelligence (AI) approaches such as machine learning (ML) and deep learning (DL), and the Internet of Things (IoT), and digital security capabilities such as blockchain (12). The concept of AI was first proposed in 1956 and has developed rapidly in the past 10 years. The intersection of medical and engineering disciplines resulted in the development of AI-based radiomics and deep-learning technology, which can overcome the limitation of conventional imaging that depends on visual judgment, convert images into massive data features that can be mined, and objectively and quantitatively represent the heterogeneity and microenvironment within tumors. Therefore, AI technology has shown great advantages in the clinical diagnosis, therapy, and prognosis prediction of GC, which is a hotspot of research at present (13). Pathology, endoscopy, and computed tomography (CT) were mainly included in AI-assisted diagnosis, while prognosis researchers concentrated on recurrence, metastasis, and survival prediction (14).

In this study, scientometric analysis is mainly reflected in bibliometric and manual analysis. Bibliometric analysis is a new tool for exploring patterns and trends of a filed or subject at a high rate of speed using statistical methods and visualization (15). Moreover, CiteSpace, a Java-based application, uses metrology, co-authorship, co-citation, and co-occurrence analyses between countries, institutions, journals, authors, references, and keywords to quantitatively and qualitatively analyze and visualize the current research status and research frontiers in a certain field (16, 17). In the past few years, relatively many researchers and institutions have focused on the research of AI in the field of GC. Based on the core collection database of Web of Science, this study adopts CiteSpace knowledge graph software technology to understand and compare the basic situation, research hotspots, and development trends of AI in the field of GC from the perspective of visualization, so as to provide new ideas and clues for related research work.



2 Methods


2.1 Data source

With the availability of bibliometric indicators and more than 12,000 significant high-quality journals from nations throughout the world, Web of Science (WoS), one of the most comprehensive, systematic, and authoritative databases, is widely used for bibliometrics analysis and visualization of scientific literature (18). Significantly, the data collected from WoS could directly provide reference files that satisfy the specific format requirements set by bibliometric software CiteSpace. Otherwise, if data were downloaded from other databases, an additional procedure for file format conversion should be required (19). In addition, the accuracy, reliability, and representativeness of a certain dataset rely on the authority of the database, so the Science Citation Index Expanded (SCI-Expanded) of Web of Science Core Collection (WoSCC) database was chosen as the data source in this study. With allowing us to extract the relevant publications using an appropriate retrieval strategy, the majority of publications on AI applicated in GC are included in the WoS online database.



2.2 Retrieval strategies

A flow chart of literature selection included in this study is shown in 
Figure 1
. Publications were retrieved from the Science Citation Index (SCI) Expanded of the WoSCC database from 2017 to 2022 and were downloaded within 1 day on 6 October 2022 in order to reduce bias due to daily updates of the database. The search terms were as follows: (((((TS=(“Stomach Neoplasm”)) OR TS=(“Cancer of Stomach”)) OR TS=(“Stomach Cancers”)) OR TS=(“Gastric Cancer”)) OR TS=(“Gastric Neoplasm”)) AND (TS=(“Computational Intelligence”) OR TS=(“artificial intelligence”)). In addition, to ensure the accuracy and objectivity of the analysis, only articles and reviews written in English were included, and other types of publications, such as meeting abstract and editorial material, were excluded. Finally, there remained a total of 183 publications related to this field, and then they were exported as “full records and references.” All records, including the titles, authors, abstracts, keywords, etc., were imported to CiteSpace to summarize and visualize scientific literature.




Figure 1 | 
Flowchart of literature selection and the steps of bibliometric analysis included in this study.






2.3 Analysis tool

The records retrieved and downloaded from the WoSCC were converted into plain text format for export, which was named download_ XXX.txt, including complete records and references. Finally, all valid data retrieved from the WoSCC was imported into Microsoft Excel and CiteSpace to perform a bibliometric and visual analysis.

CiteSpace, an interactive visualization analysis software developed by Professor Chen Chaomei of Drexel University using Java language based on scientometrics and data visualization, cannot only analyze the distribution of countries/regions, authors and co-cited authors, journals and co-cited journals, co-cited references, keyword cluster analysis, and timelines but also support structural and temporal analyses of a variety of networks derived from scientific literature, including collaboration networks, co-occurrence networks, co-citation networks, and networks of hybrid node types such as terms, authors, and countries (20–22). Additionally, burst detection is also one of the functions of CiteSpace, which can be used for detecting sharp increases of interest in a certain field (23). The results of the bibliometric analysis were displayed as knowledge network maps created by CiteSpace, and knowledge network maps is a growing field motivated by digital technology to easily understand the research hotspots and evolution process of different fields in the knowledge system and predict the development trend of various fields (24). As a consequence, we can concentrate on examining patterns and dynamic changes in scientific research publications and try to identify key points in a certain field to evaluate the current research hotspots and development tendency in a certain filed through the distribution and structure of scientific knowledge presented by knowledge map. In addition, the obtained data were exported into R Studio (Bibliometrix: An R-tool version 3.2.1) and VOSviewer (version 1.6.17) to draw scientific knowledge maps visually.




3 Results


3.1 Trends of publication outputs

As shown in 
Figure 2A
, the data of a total of 183 publications in this research field from 2017 to 2022 were retrieved and plotted via WoS database, and the earliest literature on the application of AI in the field of GC in the database was published in 2017, but the number of publications was only 1. The change trend in number and the annual number of publications related to the research on AI and AI applicated in medicine are displayed in 
Figure 2B
, and we can observe that it has been a stage of rapid development of AI since the 1990s. Especially, the number of relevant publications has shown a rapid increase since 2016, and the annual growth rate of the number of publications from 2016 to 2017 was the highest, reaching 49.20%. At the same time, the application of AI in the field of medicine has also developed accordingly, and the number of publications has also increased year by year. Similarly, AI also shows great application prospects in transportation, education, finance, and other fields. Since 2017, research on AI in the field of GC has also received corresponding attention, and the number of relevant articles has been increasing annually. Particularly in 2021, the annual average growth rate reached 264.11%. However, the overall base of research on the application of AI in the field of GC was small, which indicated that there were still few relevant studies in this field.




Figure 2 | 
(A) Change trend of annual number of publications related to the research on AI applicated in gastric cancer, 2017–2022. (B) Change trend of number and the annual number of publications related to the research on AI and AI applicated in medicine, 1961–2022.






3.2 Quantitative and cooperation analysis


3.2.1 Bibliometric analysis of countries and institutions

In the cooperative network map created by CiteSpace software, the larger the size of the node that represents research items such country/region, institution, and author, the more frequently the item appears or is cited. In addition, a series of citation tree-rings across a number of time slices are used to describe each node. The lines between nodes represent a co-occurrence or a co-citation between these nodes, and the thicker the line, the closer is the connection between them (25). The distinction of different years is represented by different colors. Moreover, the outermost layer of the node is surrounded by a purple circle, and the size of this purple proportion represents the centrality of each item. In CiteSpace, the term “centrality” refers to intermediary centrality and is an indicator to assess the significance of each network node (26). CiteSpace uses this index to evaluate and reveal the importance of the literature in a certain field, and if node-intermediary centrality with purple is not <0.1, then such node will be applied a purple circle for emphasis.

A total of 33 countries/regions contributed to the research on the application of AI on GC; 
Figure 3A
 and 
Supplementary Figure S1A
 show that there were 34 nodes and 106 connections in the cooperation network between countries/regions, with a density of 0.1889. As shown in 
Table 1
 and 
Figure 4A
, China (87, 47.54%) ranked first in the number of articles published, followed by Japan (n=40, 21.86%), the USA (n=24, 13.11%), South Korea (13, 7.10%), and Italy (n=12, 6.56%). China collaborated with Sudan and Cameroon in 2022 and also with Japan, the USA, Norway, Italy, Germany, and the United Kingdom in 2021. Furthermore, we created a world map that displayed the contribution to this field of each country in 
Figure 4B
, using color gradients to show how many publications that these countries have published, and it is clear that most of the articles are published by researchers in East Asia, North America, and other regions.




Figure 3 | 
(A) Map of a subset of cooperative relations among countries, 2017–2022. (B) Map of a subset of cooperative relations among institutions, 2017–2022.





Table 1 | 
The top 10 prolific countries/regions and corresponding institutions.







Figure 4 | 
(A) The annual number of publications in the top 10 most productive countries from 2017 to 2022. (B) A world map displaying the contribution of each country based on publication counts.




H-index is frequently used as a quantitative and qualitative indicator of academic output and allows us to have an assessment of the quality and quantity of publications of a nation, a journal, or an institution (27). As shown in 
Table 1
 and 
Figure 4A
, research related to this field in China started later compared with Japan, but the output of articles and the number of achievements in China were much higher than in any other countries, and Chinese centrality was with the highest strength, reaching 0.4. However, the H-index of China (n=16) ranked third, lower than Japan (n=18.17) or the USA (n=16.3), and the average citation of China (n=11.59) was also lower than Japan (14), which indicated that the quality and quantity of output should be enhanced.

Using CiteSpace for organization co-occurrence analysis, we set the node type to Organization, and then the result is shown in 
Figure 3B
. We can learn that the cooperation between institutions was roughly divided into four groups. In addition, as presented in 
Table 1
, Wuhan University published the largest number of articles among all institutions (13 publications), followed by The University of Tokyo (11 publications) and Tada Tomohiro Inst Gastroenterol and Proctol (11 publications). Furthermore, Wu et al. from Wuhan University, University of Bologna (Italy), University of Oslo (Norway), University of Porto (Portugal), Showa University (Japan), and University of Kansas (USA) conducted a collaborative study to assess the accuracy of endoscopists who use AI validation research framework to identify upper gastrointestinal tumors (UGINs), which demonstrated that the accuracy of endoscopists in identifying UGIN is poor even in frameworks with high prevalence and disease awareness. Future research on AI validation can represent a framework for assessing endoscopist capabilities (28). Then, in a paper published in Lancet Gastroenterology and Hepatology, Wu et al. conducted a single-center, tandem, randomized controlled trial to evaluate the effect of AI systems for detecting focal lesions and diagnosing gastric tumors on decreasing the rate of missed gastric tumor diagnoses in clinical practice, and the results showed that the use the AI system during upper gastrointestinal endoscopy significantly reduced the rate of missed diagnosis of gastric tumors. As a result, AI-assisted endoscopy may enhance the detection rate of gastric tumors by endoscopists (29). In a recent study, Wu et al. later proposed a deep-learning-based system, called Endoangel-ME, for diagnosing EGC in magnified image-enhanced endoscopy (M-IEE). Through a multicenter diagnostic study, the results showed that Endoangel-ME could be well applied in clinical settings (30–32). As mentioned above, Japan was the first country to start research in this field, publishing the first research publication in University of Tokyo on AI in GC in 2017. Shichijo Satoki et al. (University of Tokyo) built a convolutional neural network (CNN) and evaluated its capacity to diagnose Helicobacter pylori infection, since AI endoscope image in the diagnosis of H. pylori gastritis has not been evaluated. Additionally, the findings demonstrated that H. pylori gastritis can be diagnosed based on endoscopic image diagnosis to CNN, and this method is time saving and more accurate than the artificial diagnostic endoscopy doctors (33). Background image recognition can be performed by CNN for AI, and deep learning has been significantly improved and increasingly applied to diagnostic imaging in the medical field. Hirasawa Toshiaki et al. (University of Tokyo) thus developed a CNN that can automatically detect GC in endoscopic images, which showed that the constructed CNN system for GC detection can process a large amount of stored endoscopic images in a very short time and has clinically relevant diagnostic capability. Moreover, it may be well adapted to everyday clinical practice to reduce the burden on endoscopists (34). The paper published by Hirasawa Toshiaki et al. has become a highly cited paper with 308 citations. Ryota Niikura, Satoki Shichijo, Toshiaki Hirasawa et al. (University of Tokyo) demonstrated the advantage of AI in the diagnosis of GC by comparing the diagnostic rate of endoscopic GC imaging with that of AI and professional endoscopists, but it did not prove its superiority (35).



3.2.2.  Bibliometric analysis of authors and co-authors.

The quantity and quality of publications can represent the level of research and contribution of the author in this field. Totally, 201 authors participated in a total of 183 publications. From the perspective of publication count (
Table 2
), Tada (12 publications) had the largest number of articles, followed by Li (10 publications), Yu (10 publications), and Wang (9 publications). Tada from Japan graduated from the University of Tokyo. He is the founder and CEO of AI Medical Service and also serves as the CEO of Tada Tomohiro Inst Gastroenterol and Proctol. Additionally, he had an H-index of 26 and 2,146 citations. We can learn from 
Table 1
 that these three institutions mentioned above were the top 3 institutions in Japan in terms of the number of articles related on AI applicated in GC. Tada participated in the first research applying AI to GC in 2017 (33) and co-published the highly cited paper (mentioned above in Section 3.2.1), with the lead author Hirasawa (34). This highly cited paper has attracted much attention in the field of AI research and has been cited over 337 times up to now. The key authors in a co-citation network of a certain field can be identified by the author co-citation analysis (36). The author with the highest total citations was Hirasawa from the Japan Cancer Research Foundation with 90 total citations, working at the Tomohiro Inst Gastroenterol and Proctol Tada from 2018 to 2021. The major areas of his research were Stomach Cancer, Renal Oncocytoma, Esophageal Cancer, and Campylobacter Infection, and his latest findings were mentioned above in Section 3.2.1 (35). Bray, with the second highest number of co-citations, was also a key author in this field, and he was branch head cancer surveillance in the International Agency for Research on Cancer with specialist in descriptive epidemiology of cancer, time trends and predictions, and cancer registries.


Table 2 | 
The top 10 most productive authors and top 10 co-cited authors.




Researchers that focus on research have abundant and unique professional knowledge, and cooperation between them can enhance communication and productivity of a certain research subject. In addition, researchers can learn existing partnerships and develop potential cooperative subjects by analyzing the co-authorship of authors. Therefore, we used CiteSpace to make a network diagram of author cooperation, from which we can observe that author cooperation was roughly divided into two groups. The smaller group included Japanese authors and was mainly led by Tada and Hirasawa, while the larger group included Chinese authors led by Li, Yu, Wang et al. (
Figure 5

).




Figure 5 | 
The network of authors, 2017–2022.






3.2.3.  Bibliometric analysis of the higher-impact journals.

In this study, all these publications related to AI applicated in GC were distributed in 94 academic journals and co-cited journals. 
Table 3
 summarizes the basic information on the top 20 journals and co-cited journals. The impact factor (IF) is frequently used as an indicator of the significance of a journal to its field of a 2-year moving average citation of a journal, which was first introduced by Eugene Garfield, the founder of the Institute for Scientific Information (37). As shown in 
Table 3
, we can learn that 45% of journals and 55% of co-cited journals belong to Q1. The journal Gastrointestinal Endoscopy (21 publications; IF 2022, 9.189; Q1) with the second highest number of citations (115 citations, 11.5%) had the highest number of outputs on AI applicated in GC, followed by World Journal of Gastroenterology (13 publications, 7.1%; IF 2022, 5.715; Q2) and Digestive Endoscopy (12 publications, 6.6%; IF 2022, 5.779; Q2). In addition, the journal Gastric Cancer (133 citations; IF 2022, 8.171; Q1) had the highest citations among them, followed by Gastrointestinal Endoscopy (115 citations; IF 2022, 9.189; Q1), Gut (109 citations; IF 2022,27.827; Q1), and Endoscopy (106 citations; IF 2022, 9.508; Q1). The frequency of being co-cited, which reflects whether a journal has a huge impact on a particular research field, determines the influence of journals. Therefore, the main research direction of these journals was Gastrointestinal Endoscopy, Gastric Cancer, and Endoscopy. Furthermore, it is worth mentioning that Gastrointestinal Endoscopy ranked first in journal and second in co-cited journal, which indicated that it had an absolute influence on AI applicated in GC.


Table 3 | 
The top 20 journals and co-cited journals.






3.2.4.  Analysis of co-cited reference.

It is an efficient method to assess the progress and trace the developmental frontiers of any research field using reference co-citation analysis (38). The top 10 co-cited references related to our research are presented in 
Table 4
. The paper titled “Application of AI using a convolutional neural network for detecting gastric cancer in endoscopic images” published by Hirasawa in Gastric Cancer in 2018 ranked first with a total number of citations of 89. The second is “Global cancer statistics 2018: GLOBCAN estimates of incidence and mortality worldwide for 36 satellites in 185 countries” published by Bray in CA—Cancer J Clin (60 citations), followed by “Application of convolutional neural network in the diagnosis of the invasion depth of gastric cancer based on conventional endoscopy” (57 citations). Four of the top 5 papers were highly cited, which showed that there was a certain relationship between citation times and co-citation times.


Table 4 | 
The top 10 co-cited reference.







3.3.  Research topic and hotspots analysis—analysis of keywords and keywords with citation burst.

Keywords are the crystallization of the text content of an article, which is with a high generalization and reflection ability in a research field and can directly point to the center of the text. Therefore, keywords with high frequency are often used to present the hot issues in a research field and reflect the research hotspots in a certain period of time from a macroperspective. In order to describe the research status and hotspots of AI in the field of GC, the knowledge map of keyword co-occurrence was obtained using CiteSpace (
Figure 6

). The knowledge map of keyword co-occurrence was obtained through CiteSpace analysis and presented in two forms: Cluster View (
Figure 7A
) and Timeline View (
Figure 7B
).




Figure 6 | 
The keyword visualization map.







Figure 7 | 
(A) The cluster view map of keyword. (B) The cluster timeline view map of keywords analysis.




Centrality represents the degree of importance of the node in the network co-occurrence, so keywords with high centrality may be regarded as the research hotspots in a certain field over a period of time (24). As mentioned above, the larger the node is in the keyword visualization map, the more frequent the keyword co-occurrence is. Additionally, the thickness of the lines represents the co-occurrence intensity between nodes, and the thicker the line is, the greater the co-occurrence intensity is. Therefore, the higher the co-occurrence frequency and centrality of node are, the more important the keyword in the research field is. The node of “AI” is the largest, followed by “gastric cancer,” “convolutional neural network,” and “deep learning” through CiteSpace and VOSviewer (
Figure 6
; 
Supplementary Figure S1B
). According to the data in 
Table 5
, the number of their appearances is 118, 101, 61, 48, 29, and 28, respectively.


Table 5 | 
Top 20 keywords.




Finally, we gained the clustering function in 
Figure 7A
. It is worth mentioning that the modularity value (Q-value) and mean silhouette value (S-value) are two important indicators to evaluate the significance of community structure, and a clustering with a Q > 0.3 and S > 0.7 is significant. There were 16 different clusters in the network map, and the Q-value (0.8239) and weighted mean silhouette (0.9487) demonstrated the reasonableness of this network (39). From 
Figure 7A
 and 
Table 6
, it can be observed that “upper gastrointestinal endoscopy” #0 and “Helicobacter pylori infection” #1 were the largest cluster, followed by “conventional histopathology” #2, “retrospective study genomics” #3, and “current application” #4.


Table 6 | 
The clusters information of keywords.




In order to further analyze the keywords of AI applicate in GC, a Timeline View analysis was conducted. For time clustering, click “Find Clusters,” then “LLR,” and select “Timeline View” in Layout last, and the result is finally shown in 
Figure 7B
. The evolution pace of each cluster by time could be observed to further explore the key research contents in this field from a microperspective. In 
Figure 7B
, there remained a total of 16 clustering, numbered from 0 to 15. Moreover, the distance from left to right or from top to bottom of every clustering and the size of the color line load point represent the appearing time and end time of each clustering, and color curve represents cluster label word co-occurrence relation between the different colors. We can see that the research focus has shifted from “genomics” (5), “utilizing AI” (11), and “world health organization classification” (12) to “upper gastrointestinal endoscopy” (1), “Helicobacter pylori infection” (2), “conventional histopathology” (3), “retrospective study” (4), “current application” (5), “Kyoto classification” (6), and “predicting bleeding” (7).

Additionally, burst detection, an algorithm developed by Kleinberg (40), is an effective analytical tool for capturing the turning point in keywords or references popularity over a specified period. 
Figure 8
 shows the top 7 keywords with the strongest keyword outbreak. The blue line represents the time interval, and the red line represents the duration of the outbreak. The first six keywords started to break out in 2019, and the end time was 2020, while the “deep-learning algorithm” started to break out in 2020 and continues till now, which indicated that this research topic has attracted continuous attention in recent years and might be the trend of research on AI application in GC.




Figure 8 | 
The top 7 keywords with the strongest citation burst.







4 Discussion


4.1 General information

In the present study, we performed a systematic literature search of the WoS databases for articles published from 2017 to 2022 about AI applicated in GC, a total of 183 publications in this research field was retrieved and plotted. As shown in 
Figure 2B
, due to the accelerated development and research of machine learning and artificial neural networks, great breakthroughs have taken place in AI in the 1990s. Meanwhile, the number of publications on AI has been gradually increasing, and the application of AI in medicine has also increased, but it is still relatively small. The publication of the relevant papers was an important inflection point in 2016, the annual growth rate from 2016 to 2017 was the highest, and the first application of AI in the field of GC in the database was published in 2017. Because an important event occurred in this year, Alpha Go defeated the world Go master Lee Sedol, pushing the high tide of AI development to a new level (41). Meanwhile, the world’s major economic powers have accelerated the deployment of AI, which laid a firm foundation for new breakthroughs in the field of AI on a global scale causing the increase in investment in the AI industry and various policies to encourage the development of AI. The application of AI in the field of medicine has also developed accordingly, and the number of publications has increased annually, indicating that this topic has received significant attention. Additionally, 2017 was the year when AI was first universally recognized in the world. In this year, Alpha Go Zero achieved self-renewal and upgrading through deep learning, constantly surpassing itself and beating Alpha Go (42). Moreover, Watson, an AI developed by IBM, analyzes and interprets massive medical data and literature through machine learning and then proposes treatment plans, which highly coincide with doctors’ treatment recommendations (retrieved 14 October 2022, https://en.wikipedia.org/wiki/IBM_Watson). Xiaoice is an AI system developed by Microsoft, and through self-study on modern poetry, the first AI-authored collection of poems—The Sunshine Lost Windows—was published by Xiaoice in May 2017 (retrieved 14 October 2022, https://en.wikipedia.org/wiki/Xiaoice). Research on AI in the field of GC has also received corresponding attention; the annual average growth rate of relevant articles reached 264.11% particularly in 2021(
Figure 2A
). Although the overall research base of AI in the field of GC is relatively small, according to the current trend, it indicates that it will be a research hotspot in the future and will continue to receive attention.

Using visual analysis of the distribution of countries and institutions enables us to better understand which countries and institutions are the main contributors to this field. As shown in 
Table 1
 and 
Figure 4A
, we could see that China ranked first in the number of articles published. Moreover, institutional distribution was generally consistent with the country distribution, and the institution with the largest output of publications was Wuhan University, while University of Tokyo and Tada Tomohiro Inst Gastroenterol and Proctol followed. The explanation for this could be due to the fact that East Asia is a region with highest incidence of GC (3). Although China has made a late start in this field compared with Japan, but its pace of development is staggering. In addition, Chinese centrality was with the highest strength, reaching 0.4. The above results were attributed to the Chinese government’s significant support for AI applications. Unfortunately, when the theme distribution of the H-index and the average citation were examined, China ranked third and second, respectively, indicating that the impact of output should be improved. However, with the rapid development, China will potentially take the leading and dominant position in this field. As shown in 
Figures 3A, B
, although countries possess their cooperation networks, the connection between countries is sparse. From the perspective of research institutions, we could learn that the cooperation between institutions was roughly divided into four groups; there is substantially less collaboration and exchange of achievements across groups. Nevertheless, the objective situation is that relatively few countries are currently involved in research related to the application of AI in GC worldwide. These situations hinder the development of this research area. Meanwhile, this also means that there is a large research gap that could be further explored and paid more attention in this field. Therefore, it is strongly suggested to strengthen the international exchanges and collaborations between countries and institutions to promote the research and development of AI in GC.

The emergence of academic journals always plays a significant role not only in the presentation of research results and science communication of scientists but also in our demand for academic knowledge. Publications serve as carriers for achievements in scientific research, and effective scientific communication requires the research results in an international peer-reviewed journal. Therefore, through the analysis of the distribution of journal sources, researchers can rapidly locate the most appropriate journals for their papers (43). Journals and Co-cited Journals Analysis (
Table 3
) showed that 45% of journals and 55% of co-cited journals were located in the Q1 JCR region. The journal Gastrointestinal Endoscopy had the highest number of outputs and the second highest number of citations for AI applied to GC, indicating that the journal has a significant influence in the field of AI in GC. In addition, the top journal in the field of gastric cancer, Gastric Cancer, had the highest citations among them. The IF of these journals could reflect the importance and priority of AI to some extent. These high-quality journals have a significant influence on their respective academic fields, which further indicate AI applicated in GC as an important research direction for GC. In terms of the category of subject distribution, besides medical-related journals, it also includes one journal of engineering and technical, Archives of Computational Methods In Engineering. This indicates that the application of AI in GC is an interdisciplinary field, and its development requires multidisciplinary cooperation.

Generally, the authors who are frequently cited are regarded to have more impact than those who are less cited, and authors who are jointly cited probably focus on the relevant research field. From the perspectives of author contributions and co-cited authors (
Table 2
), the author with the most published articles in this field was Tada with 12 published articles, whose research focused on AI Medical Service. Moreover, Tada participated in the first research applying AI to GC in 2017 [26]. When co-cited authors were taken into account, Hirasawa was the most frequently co-cited author at 90 times, while Shichijo had the highest centrality. It should be noted that almost all of the top 10 active and co-cited authors were from Asia, implying that Asian researchers have played an important role and made significant contributions to AI in GC research. Furthermore, after comprehensive analysis of the data of the network diagram of author cooperation, we found that the author cooperation can be roughly divided into two groups, represented by Tada, Hirasawa, and Li, Yu, and Wang, respectively (
Figure 5
). The results indicate that Tada, Hirasawa, and Li are accomplished authors in this field and have a significant influence on other authors, and their teams would be excellent potential collaborators for researchers.



4.2 Knowledge base

Reference co-citation analysis is a valuable technique to assess the evolution and trace the developmental frontiers of a research field (38). The knowledge base is a collection of co-cited references (21). The top 10 co-cited references related to our research are presented in 
Table 4
, which includes nine clinical trials and one epidemiological study. Four of the top 5 papers were highly cited papers, which showed that there was a certain relationship between citation times and co-citation times.

Almost all clinical trials were focused on the diagnosis and differential diagnosis of AI in GC, with the exception of one study of CNNs in the endoscopic imaging diagnosis of H. pylori infection. Shichijo (33) first constructed a CNN in 2017 to evaluate its ability to diagnose H. pylori infection. Compared with the artificial diagnostic endoscopists, the accuracy is higher, and it takes less time. Among the most frequently co-cited references related to application of AI in GC was a paper published by Hirasawa in Gastric Cancer in 2018, which was the most cited paper (89 citations). The authors constructed a CNN-based diagnostic system and used it for an independent test set of 2,296 gastric images collected from 69 consecutive patients with 77 GC lesions. The results showed that the CNN system could be used to detect GC with a clinically relevant diagnostic ability (34). Simultaneously, another clinical trial conducted by Kanesaka et al. developed a computer-aided diagnosis (CAD) system to assist endoscopists in identifying and diagnosing EGCs (44). The diagnostic performance revealed high sensitivity and accuracy, illustrating the great potential in real-time diagnosis and delineation of EGCs in M-NBI images. One year later, Zhu et al. published the results of a clinical trial using a CNN-CAD system to determine the invasion depth of GC with high accuracy and specificity and thereby could reduce unnecessary gastrectomy (45). Similarly, Wu et al. presented the results of a novel deep convolution neural network (DCNN) to detect EGCs. Compared to endoscopists, the system could detect and localize EGC more accurately. Moreover, it could significantly actively track suspected cancerous lesions and monitor blind spots during esophagogastroduodenoscopy (46). Another clinical trial published by Horie et al. evaluated the sensitivity and accuracy of the CNN system in detecting esophageal cancer. The results showed that 1,118 test images were analyzed in 27 s, with a sensitivity of 98% in detecting esophageal cancer cases and an accuracy of 98% in identifying superficial esophageal cancer and advanced esophageal cancer (47). The only one multicenter case–control diagnostic study was published in Lancet Oncol by Luo’s group (48). The authors successfully constructed the Gastrointestinal Artificial Intelligence Diagnostic System (GRAIDS), and the result proved that GRAIDS achieved high diagnostic accuracy and sensitivity in upper gastrointestinal cancers. The two clinical studies published in 2020 focused on CNN system in the diagnosis of EGC and in the differential diagnosis of gastritis and GC observed by magnifying endoscopy with narrow band imaging(M-NBI) (49, 50). Bray et al. reported on cancer incidence and mortality of 36 cancers in 185 countries/regions worldwide in CA—A Cancer Journal for Clinicians, which contributed notable epidemiological data on GC (3).

In summary, there is no doubt that the top 10 most co-cited references provide an important foundation for the development of this field. The emphasis of these studies mainly includes the application of AI in the early diagnosis and differential diagnosis of GC to provide accurate guidance and support for clinical therapy. It is gratifying to see that some breakthroughs have been achieved in the research of the application of AI in GC. The analysis of co-cited reference allows us to better understand the evolution of the application of AI in GC.



4.3 The analysis of research hotspots

Keywords with high frequency are often used to present the hot issues in a research field and reflect the research hotspots in a certain period of time from a macroperspective. To understand the research hotspots and frontiers of AI in GC, we visualized the keywords in 
Figure 6
. The more representative keywords include AI, gastric cancer, convolutional neural network, deep learning, diagnosis, Helicobacter pylori infection, which indicate that these topics are research hotspots in this field. Currently, the application of AI in GC is mainly for diagnostic and differential diagnosis, and convolutional neural networks and deep learning are the most commonly used methods.

Furthermore, the knowledge map of keyword co-occurrence was obtained through CiteSpace analysis. With the help of the clustering function, the whole network map could be sorted into some different clusters, and studies in the same cluster might have similar research themes. The clusters were named by extracting nominal terms as labels from the titles of the cited articles, and the log-likelihood ratio (LLR) algorithm is applied as the extraction method. As shown in 
Figure 7A
 and 
Table 6
, the cluster view of the keywords revealed that “upper gastrointestinal endoscopy” #0 and “helicobacter pylori infection” #1 were the largest cluster, indicating that the application of AI in endoscopy may be a mature and important theme in the AI research field. Simultaneously, a Timeline View analysis was conducted to observe the evolution pace of each cluster by time and to further explore the key research contents in this field from a microperspective. We can clearly observe in 
Figure 7B
 that the research focus has shifted; after a period of technical reserve based on theoretical research and basic applications, AI-related research in GC has gradually shifted toward clinical applications. AI has been widely applied in the field of endoscopy, pathology, and radiomics, achieving inspiring results and providing accurate guidance and support for clinical therapy decisions.

Additionally, since burst detection was an effective analytic tool to capture the dramatic increases in references or keywords popularity within a specified period, it therefore served as an important indicator of research hotspots or research frontiers over time. The evolution of the burst keywords over the last 5 years is shown in 
Figure 8
. According to the ranking by burstiness strength, we observed that the top 6 keywords started to burst in 2019, and the end time was 2020. More importantly, the “deep-learning algorithm” started to burst in 2020 and continues till now, which indicated that this research topic has attracted continuous attention in recent years and might be the trend of research on AI application in GC. More importantly, the “deep-learning algorithm” started to burst in 2020 and continues till now. Deep learning was widely applied in the clinical diagnosis, therapy, and prognosis prediction of GC (9, 51–54). In a retrospective multi-institutional study enrolling 2,320 patients, Jiang et al. developed a multitask deep-learning model that could accurately predict peritoneal recurrence and survival in GC patients by using preoperative CT images (51). Another retrospective multicenter cohort study suggested that deep-learning-based classifiers for microsatellite instability and EBV-positive detection could be used as convenient and inexpensive predictive biomarkers for immunotherapy in GC, which has significant implications for the comprehensive therapy of GC (52). Moreover, a deep learning radiomic nomogram (DLRN) was built to determine the number of lymph node metastasis (LNM) in the locally advanced gastric cancer (LAGC). The results showed its excellent predictive value and provide baseline information for individualized treatment of LAGC (9). These studies illustrated that this research topic has attracted continuous attention in recent years and might be the trend of research on AI application in GC.

AI approaches such as machine learning and deep learning allows extracting quantitative features non-invasively from digital medical image for histological classification, tumor staging, therapy response, and prognosis. With the digital innovations including tele-health and 5G, AI application will become an integral part of GC research. However, the development of AI in GC is limited by issues such as the generality of models built by AI technology and the security of AI system data, which is the future direction of AI in GC.

According to the above analysis, our bibliometric study conducted a systematic analysis of the basic situation, research hotspots, and trends in AI in the field of GC from a visualization perspective. Therefore, the results of the bibliometric study were objective and accurate, which could provide a comprehensive guide for clinicians and academics working in this field. Given the important role of AI technology in GC and its significant advantages in the clinical diagnosis, therapy, and prognosis prediction of GC, without a doubt, the application of AI in the field of GC is a current research hotspot and will be a major research direction for scholars in the following years.




4 Limitation

The bibliometric analysis yielded a great deal of valuable information but inevitably had some limitations. Although the WoSCC database is one of the most comprehensive, systematic, and authoritative databases widely used for bibliometric analysis and visualization of scientific literature, we only used data from the WoSCC database and excluded data from other databases, which may have affected the results of the study. Additionally, the rigorous retrieval strategy and the restriction to articles published in English can also result in the loss of some data. Nevertheless, most of the publications on AI applied to GC are included in this study and can represent the actual research hotspots, evolutionary processes, and trends in this field.



5 Conclusion

AI possesses essential research value and application prospects in GC, especially showing great advantages in the clinical diagnosis, therapy, and prognosis prediction of GC. Research on AI in GC is increasing exponentially, highlighted by the outstanding contributions of China, Japan, and the USA to the development of this field. Current research hotspots focus on the application of AI in the diagnosis and differential diagnosis and staging to provide accurate guidance and support for clinical treatment, and convolutional neural networks and deep learning are the most commonly used methods. Meanwhile, deep-learning algorithm has attracted continuous attention in recent years and will serve as the focus of future research. Therefore, it is urgent to strengthen the cooperation and communication between countries and institutions to promote development in this field and benefit more patients with GC.
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Background

Mixed neuroendocrine non-neuroendocrine neoplasm (MiNEN) is an extremely rare entity, consisting of neuroendocrine and non-neuroendocrine components. It can occur in various organs throughout the body, with a rising incidence. Its clinical management is a rapidly growing field of interest; however, large-scale patient cohorts are still missing to guide clinical practice.



Patients and methods

The demographic, clinicopathological, and survival information of all patients diagnosed with MiNEN in the national Surveillance, Epidemiology, and End Results (SEER) program database (2000–2017) were extracted and further analyzed. The information of the patients before and after 2010 was compared to understand the epidemiological changes of MiNEN. The characteristics of MiNEN originating in different organs were compared. The clinical significance of surgical resection for metastatic MiNENs was also analyzed.



Results

A total of 1081 patients were screened, and after applying the exclusion criteria, 767 patients were finally analyzed. There was no obvious sex preference (49.2% vs 50.8%, p>0.05) and the majority of the patients were Caucasians (n=627, 81.7%). A total of 88.3% of the patients were older than 50 years old, and the median age was 60 years. 79.3% of the tumors are located in the distal digestive tract, and 67.7% were grade 3/4. Distant metastasis was presented in 33.9% of the patients at diagnosis. A total of 88% of the patients underwent surgical treatments. The number of patients increased 10-fold between 2000 and 2017. There was no significant difference in sex, race, stage, or surgical treatments among the patients diagnosed before and after 2010. More patients older than 60 years were diagnosed after 2010 (p=0.009). The median survival was 61.0 ± 9.8 months for the whole cohort. After multivariate analysis, older age (>60 years, p<0.01), more advanced stage (p<0.01), grade 3/4 (p<0.01), and non-surgical treatment (p<0.01) were independent risk factors for poorer survival. The appendiceal MiNENs showed the best prognosis. A total of 260 metastatic MiNENs were further analyzed. Only patients with metastatic MiNENs originating from the appendix had a potential benefit from surgical resection, compared to other sites (p=0.05).



Conclusion

This study provides the epidemiological, clinicopathological, and survival information of the largest number of MiNEN patients. Although MiNEN is an extremely rare malignant neoplasm, its incidence increases rapidly. The majority of the patients suffered from advanced-stage disease, which highlights the need for improvement of early detection in the future. The appendix is the most common primary site of MiNEN, and surgical resection for selected metastatic MiNEN originating in the appendix has favorable survival outcomes.
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Introduction

Mixed adeno-neuroendocrine carcinoma (MANEC) was first reported by Oberndorfer et al. in 1907 and classified by the World Health Organization (WHO) in 2010. Before 2010, composite carcinoid was the most commonly used name to describe MANEC. It is an extremely rare neoplasm containing at least 30% of both exocrine and endocrine components (1). It has been reported that MANEC can involve multiple organs, including the gastrointestinal (2), respiratory, and urogenital tract (3, 4). Due to its specific architecture and unspecific clinical manifestations, it is always very difficult to have a definitive diagnosis of MANEC before surgery, and under most circumstances, it was diagnosed after surgical resection by a combination of cytological morphologies and immunohistochemical staining. In the WHO classification (2019), the nomenclature of mixed neuroendocrine non-endocrine neoplasms (MiNENs) was proposed to describe a wider range of these mixed neuroendocrine neoplasms in the digestive system (5, 6).

The majority of the published reports about MiNENs are small retrospective case series, with significant drawbacks in summarizing the clinicopathological characteristics. Recently, a population-level analysis of digestive MiNENs showed a sustained and rapid increase in incidence and mortality from 2010 to 2016 (7). Brathwaite et al. (8) reported a study of the surveillance, epidemiology, and end results (SEER) of appendiceal MiNENs. They found that the overall survival for appendiceal MiNENs was much shorter than of carcinoid tumors but better than that of signet ring cell carcinomas. In addition, several published case series reported that MiNENs in the duodenum (9), gallbladder (10), and liver 11 had extremely poor survival. Similar to other solid neoplasms, radical surgical resection may offer a cure for MiNENs, however, its rapid progression and atypical symptoms in early stages result in a high rate of advanced stages at diagnosis in most patients.

In this study, we utilized the SEER program database from 2000 to 2017 to comprehensively generate evidence for MiNENs patients to better guide clinical practice.



Patients and methods


Mining the SEER database

The clinicopathological, surgical, and survival information of the MiNEN patients were extracted from the SEER database (2000–2017) by using the SEER* Stat 8.3.6.1 software. The inclusion criteria were as follows: (1) patients were pathologically diagnosed with MiNENs from January 1, 2000, to December 31, 2017; (2) patients had an active follow-up and did not suffer any other kind of malignant tumor. The exclusion criteria were as follows: (1) patients died from any other cause other than MiNENs; (2) patients whose cause of death was missing or unknown; (3) patients with other malignant tumors.

The setting of mining strategies of the SEER database was as follows: “cases in research database”, “year of diagnosis = 2000–2017”, “diagnostic confirmation = microscopically confirmed”, and “ICD-O-3 code:8244”. Details of the data extraction are presented in Figure 1.




Figure 1 | Flow diagram of SEER database mining strategy.



The following variables were extracted: patient ID, age recorded with exact age and 85+, sex, race recode, year of diagnosis, site according to ICD-O-3/WHO 2008, vital status, survival months, COD to the site, SEER cause-specific death classification, survival months, grade of differentiation, summary stage 2000 (1998+), derived AJCC Stage Group, 6th ed (2004-2015), derived AJCC T, 6th ed (2004-2015), derived AJCC N, 6th ed (2004-2015), derived AJCC M, 6th ed (2004-2015), the reason for no cancer-directed surgery, SEER cause-specific death classification, SEER other cause of death classification, COD to site and the total number of in situ/malignant tumors per patient.



Statistical analysis

Continuous variables were presented as mean± SD, with analysis using a t-test, analysis of variance (ANOVA), or Mann-Whitney U test. Categorical variables were compared using the Chi-squared test and survival information was analyzed with Kaplan–Meier plotting. The 1-year, 2-year, 3-year, and 5-year mortality ratios were estimated by Kaplan-Meier curves in consideration of sex, age, tumor localization, differentiation stage, AJCC staging group, ethnic origin, surgical information, and summary stage. Univariate and multivariate analysis were performed with a logistic regression model. All tests were two-tailed and a p-value of less than 0.05 was considered statistically significant. The analyses mentioned above were performed using GraphPad Prism 8.2.0 and IBM SPSS statistics 21 (SPSS Statistics V21, IBM Corporation, New York).



Data availability

Primary data is available online and from the corresponding author (QFL) upon reasonable request.



End points

The main endpoint was cancer-specific mortality (CSM) according to the data in the SEER database. CSM refers to deaths from MiNENs according to the recorded cause of death. Survival time was the duration from the initial diagnosis to death from cancer or to the last follow-up.




Results


General characteristics of the study population

There were 1081 individuals diagnosed with MiNENs in the database from 2000 to 2017, of which 767 were eligible for the study. In the analyzed cohort, 376 (49.2%) were female and 390 (50.8%) were male. The patients enrolled were largely Caucasians (n=627, 81.7%). MiNENs were mainly diagnosed between the ages of 50 and 70 (425, 55.4%), with a median age of 60 years. The number of patients below 50 (n=163, 21.3%) and above 70 (n=179, 23.3%) were similar. Only 3.8% of the tumors occurred in the small intestine, followed by 9.3% in the organs derived of foregut(respiratory, esophagus, stomach, hepato-biliary-pancreatic), 26.4% in the colon-rectum, and 52.9% in the appendix.

Of all included patients, 8.3% of patients (n=64) had well-differentiated tumors, 14.3% of patients (n=110) had moderately differentiated tumors, and 39.6% of patients (n=304) had poorly differentiated tumors. 8% of patients (n=61) had undifferentiated tumors, and the grade information was missing in 29.7% of the patients. Only 49 patients (6.4%) were diagnosed with early-stage of MiNENs. Stage II, III, and IV of the AJCC staging had similar proportions (17.7%, 13.3%, 19.3%). The 6th AJCC staging information was unknown in 332 cases (43.3%). Localized, regional, and distant stage accounted for 22.7%, 38.6% and 33.9% of patients, respectively. Only a small proportion of patients (n=92, 12%) did not receive surgery after being diagnosed with MiNENs. Chemotherapy information was largely missing or incomplete and was therefore not further analyzed. Detailed information was shown in Table 1.


Table 1 | Comparison of demographic and clinical information between patients diagnosed with MiNENs before and after 2010.





Patients diagnosed with MiNENs before 2010 versus after 2010

The number of patients diagnosed with MiNENs significantly increased from 2000 to 2017 (Figure 2). To evaluate the effect of the year of diagnosis, we separated the 767 patients into two groups: diagnosed 20 from 00 to 2010(group 1, n=239, 31.2%)and from 2011 to 2017 (group 2, n=528, 68.8%) (Table 1). There was no significant difference in sex, race, surgery and summary stage between these two groups. There were more patients over 60 years old in group 2 (54.4%) than in the other group (44.4%) (p= 0.009). Causations took the most part in both groups, with no significant difference (group 1:80.6%, n=191; group2:82.7%, n=436; p=0.5). A higher rate of grade 3/4 MiNENs was observed in group 2 (60.3% vs 70.0%, p=0.04). There was also a lower rate of localized MiNENs in this group (29.4% vs 21.3%, p=0.06).




Figure 2 | Number of patients diagnosed with MiNENs during 2000-2017.





Survival analysis for MiNEN patients

The estimated median survival time of these 767 patients was 61.0 ± 9.8 months. The estimated 1-year, 2-year, 3-year, and 5-year survival rate was, 79.4%, 66.2%, and 58.6%, respectively. The estimated 1-year, 2-year, 3-year, and 5-year survival rate of each variable are presented in Table 2. Non-appendical site (p<0.001), Older age (p<0.001), advanced AJCC staging (p<0.0001), grade 3/4 (p<0.0001), summary stage (p<0.0001), non-surgical treatment (p<0.0001) and distant metastasis (p<0.0001) were shown to be independent risk factors for shorter survival (Figure 3).The sex and race of the patients did not correlate with survival (Figure 3, Table 3) Multivariate analysis of factors associated with mortality in MiNEN patients revealed that age, localization, AJCC staging, differentiation, summary stage and surgical choice were independent factors associated with prognosis (Table 4).


Table 2 | Survival regarding different variables.






Figure 3 | Survival curves of MiNENs depending on (A) sex (p>0.05), (B) age (p<0.001), (C) race (p>0.05), (D) AJCC staging group (p < 0.001), (E) differentiation (p < 0.001), (F) tumor localization (p < 0.001), (G) appendix vs non-appendix (p < 0.001), (H) summary stage (p < 0.001), and (I) surgical information (p < 0.001).




Table 3 | Univariate analyses of risk factors for survival.




Table 4 | Multivariate analyses of risk factors for survival.





Surgical treatment for metastatic MiNEN patients

A total of 260 metastatic MiNEN patients were enrolled in this study, 199 of whom (76.5%) underwent surgical resection. The elder patients with metastatic tumors over 60 years old had a lower rate of surgical resection (29.6% vs 16.8%, p=0.02). After 2010, the rate of non-surgical choice in metastatic MiNEN patients was 27.4%, in comparison to 13.5% before 2010 (p=0.02). Surgery significantly improved the survival of the patients with metastatic MiNENs (19.0 ± 2.2 months vs 7.0 ± 2.3 months, p<0.001). Further, metastatic MiNENs in organs derived from the foregut (respiratory, upper gastrointestinal, and hepatobiliary-pancreatic), small intestine, and colon-rectum did not have survival benefit from surgical resection, in contrary, surgical resection improved the survival time of metastatic MiNENs originating from appendix (22.0 ± 3.3 months vs 14.0 ± 0.7 months, p=0.05) (Figure 4).




Figure 4 | Survival analysis of the metastatic MiNEN Patients (A) appendix (p=0.05), (B) respiratory system (p>0.05), and (C) colorectum(p>0.05), depending on surgical information.






Discussion

The rarity of MiNENs makes it difficult to get high quality evidence from prospective randomized controlled trials to optimize its clinical care. Therefore, retrospective studies at a population-level are an alternative to provide solid evidence to help guiding the clinical management of this rare malignant neoplasm. As the largest cancer registration program, the SEER database covers approximately 30% of the United States population, which is a powerful resource for retrospective studies at a population- level. Previously, only two SEER analyses for MiNENs were conducted. Brathwaite et al. (8) compared the characteristics of appendiceal MiNEN (n=249), with goblet cell carcinoids (n= 944), signet ring cell carcinoma (n=579), and carcinoid (n=960). It was shown that median overall survival for MiNEN was 6.5 years, which was significantly shorter in comparison to 13.8 years for goblet cell tumors, 39.4 years for carcinoids, but longer in comparison to 2.4 years for signet ring carcinoma. However, in their study, MiNENs originating from other digestive organs was not analyzed. Later, Wang et al. (7) analyzed the epidemiological trend of gastrointestinal MiNENs. In their study, 518 cases of gastrointestinal MiNENs were analyzed, and they found that a sustained and rapid increase both in incidence and mortality of MiNENs from 2000 to 2016. Further, appendiceal MiNENs had better median survival, compared to cecal MiNENs (115 months vs 31 months, p<0.001). The details of MiNENs in other gastrointestinal organs, such as stomach, small intestine, esophagus, hepato-biliary-pancreatic systems, was not analyzed. Herein, we further comprehensive analyzed all of the pathologically diagnosed MiNENs throughout the SEER database from 2000 to 2017, to provide the strongest retrospective evidence to improve the clinical care of this rare entity. In this study, we mainly focused on three issues. The first one was epidemiology differences before and after 2010, when MaNEC was officially named by the WHO. The second one was the differences in clinicopathological characteristics and prognosis of MiNENs originating in different organs. The third one was the clinical significance of surgical treatment for metastatic MiNENs.

Increasing reports of MiNENs have been published during the last 20 years, however, the majority of them were small retrospective studies from singe centers, which likely did not show the real epidemiological trend of all of the diagnosed MiNENs (10–13). Our study showed that in 2000, only 13 cases of MiNEN (composite carcinoid) were found in the SEER database, however, by 2017, it increased ten-fold. The incidence of MiNENs showed a substantially increase during the last 20 years. However, similar to other malignancies, such as thyroid carcinoma, lung cancer, breast cancer (14), pancreatic cystic neoplasm (15–17), which also showed rapid increases in incidence during the last 20 years, it is difficult to say that whether the increasing incidence is attributed to real higher tumor occurrence or to more clinical detections due to the wide use of more accurate imaging modalities.

Although MiNENs can occur throughout the human body, much more reports of MiNENs with larger number of patients in distal digestive tract were published than other organs, indicating its anatomical site preferences (7, 18, 19). In a systematic review of lower digestive tract MiNENs, Grossi et al. (20) reported that 60.3% of them were in the appendix, 29.3% were in the colon, and 10.4% were in the anorectum. In this study, we found the majority of the cases in midgut and hindgut organs, and only 13.1% of them were located in organs derived from the foregut, including the respiratory system, esophagus, stomach, and hepato-biliary-pancreatic system. The most common site was appendix (52.9%), followed by colorectum (26.4%). It is worth noting that neuroendocrine neoplasm is a relative common tumor in appendix which has malignant potential. Brighi et al. (21) reported that tumor size larger than 15.5 mm, G2, and presence of lymphovascular infiltration were predictive factors for nodal metastasis.

MiNENs mainly occurred in patients over 50 years, and there was no race and gender preference. The majority of the MiNENs were grade 3/4, and diagnosed at an advanced stage. It should be stated that in the SEER database, the detail of the grading of the MiNENs was missing. The authors did not know how the tumors were graded exactly. Since there were two components in the tumor, theoretically, both of them should be graded. In the WHO (2019) guidelines and the ENETS guidelines, the grading criteria of GEP-NENs was clearly defined according to the mitotic count and ki-67 index. In the guidelines, it was mentioned that both of the two components in the majority of the MiNENs are poorly differentiated, and the proliferation index for the neuroendocrine components was consistent with other NENs. However, if the differentiation of these two components were not consistent, they should be separately graded (6, 22). A total of 33.9% of the patients presented with metastasis when diagnosed. It is worth noting that only 12% of the patients did not undergo surgical resection, thus, most of the patients with metastatic MiNENs in the SEER database underwent surgical resection. However, it does not mean that in the real world, majority of the metastatic MiNENs were surgically resected; on the contrary, it is possible that many of the patients with metastatic MiNENs who did not undergo surgery died without a definitive pathological diagnosis. Generally, the survival of MiNENs was comparable or worse to adenocarcinoma of the involved organs (8, 13, 23). MiNENs of the appendix showed the best survival, followed by colon-rectum, whereas foregut MiNENs had the poorest survival. Multivariate analysis showed that non-appendiceal site, older age, higher grade of differentiation, advanced stage were independent risk factors for survival.

Due to the substantial improvements of multimodal therapies, several metastatic neoplasms can be treated by surgery. For example, resections have been successful to improve the survival of metastatic colorectal carcinoma and neuroendocrine neoplasms in selected patients (24–26). However, the benefit of surgery for metastatic MiNENs is unknown. In this study, 260 metastatic MiNENs were analyzed. The patients with metastatic MiNENs were younger and had a higher ratio of resection. Generally, surgery substantially improved the survival of these patients (86.0 months vs 9.0 months, p<0.001), however, further analyses showed that only appendiceal MiNENs patients had a survival benefit from surgical resection. Due to the incomplete information of the burden of metastatic lesions in liver and the general status of the patients who underwent surgery or not, there were potential selective biases which may have impact on the interpretation of the results. The patients who underwent surgical resection may have better general status and lower metastatic burden in liver.

Neoadjuvant chemotherapy and adjuvant chemotherapy significantly improve survival of several cancers, and the immunotherapies by targeting immune check points, are successfully used in certain cancers (27–29). In this study, we could not analyze these important aspects of multimodal and novel therapies, as there was not sufficient information available.

The mixed neuroendocrine and non-neuroendocrine components make the biological behaviors of MiNENs more complicated. Genetics analysis have shown that this two components share the same clonal origin (5, 30, 31). However, adjuvant treatments for these two components are largely different (31). In addition, although some molecular targeted drugs and immunotherapies have been preliminary used to treat MiNENs, the evidence of efficacy is limited, and therefore, their roles in MiNENs need further exploration which is beyond the scope of this study (32).



Limitations of this study

Although this is the largest retrospective study of MiNENs, it has limitations due to its retrospective registration study in nature. Several important information is missing, such as the ki-67 index, mitotic count, immunohistochemical markers, metastatic tumor burden, general status of the patients, adjuvant treatments, et al. In addition, compared to other malignant tumors, such as adenocarcinoma, squamous carcinoma neuroendocrine neoplasm, it can be very difficult to get a definitive diagnosis of MiNEN by fine needle or cord needle biopsy, therefore, in the real world, a large number of metastatic MiNEN patients who did not undergo surgical resection may die without a definitive diagnosis. Although majority of MiNENs are MANECs, there is a very minor proportion of mixed neuroendocrine non-adenocarcinoma neoplasms (e.g., squamous or sarcomatoid phenotypes), which was not included in this study.



Conclusion

MiNEN is a rare malignant neoplasm with a rising incidence, which can affect multiple organs throughout the body. MiNEN has an anatomical preference in the distal digestive tract, and the appendix is the most common site. MiNEN shows high heterogeneity of aggressiveness: appendiceal MiNEN has the best survival, followed by colon-rectum. The majority of MiNENs are diagnosed at an advanced stage, therefore, early detection should be improved in the future. Generally, distant MiNENs have a dismal prognosis, and surgical treatment only for selected metastatic MiNENs originating in appendix may be feasible. Currently, there is only sparse data on multimodal, treatment options for this disease.
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Objective

To explore the clinical efficacy of lobaplatin-based prophylactic hyperthermic intraperitoneal chemotherapy (HIPEC) for patients with T4 gastric cancer after surgery and to evaluate its impact on survival.



Materials and methods

Data on patients with T4 gastric cancer who underwent radical gastric resection between March 2016 and August 2017 were collected from the National Cancer Center and Huangxing Cancer Hospital. Enrolled patients were divided into two groups according to receiving or not receiving HIPEC.



Results

A total of 106 patients were included in this study; among them, 51 patients underwent radical gastric resection plus prophylactic HIPEC, and 55 patients underwent radical gastric resection only. The baseline characteristics were well balanced between the two groups. The postoperative platelet counts in the HIPEC group were significantly lower than those in the non-HIPEC group (P < 0.05); however, we did not observe any occurrences of serious bleeding in the HIPEC group. There were no significant differences in the postoperative complication rates between the two groups (P > 0.05). The postoperative (1 month) CEA, CA19-9, and CA72-4 levels in the HIPEC group were significantly decreased in the HIPEC group (P < 0.05). At a median follow-up of 59.3 months, 3 (5.5%) patients in the HIPEC group experienced peritoneal recurrence, and 10 (18.2%) patients in the non-HIPEC group experienced peritoneal recurrence (P < 0.05). Both groups had comparable 5-year overall survival (OS) rates (41.1% HIPEC group vs. 34.5% non-HIPEC group, P = 0.118). The 5-year disease-free survival was significantly higher in the HIPEC group than in the non-HIPEC group (28.6% versus 39.7%, p = 0.046).



Conclusions

Lobaplatin-based prophylactic HIPEC is feasible and safe for patients with T4 gastric cancer and does not increase postoperative adverse effects. The use of HIPEC showed a significant decrease in the incidence of local recurrence rates and blood tumor marker levels. The 5-year disease-free survival was significantly higher in the HIPEC group; however, the 5-year OS benefit was not found in T4 stage patients.
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1 Introduction

According to the 2020 Global Cancer Statistics Report, gastric cancer (GC) has become the fifth most common cancer worldwide and has the fourth highest mortality rate. It is estimated that there were over one million new gastric cancer cases and approximately 770,000 gastric cancer deaths in 2020 (1). In China, nearly 78% of the cases are diagnosed as advanced gastric cancer at the time of the initial clinical visit (2). Surgical resection combined with chemotherapy is the primary treatment for advanced gastric cancer, but the therapeutic effect is not satisfactory (3). Peritoneal metastasis is one of the most common and important causes of poor prognosis for gastric cancer patients with serosal involvement (T4), and it accounts for nearly half of the postoperative relapses (4).

Metastasis to the peritoneum can lead to several complications, such as ascites, bowel obstruction, and hydronephrosis, all of which worsen the patient’s condition and quality of life (5–7).

In recent years, HIPEC has been used as one form of treatment for patients with advanced gastrointestinal cancers (8, 9). Compared with conventional intravenous chemotherapy, HIPEC has significant advantages (10). It increases the amount of chemotherapeutics within the tumor cells and, coupled with thermal effects, can kill tumor cells (11). Lobaplatin, as a third generation platinum-based anticancer agent, exerts stronger antitumor activity, with lower toxicity and higher solubility and stability in water (12). Lobaplatin-based HIPEC has been gradually applied to treat advanced gastric cancer after radical surgery to reduce peritoneal metastasis (13). To determine the safety and efficacy of radical surgery with prophylactic lobaplatin-based HIPEC, especially its effect on peritoneum metastasis and long-term survival, we retrospectively analyzed the clinical data of patients with T4 gastric cancer admitted to the National Cancer Center and Huangxing Cancer Hospital.



2 Materials and methods


2.1 Study population and grouping

We retrospectively reviewed the clinical data of patients with gastric cancer who underwent radical surgical resection at the National Cancer Center and Huangxing Cancer Hospital between March 2016 and August 2017. The surgeon explained the possible benefits and risks to the cT4 gastric cancer patients to obtain their informed consent, and the patients decided whether or not receiving HIPEC by themselves. Before surgery, hematological examination, contrast-enhanced computed tomography (CT), gastroscopy were routinely performed on all patients for tumor staging. And If lymph node metastasis was suspected based on preoperative imaging, neoadjuvant chemotherapy was performed. The patients were divided into two groups according to whether prophylactic HIPEC was performed. This study was conducted following the ethical standards of the Declaration of Helsinki and within the national and international guidelines. The study was performed with ethics approval from the Ethics Committee of National Cancer Center, Chinese Academy of Medical Sciences (NCC2017-YZ-026). Due to the retrospective nature of this study, consent of the patients to review their medical records was not required by the Institutional Review Board (IRB). The inclusion criteria were as follows: 1. Pathologically diagnosed as gastric adenocarcinoma; 2. The postoperative pathological stage was T4, with or without lymph node metastasis; 3. Absence of distant metastasis (M0); 4. Age between 18 and 75 years old; 5. The laboratory examinations had to meet the following conditions: white blood cells ≥ 4.0×109/L; neutrophil counts ≥ 2.0×109/L; platelets ≥ 100×109/L; hemoglobin≥90 g/L; serum total bilirubin ≤ 17.1 μmol/L; serum alanine aminotransferase ≤ 1.5×ULN; serum creatinine ≤ 1.5×ULN; creatinine clearance ≥ 60 ml/min (Cockcroft-Gault formula). The exclusion criteria included the following: 1. Tumor located at esophagogastric junction, and thoracotomy was needed; 2. Distant metastasis (M1), including peritoneal metastasis; 3. Patients with severe complications who could not tolerate or who refused prophylactic HIPEC; 4. Patients with previous or coexisting other malignant diseases; 5. Patients who had a history of neurological or psychiatric disease and who were unable to complete the follow-up evaluation. Finally, 106 patients with gastric cancer met the inclusion criteria. Among them, 51 patients were included in the radical surgery plus prophylactic HIPEC group, and 56 patients underwent radical surgery.



2.2 Treatment method

The patients in the two groups underwent laparoscopic-assisted radical gastrectomy. The patients were placed under general anesthesia with orotracheal intubation. The patients were placed in a supine position with their legs split, the surgeon operated from the right side, the assistant was on the left side and the camera assistant was between the patients’ legs. Laparoscopic radical surgery was performed with a five-hole approach. Based on the tumor location, total or distal subtotal gastrectomy with D2 lymphadenectomy was performed. After transection, a 5-7 cm long incision was made in the mid-upper abdomen, the specimen was removed, and extracorporeal digestive tract reconstruction was performed through the incision. Reconstruction of the digestive tract included Billroth-I, Billroth-II, and Roux-en-Y after gastrectomy.

In the HIPEC group, lobaplatin-based prophylactic HIPEC was performed under general anesthesia after closure of the incision. Two inlet pipes and two outlet pipes were installed. Lobaplatin (50mg/m2) was diluted in heated 5% glucose solution and then was circulated for 60 min. The perfusion rate was 400-500 ml/min. The circulating temperature was maintained at 42.5-43°C. After HIPEC, at least 90% of the perfusion fluid was removed. The patient’s vital signs and color of drainage were observed carefully during HIPEC. All patients received adjuvant chemotherapy after radical surgical resection.



2.3 Postoperative follow-up

The first day after surgery represented the beginning of the follow-up period. According to the NCCN gastric cancer guidelines, the patients were followed every 3 months for the first two years, then every 6 months for the next three years and then once a year after five years. The follow-up examinations included biochemical tests, tumor marker examination, and computed tomography (CT). The last date of follow-up was April 7th, 2022. Disease-free survival (DFS) was defined as the time from surgery to recurrence, while overall survival (OS) was defined as the time from surgery to all deaths.



2.4 Statistical analysis

Data statistics and analysis were conducted using Statistical Package for the Social Sciences (SPSS) version 23.0 for Windows (IBM Corp, Armonk, NY, United States) and GraphPad Prism (version 8, GraphPad Prism Software Inc.). Continuous data are expressed as the mean ± SD and were analyzed by a t test. Categorical data are shown as frequencies and percentages and were analyzed by the chi-squared test or Fisher’s exact test. Ranked and abnormally distributed quantitative data were assessed by the Mann−Whitney test. Survival analysis was performed using Kaplan−Meier curves and the log-rank test. Differences were considered significant when the P value was less than 0.05.




3 Results


3.1 Patient characteristics

A total of 106 patients met our inclusion criteria, and they had a mean age of 54.2 ± 10.3 years. Of these patients, 51 (48.1%) patients were in the HIPEC group, and 55 (52.9%) patients were in the non-HIPEC group. These two groups of patients were well balanced in terms of age, sex, ASA score, BMI, gastrectomy, tumor grade and pathological N staging (
Table 1
). The mean operation time in the HIPEC group was significantly longer than that in the non-HIPEC group (206 ± 35.6 min vs. 164 ± 34.3 min, p = 0.034). There were no significant differences in conversion to open surgery, estimated blood loss or hospital stay after the operations. Similarly, the postoperative gastrointestinal recovery was not significantly different between the two groups regarding the time to first flatus (2.3 ± 1.6 days versus 2.2 ± 1.2 days, p = 0.744) and time to regular diet (5.4 ± 2.2 days versus 5.2 ± 2.9 days, p = 0.649). Five (9.8%) patients in the HIPEC group had abnormal liver function (elevated ALT level), and 2 (3.6%) patients in the non-HIPEC group had abnormal liver function. All patients recovered to have a normal liver function after being given liver protection drugs. Nine (17.6%) patients in the HIPEC group suffered a decline in their peripheral platelet count (less than 150,000 platelets per microliter), which included 2 (3.6%) patients in the non-HIPEC group (p = 0.026); however, none of the patients in either of the groups experienced major bleeding events leading to anemia. There were no cases of 30-day postoperative mortality in either group (
Table 2
).



Table 1 | 
Baseline characteristics of the T4 gastric cancer patients.







Table 2 | 
Perioperative data of the patients.






The CEA positive rate, CA199 positive rate and CA724 positive rate 1 month after surgery in the HIPEC group were significantly lower than those in the non-HIPEC group (23.53% versus 47.27%, p = 0.044; 23.50% versus 43.64%, p = 0.049; 31.37% versus 52.73%, p = 0.025). There were no significant differences in terms of the CA125 positive rate between the two groups (21.57% versus 32.73%, p = 0.063) (
Table 3
).



Table 3 | 
Comparison of the tumor markers positive rates between the two groups before surgery and 1 month after surgery.







3.2 Survival analysis

The mean follow-up time was 59.3 months. All patients underwent postoperative adjuvant chemotherapy (oxaliplatin plus capecitabine for 6 cycles). During the follow-up period, 3 (5.5%) patients in the HIPEC group experienced peritoneal recurrence, and 10 (18.2%) patients in the non-HIPEC group experienced recurrence (p < 0.05) (
Table 2
). Both groups had comparable 5-year overall survival (OS) rates (41.1% HIPEC group vs. 34.5% non-HIPEC group, P = 0.118) (
Figure 1A
). The 5-year disease-free survival was significantly higher in the HIPEC group than in the non-HIPEC group (39.7% versus 28.6%, p = 0.046) (
Figure 1B
). A multivariable analysis was performed using logistic regression to determine factors associated with disease-free survival. The results showed that poorly differentiated, mucinous or signet cell adenocarcinoma, pathological positive lymph nodes and no neoadjuvant chemotherapy were significantly associated with poor disease-free survival. On the other hand, patients who underwent radical surgery plus HIPEC were less likely to have tumor recurrence (
Table 4
).





Figure 1 | 
Kaplan‒Meier survival curves depicting the survival in patients with T4 gastric cancer. (A) Patient OS based on whether HIPEC was performed. (B) Patient DFS based on whether HIPEC was performed..







Table 4 | 
Multivariable analysis of the prognostic factors influencing DFS.








4 Discussion

In this double-center retrospective observational study, we found that in patients with T4 gastric cancer, prophylactic HIPEC was a strong independent positive predictor of DFS. Patients who underwent prophylactic HIPEC had a lower peritoneal recurrence rate. The results also indicated that the expression of tumor markers 1 month after surgery was decreased significantly in the HIPEC group. However, these advantages did not translate into an OS benefit.

Whether prophylactic PIPEC in patients with T4 gastric cancer affords a survival advantage is still controversial, and research in this area has remained rather limited. There is still a lack of a unified treatment strategy, and no consensus is available regarding this topic. Radical surgery and HIPEC were first described in 1980 (14), and some of the previous studies and meta-analyses reported that the incidence of postoperative complications was higher in the HIPEC group (15–17) (18–21). In 2000, Samel et al. (18) reported 9 patients with advanced gastric cancer who underwent gastrectomy plus intraoperative HIPEC. The results showed that 6 of the patients (66%) developed postoperative complications, including anastomotic leakage, pancreatic fistula, pancreatitis and renal failure, indicating that intraoperative HIPEC was associated with a high risk of perioperative complications. French researchers (19) conducted a retrospective multicenter study of 159 patients from 15 institutions. A total of 10 (6.5%) patients died after surgery. The causes of death included multiple organ failure (2 patients), septic shock (2 patients), respiratory complications (2 patients), peritonitis caused by anastomotic leakage (1 patient), thromboembolic events (1 patient), cardiac arrhythmia (1 patient), and hematological toxicity (1 patient). The postoperative grade 3-4 morbidity rate was 27.8%. Fourteen percent of the patients required surgery. They concluded that for patients with gastric cancer, surgery with HIPEC may achieve long-term survival in a selected group of patients. Because of its high mortality rate, a stringent screening process should be employed and should be reserved for experienced institutions. The high overall complication rate in the past was probably due to the immature method of implementation of HIPEC, technological imperfections, and inaccurate temperature and may also be related to the general physical conditions of patients (20–22).

With the continuous exploration of HIPEC and improvement of its instruments, the application of HIPEC in gastrointestinal tumors has been quite mature (23). In recent years, a number of studies have suggested that HIPEC does not increase the incidence of postoperative complications (24–28). Beeharry et al. (29) conducted a randomized case−control study in 2019, and 80 patients with locally advanced gastric cancer were randomly divided into two groups: the HIPEC group (curative resection plus intraoperative HIPEC) and the control group (curative resection only). Their results indicated that faster recovery of bowel function (43 ± 5 h vs. 68 ± 7, P < 0.05) and shorter postoperative stay (8 d vs. 14 d, P < 0.05) were noted in the HIPEC group. Mild renal dysfunction, mild liver dysfunction and hyperbilirubinemia were recorded in the HIPEC group, but their incidences were found to be statistically insignificant when compared with the control group (P > 0.05). The prophylactic HIPEC group had a higher DFS rate and a lower peritoneal recurrence rate. These conclusions are similar to our conclusions.

Our conclusion demonstrated that thrombocytopenia occurred in 9 (17.6%) patients in the HIPEC group, which was significantly higher than that in the non-HIPEC group (n = 2, 3.6%). However, no severe bleeding events occurred in either group. Even then, liver and renal function, as well as routine blood tests, must be closely monitored in patients who undergo HIPEC after surgery. Our results also showed that there were no significant differences between the two groups in terms of complications and adverse events; this result is consistent with recent research.

Our results also indicated that after one month of treatment, the positive rates of tumor markers (CEA, CA199, CA724) were significantly lower in the HIPEC plus surgery group than in the CRS alone group. Both treatment strategies are helpful to reduce the level of serum tumor markers, while HIPEC plus surgery is more effective.

In this study, the results showed that patients with T4 gastric cancer who had HIPEC after surgery had better DFS and a lower peritoneal recurrence rate but showed no significant benefit in OS. The multivariable analysis confirmed that HIPEC had a significant and positive impact on DFS. At present, some studies are consistent with this result. Desiderio et al. (30) published a meta-analysis in 2017, and a total of 32 trials (2520 patients) were included. The analysis showed that HIPEC had advantages in preventing peritoneal metastasis, and the 3-year OS rate and 5-year OS rate in the HIPEC group were significantly higher than those in the non-HIPEC group (29).

This study has several limitations. First, even though the clinicopathological characteristics of the two groups were balanced, the retrospective nature of this study may have led to selection bias, and there might be unknown confounders that could have affected the results of this study. Second, this was a double-center study, and the sample size was relatively small. Multicenter, large-scale, randomized studies are needed to further confirm the survival benefits provided by lobaplatin-based prophylactic HIPEC in patients with T4 gastric cancer.

In conclusion, our study shows that lobaplatin-based prophylactic HIPEC is feasible and safe for patients with T4 gastric cancer and does not increase postoperative adverse effects. The use of HIPEC was associated with a significantly decreased incidence of peritoneal recurrence rates and blood tumor marker levels. The 5-year disease-free survival was significantly higher in the HIPEC group; however, a 5-year OS benefit was not found in T4 stage patients.
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Background

Little is known about applying machine learning (ML) techniques to identify the important variables contributing to the occurrence of gastrointestinal (GI) cancer in epidemiological studies. We aimed to compare different ML models to a Cox proportional hazards (CPH) model regarding their ability to predict the risk of GI cancer based on metabolic syndrome (MetS) and its components.



Methods

A total of 41,837 participants were included in a prospective cohort study. Incident cancer cases were identified by following up with participants until December 2019. We used CPH, random survival forest (RSF), survival trees (ST), gradient boosting (GB), survival support vector machine (SSVM), and extra survival trees (EST) models to explore the impact of MetS on GI cancer prediction. We used the C-index and integrated Brier score (IBS) to compare the models.



Results

In all, 540 incident GI cancer cases were identified. The GB and SSVM models exhibited comparable performance to the CPH model concerning the C-index (0.725). We also recorded a similar IBS for all models (0.017). Fasting glucose and waist circumference were considered important predictors.



Conclusions

Our study found comparably good performance concerning the C-index for the ML models and CPH model. This finding suggests that ML models may be considered another method for survival analysis when the CPH model’s conditions are not satisfied.





Keywords: metabolic syndrome, gastrointestinal cancer, machine learning, prospective cohort study, Korea



Introduction

Gastrointestinal (GI) cancer refers to cancers affecting the digestive system. Gastric cancer, colorectal cancer, liver cancer, esophageal cancer, and pancreatic cancer are recognized as common GI cancers (1). According to an estimate in 2018, GI cancer accounted for 26% of new cancer cases and 35% of deaths related to cancer worldwide (1). The trend of GI cancers varies geographically by specific types; for instance, the highest rates of liver cancer, esophageal cancer, and gastric cancer are found in Asia (2). Although the trend has been upwards for colorectal and pancreatic cancer, the remaining cancers have experienced a downwards trend since 1999; GI cancer remains one of the most common cancers in Korea (3).

Although risk factors for specific types of GI cancer vary, lifestyle-related factors contribute significantly to the development of GI cancer (2). Specifically, a Western lifestyle has been documented to be associated with a higher prevalence of GI cancer (2). Notably, metabolic syndrome (MetS), which has been reported to be a global epidemic, might be considered an important mediator of the effect of a Western lifestyle on GI cancer development (2). MetS has been described as a group of conditions including obesity, hypertension, high blood sugar, and dyslipidemia (4). Currently, there are three definitions used for MetS diagnosis, namely, the WHO 1999, the National Cholesterol Education Program (NCEP) Adult Treatment Panel III (ATP III) 2005, and the International Diabetes Federation 2006 definitions. Although MetS definitions are modified by health care organizations for different regions, MetS remains a significant and alarming global public health problem (5).

Existing evidence from epidemiological studies has revealed that MetS may be an etiologic factor for GI cancer development. For example, a previous study of large-scale molecular data for 366,016 participants reported a potential link between MetS and an elevated risk of GI cancer regardless of the MetS definition used (6). Similarly, an increased risk of colorectal cancer, liver cancer, and gastric cancer was found in participants with MetS in other cohort studies (7–11). Notably, Cox proportional hazards (CPH) model was used in these studies; a CPH model is a linear regression with good interpretability (12). CPH model is known to be a semiparametric method in which survival times are assumed in relation to predictor variables in a particular way and proportional hazards (13).

To date, attention has been drawn to the application of machine learning (ML) to cancer prediction. In particular, the application of ML in survival analysis has been indicated in recent years (14, 15). However, the value of ML models compared to CPH model is ambiguous due to inconsistent results in previous studies (15–18). For example, an ML model outperformed a CPH model in predicting breast cancer survival in a previous study (16). In contrast, a comparably good performance was observed to predict survival in patients with oral and pharyngeal cancer in another study (17). Thus, the value of ML approaches compared to CPH model in survival analysis is still debatable.

To our knowledge, little is known about the application of ML techniques in epidemiological studies to identify important predictors affecting GI cancer development. In addition, no study has compared the accuracy of ML and CPH models for predicting GI cancer. Therefore, our study aimed to examine whether MetS and its components are related to GI cancer prediction and whether ML models outperform a CPH model in predicting GI cancer based on MetS and other confounders.



Methods


Study population

The Cancer Screenee Cohort Study was established in 2002 to explore the association of risk factors with cancer development in South Korea. The information of this cohort has been described (19). In brief, we recruited 41,837 participants aged 16 and older who visited the Center for Cancer Prevention and Detection at the National Cancer Center in South Korea for health examinations between August 2002 and December 2014. We required participants to complete baseline questionnaires and identified incident cancer cases by following up with participants until December 2019. Our final analysis included 24,139 participants after exclusion of 1,754 participants with incomplete questionnaires, 2,100 participants with a diagnosis of any cancer before recruitment, 6 participants aged <20 years, and 13,122 participants who lacked information on individual characteristics (Figure 1). We obtained written informed consent from all participants and approval for the study protocol from the institutional review board of the National Cancer Center (No. NCCNCS-07-077).




Figure 1 | Flow chart of the study participants. Among 41,837 participants recruited, 41,121 participants were linked to the Korea Central Cancer Registry. Our final analysis included 24,139 participants after exclusion of 1,754 participants with incomplete questionnaires, 2,100 participants with a diagnosis of any cancer before recruitment, 6 participants aged <20 years, and 13,122 participants who lacked information on individual characteristics.





Outcome and predictor measurement

Potential incident GI cancer cases were obtained by linking to the 2019 Korea National Cancer Incidence Database of the Korea Central Cancer Registry. We used the following International Classification of Diseases, 10th Revision codes to identify common incident GI cancers: gastric cancer (C16), colorectal cancer (C18-C20), liver cancer (C22), esophageal cancer (C15), gallbladder cancer (C23), and pancreatic cancer (C25). We identified 540 incident GI cancer cases, namely, 242 (44.8%) incident cases of gastric cancer, 123 (22.8%) incident cases of colorectal cancer, 102 (18.9%) incident cases of liver cancer, 41 (7.6%) incident cases of pancreatic cancer, 16 (3.0%) incident cases of gallbladder cancer, and 16 (3.0%) incident cases of esophageal cancer.

Currently, the MetS definition in Korea is based on the criteria of the ATP III of the NCEP and specific values of waist circumference from the World Health Organization and the Korean Society for the Study of Obesity. MetS was identified among those who met 3 or more of the following criteria (20):

	Waist circumference: males ≥ 90 cm and females ≥85 cm

	Blood pressure: ≥130/85 mmHg

	Triglycerides: ≥150 mg/dL

	High-density lipoprotein cholesterol (HDL cholesterol): males <40 mg/dL and females <50 mg/dL

	Fasting glucose: ≥100 mg/dL or a history of diabetes.



We collected venous blood samples from participants at baseline after they had fasted for 8 hours to determine the blood-related components of MetS. Height (m) and weight (kg) were measured with InBody 3.0 (Biospace, Seoul, Korea) or automatic height and weight measurements (DS-102, Dong Shin Jenix Co., Ltd., Seoul, Korea). The measurement of waist circumference was performed with a tape measure 1 cm above the umbilicus with minimal respiration. A chemistry analyzer (TBA-200FR, Toshiba, Tokyo, Japan) was used to measure fasting glucose, triglyceride, and HDL cholesterol levels. Blood pressure was measured by trained personnel with an automatic blood pressure monitor (FT-200S, Jawon Medical, Kyungsan, Korea) after the patients had 15 minutes of rest (21). In addition, a self-administered questionnaire regarding information on baseline characteristics was completed by participants.

Predictors of GI cancer incidence in our study included MetS and its individual components (waist circumference, HDL, triglycerides, blood pressure, and fasting glucose). In addition, sociodemographic variables included age, sex, educational level (high school graduate or less and college or higher), marital status (married or cohabitating and others), monthly income (10,000 Korean won/month) (<200, 200-400, and >400), and first-degree family history of cancer (yes, no). Lifestyle factors included smoking status (nonsmoker, ex-smoker and current-smoker), alcohol consumption (nondrinker, former drinker and current-drinker), and physical activity (yes, no). These sociodemographic and lifestyle characteristics may be confounders for the association between MetS and GI cancer (6).



Models and evaluation

We used a CPH model and ML survival models, including random survival forest (RSF), survival trees (ST), gradient boosting (GB), survival support vector machine (SSVM), and extra survival trees (EST), to predict GI cancer. The ability of these ML models to predict an outcome in right-censored time-to-event data has been documented in the literature as follows:

Random forest is an ML model that is most frequently used to solve problems in relation to classification and regression by constructing ensembles from decision trees and combining results to give a final decision. RSF extends random forest to censored lifetime data (22).

ST is another forest approach that has been widely used to handle time-to-event data. The implementation of ST is as follows: data partitioning is performed based on a criterion for splitting, and objects with similar events are grouped as the same node. (23).

Similar to RSF, the GB model is an ensemble model that combines the predictions of multiple base learners to improve the prediction of the overall model. However, RSF averages predictions from independent trees to obtain the overall prediction, while the GB model is additive (24).

Support vector machine aims to find a hyperplane to maximize the margin between classes. SSVM is an extension of the support vector machine to handle time-to-event data (16).

The EST model is a slightly different version of RSF (25). In comparison with RSF, the splitting criteria of EST are more random (26).

We used the following two evaluation metrics, which have been widely used in survival analyses in the literature, to compare the performance of the regression models (15, 22, 23, 26). The concordance index (C-index) is a rank order statistic for predictions against true outcomes and is defined as the ratio of the concordant pairs to the total comparable pairs (23); the closer the C-index is to 1, the better the model performs (15, 26). The integrated Brier score (IBS) reflects calibration over all time points, with a smaller value indicating greater accuracy (22). Furthermore, we evaluated the models based on the time-dependent area under the curve (AUC).



Statistical analysis

We calculated person-years from baseline to the date of cancer diagnosis, death, or end of follow-up (December 31, 2019), whichever came first. We used chi-square tests and Wilcoxon rank-sum tests to compare the baseline characteristics between the incident GI cancer cases and nonincident GI cancer.

There were several steps for model development. First, we used an 80:20 ratio to randomly split the data into training and testing datasets. The purposes of the training and testing datasets were to fit the model and evaluate the final model, respectively. Second, a grid search was utilized to search hyperparameters for C-index maximization with 10-fold cross validation. We found the following optimal hyperparameters: n_estimators=400, max_depth=4 for RSF, max_depth=4 for ST, learning_rate=1 and max_depth=1 for GB, alpha=0.0002 for SSVM, and n_estimators=500, max_depth=4 for EST. Third, we fit the models using the training dataset based on selected input variables, the optimal hyperparameters, and default values of other hyperparameters. Fourth, the testing dataset was used to evaluate and compare model performance. Then, the ELI5 package was used to explore the contribution of predictors to the models, which calculates important variables based on the permutation important method by identifying the weight of variables (26). We used bootstrapping and 10-fold cross validation to assess the robustness of the models.

Furthermore, we used the CPH model to explore the specific associations of MetS and its components with incident GI cancer after adjusting for the aforementioned confounding factors. We performed statistical analyses by using Python software (version 3.7.9) with the scikit-survival library (26) and SAS software (version 9.4, SAS Institute, Cary, NC, USA) with a two-sided P value less than 0.05 was considered statistically significant.




Results


Characteristics of the participants

A total of 540 incident GI cancer cases were identified among 24,139 participants during the follow-up period (mean, 10.7 years), among which gastric cancer accounted for the highest number of cases (44.8%), followed by colorectal cancer (22.8%). Compared with the nonincident GI cancer group, the incident GI cancer group comprised older patients (54.7 ± 8.9 years old vs. 49.2 ± 9.1 years old, P<0.001) and patients who exhibited higher proportions of a low education level (49.4% vs. 44.1%, P=0.013), a low income level (23.9% vs. 15.0%, P<0.001), being married or cohabitating (93.7% vs. 90.6%, P=0.015), a first-degree family history of cancer (49.6% vs. 44.3%, P=0.014), and BMI≥25 (44.3% vs. 33.5%, P<0.001). In addition, this group tended to be current smokers (30.0% vs. 25.0%, P<0.001) and current drinkers (67.8% vs. 65.4%, P<0.001). With regard to MetS, incident GI cancer cases accounted for a higher proportion of MetS than those without incident GI cancer (26.3% vs. 18.2%, P<0.001). Similarly, the proportions of central obesity, elevated blood pressure, and high fasting glucose levels tended to be higher in incident GI cancer cases than in nonincident GI cancer (45.2% vs. 34.6%, P<0.001, 48.5% vs. 37.5%, P<0001, and 32.2% vs. 19.2%, P<0.001, respectively) (Table 1).


Table 1 | Characteristics of the study subjects.






Model performance

The C-index and IBS were used to compare the performance of the models. Table 2 presents these metrics for the CPH and ML models based on the testing dataset. Comparably good performance was recorded for the GB, SSVM, and CPH models, with a C-index value of 0.725. The RSF and EST models exhibited a lower performance than the CPH model (0.699 vs. 0.725 and 0.671 vs. 0.725, respectively). IBS was not estimated for SSVM because it is applicable for models that can estimate a survival function. A similar value of IBS was found for the remaining models (0.017). Furthermore, comparably good discrimination was found for the ML and CPH models concerning the time-dependent AUC (Figure 2).


Table 2 | C-index and integrated Brier score for the testing dataset.






Figure 2 | Time-dependent AUC. We presented the time-dependent AUC of the CPH model and five ML models, namely, the random survival forest, survival trees, gradient boosting, extra survival trees, and survival support vector machine models. The vertical axis is the time-dependent AUC. The horizontal axis is follow-up (year).





Importance of predictors of GI cancer

Table 3 presents the top five most important predictors of incident GI cancer based on the ML models. Notably, among the predictors related to MetS, fasting glucose was indicated as an important predictor for the occurrence of GI cancer across models. Furthermore, according to the GB model, waist circumference was one of the five important predictors contributing to incident GI cancer.


Table 3 | Top 5 most important predictors for incident GI cancer based on the ML models.



We then determined the specific relationships between MetS and its components and GI cancer development by using the CPH model. Notably, the important predictors were identified by the CPH model, which were similar to those of the ML models. In detail, a higher risk of GI cancer was found for participants with high waist circumference in both the crude model and adjusted model; the HRs (95% CIs) were 1.56 (1.32-1.85) for the former and 1.36 (1.15-1.62) for the latter. Similarly, high fasting glucose was observed in relation to an increased GI cancer risk in the crude model [HR=2.05 (1.71-2.46)], and this significance remained unchanged in the adjusted model [HR=1.41 (1.17-1.69)]. Furthermore, participants with MetS exhibited a significantly higher risk of GI cancer than those without MetS, and the HRs (95% CIs) were 1.64 (1.35-1.98) in the crude model and 1.29 (1.06-1.56) in the adjusted model (Table 4).


Table 4 | Hazard ratios and 95% confidence intervals of incident GI related to metabolic syndrome and its components.






Discussion

In this study, we constructed five ML models and compared them with a conventional CPH model to predict incident GI cancer and identify whether MetS and its components are potential predictors of GI cancer development. Our findings identified a comparably good performance concerning the C-index for the GB, SSVM, and CPH models. High fasting glucose was found to be a predictor for GI cancer development across six models. However, the important predictor was not restricted to high fasting glucose, and the importance of high waist circumference emerged in the GB and CPH models.

To date, attention has been drawn to the application of ML models to time-to-event data. As a result, many studies have been conducted to compare the predictive performance of ML models against CPH models. For example, based on a previous study, an extreme gradient boosting model outperformed a CPH model in predicting breast cancer survival based on C-index values (0.73 vs. 0.63) (16). Similar results were obtained in other studies comparing RSF models and CPH models for survival prediction in patients with liver transplantation or oral squamous cell carcinoma (18, 27). The C-index values obtained in these studies were 0.622/0.620 and 0.764/0.694 for the RSF and CPH models, respectively (18, 27). However, the value of ML models against CPH model is still open to discussion because inconsistent results have been obtained in other studies. Specifically, a comparably good performance was recorded for RSF, conditional inference forest, and CPH models in predicting the survival of patients with oral and pharyngeal cancer (17). Similarly, a CPH model showed better performance in another study conducted in China, where CPH and RSF models were used to predict the progression of high-grade glioma after proton and carbon ion radiotherapy (15).

To our knowledge, our study is the first attempt to use ML and CPH models for the prediction of GI cancer development based on MetS and other confounders. CPH model has been widely applied to investigate the impact of risk factors on incident cancers due to its simple, fast computation and meaningful outputs; however, its limitations need to be clarified (16). First, the proportional hazard assumption must be satisfied in the model. Survival curves for different strata need to have hazard functions that are proportional over time. Second, there is a linear relationship between log hazards and covariates (28). Thus, CPH model may not be appropriate for a dataset with nonlinearity due to a decreased accuracy in prediction (12, 17). To date, the development of ML has been documented to address the limitations of conventional statistical analysis in cancer prediction (16). The self-study, classification, prediction, and feature selection abilities of ML have been well recognized. ML methods can be adapted to deal with data with nonlinearity and high-dimensional covariates (22, 29). However, we found comparable performance for the CPH and ML models. This finding is consistent with some previous studies (17, 30) and may be explained as follows. First, a CPH model tries to fit the data to a specific model and tests the proportional hazards assumptions to examine the influence of predictors on an outcome (17). Thus, the proportional hazards assumption of CPH was satisfied in our data, which may be a potential explanation. Second, complex associations and interactions seem to be unimportant in our data. Third, a small number of predictors were used in our study. Overall, it is important to realize that the superiority of ML models is found only when a CPH model meets its limitations (17). Notably, we evaluated the models based on the C-index, which can account for censoring and does not depend on a single fixed evaluation time (27). Taken together, a CPH model should be considered a method in epidemiological studies when its conditions are satisfied. Additionally, a combination of ML and CPH models could be used to provide further insight into predictors; specifically, nonlinear interactions may be obtained using ML models, whereas a CPH model is used to summarize the risk in a dataset that is not suitable for CPH model analysis (14, 17).

Among the variables related to MetS, the importance of high fasting glucose as a predictor for GI cancer development was found across all models. This finding is consistent with the results of a previous study, where diabetes mellitus was documented to be associated with elevated GI cancer (31). Notably, a consistent association was also found for specific types of GI cancer. For instance, high fasting glucose was demonstrated to play an important role in gastric cancer development in our previous study (32). Similarly, we identified a positive association for colorectal cancer (11). Our finding was reinforced by the conclusions of other studies (33, 34). For example, a higher risk of colorectal cancer was observed in participants with type II diabetes in two large prospective cohorts in the U.S (33). Additionally, a higher risk of primary liver cancer and pancreatic cancer may be attributed to increased fasting glucose (35–37). Our study suggests that greater emphasis must be placed on participants with high fasting glucose, including those with prediabetes (100 mg/dL-125 mg/dL) and diabetes (≥126 mg/dL or a history of diabetes). Prediabetes may have a potential link to GI cancer development (32). Several biological mechanisms may be involved in the effect of high fasting glucose on GI cancer development. First, hyperglycemia could provide nutrients for tumor cells, which has certain effects on the proliferation of these cells. For example, epidermal growth factor expression and epidermal growth factor receptor transactivation may be induced by high glucose, which can contribute to promoting cell proliferation in pancreatic cancer (38). Second, there is a positive association between hyperglycemia and proinflammatory factor production; proinflammatory factors are known to stimulate the expression of oncogenes, regulate the cell cycle, promote the proliferation of tumor cells, inhibit apoptosis, and even induce the epithelial-to-mesenchymal transition (38). Third, insulin-like growth factor 1 (IGF-1) bioavailability could be promoted by insulin, which could inhibit apoptosis, stimulate cellular proliferation, and induce carcinogenesis (39).

Furthermore, high waist circumference was considered an important predictor of the occurrence of GI cancer in the CPH model and GB model in our study. Overall obesity has received more attention in previous studies than central obesity. However, central obesity may have more influence on cancer risk than overall obesity because metabolic derangement is reflected by insulin and IGF levels (40). This hypothesis was supported by a conclusion drawn from a previous study, which emphasized the stronger influence of waist circumference on colon cancer risk than BMI (41). Furthermore, the adverse effect of central obesity on GI cancer development was reinforced by evidence from two meta-analyses of prospective studies (42, 43). The pathophysiological mechanisms can be explained as follows. First, insulin resistance is an important mediator of the link between central obesity and cancer. In detail, high insulin levels lead to IGF activation, promote cellular proliferation, and inhibit apoptosis (44). Second, sex hormones may be a possible mechanism because they are related to a relationship between body size and shape. The pathogenesis of the link between body size and shape and cancer may include obesity-induced hypoxia, genetic susceptibility, and adipose stromal cell migration (44). Notably, MetS was demonstrated to be associated with GI cancer development in the CPH model. However, it was not indicated as the top five important variables in the ML models. A possible reason may be the stronger effects of high fasting glucose and waist circumference. These components are implied to be central factors for the causal link between MetS and GI cancer.

Notably, with regard to variable importance, CPH model exhibits a straightforward interpretation as an HR, whereas a large important variable has more influence on the transition to predict an outcome, and ML models do not provide the sign of the prediction (negative or positive effect) (45). To date, the direct comparison of CPH with ML models regarding interpretation is limited due to the lack of a common metric. Thus, it is necessary to address this limitation in further studies (18).

There are several strengths in our study. First, this is the first attempt to use an ML approach to predict and identify the adverse effects of high fasting glucose and central obesity on GI development with time-to-event data. Second, our study has a relatively large sample size with a long follow-up time, accurately identifying incident cases by linking to the national cancer registry using a high-quality database. Third, we used standardized operating procedures to perform the laboratory tests with standardized equipment and trained personnel. However, there are some limitations in our study. First, we used a small number of predictors. Second, the predictive power may be affected by a low proportion of incident cases in our study. Thus, further studies with a larger number of incident cases and predictors may be warranted to clarify the value of ML models against CPH model. Third, information on medication and dietary factors was not available to consider in our models.

In conclusion, our study found comparably good performance according to the C-index for the ML and CPH models. This finding suggested that ML models may be considered another method for survival analysis when a CPH model has limitations. However, further studies with a larger number of predictors are necessary to clarify the value of ML models. Furthermore, our study indicated that preventing high fasting glucose and central obesity could be expected to reduce GI cancer development.
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Objectives

Limited efforts have been made to evaluate the effect of multimodal chemotherapy on the survival of gastric cancer patients with liver metastases (LMGC). This study aimed to identify prognostic factors in LMGC patients and the superiority of multimodal chemotherapy with respect to overall survival (OS) in these patients.





Methods

We conducted a retrospective cohort study of 1298 patients with M1 stage disease between January 2012 and December 2020. The effects of clinicopathological variables and preoperative chemotherapy (PECT), postoperative chemotherapy (POCT), and palliative chemotherapy on survival in patients with liver metastases (LM group) and non-liver metastases (non-LM group) were compared.





Results

Of the 1298 patients analysed, 546 (42.06%) were in the LM group and 752 (57.94%) were in the non-LM group. The median (interquartile range) age was 60 (51–66) years. The 1-year, 3-year and 5-year overall survival (OS) rates in the LM group were 29.3%, 13.9%, and 9.2%, respectively, and those in the non-LM group were. 38.2%, 17.4%, and 10.0%, respectively (P < 0.05, > 0.05, and > 0.05, respectively.) The Cox proportional hazards model revealed that palliative chemotherapy was a significant independent prognostic factor in both the LM and non-LM groups. Age ≥55 years, N stage, and Lauren classification were also independent predictors of OS in the LM group (P < 0.05). Palliative chemotherapy and POCT were associated with improved OS compared with PECT in the LM group (26.3% vs. 36.4% vs. 25.0%, P < 0.001).





Conclusion

LMGC patients had a worse prognosis than non- LMGC. Number of metastatic sites more than 1, liver and other metastatic sites, no CT treatment and HER2-negative had a poor prognosis. LMGC patient may benefit more from palliative chemotherapy and POCT than from PECT. Further well-designed, prospective studies are needed to validate these findings.





Keywords: gastric cancer, liver metastases, preoperative chemotherapy, postoperative chemotherapy, palliative chemotherapy, overall survival, prognosis




1 Introduction

Gastric cancer (GC) is the fourth most common cause of cancer-related death worldwide, accounting for nearly 800,000 deaths in 2020; approximately 50% of these deaths (an estimated 373,789) occurred in China (1). The poor prognosis of GC is related to local recurrence, gross peritoneal dissemination, invasion of other organs, and extensive distant metastasis (2). With current treatment strategies, patients with localised disease usually have a good prognosis, but metastatic cancers are generally incurable because of their spread to distant locations, leaving patients with no chance of radical resection and only conservative medical treatment to control the progression of the disease (3). The median survival of Chinese patients with metastatic GC varies from 3.9 months to 18.4 months based on the metastatic location (4–8). Therefore, identifying the optimal therapies for patients with metastatic GC is still needed.

The liver is a frequent site of distant metastasis in GC, with an incidence of 5–34% (9, 10). Despite significant efforts to improve survival of patients with liver metastasis (LM), the prognosis remains poor. Therapeutic surgery provides a potential cure for liver metastasis from gastric cancer (LMGC); however, surgery is currently not a standard treatment option for patients with advanced GC other than palliative surgery for bleeding, obstruction, or perforation caused by the tumour. Therefore, palliative chemotherapy is still regarded as the standard treatment modality for patients with metastatic GC (11–13). The SOPP trial showed that S-1 plus oxaliplatin (SOX) regimen can be recommended as a first-line treatment for metastatic or recurrent GC, and the median OS can be extended to12.9 months (14). According to recent studies (15–17), the median survival of patients with LMGC who undergo systemic chemotherapy is between 7 and 14 months. However, there are currently no internationally approved standard adjuvant or palliative chemotherapy regimens for patients with advanced GC. The MAGIC trial explored the preoperative administration of epirubicin, cisplatin, and infused fluorouracil (ECF) in patients with resectable GC in the United Kingdom (18) and showed that patients receiving preoperative ECF had reduced tumour size and stage and improved overall survival (OS) compared to patients treated with surgery alone (5-year OS: 36.3% vs. 23.0%, P = 0.009). Therefore, perioperative chemotherapy (PECT) is the standard treatment strategy for patients with advanced GC in Europe and the United States. The CLASSIC trial conducted at 37 centres in South Korea, China, and Taiwan showed that postoperative capecitabine plus oxaliplatin (XELOX) regimen led to better disease-free survival (DFS) than gastrectomy alone (3-year DFS, 74.0% vs. 59.0%; P < 0.001) (19), which reinforces the efficacy of POCT in GC patients in East Asia (20, 21). SOX or XELOX regimen has been recommended as one of the standard perioperative chemotherapy regimens for advanced gastric cancer in China (22–24). Nevertheless, studies on PECT and PORT in Chinese GC patients with LM was limitied.

Multimodal chemotherapy is the preferred treatment for LMGC to improve survival. However, most studies have focused on the prognosis of patients with LMGC who also undergo hepatectomy, and there are no clinical trials or cohort studies on multimodal chemotherapy in LMGC. Therefore, predicting the prognosis of LMGC patients is difficult. We retrospectively analysed the clinicopathological and survival data of LMGC patients in the Ningxia region in China, which has a high incidence of GC. We aimed to assess the clinical features and prognostic factors of LMGC to aid in identifying the optimal chemotherapy treatment timing for these patients.




2 Materials and methods



2.1 Patient population

This retrospective study enrolled 1298 patients with metastatic GC from the General Hospital of Ningxia Medical University of Northwest China. The inclusion criteria were as follows (1): age ≥18 years (2) M1 stage GC diagnosed between 2012 and 2020, (3) diagnosed based on baseline radiological staging investigations, including computed tomography, performed following the initial diagnosis of GC by endoscopic biopsy and confirmed histologically, and (4) complete follow-up information. The exclusion criteria were as follows: (1) patients with duplicate numbers, (2) history of malignancy or complicating other tumours, (3) the site of metastasis was unknown. A flowchart of the patient selection process is illustrated in Figure 1. The study protocol was approved by the Ethical Committee of Ningxia Medical University, and informed consent was obtained from all the patients.




Figure 1 | Schematic representation of the research process.






2.2 Variables

The demographic variables included age at diagnosis, sex, occupation, ethnicity, medical insurance, smoking history, alcohol consumption, family history, and blood type. Clinicopathologic variables included TN stage, primary tumour site, tumour size, differentiation, pathological type, Lauren classification, number of metastatic sites, human epidermal growth factor receptor 2 (HER2) status, serum carcinoembryonic antigen (CEA), treatment method, and survival time in months. Ethnicity was classified as Han, Hui, or others; sex was recorded as male or female; and age was grouped as <55 years and ≥55 years. The primary tumour site was classified as the upper, middle, or lower stomach. The tumour size was classified as <7 cm or ≥7 cm. The differentiation was classified into three grades: high, medium, and low. The pathological type was classified as mucinous adenocarcinoma, glandular cancer, signet-ring cell carcinoma, or other. The Lauren classification was classified as intestinal, diffuse, or mixed type. HER2 status was assessed using in situ hybridisation (ISH) and immunohistochemistry (IHC). HER2 was considered positive if the IHC score was 3+ and negative if the score was 0 or 1+. IHC scores of 2+ were categorised as missing if ISH was not used to confirm the result. Treatment therapies were grouped as no chemotherapy (CT), preoperative chemotherapy (PECT), postoperative chemotherapy (POCT), and palliative chemotherapy (palliative CT). The cohort was divided into two metastatic groups based on the sites of metastasis at the initial presentation: the liver metastases (LM) group (n = 546) and the no liver metastases (non-LM) group (n = 752).




2.3 Follow-up

All data were obtained from the patients’ medical records at the hospital. The survival information included survival status, date of death, and cause of death and was collected by telephone calls or text messages to patients or their family members. All cases were followed up in April 2021 within 2 weeks. Patients who could not be contacted after three tries or who had with incorrect phone numbers were considered lost to follow-up. Those who were lost to follow-up, alive, or died of other diseases at the end of follow-up were censored. The primary endpoint of this study was OS, which was defined as the time from the diagnosis of metastatic GC until death or the time of the last follow-up visit. Survival data were available for 558 (43.0%) patients, and follow-up information was available for 991 (76.3%) patients.




2.4 Statistical analysis

Descriptive statistics are presented as percentages and numerical statistics as medians. One-way analysis of variance and chi-square tests were used to compare differences in categorical variables between the groups. The Kaplan–Meier method was used to estimate OS, and the log-rank test was used to compare OS between groups. Cox regression analysis was used to calculate the hazard ratios and 95% confidence intervals (CIs) of covariates associated with OS. Factors with P < 0.05 in the univariate analysis were used to select covariates for the final multivariate models. Statistical significance was set at P < 0.05. Survival curves were plotted using GraphPad Prism (version 6.0; San Diego, California, USA). Forest plots were generated using the RMS package of R (version 4.1.0; R Foundation, Vienna, Austria). All other analyses were performed using SPSS statistical package (version 25.0; IBM Corporation, Armonk, NY, USA).





3 Results



3.1 Patient characteristics

The demographic and clinical characteristics of the patients are shown in Table 1.


Table 1 | Baseline patient characteristics.



A total of 1298 patients with M1 stage GC were selected according to the predefined inclusion and exclusion criteria, including 956 men (73.7%) and 342 women (23.6%). The median age was 60 years (interquartile range [IQR] 51-66) and the median follow-up time was 42 months (IQR 24-61). The main histological subtype is glandular cancer (88.6%). T3 and T4 is the most common clinical stage (92.9%), and most tumours have low differentiation (70.0%). 624 (48.1%) patients have a single organ site of metastases while 674 patients (51.9%) patients have multi-organ metastases. A total of 622 patients HER2 status was assessed, including 73 (11.1%) positive patients and 549 (88.3%) negative patients. Most patients received chemotherapy (63.4%), and 34.5% of patients received surgery plus chemotherapy. Among the patients who received chemotherapy (N = 823), 57 (4.4%), 391 (30.1%), and 375 (28.9%) received PECT, POCT, and palliative CT, respectively.

To explore the relationship between metastatic patterns and survival, we divided the patients based on the presence of LM, regardless of the number of metastatic sites. Of the 1298 patients, 546 had LM and 752 had non-LM. There are 404 (74.0%) patients aged >55 years in the LM group and 456 (60.6%) patients aged >55 years in the non-LM group. There are 449 (82.2%) men in the LM group and 507 (67.4%) men in the non-LM group. There are statistically significant differences in the distributions of age and sex between the LM and non-LM groups (all P < 0.001): patients in the LM group are more likely to be older and male than those in the non-LM group. In the LM group, 16 patients (2.9%) were treated with PECT, 140 (25.6%) were treated with POCT, and 196 (35.9%) were treated with palliative CT.




3.2 Survival analysis

The median OS of all patients was 12.0 months (95% CI 10.5–13.5) and the 1-year, 3-year and 5-year OS rates were 34.4%, 15.9% and 9.6%; the survival curves are shown in Figure 2A. The OS rates were 25.2% and 31.4% in the LM and non-LM groups, respectively (P < 0.05), and the corresponding median OS were 11.0 months (95% CI 9.2–12.8) and 14.0 months (95% CI 12.0–16.0), respectively (Figure 2B). The 1-year, 3-year and 5-year OS rates in the LM group were 29.3%, 13.9%, and 9.2%, respectively, and the corresponding rates in the non-LM group were 38.2%, 17.4%, and 10.0%, respectively (P < 0.05, > 0.05, and > 0.05, respectively) (Table 2). Patients with single-site metastases had better survival than those with multiple-site metastases (P < 0.05; Figure 2C). In the entire cohort, 282, 264, 339, and 413 patients have liver only, liver and other, single non-liver, and multiple non-liver metastases, respectively. The OS rates were 29.4% and 23.5% for the liver only and liver and other metastases groups, respectively, both of which were significantly lower than those of the single non-liver and multiple non-liver metastases groups (39.1% and 33.2%, respectively). Figure 2D shows the survival curves based on the metastatic pattern.




Figure 2 | Kaplan–Meier analysis of survival curves based on clinical features with metastasis GC patients. (A–F) The overall survival curves of 1298 patients with M1 stage GC (A), overall survival curves between the LM and non-LM groups (B), number of metastasis sites of total patients (C), metastasis pattern of total GC patients (D), four modes of treatment (E), overall survival curves between the HER2 negative and HER2 positive groups of metastasis GC patients (F). LM, liver metastasis; PECT, preoperative chemotherapy; POCT, postoperative chemotherapy; CT, chemotherapy.




Table 2 | The OS of the LM and Non-LM of GC patients.






3.3 Effect of multimodal chemotherapy on survival in patients with LMGC

We analysed the survival of patients with metastatic GC based on their characteristics and treatment modality. The survival of patients with metastatic GC was significantly different based on the chemotherapy modality. The median OS of patients who received no CT, PECT, POCT, and palliative CT were 6.0 months (95% CI 4.7–7.3), 22.0 months (95% CI 13.4–30.6), 18.0 months (95% CI 15.0–21.0), and 15.0 months (95% CI 12.4–17.6), respectively (P < 0.001; Figure 2E). In the LM group, patients who underwent POCT had the highest survival rate (36.4%). However, in the non-LM group, patients who underwent PECT had the highest survival rate (51.9%), the survival curves are shown in Figure 3. Notably, HER2 positivity was associated with better OS than HER2 negativity; the corresponding median OS were 43.0 months (95% CI 13.1–72.9) and 14.0 months (95% CI 12.1–16.0), respectively (Figure 2F). The HER2 positivity rates were 6.6% (36/546) in the LM group and 4.9% (37/752) in the non-LM group. The OS of patients with HER2 positivity were 51.7% and 68.6% in the LM and non-LM groups, respectively (P < 0.05), the survival curves are shown in Figure S1.




Figure 3 | Survival curves of LM and non-LM patients with four treatment modalities. (A, B) Survival curves of 546 LM patients with four modes of treatment (A), survival curves of 752 non-LM patients with four modes of treatment (B). PECT, preoperative chemotherapy; POCT, postoperative chemotherapy; CT, chemotherapy.






3.4 Prognostic factors for OS in patients with LMGC

The results of the univariate analyses are shown in Table S1. Age, N stage, Lauren classification, and treatment mode are significant prognostic factors for OS in the LM group (all P < 0.05; Table S1). Age, HER2 expression, treatment mode, and number of metastatic sites are significant prognostic factors for OS in the non-LM group (all P < 0.05; Table S1). Significant variables (P < 0.05) associated with survival in the univariate analysis included in the multivariate Cox proportional hazards model. The results of the multivariate analyses are shown in Figure 4. The multivariate Cox proportional hazards model revealed that palliative CT is a significant independent prognostic factor in both the LM and non-LM groups; age ≥ 55 years, POCT, Nx stage, and mixde Lauren classification were independent predictors in the LM group, whereas PECT and HER2 positivity are independent predictors in the non-LM group. Receiver operating characteristic (ROC) was used to evaluate the accuracy of survival model, AUC=0.723, shown in Figure S2.




Figure 4 | Multivariable Cox proportional hazards model for analyzing the prognostic factors for metastasis GC patients.







4 Discussion

In the present study, we retrospectively collected data of 1298 patients with M1 stage GC: 546 (42.06%) in the LM group and 752 (57.94%) in the non-LM group. All patients were from the Ningxia region in northwest China, which has a high incidence of GC. The median OS of all patients was 12 months, which was consistent with data from previous reports (median OS of 3.9–18.4 months) (4–8). Our analysis further showed that the 5-year survival rate (5ySR) of the LM group was slightly lower than that of the non-LM group (9.2% vs. 10.0%), whereas the median survival time was much lower in the LM group than in the non-LM group (11 months vs. 14 months). The 5ySR of patients with LMGC in our study is much lower than that observed in previous studies examining LMGC patients from Beijing or Japan (9.2%, 12.2%, and 31.1%, respectively) (25, 26).

Several reports, including ours, have demonstrated that old age, Lauren classification, submucosal invasion, vascular involvement, lymph node metastasis, tumour differentiation, the number of LMs, and tumour size are significant factors influencing the prognosis of patients with LMGC (27–30). In the present study, we also identified POCT and palliative chemotherapy as independent prognostic factors for patients with LMGC. Compared with those receiving PECT, GC patients with LM who received POCT and palliative chemotherapy had improved survival outcomes (25.0% vs. 36.4% vs. 26.3%, P < 0.001). Palliative chemotherapy is currently the most common treatment option for LMGC, and the global standard for first-line chemotherapy is 5-fluorouracil- and cisplatin-based combinations. These chemotherapies have response rates of approximately 30-40% and a median OS of 9-11 months (31), which is lower than the median OS of 15 months in LMGC patients who received palliative chemotherapy in our study. The MAGIC trial included 503 GC patients and showed that POCT after R0 resection reduced tumour size and stage, significantly improved progression-free survival and OS, and increased the 5ySR by 13%. Therefore, POCT has been clinically considered for patients with advanced GC (32). In our study, the proportions of patients receiving PECT, POCT, and palliative chemotherapy were 3.9%, 20.4%, and 34.6%, respectively. All three modes of chemotherapy improved survival in patients with LMGC compared with those who did not receive chemotherapy, and those who received POCT had the best OS (36.4%). Moreover, with the exception of palliative chemotherapy and PECT, there was no effect on the outcomes of patients without LM, which may be due to the large proportion of patients (15.2%) with more severe peritoneal metastases, which offset the effects of chemotherapy in the non-LM group. Therefore, further prospective controlled trials are needed to investigate whether palliative chemotherapy and POCT have a survival advantage in patients with metastatic GC, especially LMGC.

Some studies have demonstrated that PECT can reduce the staging of the primary tumour, increase the possibility and efficacy of radical resection, eliminate micrometastases, and prevent or reduce tumour recurrence and metastasis in GC patients (33–35). However, the survival time of patients with LMGC did not increase with PECT in our study. The reasons for the ineffectiveness of PECT in patients with LMGC are manifold. First, gastrointestinal cancers are drained by the enterohepatic circulation, reaching the liver first, which provides a rich vascular system and sufficient nutrients for the expansive growth of tumour cells (36–38). However, the majority of chemotherapeutic drugs enter the liver through the portal vein, and liver metastases affect local drug metabolism (39). Second, LMGC patients may be less responsive to chemotherapy due to the prolonged doubling time of tumour cells, and they may be unable to tolerate adequate amounts of chemotherapy drugs (40). Last, the liver microenvironment triggers inflammation, promotes angiogenesis, and enhances permeability; therefore, PECT may not be a safe and effective intervention (41). However, these speculations are based on results derived from retrospective dataset analyses involving patients with LMGC and need to be confirmed prospectively.

The results of this study support the addition of adjuvant chemotherapy to improve OS in patients with LMGC. However, this is limited to POCT, as PECT had no survival benefit. We hope that adjuvant chemotherapy can be considered as an additional therapy for patients with LMGC in the hands of rigorous surgeons and wise oncologists. Our findings, while not prospective, provide compelling motivation to explore the potential benefits of multimodal chemotherapy in patients with LMGC in randomised clinical trials.

The limitations of this study should be considered when interpreting the results. First, all participants came from one region, and the cohort may not be representative of all GC patients in China. Second, the study reviewed eight years of clinical data on patients with LMGC who received any combination of chemotherapy (administered orally, intravenously, or intraperitoneally). Patients were given SOX or XELOX perioperative chemotherapy regiments, which was divided into 2– 4 cycles, the evaluation results may be biased. Therefore, further investigation in multiple populations is required. Third, the results are dependent on the quality of data collection. In addition, there were only 57 LMGC patients in the PECT group, and the conclusion that PECT has no prognostic significance in patients with LMGC needs to be verified in larger studies.

In conclusion, this study collected 1298 patients with metastatic GC from a high GC incidence area in China, examined a variety of clinical characteristics to construct a Cox proportional hazards model, and systematically evaluated the prognostic factors that may affect patients with LMGC. Our study revealed that LMGC patients had a worse prognosis than non- LMGC. Number of metastatic sites more than 1, liver and other metastatic sites, no CT treatment and HER2-negative were all unfavorable factors to the survival of LMGC. LMGC patients who received palliative chemotherapy and POCT had significantly better survival than those who received PECT. These prognostic factors can help clinicians and patients quantify the benefits of adjuvant therapy for LMGC and make individualised treatment recommendations and decisions.
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Background

Lymph node status is an important factor in determining the prognosis of patients with early gastric cancer (EGC) and preoperative diagnosis of lymph node metastasis (LNM) has some limitations. This study explored the risk factors and independent prognostic factors of LNM in EGC patients and constructed a clinical prediction model to predict LNM.



Methods

Clinicopathological data of EGC patients was collected from the public Surveillance, Epidemiology, and End Results (SEER) database. Univariate and multivariate logistic regression was used to identify risk factors for LNM in EGC patients. The performance of the LNM model was evaluated by C-index, calibration curve, receiver operating characteristic (ROC) curve, decision curve analysis (DCA) curve, and clinical impact curve (CIC) based on the results of multivariate regression to develop a nomogram. An independent data set was obtained from China for external validation. The Kaplan-Meier method and Cox regression model were used to identify potential prognostic factors for overall survival (OS) in EGC patients.



Results

A total of 3993 EGC patients were randomly allocated to a training cohort (n=2797) and a validation cohort (n=1196). An external cohort of 106 patients from the Second Hospital of Lanzhou University was used for external validation. Univariate and multivariate logistic regression showed that age, tumor size, differentiation, and examined lymph nodes count (ELNC) were independent risk factors for LNM. Nomogram for predicting LNM in EGC patients was developed and validated. The predictive model had a good discriminatory performance with a concordance index (C-index) of 0.702 (95% CI: 0.679-0.725). The calibration plots showed that the predicted LNM probabilities were the same as the actual observations in both the internal validation cohort and external validation cohort. The AUC values for the training cohort, internal validation cohort and external validation cohort were 0.702 (95% CI: 0.679-0.725), 0.709 (95% CI: 0.674-0.744) and 0.750(95% CI: 0.607-0.892), respectively, and the DCA curves and CIC showed good clinical applicability. The Cox regression model identified age, sex, race, primary site, size, pathological type, LNM, distant metastasis, and ELNC were prognostic factors for OS in EGC patients, while a year at diagnosis, grade, marital status, radiotherapy, and chemotherapy were not independent prognostic factors.



Conclusion

In this study, we identified risk factors and independent prognostic factors for the development of LNM in EGC patients, and developed a relatively accurate model to predict the development of LNM in EGC patients.





Keywords: early gastric cancer, lymph node metastasis, prognosis, nomogram, SEER




1 Introduction

Gastric cancer remains important cancer worldwide and is responsible for over one million new cases in 2020 and an estimated 769,000 deaths, ranking fifth for incidence and fourth for mortality globally (1). In recent years, the diagnosis of early gastric cancer (EGC) has rapidly increased due to improvements in universal screening and endoscopic techniques. According to the staging manual jointly developed by the American Joint Committee on Cancer (AJCC) and the International Union Against Cancer (UICC), EGC is defined as a superficial gastric lesion confined to the mucosa (T1a) and submucosa (T1b), regardless of the lymph node status (2). EGC accounts for more than 50% of total cases in Japan and Korea, whereas in Western countries, it accounts for only about 20% (3).

In general, endoscopic resections, such as endoscopic mucosal resection (EMR) and endoscopic submucosal dissection (ESD), can be performed when the likelihood of lymph node metastasis (LNM) is minimal and the size and location of the lesion allow for whole-block resection (4). Lesions are considered absolute indications for endoscopic therapy if they are presupposed to have a <1% risk of LNM (5). EGC progresses slowly, but approximately 20% of patients with EGC develop LNM (6). LNM is an independent risk factor affecting the prognosis of patients with EGC and determining the extent of lymph node dissection (7). The 2018 edition of the Chinese guidelines for the management of gastric cancer states that gastrectomy combined with lymph node dissection remains the primary treatment for patients with EGC with LNM (8). However, in some cases, the occurrence of LNM in EGC patients cannot be identified, resulting in receiving unreasonable endoscopic treatment. For patients with EGC who develop distant metastases, the Japanese guidelines for gastric cancer recommend systemic therapy (9). However, due to the limited number of cases, the main risk factors and prognostic factors for LNM in EGC patients have not been well studied. Therefore, the prediction of the risk of LNM in EGC and the identification of prognostic factors are important prerequisites and bases to guide the rational clinical selection of treatment modalities and improve survival.

To date, several studies have identified some clinicopathological features of EGC as risk factors for predicting LNM, such as age, tumor size, lymphatic invasion, depth of invasion, grade, and intestinal type associated with LNM (10–13), and corresponding predictive models, including nomograms and scoring systems, have been developed to provide evidence for clinical decision-making, but there is still no consensus on their applicability to the clinic.

The nomogram is widely used for cancer prognosis, mainly because of its ability to reduce statistical prediction models to single-digit estimates of the probability of an event (death or recurrence) (14). Therefore, a nomogram for preoperative assessment of the risk of LNM in EGC can help clinicians choose appropriate treatment modalities. Cox regression analysis can identify risk factors associated with prognosis and may help patients and physicians in various aspects of decision-making.

In this study, using the SEER database, the clinicopathological characteristics of EGC patients with and without LNM were first compared. Logistic regression analysis was then used to identify risk factors associated with LNM. A Cox proportional hazards model was further employed to identify risk factors associated with the prognosis of EGC patients. The results of this population-based study will help improve the management of patients with EGC.



2 Methods



2.1 Ethics approval and consent to participate

The study was a retrospective study based on the SEER database. The authors obtained authorization to exact and analyze the research data stored in the SEER program from the National Cancer Institute, USA (reference number 19369-Nov2021). All procedures followed were in accordance with the Declaration of Helsinki and subsequent versions, and were approved by the Ethics Committee of the Second Hospital of Lanzhou University (approval number: 2022A-623).



2.2 Data sources and population selection

Clinical data of EGC patients in the SEER database were collected using SEER*Stat software (version 8.3.9; www.seer.cancer.gov) and using personal ID (account number: 12145-Nov2020). Since the SEER database is public, informed consent is not required, therefore, this study was exempted from review by the ethics committee of our institution (15).

Gastric cancer (C16.0-16.9) patients were identified from the SEER database according to the website recoding classification. And 106 patients from the Second Hospital of Lanzhou University who underwent gastric surgery from January 2015 to December 2017. The inclusion criteria used in this study were as follows: (1) Year of diagnosis: January 2004 to December 2015; (2) Histopathologically confirmed and only one primary tumor was gastric cancer; (3) Age > 18 years old; (4) The postoperative pathological stage was: T1N0-3M0-1. Exclusion criteria: (1) unknown ethnicity; (2) unknown tumor size; (3) unknown degree of differentiation; (4) ELNC was not recorded or unclear; (5) survival time was not recorded or survival time after diagnosis was less than 1 month. The process of patient screening is shown in Figure 1 and Figure 2. Patients from the SEER database were randomized into a training cohort and an internal validation cohort. The training cohort included 2,797 patients, while the internal validation cohort included 1,196 patients and 106 patients (the Second Hospital of Lanzhou University). The primary clinical endpoint was OS.




Figure 1 | Flow chart of the patient screening process in the Surveillance, Epidemiology, and End Results.






Figure 2 | The diagram of the patient screening process in the Second Hospital of Lanzhou University.



This study was based on public data from the SEER database without interacting with human subjects or using personal identifying information. This research was therefore exempted from review by the Human Subjects Committee of Institutional Review Board of the Second Hospital of Lanzhou University.



2.3 Variables and outcomes

The following variables were collected: year at diagnosis (2004-2007, 2008-2011, 2012-2015), age (≤70 years, >70 years), sex, marital status (married, other), race (white, black, other races), tumor size (1-10mm, 11-20mm, 21-30mm, >30mm). Histological types were classified using the coding pattern of the ICD-O-3 (International Classification of Diseases in Oncology, Third Edition) (16), adenocarcinomas (8140, 8143-8144, 8210-8211, 8255, 8260-8263, 8310, 8323, 8480-8481, 8574, 8576), signet ring cell carcinoma (8490) and others. Grade (grade I: well differentiated, grade II: moderately differentiated, grade III: poorly differentiated, grade IV: undifferentiated), primary site (cardia: C16.0-cardia; non-cardia: C16.1-stomach bottom, C16.2-body, C16.3-gastric antrum, C16.4-pylorus, C16.5-lesser curvature, C16.6-lesser curvature, C16.8-overlapping lesions of the stomach). The optimal cut-off value of the ELNC by X-tile software (≤11, >11), and the TNM staging were restaged according to the 8th edition of the AJCC/UICC guidelines (N0, non-N0: N1, N2, N3). Treatment-related included radiotherapy (yes, no/unknown), chemotherapy (yes, no/unknown), and surgery (yes, no/unknown). Overall survival (OS) was interpreted as the period from the date of diagnosis to the last follow-up or death from any cause.



2.4 Statistical methods

The patients in the database were randomly divided into the training cohort and validation cohort in a ratio of 7:3. The training cohort is used for model development, and the validation cohort is used for evaluation and validation. The optimal cutoff value of ELNC associated with LNM was calculated using X-tile software. The basic characteristics of the included patients were described by number and percentage (n, %). Each variable’s contribution in predicting LNM of EGC in the training cohort was tested by univariate logistic analysis. Variables that were statistically significant were further analyzed by multivariate logistic regression. The odds ratios (OR) with corresponding 95% confidence interval (CI) was calculated. Risk factors which were statistically significant in the multivariate analysis were used to construct a predictive nomogram to predict the LNM. Nomogram performance was evaluated with respect to discrimination and calibration. For discrimination ability, the nomogram was evaluated using the area under the receiver operating characteristic (ROC) curve (AUC). Calibration curves were plotted to verify the accuracy and reliability of the nomogram. Internal and external validations were performed to validate the nomogram. Moreover, decision curve analysis (DCA) was plotted to measure the applicability of the nomogram to clinical practice. After exploring the risk factors of LNM in EGC patients, we also used the Kaplan-Meier method and Cox regression model to analyze the prognosis of EGC patients. All statistical analyses were performed with v SPSS 25.0 and R software v4.0.3 (https://www.r-project.org/). Two-sided p-values were considered statistically significant.




3 Results



3.1 Patient baseline characteristics

According to the inclusion and exclusion criteria, a total of 3993 EGC patients were identified, with an overall LNM rate of 20.84% and an overall distant metastasis rate of 1.53%. The R language random number method was used to divide the research subjects according to the ratio of 7:3, including 2797 cases in the training cohort and 1196 cases in the validation cohort. The optimal cutoff value of ELNC associated with LNM was calculated using X-tile software as 11. The demographic and clinicopathological characteristics of the training cohort and the validation cohort are shown in Table 1. The two groups of patients were diagnosed in a year, age, sex, race, pathological type, primary site, tumor size, grade, marital status, ELNC, and LNM. There was no significant difference between radiotherapy and chemotherapy (P>0.05). The overall division of the two groups conformed to simple randomization and was comparable.


Table 1 | Demographic and clinicopathologic variables in the training and validation cohort.




Table 2 | The clinicopathological characteristics in the Second Hospital of Lanzhou University.





3.2 Analysis of risk factors for LNM in EGC patients



3.2.1 Univariate logistic regression analysis

To identify risk factors for LNM in EGC patients. We performed univariate logistic regression and multivariate logistic regression to adjust for confounders. Univariate logistic regression results (Table 3) showed that age, tumor size, grade, histology, and ELNC were related to LNM.


Table 3 | Univariate and multivariate logistic regression analysis to identify risk factors for LNM in EGC patients.





3.2.2 Multivariate logistic regression analysis

Factors with P<0.1 in univariate logistic regression were included in multivariate logistic regression, and four significant risk factors for LNM were finally included: age at diagnosis, tumor size, grade, and ELNC (Table 3). In terms of age, older patients had a lower risk of developing LNM (OR=0.847, 95%CI=0.698-1.026, P=0.090). In terms of tumor size, larger patients had an increased risk of developing LNM, 11-20mm compared with EGC patients with size 1-10mm (OR=1.556, 95%CI=1.132-2.140, P=0.006), 20-30mm (OR=2.946, 95%CI=2.138-4.061, P<0.001), greater than 30mm (OR=4.258, 95%CI=3.135-5.782, P<0.001), compared with well-differentiated EGC cancer, moderately differentiated (OR=2.523, 95%CI=1.654-3.850, P<0.001), poorly differentiated (OR=4.078, 95%CI=2.700-6.159, P<0.001) and undifferentiated (OR=2.907, 95%CI=1.270-6.652, P=0.012) patients had a higher risk of LNM. The risk of LNM increased when the ELNC was higher (OR=1.586, 95%CI=1.310-1.934, P<0.001).



3.2.3 Establish a nomogram of LNM

Based on the results of univariate logistic regression, we established a nomogram plot including age, tumor size, grade, and ELNC for examination to predict the probability of LNM in EGC patients (Figure 3). In this model, tumor size and grade were the biggest predictors of LNM. The resampling method was used for internal validation of the nomogram model, and the ROC curve and C-Index were used to evaluate the accuracy of the model; the calibration curve was used to evaluate the consistency of the predicted value with the actual survival situation; the DCA curve and the CIC were used to evaluate the net benefit of constructing the model.




Figure 3 | Nomogram for predicting the LNM.



The training cohort ROC (Figure 4A) showed great discrimination against the nomogram, with an AUC value of 0.702 and a model C-index of 0.702 (95% CI=0.679-0.25). The calibration curve showed high accuracy (Figure 5A). In addition, DCA and CIC showed that the nomogram showed a threshold probability of 0.2-0.6 with good gain (Figures 6A and 7A). Also in the internal validation cohort, the AUC value of the ROC curve was 0.709 (Figure 4B) and the C-index was 0.709 (95% CI=0.674-0.744). The calibration curve showed high accuracy (Figure 5B). In addition, DCA and CIC showed that the nomogram showed a threshold probability of 0.2-0.6 with good gain (Figures 6B and 7B). The evaluation effect of the external validation cohort is essentially the same as the internal validation cohort (Figures 4C, 5C, 6C, 7C).




Figure 4 | The ROC curves of the nomogram for predicting LNM in the training cohort (A), internal validation cohort (B) and external validation (C).






Figure 5 | Calibration plots for the nomogram. Calibration plots for the nomogram in the training cohort (A), the internal validation cohort (B), and the external validation cohort (C).






Figure 6 | The DCA curves of the nomogram for predicting the LNM in the training cohort (A), the internal validation cohort (B), and the external validation cohort (C).






Figure 7 | The CIC curves of the nomogram for predicting the LNM in the training cohort (A), the internal validation cohort (B), and the external validation cohort (C).






3.3 Survival analysis of EGC patients

After exploring the risk factors of LNM in EGC patients, we also used the Kaplan-Meier method and Cox regression model to analyze the prognosis of EGC patients. Risk factors related to survival in EGC patients were analyzed by Cox proportional hazards regression model. Both univariate and multivariate results showed that age, gender, race, primary site, tumor size, pathological type, LNM, ELNC, and distant metastasis were significantly associated with tumor OS, while the year of diagnosis, grade, radiotherapy, and chemotherapy were not associated with OS (Table 4).


Table 4 | Cox regression of univariate and multivariate analysis associated with OS of EGC.






4 Discussion

EGC is defined by the Japanese Society for Gastrointestinal Endoscopy as an invasive gastric cancer that does not invade deeper than the submucosa and is not associated with LNM. Currently, only South Korea and Japan have relatively complete gastric cancer prevention and screening systems in the world (17). In recent years, with the gradual popularization and application of endoscopic EMR and ESD surgery, the clinical diagnosis and treatment of patients with EGC have developed from a simple surgical operation to a two-way choice of endoscopic resection or surgical treatment. The advantages of endoscopic resection of EGC are less trauma, quick postoperative recovery, high quality of life, and long-term efficacy comparable to surgery. According to the Japanese gastric cancer treatment guidelines, the absolute indications for endoscopic resection are differentiated adenocarcinoma of cT1a without ulceration or differentiated adenocarcinoma of cT1a with ulceration diameter ≤ 3cm. Endoscopic resection of undifferentiated cT1a carcinomas ≤ 2 cm in diameter without ulcerative manifestations is considered an expanded indication (9). However, even with strict adherence to the indications for endoscopic therapy, at least 1.9 percent of cases recur after resection of the lesion, with intervals ranging from 4 months to more than 10 years (18). One of the important risk factors for recurrence is LNM. However, the main drawback of endoscopic resection is that it cannot achieve perigastric lymph node dissection. For patients with EGC with LNM, surgery is still required to achieve radical tumor resection. Previous studies have shown that preoperative diagnosis of lymph node status still has certain limitations. Therefore, effective prediction and accurate prognostic assessment of LNM in EGC are the premises to guide the rational choice of clinical treatment.

There are several articles reported on studies of lymph node metastasis in EGC, which fall into two main categories, one being studies based on the SEER database with a large amount of data but lacking data from other institutions for external validation (10, 19). The other category is that of single-center-based studies, which included many study variables but had a small overall sample size and lacked external validation (20–24). The models constructed in the above two types of studies failed to be further validated in terms of clinical generalizability. Our study, with the addition of our center’s data as external validation after this revision, confirmed that the model is still applicable in our center’s cohort, and the addition of the clinical impact curve as an indicator in the method of assessing the model compared with previous studies allowed for a more comprehensive assessment of the model.

In our study, the LNM rate of EGC was 20.84%, which was consistent with the results reported in the previous study by Wang et. al (12), but higher than the 12.3-15.5% in the previous study and 2.5-8.6% in the Japanese scholar’s study (25), which may be due to Japan’s early cancer screening policy and high-grade intraepithelial neoplasia defined as EGC in Japanese diagnostic criteria. Using the population-based SEER database, first, multiple clinicopathological factors associated with an increased risk of LNM were identified by univariate logistic regression: age, tumor size, grade, and ELNC. The study by Lin et al. showed that female gender, tumor diameter >20 mm, submucosal invasion, and undifferentiated tumor histology were independent risk factors with an area under the curve of 0.694 (95% CI: 0.659-0.730) (26). In addition, studies have shown that age, Lauren classification, and lymphatic and perineural invasion are closely related to LNM, and T1b is more prone to LNM than T1a (27, 28). Yin et al. established a first nomogram to identify EGC patients at high risk for LNM using preoperative indicators, the model incorporated 6 independent predictors including tumor size, gross features, histological differentiation, P53, CA19-9, and lymph node status reported by computed tomography, the model has a C-index of 0.82 (95% CI: 0.78-0.86), which has a high clinical value (22), but due to the relatively small number of included studies. Less, the convincing power of the results is limited.

In this study, we found that, as in many previous studies, a nomogram of constructed logistic regression showed that age, tumor size, grade, and ELNC were risk factors for LNM, and tumor location was not associated with LNM, consistent with previous findings (22, 29). The AUC value of the model was 0.698 (95%CI: 0.679-0.717), The correction effect of the calibration was satisfactory and the DCA decision curve analysis showed strong clinical practicability. The pathological type in this study is not a risk factor for LNM, which is still controversial in several current studies (25, 30), which may be related to the difference in the included study population and the number of cases. Lymphovascular invasion and depth of tumor invasion have also been shown to be risk factors for the development of LNM in EGC, possibly due to the abundance of lymphatic vessels in the lamina propria and submucosa (25, 31). Unfortunately, due to the limitations of the SEER database, these two indicators were not included in our study. It is worth mentioning that ELNC was associated with LNM in this study, which may be closely related to the presence of lymphatic micrometastases (32), and examining more NLNCs can improve the detection rate of potentially metastatic-positive lymph nodes (33). Lou et al. explored the significance of lymph node micrometastasis (LNMM) in T1N0 EGC, and LNMM may be a key mechanism of recurrence after surgical treatment in T1N0 EGC patients (34). Therefore, establishing a risk model for predicting LNM can help improve the risk stratification of patients with EGC and improve the accuracy of diagnosis.

In the analysis of the prognosis of EGC patients, the 3-year and 5-year OS of EGC patients were 77.6% and 68.0%, respectively, which is much lower than that of most Japanese studies reporting that the 5-year and 10-year survival rates of EGC patients were both above 90%. In Western studies, 5-year survival rates ranged from 68.0% to 92.0%. The difference in survival may be due to the higher incidence of diffuse histotype in Western countries and less advanced endoscopic procedures, where surgical resection and D2 lymphadenectomy are considered the gold standard of care (18). Multivariate Cox regression results showed that LNM was a significantly poor prognostic factor (HR: 1.786, 95%CI: 1.512-2.111, P<0.001). In addition, age, gender, race, primary site, tumor size, distant metastasis, and whether surgery and ELNC were independent prognostic factors, while radiotherapy, chemotherapy, and pathological type and grade were not associated with prognosis. ELNC is not only a risk factor for LNM but also an independent prognostic factor. The 8th edition of the AJCC guidelines does not clearly define the minimum number of lymph nodes to be dissected in patients with T1 gastric cancer undergoing surgical treatment, but our study shows that the ELNC is more than 11. Lymph nodes showed a better prognosis than ≤11 (HR: 1.786, 95%CI: 1.512-2.111, P<0.001), so for EGC patients undergoing surgical treatment, we recommend that the total number of lymph nodes to be dissected should be at least 11. Sun et al. fit a β-binomial model of the number of lymph nodes to be examined for different primary tumor stages. The study concluded that examining 11 lymph nodes could reduce the probability of missing positive lymph nodes to <10%, which is required for patients with EGC. At least six lymph nodes were dissected (35). Population-based results showed no effect of chemotherapy on prognosis in EGC, but a previous analysis of patients with pT1 GC showed that curative surgery alone is sufficient for patients with pT1N0 and pT1N1. Xelox showed no survival advantage in pT1N2 patients. If adverse reactions are considered, S-1 is the best choice for pT1N2 patients. Xelox is recommended for pT1N3 patients (36). Minerva Chirurgica et al. evaluated the prognostic significance of preoperative serum albumin values and metastatic lymph node ratios in patients with gastric cancer. The results confirm that with albumin, age, resection type, perineural invasion, and ratio of metastatic lymph nodes, T and TNM stages were significant predictors of cancer-specific survival (CSS) (37). In addition, some studies have reported the prognostic value of CD44 Variant 9, Ki-67, and microsatellite instability in EGC, but these conclusions need to be confirmed by more future studies (38, 39).

This study has several limitations. First, this is a retrospective analysis and may be subject to data selection bias. Second, our study lacked serum pepsinogen (PG), serum gastrin-17 (gastrin-17, G-17), Hp infection detection, tumor markers, preoperative imaging, and related ESD or EMR treatment data. Finally, the study population is derived from the SEER database, which mainly reflects the data of Western countries. Although validation of the nomogram with an external cohort may help avoid overfitting of the model, the number of cases in the external validation cohort may have been insufficient. The clinical practices of Eastern and Western countries in the treatment of EGC are very different, so the data of the Eastern population will be required for external validation in the future.



5 Conclusions

In summary, we established a nomogram for predicting LNM in EGC patients through logistic regression, and internal validation showed that the model had a good discriminative ability, accuracy, and clinical applicability. Independent prognostic factors were identified by Cox regression, and the results showed that EGC patients had better prognoses when the number of dissected lymph nodes exceeded 11. It is hoped that our results can help clinicians make individualized clinical decisions for EGC patients and facilitate the process of individualized treatment.
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Colorectal cancer (CRC) is the third highest incidence cancer and a leading cause of cancer mortality worldwide. To date, chemotherapeutic treatment of advanced CRC that has metastasized has a dismayed success rate of less than 30%. Further, most (80%) sporadic CRCs are microsatellite-stable and are refractory to immune checkpoint blockade therapy. KRAS is a gatekeeper gene in colorectal tumorigenesis. Nevertheless, KRAS is ‘undruggable’ due to its structure. Thus, focus has been diverted to develop small molecule inhibitors for its downstream effector such as ERK/MAPK. Despite intense research efforts for the past few decades, no small molecule inhibitor has been in clinical use for CRC. Antibody targeting KRAS itself is an attractive alternative. We developed a transient ex vivo patient-derived matched mucosa-tumor primary culture to assess whether anti-KRAS antibody can be internalized to bind and inactivate KRAS. We showed that anti-KRAS antibody can enter live mucosa-tumor cells and specifically aggregate KRAS in the cytoplasm, thus hindering its translocation to the inner plasma membrane. The mis-localization of KRAS reduces KRAS dwelling time at the site where it tethers to activate downstream effectors. We previously showed that expression of SOX9 was KRAS-mutation-dependent and possibly a better effector than ERK in CRC. Herein, we showed that anti-KRAS antibody treated tumor cells have less intense SOX9 cytoplasmic and nuclear staining compared to untreated cells. Our results demonstrated that internalized anti-KRAS antibody inhibits KRAS function in tumor. With an efficient intracellular antibody delivery system, this can be further developed as combinatorial therapeutics for CRC and other KRAS-driven cancers.
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1 Introduction

Colorectal cancer (CRC) is one of the leading cancers in the developed world with almost 900,000 deaths annually (1, 2). The 5-year age-standardized observed survival is only 60% and 10% for lymph-node-involved Stage III and distal organ-involved Stage IV CRC respectively (3). Currently, the success rate of first line chemotherapy of 5-Fluorouracil and oxaliplatin for metastatic CRC is less than 30% (4, 5). Patients who do not respond to this first line therapy and have wild-type KRAS gene are sometimes given the anti-EGFR (epidermal growth factor receptor) therapy, Cetuximab or Panitumumab. However, the overall survival is only 4.6% to 12.3% for Cetuximab monotherapy and 6.9% to 18.9% for Cetuximab in combination with chemotherapy for colorectal cancer, and almost all therapy recipients eventually develop resistance to this second line therapy due to the selective pressure for activating mutation of proto-oncogene KRAS, downstream of the EGFR signaling pathway (6–8). Although immune checkpoint blockade therapy has some success with microsatellite-unstable CRCs, most (80%) sporadic CRCs are microsatellite-stable and refractory to such therapy (9). There is thus an urgent need to develop better therapeutics for this deadly cancer. Oncogenic RAS has been shown to be essential for tumor maintenance and KRAS mutation in CRC is associated with metastasis and poor prognosis (10–13).

Despite KRAS displaying a central role in CRC tumorigenesis and possibly metastasis, direct inhibition of KRAS is exceptionally challenging as it is not receptive to inhibitor docking (14–16). Approximately 50% of CRC harbors KRAS oncogenic mutations and our unpublished findings show that KRAS mutations is associated with metastasis (17). To date, the only approved direct KRAS inhibitor is Sotorasib (AMG 510) which specifically targets KRAS p.Gly12Cys in non-small-cell lung carcinoma by forming a covalent bond with the 12-cysteine (18). Nevertheless, KRAS p.Gly12Cys mutations are rare in CRC. Alternative strategies like inhibition of farnesyl transferase which prevents KRAS C-terminal prenylation, required for inner plasma membrane localization where KRAS functions, were unsuccessful as farnesyl transferase are functionally replaced by geranylgeranyl transferase (19, 20). Efforts were then diverted to inhibit KRAS downstream targets Raf/MEK/ERK, also known as mitogen-activated protein kinase (MAPK) and PI3K/Akt (21, 22). Despite extensive efforts in research and clinical trials over the past three decades, none of these inhibitors have progressed to clinical use for CRC. In fact, to date, only one clinical trial (NCT02788279) has progressed past Phase 2 [reviewed by Xie, Chen (23)]. Our recent study also reported the absence of MAPK and PI3K/Akt pathways activation in CRC tumors compared to matched normal mucosa indicating that phosphorylated ERK/AKT may not be the appropriate downstream effectors to repress KRAS signaling (24).

Antibody targeted therapy has much reduced toxicity than small-molecule therapies (25). However, as KRAS is an intracellular protein, it is a challenge to transport the antibody into the cells. Nonetheless, there are several reports of autoantibodies that can naturally penetrate into cells as reviewed by Ruiz–Arguelles and Alarcon–Segovia (26). These autoantibodies can be found in the serum of autoimmune patients which likely contribute to disease progression, for instance Anti-U1snRNP IgG penetrate into subsets of human T lymphocytes, anti-dsDNA (double stranded DNA) IgG penetrate into human lymphocytes and kidney glomerular cells, both trigger active cell death and tissue damage (27–31). Anti-dsDNA 3E10 IgG from systemic lupus erythematosus-prone mice can also be internalized into the cytosol, and its derivatives like TMab4 have shown cell-penetrating properties (32–34).

We needed a model for the preliminary study of anti-KRAS antibody internalization. While CRC cell lines are the most common experimental model, most cell lines are highly culture adapted thus often do not reflect biological characteristics of CRC in patients. Ronen, Hayat (35) reported that many commonly used CRC cell lines (e.g., HT-29 and LOVO) failed to cluster with human CRC tissue based on multi-omics studies (copy number alterations, transcriptome, somatic mutations, gene methylation), indicating their divergence from CRC in biological characteristics. In vivo studies of animal models, mostly mouse models of CRC may not mimic the human disease process and requires a long time, and hence not ideal for proof-of-concept studies (36). While patient-derived xenograft models consider patient-to-patient tumor variation, the environment for the tumor growth is from the mice rather than human, and further differences in environment is contributed by heterotopic models, and similarly requires a long lead time to propagate. Patient-derived organoids are decent models for CRC but is technically challenging and time consuming, thus not suitable for preliminary screening tests, like our current proof-of-concept study. Organoids have other disadvantages like accessibility of cells to treatment due to their three-dimensional structure, the need to start from stem cells and failure of the stem cells to terminally differentiate in the organoid (37).

In this study, we developed an ex vivo cell culture of crypt epithelial cells derived from patients’ CRC tumor and matched mucosa tissues. In this ex vivo culture system, the culture is transient, viable for 3 days. This minimizes culture adaptation such that cells largely retain their original biological characteristics, thus a more accurate representation of human CRC. Both the tumor and matched mucosa crypt epithelial live cells were treated with anti-KRAS antibodies. The 2-dimensional nature of this culture system allows us to clearly visualize the internalization of anti-KRAS antibodies by confocal microscopy. The data can be correlated to the patient’s clinicopathological features (such as age, gender, tumor stage, site, and differentiation). The availability of archived human matched mucosa-tumor tissues of the same patients would enable us to profile the genomics, transcriptomics and metabolomics, whenever necessary to elucidate the pathways involved and better understand the biology. The histology of the tumor can also be studied to correlate KRAS internalization and effect on cell viability and KRAS downstream pathway activation. Hitherto, tumor heterogeneity has hampered therapeutics considerably. The availability of samples that are simultaneously cultured and archived would enable more systematic experimentation that could potentially throw more light on inter-tumor heterogeneity and genetic variability of disease subgroups that would no doubt contribute eventually to therapy.

Herein, we showed that anti-KRAS antibodies can be internalized in the ex vivo cultured matched mucosa-tumor cells. We showed that most of the internalized anti-KRAS antibodies are localized in the cytoplasm and not endosomes, and that the antibody altered endogenous KRAS localization from the inner plasma membrane to the cytoplasm in tumor cells harboring KRAS p.Gly12Val mutation. As expected, the treatment of mucosa and tumor cells with anti-KRAS antibodies led to a decrease in SOX9 expression.



2 Materials and methods


2.1 Colon crypts isolation and culture

All colorectal cancer tissue samples were collected from freshly resected colon or rectum. A piece of 1 x 1 cm tumor and a strip of 5-10 x 1 cm of mucosa samples were cut using a scalpel blade and a pair of dissection scissors, respectively. The mucosa sampled is as far from the tumor as allowed by internal guidelines, 2 cm from the resection margin (Supplementary Figure 1A). The tissues were transported in phosphate-buffered saline (PBS; 10 mM sodium phosphates, 2.68 mM KCl, 140 mM NaCl) back to the laboratory. Any tumor sample with diameter 2 cm or greater, collected within an hour of surgery from consented patients is included in the study. Tumor tissue which is 2 cm or less in diameter and/or is necrotic is excluded. The study methodologies follow guidelines set by the Human Biomedical Research Act, Ministry of Health, Singapore. The study was also approved by the SingHealth Centralised Institutional Review Board (CIRB project number 2018/2837) and conform to the standards set by the Declaration of Helsinki.

The extraction of crypts from the colorectal tissues for cell culture was adapted from the protocol by Booth, Dove (38). The tumor and mucosa tissues were washed with PBS for 3 times and sterilized in bleach (Clorox, 5.25% sodium hypochlorite) diluted to 0.09% (~0.005% sodium hypochlorite) in PBS at room temperature for 20 min. The tumor and matched mucosa tissues were washed with PBS 3 times. To dislodge crypts of the tissues, the tumor and matched mucosa tissues were first incubated in chelating buffer composed of 0.5 mM EDTA and 0.05 mM DTT in PBS, for 15 minutes in 37°C, then washed with PBS. The debris and top crypts were dislodged by shaking the tissues in PBS vigorously for 15 s, 2 times, and were then discarded. This chelation-dislodging process was repeated for 2 more times in increasing strengths of chelating buffer of 1 mM EDTA with 0.05 mM DTT, then finally 3 mM EDTA with 0.5 mM DTT in PBS for mucosa; and only one more time using the latter buffer for tumor as tumor crypts are easier to dislodge (Supplementary Figure 1B). The dislodged crypts were passed through a 40 µm cell strainer (SPL Life Sciences, Gyeonggi-do, Korea) which traps the crypts while allowing single cells to flow through. The crypts were then recovered from the cell strainer in cell culture medium consisting of DMEM (Dulbecco`s Modified Eagle Media; Lonza, Basel, Switzerland) supplemented with 10% FBS (fetal bovine serum; Hyclone, UT, USA) and 2X Pen-Strep (Penicillin-Streptomycin; Thermo Fisher Scientific, MA, USA), then pelleted down by centrifugation at 200x g, 5 min. The pelleted tumor and mucosa crypts were resuspended in cell culture medium and seeded onto coverslips coated with Matrigel (Corning, NY, USA) diluted 1:10 in DMEM with 2X Pen-Strep for 1 hour at 37°C, 5% CO2 prior to seeding.



2.2 Fixation, permeabilization and immunofluorescent staining

The cells attached to coverslips were fixed with pre-chilled methanol for 5 minutes at -20°C. Cells were washed with cold PBS with calcium and magnesium (PBSCM; PBS with 0.5 mM MgCl2 and 0.5 mM CaCl2) 5 times for 5 minutes each wash, then permeabilized with PBSCM with 0.1% Triton-X-100 (PBSCM-T) for 30 min at room temperature. The cells were then blocked-in blocking buffer (5% Goat Serum, 5% FBS, 3% BSA in PBSCM) for 1 h at room temperature. Thereafter, they were incubated with primary rabbit polyclonal anti-KRAS antibody (Thermo Fisher Scientific, cat# PA5-27234) at 20 µg/mL, mouse anti-EEA1 antibody (ab70521, Abcam) at 1:200 dilution or anti-SOX9 antibody (Sigma-Aldrich cat# AMAB90795) at 1:200 in blocking buffer at 4°C overnight. After incubation, cells were washed with PBSCM-T for 3 times with 5 minutes interval each. The cells were then incubated in secondary antibodies: FITC conjugated goat anti-rabbit IgG, (Thermo Fisher Scientific cat# 31583) at 1:50, Alexa Fluor 488 conjugated goat anti-rabbit IgG (Cell Signaling Technology, MA, USA, cat# 4412) at 1:500 or Alexa Fluor 555 conjugated goat anti-mouse IgG at 1:500 (Cell Signaling Technology cat# 4409) diluted in blocking buffer. Coverslips were mounted with ProLong™ Gold Antifade mounting medium with DAPI (Thermo Fisher Scientific) or VECTASHIELD® PLUS antifade mounting medium with DAPI (Vector Laboratories, CA, USA) onto microscope glass slides.



2.3 Treatment of ex vivo culture cells with anti-KRAS antibodies

Rabbit polyclonal anti-KRAS (Thermo Fisher Scientific cat# PA5-27234), rabbit monoclonal anti-Ras (Cell Signaling Technology cat# E4K9L) or mouse monoclonal anti-KRAS (Thermo Fisher Scientific cat# 415700) antibodies were diluted to 20 µg/ml in antibody incubation buffer (DMEM + 1% FBS + 25 mM HEPES + 2X Pen-Strep), or vice versa. Rabbit anti-KRAS polyclonal IgG antibody (dialyzed) and rabbit monoclonal anti-Ras IgG antibody (in PBS without preservatives). The cells attached onto coverslips were washed with 2 ml of cell culture medium for 3 times, with 200 rpm, 5 min of shaking on an orbital shaker each time to thoroughly remove cell debris and sticky dead cells. 80 µl of diluted antibody was added to the center of each well of a new 6-well culture plate, then the coverslip with cells facing downward is placed atop of the diluted antibody, allowing the latter to spread, and come in contact with the cells. The samples were incubated at 33°C, 10% CO2 for 16 h. For co-localization experiments, coverslips were processed as in sn2.2< h>ectio above. The epitopes of the anti-KRAS and anti-Ras antibodies are listed in Supplementary Table 1.



2.4 Confocal microscopy imaging and image processing

Brightfield and phase contrast images were taken with Nikon (Tokyo, Japan) Eclipse Ti inverted microscope. Confocal fluorescence microscope images were acquired with the Nikon A1 Confocal Microscope. Z-stacks of the cell images were acquired; the optical slices in which the DAPI is most conspicuous (indicating slices at the intracellular level) were selected for analysis. The optical thickness for each slice was 2.51 µm and 0.47 µm for 20X and 60X magnification, respectively. Images were processed using the Nikon-Elements Advance Software or ImageJ (39, 40).

The methods for KRAS sequencing and rabbit polyclonal anti-KRAS antibody dialysis is in the Supplementary Methods.




3 Results



3.1 Establishment of transient ex vivo culture of CRC tumor and matched mucosa tissues

To establish an ex vivo primary culture of both tumor and mucosa epithelial cells derived from freshly resected colorectal tissues of CRC patients, we first dislodged whole crypts from the tumor and matched mucosa tissues. The dislodged mucosa crypts appear to have a consistent elongated shaped ~200-300 µm (Supplementary Figure 1C) while the tumor crypts appear to be clumps of irregular shapes with varying sizes (Supplementary Figure 1D). This matches the common histological observation of mucosa having defined, organized and elongated crypts, while tumor having disorganized, often convoluted and irregularly shaped crypts (Supplementary Figure 2). Furthermore, the number of full complete crypts in tumor is visibly lower as compared to its’ matched mucosa (Supplementary Figure 1). To culture crypts epithelial cells, isolated crypts were seeded onto Matrigel-coated coverslips and incubated in cell culture medium supplemented with FBS without additional growth factors. The tumor and matched mucosa crypts epithelial cells were observed to be able to attach and spread on Matrigel-coated coverslips a day after seeding (Figures 1A–D). The mucosa crypt epithelial cells appear flatter, more widespread (Figures 1A–C) while the tumor epithelial crypt cells appear more tightly packed (Figures 1B–D). The KRAS mutation status of all ex vivo cultured specimens (n=70) are listed in Supplementary Table 2.




Figure 1 | Crypt epithelial cells from patient-derived CRC matched mucosa and tumor tissues can be maintained and immunoassayed in ex vivo culture. Phase contrast images of a patient’s matched mucosa (A, C) and tumor (B, D) crypt epithelial cells at 10X (A, B) and 20X (C, D) magnification. Confocal imaging for ex vivo cultured colorectal mucosa (E) and tumor (F) cells which were fixed and immunostained for KRAS. KRAS is more evenly distributed in the cytoplasm in fixed ex vivo cultured mucosa cells (E) while localized more to the plasma membrane in tumor cells (F). The tumor in (F) harbors a KRAS p.Gly12Val somatic mutation. The scale bar in (A) is applicable to (A, B) and in (C) is applicable to (C, D). The scale bar in (E, F) is 20 µm.





3.2 KRAS membrane localization observed in ex. vivo cultured and post-fixed KRAS p.Gly12Val tumors

We first determined the subcellular localization of KRAS in the ex vivo tumor and matched mucosa cells. Immunofluorescence (IF) staining revealed that KRAS localized predominantly to the cytoplasm in the matched mucosa (Figure 1E) and KRAS wild-type (WT) tumor (Supplementary Figure 3). However, KRAS were shown to localize largely at the inner plasma membrane resembling a net-like pattern in the KRAS p.Gly12Val (G12V) tumor (Figure 1F). Activated KRAS is expected to be tethered to the inner plasma membrane to activate downstream targets (e.g. BRAF), thus higher pools of inner membrane localized-KRAS indicates higher activation (41). This corroborates with the concept that KRAS oncogenic mutants (but not WT) are constitutively activated. KRAS inner plasma membrane localization in tumor with KRAS mutation is also consistent with the observation in KRAS mutated CRC cell lines like SW480 [Figure 6C of Zhang, Jiang (42)].



3.3 Anti-KRAS antibody can be internalized into live colon mucosa and tumor cells and form punctate structures

Since KRAS proteins are inside the cancer cells, anti-KRAS antibodies must be able to enter the cytoplasm to bind to the KRAS molecules. Thus, we assessed whether anti-KRAS antibody can be internalized into live ex-vivo cultured mucosa-tumor pairs. Live ex vivo cultured cells were treated with rabbit anti-KRAS IgG antibody, rabbit IgG isotype control, or antibody diluent for 16 h at 33°C, fixed and counterstained with FITC-conjugated secondary antibodies. As shown in Figure 2 (Panel C and F), anti-KRAS antibody was internalized into the cytoplasm and formed punctate structures in both the mucosa and tumor. No punctate structures could be observed in the untreated (Figures 2A–D) and rabbit IgG control antibody-treated (Figures 2B–E) live mucosa-tumor cells. The punctate staining indicates that the anti-KRAS antibody was internalized into both the mucosal and tumor cells. These punctate staining were not observed in cells treated with Rabbit IgG isotype control, further supporting that the punctate structures were likely due to KRAS-specific antibody-protein complexes formation. Co-localization of two different anti-KRAS antibodies in the same structures provided additional evidence that the aggregates were KRAS-antibody complexes (Supplementary Figure 4).




Figure 2 | Confocal imaging shows internalization of anti-KRAS antibodies into ex vivo cultured mucosa and tumor cells. Live ex vivo cultured matched mucosa (A–C) and tumor (D–F) cells were untreated (A–D), treated with Rabbit IgG Isotype control (B–E) or Rabbit anti-KRAS antibody (C–F) for 16 h, then fixed and counterstained with FITC-conjugated anti-rabbit IgG secondary antibody. The arrows in (C) and (F) point to the aggregates of anti-KRAS antibodies; the red arrows point to larger aggregates. Scale bar = 20 µm.





3.4 The internalized anti-KRAS antibodies were not accumulated in the endosomes

It is possible that a significant pool of anti-KRAS antibody molecules internalized via the fluid-phase endocytosis pathway and thus may be trapped in endosomes. For the anti-KRAS antibodies to be able to bind to and sequester endogenous KRAS, they must be localized to the cytoplasm. However, endosomal escape is usually inefficient, leading to most cargoes end up being degraded in the lysosomes. It is possible that the punctate structures that we observed in Figure 2 were due to accumulation of internalized anti-KRAS antibodies in the endosomes. To exclude this possibility, we treated live ex vivo cultured colon tumor cells with rabbit anti-KRAS antibodies. At 16 h after treatment, the cells were permeabilized and immunostained for early endosomal marker EEA1. Confocal imaging showed that most of the anti-KRAS antibody-positive punctate structures did not co-localize with EEA1 (Supplementary Figure 5A-C), excluding the possibility that the internalized antibodies were accumulated in the endosomes.



3.5 Tumor cells with KRAS p.Gly12Val mutation showed reduced KRAS membrane localization after anti-KRAS antibody treatment

We hypothesize that treatment of ex vivo cultured tumor with anti-KRAS antibody can reduce the membrane localization of KRAS by aggregating KRAS in the cytoplasm. We treated the KRAS p.Gly12Val tumor cells with mouse anti-KRAS antibody, then fixed and immunostained for KRAS using rabbit anti-KRAS antibodies. Compared to untreated tumor control (Figure 3A), treated tumor cells has reduced KRAS plasma membrane localization (Figure 3B). Meanwhile, KRAS wild-type tumor cells do not show obvious alterations in KRAS localization (data not shown).




Figure 3 | Decreased KRAS inner membrane localization and reduced SOX9 immunostaining after treatment of live ex vivo cultured tumor cells with anti-KRAS antibody observed by confocal imaging. Live ex vivo cultured tumor cells were untreated (negative control) (A) or treated with mouse anti-KRAS antibody (B), fixed and immunostained with rabbit-anti-KRAS antibody then counterstained with FITC-conjugated anti-rabbit IgG secondary antibody. Live ex vivo cultured tumor cells were untreated (C) or treated with rabbit IgG isotype control (D) or rabbit anti-Ras IgG antibody (E), fixed and immunostained with mouse anti-SOX9 antibody then counterstained with Alexa Fluor 555-conjugated anti-mouse IgG secondary antibody. The tumor in (A, B) harbors a KRAS p.Gly12Val mutation. The scale bar in (A–C) are equivalent to 20 µm. The scale bar in (C) is applicable to (C–E).





3.6 Ex vivo cultured tumor treated with anti-KRAS antibodies displayed decreased SOX9 expression and nuclear localization

While treatment of tumor cells with anti-KRAS antibodies led to an observable change of localization of KRAS from inner plasma membrane to cytoplasm, its effect on downstream signaling remains to be confirmed. Phospho-ERK1/2 and phospho-Akt1/2/3 are known downstream effectors of KRAS in the MAPK signaling in cancer cell lines (21). However, we previously reported that phospho-ERK1/2 or phospho-Akt1/2/3 were not upregulated in CRC tumor compared to matched mucosa tissues, and in fact in most cases, downregulated in tumor (24). Instead, most CRC tumor tissues displayed upregulation of SOX9 compared to matched normal mucosa. Furthermore, SOX9 were previously reported to be able to promote cancer cell proliferation and tumor progression by directly activating stem cell-like signaling and inhibit cell differentiation (43). Since we showed previously that the expression of SOX9 proteins in CRC was KRAS-mutant-dependent (24), treatment of CRC with anti-KRAS antibodies is expected to downregulate SOX9 protein expression. Thus, we counterstained the tumor cells for SOX9 after treatment with anti-KRAS antibodies. Compared to untreated cells (Figure 3C) or tumor cells treated with rabbit IgG negative control (Figure 3D), tumor cells treated with anti-KRAS antibody showed weaker SOX9 cytoplasmic staining and less nuclear localization (Figure 3E).




4 Discussion

Direct inhibition of KRAS has been a longstanding challenge, due to its structure being impermissible to pharmacological targeting. While it is largely believed that macromolecules above 1 kDa cannot penetrate the cell membrane, the existence of cell-penetrating autoantibodies of ~150 kDa contradicted this concept (26, 44). We thus speculated that anti-KRAS antibodies can similarly penetrate cells and inhibit endogenous KRAS.

In this study, we developed a transient ex vivo culture from CRC patients’ tumor and matched mucosa tissues (Figures 1A–D) as a model to test for anti-KRAS antibody internalization. We first characterized the localization of endogenous KRAS in fixed and permeabilized ex vivo cultured CRC matched mucosa-tumor pair which revealed that tumors with somatic KRAS p.Gly12Val activating mutations show higher inner plasma membrane KRAS localization (net-like pattern) compared to its matched mucosa (where KRAS was wild-type) (Figures 1E, F). This is possibly contributed by increased KRAS activation hence increase membrane dwell time which is essential for KRAS effector function (41). Interestingly, the net-like pattern is less prominent in other KRAS activating mutation tumors, which may be due to different plasma membrane anchoring properties of the mutants.

We next hypothesized that anti-KRAS antibodies can penetrate cells and enter the cytosol to sequester endogenous KRAS, preventing its plasma membrane localization. Our results show that anti-KRAS antibody can indeed be internalized into both ex vivo cultured matched mucosa and tumor cells (Figures 2C–F). We observed that the internalized anti-KRAS antibodies form aggregates (punctate structures) in the cells (Figures 2C–F), but not in untreated (Figures 2A–D) or cells treated with rabbit IgG isotype control (Figures 2B–E), showing that the aggregates are not due to fortuitous antibody aggregation but possibly aggregation of endogenous KRAS by anti-KRAS antibodies. The aggregates were confirmed to be KRAS-antibody complexes with co-localization of two different anti-KRAS antibodies (Supplementary Figure 4).

These antibodies are largely localized in the cytoplasm with little trapped in endosomes as observed from minimal co-localization of the internalized anti-KRAS antibody with early endosome marker EEA1 (Supplementary Figure 5). The internalized anti-KRAS antibodies binds to and aggregates endogenous KRAS in the cytoplasm. Shin, Choi (45) and Shin, Kim (46) has claimed that entry of anti-Ras antibody into cell line was mainly by endocytosis with endosomal escape efficiency at only 4-5% and 13-16% respectively while most antibodies are trapped in endosomes. Our results may be attributed to different cells, different antibodies, or HEPES in our antibody dilution medium which has been reported to drive protein transduction, or components from the Matrigel that may mediate alternative non-endocytic entry (47).

Treatment of live ex vivo cultured tumor cells harboring p.Gly12Val somatic mutations with anti-KRAS antibodies reduced inner plasma membrane localization of KRAS where it must tether to function (Figure 1F). Live tumor cells treated with anti-KRAS antibody also showed less intense cytoplasmic and less nuclear staining for SOX9, thus providing further evidence that SOX9, a cancer stem cell marker and potential driver in CRC (43, 48), is a downstream effector of KRAS signaling (Figures 3C–E). These differential phenotypes of anti-KRAS antibody-treated tumor cells indicated that the internalized antibody is functional and could potentially be developed into novel antibody therapeutics for CRC.

We propose a mode of action of anti-KRAS antibody in inhibition of KRAS signaling and inner plasma membrane localization (Figure 4). Anti-KRAS antibodies must first be internalized and localized to the cytoplasm, either by fluid-phase endocytosis then endosomal escape or by direct penetration through the plasma membrane lipid bilayer. The antibodies then bind to endogenous KRAS in the cytoplasm and prevent KRAS from being translocated to the inner plasma membrane where it functions.




Figure 4 | Proposed mode of action of anti-KRAS antibody treatment on sequestering endogenous KRAS in the cytoplasm to inhibit them from localizing to the inner plasma membrane. We propose that anti-KRAS antibodies taken up by the cells enters the cytoplasm and binds to endogenous KRAS, preventing KRAS from localizing to the inner plasma membrane where it activates downstream effectors.



While small molecules are the major trend in therapeutics due to their small size, thus easy entry into cells, macromolecule biologics like antibodies have several advantages. Small molecules tend to have off-target pleiotropic effects, whereas antibodies, a type of biologics, are more specific for their target due to a higher structure complexity (49). While monobodies can also target internal proteins, they lack the Fc domain of intracellular antibodies which can be recognized by cytosolic Fc receptor to activate the intracellular immunity through TRIM21 and targets the antibody-protein complex for degradation (50–52). Since IgG antibodies are naturally occurring, toxicity usually associated with small molecule inhibitors and monobodies is minimized. Moreover, if the mode of action is mislocalization rather than altered expression of the protein, therapy-induced secondary mutations and resistance can conceivably be reduced.

The long-term goal is to produce antibodies that specifically target mutant KRAS. The antibodies should be further optimized for more efficient internalization by tumor cells, with the aim of eventually proceeding to clinical trials. Anti-KRAS antibodies can be used in combination with anti-EGFR antibody (Cetuximab) in KRAS wildtype advanced colorectal cancer (CRC) patients to concurrently kill tumor cells that has developed resistance to anti-EGFR therapy due to acquired KRAS mutation. For patients who are already KRAS mutation-positive, anti-KRAS antibody targeting the hot-spots codons-12 and -13, will be the therapy of choice. Furthermore, majority of pancreatic ductal adenocarcinoma (PDAC), another common fatal cancer, is initiated by KRAS mutation and hence overexpression of the KRAS protein (53). Thus, the successful production of the anti-KRAS antibody targeting the mutational hot spots will potentially be a useful alternative therapy for PDAC as well.
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The liver has a complex and hierarchical segmental organization of arteries, portal veins, hepatic veins and lymphatic vessels. In-depth imaging of liver vasculature and malignancies could improve knowledge on tumor micro-environment, local tumor growth, invasion, as well as metastasis. Non-invasive imaging techniques such as computed tomography (CT), magnetic resonance imaging (MRI) and positron-emission transmission (PET) are routine for clinical imaging, but show inadequate resolution at cellular and subcellular level. In recent years, tissue clearing – a technique rendering tissues optically transparent allowing enhanced microscopy imaging – has made great advances. While mainly used in the neurobiology field, recently more studies have used clearing techniques for imaging other organ systems as well as tumor tissues. In this study, our aim was to develop a reproducible tissue clearing and immunostaining model for visualizing intrahepatic blood microvasculature and tumor cells in murine colorectal liver metastases. CLARITY and 3DISCO/iDISCO+ are two established clearing methods that have been shown to be compatible with immunolabelling, most often in neurobiology research. In this study, CLARITY unfortunately resulted in damaged tissue integrity of the murine liver lobes and no specific immunostaining. Using the 3DISCO/iDISCO+ method, liver samples were successfully rendered optically transparent. After which, successful immunostaining of the intrahepatic microvasculature using panendothelial cell antigen MECA-32 and colorectal cancer cells using epithelial cell adhesion molecule (EpCAM) was established. This approach for tumor micro-environment tissue clearing would be especially valuable for allowing visualization of spatial heterogeneity and complex interactions of tumor cells and their environment in future studies.
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Introduction

The liver consists of a complex and hierarchical segmental organization of arteries, portal veins, hepatic veins, and lymphatic vessels. These are also a crucial component of the liver-tumor micro-environment and play an important role in processes such as local tumor growth, invasion, as well as onward metastasis. For visualization of the three-dimensional (3D) liver vessel organization and malignancies, imaging techniques such as computed tomography (CT), magnetic resonance imaging (MRI) and positron-emission transmission (PET) are used clinically. However, for fundamental and translational research, these imaging techniques lack the appropriate cellular resolution for three-dimensional imaging at tissue level (1, 2).

Traditionally, histological techniques such as immunohistochemistry can provide excellent cellular and subcellular resolution. However, they require thin tissue sections ranging in thickness between 3 and 5 µm due to imaging depth constraints. 3D renderings can be constructed by means of serial sectioning and post-image reconstruction, a labor intensive and therefore inefficient process. Moreover, sectioning causes tissue damage, distortion and artifacts (1–6). Therefore, tissue clearing, an approach clarifying tissues by reducing light scattering and absorption hereby improving high resolution imaging depth, provides a promising alternative to visualize liver vasculature and malignancies. The first attempts at tissue clearing were performed over 100 years ago (7, 8). Since then, various tissue clearing methods have been devised, adjusted, and optimized. Clearing agents improve the trajectory of light through tissues by eliminating certain biomolecules such as lipids and light-absorbing pigments, hereby homogenizing the refractive index of the tissue, rendering the tissue “transparent” (1–6). (Figure 1A) The ideal method should yield excellent clearing while also maintaining native tissue architecture, preserve endogenous fluorescent proteins, and allowing specific immunolabeling. Generally, three groups of current clearing methods exist: 1) Organic-solvent based (such as 3DISCO, iDISCO, BABB) 2) aqueous-based (such as CLEAR, Scale, SeeDB, CUBIC, FRUIT), and 3) hydrogel embedding (such as CLARITY, PACT, PARS). Compared to thin tissue sections of only several micrometres used for histological techniques, successful clearing and imaging has been established for thick tissue sections and even whole mouse organs, reaching excellent imaging depths of several millimetres (1–6).




Figure 1 | Whole organ tissue clearing using CLARITY and 3DISCO/iDISCO methods. (A) A tissue’s opacity is mainly caused by light scattering (due to the heterogeneity of the tissue components optical characteristics or refractive indexes) and light-absorbing compounds such as heme. Light scattering and light absorption hinder the light as it travels through a tissue. By using tissue clearing techniques, lipids are extracted and refractive indexes are better matched. Steps to remove light absorbing compounds are taken. The result is a “transparent” tissue in which microscopy imaging depth has greatly been improved. (B) CLARITY is a tissue clearing method which uses a tissue-gel hybrid to support and maintain the tissue’s architecture. (C) 3DISCO and iDISCO methods do not make use of a hydrogel scaffold like CLARITY, but use organic solvents instead for optical tissue clearing. (D) In a murine model, colorectal cancer organoids were implanted into the mouse cecum, after which the tumor cells spontaneously metastasized to the liver. Liver tumor samples were harvested and used to establish a tumor tissue clearing protocol.



While some tissue clearing methods have been shown to render liver tissue reasonably optically transparent, liver tissue clearing is generally hampered by its high content of light-absorbing heme (9–15). Moreover, optimal tissue clearing involves the use of strong organic solvents or detergents which affect native biomolecules and tissue architecture to the point of them being severely altered, damaged or lost (2, 3, 6, 16). Here, our aim was to develop a robust and reproducible murine tissue clearing and immunostaining model for the visualization of intrahepatic blood microvasculature, as well as tumor cells in murine colorectal cancer (CRC) metastases. As the clearing methods CLARITY and 3DISCO/iDISCO+ are well established for compatibility with immunolabelling, albeit mainly in the neurobiology field, these methods were investigated for clearing and immunolabelling liver tissue and CRC metastasis samples. We showed that the hydrogel-based CLARITY with passive clearing method in liver tissue resulted in tissue integrity unsuitable for immunolabelling. Using 3DISCO/iDISCO+, we could successfully render liver and CRC tumor samples optically transparent and immunolabel the intrahepatic endothelial system as well as CRC metastases, making this approach a suitable technique for future studies of intrahepatic vasculature as well as the spatial heterogeneity and interactions of tumor cells and their environment in future studies.





Materials and methods




Tumor organoid culture

From a previously described transgenic mouse model with conditional activation of the Notch1 receptor as well as a p53 deletion in the digestive tract (17), organoids were derived from spontaneously formed colon tumors. All of the derived tumors showed mutations of either Ctnnb1 or Apc genes, implicating classical Wnt pathway activation (17). Organoids were FACS-sorted after being transduced using a lentiviral vector expressing luciferase and tdTomato (pUltra-Chili-Luc, Addgene #48688). Culturing was done at 37°C in a humidified atmosphere containing 5% CO2 using a 3D matrix structure (droplets of Growth Factor Reduced Basement Membrane Extract (BME; Amsbio) and Advanced DMEM/F12 (Thermo Fisher Scientific) medium which was supplemented with 1% Penicillin-Streptomycin (Gibco), 1% HEPES buffer, 2 mM Glutamax (Invitrogen), 2% B27 supplement (Invitrogen), 100 ng/ml Noggin (produced by lentiviral transfection), 10 nM murine recombinant FGF (PeproTech) and 1 mM n-Acetylcysteine (Sigma-Aldrich). Passaging was done weekly using TrypLE Express (Gibco) and medium was refreshed biweekly or earlier if needed based on organoid density.





Animals

Male C57BL/6 (for non-tumor optical clearing experiments) and C57BL/6NCrl mice (for colorectal (CRC) tumor inoculation experiments), aged 8-10 weeks, were housed in groups of maximum 5 animals per cage in open cages with tissues and contact bedding. The animals were kept on a 12:12 h light (7AM)/dark (7PM) cycle at 20-24°C, 45-60% humidity and received water and AIN-93M pellets (Ssniff Spezialdiäten GmbH) ad libitum. Mice were acclimated for minimally 1 week before tumor inoculation. All mice were assessed biweekly for body weight and physical tumor progression. Bioluminescent imaging was performed in vivo weekly to monitor tumor progression and metastasis formation. Mice were anesthetized using isoflurane 4% for induction and 2% for maintenance, with 1.6 l/min oxygen. They received an intraperitoneal injection with 100 μL of D-luciferin (VivoGloTM Luciferin, Promega) in PBS. Mice were then imaged at 1s exposure/image for 5min, using the PhotonIMAGERTM RT system (Biospace Lab, Paris, France) an d M3 Vision software (Biospace Lab).





In vivo surgical inoculation of colorectal cancer organoids

Mice were anesthetized using isoflurane and analgesic buprenorphine (0.1 mg/kg) was administered subcutaneously. Colorectal cancer organoids were dissociated using TrypLE (Gibco). A total of 250.000 single cells were embedded in 6μL of 75% Rat Tail Type I Collagen (Corning) droplets and 25% neutralization buffer; AlphaMEM powder (Life Technology), 1 M HEPES buffer pH 7.5 (Invitrogen) and NaHCO3 (Sigma). The organoids were left to recover overnight. The next day, the cecum was exposed by median laparotomy. A small 2mm incision was made into the cecum using a scalpel and bleeding was stemmed using cotton tips. The collagen drops containing 1-day old CRC organoids were shortly air-dried and gently pushed into the incision site, and afterwards sealed by placing Seprafilm (Genzyme) over the incision site. The peritoneum wall and skin were then sutured. Mice were monitored closely for 2 days to ensure proper incision closure. Upon signs of tumor growth and metastasis formation, determined clinically and by bioluminescence imaging, mice were sacrificed and samples were harvested as stated below.





Tissue clearing method: CLARITY

The CLARITY method has been previously described (18). To form the hydrogel monomer (HM) solution, the following were combined cold and kept on ice: (in total volume 400ml) 4% acrylamide (BioRad), 1x TBS, 4% PFA, 0.25% VA-044 (FujiFilm), in 220ml dH2O. HM solution was stored in 50ml Falcon tubes at -20°C. On the day of the experiment, the HM solution was thawed on ice and gently mixed by inverting. A dedicated mouse surgery room was used. All operations were performed during the afternoon. After anesthesia, mice were given Temgesic (0,3mg/ml, Indivior Europe Limited) by subcutaneous injection preoperatively at 0.05 mg/kg. Median laparotomy was performed, the diaphragm was cut, the xiphoid was lifted and held in place with a clamp and the heart was exposed. A 23G needle was inserted into the left ventricle and the right atrium was opened with a small cut. Transcardial perfusion was performed using an infusion pump to infuse first 20ml ice-cold PBS and 20ml ice-cold HM solution immediately afterwards. Liver lobes were harvested and were placed in a 50ml Falcon tube containing ice-cold 30ml HM solution. Murine liver lobes differ in size (as seen in Figure 2). The liver lobe samples had a maximum length of 30mm and maximum width of 20mm, with a maximum thickness of 10mm. The liver lobes were incubated at 4°C for 12hrs. As preparation for tissue embedding, oxygen must be removed from sample tubes as oxygen inhibits hydrogel polymerization. A layer of mineral oil of 5mm thick was placed on top of the HM solution. The falcon tube was then placed in a 37°C water bath for 3-4 hrs. The liver lobes were extracted carefully from the solidified hydrogel and the hydrogel was removed from the sample surfaces using gentle rubbing motion with disposable Kimwipes (Kim Tech). Liver lobes samples were washed 2x for 24hrs in 50ml SDS/Boric Acid clearing solution (SBC) solution (stock solution: 20% SDS (Roche) and 1M boric acid buffer (Sigma) in H2O (pH adjusted using NaOH to pH 8.5). Final clearing solution was freshly prepared each time by diluting stock solution fivefold in H2O). The sample was then incubated at 37°C on a swivel platform in SBC solution for several weeks (for the complete liver lobes incubation time of 5-6 weeks was used). Fresh clearing solution was added 2x a week. Afterwards, samples were washed 2x with PBST (PBS + 0.1% Triton X-100 (Sigma)) at 37°C on a swivel platform for 24hrs each wash. Samples were incubated with primary antibodies in PBST for 7 days at 37°C on a swivel platform. To the Ab/PBST solution, 0.01% sodium azide (Merck) was added to prevent microbial growth. Samples were washed for 2-3 days in PBST buffer at 37°C on a swivel platform. Fresh buffer was added every 4-6hrs. Then samples were incubated with secondary antibodies and DAPI in PBST buffer for 2-3 days at 37°C on a swivel platform. Antibodies used were (at 1:50) Phalloidin-Actin Alexa 488 (A12379, Life Technology), Phalloidin-Actin Alexa 568 (A12380, Life Technology), CD31 (01951D Pharmingen, sc-1505 Santa Cruz), vWF, panendothelial marker MECA-32 (120502, Biolegend). Secondary antibodies (1:200): Goat anti-Rat Alexa 488, Donkey anti-Goat Alexa 488, Donkey anti-Sheep Alexa 647 (Invitrogen). DAPI (Biolegend) was used at 1:100. After immunolabelling, samples can be stored in PBST with 0.01% sodium azide at 4°C. For refractive index homogenization, before imaging, samples were submerged in glycerol for 24hrs in the dark at room temperature. Once the tissues are cleared, imaging with Ultramicroscope II (LaVision BioTec) lightsheet microscope or confocal microscopy (Zeiss LSM700) was performed. Imaging analysis was performed using Imaris software (Version 8.4, Bitplane).




Figure 2 | Tissue clearing using hydrogel-based CLARITY method. (A) Time range showing the passive clearing process for different liver lobes. (B) Before immunolabeling, adequate transparency of tissue was reached for the liver lobes. As passive clearing required several weeks of the tissues being in contact with strong detergent solutions before they were rendered adequately transparent for imaging, the samples became extremely fragile and would easily fragment during experimental handling.







Tissue clearing method: 3DISCO/iDISCO+

The 3DISCO/iDISCO+ method has been described previously (3, 19–21). Mouse transcardial perfusion and sample harvesting were performed as described above using ice-cold PBS and 4% PFA (Sigma). Liver lobes were extracted. The liver lobes had a maximum length of 30mm and maximum width of 20mm, with a maximum thickness of 10mm. The median, left and right lobes were cut into smaller samples with a maximum length of 20mm and maximum width of 10mm, maximum thickness of 10mm. The smaller caudate lobes were cut in half (maximum length 5mm x width 5mm, maximum thickness 3-4mm) and used for antibody validation (after antibodies had been tested in immunolabeling on immunohistochemistry (IHC) and frozen sections, see Figures 3E, G). Liver samples were incubated in 50ml Falcon tubes in ice-cold 4% PFA for 12hrs. The next day, samples were left for 1hr at RT on a roller bank and washed 3x with PBS for 30min. Samples were dehydrated using MeOH (Merck)/PBS: 50-80-100% MeOH, 1,5hr for each step at RT with agitation. Samples were then transferred to a solution of MeOH and 6% H2O2 (Merck) for bleaching and left to incubate overnight at 4°C, protected from light. Afterwards, samples were rehydrated in 100% MeOH (2x), 80% and 50% MeOH in PBS, 1,5hrs at RT with agitation for each step. Samples were then incubated in PBSGT (0.2% gelatin (Sigma, from porcine skin) and 0.5% Triton X-100 (Sigma) in PBS) at RT for 24hrs – 4 days depending on sample size. Samples were incubated with primary antibodies in PBSGT + 0.1% saponin (ThermoFisher) for 7 - 14 days depending on sample size at 37°C on swivel platform. Samples sized 20mm x 10mm were incubated for 14 days, while smaller samples (caudate lobes) sized 10mm x 10mm were incubated for 7 days. After washing 6x with PBSGT at RT with agitation, samples were incubated with secondary antibodies and DAPI in PBSGT and 0.1% saponin overnight – 2 days depending on sample size at 37°C on swivel platform. Smaller samples of 5x5mm were incubated overnight, while the larger samples of 20x10mm were incubated for 2 days. To avoid precipitates, secondary antibody solutions were passed through 0.22μm filter. Antibodies used (1:500): Epcam (SinoBiological, 50591-R002) and Panendothelial marker MECA-32 (120502, Biolegend). Secondary antibodies (1:500) were Goat anti-Rat Alexa 568 and Goat anti-rabbit Alexa 647 (Invitrogen). DAPI (Biolegend) was used at 1:100. Samples were washed 6x with PBSGT at RT with agitation. Samples could be stored at 4°C until clearing. Clearing step: 20-40-60-80-100% MeOH/PBS, 1 hr for each step at RT under agitation, protected from light. Then incubation for 3hrs – overnight in 2/3 DCM (ThermoFisher) + 1/3 MeOH, protected from light. Then samples were incubated in 100% DCM 30min and transferred to 100% DBE (Sigma) until cleared. Sample can be kept in DBE at RT protected from light, in glass vial. Once the tissues were cleared, imaging with light sheet microscopy (Ultramicroscope II, LaVision BioTec) or confocal microscopy (Zeiss LSM700) was immediately performed. When using the light sheet microscope, the imaging chamber was filled with DBE containing the sample. Due to tissue shrinkage inherent during this clearing protocol, final tissue thickness when used for imaging was a maximum of 5-6mm where an imaging depth of 5mm was reached. Imaging analysis was performed using Imaris software (Version 8.4, Bitplane).




Figure 3 | Tissue clearing: Vasculature and CRC tumor cells using 3DISCO/iDISCO. (A) Examples of transparency of liver samples after tissue clearing with the 3DISCO/iDISCO method. Scale bar = 5 mm (B, C) Structural organization of liver tissue and vasculature. (D) Tissue samples of murine liver and colon, used for antibody validation on tissue sections. (E) Antibody validation on liver and colon (vili) sections of pan-endothelial marker MECA-32 for blood vessel immunolabelling. DAPI (blue), MECA-32 (red and orange) Scale bar = 100μm (F). Visualization of blood endothelial microvasculature of the liver using endothelial marker MECA-32 (green). (DAPI in blue). MECA-32 showed specific staining of the liver sinusoids and larger vessels. Scale bar = 100μm (G) Antibody validation of tumor marker EpCAM in murine CRC liver metastases. Scale bar = 100μm. (H) To use the model for tumor micro-environment imaging, a robust tumor marker is needed. EpCAM (turquoise) showed strong specific staining of tumor cells in a metastatic lesion on diaphragm tissue. MECA-32 (red) Scale bar = 100μm.
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Results




Tissue integrity hindering immunolabelling using hydrogel-based CLARITY

Using the hydrogel-based clearing method called CLARITY(20), tissue-gel hybrid samples of liver tissue were created. (Figure 1B) While liver samples could be made optically transparent, unfortunately the passive clearing took several weeks for obtaining adequate tissue transparency, which caused the tissues to become extremely fragile. (See Figures 2A, B) Samples were immunolabeled with Phalloidin-Actin and DAPI to evaluate immunolabeling, tissue structure and integrity after the CLARITY process. Unfortunately, this resulted in epitope damaging and non-specific labelling (data not shown). Because of the tissues’ fragile state, the samples were extremely difficult to handle and would fragment easily. Further rounds of adjusted experimental procedures could not improve either the immunolabeling or tissue integrity.





Improved tissue integrity using organic-solvent based 3DISCO/iDISCO+

Different from CLARITY, this method does not make use of hydrogel embedding and hybridization, but uses organic solvents to clear tissues. (Figure 1C). Liver samples were cleared rapidly while maintaining tissue integrity. (Figure 3A).





Immunolabelling intrahepatic vasculature using 3DISCO/iDISCO+

Liver tissue consists of remarkably organized and structured vasculature comprising bile ducts, portal veins, central veins, hepatic arteries, sinusoids and lymphatic vessels. (Figures 3B, C) To visualize intrahepatic endothelial vasculature, firstly CD31 (cluster of differentiation 31, also known as platelet endothelial cell adhesion molecule PECAM-1) was used. While sinusoids and larger vessels could be distinguished (
Supplementary Figure 1A), CD31 showed no specific staining as it strongly resembled controls using only the secondary antibody (data not shown). In contrast, immunostaining with MECA-32 (a panendothelial cell antigen on murine endothelium) showed specific labelling of the liver sinusoidal and larger endothelial structures. (Figure 3F) Before usage in the clearing and immunolabelling protocol, immunofluorescent MECA-32 blood vasculature labelling was validated on liver and colon tissue sections. (Figures 3D, E)

To visualize intrahepatic lymphatic vessels, antibodies targeting established lymphatic markers such as PROX-1 (Prospero homeobox protein 1), LYVE-1 (Lymphatic Vessel Endothelial Receptor 1) and Podoplanin were used. Unfortunately, none of the lymphatic marker antibodies showed specific staining. (Supplementary Figure 1B
) Further optimizing and validation of lymphatic marker antibodies will be pursued.





Immunolabelling tumor cells using 3DISCO/iDISCO+

To investigate tissue clearing compatibility with immunolabeling of colorectal cancer tumor cell markers, we used a murine model in which colorectal cancer organoids were inoculated into the murine cecum. In this model, tumor cells spontaneously metastasize to the liver. (Figure 1D) Samples of tumor-bearing liver tissue were harvested. To identify a reliable tumor marker, antibodies against CD44 (a glycoprotein overexpressed in various cancers) and HES (mammalian Hairy enhance of split-1) were used. However, no specific staining was seen. (Supplementary Figure 1C
) Using a tissue sample of the diaphragm with macroscopic tumor lesions, another possible tumor marker, EpCAM (Epithelial adhesion molecule), was evaluated. This tumor marker showed specific staining of the CRC tumor cells on the diaphragm tissue. (Figure 3H) Before usage in the clearing and immunolabelling protocol, EpCAM labelling was validated on murine colorectal liver metastases immunohistochemistry (IHC) sections. (Figures 3D, G)






Discussion

In this study, we investigated methods for murine liver tissue clearing to visualize the intrahepatic microvasculature as well as tumor cells in murine colorectal metastases. The field of tissue clearing offers a wide variety of clearing techniques, each with their own advantages and drawbacks (the discussion of which is beyond the scope of this paper). Most tissue clearing research has focused on neurobiology as well as made use of endogenous fluorescence while imaging. For the aim of this study to visualize intrahepatic microvasculature and tumor cells, a clearing technique was needed that could 1) adequately render liver tissue transparent (hampered by the liver’s high heme content) and 2) was compatible with immunolabelling vasculature and CRC tumor cells.

At the time, CLARITY and especially 3DISCO/iDISCO+ had shown immunolabelling compatibility for many antibodies in the neurobiology field, as well as proven capable of liver clearing. Therefore, for this study these clearing techniques were chosen. Unfortunately, in this study CLARITY using passive clearing did not allow suitable immunolabelling due to tissue integrity difficulties. While CLARITY is designed to embed samples into a polymer scaffold, hereby providing support to better preserve tissue structure (5, 18), as passive clearing of liver lobes took several weeks, the extended chemical exposure damaged the hydrogel-supported tissue structure. The active clearing CLARITY approach which is used to great effect in many studies (2, 3, 18, 22, 23), uses an electrochemical gradient which results in fast clearing. However, this requires specific equipment that was not available for us at this time. Molina et al. (24) showed an adjusted version of active CLARITY with immunolabelling to visualise liver bile ducts. Therefore, active CLARITY techniques with liver-focused antibody labelling could still provide an interesting clearing technique for imaging the liver (tumor) micro-environment.

Most optical clearing methods aim to preserve endogenous fluorescent proteins and counteract fluorescence quenching. The 3DISCO method created by Ertürk et al. (19) was further adapted by Renier et al. (20) to especially focus on whole-mount immunolabeling and imaging of large-volume samples. This method, dubbed iDISCO (immunolabeling-enabled 3D imaging of solvent-cleared organs), was then further adjusted by Chédotal and colleagues (3, 21). In this study, the 3DISCO/iDISCO+ approach successfully cleared liver tissue while maintaining tissue integrity and allowed immunolabeling of intrahepatic vasculature and CRC tumor cell markers (MECA-32 and EpCAM, respectively).

Currently, more clearing techniques are developed or adjusted to suit other organ systems besides the neurobiology field and better suit immunolabelling. Therefore, in the future more immunolabelling clearing options will be available for tumor micro-environment imaging in various organ systems. However, for specifically investigating the spatial organization of such tissues, maintaining tissue integrity is crucial. In many clearing protocols, such as iDISCO+, the solvents result in the expansion or shrinkage of the tissue samples (1). While some studies report shrinkage in all dimensions hereby maintaining similar spatial distribution, others suggest different amounts of shrinkage for different tissues, which could warp the original tissue and organ structure (19, 25, 26). On the other hand, tissue shrinkage can also benefit imaging depth as it renders larger samples smaller. In future studies, the influence of solvents on tissue dimensions and integrity should be considered when studying tissue spatial organization. Further investigation is needed to elucidate the reaction of different tissue components to the clearing solvents.

To our knowledge, only three other studies attempted to visualize both the liver’s endothelial and lymphatic structures. Oren et al. (23) made use of transgenic mice with a tdTomato fluorescent marker under the Vecad promotor to visualize blood vessels. In this study LYVE-1 was used as a lymphatic endothelial cell marker, however, it is not specific for liver lymphatic vessels as the sinusoidal endothelial cells also express LYVE-1 (27). Bobe et al. (28), in addition to LYVE-1 used co-stainings with PROX-1, VEGFR-3, and podoplanin for visualizing intrahepatic lymphatic embryonic development. Future studies will need to determine whether this method can be used to study the lymphatic vessels of the intrahepatic tumor micro-environment. Messal et al. (29) developed the FLASH method which was used to clear and label many organ tissues, such as the liver. In liver tissue, they labelled structures as bile ducts, smooth muscle cell markers for vasculature as well as PROX-1 for lymphatic vasculature. Moreover, they imaged in vitro tumor organoids in matrigel as well as pancreatic cancer tissue. It would be interesting to use this method for further imaging of the liver tumor-microenvironment, especially using other lymphatic markers such as podoplanin.

Validation of antibodies is a vital step of clearing methods. As tissue clearing protocols make use of harsh chemicals, such as methanol, many antibodies are not compatible. While time consuming and often costly, to be able to specifically label proteins of interest, an evaluation of various antibodies, different dilutions and incubation times is needed for immunolabelling optimization (1, 2, 4). Various tissue clearing methods have dedicated online databases documenting which antibodies were tested. As we currently used smaller samples for establishing this method, further optimization will be needed when we broaden the method to whole liver imaging. One of the major challenges is adequate antibody penetration into whole-organ samples. Recently, to improve antibody penetration the use of high-pressure delivery systems for antibodies as well as the use of nanobodies have been reported (6).

In this study, the approach to immunolabel the intrahepatic blood vasculature was chosen. To visualize blood vessels, intravenous injection of fluorescent agents such as fluorescently-labelled lectin can be used (15, 22). As this offers a strong fluorescent signal in for instance the 488 nm laser range, it might offer an alternative to blood vessel staining within a laser range that is often excluded due to strong autofluorescence. Moreover, many research groups visualize their protein of interest using transgenic fluorescent reporter mice. However, this offers a new set of challenges concerning creating transgenic mice and the quenching of endogenous fluorescence during the harsh chemical process of tissue clearing. Recently, Stamatelos et al. (30) and Ehling et al. (31) used micro-CT imaging to study tumor microvasculature, blood flow, and angiogenesis in murine xenografts. Moreover, Bhargava et al. (32) developed a comprehensive approach named VascuViz combining micro-MRI and micro-CT with possible optical clearing and imaging to visualize whole-organ and tumor microvasculature. To image blood vasculature, fluorescent CT and MRI contrast agents were combined for intracardial perfusion, after which tissue samples were collected, fixed and imaged by micro-MRI and micro-CT. Then tissue samples were used for IHC immunolabelling or for tissue clearing and imaging of endogenous fluorescent proteins and the fluorescent contrast agents. Afterwards, all data was integrated. This technique would require access to micro-MRI and micro-CT equipment as well as data integration expertise. In future studies, it would be fascinating to use this VascuViz technique to combine micro-MRI and micro-CT imaging with immunolabelling of various tumor micro-environment cell types such as cancer cells, immune cells and cancer-associated fibroblasts.

Whole organ clearing has also been used to investigate cancer metastasis evolution in a variety of murine tumor models (22, 33–35). Regarding post-mortem human tumor tissue, small sections used for tissue clearing have been performed on breast neoplasms (34, 36), prostate cancer (37), microvasculature in colorectal cancer (38), as well as lymphatic vasculature of bladder cancers (39). Tanaka et al. used tissue clearing to study patterns of cancer heterogeneity in both a murine bladder model as well as in biopsy samples of human ovarian, pancreas, colon, head and neck, and lung cancers (40). Three-dimensional tumor micro-environment tissue clearing would be valuable as it would allow visualization of the spatial heterogeneity and interactions of tumor cells and other components such as immune cells, endothelial cells or cancer-associated fibroblasts (CAFs) (14, 36, 41–43). Where the question can be posed whether 2D immunohistochemistry can truly adequate and representatively capture tumor heterogeneity, whole-organ tissue clearing could offer a more comprehensive approach. In fact, Cuccarese et al. studied the spatial distribution of tumor- associated macrophages in murine pulmonary carcinoma and their response to drug delivery (44). In future studies, we expect the use of tissue clearing in evaluating drug penetration, distribution, accumulation, tissue retention and any therapeutic treatment effect to intensify (2, 42, 45, 46). Interestingly, whereas most clearing protocols target proteins of interest, recently combining whole-mount in situ hybridization techniques such as smFISH techniques with tissue clearing have been attempted successfully (47–49). While this development is very recent and needs further enhancement, it offers the interesting possibility of studying both proteins and RNA simultaneously in the 3D tumor micro-environment structure.

In conclusion, we used the 3DISCO/iDISCO+ method to successfully render murine liver tissue optically transparent and immunolabel intrahepatic vasculature using MECA-32 as well as colorectal tumor cells using EpCAM. Further optimization of immunolabelling intrahepatic lymphatic vasculature is needed. Moreover, the immunolabeling of tumor cells, which was successful in a tumor lesion on the diaphragm, will need to be optimized for liver tissue. Imaging intrahepatic blood and lymphatic vasculature as well as tumor cells would be an especially valuable technique for allowing visualization of the spatial heterogeneity and complex interactions of tumor cells and their environment in future studies.
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Supplementary Figure 1 | (A) Immunolabelling intrahepatic vasculature with CD31 (red) showed no specific staining. DAPI (blue) Scale bar = 100mm (B) Lymphatic endothelial markers PROX-1 (nuclear staining, green), LYVE-1 (green) and Podoplanin (green) showed no specific staining. DAPI (red). Scale bar = 100mm (C) Moreover, tumor markers CD44 and HES (both in turquoise) also showed no specific staining for labelling colorectal cancer cells. DAPI (red), CRC tumor liver metastasis (*). Scale bar = 100mm.
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Purpose/background

Microsatellite instability (MSI) status is a significant biomarker for the response to immune checkpoint inhibitors, response to 5-fluorouracil-based adjuvant chemotherapy, and prognosis in colorectal carcinoma (CRC). This study investigated the predictive value of intratumoral-metabolic heterogeneity (IMH) and conventional metabolic parameters derived from 18F-FDG PET/CT for MSI in patients with stage I–III CRC.





Methods

This study was a retrospective analysis of 152 CRC patients with pathologically proven MSI who underwent 18F-FDG PET/CT examination from January 2016 to May 2022. Intratumoral-metabolic heterogeneity (including heterogeneity index [HI] and heterogeneity factor [HF]) and conventional metabolic parameters (standardized uptake value [SUV], metabolic tumor volume [MTV], and total lesion glycolysis [TLG]) of the primary lesions were determined. MTV and SUVmean were calculated on the basis of the percentage threshold of SUVs at 30%–70%. TLG, HI, and HF were obtained on the basis of the above corresponding thresholds. MSI was determined by immunohistochemical evaluation. Differences in clinicopathologic and various metabolic parameters between MSI-High (MSI-H) and microsatellite stability (MSS) groups were assessed. Potential risk factors for MSI were assessed by logistic regression analyses and used for construction of the mathematical model. Area under the curve (AUC) were used to evaluate the predictive ability of factors for MSI.





Results

This study included 88 patients with CRC in stages I–III, including 19 (21.6%) patients with MSI-H and 69 (78.4%) patients with MSS. Poor differentiation, mucinous component, and various metabolic parameters including MTV30%, MTV40%, MTV50%, and MTV60%, as well as HI50%, HI60%, HI70%, and HF in the MSI-H group were significantly higher than those in the MSS group (all P < 0.05). In multivariate logistic regression analyses, post-standardized HI60% by Z-score (P = 0.037, OR: 2.107) and mucinous component (P < 0.001, OR:11.394) were independently correlated with MSI. AUC of HI60% and our model of the HI60% + mucinous component was 0.685 and 0.850, respectively (P = 0.019), and the AUC of HI30% in predicting the mucinous component was 0.663.





Conclusions

Intratumoral-metabolic heterogeneity derived from 18F-FDG PET/CT was higher in MSI-H CRC and predicted MSI in stage I–III CRC patients preoperatively. HI60% and mucinous component were independent risk factors for MSI. These findings provide new methods to predict the MSI and mucinous component for patients with CRC.





Keywords: microsatellite instability, positron emission tomography/computed tomography, metabolic parameter, heterogeneity, colorectal carcinoma, immune-checkpoint inhibitors





Introduction

The world’s second leading cause of cancer death is colorectal cancer (CRC), which is the third most common cancer (1). While surgery and adjuvant chemotherapy are currently the main treatments for CRC, immunotherapy has emerged as a new therapeutic strategy for cancer treatment. The programmed cell death 1 (PD-1)/programmed death-ligand 1 (PD-L1) axis is a critical immune response. Anti-PD-1/anti-PD-L1 blockade therapy enhances the antitumor activity of T cells by blocking the binding of PD-L1 on tumor cells and PD-1 on immune T cells, representing a key anticancer strategy. Blocking these pathways effectively reduces tumor growth and improves survival in most solid tumors (2), especially in microsatellite instability-high (MSI-H) CRC (3). Nivolumab and pembrolizumab, PD-1 inhibitors, were officially approved by the FDA in 2017 for the treatment of MSI-H solid tumors (4), ushering in a new era of immunotherapy.

Under proficient mismatch repair (pMMR) conditions, errors in the replication of microsatellites are repaired by MMR proteins. Mismatch repair deficiency (MMR-D) can lead to errors beyond repair normally and has been detected in endometrial cancer, CRC, and gastric cancer (5). MSI results from errors in the DNA replication of microsatellites and is observed in approximately 12%–15% of localized CRC cases and 4% of stage IV CRC cases (2, 6). The accumulation of MSI eventually leads to development of MSI-H. MSI status has been regarded as an important prognostic biomarker for patients with CRC and affects the selection of adjuvant 5‐fluorouracil-based chemotherapy or immune checkpoint inhibitors. Studies showed that 5-fluorouracil-based adjuvant chemotherapy had limited therapeutic effect for patients with MSI-H CRC (7, 8). MSI tumors have large proportions of mutant neoantigens and tumor-infiltrating lymphocytes (TILs) (2, 6, 9) and a high tumor mutational burden (TMB) that promotes the infiltration of immune cells; therefore, MSI plays a significant role in long-term durable immunotherapy (10, 11).

CRC, especially CRC with MSI-H, exhibits significant heterogeneity, which refers to the different characteristics within a tumor in regard to genomics, histopathologic features, tumor microenvironment, T-cell infiltrate, and response to therapies (9, 12, 13). MSI is generally determined by evaluation of MMR proteins including MLH1, PMS2, MSH2, and MSH6 using immunohistochemical (IHC) or by PCR testing and next-generation sequencing to test MMR genes. However, the above methods are usually invasive and may be affected by intratumoral heterogeneity. Therefore, it is meaningful to screen tumors for MSI status to avoid unnecessary inspections and promote the immunotherapy of early-stage CRC patients.

PET/CT is a systemic examination that can detect the distant metastasis of tumors. In recent years, 18F-FDG PET/CT has demonstrated efficiency in staging, predicting prognosis, assessing treatment response, and determining gene mutational status in patients with CRC (14–17). MSI-H CRCs have higher intratumoral heterogeneity compared with microsatellite stability (MSS) CRCs (9, 12, 13, 18). 18F-FDG PET/CT can reflect the intratumoral-metabolic heterogeneity (IMH) by the heterogeneity index (HI) and the heterogeneity factor (HF). These two quantitative indicators reflect IMH and have already been shown to predict survival outcomes in epithelial ovarian cancer, gastric cancer, and oral cavity squamous cell carcinoma (19–21). However, the role of IMH derived from 18F-FDG PET/CT in predicting MSI in CRC patients is unknown (22, 23). Therefore, we aimed to explore the ability of IMH and conventional metabolic parameters (standardized uptake value [SUV], metabolic tumor volume [MTV], and total lesion glycolysis [TLG]) derived from 18F-FDG PET/CT for the prediction of MSI status in patients with stage I–III CRC.





Materials and methods




Patient inclusion and exclusion

This study included patients who underwent 18F-FDG-PET/CT in Wuhan Union Hospital from January 2016 to May 2022. The inclusion criteria were as follows: patients with (a) colorectal lesions diagnosed as colorectal adenocarcinoma with or without a mucinous component (part of the tumor volume with mucin associated likely produced by malignant glands or forming mucin pools, which account for 5%–100% of the tumor volume) by pathology; (b) complete 18F-FDG PET/CT images before surgery within 1 month of surgery; and (c) IHC staining evaluated MMR protein expression status.

The exclusion criteria were as follows: (a) patients who received neoadjuvant chemoradiotherapy or surgery before 18F-FDG PET/CT examination (n = 41); (b) the primary lesion did not show metabolism on PET/CT (n = 3); (c) the presence of other tumors that interfered with the measurement of the CRC primary tumor (n = 2); and (d) CRC patients in stage IV (n = 18). The flowchart is shown in Figure 1.




Figure 1 | Flowchart of patient selection.







PET/CT imaging acquisition protocol

All patients got whole-body imaging (from the cranium to the upper third of the thighs) by 18F-FDG PET/CT scans with a dedicated PET/CT system (GE Healthcare, Milwaukee, WI, USA; Discovery VCT and Discovery LS). An intravenous injection of 3.7–4.4 MBq/kg 18F-FDG was administered, after at least 6 h of fasting and a blood glucose level drops below 200 mg/dl. The examination was performed approximately 60 min after the injection of 18F-FDG. A slice spiral CT scan was first performed. The PET imaging was collected in three‐dimensional mode at 2 min per frame for a total of seven to eight frames. PET data were reconstructed on the basis of ordered-subset expectation maximization. The reconstructed images were processed on a workstation (Xeleris Workstation, GE Healthcare).





Measurement of PET metabolic parameters

The PET/CT image was evaluated in a blind manner by two nuclear medicine doctors, each with more than 6 years of clinical experience. The ROI of the primary lesions of CRC patients was delineated in the workstation. The quadrate working frame was placed on the primary lesion, and if necessary, areas of physiologic uptake or nearby lymph node metastasis were manually excluded. The SUVmax of the primary lesion was measured automatically by the workstation (AW4.6; GE Healthcare). The SUVmean and MTV were obtained by the percent threshold of SUVmax in the working frame. MTV30%–70% were calculated with 30%–70% of SUVmax as the percent threshold, respectively (23). SUVmean was obtained from the corresponding MTV. TLG = MTV × SUVmean. IMH contains the HI and HF. HI = SUVmax/SUVmean. HI30%–70% was determined from the primary tumors. In addition, the HF was the absolute value of the linear regression slope calculated by the least square method from the different threshold of the ROI (Figure 2) (21).




Figure 2 | Workflow of 18F-FDG PET/CT metabolic parameter measurements. When using the percent threshold of 40%, SUVmax was 19.04, the volume of ROI was 26.91 cm3, SUVmean was 10.98, and TLG was 293.05. HI = SUVmax/SUVmean = 1.75 (A). The HF is the absolute value of the linear regression slope calculated by the least square method from the different threshold of the ROI; the threshold of tumor volumes ranged from 30% to 70% of SUVmax (B).







Immunohistochemical evaluation

Clinicopathological data, including differentiation grade, mucinous component, TN stages, tumor deposit, lymphovascular invasion, perineural invasion, and IHC results for four MMR proteins (MLH1, MSH2, MSH6, PMS2), were evaluated by pathologists. The absence of any MMR protein was defined as MMR-D, also known as MSI-H. The expression of all four MMR proteins was defined as pMMR, characterized as MSS. All patients in stage I–III CRC had undergone surgery within 1 month after the PET/CT scan.





Statistical analysis

The quantitative variable distribution was analyzed between groups. Following the distribution of data, data were expressed by mean ± standard deviation or median (interquartile range) and analyzed by T-test or Mann–Whitney U test, respectively. The categorical data were examined using the Fisher’s exact test. Various metabolic parameters were standardized by Z-score normalization before performing logistic regression analysis, as the significant differences in various metabolic parameter values. The mathematical model was built, as described in the study by Wang et al. (24). The ROC curve was used to estimate the predictive value of different metabolic parameters for MSI. The DeLong test was used to assess the variation in AUC values. All data were analyzed by SPSS software version 23 (IBM Corp, Armonk, NY, USA) and MedCalc software (version 19.7.2). Statistical significance was defined as a two-sided P value less than 0.05.






Results




Patient characteristics

This study included 88 patients, including 59 male patients (70.2%) and 29 female patients (29.8%). The average age was 65 years (range 28–89 years). Among the total 88 patients, 19 (21.6%) patients were categorized into the MSI-H group and 69 (78.4%) patients were categorized into the MSS group. Patients and tumor characteristics are summarized in Table 1. The MSI-H CRC group tended to have a mucinous component, poor differentiation, and a larger maximum tumor diameter, with a higher frequency of male patients compared with the MSS CRC group, with statistical significance (all P < 0.05). Age, primary tumor location, TN stage, AJCC-TNM stage, tumor deposit, lymphovascular invasion, and perineural invasion were not significantly different between the MSI-H group and the MSS group (all P > 0.05).


Table 1 | Clinicopathologic characteristics of patients.







Differences in PET/CT metabolic parameters between the MSI-H group and the MSS group

In terms of conventional metabolic parameters, the MSI-H group tended to have higher MTV30%, MTV40%, MTV50%, and MTV60% compared with the MSS group, with significant differences (all P < 0.05). Regarding IMH, HI60%, HI70%, and HF were significantly higher (all P < 0.05) in the MSI-H group compared with the MSS group. No significant difference was found in SUVmax and other metabolic parameters between the groups. Details of IMH and conventional metabolic parameters in the MSS group and MSI-H group are listed in Table S1.





Independent predictive indicators of PET/CT parameters and clinical parameters for MSI

The aforementioned significant characteristics were included into logistic analysis. Univariate logistic analysis showed that the expression of MSI in CRC was associated with mucinous component, differentiation, and standardized parameters Z-HI50% and Z-HI60% (all P < 0.05) (Table 2). Multivariate logistic regression analysis showed that mucinous component and Z-HI60% were the independent predictive indicators for MSI of the CRC (Table 3).


Table 2 | Univariate regression analyses for predicting MSI in CRC patients.




Table 3 | Multivariate regression analyses for predicting MSI in CRC.







Model establishment and mucinous composition exploration

MSI-H CRC had higher IMH and MTV values in preoperative PET/CT examination and were more prone to exhibit a mucinous component than MSS CRC (Figures 3, 4). A model of the HI60%+ mucinous component was established, and the formula was as follows: y = exp(x)/[1+exp(x)], x = -2.083 + 2.114 × Z-HI60%+ 13.32 × mucinous component (the “-” or “+” of mucinous component was defined as “0” or “l”). The cutoff value determined by ROC analysis was y = 0.1432, when y > 0.1432 was considered as MSI-H CRC, while y < 0.1432 was considered as MSS CRC. The AUC of HI60% and the mathematical model were 0.685 and 0.85, with a sensitivity of 0.579 and 0.842 and specificity of 0.826 and 0.768, respectively. There was a significant difference in AUC between HI60% and our model (Z = 2.339, P = 0.019). The predictive ability of ROC curves is illustrated in Figure 5.




Figure 3 | (A) a 73-year-old man with right colon cancer. PET/CT showed high 18F-FDG accumulate in the colon of hepatic flexure (arrow; SUVmax 10.8; HI60% 1.43). (B) Pathological analysis revealed well-differentiated carcinoma; in H&E, the bulk of the malignant glands produced visible mucin. (C) IHC analysis demonstrated MSI-H, MMR proteins showed as MSH6(+), MSH2(+), MLH1(-), PMS2(-).






Figure 4 | (A) a 48-year-old woman with left colon cancer. 18F-FDG PET/CT showed hypermetabolism in the descending colon (arrow; SUVmax 9.86; HI60% 1.38). (B) The pathological diagnosis was moderately differentiated CRC, without mucinous component. (C) IHC analysis results for MMR proteins were MSH6(+), MSH2(+), MLH1(+), and PMS2(+), indicating MSS.






Figure 5 | ROC curve for HI60% and the mathematical model in predicting MSI.



The Mann–Whitney U test was used to further evaluate the connection between mucinous components and various metabolic parameters. HI30% was significantly higher in CRC with mucinous component than in CRC without mucinous component. The AUC of HI30% was 0.663, with sensitivity of 0.875 and specificity 0.5, respectively. The cutoff value was 1.974. The performance of PET/CT parameters is illustrated in Table S2.






Discussion

Our study examined the value of 18F-FDG PET/CT imaging parameters in identifying MSI in stage I–III CRC and explored the intratumoral heterogeneity. As we know, this is the first study examining the utility of IMH determined by PET/CT to predict MSI of CRC. Our results showed that HI60% and the mucinous component were independent prediction factors for MSI status in stage I–III CRC.

CRC is tumor with high glucose metabolism that rapidly converts glucose to lactate (known as the “Warburg effect”) (25, 26). Other effects include m6A modifications (27), glycolysis-associated lncRNA of colorectal cancer (GLCC1) (28), and insulin-like growth factor 1 (IGF-1) signaling (29), which could also enhance glycolysis in different paths. SUVmax, as a semiquantitative parameter in the 18F-FDG uptake of lesions, is considered to be an auxiliary index for judging benign and malignant tumors and a general prognostic factor in malignancies (30). The limitation of SUVmax is that it only reflects a single voxel value and cannot reflect the characteristics of the entire ROI. MTV is an indicator usually based on a fixed SUV threshold of 2.5 or percentage SUVmax threshold of 40%–42% (30), reflecting the tumor burden of the tumor; it plays an important role in predicting prognosis (30) and even target volume delineation before radiotherapy (31). TLG can reflect both volume and metabolic activity of lesions, which can reflect the advantage of PET/CT better. While SUVmax, MTV, and TLG are established as parameters to assess for diagnosis, efficacy, prognosis, tumor burden, and TMB in cancer (32, 33), they have limited value in judging IMH.

IMH is one of the characteristics of solid tumors. The measurement of tumor heterogeneity is of great significance to the drug resistance, tumor invasion, and prognosis of patients (33, 34). The difference in proliferation, receptor expression, necrosis, hypoxia, energy metabolites, micro-vessel density, protein expression, and gene expression in tumors may lead to uncertainties in therapeutic effects (9, 18, 35, 36). 18F-FDG PET/CT can reflect tumor metabolic heterogeneity through different parameters, including HI (21, 33), HF (19), coefficient of variation (19, 20, 33), and texture parameters (34). In our research, HI was calculated by dividing SUVmax by SUVmean for the tumor, which reflects not only the 18F-FDG metabolism in the ROI of tumors but also the average of metabolic activity. Research showed that higher HI30% levels were related to poorer overall survival in patients with oral cavity squamous cell carcinoma (21). In the study by Kim et al. (37), a lower HI based on a threshold of 2.5 of the primary tumors was associated with better prognosis in locally advanced nasopharyngeal carcinoma. Compared with calculation of the HI, calculation of the HF is more complicated and determined by linear regressions of MTVs under different SUV thresholds, determined by two methods (percentage threshold method and fixed threshold method). In general, the percentage threshold method is suitable for lesions with high SUVmax, which avoids interference with the surrounding normal tissue metabolism (21). The fixed threshold method is more suitable for tumors with a low 18F-FDG uptake (38). For this reason, we selected the percentage threshold method in our study. In a study of 55 patients with advanced gastric cancer (19), HF (SUV threshold based on 2.5–3.5) was significantly associated with TNM stage and overall survival.

In our study, several conventional metabolic parameters were significant predictors of MSI, which was similar to previous findings (23, 39). Song et al. (39) retrospectively analyzed the relationship between conventional metabolic parameters based on the threshold of 40% SUVmax in 420 CRC patients. The results proved that MTV ≥32.19 cm3 of CRC was linked to the presence of MSI-H and the increased density of TILs in MSI-H CRC may lead to higher TMB. The result was consistent with the previous study of Liu et al. (23) and our results (Table 4). Moreover, our analysis further proved the existence of IMH of CRC. The HI is the ratio of the highest 18F-FDG uptake and the average 18F-FDG uptake of the lesions. MSI-H CRCs showed a higher HI compared with MSS CRC even though SUVmax and SUVmean were not statistically different in the two groups, which might be caused by the larger proportion of mutant neoantigens increasing glucose metabolism and upregulated immune checkpoints of MSI-H CRC that preserve MSI-H CRC from the pernicious immune microenvironment (2). Therefore, HI60% could make up for the limitation of conventional metabolic parameters in predicting MSI. HF reflects the metabolic changes in tumors under different thresholds. In our research, MSI-H CRC had a higher HF than MSS CRC, which indicated a higher heterogeneity in MSI-H CRC.


Table 4 | PET/CT for predicting MSI.



MSI-H CRC is a tumor with higher heterogeneity and increased TMB and tumor burden compared with MSS CRC. MSI-H CRC has more TILs in both tumor and tumor-adjacent tissues. The higher CD3+ and CD8 T lymphocyte densities are associated with higher tumor size and MTV value (9, 12, 39). The consumption of glucose by tumor limits T-cell metabolism, leading to the dampened glycolytic capacity, mTOR activity, and IFN-γ production, representing the adaptation of resistance to the MSI-induced immunoreactive microenvironment and thereby allowing tumor progression. Due to the inhibition of TIL metabolism, the insignificant change of SUVmean in HI60% can be explanted. Checkpoint blockade antibodies against PD-1, PD-L1, and CTLA-4 can restore glycolysis, IFN-γ production, and immune responses in T cells (36, 40) and lead to an insignificant decrease of SUVmean in MSI-H solid tumors in the early stage of immunotherapy.

Mucins are highly O-glycosylated glycoproteins that are essential for a variety of biological processes. Tumor growth results in an unfavorable microenvironment; however, mucins help to evade acidity, hypoxia, and other inhospitable conditions that block drug delivery and promote cancer progression. Mucin is classified into more than 20 subtypes, and the functions are not fully understood (41). MUC2 and MUC5AC mucins produced by colonic goblet cells tend to overexpress in mucinous CRC and MSI-H CRC (42). The EGFR pathway substantially leads to the formation of CRC with the mucinous component, regardless of the percentage (43). Additionally, the mutation rate of RAS/RAF/MAPK and PI3K/AKT pathways in mucinous adenocarcinoma (with more than 50% of mucinous component) is higher than that in non-mucinous adenocarcinoma (42). Our study revealed a higher HI30% in CRC with a mucinous component than in CRC without a mucinous component. Therefore, 18F-FDG PET/CT may contribute to detect the existence of a mucinous component in CRC and help to predict MSI of CRC.

Multivariate logistic regression analysis demonstrated that Z-HI60% and mucinous component were independent risk factors of MSI in stage I–III CRC. These results indicate that more attention should be given to heterogeneity of tumors in the early stage. MSI-H in CRC is associated with pathological features such as mucinous carcinoma, proximal colon, poorly differentiation, lymphatic invasion, tumor staging, tumor size, KRAS mutation, and BRAFV600E mutation (2, 6); some results of our study are consistent with these findings. CRC with MSI-H more frequently appears in stage II cases (approximately 20%) compared with stage III (approximately 12%) and is relatively uncommon among stage IV CRC (around 4%) (6). Compared with pMMR/MSI tumors, stage I–III CRC with MSI-H generally have a better prognosis. Stage IV CRC has significant heterogeneity compared with stage I–III CRC, especially between the metastasis and primary tumors (35). The assessment of M staging is one of the most obvious advantages of PET/CT examination. Early detection of intratumoral heterogeneity may be helpful for the formulation of clinical treatment decisions; to avoid the influence of the differences of intertumoral heterogeneity, we selected stage I–III CRC into our research.

The proportion of MSI-H in our study (21.6%) was higher than that in epidemiological reports (12%–15%), which may be because MSI-H CRC is more common in hypermetabolic CRC and makes it easier to be found by PET/CT. In addition, our research object was stage I–III CRC, while MSI-H CRC accounts for only 4% of stage IV CRC (6), which implied that many MSS CRC patients were not included in this study. Although we had built a mathematical model, the limitations of our study include the limited number of cases and the absence of a validation cohort to support, and thus further data validation is required. As a retrospective study, selective bias was inevitable. In our research, imaging data were obtained from two different equipment. While monthly quality control was routinely performed and the same workstation was used, there may still be some uncontrollable differences in the measurement of metabolic parameters by the two devices. Finally, our research was based on a single center, and therefore data from more centers need to be included to validate the utility of IMH and conventional metabolic parameters for predicting MSI in patients with CRC.





Conclusion

This study not only demonstrated that MSI-H CRCs have a higher tumor metabolic burden than MSS CRCs but also revealed a higher IMH in MSI-H CRCs compared with MSS CRCs. The HI60% derived from 18F-FDG PET/CT and mucinous component were the independent risk factors for MSI in CRC. The mathematical model from HI60%+ mucinous component demonstrated the highest predictive performance. PET/CT is a non-invasive approach to evaluate MSI and the mucinous component in CRC and will help in guiding immunotherapy in CRC patients.
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Patient selection Index test (EGGIM) Reference standard (OLGIM) Flow & timing

First author Bias Applicability Bias Applicability Bias Applicability Bias
Guanpo Zhang Low Low Low Low Low Low Low
Rui Castro High Low Low Low High Low Low
Gianluca Esposito Low Low Low Low Low Low Low
Pedro Pimentel Nunes Low Low Low Low Low Low Low

EGGIM, endoscopic grading of gastric intestinal metaplasia; OLGIM, operative link of gastric intestinal metaplasia.
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Schematic of the snare-assisted endoscopic resection method
B

Endoscope insertion with a transparent cap and a snare attached.

Cc D

Snare-assisted resection. Gastric wall defect closure using endoclips.
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TRAINING SETS TEST SETS Youden index (max) threshold sensitivity specificity

The training set 1 model test set 1 0.534975 0.400 0.671642 0.863333
test set 2 0.541106 0.370 0.729508 0.811598
test set 3 0.620138 0.270 0.779156 0.840982
test set 4 0.534972 0.300 0.754533 0.780439
The training set 2 model test set 1 0.613184 0.17 0.779851 0.833333
test set 2 0.61088 0.17 0.814208 0.796672
test set 3 0.66403 0.18 0.841191 0.822839
test set 4 0.718621 0.14 0.856346 0.862275
The training set 3 model test set 1 0.547960 0.110 0.824627 0.723333
test set 2 0.652434 0.120 0.844262 0.808172
test set 3 0.682519 0.180 0.843672 0.838847
test set 4 0732363 0.090 0.873082 0.859281
The training set 4 model test set 1 0.525870 0.110 0.742537 0783333
test set 2 0.686087 0.090 0.806011 0.870076
test set 3 0.664165 0.060 0.903226 0.760939
test set 4 0.760461 0.030 0.909344 0.851297
The training set 5 model test set 1 0.579055 0.010000 0772388 0.806667
test set 2 0.613122 0.010000 0.800546 0.812576
test set 3 0.643699 0.010000 0.856079 0.787620
test set 4 0.743225 0.010000 0.827057 0916168
The training set 6 model test set 1 0.571045 0.010000 0.791045 0.780000
test set 2 0.602643 0.020000 0.770492 0.832151
test set 3 0701277 0.020000 0.870968 0.830309
test set 4 0.761344 0.010000 0.852162 0.909182
The training set 7 model test set 1 0.462985 0.010000 0.652985 0.810000
test set 2 0.557744 0.010000 0.729508 0.828236
test set 3 0.679692 0.010000 0.838710 0.840982
test set 4 0.729942 0.010000 0.776848 0.953094

Their maximal Youden index, their respective threshold values, as well as their sensitivity and specificity.
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TRAINING SETS TEST SETS Accuracy (max) threshold sensitivity specificity

The training set 1 model test set 1 0.772887 0.400 0.671642 0.863333
test set 2 0.920728 0.740 0.161202 0.988745
test set 3 0.833582 0.340 0.702233 0.890075
test set 4 0.774869 0.340 0.718271 0.815369
The training set 2 model test set 1 0.808099 0.170 0.779851 0.833333
test set 2 0.926566 0.680 0.204918 0.991192
test set 3 0.854478 0.260 0.751861 0.898613
test set 4 0.860384 0.150 0.842399 0.873253
The training set 3 model test set 1 0.772887 0.250 0.682836 0.853333
test set 2 0.924545 0.640 0.204918 0.988989
test set 3 0.851493 0.300 0.717122 0.909085
test set 4 0.865620 0.100 0.864714 0.866267
The training set 4 model test set 1 0.764085 0.110 0.742537 0.783333
test set 2 0.935325 0.360 0.486339 0.975532
test set 3 0.853731 0.220 0.672457 0.931697
test set 4 0.878418 0.050 0.875872 0.880240
The training set 5 model test set 1 0.790493 0.010000 0.772388 0.806667
test set 2 0.936447 0.460000 0.387978 0.985564
test set 3 0.856716 0.090000 0.702233 0.923159
test set 4 0.878999 0.010000 0.827057 0.916168
The training set 6 model test set 1 0.785211 0.010000 0.791045 0.780000
test set 2 0.934651 0.300000 0.322404 0.989479
test set 3 0.869403 0.060000 0.739454 0.925293
test set 4 0.885398 0.010000 0.852162 0.909182
The training set 7 model test set 1 0735915 0.010000 0.652985 0.810000
test set 2 0.927015 0.290000 0.248634 0.987766
test set 3 0.867164 0.030000 0.744417 0.919957
test set 4 0.879581 0.010000 0.776848 0.953094

Their maximal Accuracy, their respective threshold values, as well as their sensitivity and specificity.





OPS/images/fonc.2022.1001112/crossmark.jpg
©

2

i

|





OPS/images/fonc.2022.953090/fonc-12-953090-g010.jpg
Training Setl

Training Set2

107 0
n,g-\ 19

0] 1ed

074 |

05 16

05 15

04 Sensitity 4 Sensitity

" — Specifcty i ~ speificiy

. — Youden Index : — Youden Index
o2 Accuracy 12 Accuracy

01 2

0.9 +————————T——r—1 WoF———————— J

00 01 02 03 04 05 06 07 08 09 10 00 01 02 03 04 05 05 07 08 03 10

threshold

Training Set5

threshold

Training Set6

Training Set3

1.0

09-

o8-

07-

0

05

Training Set4

10
05\

o8]

07
06

05

o4 Sensitivty 04 ~ Sensitviy
~ Specificit ~ Specific
i pecificity | Specifiity
— Youden Index — Youden Index
62 Accuracy 02 — Accuracy
01 01
T J 0t ™
00 01 02 03 04 05 06 07 08 09 10 00 01 02 03 04 05 06 07 08 09 10

threshold

Training Set7

0.4 — Sensitity
— Specific

- pecificity
— Youden Index

- — Accuracy

0.4

00:
00 01 02 03 04 05 06 07 08 09 10

thraahald

04 — Sensitivity
— Specific

i pecificity
— Youden Index

0z — Accuracy

00 01 02 03 04 05 06 07 08 09 10
ehreshold

o4 — Sensitty
— Specifici

- pecifcity
— Youden Index

02 — Accuracy

00 01 02 03 04 05 06 07 08 09 10
dhrashold

threshold





OPS/images/fonc.2022.953090/fonc-12-953090-g011.jpg
Training Setl
IS '

08:

07
05:
05:

04: Sensitity

109

0.4

Training Set2

Sensitvty

10

06

05

Training Set3

Sensitivity

Tramning Set4

09
08
o7
o6
o5

o4 Sensitvty

5 — Specificty % Specificity i ~ Specifiity o — Specificty
— Youden Index ‘Youden Index — Youden Index. — Youden Index
02 Accuracy 02 Accuracy 02 Accuracy 02 — Accuracy
0.1 01 04 01
0.0- —— — 00 — — J 00 — —T— J 00— —— v
00 01 02 05 06 07 08 09 10 00 01 02 03 04 05 06 07 08 09 10 00 01 02 03 04 05 06 07 08 09 10 00 01 02 03 04 05 06 07 08 09 10
threshold threshold threshold threshold
1.0 107 g . 10 . o
09- 05 08
08: 08 o3
07 074 074
05: 06 06
05: 05 05
04: Sensitity 049 ~ Sensitvity 04 ~ Sensitity
‘Specifict — Specifcity ~ Specific
5 pecificity a5 pecificity il Specifiity
Youden Index — Youden Index — Youden Index
g Accuracy 02 — Accuracy 02 — Accuracy
0.1 01 04
00 00— T 00— —F T
00 01 02 03 04 05 06 07 08 09 10 00 01 02 03 04 05 06 07 08 09 10 00 01 02 03 04 05 06 07 08 09 10

threshold

Swsshiold:

threshold





OPS/images/fonc.2022.953090/fonc-12-953090-g012.jpg
Training Setl

09-

08:

07

05:

05:

04: Sensitity

— Specifiity
— Youden Index
Accuracy

03

02

0.1

0.9 4————T—T—T—T—T—.
00 01 02 03 04 05 06 07 08 09 10

threshold

Training Set5

0.4 — Sensitity
— Specifici

" pecificity
— Youden Index

gz — Accuracy

0.4

0.0:
00 01 02 03 04 05 06 07 08 09 10

shrashold

Trainine Set2

10

0s-

08

or-

os-

05

04- Sensitity
Spedificity
Youden Index
02 Accuracy

03-

01

00-
00 01 02 03 04 05 05 07 08 09 10

threshold

Training Set6

04 — Sensitvity
— Specific

- pecificity
— Youden Index

024 — Accuracy

04

00
00 01 02 03 04 05 06 07 08 09 10

threshold

Training Set3

1

07

05

05

Traimning Set4

10

05

03

o7

06-

05

o4 — Sensitivity 04 Sensitvty
~ Specifici ~ Specificil
i3 pecificity 5 pecifcity
— Youden Index — Youden Index
Accuracy 02 — Accuracy
04 01
00 01 02 03 04 05 06 07 08 09 10 00 01 02 03 04 05 06 07 08 09 10

threshold

Training Set7

189

o
06
05

04 — Sensitivity
~ Specifiity
— Youden Index
a2 — Accuracy

03

04

00

00 01 02 03 04 05 06 07 08 09 10
Swaahold

threshold





OPS/images/fonc.2022.948892/table1.jpg
Date 2020-10-18* 2021-01-29° 2021-03-04°

AFP (ng/ml) 5 3309 1931.9
CEA (ng/ml) 54.31 22.56 25.62
CA19-9 (U/ml) 86.1 14.07 95.69
"Preoperative.

Cafter surgery.
“after one cycle of chemotherapy.
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Jaundice I From 2020/09/28

Preoperative assessment (Abdominal ultrasound. Thoracoa... I From 2020/10/19 to 2020/10/26
Surgery I 2020/10/30
Postoperative assessment (Abdominal ultrasound. Thoracoa... I 2021/01/29
XELOX chemotherapy(2 cycles) From 2021/02/03 to 2021-03-15 -
Liver biopsy I 2021/04/09

@ Jaundice @ Preoperative assessment (Abdominal ultrasound, Thoracoabdominal CT, Abdomen MRI, EUS-FNA) @ Surgery
@ Postoperative assessment (Abdominal ultrasound, Thoracoabdominal CT, Abdomen MRI) @ XELOX chemotherapy(2 cycles)
@ Liver biopsy @ Death
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CI, confidence interval; IM, intestinal metaplasia; EGC, early gastric cancer; LGIN, low-grade neoplasia; PLR, positive likelihood ratio; NLR, negative likelihood ratio.





OPS/images/fonc.2022.945904/table4.jpg
Inflammation  Atrophy IM  Atrophy+ IM LGIN  Poor difterential Difterential  Total accuracy Kappa
(95% CI) (95% CI)  (95% (95% CI) (95% EGC(95% CI) EGC(95% CI) (95% CI)

cI) cI)
Model  0.88(0.69-0.96)  0.9(0.60-0.98)  1.00 0.69(0.44-0.86)  0.43(0.16- 1.00(0.57-1.00) 0.92(0.80-0.97) 0.84 (0.76-0.89)

(0.65- 0.75)

1.00)
Expert  0.92(0.74-0.98)  0.9(0.60-0.98) 100  094(0.72-099)*  0.43(0.16- 1.00(0.57-1.00) 0.9(0.78-0.95) 0.88 (0.81-0.93) 0.62
A (0.65- 0.75)

1.00)
Expert  0.92(0.74-0.98)  0.7(0.40-0.89)  0.86 0.63(039-0.82)  0.43(0.16- 1.00(0.57-1.00) 0.92(0.80-0.97) 0.83 (0.75-0.89) 0.64
B (0.49- 0.75)

0.97)
Expert 1(0.86-1.00)  0.9(0.60-0.98) 100 094(0.72-099)*  0.43(0.16- 1.00(0.57-1.00) 0.65(0.50-0.77)" 0.80 (0.72-0.87) 0.53
C (0.65- 0.75)

1.00)
Expert  0.83(0.64-0.93)  1(0.72-1.00) 100 0.94(0.72-0.99)*  0.57(0.25- 1.00(0.57-1.00) 0.79(0.66-0.88) 0.85 (0.77-0.90) 0.61
D (0.65- 0.84)

1.00)
Expert  0.92(0.74-0.98)  0.9(0.60-0.98) 100  094(0.72-099)*  0.43(0.16- 1.00(0.57-1.00) 0.92(0.80-0.97) 0.90 (0.83-0.94) 071
E (0.65- 0.75)

1.00)
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Correct (n=10) Wrong (n=6) P

Sex 0.869
Male 8 (80) 5(83.3)
Female 2 (20) 1(16.7)

Location 0.551
Upper 2 (20) 2(33.3)
Lower 8(80) 4 (66.7)

Severity 0.037*
Moderate and severe 5(50) 6 (100)
Mild 5(50) 0 (0)

Range 0.152
Diffuse 3 (30) 4 (66.7)
Local 7 (70) 2(33.3)

*P < 0.05.
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experience
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needle aspiration biopsy of suspected
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TP 122

™N 328

FN 37

FP 65
Sensitivity 0.767
Specificity 0.835

AUC 0.850 (0.815-0.885)
Risk cutoff, % 30"

TP, true positive; TN, true negative; FN, false negative; FP, false positive; AUC, area under curve.

*The cutoff value for probability threshold was set according to the maximum Youden index.

External-validation cohort

24
29
4
13
0.857
0.690
0.794 (0.690-0.899)
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Characteristics

Sex
Male
Female
Age at diagnosis
<60
> 60
Primary site
Right colon
Left colon
Rectum
Histological type
AD
MAD
SRCC
Differentiation
Well/Moderate
Poor/Undifferentiated
T stage
T1-3
T4
N stage
NO
N1/N2
Obstruction
Negative
Positive
Perforation
Negative
Positive
CEA
Nomal
Elevated
CA125
Nomal
Elevated
CA19-9
Nomal
Elevated
NLR
<25
225
PLR
<1721
>172.1
LMR
<2.6
2.6

Training cohort
PM (+)

o7 (28.4)
62 (29.4)

99 (32.8)
60 (24.0)

63 (39.6)
70 (40.2)
26 (11.9)

108 (23.9)
38 (65.9)
13 (61.9)

82 (19.7)
77 (57.0)

72 (21.7)
87 (39.5)

31(20.9)
128 (31.7)

64 (16.7)
95 (56.2)

156 (28.5)
3(75.0)

74 (29.6)
85 (28.1)

81(19.7)
78 (55.3)

102 (27.6)
57 (31.1)

55 (19.0)
104 (39.7)

63 (20.7)
96 (38.7)

89 (40.8)
70 (21.0)

PM (-)

244 (71.6)
149 (70.6)

203 (67.2)
190 (76.0)

96 (60.4)
104 (59.8)
193 (88.1)

355 (76.7)
30 (44.1)
8(38.1)

335 (80.3)
58 (43.0)

260 (78.3)
133 (60.5)

17 (79.1)
276 (68.3)

319 (833)
74 (43.8)

392 (71.5)
1(25.0

176 (70.4)
217 (71.9)

330 (80.3)
63 (44.7)

267 (72.4)
126 (68.9)

235 (81.0)
158 (60.3)

241 (79.3)
152 (61.3)

129 (69.2)
264 (79.0)

P value

0.056

0.023*

<0.001*

<0.001*

<0.001*

<0.001*

0.014*

<0.001*

0.041*

0.707

<0.001*

0.392

<0.001*

<0.001*

<0.001*

External-validation cohort
PM (+)

22 (48.9)
6(24.0)

20 (48.8)
8(27.6)

11 (45.8)
17 (37.0)

24 (37.5)
2(66.7)
2(66.7)

21 (34.4)
7(77.8)

17 (87.0)
11 (45.8)

12 (30.8)
16 (561.6)

14 (30.4)
14 (58.3)

27 (39.1)
1(100)

13 (36.1)
14 (45.2)

7(163)
21 (77.8)

19 (35.8)
7 (68.3)

15 (42.9)
13 (37.1)

10 (38.5)
18 (40.9)

PM (-)

23 (51.1)
19 (76.0)

40 (62.5)
1(33.9)
1(333)

40 (65.6)
2(222)

29 (63.0)
3(54.2)

00)

36 (83.7)
6(222)

34(64.2)
5(41.7)

20 (57.1)
22 (62.9)

9(54.3)
23(65.7)

16 (61.5)
26(59.1)

P value

0.042*

0.075

0.472

0.367

0.025%

0.472

0.077

0.024*

0.400

0.451

<0.001*

0.197

0.626

0.329

0.840

PM, peritoneal metastasis; AD, adenocarcinoma; MAD, mucinous adenocarcinoma; SRCC, signet-ring cell carcinoma; CEA, carcinoembryonic antigen; CA125, carbohydrate antigen

125; CA19-9, carbohydrate antigen 19-9; NLR, neutrophil-lymphocyte ratio; PLR, platelet-lymphocyte ratio; LMR, lymphocyte-to-monocyte ratio.

P was calculated from univariate association of characteristics with occult PM status in colorectal cancer cohort: *P value < 0.05.
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Characteristics
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Mutation
KRAS
Wild
Mutation
BRAF
Wild
Mutation
PIK3CA
Wild
Mutation
dMMR
No
Yes

Training cohort

PM (+)

61 (27.4)
3(75.0)

58 (27.4)
6(40.0)

56 (28.3)
8(27.6)

60 (27.8)
4(36.4)

PM ()
162 (72.6)
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87 (70.2)
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21 (72.4)

156 (72.2)
7(63.6)

P value

0.036*

0.546

0.293

0.938

0.537

External-validation cohort

16 (40)
5(83.3)

PM (-)

6 (54.5)

24 (60)
1(16.7)

P value

>0.999

0.079

dMMR, mismatch-repair deficiency.

P was calculated from univariate association of characteristics with occult PM status in colorectal cancer cohort: *P value < 0.05.
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miRNAs

miR-98
miR-101
MiR-124
miR-133b
miR-502-
3P
miR-613
miR-622
miR-449a
miR-144
miR-634
miR-625

miR-26a

Potential and Validated
targets

SALL4,

Mcl-1; EED;DNMT3A; SOX9,
EZH2

PIK3CA,SNAI2, ROCK2, EZH2 ,
STAT3

GPC3, TAGLN2, SOX9SIRT1

SET

DCLK1

NF-xB , JNK, MAP4K4
POU2F1, FOS , Met ,ADAM10
E2F3 , SMAD4

Rab1A, DHX33

PTEN, p-Ak , p-HSP27,

IGF2BP1
STATS, IL-6

Validated targets expressions
in HCC

up regulated
up regulated
up regulated
up regulated
up regulated
up regulated
up regulated
up regulated
up regulated
up regulated
up regulated

up regulated

Functions of validated targets

proliferation, migration, invasion, chemo resistance
proliferation, invasion, colony formation, cell cycle progression,
tumorigenesis

proliferation, Apoptosis

proliferation, Apoptosis, invasion, tumorigenesis

Cell proliferation, Migration, , invasion

Tumorigenesis, proliferation, invasion

colony formation, proliferation, invasion, Apoptosis
Cell proliferation, colony formation, migration, Invasion.
differentiation

Growth

cell growth, Colony formation

Metastasis, Invasion

Cell survival. Invasion, tumor growth

References

(Zhou et al., 2016)
(15)
(Xu et al., 2013)
(20)
(Luet al., 2013)
(21)
(Tian et al., 2016)
(22)
(in et al., 2016)
(23)

(Wang et al.,
2016) (24)
(Song et al., 2015)
(25)

(Liu et al., 2016)
(12)

(Zhou et al., 2016)
(15)

(Yang et al., 2013)
(26)
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Retrieve literature in Web of science
core collection
(n=600)

® Search strategy:

TS=(artificial intelligence OR "computational
intelligence" OR "deep learning'" OR "computer aided" OR
"machine learning" OR "support vector machine'" OR "data
learning" OR " artificial neural network" OR "digital
image'" OR "convolutional neural network' OR
"evolutionary algorithms' OR '"feature learning' OR
"reinforcement learning" OR "big data' OR "image
segmentation'" OR "hybrid intelligent system' OR "hybrid
intelligent system' OR '"'recurrent neural network' OR
"natural language processing' OR " bayesian network " OR
" bayesian learning'" OR " random forest'" OR "evolutionary
algorithms" OR "multiagent system'') AND TS=(pancreatic
OR pancreas) AND TS=(neoplasm OR cancer OR tumor OR
oncology OR carcinoma OR adenocarcinoma)
® Timespan: 1997-2021
® Literature type: Articles, Review
® Language: English

Literature for analysis
(n=587)

® Studies excluded after screening the title
and abstract (n=13)

Bibliometric analysis

® Analysis tool: VOSviewer, R bibliometrix
package
® Analysis item:

Publications, citations and collaborations of
countries/regions

Annual and author publications

Trend topics and thematic maps

Citation analysis of journal

Co-author of institutions

Co-citation analysis of author, journal, and
references

Co-occurrence of keywords plus
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miRNAs Potential and Validated targets Validated targets expres- Functions of validated targets References

sions

miR-21 RHOB; PDCD4, RECK, PTEN Down regulated Proliferation, survival, invasiveness (Cao et al., 2019)
(10)

miR-27b  FBXW7 Down regulated Apoptosis, growth arrest (Sun et al., 2016) (8)

miR-4262 PDCD4 Down regulated Enhance proliferation, decrease apoptosis. (Lu et al., 2016) (11)

miR-935  c-Myc, cyclin D1, SOX7, Down regulated cell proliferation, cell motility, invasiveness (Liu et al., 2016) (12)

mir-765 p-FOXO3a, p-AKT p21, INPP4B Down regulated cell proliferation, tumorigenicity (Xie et al., 2016) (13)

miR-519a  cyclin D1, PI3K/Akt, p27, PTEN. Down regulated cell proliferation, cell cycle progression, Apoptosis, (Tu et al.,, 2016) (14)

differentiation

miR-1180  Cyclin D1, Myc, p-Rb, TNIP2. Down regulated cell proliferation, cell growth (Zhou et al., 2016)
(19)

miR-761 MFN2 Down regulated Apoptosis, migration, invasion (Zhou et al., 2016)
(19)

miR-165-  FBXW7 Down regulated cell proliferation, tumorigenesis (Tang et al., 2016)

3p (19)

miR-135a  MMP2, p-AKT, FOXO1. Down regulated Invasion, metastasis, cell migration (Zeng et al., 2016)
(19)

miR-107  CPEB3 Down regulated cell proliferation, metastasis (Zhou et al., 2014)
(16)

miR-24- SOX7, MT1M Down regulated Cell growth (Dong et al., 2016)

3p (17)

miR-103  PKC _a, AKAP12 Down regulated Apoptosis, cell proliferation (Xia et al., 2016) (18)

miR-222  p57, DDIT4, PTEN, Bmf, TIMP3, Down regulated Metastasis, Apoptosis, cell growth (Yang et al., 2014)

PPP2R2A, P27 (19)
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Keyword Coun Centrality
1 Al 118 0 2017
2 gastric cancer 101 0.14 2017
3 convolutional neural network 61 0.05 2017
4 deep learning 48 0.05 2019
5 Diagnosis 29 0.11 2018
6 Helicobacter pylori infection 28 0.06 2019
7 classification 27 0.04 2019
8 early gastric cancer 23 0.02 2019
9 cancer 18 0.12 2019
10 machine learning 17 0 2020
11 computer aided diagnosis 16 0.14 2019
12 Barrett’s esophagus 14 0.14 2019
13 system 14 0.19 2019
14 squamous cell carcinoma 14 0.05 2020
15 magnifying endoscopy 13 0 2019
16 European Society 13 0.04 2020
17 neural network 13 0.09 2020
18 prediction 13 0 2020
19 accuracy 13 0.1 2018
20 survival 13 0.12 2019
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Gastrointestinal Endoscopy

‘World Journal of Gastroenterology
Digestive Endoscopy

Diagnostics

Frontiers in Oncology

Endoscopy

Cancers

Frontiers in Medicine
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Computational and Mathematical
Methods in Medicine

Journal of Gastroenterology and
Hepatology

Journal of Medical Internet Research
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Best Practice Research Clinical
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eBioMedicine

Journal of Clinical Oncology

Annals of Translational Medicine

Archives of Computational Methods in
Engineering

Chinese Medical Journal
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World Journal of Gastroenterology
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Hepatology

Endoscopy International Open
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8.171
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Gender

Female
Female
Female
Female
Female
Male
Male
Female
Female
Male
Male
Male
Male
Female
Male
Female
Male

Female

Female
Female

Female

Female

Female

Male

Age

58
47
49
62
41
62
71
61
53
65
61
30
56
42
69
55
60
64

69
31
33

48

58

55

Site

Esophagus
Esophagus
Esophagus
Esophagus
Esophagus
Esophagus
Esophagus
Esophagus
Esophagus
Esophagus
Esophagus
Esophagus
Esophagus
Esophagus
Duodenum
Duodenum
Duodenum

Duodenum

Duodenum
Duodenum

Duodenum

Duodenum

Duodenum

Stomach

Size (mm)

57
10
53
5
39
6
6.7
6.2
22
5
7
5.1
4.8
40
6.8
6.1
3

229

4.1

Chiet Complains

Bloating
Bloating
Abdominal pain
Abdominal pain
Abdominal discomfort
Regurgitation
Abdominal pain
Abdominal discomfort
Abdominal discomfort
Foreign body sensation
Regurgitation
Abdominal discomfort
Regurgitation
Foreign body sensation
Abdominal pain
Abdominal pain
Regurgitation

Regurgitation

Abdominal pain
Abdominal pain

Abdominal discomfort
Abdominal pain
Bloating

Abdominal pain

Endoscopic Appearance

Submucosal mass
Nodule
Mucosal prominence
Protuberance
Hemispherical protuberance
Mucosal prominence
Submucosal mass
Protuberance
Submucosal mass
Submucosal mass
Hemispherical protuberance
Submucosal mass
Nodule
Submucosal mass
Nodule
‘White protuberance
White diminutive nodule

Yellowish nodule
with white spots

Submucosal mass
Yellowish submucosal mass

Mucosal prominence
with white spots
Submucosal mass
with white spots
Protuberance with

white spots
Nodule

Treatment

EMR
EMR
EMR
EMR
EMR
EMR
EMR
EMR
EMR
EMR
EMR
EMR
EMR
ESD
EMR
EMR
EMR
EMR

EMR
EMR
EMR

EMR

ESD

EMR

Follow-up time (M)

92
73
67
58
56
48
46
45
44
40
34
33
29
26
55
52
51
45

33
32
26

20

13

16
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Central Cancer Registry
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| 37,267 participants |

37,261 participants

6 participants < 20 year old ‘

13,122 participants with lack
information on input variables
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Characteristics

Age at diagnosis, year

OR (95% ClI)

P value

21-49 1 [Reference]

50-75 0.933 (0.723-1.235) 0.527

76-96 | 0.622 (0.378-1.254) 0.054
Sex |

Female 1 [Reference]

Male 1.216 (0.873-1.345) 0.343
ASA score

1 1 [Reference]

1I 0.733 (0.485-1.176) 0.14

111 1.340 (0.842-1.875) 0.31
Gastrectomy

Proximal 1 [Reference]

Distal 0.777 (0.581-1.040) 0.09

Total 0.850 (0.642-1.125) 0.255
Tumor grade

Poor or moderately 1 [Reference]

Mucinous or signet cell | 1.521 (1.113-2.124) 0.005
Pathological N staging

NO 1 [Reference]

N1/N2/N3 1.347 (1.054-1.674) 0.038
Neoadjuvant chemotherapy

Yes 1 [Reference]

No 1.467 (1.026-1.772) 0.024
Treatment modality

Surgery 1 [Reference]

Surgery plus prophylactic HIPEC | 0.584 (0.348-0.837) 0.046
Preoperative abnormal tumor markers level

CEA levels | 1.207 (0.984-1.326) 0.674

CA199 levels 1.237 (1.014-1.528) 0.437

CA125 levels 1.207 (0.835-1.429) 0.348

CA724 levels 1.372 (0.934-1.539) 0.332






OPS/images/fonc.2022.1030039/fonc-12-1030039-g004.jpg
.






OPS/images/fonc.2023.995618/table3.jpg
Non-HIPEC

Characteristics P value
CEA positive rate, (n%) 0.044
Before surgery 90.20% 89.10% |
Imonth after surgery 23.53% 47.27%
CA199 positive rate, (n%) 0.049
Before surgery 88.00% 85.45%
Imonth after surgery 25.50% 43.64%
CA724 positive rate, (n%) | 0.025
Before surgery 86.37% 87.27%
Imonth after surgery 31.37% | 52.73%
CA125 positive rate, (n%) 0.063
Before surgery 84.31% 81.82%
1 month after surgery 21.57% 32.73%
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HIPEC ~ Non-
Characteristics HIPEC
(n=51)
Conversion to open, n (%) 2 (3.9%) 3 (5.5%) 1
206 * 0.034
Operation time in min, mean + SD 35.6 164 + 34.3
852 + 0.553
Estimated blood loss in mL, mean + SD 23.6 779 £25.8
Hospital stay after operation (d, mean + 0.386
SD) 71+13 7.7 £09
30 d post-operative mortality, n (%) 0 0 N/A
Time to first flatus, day (mean+SD) 23+16 22+1.2 0.744
Time to Regular diet, day (mean+SD) 54 +22 52+29 0.649
Postoperative complications (grades llI, IV)
Anastomotic Leakage | 2 (3.9%) 1(1.8%) 0.704
Bowel Obstruction 2 (3.9%) 2 (3.6%) 1
Surgical Wound Infection 5 (9.8%) 6 (10.9%) 0.833
Bleeding 2 (3.9%) 3 (5.5%) 0.936
Delayed gastric emptying 5 (9.8%) 7 (12.7%) 0.557
Lung infection 1 (2.0%) 0 1
Fever | 6 (11.8%) 3 (5.5%) 0.129
Abnormal blood routine tests | 9 (17.6%) 2 (3.6%) 0.026
Abnormal renal function 1 (2.0%) 1 (1.8%) 0.957
Abnormal liver function 5 (9.8%) 2 (3.6%) 0.068
Severe neurotoxicity 0 0 N/A
Peritoneal recurrence 3 (5.5%) 10 (18.2%) 0.037
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All

patients
Characteristics
(n = 106)
Age at diagnosis, year, 53.5% 0.252
(n%) 54.2 £ 103 10.5 55.1 £10.9
12
21-49 22 (20.8%) (23.5%) 10 (18.2%)
34
50-75 71 (67.0%) (66.7%) 37 (67.3%)
76-96 13 (10.2%) 5 (9.8%) 8 (14.5%)
Sex, n (%) 0.748
24
Female 49 (46.2%) (47.1%) 25 (45.5%)
27
Male 57 (53.8%) (52.9%) 30 (54.5%)
ASA score 0.275
16
I 34 (32.1%) (31.4%) 18 (32.7%)
33
I 68 (64.2%) (64.7%) 35 (63.6%)
III 4 (3.7%) 2 (3.9%) 2 (3.6%)
BMI, kg/m2 (mean + 236 % 0.334
SD) 242+ 25 24 255 £ 2.7
Gastrectomy 0.438
10
Proximal 18 (17.0%) (19.7%) 8 (14.5%)
33
Distal 72 (67.9%) (64.7%) 39 (71.0%)
Total 16 (15.1%) 8 (15.6%) 8 (14.5%)
Tumor grade 0.458
33
Poor or moderately 67 (63.2%) (64.7%) 34 (61.8%)
Mucinous or signet 18
cell 39 (36.8%) (35.3%) 21 (38.2%)
Neoadjuvant CHT
39
Yes 82 (77.4%) (76.5%) 43 (78.2%) 0.347
12
No 24 (22.6%) (23.5%) 12 (21.8%)
Pathological N staging 0.354
NO 10 (9.4%) 5 (9.8%) 6 (10.9%)
18
N1 39 (36.8%) (35.3%) 21 (38.2%)
24
N2 46 (43.4%) (47.1%) 22 (40%)
N3 11 (10.4%) 5 (9.8%) 6 (10.9%)
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Non-disturbed 81 (38.0)
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Variables All patients Training cohort, n (%)

Total 3993 2797 1196
Year of diagnosis 0.139 0.933
2004-2007 1271 887(31.70) 384(32.10)
2008-2011 1390 972(34.70) 418(34.90)
2012-2015 1332 938(33.60) 394(32.90)
Age at diagnosis 0.088 0.767
<70 2069 1445(51.70) 624(52.20)
>70 1924 1352(48.30) 572(47.80)
Gender 0.002 0.962
Male 2445 1712(61.20) 733(61.30)
Female 1548 1085(38.80) 463(38.70)
Race 0.753 0.686
‘White 2528 1781(63.70) 747(62.50)
‘ Black 466 327(11.70) 139(11.60)
Other 999 689(24.60) 310(25.90)
Primary site 0.442 0.506
Cardia 1113 771(27.60) 342(28.60)
Non-cardia 2880 2026(72.40) 854(71.40)
Tumor size (mm) 5.927 0.115
1-10 946 652(23.30) 294(24.60)
11-20 1201 870(31.10) 331(27.70)
21-30 824 580(20.70) 244(20.40)
>30 1022 695(24.80) 327(27.30)
Histology 0.008 0.996
Adenocarcinoma 3125 2188(78.20) 937(78.30)
SRC 636 446(15.90) 190(15.90)
Others 232 163(5.80) 69(5.80)
Grade 2.622 0.454
Grade I 557 376(13.40) 181(15.10)
Grade 11 1509 1073(38.40) 436(36.50)
Grade ITT 1864 1305(46.70) 559(46.70)
Grade IV 63 43(1.50) 20(1.70)
Marital status 1.284 0.257
Married 2246 1557(55.70) 689(57.60)
Others 1747 1240(44.30) 507(42.40)
ELNC 0.157 0.692
<11 1725 1214(43.40) 511(42.70)
>11 2268 1583(56.60) 685(57.30)
N Stage 1.078 0.299
NO 3161 2202(78.70) 959(80.20)
N1/N2/N3 832 595(21.30) 237(19.80)
M Stage 0.849 0.357
Mo 3932 2751(98.40) 1181(98.70)
M1 61 46(1.60) 15(1.30)
Chemotherapy 0.672 0412
Yes 708 505(18.10) 203(17.00)
None/Unknown 3285 2292(81.90) 993(83.00)
Radiation 0.197 0.657
Yes 478 339(12.10) 139(11.60)
None/Unknown 3515 2458(87.90) 1057(88.40)

P value was calculated by X2 test; EGC: early gastric cancer; SRC, signet ring cell carcinoma; ELNC, examined lymph node count.

As for the external validation cohort, 106 patients from our center were included in this study. In the external validation cohort, the mean value of age was 57.6 + 8.6, the mean value of tumor size
was 2.1 % 1.3 cm, and the average number of ELNC removed during surgery was 17.7 + 8.7. Continuous variables were converted to categoric variables. The clinicopathological characteristics in
the Second Hospital of Lanzhou University are listed in Table 2.
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Variables PDW1 POM1

Non-PGISs Abdominal distention Pain Diarrhea Vomiting Dysphagia Non-PGISs Abdominal distention Pain Diarrhea Vomiting Dysphagia

Age (years)

<60 47 (26.3) 80 (44.7) 28 (15.6) 8 (4.5) 7(39) 9 (5.0) 77 (43.0) 57 (31.8) 20(112) 6(3.4) 8 (45) 11 (6.1)
>60 57 (322) 76 (42.9) 26 (14.7) 5(28) 2(L1) 11(62) 94 (53.1) 46 (26.0) 15 (8.5) 6(3.4) 2(11) 14 (7.9)
Gender

Men 78 (31.3) 108 (43.4) 37 (14.9) 9(36) 5(2.0) 12 (4.8) 129 (51.8)° 71 (28.5) 19 (7.6) 9(3.6) 5(20) 16 (6.4)
Women 26 (24.3) 48 (149) 170159 4(7) 467) 8(75) 42(393) 32 (299) 16(150) 3028 5(47) 9 (84)
Surgical approach

Open surgery 16 (320) 19 (380) 8(160)  2(40) 2(40) 3(69) 24 (48.0) 14 (280) 61200 2(40) 1(20) 3(60)
Laparoscopic surgery 88 (28.8) 137 (448) 46(150) 1136 7(23) 17(56) 147 (48.0) 89 (29.) 2905 10063 9(29) 2072
Type of gastrectomy

Total 21 210) 45 (450) 14(140)  5(50) 1(1.0) 14 (14.0) 39 (39.0) 29 (290) 880 7020 2(20) 15 (150)*
Proximal 8(267) 11 (367) 5(167)  1(33) 1G.3) 4133)" 14 (46.7) 8(267) 267 0000 133) 5(167)"
Distal 75(332) 100 (44.2) 35 (15.5) 7(3.1) 7.1 2(09) 118 (52.5) 66 (29.2) 25 (11.1) 5(22) 7(3.1) 5(22)
TNM stage

-1l 61 (28.4) 97 (45.1) 35(163) 8037 7(33) 7(33) 111 (51.6) 61 (28.4) 2(102)  6(28) 5(23) 10 (47)
i 43 (305) 59 (41.8) 19035 5(53) 2(1.4) 1392) 60 (42.6) 42 (298) 1392 6(43) 5(35) 15 (106)

PDW, postdischarge week; POM, postoperative month; PGISs, postoperative gastrointestinal symptoms.
), < 0.001 compared with women: *p < 0,001 compared with distal gastrectomy; *p = 0.002 compared with distal gastrectomy:

0.003 compared with distal gastrectomy.
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Variables Number (%)

Age (years)

<60 179 (50.3)
>60 177 (49.7)
Gender

Men 249 (69.9)
Women 107 (30.1)
Surgical approach

Open surgery 50 (14.0)
Laparoscopic surgery 306 (86.0)
Type of gastrectomy

Total 100 (28.1)
Proximal 30 (8.4)

Distal 226(63.5)
T stage

Tl 90 (25.3)
T2 59 (16.6)
I3 108 (30.3)
T4 99 (27.8)
N stage

NO 155 (43.5)
N1 64 (18.0)
N2 69 (19.4)
N3 68 (19.1)
TNM stage

I-11 215 (60.4)

11 141 (39.6)
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1-year 293 382 0022
3-year 139 17.4 0.145

5-year 9.2 10.0 0.289

Total 252 314 0.015

GC, gastric cancer; LM, liver metastasis; OS, overall survival.
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No. (%) LM (%) Non-LM (%)

Variables

(n=1298) (n=546) (n=752)

Age (years) 25232 <0.001
<55 438 (33.7) 142 (26.0) 296 (39.4)
255 860 (66.3) 404 (74.0) 456 (60.6)

Sex 35.773 <0.001
Male 956 (73.7) 449 (82.2) 507 (67.4)
Female 342 (26.3) 97 (17.8) 245 (32.6)

Ethnicity 15.967 <0.001
Han 1017 (78.4) 399 (73.1) 618 (82.2)
Hui 265 (20.4) 140 (25.6) 125 (16.6)
Others 16 (1.2) 7 (1.3) 9(12)

[ Occupation 5.853 0.119

Peasant 544 (41.9) 244 (44.7) 300 (39.9)
Worker 322 (24.8) 140 (25.6) 182 (24.2)
Others 168 (12.9) 61 (11.2) 107 (14.2)
Unemployed 264 (20.3) 101 (18.5) 163 (21.7)

BMI 15450 <0.001
<185 205 (17.6) 72 (14.4) 133 (20.1)
18.5~23 554 (47.6) 225 (44.9) 329 (49.6)
>23 405 (34.8) 204 (40.7) 201 (30.3)

Cigarette smoking 4954 0.026
No 784 (63.0) 310 (59.4) 474 (65.6)
Yes 461 (37.0) 212 (40.6) 249 (34.4)

Alcohol drinking 0.224 0.636
No 994 (79.9) 413 (79.3) 581 (80.4)
Yes 250 (20.1) 108 (20.7) 142 (19.6)

Family history 1164 0281
No 1168 (94.1) 485 (93.3) 683 (94.7)
Yes 73 (5.9) 35 (6.7) 38 (5.3)

Blood type 0.368 0.947
A 260 (29.7) 106 (29.9) 154 (29.6)
B 269 (30.7) 106 (29.9) 163 (31.3)
AB 87 (9.9) 34 (9.6) 53 (10.2)
0 259 (29.6) 108 (30.5) 151 (29.0)

T Stage 3.498 0.174
TI~T2 43 (4.0) 21 (4.6) 22 (35)
T3~T4 1011 (92.9) 421 (91.3) 590 (94.1)
Tx 34 (3.0) 19 (4.1) 15 (2.4)

N Stage 0.882 0.643
NO 55 (5.3) 23 (5.3) 32(53)
N1~ N3 618 (59.5) 252 (57.9) 366 (60.7)
Nx 365 (35.2) 160 (36.8) 205 (34.0)

Differentiation | ‘ 23.170 <0.001
Low 691 (70.0) 268 (62.6) 423 (75.7)
Medium 246 (24.9) 127 (29.7) 119 (21.3)
High 50 (5.1) 33(7.7) 17 (3.0)

Pathological

diagnosis 29.795 <0.001

Cmi:"d"la' 900 (88.6) 392 (91.0) 508 (86.8)

ad:::z::i‘::oma 2727) 502 22 (38)

carscif:; er:;ing el 52 (5.1) 921 43 (7.4)
Others 37 (3.6) 25 (5.8) 12 (2.1)

Primary tumor size 1.839 0.175
<7cm 206 (45.3) 77 (49.7) 129 (43.0)
>7cm 249 (54.7) 78 (50.3) 171 (57.0)

Primary tumor site 3.340 0.188
Upper 277 (26.4) 121 (27.4) 156 (25.7)
Middle 366 (34.9) 140 (31.7) 226 (37.2)
Lower 406 (38.7) 180 (40.8) 226 (37.2)

Lauren’s type 12.131 0.002
Intestinal 122 (337) 67 (43.8) 55 (26.3)
Diffuse 123 (34.0) 45 (29.4) 78 (37.3)
Mixed 117 (32.3) 41 (26.8) 76 (36.4)

Borrmann’s type 7.762 0.051
1 47 (82) 17 (7.9) 30 (8.5)
11 48 (8.4) 19 (8.8) 29 (82)
1 202 (354) 91 (42.1) 111 31.4)
124 273 (47.9) 89 (41.2) 184 (52.0)

HER2 . 3.649 0.056

I Negative 549 (88.3) 207 (85.2) 1 342 (90.2) !

Positive 73 (11.7) 36 (14.8) 37 (9.8)

CEA 0.750 0.386
Negative 155 (26.7) 63 (28.8) 92 (25.5)
Positive 425 (73.3) 156 (71.2) 269 (74.5)

P53 2.046 0.153
Negative 108 (32.3) 44 (37.3) 64 (29.6)
Positive 226 (67.7) 74 (62.7) 152 (70.4)

Ki67 4.772 0.029
Low-expression 239 (40.4) 77 (34.7) 162 (43.8)
High-expression 353 (59.6) 145 (65.3) 208 (56.2)

EGFR 0.030 0.863
Low-expression 72 (29.1) 28 (29.8) 44 (28.8)
High-expression 175 (70.9) 66 (70.2) 109 (71.2)

VEGF 0.468 0.494
Low-expression 73 (31.1) 30 (33.7) 43 (29.5)
High-expression 162 (68.9) 59 (66.3) 103 (70.5)

Hp 0.933 0.334
Negative 213 (70.8) 105 (73.4) 108 (68.4)
Positive 88 (29.2) 38 (26.6) 50 (31.6)

Treatment 27.173 <0.001
No 475 (36.6) 194 (35.5) 281 (37.4)
PECT 57 (4.4) 16 (2.9) 41 (5.5)
POCT 391 (30.1) 140 (25.6) 251 (33.4)
Palliative CT 375 (28.9) 196 (35.9) 179 (23.8)

Number of

metastasis sites 6.420 0.011
1 624 (48.1) 285 (52.2) 339 (45.1)
>1 674 (51.9) 261 (47.8) 413 (54.9)

GC, gastric cancer; LM, liver metastasis; PECT, preoperative chemotherapy; POCT, postoperative chemotherapy; CT, chemotherapy.
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Inclusion criteria

1. Age 20-85 years
2. Histologically confirmed colorectal adenocarcinoma
3.ECOGPSOor1

4. Documented disease progression 90 days or more after the start of first-line
chemotherapy containing anti-EGFR antibodies, oxaliplatin, and
fluoropyrimidines

5. Adequate major organ and hematologic functions 14 days before registration
Neutrophil > 1500/mm®

Platelet > 100,000/mm’

Hemoglobin > 9.0 g/dL

AST <100 U/L (pts with liver metastases: < 200 U/L)

ALT < 100 U/L (pts with liver metastases: < 200 U/L)

Total bilirubin < 2.0 mg/dL

Creatinine < 1.5x upper limit of normal

Urine protein (UP) < 1+ or UP/creatinine ratio (UPCR) <2.0 without hematuria
(pts with UP 22+ and UPCR > 1; UP <3.5 g in 24-h urine collection without
hematuria)

6. Expected survival time =6 months upon registration

7. With documented informed consent
Exclusion criteria

1. Symptomatic CNS invasion and/or brain metastases
. Uncontrollable infections
. Uncontrollable diarrhea, anorexia, or nausea

. Uncontrollable hypertension

. Inability of oral intake
. Radiation to all lesions

2

3

4

5. Uncontrollable, symptomatic plural effusion, or ascites

6.

7

8. UGT1A1 *6 homo, *28 homo, or *6 and *28 double hetero
9.

. History of other malignancies within 5 years (except for curative resection of
carcinoma in situ)

10. Pregnant women

11. Irinotecan-containing regimen as first-line therapy
12. Following status:

Gastrointestinal or abdominal inflammations
Gastrointestinal or other bleeding

Hemorrhagic diathesis, coagulopathy, or treated with anticoagulants
Thromboembolism

No wound healing from major surgery

13. Administration of aflibercept-containing medications
14. Dihydropyrimidine dehydrogenase deficiency

15. Interstitial pneumonia or pulmonary fibrosis

16. Participation in the clinical trial is determined as unsuitable

ALT, alanine aminotransferase; AST, aspartate aminotransferase; CNS, central nervous system;
ECOG PS, Eastern Cooperative Oncology Group Performance Status; EGFR, endothelial
growth factor receptor; UGT1A1, uridine diphosphate glucuronosyltransferase 1A1.
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Exposure Total

Gl cancer cases HR (95% Cl) (Model 1) HR (95% Cl) (Model 2)

Waist circumference

Men <90 cm, women <85 cm 296 168927.01 1.00 1.00

Men 290 cm, women =85 cm 244 89300.40 1.56 (1.32-1.85) 1.36 (1.15-1.62)
HDL

Men 240 mg/dL, women 250 mg/dL 440 214258.72 1.00 1.00

Men <40 mg/dL, women <50 mg/dL 100 43968.68 1.10 (0.89-1.37) 111 (0.89-1.38)
Triglycerides

<150 mg/dL 403 195275.75 1.00 1.00

2150 mg/dL 137 62951.66 1.06 (0.87-1.28) 0.89 (0.73-1.09)

Blood pressure

<130/85 mmHg 278 164464.34 1.00 1.00

2130/85 mmHg 262 93763.07 1.65 (1.40-1.96) 1.26 (1.06-1.50)
Fasting glucose

<100 mg/dL or no history of diabetes 366 209775.34 1.00 1.00

2100 mg/dL or history of diabetes 174 48452.06 2.05 (1.71-2.46) 141 (1.17-1.69)
Metabolic syndrome

No 398 212086.40 1.00 1.00

Yes 142 46141.00 1.64 (1.35-1.98) 1.29 (1.06-1.56)

HR, hazard ratio; CI, confidence interval.
Model 1: crude model; Model 2: adjusted for age, sex, education, alcohol consumption, marital status, smoking status, regular exercise, monthly income, and first-degree family history of cancer.
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Pts with unresectable mCRC
Wild-type RAS / BRAF

Treated with 1s-line therapy containing anti-EGFR

antibodies, oxaliplatin and fluoropyrimidines

Written informed consent

Enrollment
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continued until progression or intolerable toxicity
requiring discontinuation.
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Models C-index on testing dataset IBS

Cox 0.725 (0.723-0.727) 0.017
Random survival forest 0.699 (0.697-0.701) 0.017
Survival support vector machine 0.725 (0.723-0.727) -
Survival trees 0.721 (0.719-0.723) 0.017
Gradient boosting | 0.723 (0.721-0.725) 0.017 |
Extra survival trees | 0.671 (0.668-0.673) 0.017

The C-index was estimated based on 100 bootstrapped data samples. The integrated Brier score
(IBS) applies to models that can estimate a survival function. Thus, it is impossible to estimate
the IBS for the survival support vector machine.
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Variables Base value Range Distribution Source

Min Max
SIDCHM: incidence of AEs
Anemia 0.125 0.100 0.150 Beta (5)
Leukopenia 0.174 0.139 0.209 Beta (5)
Nausea\vomiting 0.043 0.034 0.052 Beta (5)
Neutropenia 0.300 0.240 0.360 Beta (5)
Asthenia\decreased appetite 0.040 0.032 0.048 Beta (5)
Thrombocytopenia 0.028 0.022 0.034 Beta (5)
Febrile neutropenia 0.024 0.019 0.029 Beta (5)
PLCHM: incidence of AEs
Anemia 0.102 0.082 0.122 Beta (5)
Leukopenia 0.223 0.178 0.268 Beta (5)
Nausea\vomiting 0.033 0.026 0.040 Beta (5)
Neutropenia 0.337 0.270 0.404 Beta (5)
Asthenia\decreased appetite 0.045 0.036 0.054 Beta (5)
Thrombocytopenia 0.030 0.024 0.036 Beta (5)
Febrile neutropenia 0.018 0.014 0.022 Beta (5)
Costs ($)
Anemia 510.23 408.18 612.28 Gamma (11)
Leukopenia 467.86 374.29 561.43 Gamma (11)
Nausea\vomiting 49.42 39.54 59.30 Gamma (12)
Neutropenia 84.21 67.37 101.05 Gamma (12)
Asthenia\ decreased appetite 126.84 101.47 152.21 Gamma (13)
Thrombocytopenia 1058.22 846.58 1269.86 Gamma (14)
Febrile neutropenia 997.41 797.93 1196.89 Gamma (15)
Paclitaxel (100 mg) 117.83 94.26 141.40 Gamma #
Cisplatin (100 mg) 11.63 9.30 13.96 Gamma #
Fluorouracil (100 mg) 1.86 1.49 223 Gamma #
Sintilimab (100 mg) 167.44 133.95 200.93 Gamma #
Routine follow-up cost per cycle 73.86 59.09 88.64 Gamma (11)
Cost of laboratory tests and radiological examinations 358.03 286.42 429.63 Gamma (11
Cost of end-of-life care 1831.90 1465.52 2198.28 Gamma (16)
Cost of best supportive care 167.96 13437 201.55 Gamma (1)
Utility value
PES 0.68 0.54 0.82 Beta (11)
PD 0.42 0.34 0.50 Beta (11)
Proportion
Receiving cisplatin plus paclitaxel 0.93 0.74 112 Beta (5)
Receiving cisplatin plus fluorouracil 0.07 0.056 0.084 Beta (5)
Body surface area (m?) 1.72 1.38 2.06 Normal (11)
Discount rate (%) 3 0 5 Fixed a7

#, hospital charges; AE, adverse event; PD, progressive discase; PES, progression-free survival; PLCHM, placebo plus chemotherapy; SIDCHM, sintilimab plus chemotherapy.
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Parameters

‘Weibull survival model of PFS
SIDCHM

PLCHM

Weibull survival model of OS
SIDCHM

PLCHM

08, overall survival; PES, progression-free survival; PLCHM, placebo plus chemotherapy; SIDCHM, sintilimab plus chemotherapy.
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Factors P value Odds ratio 95% ClI

Differentiation 0.016 0.206 0.06-0.74
Mucinous component <0.001 | 11.70 3.41-39.90
Maximum tumor diameter (cm) 0.074 1.332 0.97-1.83
Z-MT V39 | 0.136 1.404 | 0.90-2.19
Z-MTV 400 0.150 1.384 0.89-2.15
Z-MTVs40 0.173 1.360 0.87-2.12
Z-MT V9 0.221 | 1.316 | 0.85-2.04
Z-Hlsgo 0.039 1.747 1.03-2.98
Z-Hlggo, 0.042 2.105 1.03-4.31
Z-Hl799 0.059 | 2.590 | 0.96-6.97
Z-HF | 0.133 | 1414 0.90-2.22

Z-, processed by Z-score standardization method; MTV, metabolic tumor volume; TLG, total
lesion glycolysis; HI, heterogeneity index; HF, heterogeneity factor; CI, confidence interval.
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Number MSI-H MSS
(n=19) (n = 69)

Characteristics

Age 0.282*
<60 28 8 20
=60 60 11 49
Gender | 0.026*
Male 59 17 42
Female 29 2 27
Primary tumor location 0.405*
Left 35 6 29
Right 34 10 24
Rectum 19 3 | 16
Differentiation | | 0.019*
Poor 12 6 6
Well or moderate 76 | 13 | 63
Mucinous component <0.001*
Positive 16 10 6
Negative 72 9 | 63
Maximum tumor #
- 4.98+1.29 4.19+£1.73 0.037
T stage 1>
T1-T2 12 2 10 |
T3-T4 76 17 59
N stage 0.276*
0 59 15 44
1-2 29 4 | 25
AJCC-TNM stage | 0.328%
I 10 2 | 8 |
I 49 13 36
111 29 4 25
Tumor deposit 0.11*
Negative 78 19 59
Positive 10 0 10
Lymphovascular 1%
invasion
Negative 68 15 | 53
Positive 20 4 16
Perineural invasion 0.138*
Negative 66 17 49
Positive 22 2 20

MSI, microsatellite instability; MSS, microsatellite stability; AJCC, American Joint Committee on
Cancer; TNM, tumor-node-metastasis. P values were calculated using the *Fisher’s exact test
and "T-test.
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Biliary complication

n=94
Age (years), Median (P25, P75) 50 (25, 57)
Gender
Male (%) 68 (72.3)
Female (%) 26 (27.7)

Indications for liver transplantation (%), (n=1171)
Hepatocellular carcinoma (HCC)
Hepatitis B cirrhosis

Alcoholic cirrhosis

Other disease

Autoimmune (AIH, PBC, PSC)
Acute liver failure

Hepatitis C cirrhosis

Wilson disease

Hilar cholangiocarcinoma
Hepatitis B and C cirrhosis
Cholangiocellular carcinoma
Amyloid polyneuropathy

Biliary complications (%), (n=94)
Anastomotic stricture
Non-anastomotic stricture

Bile duct stone

Bile leakage

Sphincter of oddi dysfunction

Progression of primary biliary disease

ATH, autoimmune hepatitis; PBC, primary biliary cholangitis; PSC, primary sclerosing cholangitis. Other disease, Budd-Chiari, Polycystic liver, Cryptogenic cirrhosis.

Without Biliary complication V4

=1077
49 (43, 56) 0.689
914 (84.9) 10.020
163 (15.1)

36.2%
34.2%
7.9%
7.2%
5.9%
37%
1.7%
1.1%
0.9%
0.7%
0.5%
0.1%

51.06%
13.83%
12.77%
8.51%
7.45%
6.38%

424
400
93
84
69
43
20
13
10

48
13
12

P value

0.491

0.002
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ip., intraperitoneal injection; i.t., intratumoral injection; i.v., intravenous injection; IGF-Ir, insulin-like growth factor I receptor; IRF-1, interferon regulatory factor-1; Flt-1, a soluble form of
VEGEF receptor; UPRT, uracil phosphoribosyltransferase; h\TERT, human telomerase reverse transcriptase; ICAM-2, intercellular adhesion molecule-2; MAGE-1, melanoma antigen gene-1;
TRAIL, TNF-related apoptosis-inducing ligand; XAF1, XIAP-associated factor 1; cGMP, cyclic guanosine monophosphate; PKG, protein kinase; DKK1, Dickkopf-1; MK, midkine; Cox-2,
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Variable

Year of diagnosis
I

Univariate analysis

HR (95% Cl)

Multivariate analysis

HR (95% Cl)

2004-2007 Ref Ref
2008-2011 0.901(0.807-1.006) 0.063 0.973(0.870-1.087) 0.624
2012-2015 0.814(0.713-0.929) 0.002 0.900(0.787-1.029) 0.124
‘ Age
<70 Ref Ref
>70 2.260(2.051-2.492) <0.001 2.356(2.130-2.607) <0.001
‘ Gender
Male Ref Ref
Female 0.780(0.707-0.861) <0.001 0.763(0.689-0.845) <0.001
‘ Race
White Ref 1.170(1.008-1.358) 0.039
Black 0.997(0.863-1.151) 0.964 0.784(0.691-0.890) <0.001
Other 0.679(0.603-0.766) <0.001 0.775(0.691-0.870) <0.001
‘ Primary site
Cardia Ref
Non-cardia 0.820(0.741-0.908) <0.001 0.775(0.691-0.870) <0.001
‘ Tumor size (mm)
1-10 Ref
11-20 1.175(1.024-1.348) 0.022 1.106(0.963-1.270) 0.153
21-30 1.465(1.268-1.693) <0.001 1.242(1.073-1.438) 0.004
>30 1.563(1.363-1.793) <0.001 1.338(1.160-1.542) <0.001
Histology
Adenocarcinoma Ref 0.832(0.718-0.964) 0.014
SRC 0.660(0.572-0.761) <0.001 0.852(0.679-1.071) 0.170
Others 0.712(0.569-0.890) 0.003
Grade
‘ Grade I Ref
Grade 11 1.080(0.934-1.250) 0.300
Grade 11T 0.968(0.839-1.118) 0.658
Grade IV 0.801(0.518-1.239) 0.319
Marital status
|
Married Ref
Others 1.077(0.980-1.183) 0.122
ELNC
<11 Ref
>11 0.693(0.631-0.762) <0.001 0.717(0.650-0.790) <0.001
N Stage
NO Ref
NI1/N2/N3 1.624(1.459-1.807) <0.001 1.670(1.492-1.869) <0.001
‘ M Stage
MO Ref
M1 2.360(1.738-3.207) <0.001 1.914(1.401-2.615) <0.001
‘ Chemotherapy
Yes Ref
None/Unknown 0.953(0.842-1.078) 0.445
Radiation
Yes Ref
None/Unknown 0.879(0.765-1.011) 0.072
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Univariate analysis Multivariate analysis

Variable
OR (95% Cl) OR (95% Cl)

Year of diagnosis

2004-2007 Ref
2008-2011 0.884(0.709-1.102) 0272
2012-2015 0.856(0.685-1.07) 0.173
Age at diagnosis
<70 Ref Ref
>70 0.796(0.663-0.955) 0.014 0.847(0.698-1.026) 0.090
Gender
Male Ref
Female 0.932(0.773-1.123) 0459
Race
‘White Ref
Black 1.046(0.787-1.389) 0.758
Other 0.911(0.733-1.133) 0.403
‘ Primary site ‘
Cardia Ref
Non-cardia 0.919(0.752-1.123) 0.409

‘ Tumor size (mm) ‘

1-10 Ref Ref
11-20 1.717(1.255-2.35) 0.001 1.556(1.132-2.140) 0.006
21-30 3.294(2.403-4.515) <0.001 2.946(2.138-4.061) <0.001
>30 4.643(3.438-6.271) <0.001 4.258(3.135-5.782) <0.001
‘ Histology ‘
Adenocarcinoma Ref Ref
SRC 1.129(0.883-1.443) 0.333 0.839(0.637-1.105) 0.211
Others 1.679(1.182-2.384) 0.004 1.182(0.810-1.726) 0.386
‘ Grade
Grade I Ref Ref
Grade 11 2.778(1.8344.206) <0.001 2.523(1.654-3.850) <0.001
Grade IIT 4.753(3.1747.116) <0.001 4.078(2.700-6.159) <0.001
Grade IV 3.766(1.6838.428) 0.001 2.907(1.270-6.652) 0.012
‘ Marital status 7 ‘
Married Ref
Others 1.046(0.8721.255) 0.628
‘ ELNC ‘
<11 1 Ref Ref

>11 1.734(1.4342.097) <0.001 1.586(1.310-1.934) <0.001
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Variables No. of patients (%),
Age at diagnosis
<70 97(91.5%)
>70 9(8.5%)
Gender
Male 72(67.9)
Female 34(32.1)
Primary site
Cardia 10(9.4)
Non-cardia 96(90.6)
Tumor size (mm)
1-10 30(28.3)
11-20 38(35.8)
21-30 23(21.7)
>30 15(14.2)
Grade
Grade T 20(18.9)
Grade 1T 60(56.6)
Grade 11T 24(22.6)
Grade IV 2(1.9)
ELNC
7 <11 24(22.6)
>11 82(77.4)
N Stage
NoO 92(86.8)
N1/N2/N3 14(13.2)
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Variables

No. of patients

Age (years), mean + SD
Gender, No. (%)
Female

Male

CA19-9 level, No. (%)
Normal

Abnormal

CEA level, No. (%)
Normal

Abnormal

Tumor location, No. (%)
Right colon

Left colon

Rectum

Upper Rectum

Middle Rectum

Low Rectum

pN stage, No. (%)

pNO

pN1

pN2

pT stage, No. (%)
pT1-2

pT3

pT4

Histologic grade, No. (%)
High

Low

All patients

131
62.7 £12.9

55.0 (72/131)
45.0 (59/131)

45.0(59/131)
55.0 (72/131)

42.0 (55/131)
58.0 (76/131)

21.4 (28/131)
41.2 (54/131)
37.4 (49/131)
183 (24/131)
115 (15/131)
7.6 (10/131)

49.6 (65/131)
25.2 (33/131)
25.2 (33/131)

26.7 (35/131)
46.6 (61/31)
267 (35/131)

24.4 (32/131)
75.6 (99/131)

pT1-2

35
61.7 + 10.4

51.4 (18/35)
48.6 (17/35)

80.0 (28/35)
20.0 (7/35)

88.6 (31/35)
11.4 (4/35)

14.3 (5/35)
28.6 (10/35)
57.1 (20/35)
34.3 (12/35)
20.0 (7/35)
8.6 (3/35)

65.7 (23/35)
314 (11/35)
52,9 (1/35)

17.1 (6/35)
82.9 (29/35)

pT Stages
pT3

61
61.7 + 14.0

54.1 (33/61)
45.9 (28/61)

32.8 (20/61)
67.2 (41/61)

29.51 (18/61)
70.5 (43/61)

19.7 (12/61)

45.9 (28/61)

344 (21/61)
13.1 (8/61)
115 (7/61)
9.8 (6/61)

52.5 (32/61)
21.3 (13/61)
26.2 (16/61)

31.2 (19/61)
68.9 (42/61)

pT4

35
65.2 + 130

60.0 (21/35)
40.0 (14/35)

31.4 (11/35)
68.6 (24/35)

17.1 (6/35)
82.9 (29/35)

31.4 (11/35)

45.7 (16/35)
22.9 (8/35)
11.4 (4/35)
2.9 (1/35)
8.6 (3/35)

28.6 (10/35)
25.7 (9/35)
45.7 (16/35)

20.0 (7/35)
80.0 (28/35)

P Value

0.388
0.758

<0.001

<0.001

0.037

0.001

0.238

Histologic Grade

High
32
606 +11.7

40.6 (13/32)
59.4 (19/32)

25.0 (8/32)
75.0 (24/32)

31.3 (10/32)
68.8 (22/32)

25.0 (8/32)

50.0 (16/32)
25.0 (8/32)
9.4 (3/32)

63 (2/32)

9.4 (3/32)

12,5 (4/32)
375 (12/32)
50.0 (16/32)

12.5 (4/32)
56.3 (18/32)
31.3 (10/32)

Low

99
633+ 132

59.6 (59/99)
40.4 (40/99)

42.4 (42/99)
57.6 (57/99)

38.4 (38/99)
61.6 (61/99)

20.2 (20/99)
38.4 (38/99)
41.4 (41/99)
20.2 (20/99)
18.2 (18/99)
3.0 (3/99)

53.5 (53/99)
19.2 (19/99)
27.3 (27/99)

19.2 (19/99)
52.5 (52/99)
28.3 (28/99)

CRAC, colorectal adenocarcinoma; pT, pathological tumor; CEA, carcino-embryonicantigen; CA19-9, carbohydrate antigen 19-9; pN, pathological lymph node.
Staging of tumors was in accordance with American Joint Committee on Cancer TNM classification;grading of tumors was based on the WHO grading criteria.
Normally distributed data were analyzed by Student’s t test or ANOVA, and were expressed as means + standard deviations.

P Value

0.306
0.061

0.078

0.467

0.247

<0.001

0.686





OPS/images/fonc.2022.1002592/M2.jpg
AHU = (CT value 40keV — CT value 100keV)/60.
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A total of 174 patients performed nwo PET-CT scans

before and after neoadjuvant therapy were found

3 cases with other malignancics

11 cases with pnmary tumor ¢T1.2

11 cases recaived SCRT

23 cases recaived chemotherapy alone

34 cases received systematic treatment befoce the fint PET-CT scans

40 cases did not undergo the second PET-CT scan within $-9 weeks after nCRT

52 patients met the inclusion requirements






OPS/images/fonc.2022.1002592/M1.jpg
NIC = Gy /1Catry





OPS/images/fonc.2022.1037783/crossmark.jpg
©

2

i

|





OPS/images/fonc.2022.1002592/fonc-12-1002592-g005.jpg
Sensitivity

20

40 60
100-Specificity

100

Sensitivity

100

80

60

40

20

20

40 60
100-Specificity

100





OPS/images/fonc.2022.1062704/table2.jpg
(42)

(43)

Drug

Bevacizumab
+ Chemo

Bevacizumab
+ Chemo

Designs

Type

anti-
VEGF

anti-
VEGF

VEGF

VEGF

mCRC

mCRC

Patient Info.

Traits

M

No.
Patients

No.
Lesions

Guideline

A"F-FDG
uptake

Criteria

Aim

Responders

None
uptake

ASUVmax
>=-50%

Results &
Objectives

Results: Response
assessment =
70%

Objectives:
Pathologic
outcome (%
necrosis)
prediction

Results: SUVmax
from 8 (baseline)
to 4 (after 1
cycle)

Objectives: Early
responders
evaluation

(44)

Sorafenib +
Chemo

VEGFR
inhibitor

VEGF

mCRC

38

124

PERECIST
adaptation

Responders

ASUVmax
> -15%

Results: NPV of
mR = 95%; PPV
of mR =72 %
Objectives: Early
non-responders
detection

(50)

(52)

Cetuximab

Cetuximab

anti-
EGFR

anti-
EGFR

EGFR

EGFR

mCRC

mCRC

KRAS-

KRAS-

27

33

85

EORTC

Responders

Responders

(ASULpeak
<0&
SULpeak <
2)/VOI

ASUVmax
> -20%

Results:
Favorable for
PES (p=0.001) &
OS (p<0.001)
Objectives: Early
non-responders
detection and
survival
prediction

Results: Positive
association:
ASUVmax and
ECR (OR=1.052,
p=0.02)
Objectives: Early
non-responders
detection

mCRC, metastatic colorectal cancer; LM, liver metastasis; A'*F-FDG uptake, relative change of **F-FDG uptake; CR, complete response; SUVmax, maximum standardized uptake value;
ASUVmax = (SUVmax response - SUVmax baseline)/SUVmax baseline; NPV, negative predictive value; PPV, positive predictive value; mR, metabolic response; wt, wild type; SUL, SUV
normalized to lean body mass; SULpeak, the average SUL within 1.2 cm diameter spheric VOI centered on the pixel with SULmax; ASULpeak, (SULpeak in S1 - SULpeak in S0)/(SULpeak in
50), S1, baseline of study, S1, study at the end of the first week; VOI, volume of interest; OS, overall survival; PES, progression-free survivals ECR, early clinical response; OR, odds ratio.
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Designs Diagnostic Parameters (%)

Modality X Sensitivity Specificity Accuracy

(014 58.7 64.8 623
(22) 20

PET/CT 435 836 66.8

cT 87 29 59
(23) 473

PET/CT 66 60 63

cr 384 955 65.0
(25) 370

PET/CT 56.8 90.3 742
(26) PET/CT 38 53.1 99.1 89.1
(27) PET/CT 409 429 87.9 -
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Magnified transverse
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169 CRAC patients who received dual-phase

contrast-enhanced DLCT examinations
between May 2021 and March 2022

: Received preoperative chemotherapy or
radiation therapy (n=14 )

Poor image quality with motion or metal
artifacts (n=6 )

Time interval between CT examination
and surgery > 1 weeks (n=18)

131 CRAC Patients

Pathological tumor stages

(oT satges) Histologic grades

pT1-2 pT3 pT4 Low-grade High-grade
(n=35) (n=61) (n=35) (n=99) (n=32)
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model

Internal test set

XGB

LGBM

RF

KNN

LR

MLP

Outer validation set

XGB

LGBM

RF

KNN

LR

MLP

uc

0.918
0.906
0.862
0.871
0.725

0.810

0.926
0.903
0.807
0.745
0.674

0.708

Accuracy

0.884
0.879
0.824
0.840
0.774

0.806

0.919
0.903
0.825
0.845
0.824

0.803

0.721

0.622

0.460

0.561

0.081

0.390

0.740

0.610

0318

0.300

0.032

0.156

0.787

0.746

0.644

0.665

0.440

0.591

0.765

0.758

0.462

0.568

0.263

0316

F1-score

0.733
0.695
0.537
0.608
0.137

0.470

0.752
0.676
0377
0.391
0.058

0.209

LGBM, light gradient boosting; XGB, extreme gradient boosting; RE, random forest; LR, logistic regression; KNN, K-nearest neighbor; MLP, multilayer perceptron; AUC, area under the

curve.
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keyword

autophagy
pancreatic cancer
apoptosis

cancer
expression
growth
gemcitabine
inhibition
activation

cells

Count

419
360
146
146
111
102
101
97
80
75

keyword

cancer cells
progression
survival
metabolism
proliferation
therapy
pathway
ductal adenocarcinoma
resistance

death

Count

64
61
55
55
51
51
51
51
49
48
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Variables

Age [mean (SD)] 58.89 (12.99) 62.01 (13.21) <0.001

Gender, n (%) ‘

Male 1119 (65.4) 10762 (59) <0.001
Female 593 (34.6) 7484 (41.0)
Race, n (%) ‘
| White 14840 (81.3) 1370 (80.0) 0.080
Black 1466 (8.0) 168 (9.8)
Asian or Pacific Islander 1774 (9.7) 160 (9.3)
American Indian/Alaska Native 166 (0.9) 14 (0.8)

T-stage (%)

Tl 246 (14.4) 3358 (18.4) <0.001
T2 84 (4.9) 3246 (17.8)

T3 1067 (62.3) 10039 (55.0)

T4 315 (18.4) 1603 (8.8)

N_ stage (%) ‘
No 486 (28.4) 10277 (56.3) <0.001
N1 | 811 (47.4) 5994 (32.9)

N2 415 (24.2) 1975 (10.8)

Grade ‘
Grade 1 89 (5.2) 1635 (9.0) <0.001
Grade IT 1298 (75.8) 14209 (77.9)

Grade 111 280 (16.4) 2117 (11.6)
Grade IV 45 (2.6) 285 (1.6)

CEA
Negative 232 (13.6) 6943 (38.1) <0.001
Borderline 3(0.2) 73 (0.4)

Positive 1070 (62.5) 4627 (25.4)
Unknown 407 (23.8) 6603 (36.2)

Marital
Married 965 (56.4) 10787 (59.1) 0.063
Unmarried 516 (30.1) 5250 (28.8)

Other 231 (13.5) 2209 (12.1)
Tumor size (mean (SD)) 4.25 (3.46) 5.70 (4.84) <0.001

CEA, carcinoembryonic antigen; LM, liver metastasis; NLM, non-liver metastasis.
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SEER database Multiple centers
Variables

Training set (N=15966) Testing set (N=3992) Outer validation set (N=924)

Age [mean (SD)] 61.74 (13.18) 61.72 (13.39) 61.72 (13.31)

Gender, n (%)

Male 9471 (59.3) 2410 (60.4) 556 (60.2)

Female 6495 (40.7) 1582 (39.6) 368 (39.8)
Race, n (%)

White 12969 (81.2) 3241 (81.2) 0

Black 1324 (8.3) 310 (7.8) 0

Asian or Pacific Islander 1532 (9.6) 402 (10.1) 924

American Indian/Alaska Native 141 (0.9) 39 (1.0) 0

T_stage, n (%)

T1 2909 (18.2) 695 (17.4) 151 (16.3)
T2 2661 (16.7) 669 (16.8) 140 (15.2)
T3 8870 (55.6) 2236 (56.0) 509 (55.1)
T4 1526 (9.6) 392 (9.8) 124 (13.4)

N_ stage, n (%)

NO 8604 (53.9) 2159 (54.1) 430 (46.5)
N1 5433 (34.0) 1372 (34.4) 376 (40.7)
N2 1929 (12.1) 461 (11.5) 118 (12.8)

Grade, n (%)

Grade I 1380 (8.6) 344 (8.6) 53 (5.7)
Grade 11 12393 (77.6) 3114 (78.0) 726 (78.6)
Gradel 11T 1926 (12.1) 471 (11.8) 109 (11.8)
Gradel IV 267 (1.7) 63 (1.6) 36 (39)
CEA, n (%) 7
Negative 5763 (36.1) 1412 (35.4) 412 (44.6)
Borderline 61 (04) 15 (04) 75 (8.1)
Positive 4534 (28.4) 1163 (29.1) 242 (262)
Unknown 5608 (35.1) 1402 (35.1) 195 (21.1)

Marital, n (%)

Married 9371 (58.7) 2381 (59.6) 622 (67.3)

Unmarried 4615 (28.9) 1151 (28.8) 231 (25.0)

Other 1980 (12.4) 460 (11.5) 71(7.7)
Tumor. size (mean (SD)) 4.37 (3.55) 4.38 (3.86) 4.34 (4.00)

Liver.Met, n (%)
No 14592 (91.4) 3654 (91.5) 770 (83.3)

Yes 1374 (8.6) 338 (8.5) 154 (16.7)
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Rank

Title

Pancreatic cancers require autophagy for tumor growth

P53 status determines the role of autophagy in pancreatic tumour development

Autophagy is critical for pancreatic tumor growth and progression in tumors with
p53 alterations

Activated Ras requires autophagy to maintain oxidative metabolism and
tumorigenesis

Autophagy is activated in pancreatic cancer cells and correlates with poor patient
outcome

Pancreatic stellate cells support tumour metabolism through autophagic alanine
secretion

Transcriptional control of autophagy-lysosome function drives pancreatic cancer
metabolism

Projecting cancer incidence and deaths to 2030: the unexpected burden of thyroid,
liver, and pancreas cancers in the United States

Cancer statistics, 2019

Autophagy Sustains Pancreatic Cancer Growth through Both Cell-Autonomous
and Nonautonomous Mechanisms

Phase 1T and pharmacodynamic study of autophagy inhibition using
hydroxychloroquine in patients with metastatic pancreatic adenocarcinoma

First
author

Shenghong
Yang

Mathias T
Rosenfeldt

Annan
Yang

Jessie
Yanxiang
Guo

Satoshi Fujii

Cristovao
M Sousa

Rushika M
Perera

Lola Rahib

Rebecca L
Siegel

Annan
Yang

Brian M
Wolpin

Source

Genes &
Development
Nature

Cancer Discovery

Genes &
Development

Cancer Science

Nature

Nature

Cancer Research

CA-A Cancer
Journal for
Clinicians

Cancer Discovery

Oncologist

Type

Article
Article
Article

Article

Article
Article
Article
Article

Article

Article

Article

Publication
year

2011

2013

2014

2011

2008

2016

2015

2014

2019

2018

2014

Total
citations

197

96

86

73

70

66

66

61

56

54

54
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Rank

Title

pancreatic cancers require autophagy for tumor growth

Oncogene ablation-resistant pancreatic cancer cells depend on mitochondrial
function

Autophagy promotes ferroptosis by degradation of ferritin

Pancreatic stellate cells support tumour metabolism through autophagic
alanine secretion

P53 status determines the role of autophagy in pancreatic tumour
development

Transcriptional control of autophagy-lysosome function drives pancreatic
cancer metabolism

KRAS: feeding pancreatic cancer proliferation

Erk2 phosphorylation of Drpl promotes mitochondrial fission and MAPK-
driven tumor growth

Autophagy is critical for pancreatic tumor growth and progression in tumors
with p53 alterations

Protective autophagy elicited by RAF—MEK—ERK inhibition suggests a
treatment strategy for RAS-driven cancers

First
author

Shenghong
Yang

Andrea Viale

Wen Hou

Cristovao M
Sousa

Mathias T
Rosenfeldt

Rushika M
Perera

Kirsten L
Bryant

Jennifer A
Kashatus

Annan Yang

Conan G
Kinsey

Source

Genes &
Development

Nature

Autophagy

Nature

Nature

Nature

Trends in
Biochemical Sciences
Molecular Cell

Cancer Discovery

Nature Medicine

Type

Article
Article

Article
Article

Article
Article
Review
Article
Article

Article

Publication
year

2011

2014

2016
2016

2013

2015

2014

2015

2014

2019

Total
citations

957

699

594
531

485

453

413

347

305

266
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Variable

Age:

Sex

Male

Grade

Grade |

T_stage

T4

N_stage

N1

CEA

Positive

Enter Tumor_size

5.50

Application of Machine Learning
¢ Methods to Predict Liver Metastases
in Rectal Cancer Patients

(=)

Probability of liver metastases: 31.79 %

Streamlit
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Rank

Author

Daolin Tang
Rui Kang

Alec C
Kimmelman
Michael T Lotze
Haogiang Ying
Herbert ] Zeh
Xiaoxu Wang
Anirban Maitra

Yangchun Xie

Joseph D
Mancias

Count

18

18

16

Total
citations

1326

1326

3288

923

1799

778

2244

687

796

827

Institution

UT Southwestern Medical Center
UT Southwestern Medical Center
New York University

University of Pittsburgh
University of Texas MD Anderson
Cancer Center

University of Pittsburgh
Dana-Farber Cancer Institute
Johns Hopkins University

University of Pittsburgh

Dana-Farber Cancer Institute

Location Rank

United
States
United
States
United
States
United
States
United
States
United
States
United
States
United
States
United
States
United
States

10

Co-cited
author

SH Yang

N Mizushima

RL Siegel

JY Guo

R Kang

E White

DJ Klionsky

B Levine

MT Rosenfeldt

A Yang

Total
citations

227

222

176

140

128

125

125

122

112

104
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Rank Journal Total citations IF (2020) JCR division (2020) Country

1 Nature 1415 49.962 Q1 England
2 Cancer Research 1267 12.701 Q1 United
States
3 Autophagy 1238 16.016 Q1 United
States
4 Cell 1116 41.584 Q1 United
States
5 Journal of Biological Chemistry 865 5.157 Q2 United
States
6 Proceedings of the National Academy of Sciences of the United States of 825 11.205 Q1 United
America States
7 Clinical Cancer Research 723 12,531 Q1 United
States
8 Genes & Development 708 11.361 Q1 United
States
9 Oncogene 695 9.867 Q1 England
10 Cancer Cell 665 31.743 Q1 United

States
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Journal

Cancers

Oncotarget

Frontiers in Oncology

Autophagy

International Journal of Molecular Sciences
Journal of Experimental & Clinical Cancer Research
Oncology Reports

Cell Death & Disease

Scientific Reports

Gastroenterology

Cancer Letters

Plos One

Count Percentage Total citations IF (2020) JCR division (2020) Country

23
19
15
13
13

3.7%
3.0%
2.4%
2.1%
2.1%
1.9%
1.8%
1.6%
1.6%
1.5%
1.5%
1.5%

300
841
211
982
197
365
282
430
370
713
223
271

6.639
None
6.244
16.016
5.924
11.161
3.906
8.469
4.38
22.682
8.679
324

Q1
None
Q2
Q1
Q1
Q1
Q3
Q1
Q1
Q1
Q1
Q2

Switzerland
United States
Switzerland
United States
United States
Ttaly

Greece
England
England
United States
Netherlands
United States
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Organization

University of Texas MD Anderson Cancer Center
Fudan University

China Medical University

Guangzhou Medical University

University of Pittsburgh

Zhejiang University

Shanghai Jiao Tong University

University of Michigan

New York University

Dana-Farber Cancer Institute

Huazhong University of Science and Technology

Country

United States
China
China
China
United States
China
China
United States
United States
United States
China

Publications

26
18
18
17
17
16
16
13
12
12
12

Total citations

2657
645
310
1183
1316
214
218

1683

1621

2035
268

Average citation

102.19
35.83
17.22
69.59
77.41
13.38
13.63

129.46

135.08

169.58
22.33
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Rank
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Country

China

United States
Ttaly
Germany
Japan

France

South Korea
England
Spain
Canada

Publications

260

211
40
37
37
28
22

Percentage

422%
34.3%
6.5%
6.0%
6.0%
4.5%
3.6%
3.1%
29%
2.1%

Total citations

6592

13482
2456
1816
1069
1097
526
759
452
340

Average citation

25.35
63.9
62.4

49.08

28.89

39.18

2391

39.95

25.11

26.15
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Patients were diagnosed with rectal
cancer in the First Affiliated Hospital
of Jilin University and Baigiuen
Hospital in Shanxi Province from
2010 to 2017. (N=2603)+~

According to the inclusion
and exclusion criteria, 1679
patients were excluded. <

924 patients were diagnosed
with rectal cancer «

Data were normalized
with SEER data standard:

Synthetic Minority «

26109 patients were excluded: «
I)patients  with  concurrent

malignancies-

Training

Oversampling Technique:«

Sampling strateg;

924 samples«

Outlier validation

Patients were diagnosed
with rectal cancer in the

SEER database from 2010
02017, 58199)¢

132090 patients
19958 patients-

19958 Samples+

(Trainine:Testins

k-fold cross-validation
(&=10)-

112132 patients  were
excluded with inadequate
data:-

1)Tumor size

2)Grade+

3)Race-

4)T-stage

5)N-stage-

6)Liver metastasis«
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Subgroup

Sex

Men

Women

Age

< 65 years

> 65 years

Weight(kg)

< 60

=60

Country or region
China

ECOG performance status
0

1

Disease type

Metastatic

Local advanced

Hepatic metastasis

No

Yes

Chemotherapy

cisplatin plus paclitaxel
cisplatin plus 5-fluorouracil
PD-L1 expression (CPS)
CPS<10

CPS 210

CPS<5

CPS 25

CPS<1

CPS 21

PD-L1 expression (TPS) (%)
TPS<10

TPS 210

TPS<5

TPS 25

TPS<1

TPS 21

OS HR (95% CI)

0.64 (0.51 t0 0.81)
0.57 (0.29 to 1.12)

0.70 (0.54 to 0.92 )
054 (0.38 t0 0.77 )

0.67 (0.51 t0 0.88 )
0.59 (0.41 t0 0.83 )

0.63 (051 t0 0.78 )

059 (0.36 t0 0.96 )
0.64 (050 to 0.81 )

0.62 (049 t0 0.77 )
0.77 (041 to 1.44 )

0.64 (050 to 0.82)
0.60 (0.40 to 0.91 )

0.65 (0.52 to 0.80)
0.31 (0.08 to 1.20)

0.62 (045 to 0.85)
0.64 (0.48 to 0.85)
0.56 (0.37 to 0.86)
0.65 (0.51 to 0.83)
1.32 (0.63 to 2.77)
0.59 (0.47 to 0.74)

0.67 (0.52 to 0.88)
0.55 (0.38 to 0.78)
0.61 (0.46 to 0.82)
0.67 (0.49 to 0.92)
0.71 (0.53 to 0.95)
0.63 (0.51 to 0.78)

PES HR (95% CI)

056 (046 to 0.69)
0.60 (034 to 1.07)

0.66 (0.52 to 0.84)
0.45 (0.32 to 0.62)

0.59 (0.46 to 0.76)
0.51 (0.38 to 0.69)

056 (046 to 0.68)

068 (046 to 1.00)
052 (042 to 0.65)

0.57 (0.46 to 0.69)
0.54 (0.29 to 1.00)

054 (043 to 0.67)
063 (0.4 to 0.91)

055 (045 t0 0.67)
055 (023 to 1.32)

053 (040 to 0.71)
058 (045 to 0.75)
051 (035 to 0.75)
0.58 (0.47 to 0.73)
076 (041 to 1.38)
054 (0.4 to 0.66)

056 (044 to 0.71)
054 (039 to 0.74)
057 (0.4 to 0.73)
054 (040 to 0.73)
052 (039 to 0.68)
059 (046 to 0.77)

ICER ($/QALY)

32577.34
33792.10

26751.55
28519.93

34212.82
30547.14

32407.35

35806.56
31302.74

32575.83
35678.27

31975.12
34394.85

32384.74
29955.09

31492.38
33326.68
30396.16
33428.42
107721.84
31270.97

33112.99
30951.88
32509.58
32524.29
30367.97
35057.11

Cost-effectiveness probability (%)

68.9
63.0

87.1
83.2

64.5
74.7

717

53.6
75.8

68.4
58.0

69.9
62.2

71.0
72.5

70.7
65.3
73.6
65.3
25.1
75.6

68.6
71.7
68.9
68.7
78.2
58.7

CPS, combined positive score; ECOG, Eastern Cooperative Oncology Groups HR, hazard ratio; ICER, incremental cost-effectiveness ratios OS, overall survival; PD-L1, programmed cell
death ligand 1; PFS, progression-free survival; QALY, quality-adjusted life years; TPS, tumour proportion score.





OPS/images/fonc.2022.986762/table3.jpg
Regimen PLCHM SIDCHM Incremental

Total QALYs 0.67 1.03 0.36
Total cost, $ 14166.24 24044.49 9878.25
ICER, $

Per QALY 23458.08

ICER, incremental cost-effectiveness ratio; PLCHM, placebo plus chemotherapy; QALY, quality-adjusted life year; SIDCHM, sintilimab plus chemotherapy.
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Sensitivity

Specificity

HIgpo,
our model

Li’s model (22)
Liu’s result (23)

Song’s result (39)

0579
0.842

0.833

0.929

0.523

.82¢ X
B o rm
0.763 ‘ 0.828 I-Iv
0.667 ‘ 0805 v
0.766 ‘ 0.633 I-1v

88 (19/69)

173 (13/160)
44 (14/30)

420 (44/376)

Colorectal

Colorectal
Colorectal

Colorectal

Related parameters: our model: Hlgoy and mucinous component; Li’s model: CEA, one PET feature (wavelet-LHH_firstorder_Skewness_PET) and one CT feature (wavelet-

HHL _firstorder_RootMeanSquared_CT); Liu’s result: MTVsos; Song’s result: age, primary lesion located, and MTV.igx.
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Factors P value Odds ratio 95% Cl P value Odds ratio 95% Cl

Differentiation ‘ 0.090 0.260 0.06-1.24 0.113 0.278 0.06-1.35 ‘
Mucinous component ‘ 0.001 9.348 2.53-34.51 <0.001 11.394 2.96-43.89 ‘
Z-Hlsgy ‘ 0.057 1717 0.98-3.0 ‘
Z-Hlggs, ‘ 0.037 2.107 1.05-4.25 ‘

Z-, processed by Z-score standardization method; HI, heterogeneity index; CI, confidence interval.
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Variable

Operation time average + SD, min
Transfer operation approach
Time to liquid diet average + SD, days
Hospital stay average + SD, days
Adverse events

Bleeding

Perforation

Pleural effusion

Intestinal obstruction

Others

Postoperative imatinib therapy

ER (n = 74)

98.80 + 12.0

2

445+ 1.2
772+ 1.1

o o =~

matching

LAP (n = 123)

110.79 + 15.5
10

540 + 1.5
1001 + 1.3

0.11

0.013
<0.001
0.853

After matching

ER (n = 49)

94.55 (39-211)
2
4.18 £ 1.3
FAZELL

© o ©o v o

LAP (n = 49)

105.9 (30-250)
3
516+ 1.6
9.94+ 13

o o o

P

0.235

0.042
<0.001
0.001
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Variable Before matching After matching

ER (n=74) LAP (n=123) P ER (n=49) LAP (n=49) P

Age average+SD, year 59.50+13.45 57.57+12.15 0.246 58.82+14.13 57.31+16.13 0.462
Gender 00.572 0.682

Male 30 57 29 31

Female 44 66 20 18
Tumor size mean mm 27.59 33.24 <0.001 29.78 29.53 0.897
Location 0.333 0.727

Cardia 2 4 1 1

Gastric fundus 48 73 34 31

Gastric body 23 41 14 16

Gastric antrum 1 5 0 1
Risk classification 0.543

Very low 11 16

Low 26 54

Middle 10 37

High 11 16
Ki-67 0.212

<5 33 39

05-10 29 63

>10 12 21
Follow-up 0.831

Time average+SD, month 54.27£12.6 55.96+13.5 51.55 (30-98) 57.90 (33-93)

Recurrence 1 2 1 1

SD, standard deviation; ER, endoscopic resection; LAP, laparoscopic resection.
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Age (year)
Sex
Female
Male
Race
‘White
Black
Others
Marriage
Married
Unmarried
Grade
LI
11, IV
Tumour size (cm)
<2
2-4
>4
T stage
T1
T2
T3
T4
N stage
NO
N1
N2
M stage
Mo
M1
Radiotherapy
Yes
No
Chemotherapy
Yes
No
Lymph nodes removed
<15
215
LNR
0
<0.47
>0.47

LNR, lymph node ratio.

Univariate analysis

HR (95% CI)

1.03 (1.02-1.03)

0.81 (0.65-1.01)

Reference

Reference
0.95 (0.69-1.31)
1.16 (0.78-1.71)

Reference

1.10 (0.87-1.37)

Reference

1.69 (1.36-2.09)

Reference
1.41 (0.99-2.00)
1.19 (0.84-1.69)

Reference
1.01 (0.51-1.97)
0.96 (0.56-1.64)
1.14 (0.67-1.94)

Reference
1.06 (0.83-1.35)
1.19 (0.87-1.62)

Reference

1.00 (0.68-1.49)

0.76 (0.54-1.05)

Reference

0.76 (0.61-0.94)

Reference

Reference

0.73 (0.58-0.91)

Reference
1.98 (1.52-2.57)
3.66 (2.67-5.03)

<0.001

0.062

0.755
0.460

0.437

<0.001

0.050
0.332

0.987
0.876
0.621

0.651
0.280

0.987

0.094

0.012

0.006

<0.001
<0.001

Multivariate analysis

HR (95% CI)

1.02 (1.01-1.03)

0.90 (0.72-1.12)

Reference

Reference

1.68 (1.34-2.11)

Reference
1.40 (0.99-1.99)
1.20 (0.84-1.71)

1.03 (0.72-1.48)

Reference

0.49 (0.38-0.64)

Reference

Reference

0.77 (0.60-0.98)

Reference
2.92 (2.18-3.90)
4.25 (3.01-6.00)

<0.001

0.336

<0.001

0.059
0310

0.857

<0.001

0.034

<0.001
<0.001
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Internal test set External test set

DCNN, n (%) Endoscopists, total n (%) DCNN, n (%) Endoscopists, totaln (%)
Total number 72 562 19 190
Small (< 10mm) 28 (38.88) 112 (19.93) 4(21.05) 16 (8.42)
visual angle 18 (25) 50 (8.90) 1(53) 2(1.05)
Distant 12 (16.67) 90 (16.01) 3 (15.79) 12 (632)
Tangential Line 5 (6.94) 12 (2.14) 2(10.53) 4(2.1)
Ulcer 4(5.56) 91 (16.19) 3 (15.79) 28 (14.74)
Adenoma-like 2(278) 16 (2.85) 1(53) 4(2.1)
Inflammation-like 2(278) 184 (32.74) 2(10.53) 108 (56.84)
Blood 1(1.39) 2(0.36) 1(53) 6 (3.16)
Scar-like 0(0) 5 (0.89) 0(0) 5 (2.63)
Others 0(0) 0(0) 2(10.53) 5 (2.63)
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Age (year)
Sex
Female
Male
Race
White
Black
Others
Marriage
Married
Unmarried
Grade
LI
1L, IV
Tumour size (cm)
<2
2-4
>4
T stage
T1
T2
T3
T4
N stage
NoO
N1
N2
M stage
Mo
M1
Radiotherapy
Yes
No
Chemotherapy
Yes
No
Lymph nodes removed
<15
215
LNR
0
<0.47
>0.47

LNR, lymph node ratio.

Univariate analysis

HR (95% CI)

1.03 (1.02-1.04)

0.74 (0.60-0.90)

Reference

Reference
0.95 (0.71-1.29)
1.23 (0.86-1.76)

Reference

1.12 (0.91-1.39)

Reference

1.43 (1.17-1.75)

Reference
1.18 (0.87-1.60)
1.05 (0.77-1.43)

Reference
0.75 (0.41-1.39)
0.91 (0.57-1.45)
0.93 (0.59-1.48)

Reference
0.97 (0.77-1.21)
1.14 (0.86-1.51)

Reference

0.95 (0.65-1.38)

0.71 (0.52-0.97)

Reference

0.68 (0.55-0.83)

Reference

Reference

0.73 (0.59-0.90)

Reference
1.66 (1.31-2.09)
3.08 (2.31-4.11)

<0.001

0.003

0.750
0.252

0.275

<0.001

0.290
0.756

0.368
0.695
0.766

0.768
0.369

0.780

0.033

<0.001

0.003

<0.001
<0.001

Multivariate analysis

HR (95% CI) I4
1.02 (1.01-1.03) <0.001
0.79 (0.64-0.97) 0.022

Reference
Reference
1.44 (1.17-1.78) 0.009
1.06 (0.75-1.50) 0.729
Reference
0.49 (0.38-0.62) <0.001
Reference
Reference
0.82 (0.65-1.02) 0.079
Reference
2.40 (1.85-3.12) <0.001
3.67 (2.67-5.03) <0.001
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Internal test set External test set

DCNN, n (%) Endoscopists, Total n DCNN,n Endoscopists, Total n

(%) (%) (%)
Total number 75 280 24 162
Gastritis (redness, atrophy, intestinal metaplasia) 33 (44) 166 (59.29) 15 (62.5) 111 (68.52)
Mucus 8 (10.67) 2 (0.71) 1(4.17) 4(247)
Fold 7(9.33) 11 (3.93) 0(0) 7 (432)
Foam 7(9.33) 4 (1.43) 1(4.17) 0(0)
Halation 5 (6.67) 5(1.79) 0(0) 0(0)
Blood 4 (5.33) 8 (2.86) 2(8.33) 4 (247)
blood vessel 4(5.33) 0(0) 0(0) 0(0)
Ulcer 3(4) 32 (11.43) 3(12.5) 30 (18.52)
Xanthoma 2 (2.67) 11(3.93) 1(4.17) 3(1.85)
Normal anatomical structure (cardia, pylorus, angulus) 1(133) 0 (0) 0(0) 0(0)
Hyperplastic polyp 1(1.33) 30(10.71) 0(0) 2(123)
Scar 0(0) 11(3.93) 1(4.17) 1(0.62)
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Variables Training group

Age (year) 64.72 + 12.75
Sex

Female 315 (46.0)

Male 370 (54.0)
Race

White 529 (77.2)

Black 96 (14.0)

Others 60 (8.8)
Marriage

Married 445 (65.0)

Unmarried 240 (35.0)
Grade

I 57 (8.3)

I 355 (51.8)

1 263 (38.4)

v 10 (1.5)
Tumour size (cm)

<2 94 (13.7)

24 293 (42.8)

>4 298 (43.5)
T stage

Tl 36 (5.3)

T2 42 (6.1)

I3 257 (37.5)

T4 350 (51.1)
N stage

No 245 (35.8)

N1 318 (46.4)

N2 122 (17.8)
M stage

Mo 630 (92.0)

M1 55 (8.0)
Radiotherapy

Yes 89 (13.0)

No 596 (87.0)
Chemotherapy

Yes 348 (50.8)

No 337 (49.2)
Lymph nodes removed

<15 367 (53.6)

=15 318 (46.4)
AJCC TNM stage

1 54 (7.9)

A 101 (14.7)

1B 87 (12.7)

IIA 284 (41.5)

1B 104 (15.2)

Y 55 (8.0)
LNR

0 262 (38.2)

<0.47 324 (47.3)

>0.47 99 (14.5)

LNR, lymph node ratio.

Validation group

65.85 + 12.00

144 (49.1)
149 (50.9)

215 (73.4)
54 (18.4)
24 (82)

185 (63.1)
108 (36.9)

21(7.2)
165 (56.3)
104 (35.5)

3(1.0)

32 (109)
125 (42.7)
136 (46.4)

18 (6.1)
27 (9.2)
109 (37.2)
139 (47.4)

128 (43.7)
127 (43.3)
38 (13.0)

273 (93.2)
20 (6.8)

45 (154)
248 (84.6)

156 (53.2)
137 (46.8)

145 (49.5)
148 (50.5)

30 (102)
55 (18.8)
39 (133)
116 (39.6)
33 (113)
20 (6.8)

115 (39.2)
134 (45.7)
44 (15.0)
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Competitors Sensitivity, % Specificity, % Accuracy, % PPV, % NPV, %

(95%CI) (95%Cl) (95%Cl) (95%Cl) (95% Cl)

Internal test set

DCNN 88.08 89.05 88.60 87.64 89.44 0.028s
(85.24-90.44) (86.48-91.19) (86.74-90.22) (84.78-90.04) (86.90-91.54)

JE group 69.54° 85.69 78.12° 81.08 76.13 8.05+0.21"
(66.88-72.07) (83.74-87.45) (75.78-80.30) (78.58-83.35) (73.94-78.20)

SE group 89.57% 90.00 89,73 88.76 90.73 7.69+0.25"
(87.71-91.17) (88.29-91.48) (86.79-92.08) (86.86-90.42) (89.07-92.16)

External test set

DCNN model 92.08 92.05 92.07 90.2 93.60 0.028s
87.91-94.94 88.40-94.65 89.46-94.08 85.79-93.38 90.17-95.92

JE group 70.42% 82.95 77.40% 76.64 77.92 7.98+0.19*
66.18-74.33 79.73-85.74 74.81-79.79 72.47-80.36 74.54-80.96

SE group 90° 90.23 90.13° 87.98 91.91 7.50+0.23"
86.97-92.39 87.59-92.36 88.20-91.77 84.79-90.58 89.41-93.86

a: P<0.01; b: P=0.02; : P > 0.05. JE(juniorendoscopists); SE(seniorendoscopists); PPV (positive predictive value); NPV (negative predictive value); DT(diagnostic time).
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Patient characteristics

Age (years), Mean (range)

Sex, Number (%)

Male

Female

Size of lesion (mm), Median (range)
Tumor location, Number (%)
Cardiag Fundus of the stomach,
Number (%)

Body

Angle

Antrum

Macroscopic type, Number (%)
0-1

O-Ila

O-1Ib

O-lc

0-TTa+O-Tlc

0-Hc+O-ITa

0-I1Tb+O-He

O-1II

Differentiation status, Number (%)
Differentiated

Undifferentiated

Mixed

Depth of tumor, Number (%)
Tla

Tlb

Tla, mucosa; Tlb, submucosa.

Internal test set

60 (27-79)

92 (68.66)
42 (3134)

15 (4-48.5)

18 (13.43)

58 (43.28)
28 (20.90)

30 (22.39)

8(5.97)
33 (24.63)
7(5.22)
9 (6.72)
47 (35.07)
18 (13.43)
12 (8.96)

0(0)

124 (92.54)
2 (1.49)

8(5.97)

128 (95.52)

6 (8.96)

External test set

65 (35-84)

38 (79.17)
10 (20.83)

17.4 (6-40.2)

3(6.25)

13 (27.08)
12 (25)

20 (41.67)

1(2.08)
9 (18.75)
2 (4.17)
0 (0)
22 (45.83)
10 (20.83)
3 (6.25)

1 (2%)

41 (85.42)
1(2.08)

6 (12.5)

44 (91.67)

4 (8.33)
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Patients diagnosed PDA 2004-2018
surgery performed
N=2155

No regional nodes examined,
number of regional lymph nodes
removed=unknown
N=388

Regional nodes examined >0 and number of
regional lymph nodes removed >0
N=1767

Not first tumor, more than one
primary tumors
N=610

First primary PDA
N=1157

Marriage unknown N=42
Grade unknown N=52
Tumor size unknown N=74
T stage unknown/TX N=15
N stage unknown/NX N=8

Training set N=685 M stage unknown/MX N=11
Validation set N=293
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AUC

post-SUVmax 0.966
RI 0.921
post-SUVmean 0.821
post-TLG 0.698
post-Ratio 0.805

GR, good response; SUVmax, the maximum standard uptake value; SUVmean, the mean standard uptake values; RI, response index; TLG, total lesion glycolysis; pre-, Before
neoadjuvant therapy; post-, After neoadjuvant therapy; Ratio, Tumor SUVmean/ liver SUVmean; PPV, positive predictive value; NPV, negative predictive value.

95%(Cl
0.875-0.997
0.812-0.978
0.689-0.913
0.555-0.818

0.671-0.902

<2.6

20.67

<22

<11.88

<1.392

n

92.31%

84.62%

100%

84.62%

100%

71.79%

64.10%

61.54%

PPV
80.01%
84.61%
54.16%

44%

46.43%

NPV
97.3%
94.87%
100% ‘
92.59%

100%
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Wilcoxon Spearman

Parameters

non-GR,M(Qg) P value P value
Pre-SUVmax 8.50(7.45) 7.78(6.70) 0.767 0.04 0.771
post-SUVmax 2.40(0.45) 6.20(4.50) <0.001 -0.70 <0.001
RI 0.75(0.10) 0.38(0.45) <0.001 0.63 <0.001
pre-SUVmean 5.56(2.58) 4.52(2.99) 0.583 0.08 0.588
post-SUVmean 1.75(0.52) 345(237) 0.001 -0.48 <0.001
pre-MTV 22.00(19.50) 28.00(21.00) 0.139 -0.21 0.140
post-MTV 4.00(2.50) 5.00(5.00) 0.282 0.15 0.287
AMTV 0.77(0.28) 0.77(0.21) 0711 0.13 0.362
pre-TLG 86.80(52.78) 144.04(169.83) 0.180 0.19 0.182
post-TLG 7.00(6.43) 17.40(21.84) 0.034 -0.30 0.032
ATLG 0.92(0.06) 0.88(0.20) 0.089 0.11 0.459
pre-Ratio 2.67(2.25) 2.44(1.48) 0.4907 -0.02 0.909
post-Ratio 0.83(0.31) 1.62(1.52) 0.001 -0.46 0.001
GR, good response; SUVmax, the maximum standard uptake value; SUVmean, the mean standard uptake values; MTV, metabolic tumor volume; TLG, total lesion glycolysis; RI,
response index; rs, Spearman’s correlation coefficient; pre-, Before neoadjuvant therapy; post-, After neoadjuvant therapy; Ratio, Tumor SUVmean/ liver SUVmean.
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Parameter

Ef-Z

NICap
AHU yp
NICyp

AUC

0.812
0.805
0.815
0.643

Cutoft

7.31
0.16
1.86
031

Sensitivity (%)

90.62
68.75
93.75
78.12

Specificity (%)

76.77
74.75
64.65
52.53

Youden index J

0.674
0.435
0.584
0.307

95% CI

0.735~0.875
0.726~0.869
0.738~0.877
0.555~0.725

P Value

<0.001
<0.001
<0.001
0.0067

CRAC, colorectal adenocarcinoma; AUC, area under curve; CI, confidence interval; Eff-Z, effective atomic number; NIC, normalized iodine concentration; AP, arterial phase; VP, venous
phase; AHU, slope of the spectral HU curve.
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95%Cl Sensitivity pecificity

post-SUVmax 0.939 0.836-0.987 <25 88.89% ‘ 90.7% 66.68% 97.5%
RI 0.951 0.853-0.992 20.67 100% ‘ 90.7% 69.24% 100%
post-SUVmean 0.831 0.701-0.920 <22 100% ‘ 65.12% 37.51% 100%
post-Ratio 0.775 0.638-0.879 <1.392 100% ‘ 55.81% [l 32.14% 100%

PCR, pathological complete regression; SUVmax, the maximum standard uptake value; SUVmean, the mean standard uptake values; RI, response index; pre-, Before neoadjuvant
therapy; post-, After neoadjuvant therapy; Ratio, Tumor SUVmean/ liver SUVmean; PPV, positive predictive value; NPV, negative predictive value.
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Parameter

Eff-Z

NICap
AHU 4p
NICyp
AHUyp

AUC

0.826
0.803
0.859
0.793
0.682

Cutoft

7.26
0.10
1.50
0.32
2.10

Sensitivity (%)

81.25
89.58
83.33
60.42
75.00

Specificity (%)

74.29
60.00
77.14
85.71
54.29

Youden index J

0.555
0.496
0.605
0.461
0.293

95% CI

0.750~0.887
0.724~0.867
0.787~0.913
0.713~0.859
0.595~0.760

P Value

<0.001
<0.001
<0.001
<0.001
<0.001

CRAG, colorectal adenocarcinoma; AUC, area under curve; CI, confidence interval; Eff-Z, effective atomic number; NIC, normalized iodine concentration; AP, arterial phase; VP, venous
phase; AHU, slope of the spectral HU curve.
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Wilcoxon Spearman

Parameters

non-pCR,M(Qg) P value P value
Pre-SUVmax 8.50 (7.55) 7.78 (6.80) 0.371 013 0.367
post-SUVmax 2.10 (0.55) 6.10 (4.52) <0.001 -0.58 <0.001
RI 0.75(0.09) 0.41(0.47) <0.001 0.59 <0.001
pre-SUVmean 5.56(2.09) 4.52 (3.82) 0.371 0.13 0.376
post-SUVmean 1.53(0.61) 2.91(248) 0.002 043 0.001
pre-MTV 22.00 (28.00) 28.00(22.00) 0377 -0.12 0.382
post-MTV 4.00(12.00) 5.00(5.00) 0.567 -0.08 0.572
AMTV 0.77(0.18) 0.77(0.22) 0.856 0.07 0.641
pre-TLG 109.46(109.09) 139.02(140.46) 0.781 -0.04 0.784
post-TLG 7 6.60 (18.04) 17.25 (20.24) 0.137 -0.21 0.138
ATLG 0.92(0.05) 0.88(0.18) 0.064 0.03 0.821
pre-Ratio 279 (2.26) 2.44 (1.47) 0.461 0.10 0.466
post-Ratio 0.79 (0.50) 1.59 (1.47) 0.010 -0.36 0.009
PCR, pathological complete regression; SUVmax, the maximum standard uptake value; SUVmean, the mean standard uptake values; MTV, metabolic tumor volume; TLG, total lesion
glycolysis; RI, response index; rs, Spearman'’s correlation coefficient; pre-, Before neoadjuvant therapy; post-, After neoadjuvant therapy; Ratio, Tumor SUVmean/ liver SUVmean.
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Parameter

Eff-Z

NICap
AHU yp
NICyp
AHUyp

pT1-2 (n=35) pT3 (n=61)

7.21 (0.09)
0.11 (0.05)
1.20 (0.45)
0.27 (0.06)
2.07 (0.68)

pT Stages

731 (0.10)
0.15 (0.08)
1.93 (1.18)
034 (0.11)
235 (0.62)

pT4 (n = 35)

7.35 (0.19)
0.15 (0.08)
237 (0.91)
0.35 (0.12)
3.09 (1.07)

P Value

<0.001
<0.001
<0.001
<0.001
<0.001

r

0.503
0.455
0.512
0.394
0.376

P Value

<0.001
<0.001
<0.001
<0.001
<0.001

Histologic Grade

High (n = 32)

7.37 (0.10)
0.20 (0.10)
2,59 (1.11)
0.35 (0.07)
2.40 (0.82)

Low (n =99)

7.28 (0.08)
0.13 (0.08)
1.63 (0.75)
0.31 (0.11)
235 (0.84)

P Value

<0.001

<0.001

<0.001
0.015
0.902

DLCT, dual-layer spectral-detector CT; pT, pathological stage; Eff-Z, effective atomic number; NIC, normalized iodine concentration; AP, arterial phase; VP, venous phase; AHU, slope of
the spectral HU curve.
Non-normally distributed data were analyzed by Mann-Whitney U test or Kruskal-Wallis H test, and were expressed as medians (interquartile ranges).
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near-pCR

Gender

Male 3 (7.14%) 7 (16.67%) 35 (83.33%) 10 (23.81%) 32 (76.19%)

Female 1 (10.00%) 2 (20.00%) 8 (80.00%) 3 (30.00%) 7 (70.00%)
‘ Age

<53.2Y 2 (7.69%) 6 (23.08%) 20 (76.92%) 8 (30.77%) 18 (69.23%)

>53.2Y 2 (7.69%) 3 (11.54%) 23 (88.46%) 5 (19.23%) 21 (80.77%)

Distance to anal verge

<5cm 2 (10.00%) 4 (20.00%) 16 (80.00%) 6 (30.00%) 14 (70.00%)
>5cm 2 (6.25%) 5 (15.63%) 27 (84.37%) 7 (21.88%) 25 (78.12%)
T-stage
cT; 2 (5.56%) 5 (13.89%) 31 (86.11%) 7 (19.44%) 29 (80.56%)
Ty 2 (12.50%) 4 (25.00%) 12 (75.00%) 6 (37.50%) 10 (62.50%)
N-stage

‘ cNo 0 (0.00%) 1 (25.00%) 3 (75.00%) 1 (25.00%) 3 (75.00%)
Ny 2 (28.57%) 1(14.29%) 6 (85.71%) 3 (42.86%) 4 (57.14%)
N, 2 (4.88%) 7 (17.07%) 34 (82.93%) 9 (21.95%) 32 (78.05%)
Total 4 (7.69%) 9 (17.31%) 43 (82.69%) 13 (25.00%) 39 (75.00%)

nCRT, neoadjuvant chemoradiotherapy; pCR, pathological complete regression; GR, good response.
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Parameter Intraobserver Reliability (ICC, 95%CI) Interobserver Agreement (ICC, 95%CI)

Eff-Z 0.921 (0.885~0.952) 0.969 (0.937~0.985)
AP
CT40keV (HU) 0.962 (0.942~0.976) 0912 (0.826~0.957)
CT100keV (HU) 0.983 (0.978~0.987) 0.890 (0.771~0.947)
ICumor (ug/ml) 0.980 (0.952~0.992) 0.856 (0.739~0.923)
IC,rtery (ug/ml) 0.975 (0.937~0.990) 0.934 (0.876~0.956)
VP
CT40keV (HU) 0.971 (0.929~0.988) 0.954 (0.905~0.978)
CT100keV (HU) 0.948 (0.877~0.980) 0.900 (0.791~0.952)
ICumor (ug/ml) 0.959 (0.900~0.984) 0.923 (0.850~0.960)
ICqrtery (ug/ml) 0.975 (0.947~0.992) 0.966 (0.934~0.983)

DLCT, dual-layer spectral-detector CT; ICC, intra-class correlation coefficients; CI, confidence interval; Eff-Z, effective atomic number; AP, arterial phase; IC, iodine concentration; VP,
venous phase.
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Traction Techniquesfor Endoscopic Submucosal Dissection

External Traction Internal Traction

Clip-Line Traction
Clip-Snare Traction
Double-Scope Traction
Double-Channel Scope Traction
External Forceps Traction
Magnetic-Anchor Traction
Percutaneous Traction
EndoSamurai-based Traction
ANUBIScope-based Traction
Robot-Assisted Traction

= MASTER System-based Traction

Clip-Thread Traction

Latex-Band Traction

Clip-on-Clip Traction

Gravity-based Traction

Spring-Action S-O Clip Traction

Double Clip Countertraction Traction

Loops Attached-Rubber Band Traction
Triangulated Traction (the “wallet” strategy)

DX R XY
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Ref.

Hoshino et al.
(111)
Murakami, et al.
(112)

Tzao, et al. (113)

Shoji, et al. (114)

Shi, et al. (115)

Ma, et al. (116)

Feingold, et al.
(117)

Pathol.

ESCC

ESCC

ESCC

ESCC

ESCC

ESCC

EAC

Sample info.
Cell lines
T.Tn, TE-2

T.Tn, TE-2

KYSE70/150/510

TE-9/10/11/14
TE-1, KYSE510
EC9706, KYSE70

NCI-SB-Escl/2/3, OE33,
Flo-1

HDAC:is, Histone deacetylase inhibitors.

Type
Cyclic Peptides

Cyclic Peptides

Hydroxymates

Short-chain fatty
acids
Hydroxymates

Benzamide

Benzamide

Names

Romidepsin

CHAP31

SAHA

Valproic
acid
LMK-235

MS-275

MS-275

HDACis
Targets
HDAC1/2

Pan-HDAC
(except
HDACS6)

Pan-HDAC
HDAC1
HDAC4/5
HDACL/3

HDACL1/3

Genes

PRDX11+ CDKN1AT

cleaved Caspase-91+ Bax/
Bdl-21

CDKs/|+
E-cadherint

RAD51]

TNS3|

PI3K/Akt/mTOR|

TXNIPT

Malignant Features

Proliferation |+ Apoptosist
(in vitro & in vivo)
ApoptosisT

(in vitro & in vivo)

Proliferation] + Migration ]+
Invasion |
(in vitro & in vivo)

Radiosensitivity?(in vitro)

Proliferation

(in vitro & in vivo)
Proliferation|+ Apoptosist

(in vitro & in vivo)

DNA damagef+ Apoptosis?(in
vitro)
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Ref.
Zhang R et al.
(107)

Hu et al. (108)
Liang et al. (109)

Pathol.

ESCC

ESCC
ESCC

Sample info.
No. Cell lines
90 Eca-109, TE-1

N/A  EC9706, KYSE150

115 Eca-109, KYSE150/
450

Targets

Marker Genes

H3K27act CCATI1T

H3K9ac!  KLF4{
H3K27acl LAMC2{

Malignant characteristics

Lymph node metastasis?+ Clinical Stage (advanced) + OS (poor) (Human
Tissues)

Proliferation+ Migration? (in vitro & in vivo)

Proliferation | (in vitro)

Lymph node metastasis?+ Clinical Stage (advanced) + OS (poor) (Human

Tissues)
Migration?+ Invasion?(in vitro)
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Ref.

Sample info.

Pathol. No.

Langer R et al. EAC
(102)

Zeng, etal. (103)  ESCC

Xue, et al. (104) ESCC

Feng, et al. (105) ESCC
Li, et al. (106) ESCC

180

86

167

N/A
N/A

Cell lines

N/A

EC/CUHK1, KYSE30/140/
150/180

Eca-109

Eca-109, EC9706
EC9706

Targets

HDAC21

HDAC41

HAT11

HDAC71
HDAC61

Malignant characteristics

Lymph node metastasis{+ Pathological Differentiation (poor) (Human Tissues)

Clinical Stage (advanced) + Pathological Differentiation (poor) + OS & PFS (poor)
(Human Tissues)
Proliferation?+ Migration?(in vitro)

Pathological Differentiation (poor) (Human Tissues)
Proliferation?t (in vitro)

Epithelial-mesenchymal transitiont(in vitro & in vivo)

Proliferationf+ Migrationt(in vitro)

EC, Esophageal carcinoma; EAC, Esophageal adenocarcinoma; ESCC, Esophageal squamous cell carcinoma; HDACs, Histone deacetylases; HATS, Histone acetyltransferases; OS, Overall
Survival; PFS, Progress-free Survival.
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Regulatory elements Promoters Enhancers Super-enhancers
Surrogate Markers

DHS * + #
BRD4 + + +++
MED1 * + +++
H3K4me3 + - -
H3K4mel = + +
H3K27ac ++ ++ +++

DHS, DNase hypersensitive sites; BRD4, Bromodomain-containing protein 4; MED1, subunit of the Mediator complex; H3K4me3, Trimethylation at lysine 4; H3K4me1, Monomethylation
at lysine 4; H3K27ac, Acetylation at lysine 27.
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Parameters Long-term sur- Short-term sur-  p value for univariate Adjusted OR  p value for multivari-

vival (n=26) vival (n=48) analyses (95% CI) ate analyses
Agemean * SD,year 60.7 £7.7 63.0 £ 8.1 0.246 0.626(0.228-1.722) 0.364
Male, n% 13(50.0) 20(41.7) 0.491 0.967(0.908-1.030) 0.297
Hospital stay days, mean + 263 +13.5 274119 0.726
SD
BMI, mean + SD 234+26 232+28 0.705
Initial presenting symptoms, n%
jaundice 12(46.2) 26(54.2) 0.510
abdominal pain 17(65.4) 32(66.7) 0911
Type of surgery, n% (n=73)
major hepatectomy 21(80.8) 35(74.5)* 0.542
major hepatectomy+PD 5(19.2) 12(25.5)
CA19-9 level, mean + SD 517.8 + 667.0 594.5 + 679.3 0.640
CEA level, mean + SD 57 +83 89 + 157 0.341
Total bilirubin levels, mean + 109.9 + 118.8 117.1 +133.1 0.819
SD
ALT levels, mean + SD 144.9 +159.8 92.1 +82.5 0.125
Preoperative biliary 10(38.5) 22(45.8) 0.541
drainage, n%
Operation duration, mean + 337.8 + 80.3 3403 + 739 0.936
SD
Intraoperatve blood soss, 530.8 + 342.7 488.5 + 319.6 0.591
mean + SD
Blood transfusion volume, 1409.6 + 1867.2 1459.4 + 3091.3 0.941
mean + SD
Intraoperative hemorrhage,n 0(0) 4(8.3) 0.291
%
Tumor size, mean + SD 7.02 £1.97 749 +2.84 0.461
Tumor location
Bottom 3(11.5) 9(18.8) 0.354
Body 4(15.4) 9(18.8) 0.618
Neck 13(50) 15(31.3) 0.112
Uncertain 6(23.1) 15(31.3) 0.356
Tumor differentiation
Well 1(3.8) 4(8.3) 0.651
Moderately 24(92.3) 43(89.6) 0.702
Poorly 1(3.8) 1(2.1) 1.00
Peripheral tissue invasion status
perineural invasion 11(42.3) 25(52.1) 0.422
vascular invasion 21(80.8) 38(79.2) 0.931
common bile duct invasion 6(23.1) 5(10.4) 0.144
cancerization of duct 1(3.8) 3(6.3) 0.756
Lymphatic metastasis status
NO 17(65.4) 30(62.5) 0.806
N1 7(26.9) 18(37.5) 0.358
N2 2(7.7) 0 0.12
GBC staging
IVA 24(92.3) 48(100) 0.12
IV B 27.7) 0(0)
Types of histology
adenocarcinoma 22(84.6) 45(93.8) 0.048 0.32(0.10-1.691) 0.180
squamous-cell carcinoma 2(7.7) 2(4.2) 0.522
adenosquamous carcinoma 1(3.8) 1(2.1) 0.655
neuroendocrine tumor 1(3.8) 0(0) 0.351
Major postoperative 15 203
complications
infection 2(7.7) 4(8.3) 0.923
delayed gastric emptying 1(3.8) 3(6.3) 0.662
biliary fistula 0(0) 1(2.1) 1.00
others 1(3.8) 3(6.3) 0.662
Recurrence sites (n=61)
locally 16(76.2) 17(42.5) 0.012 1.65(1.17-1.96) 0.015
distant 5(23.8) 23(57.5)
Adjuvant chemotherapy 8.20 +2.52 4.50 + 3.50 0.016 1.46(1.13-1.76) 0.026

cycles, mean + SD

SD, Standard deviation; GBC, Gallbladder cancer; IQR, interquartile range; PD, pancreatoduodenectomy; BMI, body mass index; CEA, carcinoembryonic antigen;
ALT, alaninetransaminase.

Bold values: P<0.1 and were included in multivariate analyses.

* only one case underwent PD in short-term survival group and was not included in analysis.
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Parameters

Age,mean + SD,year
Male, n%

Hospital stay days, mean
+ SD

BMI, mean + SD

With complica-
tions (n=14)

634 +7.1
6(42.6)
383 £ 148

233+£32

Initial presenting symptoms, n%

jaundice

abdominal pain

Type of surgery, n%
major hepatectomy
major hepatectomy+PD
CA19-9 level, mean + SD
CEA level, mean + SD

Total bilirubin levels,
mean + SD

ALT levels, mean + SD
Preoperative biliary
drainage, n%

Operation duration, mean
+ SD

Intraoperatve blood soss,
mean + SD

Blood transfusion
volume, mean + SD

Intraoperative
hemorrhage,n%

Tumor size, mean + SD
Tumor location
Bottom

Body

Neck

Uncertain

5(35.7)
13(92.9)

10(71.4)
4(28.6)
4087 + 432.1
113 + 248
129.8 + 1495

137.8 £ 163.1
6(42.9)

375 +38.7

614.3 + 293.1

2332.1 £ 27732

4(28.6)

7.05 + 1.37

7(12.3)
10(17.5)
23(40.4)
17(29.8)

Without complica-
tions (n=57)

620 + 8.4
26(45.6)
24.1+9.6

233+27

31(54.4)
35(61.4)

45(78.9)
12(21.1)
585.4 + 710.8
7.0 £9.6
1074 + 121.8

104.5 + 106.4
25(43.9)

329.8 £79.2
460.5 + 319.8
1126.3 + 2689.7
0(0)

7.53 £2.68

p value for univariate
analyses

0.578
0.853
0.013

0.939

0.211
0.024

0.546

0.378
0.538
0.558

0.351
0.865

0.280
0.099
0016
0.001

0371

0.378
0.736
0.750
0.531

Adjusted OR
(95% CI)

1.640(0.336-7.999)
1.058(0.951-1.177)
1.979(1.038-1.193)

21.489(1.22-37.57)

1.001(0.998-1.004)
1.036(1.021-1.058)

18.56(3.54-47.65)

IQR, interquartile range; PD, pancreatoduodenectomy; BMI, body mass index; CEA, carcinoembryonic antigen; ALT, alaninetransaminase.

p value for multivari-
ate analyses

0.540
0.299
0.003

0.036

0.514
0.005

0.001
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Variables

Tumor size, median cm (IQR)
Tumor location
Bottom
Body
Neck
Uncertain
Tumor differentiation
Well
Moderately
Poorly
Margin status
negative
positive
Peripheral tissue invasion status
perineural invasion
vascular invasion
common bile duct invasion
cancerization of duct
Lymphatic metastasis status
NO
N1
N2
GBC staging
IV A
IV B
Types of histology
adenocarcinoma
squamous-cell carcinoma
adenosquamous carcinoma
neuroendocrine tumor
Major postoperative complications
infection
delayed gastric emptying
biliary fistula
others
Recurrence sites
locally

distant

Adjuvant chemotherapy cycles, median n (IQR)

IQR, interquartile range; GBC, Gallbladder cancer.

Total (n=74)

12
13
28
21

67

73

36
59
11

47
25

72

67

61
36
25
6.0

e

%

6-8

16.2
17.6
37.8
284

6.8
90.5
27

98.6
14

48.6

79.7
149
54

63.5
33.8
27

97.3
27

90.5
55
2.7
13

203
122
55
13
55

824

48.6

338

3.0-9.0
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Variables

Age, median(IQR)
Gander, male
BMI, median(IQR)
>24
Hospital stays, median days(IQR)
Initial presenting symptoms
jaundice
abdominal pain
nausea
weight loss
back pain
no symptom
Type of surgery
major hepatectomy
PD
major hepatectomy+PD
CA19-9 level, median, ku/L(IQR)
>37 ku/L
CEA level, median, ng/mL(IQR)
>5 ng/mL
Total bilirubin levels, median, umol/L(IQR)
>18 umol/L
ALT, median, U/L(IQR)
>40 U/L
Preoperative biliary drainage
PTCD
ERCP
Operation duration, median min(IQR)
Intraoperatve blood loss, median ml (IQR)
Blood transfusion volume, median ml (IQR)

Intraoperative hemorrhage

Total (n=74)

62.5
33
2327
28
23

38
49

56

17
287
65
3.35
22
5525
47
69
50

25
330

400
800

%

56.0-67.0
44.6
21.47-24.90
378
18-31

514
66.2
2.7
1.4
14
14

75.7
14
23.0
64.8- 880.8
87.8
2.30 - 545
29.7
11.25 - 2025
63.5
20.75 - 162
67.6

33.8
9.5
292.5-412.5
250-725
0-1600
5.4

IQR, interquartile range; PD, pancreatoduodenectomy; BMI, body mass index; CEA,
carcinoembryonic antigen; ALT, alaninetransaminase; PTCD, percutaneous
transhepaticcholangial drainage; ERCP, Endoscopic Retrograde Cholangiopancreatography.
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The Search Terms: (((((TS=("Stomach Neoplasm')) OR TS=("Cancer of Stomach'")) OR
TS=("Stomach Cancers')) OR TS=( "Gastric Cancer')) OR TS=("Gastric Neoplasm'"))
AND (TS=("Computational Intelligence') OR TS=("artificial intelligence'))
Index=the Science Citation Index Expanded of the Web of Science Core Collection (WoSCC)

210 publications identified through WOSCC database 23 publications were
excluded (including

searching
meeting abstract,

editorial material, letter,
proceedings paper,
early access, note,
187 publications identified beokchapter, nevs item,
correction)
1 non-English
publications were

excluded

186 publications identified

3 papers were screened

manually

183 publications identified

Bibliometric and Visual Analysis
(Microsoft Excel and CiteSpace)

Keywords

&
L. Countries Authors Higher- .
Publication Co-cited Keywords
& & Impact .
Outputs L Reference with
Institutions Co-authors Journals L
Citation

Burst
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TCGA

Variable

Gender
Male/Female

Age at diagnosis
<65/>65/NA
Grade
G1/G2/G3/G4/NA
Stage
I/II/IVINA

E
T1/T2/T3/T4/NA
M

MO/M1/NA

N
NO/N1/N2/N3/NA

Number of samples

285/158
197/241/5
Unknown

59/130/183/44/27
23/93/198/119/10
391/30/22

132/119/85/88/19

Variable

Gender
Male/Female
Age at diagnosis
<65/>65

Grade
G1/G2/G3/G4/NA
Stage
/I/II/IV/NA

T

T1/T2/T3/T4

M

MO/MI1/NA

N
NO/N1/N2/N3

GEO

Number of samples

296/137
283/150
Unknown
Unknown
11/38/92/292
Unknown

80/188/132/33
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Model

Regularised regression
Logistic regression
Random forest

Extreme Gradient boosting

Decision tree

Accuracy

0.743
0.733
0.762
0.724
0.657

Precision

0.731
0.725
0.717
0.704
0.615

Recall

0.745
0.725
0.843
0.745
0.784

Fl-score

0.738
0.725
0.775
0.724
0.690

AUC

0.815
0.819
0.999
0.989
0.878
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