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Introduction: Oncologists have traditionally administered the maximum tolerated doses of drugs in chemotherapy. However, these toxicity-guided doses may lead to suboptimal efficacy. CURATE.AI is an indication-agnostic, mechanism-independent and efficacy-driven personalised dosing platform that may offer a more optimal solution. While CURATE.AI has already been applied in a variety of clinical settings, there are no prior randomised controlled trials (RCTs) on CURATE.AI-guided chemotherapy dosing for solid tumours. Therefore, we aim to assess the technical and logistical feasibility of a future RCT for CURATE.AI-guided solid tumour chemotherapy dosing. We will also collect exploratory data on efficacy and toxicity, which will inform RCT power calculations.

Methods and analysis: This is an open-label, single-arm, two-centre, prospective pilot clinical trial, recruiting adults with metastatic solid tumours and raised baseline tumour marker levels who are planned for palliative-intent, capecitabine-based chemotherapy. As CURATE.AI is a small data platform, it will guide drug dosing for each participant based only on their own tumour marker levels and drug doses as input data. The primary outcome is the proportion of participants in whom CURATE.AI is successfully applied to provide efficacy-driven personalised dosing, as judged based on predefined considerations. Secondary outcomes include the timeliness of dose recommendations, participant and physician adherence to CURATE.AI-recommended doses, and the proportion of clinically significant dose changes. We aim to initially enrol 10 participants from two hospitals in Singapore, perform an interim analysis, and consider either cohort expansion or an RCT. Recruitment began in August 2020. This pilot clinical trial will provide key data for a future RCT of CURATE.AI-guided personalised dosing for precision oncology.

Ethics and dissemination: The National Healthcare Group (NHG) Domain Specific Review Board has granted ethical approval for this study (DSRB 2020/00334). We will distribute our findings at scientific conferences and publish them in peer-reviewed journals.

Trial registration number: NCT04522284

Keywords: clinical decision support system, chemotherapy, personalised medicine, clinical trials, artificial intelligence, oncology, precision medicine, PRECISE CURATE.AI pilot clinical trial


INTRODUCTION

Treatment options for oncology patients are increasingly personalised with the onset of precision medicine, which enables drug selection tailored to an individual. To truly optimise the outcome, however, the treatment should also include personalised dosing (1). Faced with a trade-off between efficacy and toxicity, oncologists traditionally administer maximum tolerated dose (MTD)—the highest dose that does not cause unacceptable side effects (2), derived from Phase I trials. If patients experience toxicities, the dose is reduced according to guidelines based on population data. The key underlying assumption is that higher doses will provide greater efficacy, which many now recognize as flawed (3). Large randomised controlled trials (RCTs) show that doubling the dose of some drugs results in more frequent toxicities, which leads to dose reductions and treatment interruptions, despite no improvement in overall survival (4, 5). Conversely, other authors suggest that 30–75% of patients may be underdosed with conventional dosing strategies (6). Given the narrow therapeutic window of oncologic drugs and the 4- to 10-fold interindividual variation in pharmacokinetic clearance (7, 8), these overdosing or underdosing events result in suboptimal results: unnecessary toxicities, low efficacy and potential failure of drug development (9). The complexity of this problem increases exponentially in multi-drug regimens, with unpredictable drug-drug interactions (10, 11).

The challenge of personalised dosing has thus far been practically unsolvable because of its monumental complexity. Pharmacokinetic-based therapeutic drug monitoring and pharmacogenetic testing are promising (12–14), but have thus far not been adopted in chemotherapy drug dosing. In addition, threshold drug exposure does not necessarily correlate with threshold efficacy, particularly due to the individualised nature of patient responses to treatment. With the advent of artificial intelligence (AI), efforts are now focused on big data in pharmacogenomics (15). Though big data modelling is valuable, it is unsuitable for dynamic, multifactorial diseases, as it requires massive volumes of population information, comprehensive prior knowledge and high temporal resolution (16).

The alternative is to use small data, where only the individual's medical profile is used solely for his/her own treatment. Harnessing AI, we previously demonstrated that a quadratic surface can closely describe the relationship between drug doses and a phenotypic response in a human system (17–21). The coefficients of the second-order polynomial are unique to each individual. AI is used to map the extensive dose-response parameter space based on minimal empirical data, thus deterministically predicting the global optimum within a pre-specified safe dose range (22). Uniquely, this process is mechanism-independent and implicitly avoids the complexities stemming from the known or unknown mechanistic components, including pharmacokinetics, pharmacodynamics, pharmacogenomics, and disease biology (23, 24). These personalised profiles, which are visually represented as response surfaces, can also be scaled into higher dimensions to enable predictions for combination drug regimens (25). As such, CURATE.AI—a small data, AI-derived, indication-agnostic and mechanism-independent technology platform—could thus allow for clinically actionable personalised dosing for precision oncology and beyond. Importantly, CURATE.AI implementation is not purely computational, as it pairs prospective calibration of patient-specific responses to treatment at different drug doses with the dose optimisation process.

Predicting the optimal dose at a single point in time is only part of the challenge. The optimal dose evolves throughout the course of treatment, with the participant's response to therapy evolving due to environmental, physiologic and disease changes, including drug resistance (7). Here, CURATE.AI's ability to continually recalibrate personalised profiles allows for dynamic dose optimisation throughout treatment (23, 24). To maximise CURATE.AI's therapeutic potential, it is thus paramount to utilize a phenotypic response biomarker that can be quantified frequently. Though the gold standard for monitoring treatment response in solid tumours is the Response Evaluation Criteria in Solid Tumours (RECIST), these radiological assessments are performed at infrequent intervals after a few chemotherapy cycles, and may not reflect the entire tumour burden in situations such as widespread metastases or central necrosis (26). Blood-based tumour markers, such as carcinoembryonic antigen (CEA) and carbohydrate antigen 19-9 (CA19-9) (27–29), can be measured more frequently. However, these traditional blood biomarkers have limited sensitivity and specificity in reflecting tumour response, especially among patients whose baseline biomarker levels are in the normal range (30). Recent advances in genomic sequencing have revealed plasma circulating tumour DNA (ctDNA) as a novel biomarker of tumour burden (31). ctDNA are DNA fragments released by tumour cells, via apoptosis, necrosis or active secretion. These fragments contain both genetic information (such as point mutation, copy number variation) and epigenetic information (such as DNA methylation). Quantitative changes in ctDNA have been shown to be ultra-sensitive in detecting both macroscopic and microscopic tumour load (32), including in patients without raised traditional tumour markers at baseline. Therefore, serial ctDNA measurements may be more reflective of the evolving tumour response and thus appropriate for CURATE.AI.

Though CURATE.AI has already been applied in a variety of clinical settings (23–25), there are currently no prior RCTs of CURATE.AI in patients with solid tumours. Additionally, the temporal resolution of the change in the selected tumour markers, as required for CURATE.AI, has not been yet characterised. We are thus conducting this pilot clinical trial to assess the technical and logistical feasibility of a future RCT, as well as to collect exploratory data on efficacy and toxicity to enable future sample size calculations.



METHODS AND ANALYSIS


Trial Design

The PRECISE CURATE.AI pilot trial is a single-arm, prospective pilot clinical trial for participants receiving palliative-intent chemotherapy for solid tumours. We anticipate that any feasibility concerns in the future RCT are unlikely to arise from the logistical process or participants acceptability of randomisation. Rather, the more pressing feasibility issues relate to whether CURATE.AI profiles can be created and successfully applied, and whether the recommended doses are different from the standard-of-care. Therefore, to maximise clinical experience in delivering this intervention, we will run this pilot as a single-arm study. This protocol adheres to the Consolidated Standards of Reporting Trials (CONSORT) extension for randomised pilot and feasibility trials (33).



Study Setting and Participant Recruitment

We will recruit participants at two centres: National University Hospital (NUH) and Ng Teng Fong General Hospital (NTFGH), which both belong to the National University Health System (NUHS), Singapore. Clinical investigators will recruit patients from outpatient clinics during routine clinical reviews, weekly trial meetings or multidisciplinary tumour boards. As this is a pilot clinical trial with no precedent data, we intend to first recruit 10 patients and perform an interim analysis, which will include formal power and statistical sample size calculations. Based on these outcomes, we will consider an RCT, or an amendment of this study protocol to expand the current cohort or to include further cohorts of patients with a wider range of chemotherapy regimens or tumour markers. We will consider participants to be evaluable for the primary outcome measures only if participants are able to complete the first two cycles of chemotherapy in an uninterrupted manner. We will replace any unevaluable participants with new participants, though we will continue to monitor and report any adverse events in the unevaluable participants. We will consider replacing participants who withdraw from the study (see Supplementary Text) with new participants if we could not collect sufficient data for primary outcome assessment.



Choice of Chemotherapy Regimens

Among the different solid tumour types, gastrointestinal (GI) tumours are one example of an appropriate solid tumour type for an initial trial with CURATE.AI. This is because they are the most prevalent (34), and they also form a significant proportion of tumours with raised levels of serum tumour markers (35), which can serve as an input for CURATE.AI. Therefore, we intend to initially recruit patients with GI tumours for this pilot clinical trial, though the eligibility criteria below permit the recruitment of patients with other solid tumour types.

We chose capecitabine-containing regimens (XELOX, XELIRI and single-agent capecitabine) as capecitabine is one of the most commonly used drugs for a wide range of GI and other solid tumours (36), which facilitates recruitment. In addition, it is generally accepted that the MTD for capecitabine is not well-tolerated in a large proportion of patients (37, 38), with guidelines recommending a starting dose lower than the MTD (39). Furthermore, previous studies have established inter-ethnic differences in tolerability profiles for capecitabine (40). Therefore, patients receiving capecitabine require a personalised approach and may benefit from CURATE.AI dose guidance.

During the trial, participants will receive the treatment in 3-week cycles, according to standard dosing schedules for each regimen (Figure 2) (41–43). In this pilot clinical trial, CURATE.AI will only modulate capecitabine doses while the remaining drugs (oxaliplatin in XELOX, and irinotecan in XELIRI regimens) will be held constant or adjusted at the clinical investigator's discretion, as per standard-of-care. Additionally, CURATE.AI will only modulate capecitabine doses between cycles and not within a cycle. The drugs used in these regimens will be subjected to the same storage and accountability conditions as per standard-of-care institutional requirements.



Eligibility Criteria

The key inclusion criteria are as follows: (1) metastatic solid tumours not for curative intent therapy; (2) planned for treatment with the following chemotherapy regimens: XELOX, XELIRI or single-agent capecitabine; (3) presence of raised tumour marker above upper limit of local laboratory normal (e.g., CEA, CA19-9); (4) males and females ≥21 years of age (the age of majority in Singapore); (5) Eastern Cooperative Oncology Group (ECOG) Performance Status of 0 to 2; (6) meet the following clinical laboratory criteria within 21 days of starting treatment: (a) Absolute neutrophil count (ANC) ≥1,000/mm3 and platelet ≥50,000/mm3, (b) total bilirubin ≤ 1.5x the upper limit of the normal range (ULN) and alanine aminotransferase (ALT) and aspartate aminotransferase (AST) ≤ 3x ULN or ≤ 5x ULN in the of the liver involvement, (c) calculated creatinine clearance ≥30 mL/min or creatinine <1.5x ULN.

The key exclusion criteria as follows: (1) currently lactating or pregnant; (2) major surgery within 28 days prior to start of the treatment; (3) active congestive heart failure (New York Heart Association [NYHA] Class III or IV), symptomatic ischaemia, conduction abnormalities uncontrolled by conventional intervention or myocardial infarction within 4 months prior to date of obtaining informed consent; (4) clinically significant hypersensitivity to one or more of the selected regimen's constituent drug(s); (5) contraindication to any of the required concomitant drugs or supportive treatments; (6) any clinically significant medical disease or psychiatric condition that, in the investigator's opinion, may interfere with protocol adherence or a participant's ability to give informed consent.



Interventions
 
Definition of CURATE.AI

CURATE.AI in this context refers to the CURATE.AI platform (software), engineering expertise in operating the CURATE.AI platform, drug dose recommendations generated by the CURATE.AI platform and accompanying analyses of clinical data. The Health Sciences Authority in Singapore classifies CURATE.AI as a Class B medical device (low to moderate risk), which is defined as all active therapeutic devices that are software, or which are intended to administer or exchange energy to or with the human body. We have filed the accompanying Clinical Research Materials notification under the National University of Singapore, for the intended purpose of providing dose recommendations within this pilot clinical trial. The CURATE.AI internal workflow is summarised in Figure 1 and explained in subsequent sections.


[image: Figure 1]
FIGURE 1. Internal workflow for optimising combination therapy modulation with CURATE.AI for solid tumours, including scenarios that may lead to recalibration.




CURATE.AI Built-In Safety Mechanisms

All doses recommended by CURATE.AI will always be within the safe dose range pre-specified by the clinical investigator: (1) the predetermined safety range (50–100% of dose used in standard-of-care treatment) and (2) participant-specific dosing range (accounting for the specific participant's personal medical history and clinical context). If CURATE.AI is unable to recommend a dose that fulfils the above requirements, it will not recommend a modulated dose and the clinical investigator will decide the dose according to the standard-of-care. Should the participant experience clinically relevant grade 3 or 4 non-haematological toxicity at a particular dose, we will restrict the next dose recommendation by CURATE.AI to a lower dose. Clinical investigators will have the final say on whether to use the CURATE.AI-recommended dose. Clinical investigators may also adjust the dose beyond CURATE.AI's recommendations as they deem necessary.



CURATE.AI Calibration-Intent Dose Recommendations

For every participant, CURATE.AI will undergo an initial calibration stage (Figure 1, Steps 1–4) with the aim of generating a personalised CURATE.AI profile based on that participant data only. CURATE.AI will provide calibration-intent dose recommendations (Figure 1, Step 1) to collect data on the participant's phenotypic response (measured by tumour markers e.g., CEA, CA19-9) to a range of drug doses (Figure 1, Step 2). Any dose recommended by CURATE.AI to the clinical investigator will always be within the pre-specified safe dose range.

CURATE.AI requires a minimum of three unique data pairs (capecitabine dose and tumour marker), with one data pair collected per cycle, to generate the personalised CURATE.AI profile (Figure 1, Step 3) based on a second-order polynomial. After giving participants capecitabine at calibration-intent doses and measuring the corresponding tumour marker levels, we will analyse the data to determine if they fulfil calibration requirements. If not, CURATE.AI will make further calibration-intent dose recommendations and more data pairs will be collected until the CURATE.AI profile can be generated.



CURATE.AI Efficacy-Driven Dose Recommendations

After the CURATE.AI profile is generated, we will check it for actionability, defined as the ability to recommend an optimum dose within the safety requirements pre-specified by the clinical investigator (Figure 1, Step 4). For participants with actionable profiles, CURATE.AI will recommend therapeutic-intent, efficacy-driven doses to the clinical investigator (Figure 1, Step 5). Any dose recommended by CURATE.AI will always be within the safe dose range pre-specified by the clinical investigator. If the dose-dependent relationship is maintained, CURATE.AI will continue to use the existing profile to provide dynamic dose recommendations before every subsequent cycle (Figure 1, Step 6.1). This continues until the end of the participant's involvement in the study (Figure 1, Step 7), which is when the clinical investigator decides to cease/change the chemotherapy regimen, or until 12 months, whichever is earlier. If the dose-dependent relationship is not maintained but we do not suspect systemic changes in the participant (Figure 1, Step 6.2), CURATE.AI will obtain a new data pair in the next cycle based on the existing profile. If the dose-dependent relationship is not maintained and we suspect systemic changes in the participant at any point during the trial, such as but not limited to the introduction of haemodialysis or drugs with known interactions with the treatment, CURATE.AI may recalibrate the personalised profile (Figure 1, Step 6.3) to generate a new profile for the participant. CURATE.AI will select recalibration doses on the basis of previous correlations.




Objectives
 
Primary Objective

Our primary objective is to assess the technical and logistical feasibility of an RCT for CURATE.AI-guided dosing with the selected chemotherapy regimens and tumour markers. Technical feasibility is defined by the following questions: (1) whether CURATE.AI profiles can be successfully created and applied; (2) whether the specific patient characteristics that predict the successful creation and applicable of CURATE.AI profiles can be identified; (3) whether the CURATE.AI-recommended dose is substantially different from the standard-of-care dose (see Table 1 footnote e). Logistical feasibility refers to: (1) the timeliness of CURATE.AI dose recommendations to the physician; (2) participant adherence to CURATE.AI-recommended doses; (3) physician adherence to CURATE.AI recommended doses. We hypothesize that CURATE.AI will meet these feasibility criteria, as further defined in our outcome measures below, for the selected palliative-intent chemotherapy regimens and respective tumour markers. We will use these data to decide if and how a future RCT should proceed.


Table 1. Outcome measures and progression criteria for the PRECISE CURATE.AI pilot clinical trial, based on “the traffic light system” recommended in the CONSORT extension statement for pilot clinical trials (33).

[image: Table 1]



Secondary Objective

Our secondary objective is to collect preliminary data on efficacy and toxicity as exploratory outcomes for this pilot. Specifically, we will evaluate the incidence of clinically progressive disease, changes in tumour marker levels, and incidence of clinically relevant toxicities. As an exploratory outcome, we will explore the utility of tumour markers such as CEA, CA19-9 and ctDNA in higher-frequency serial measurements with modulated doses. We will also explore ctDNA as an input for CURATE.AI to generate dose recommendations, however we will not use this analysis to prospectively guide dosing. We provide further details in our outcome measures below.




Study Timeline and Investigations

The study investigations schedule is summarised in Figure 2. For each participant, we will perform regular reviews of medical history, physical examination including performance status and vital signs, and documentation of adverse events and concomitant medications as per standard-of-care. We will also perform standard-of-care investigations at regular intervals, such as but not limited to: haematology, serum chemistries, traditional tumour markers (e.g., CEA or CA19-9) and computed tomography (CT) scans. We will conduct these investigations following standard-of-care institutional laboratory techniques and radiographic protocols.


[image: Figure 2]
FIGURE 2. Overall trial schedule for 3 weeks long cycles. BI: Baseline investigations as per standard-of-care, including collection of demographics, medical/treatment history, vital signs, and conducting complete physical examination including performance status evaluation, blood tests [haematology, serum chemistries, tumour marker(s)] and imaging as clinically required. BD: Mandatory blood draws done every 3 weeks for the measurement of tumour marker(s) between Days 17–20 of each cycle, alongside serum chemistries and haematology as per standard-of-care. BD*: Additional blood draws for measurements of tumour markers(s), done once weekly (once between Days 4–7, and another between Days 11–14) performed solely for the purposes of the trial, and are necessary for cycles 1–2 of chemotherapy. Additional blood draws in subsequent cycles will be limited to one draw, if at all. CT*: Computed tomography scans performed approximately every two or three cycles as per standard-of-care. End of study: upon completion of all chemotherapy cycles, or at 12 months, whichever is earlier for each participant.


There are two main deviations from standard-of-care in our study investigations. Firstly, we will perform the same blood draws and disease assessments but at more frequent intervals than standard-of-care (weekly compared to 3-weekly), to investigate temporal variations in tumour marker level. However, we will limit this increased frequency to the first two chemotherapy cycles and a maximum of one additional blood test per subsequent cycles. Secondly, we may measure participants' serum ctDNA at a similar or lower frequency as the above blood draws. ctDNA measurements, if performeed, will be regularly spaced, with ~4 measurements per patient over four cycles. ctDNA is not routinely measured in standard-of-care.

We may perform other blood tests as per the clinical investigator's judgement. The clinical investigator will perform history and physical examination, as well as review of the adverse events prior to the start of every subsequent cycle of chemotherapy, as per local institution standards. We will enrol participants for the entire duration of their treatment with the selected regimens, up to a maximum of 12 months per participant. We will document the above findings for each participant.



Sample Size

Since this is a pilot clinical trial with no precedent data, we did not perform an upfront formal sample size calculation. We intend to first recruit 10 patients and perform an interim analysis using the data generated from these participants, which will include formal power and statistical sample size calculations. Based on these outcomes, we will consider cohort expansion or an RCT.



Data Collection, Management, and Analysis
 
Primary Outcome Measure

The primary outcome measure (Table 1) is the percentage of participants in whom we successfully apply a CURATE.AI profile. This is the main outcome which we will use to judge the technical feasibility of a future RCT and corresponds to the first of our primary objectives. A decision on whether we “successfully apply” the CURATE.AI profile requires expert judgement and cannot be made based on a purely numerical process therefore the statistical analyses will be viewed within the broader framework of clinical relevance. An expert panel, comprising physicians and researchers not involved in the trial, will consider the following factors with careful regard for the individual circumstances of each participant: (1) based on clinical experience, judgement and established indicators, the error/variance analyzed with descriptive statistics of numerical performance measures [i.e., mean absolute error, error distribution and bias (the frequency and extent of under- and overpredicting)] is acceptable to guide clinical decisions; (2) profile can be generated sufficiently early for the participant to potentially benefit; (3) dose-dependent relationship is observed; (4) profile is actionable (i.e., fulfils the clinical investigator's pre-specified safety requirements); (5) systemic changes in the participant which require profile recalibration are rare or readily assimilated into the CURATE.AI algorithm. This is the main outcome which we will use to judge the technical feasibility of the RCT. As per the CONSORT extension statement for pilot clinical trials, we are using “the traffic light system” to define progression criteria for the RCT (33).



Secondary and Exploratory Outcome Measures

The secondary outcome measures (Table 1) focus on both technical and logistical feasibility, which constitute our primary objectives. Secondary outcomes include: (1) patient adherence to the prescribed dose; (2) timeliness of CURATE.AI recommendations to the physician in time for the next chemotherapy cycle, across all participants and cycles; (3) physician adherence to CURATE.AI recommended doses; (4) clinically significant dose changes where a participant's CURATE.AI-guided cumulative dose is ≥10% different from the projected standard-of-care cumulative dose.

Exploratory outcome measures (Table 1) mainly relate to efficacy and toxicity, which constitute our secondary objectives. Exploratory outcomes relating to efficacy include: (1) percentage of trial participants with clinical progressive disease defined as the clinical investigator deeming that the patient will not benefit any further from the chemotherapy regimen and considering stopping it, at the time of the first radiological assessment performed as per standard-of-care; as well as (2) temporal variation and (3) maximal reduction in tumour marker level from trial initiation to conclusion. We will also measure clinically relevant toxicities of grades 3–4 as an exploratory outcome, using the Common Terminology Criteria for Adverse Events (CTCAE) version 4.0. Other exploratory outcomes include data collection and exploratory analysis of CEA, CA19-9 and/or other traditional tumour markers in higher frequency serial measurements after modulated dosing in relation to standard frequency readings and other efficacy measures, e.g., RECIST criteria. Finally, we will perform data collection and exploratory analysis of ctDNA as a tumour marker in serial measurements at given clinical context and after modulated dosing, as well as a potential input for CURATE.AI. However, we will not use the analysis of ctDNA to prospectively guide drug dosing in this pilot clinical trial.



Statistical Analysis

We will perform and report descriptive statistics of the outcome measures. We will also perform graphical analyses of the temporal variations in tumour marker level. We will not statistically analyse efficacy and toxicity exploratory outcomes.



Data Availability

The data generated and/or analysed during the current study are available from the corresponding author on reasonable request.



Safety Monitoring and Data Storage

Included in Supplementary Text.




Patient and Public Involvement

This pilot trial protocol was designed without patient involvement. We did not involve patients in our study design, protocol writing, development of patient-relevant outcomes, nor dissemination of study results. However, we intend to involve patients and the public in the design of the future RCT.




DISCUSSION

The inclusive recruitment criteria for this pilot clinical trial are enabled by CURATE.AI's personalisation of the treatment and permit substantial variability in the participant population that also reflect the true patient heterogeneity faced in clinical practice. This allows broader applicability of our findings and may also allow us to suggest specific subsets of patients, diseases or chemotherapy regimens where CURATE.AI-guided dosing is particularly beneficial.

Our pilot trial design has several limitations. First, this is a non-randomised pilot clinical trial, which does not simulate an RCT as closely as a randomised pilot. Therefore, it cannot inform us on feasibility issues that may arise from the logistical process or patient acceptability of randomisation, though we view such issues as unlikely in this context. Second, our recruitment criteria intentionally permit substantial variability in the participant population. This is enabled by CURATE.AI's personalisation of the treatment and reflects the true patient population heterogeneity faced in clinical practice and may allow us to identify the factors predicting successful CURATE.AI-guided dosing, for implementation in a future RCT. We nonetheless acknowledge that any identified factors will be based mainly on clinical judgement rather than statistically powered analyses. Third, participants included in this pilot must have raised levels of traditional tumour markers (e.g., CEA or CA19-9). Therefore, our experience with ctDNA in this pilot trial may not be directly generalisable to the intended patient profile in the future RCT if ctDNA were to use as an alternative biomarker for patients who lack elevated levels of traditional tumour markers. Fourth, our primary outcome measure on the successful application of CURATE.AI profiles cannot be measured based only on a numerical process and thus relies on the judgement of an expert panel with consideration for each patient's circumstances. This is inherently subjective. We have nonetheless listed the guiding criteria for the expert panel to reduce any potential bias to the minimum.



CONCLUSIONS

This protocol describes the design of the PRECISE CURATE.AI pilot clinical trial. To date, drug dosing in oncology lacks personalisation. CURATE.AI opens the possibility of personalised dosing for single- and multi-drug regimens, that is dynamically optimized throughout treatment. Furthermore, it is based on a small data set collected only from the treated individual rather than population data. CURATE.AI may thus overcome the challenges that impede the adoption of big data approaches for personalised drug dosing. This pilot will provide technical and logistical feasibility data, as well as exploratory efficacy and toxicity data for sample size calculations, thus laying the clinical foundation for a future RCT of personalised dosing for precision oncology using CURATE.AI.
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Background: The established criteria for determining whether to excise the cardia during laparoscopic surgery for gastrointestinal stromal tumors in the esophagogastric junction (EGJ-GISTs) remain controversial. This retrospective multicenter study was conducted to develop a nomogram for predicting the risk of the cardia excision during laparoscopic surgery for EGJ-GISTs.

Material and Methods: We reviewed data from 2,127 gastric-GISTs (g-GISTs) patients without distant metastases in four hospital between June 2012 and June 2020. Of those, according to the including criteria, 184 patients [Guangdong Provincial Hospital of Chinese Medicine (n = 81), Nanfang Hospital of Southern Medical University (n = 60), Guangdong General Hospital (n = 34), and The Third Affiliated Hospital of Southern Medical University (n = 9)] with EGJ-GISTs were identified and included in this study. Factors contributing to risk of cardia excision were identified and used to create a nomogram. Nomogram performance was assessed using a bootstrapped concordance index (c-index) and calibration plots.

Results: According to the multivariate analysis, the distance from the margin of the tumor to the esophagogastric line (EG-line) (cm) (OR = 0.001, 95% CI: 0.00001~0.056, P = 0.001) and tumor size (cm) (OR = 14.969, 95% CI: 1.876~119.410, P = 0.011) were significantly related to likelihood of cardia structure excision in laparoscopic surgery for EGJ-GISTs. These two factors were used to generate a nomogram for predicting risk of cardia excision using a logistic regression model; a bootstrapped C-index of 0.988 (calibrated C-index = 0.987) indicated strong predictive ability, with broad calibration.

Conclusions: This nomogram based on distance from tumor margin to EG-line and tumor size may serve as a tool for predicting risk of cardia damage during laparoscopic removal of EGJ-GISTs to aid in selection of surgical methods and preoperative neoadjuvant therapy.

Keywords: gastrointestinal stromal tumors in esophagogastric junction, nomogram, resection of cardiac structure, logistic regression, laparoscopic surgery


INTRODUCTION

Gastrointestinal stromal tumors (GISTs) are a common form of mesenchymal tumor, with an estimated incidence of ~10–15/1,000,000/year, and the most common site of occurrence being the stomach (50–70%) (1, 2). For localized gastric GISTs (gGISTs), the standard treatment is complete surgical excision of the lesion. Laparoscopic surgery has been widely used due to lower patient trauma and shorter recovery time compared to other approaches. Moreover, the National Comprehensive Cancer Network (NCCN) and the European Society for Medical Oncology (ESMO) have both suggested that laparoscopic resection is feasible for GISTs of suitable location and size (3, 4). However, a laparoscopic approach for gGISTs located in the esophagogastric junction (EGJ-GISTs) remains controversial due to the anatomical complexity of this region and the difficulty of preserving function, such as lower esophageal sphincter pressure, which together make this procedure technically challenging.

An EGJ-GIST is defined as a GIST with an upper border <5 cm from the esophagogastric line (5). In 2018, we introduced four methods of laparoscopic resection: “(1) laparoscopic wedge resection using a linear stapler; (2) laparoscopic complete resection by opening the stomach wall and closing with suture or linear stapler; (3) laparoscopic mucosa-preserving resection; and (4) laparoscopic proximal gastrectomy” (citation). All of these methods have acceptable operative indexes and satisfactory postoperative outcomes (6). Local gastrectomy with cardia preservation and proximal gastrectomy without cardia preservation are the current mainstay treatments. Specifically, wedge resection or resection by opening all layers of the stomach wall are typically recommended treatments, since these methods preserve cardia structure. The cardia structure, which consists of an esophageal sphincter, plays an important role in preventing reflux. Cardia resection is accompanied with reflux esophagitis and other concomitant complications, resulting in serious impacts on the patient's quality of life. Since the advent of imatinib, which can increase survival time for patients with GISTs (7, 8), preservation of cardia function will lead to longer lasting positive effects on quality of life in these patients. Moreover, reduction in tumor size due to imatinib treatment should facilitate easier removal of EGJ-GISTs.

In order to better predict whether cardia could be successfully preserved during laparoscopic resection of EJG-GISTs, we performed a retrospective analysis of EGJ-GIST cases spanning 8 years in our clinic in order to develop a nomogram for use in clinic. Nomograms are graphical prediction models that have been widely used in the prognosis of clinical diseases (9–12). However, no nomogram has yet been developed to predict outcomes of laparoscopic cardia excision in EGJ-GISTs. This study therefore aimed to analyze long-term, retrospective, multi-center data to screen for risk factors associated with cardia excision during laparoscopic resection of EGJ-GISTs using Logistic Regression Analysis. Significant risk factors associated with loss of cardia function due to laparoscopic surgery for EGJ-GISTs could then be used to build a nomogram for prediction of cardia resection based on these risks.



MATERIALS AND METHODS


Patients

We retrospectively collected data from 2,127 gGIST patients without distant metastases who underwent laparoscopic surgery with curative intent in Guangdong Provincial Hospital of Chinese Medicine, Nanfang Hospital of Southern Medical University, Guangdong General Hospital, and The Third Affiliated Hospital of Southern Medical University from June 2012 to June 2020. Of these data, we selected the patients who were diagnosed as EGJ-GISTs. All surgical procedure in the study abided by two oncologic surgical principles: protecting the pseudocapsule integrity and achieving microscopically negative margins on final pathology.

The distance from the margin of the tumor to the EG-line, the tumors locations and growth type were identified based on preoperative endoscopy, abdominal computed tomography scan, magnetic resonance imaging and intraoperative measurement. In the light of the NCCN guideline and our experience, the tumors located in the fundus, greater curvature, or anterior wall of the stomach were classified as favorable site while located in the lesser curvature or posterior wall of the stomach were classified as unfavorable site.

In order to minimize errors, we excluded individuals with cancer in other organs regardless of the severity, lack of data, and those who converted to laparotomy (Figure 1). Approval was obtained from the Institutional Review Board and the registration number was ZE2020-298-01.


[image: Figure 1]
FIGURE 1. Schematic diagram of patient cohort selection. gGISTs, Gastric gastrointestinal stromal tumors; EGJ-GISTs, Gastrointestinal stromal tumors in esophagogastric junction.




Statistical Analysis

All statistical analyses were carried out using SPSS version 22.0 (SPSS, Chicago, IL, USA) and the R package version 3.6.1 (St. Louis, Missouri, USA). Factors that may affect the success of cardia excision in laparoscopic surgery were evaluated by univariate analyses with a Logistic Regression Model. Risk factors with P < 0.05 were included in multivariate analysis. Significant risk factors were used to create a nomogram, which was then applied to predict the risks associated with laparoscopic cardia excision in EGJ-GIST patients. A concordance index (C-index) and calibration curve were then used to assess the nomogram. Differences in categorical data between groups were determined by the chi-square test or Fisher's exact test. Log-Rank (Mantel-Cox) was used for comparing the differences of Relapse-Free Survival (RFS) and Overall Survival (OS) between the groups.




RESULTS


Patient Characteristics

A total of 184 patients admitted to four hospitals were included in the analyses (Figure 1). The clinical characteristics of these 184 patients who underwent laparoscopic excision of EGJ-GISTs are summarized in Table 1.


Table 1. Clinical characteristics of 184 patients of EGJ-GISTs undergoing laparoscopic surgery.
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Risk Factors and Nomogram for Laparoscopic Cardia Excision During Removal of EGJ-GISTs

Laparoscopic cardia excision to remove EGJ-GISTs was reported in 18 patients (9.8%). We evaluated the association between clinical factors and cardia excision during laparoscopic tumor resection in the EGJ by univariate and multivariate analyses. Univariate analyses showed that age, distance from the margin of the tumor to the EG-line, tumor size, and tumor location were significantly related to the incidence of cardia excision during laparoscopic surgery for EGJ-GIST (Table 2). Multivariate analysis further showed that distance from the margin of the tumor to the EG-line (P = 0.001) and tumor size (P = 0.011) were significant factors contributing to the loss of cardia during laparoscopic surgical resection of EGJ-GISTs (Table 2). These factors were subsequently combined to create a nomogram to predict the likelihood of cardia excision during laparoscopic gastric tumor removal from the EGJ (Figure 2). The nomogram had a bootstrapped C-index of 0.988 (calibrated C-index =0.987) with broad calibration (Figure 3).


Table 2. Analyses of the risk of the cardia excision on laparoscopic surgery for EGJ-GISTs.
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FIGURE 2. Nomogram for predicting the risk of excising the cardia during laparoscopic surgery for EGJ-GISTs. Distance: Distance from the margin of the tumor to the EG-line (cm); Size: Tumor size (cm); status: probability of EGJ resection.
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FIGURE 3. Calibration of the nomogram.




Postoperative and Oncologic Outcomes

The postoperative complication rate was 9.0% in the patients who the EGJ resection was preserved, while 16.7% in the patients who underwent EGJ resection. There was no significant difference between the two groups (x2= 0.381, P = 0.537). The latest follow-up date for the study was in August 1th 2021. Median follow up was 68.1 months (range 13.7–109.0) in the entire cohort. Neither RFS (P = 0.141) nor OS (P = 0.673) differed between the patients who underwent EGJ resection and those in whom the EGJ was preserved.




DISCUSSION

The main purpose of using a nomogram is to provide a visual tool for assessment of whether cardia excision is avoidable if laparoscopic resection is selected for tumors in the EGJ. Surgery is the primary strategy for effective treatment of GISTs, and laparoscopic surgery is widely performed because it is less invasive than laparotomy, thus facilitating quick recovery with minimal cosmetic impacts. However, for GISTs located in the EGJ, laparoscopy is challenging due to several, complex, anatomical factors as well as the difficulty of preserving cardia function. Moreover, these difficulties associated with laparoscopic surgery make this approach controversial, and therefore it is only recommended by guidelines under certain conditions and tumor locations. Recent advances in laparoscopic technique and the emergence of minimally invasive instruments have increased the safety and effectiveness of laparoscopic surgery for EGJ-GISTs (13–15). The key point of laparoscopic surgery of EGJ-GISTs is to achieve microscopic negative margins on final pathology while also retaining the function of the lower esophageal sphincter (LES) without rupturing the tumor pseudocapsule (3, 4). It is therefore beneficial to know the risk of cardia excision in laparoscopic surgery for EGJ-GISTs that accompanies different surgical methods as well as indications for preoperative neoadjuvant chemotherapy.

As a statistical tool, a nomogram prediction model provides a simple and intuitive graph that can accurately estimate the risk of clinical events by integrating the variables that contribute most to these events. Further, nomograms are conducive to individualized treatment, and enable clear and effective communication with patients regarding the risks associated with laparoscopic surgery compared to laparotomy (16–19). In recent years, nomograms have been widely applied to calculate the prognosis of different diseases (9, 10). In this study, we identified the risk factors which may contribute to cardia excision during laparoscopic surgery for EGJ-GISTs through univariate and multivariate logistic regression analyses. Based on our results that the two most significant risk factors were distance from the margin of the tumor to the EG-line and tumor size, we used these measurements to create the first nomographic model, of which we are aware, that forecasts the risk of cardia excision in EGJ-GIST patients.

Han concluded that cardia function could be preserved if the distance between the upper margin of the tumor and the EG-line was at least 1–2 cm and if >50% of the circumference of the EGJ could be reserved after resection (20). In contrast, Kwon proposed that laparoscopic surgery for EGJ-GIST was acceptable if it achieved negative margins (21). In addition, Hiki et al. described Laparoscopic and Endoscopic Cooperative Surgery (LECS) as a treatment for EGJ-GISTs (22), bypassing the difficulty of laparoscopy in order to avoid cardia stenosis and impairment of annular muscle function in the lower esophagus. More recently, the results of a retrospective multicenter study (2017) suggested that laparoscopic and luminal endoscopic cooperative surgery (LECS) was a safe and feasible procedure for the resection of EGJ-GISTs, even in cases when the tumor is located on the EGJ. However, it may be inadvisable if the defect caused by resection is more than one third the circumference of the EGJ (23). In light of previous studies that have sought to minimize the risk of cardia excision, we propose that the nomogram developed in this study can serve as a reliable reference based on tumor size and distance from the upper tumor margin to the EG-line for indication of appropriate surgical methods and neoadjuvant chemotherapy.

In assessing surgical options, it remains controversial whether growth type and tumor location are both important considerations for selection of a treatment strategy and for determining the risk of cardia excision (24, 25). Both NCCN and ESMO recommendations indicate that tumor size, location, growth type, and other factors should be considered in the selection of surgical methods for EGJ-GISTs. Huang et al. enrolled 119 patients with GISTs in the proximity of the EGJ for retrospective review, and concluded that gastric tumors located anywhere but the greater curvature side were more often resected by laparotomy due to the approach angle necessary for linear surgical staplers to access this region of the stomach. However, with advances in technology, since 2016 EGJ-GISTs have been commonly resected laparoscopically (26). Gonzalez et al. reported that LECS for posterior EGJ-GISTs resulted in good efficacy (27). Furthermore, Wang et al. reported performing laparoscopic intragastric surgery for nine cases of cardiac endogenous stromal tumors, all of which resulted in no swallowing disorder or acid reflux symptoms upon follow-up, and therefore concluded that laparoscopic intragastric treatment was safe and feasible for endogenous EGJ-GISTs (28). In addition, techniques such as percutaneous endoscopic intragastric surgery (29) and Single-Incision Laparoscopic Intragastric Surgery (30) have also been reported as safe and feasible for treatment of EGJ-GISTs.

There were several limitations in this study. This was a retrospective study and therefore bias could have been introduced during the analysis; prospective studies are needed to verify our conclusions. In addition, the selection of variables may be incomplete, resulting in limitations for the nomogram prediction model. What's more, we failed to obtain good external verification data for external verification, and only used bootstrap method to verify on the original data set. Despite these limitations, we propose that our nomogram can be informative in the selection of surgical methods and preoperative neoadjuvant therapy.



CONCLUSION

The distance from the upper margin of the tumor to the EG-line and tumor size are independent risk factors associated with excision of cardia structure during laparoscopic surgery for EGJ-GISTs. Our nomogram, based on a logistic regression model, may serve as an informative reference tool for the selection of surgical methods and preoperative neoadjuvant therapy through prediction of the risk of damage to the cardia during laparoscopic removal of EGJ-GISTs.
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Purpose: The aims of this study were to combine CT images with Ki-67 expression to distinguish various subtypes of lung adenocarcinoma and to pre-operatively predict the Ki-67 expression level based on CT radiomic features.

Methods: Data from 215 patients with 237 pathologically proven lung adenocarcinoma lesions who underwent CT and immunohistochemical Ki-67 from January 2019 to April 2021 were retrospectively analyzed. The receiver operating curve (ROC) identified the Ki-67 cut-off value for differentiating subtypes of lung adenocarcinoma. A chi-square test or t-test analyzed the differences in the CT images between the negative expression group (n = 132) and the positive expression group (n = 105), and then the risk factors affecting the expression level of Ki-67 were evaluated. Patients were randomly divided into a training dataset (n = 165) and a validation dataset (n = 72) in a ratio of 7:3. A total of 1,316 quantitative radiomic features were extracted from the Analysis Kinetics (A.K.) software. Radiomic feature selection and radiomic classifier were generated through a least absolute shrinkage and selection operator (LASSO) regression and logistic regression analysis model. The predictive capacity of the radiomic classifiers for the Ki-67 levels was investigated through the ROC curves in the training and testing groups.

Results: The cut-off value of the Ki-67 to distinguish subtypes of lung adenocarcinoma was 5%. A comparison of clinical data and imaging features between the two groups showed that histopathological subtypes and air bronchograms could be used as risk factors to evaluate the expression of Ki-67 in lung adenocarcinoma (p = 0.005, p = 0.045, respectively). Through radiomic feature selection, eight top-class features constructed the radiomic model to pre-operatively predict the expression of Ki-67, and the area under the ROC curves of the training group and the testing group were 0.871 and 0.8, respectively.

Conclusion: Ki-67 expression level with a cut-off value of 5% could be used to differentiate non-invasive lung adenocarcinomas from invasive lung adenocarcinomas. It is feasible and reliable to pre-operatively predict the expression level of Ki-67 in lung adenocarcinomas based on CT radiomic features, as a non-invasive biomarker to predict the degree of malignant invasion of lung adenocarcinoma, and to evaluate the prognosis of the tumor.

Keywords: lung adenocarcinoma, Ki-67, computed tomography, radiomics, pre-operative prediction, non-invasive biomarker


INTRODUCTION

Lung adenocarcinoma is the most commonly diagnosed histological subtype of non-small-cell lung cancer (NSCLC), which is the leading cause of cancer-related deaths worldwide (1). In 2011, a new classification system for lung adenocarcinomas according to the International Association for the study of Lung Cancer (IASLC), American Thoracic Society (ATS), and European Respiratory Society (ERS) has been put forward, wherein the lung adenocarcinomas are mainly classified as atypical adenomatous hyperplasia (AAH), adenocarcinoma in situ (AIS), minimally invasive adenocarcinoma (MIA), and invasive adenocarcinoma (IAC). Among them, AAH and AIS were pre-invasive lesions (2). More and more treatment methods can be used for the treatment of lung cancer. However, many patients, even patients with resectable lung cancer, still have poor prognoses (3). For lung adenocarcinoma, studies have found that, even for patients with complete surgical resection and in pathologic stage T1 (pathologic-T1, pT1), the treatment effects and prognoses may be significantly different (4). There is an urgent need to determine reliable prognostic factors that can predict clinical outcomes and more precisely stratify the group of patients susceptible to poorer outcomes.

Currently, Ki-67 is commonly regarded as a prognosis biomarker to predict the cell proliferation and aggressiveness of tumors in clinical practice, which can be used for quantitative analysis of tumor growth fraction and the classification of tumors and for assisting in early diagnosis and therapeutic effect evaluations (5). Ki-67 is expressed at all stages of the cell cycle except G0, with the highest expression levels in the G2/M phase. It has been reported that the overall survival (OS) and disease-free survival (DFS) of patients with high Ki-67 expression are shorter than those with low Ki-67 expression (5–7). Previous studies have identified the Ki-67 labeling index as a strong prognostic biomarker for lung adenocarcinoma (8, 9). Yamashita et al. found that Ki-67 can be used as an indicator of recurrence of lung cancer after resection (10), and the level of its positive expression is closely related to the differentiation degree, lymph node metastasis, and other factors of lung cancer (8, 11). The most commonly used method to quantify Ki-67 expression is immunohistochemistry (IHC), which is not practical for the dynamic monitoring of Ki-67 during lung cancer treatment because of invasion, which is time-consuming (12). Due to the existence of tumor heterogeneity, Ki-67 values varied in different regions of the tumor samples, and traditional invasive immunohistochemical methods only evaluate the biopsy specimens of a small sample of the tissue and cannot reflect the overall heterogeneity of the tumor (13, 14). Therefore, finding a non-invasive, cost-effective, and comprehensive method for clinical Ki-67 expression level assessment is necessary.

Radiomics is a recently emerging technique in computational medical imaging. It involves the extraction and analyses of a large number of quantitative imaging features from medical images (15, 16). It is different from traditional methods because it converts medical images into mineable high-dimensional data. Radiomics can help support patient diagnosis, prognosis, treatment, and prediction in clinical practice. The relationship between Ki-67 expression level and radiomic features has always been a hot topic. Studies have shown that radiomics can be used to pre-operatively predict the expression level of Ki-67 in breast cancer (17) and adrenal cancer (18). In addition, several studies have shown that the quantitative imaging features from CT can predict Ki-67 levels and subtypes in patients with lung cancer (19, 20), but the role of Ki-67 in distinguishing the pathological stages of lung adenocarcinoma remains unclear (12, 21). To our knowledge, there have been no studies on the use of CT-based radiomic features to predict Ki-67 expression levels in subtypes of lung adenocarcinoma.

This study aimed to investigate the correlation between Ki-67 expression level and the subtypes of lung adenocarcinoma and to assess whether CT-based radiomic features could serve as non-invasive predictors of the Ki-67 levels in patients with lung adenocarcinoma.



MATERIALS AND METHODS


Patient Characteristics

We retrospectively collected data from patients who underwent a chest CT scan, Ki-67 expression level detection, and post-operative pathological confirmation of lung adenocarcinoma at our institute from January 2019 to April 2021. The inclusion criteria were: (1) patients confirmed with lung adenocarcinoma by surgical resection, (2) maximum diameter of tumor ≤ 3 cm, (3) complete clinicopathological data, (4) IHC examination of Ki-67 expression levels, and (5) complete CT images. The exclusion criteria were: (1) greatest tumor diameter >3 cm, (2) radiotherapy, chemotherapy, or radiotherapy and chemotherapy were performed before surgery, and (3) incomplete or poor-quality CT images. Our institutional review board approved this retrospective study, and the requirement for informed consent was waived.



Computed Tomography Examination

All patients in this study used a 64-slice CT scanner (Discovery CT 750 HD, GE Healthcare, Chicago, IL, USA) for their chest scans. All CT scans were obtained with the patients in the supine position and holding their breath at the end of a full inspiration. The scan ranged from above the apex of the lungs to below the level of the diaphragm. The scanning parameters were as follows: tube voltage of 120 or 140 kV, tube current of 200–340 mA, beam pitch of 1.2, pixel resolution of 512 ×512, field of view (FOV) of 360 mm, thickness of 5 mm, and reconstructed slice thickness and slice increment of 1 mm. Afterward, the CT scans were reviewed as lung window images (window width = 1,200 HU; window level = −700 HU) and mediastinal window images (window width = 350 HU; window level = 50 HU). All images were exported in a DICOM format for image feature extraction after scanning.

The CT imaging signs included (22): (1) lesion location, (2) maximum diameter of the tumor on axial images, (3) tumor-lung interface: clear or unclear, (4) density: pure ground-glass opacity, mixed ground-glass opacity, and solid nodule, (5) spiculation, (6) lobulation, (7) bubble-like lucency, (8) air bronchogram sign, (9) vascular sign, and (10) pleural traction. Two diagnostic radiologists with 3 and 9 years of experience reviewed the CT images of each patient and identified positive and negative findings by consensus. The entire process was performed without the patient having knowledge of the pathological results.



Immunohistochemical Analysis

Lung tissues were fixed with a 10% buffered formaldehyde solution by transbronchial or transpleural perfusion for ~48 h and embedded in paraffin wax. Tissue sections were stained with HE. A mouse anti-human Ki-67 monoclonal antibody (Beijing Zhongshan Jinqiao Biotechnology Co., Ltd., Beijing, China) was used to perform the immunohistochemical detection according to the kit instructions. Positive and negative controls were set up, respectively. Ki-67 was positive with brown-yellow granules in the nucleus. The number of Ki-67 positive tumor cells was calculated in five fields of high-power field (×400) under light microscopes. The percentage of Ki-67 expression level positive staining of tumor cells in each field = the number of positive tumor cells in each field/total tumor cells in each field × 100%. The Ki-67 indices in five fields were calculated and averaged. Histological and cytological subtypes were assessed according to the WHO classification system for lung cancer (5th version) (23). The thresholding of the Ki-67 expression level was used to separate the tumor samples into positive and negative groups: The expression level of Ki-67 ≤ 5% was negative, and >5% was positive (24).



Radiomics Analysis
 
Image Pre-processing and Image Segmentation

Firstly, the CT scan images of all patients were exported in a DICOM format from the PACS system workstations, and the AK (Analysis Kinetics, V3.2.0, Workbench2014, GE Healthcare) software was used to preprocess the resampled images of 0.5 × 0.5 × 0.5 on the X, Y, and Z axes, respectively. The three-dimensional segmentation of the tumor regions of interest (ROIs) was performed using the ITK-SNAP software (version 3.8, Philadelphia, PA, USA) with the window width and window level as 1,200 HU and −700 HU, respectively. Then, the ROIs were outlined, and the outlined image was saved in the format of “Merge. nii.” The scope of the image delineation includes tumor necrosis, cystic, and cavity, excluding burr, thickened pleura, and surrounding signs. The continuous delineation includes the whole lesion. If it is found to be contradictory, other senior radiologists will evaluate the tumor mask again to reach an agreement.



Radiomic Feature Extraction

The data were imported into the AK (V3.2.0, Workbench2014, GE Healthcare) analysis software to extract radiomic features, including features of first order, shape (Shape), gray-level co-occurrence matrix (GLCM), gray-level run-length matrix (GLRLM), gray-level size-zone matrix (GLSZM), gray-level dependence matrix (GLDM), and features of neighborhood gray difference matrix (NGTDM). The selected image transformations were: logarithmic transformation (LoG), parameter Sigma selection 2.0, 3.0; wavelet transformation (Wavelet), Level 1; local binary mode (LBP), Level 2, Radius 1.0, Subdivision select 1. A total of 1,316 features were extracted.



Radiomic Feature Selection and Classifier Construction

The interobserver intraclass correlation coefficient (ICC) selects values >0.75. Stratified sampling was used to divide all the patients into a training cohort (n = 165) and a validation cohort (n = 72) according to a ratio of 7:3. First, an ANOVA was performed to remove features with p > 0.05, and then the rest of the radiomic features were retained to select the most relevant features using recursive feature elimination (RFE). Next, the least absolute shrinkage and selection operator (LASSO) model, which could improve prediction accuracy and interpretation, was used to further select the features. According to Mann–Whitney U test, the top-class features were screened out to build the final logistic regression classifier, which was used to perform radiomic feature selection in the training dataset. Classification performance was evaluated using the area under the receiver operating characteristic curve (AUC). Finally, a radiomic score (Rad score) was developed using the logistic regression model and then used to calculate the training and validation datasets. A simplified flowchart of the study is given in Figure 1.


[image: Figure 1]
FIGURE 1. Flowchart of constructing a CT radiomic feature model to predict the Ki-67 expression level in lung adenocarcinoma.





Statistical Analysis
 
Clinicopathologic Characteristics of Patients

All statistical analyses were performed with SPSS version 21.0 (IBM Corporation, Armonk, NY, USA). Results were given as mean ± SD or median and range values. The chi-square test or Fisher's exact test was adopted to compare the distribution of the categorical variables. Student's t-test or one-way ANOVA was also calculated for the comparison of continuous variables. Manne–Whitney U testing was used for non-parametric data. Binary logistic regression was used to analyze the potential risk factors affecting the Ki-67 expression level. The cut-off value of the labeling index was obtained from the receiver operating curve (ROC) with the Youden index. The statistical analysis was considered significant when the p-value was <0.05.



Performance of the Radiomic Prediction Model

To evaluate the performance of the proposed radiomic prediction model, we adopted accuracy, sensitivity, specificity, positive predictive value, and negative predictive value as the evaluation indexes. Furthermore, the ROC curves and the AUCs were calculated to quantitatively assess the predictive capacity of the radiomic classifiers in the training and validation datasets. A p-value of <0.05 was considered statistically significant.





RESULTS


Characteristics of Study Subjects

The clinicopathologic characteristics of the patients with lung adenocarcinoma were summarized in Table 1. After screening, a total of 215 patients met the requirements. Among them, 19 patients had multiple lesions. There were 68 males (31.63%) and 147 females (68.37%) with a median age of 56 years old. One hundred ninety-six patients (91.16%) were non-smokers. Seventeen patients (7.91%) had a history of non-pulmonary tumors, 9 had thyroid cancer, 4 had breast cancer, 1 had cervical cancer, 1 had endometrial squamous cell carcinoma, 1 had colon cancer, and 1 had vocal cord squamous cell carcinoma. In the end, 237 lung adenocarcinoma lesions were selected for our study.


Table 1. Patient characteristics on a per patient level.
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Ki-67 Expression Levels and Histological Subtypes

As shown in Tables 2, 3, and Figures 2A–C, the pathological diagnoses based on multidisciplinary lung adenocarcinoma criteria were as follows: 6 patients (2.53%) had AAH, 58 patients (24.47%) had AIS, 56 patients (23.63%) had MIA, and 117 (49.37%) had IAC. The AAH subtype had the lowest Ki-67 expression level (3 ± 1.79), followed by AIS (3.57 ± 2.63), MIA (4.39 ± 3.53), and IAC (17.09 ± 17.12). The samples were further divided into four subgroups according to Ki-67 expression: ≤ 5, 5–10, 10–30, and >30%. In total, the group with Ki-67 expression levels ≤ 5% was composed of pre-cellular (AAH/AIS) (57/64, 89.06%), minimally invasive (46/56, 82.14%), and invasive adenocarcinomas (29/117, 24.79%). The group with Ki-67 expression levels >5% consisted of pre-cellular (7/64, 10.94%), minimally invasive (10/56, 17.86%), and invasive adenocarcinomas (88/117, 75.21%). By a one-way ANOVA, Tamhane's T2 test (with a Levene test for uneven variance between groups) compared the expression levels of Ki-67, and it was found that there was no significant difference between the AAH group and AIS group (p = 0.608), the AAH group and MIA group (p = 0.347), and the AIS group and MIA group (p = 0.159), but the AAH group (p <0.001), AIS group (P <0.001), and MIA group (p <0.001) were significantly different from the IAC group.


Table 2. The expression level of Ki-67 in various pathological subtypes of lung adenocarcinoma.
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Table 3. Area under the ROC curve (AUC) of the Ki-67 expression level among different pathological subtypes paired groups.
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FIGURE 2. Ki-67 expression according to the histological subtypes of lung adenocarcinoma. (A,B) Ki-67 expression differed across various lung adenocarcinoma subtypes [A: mean ± SD, B: median (2.5–97.5%)]. (C) The expression distribution of Ki-67 according to the histological subtypes of lung adenocarcinoma. **** indicates P-value <0.01, and * indicates P-value <0.05.




The Optimal Ki-67 Cut-Off Points Among Different Pathological Subtypes Paired Groups of Lung Adenocarcinoma

As shown in Table 3 and Figures 3A–C, the ROC curve was used to analyze the sensitivity, specificity, and cut-off value of Ki-67 as a discriminant index for different pathological subtypes of lung adenocarcinoma. Non-invasive lung adenocarcinoma (AAH/AIS/MIA) vs. invasive lung adenocarcinoma (AUC = 0.872) had the highest sensitivity and specificity, followed by MIA vs. IAC (AUC = 0.851) and pre-cellular (AAH/AIS) vs. MIA/IAC (AUC = 0.787) (p <0.001). According to the cut-off points of each pairing group, when the expression of Ki-67 was ≤ 5%, it was more inclined to AAH, AIS, or MIA, while more than 5% corresponded to IAC.
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FIGURE 3. The ROC curves among the different paired groups of pathological subtypes. (A) Minimally invasive adenocarcinoma (MIA) vs. invasive adenocarcinoma (IAC); (B) Atypical adenomatous hyperplasia (AAH)/adenocarcinoma in situ (AIS) vs. MIA/IAC; (C) AAH/AIS/MIA vs. IAC.




Comparison of CT Imaging Signs and Clinical Data of Lung Adenocarcinoma in Ki-67 Negative and Positive Expression Group

In our study, the median expression of Ki-67 was 5%. In addition, the lung adenocarcinomas were divided into a non-invasive adenocarcinoma group (AAH/AIS/MIA group) and an invasive adenocarcinoma group according to the prognosis of the lesions. Those classified as MIA were grouped with AAH/AIS due to its good prognosis. Therefore, 5% was selected as the cut-off value for grouping different stages of lung adenocarcinoma. Patients were divided into two groups: 132 (55.7%) patients had negative Ki-67 expression, and 105 (44.3%) patients exhibited positive Ki-67 expression. We first explored whether the imaging signs and clinical data could distinguish between the Ki-67 negative expression group and the Ki-67 positive expression group. The results showed that CT imaging signs (maximum diameter, density, shape, lobulation, spiculation, air bronchogram, vascular sign, and pleural traction) could be used to discriminate between the two groups (p <0.001). There was a higher percentage of lymph node metastasis in the Ki-67 positive expression group than in the Ki-67 negative expression group (p < 0.001) (Table 4). Air bronchogram and histopathological subtype had moderate predictive values, and the AUC values were 0.711 and 0.809, respectively (Table 5). The Ki-67 positive expression group was more inclined to have air bronchograms than the Ki-67 negative expression group. The histopathological subtype of the Ki-67 positive expression group was more likely to be IAC, while the Ki-67 negative expression group was more likely to be a pre-invasive lesion (AAH and AIS) or MIA (Figure 4).


Table 4. Comparison of imaging features and histopathological subtypes in the Ki-67 negative and positive expression groups of lung adenocarcinoma.
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Table 5. ROC curve of the main factors affecting the Ki-67 expression level.
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FIGURE 4. Tumors with positive Ki-67 expression levels were more inclined to have air bronchograms than those with negative Ki-67 expression levels. An 81-year-old male patient with Ki-67 negative expression (A–C). (A,B) CT image showed that a tumor had a negative expression of Ki-67 without an air bronchogram. (C) The Ki-67 expression was 5% in the glandular epithelium. A 63-year-old female patient with positive Ki-67 expression (D–F). (D,E) CT image showed that a tumor had positive Ki-67 expression with an air bronchogram. (F) The Ki-67 expression was 55% in the glandular epithelium (arrow).




Feature Selection

Patients were randomly divided into a training dataset (n = 165) and a validation dataset (n = 72) in a ratio of 7:3. At last, 1,316 radiomic features were extracted from the AK software. After the application of LASSO logistic algorithm, eight radiomic features were finally selected as the optimal radiomic feature subset based on the relationship between the classification accuracy and the number of features for the radiomic classifier. In Table 6, eight optimal radiomic features include 1 first order histogram feature, 2 GLCM,3 GLRLM, and 2 GLDM. Figure 5 shows the correlation between the top eight features, namely, lbp-3D-k_glrlm_LongRunHighGrayLevelEmphasis (p <0.001), lbp-3D-k_glrlm_ShortRunLowGrayLevelEmphasis (p < 0.001), log-sigma-3-0-mm-3D_gldm _GrayLevelVariance (p < 0.001), original_gldm_LowGrayLevelEmphasis (p < 0.001), original_glrlm_LowGrayLevelRunEmphasis (p < 0.001), wavelet-HHL_glcm_MCC (p <0.001), wavelet-LHH_glcm_MCC (p < 0.001),and wavelet-LLL_firstorder_Median (p < 0.001).


Table 6. Analysis of the radiomic features between negative and positive Ki-67 levels in the training set.
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FIGURE 5. Correlative heatmap between eight top-class radiomic features and Ki-67 levels. The values in the square lattices represent the magnitude of the R-value of a correlation analysis displayed by color difference.




Development and Validation of the Radiomic Prediction Model

In the training set, the expression level of Ki-67 was taken as the dependent variable, and the CT radiomic features of lung adenocarcinoma were used as the independent variable to establish a pre-operative prediction model of Ki-67 expression level. The AUC value was 0.871 in the training dataset, the sensitivity was 76.7%, and the specificity was 83.7%, with a positive predictive value of 0.789. For the testing set, the classifier had an AUC value of 0.8, the sensitivity was 68.8%, and the specificity was 80%, with a positive predictive value of 0.733 (Table 7, Figures 6A,B). The calibration curve of the radiomic features also showed that the predicted probability was in good agreement with the actual probability in the training cohort (Figures 6C,D).


Table 7. The predictive performance of radiomic classifier in training and validation sets.
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FIGURE 6. Receiver operating curves (ROCs) and a calibration curve analysis for the radiomic signature for predicting the expression level of Ki-67 in the training set and testing set. [(A,C) training dataset, (B,D) testing dataset]. Calibration curves depict the calibration of each model in terms of the agreement between the predicted and actual probability of the positive Ki-67 expression level rate. The Y-axis represents the actual rate. The X-axis represents the predicted probability. The diagonal dotted line represents perfect prediction by an ideal model. The blue line represents the performance of the radiomic prediction model, of which a closer fit to the diagonal blue dotted line represents a better prediction.





DISCUSSION

Ki-67 is considered to represent the proliferative state of tumors and is a prognostic biomarker in multiple malignant tumors, such as breast, prostate, and lung cancer (14). Ki-67 has a broad prospect in the study of lung cancer, especially the occurrence, development, early diagnosis, and prognosis of ground-glass opacity (GGO) in early lung cancer under low-dose CT scans (25, 26). Ki-67 has been widely introduced into clinical practice to differentiate lung cancer subtypes and predict oncology outcomes (26–28). In our study, we systematically evaluated the expression level of Ki-67 according to the histological subtypes of lung adenocarcinoma and revealed the prognostic role of Ki-67 in lung adenocarcinoma. Strikingly, we found that Ki-67 expression differed across lung adenocarcinoma histological subtypes, with IAC harboring the highest expression level, followed by the MIA, AIS, and AAH subtypes, which was consistent with the finding by Ishida et al. and Yan et al. (29, 30). Ki-67 expression levels demonstrated good performance in our study, with AUCs of 0.851, 0.787, and 0.872 for differentiating between MIA and IAC, AAH/AIS and MIA/IAC, and AAH/AIS/MIA and IAC, respectively. The Youden index of the paired groups of pathological subtypes were 5.5, 6.5, and 5.5, respectively. It showed that the Ki-67 values were below 5% for non-invasive adenocarcinomas (AAH/AIS/MIA) and more than 5% for invasive adenocarcinomas. Notably, it means that Ki-67 expression could be identified as an independent prognostic factor of lung adenocarcinoma (28). The overexpression of Ki-67 infers poor differentiation and prognosis. Hence, the accurate pre-operative evaluation of the Ki-67 level may be helpful in distinguishing the different subtypes of patients with lung adenocarcinoma (31). For some suspicious patients with follow-up observations and no indication of surgery or needle biopsy, Ki-67 could serve as a useful predictive biomarker to select suspicious lesions with high proliferation. The early detection of this cancer could enhance the cure of the disease and even prolong overall survival.

Several previous studies demonstrated that conventional CT images could be a non-invasive measurement to predict the Ki-67 index in lung adenocarcinoma. Our results showed that the degree of Ki-67 expression was related to nodule diameter, density, spiculation, lobulation, and air bronchogram sign. Moreover, an air bronchogram was the independent factor influencing the Ki-67 expression level, and the AUC in the ROC analysis for distinguishing different Ki-67 expression levels was 0.711. It inferred that the CT images of lung adenocarcinoma were related to the expression of Ki-67 (30). Our results were consistent with previous findings (32–36). Thus, the conventional CT examination might indirectly reflect the proliferative activity of lung adenocarcinoma, which was of high value to the early identification of the positive Ki-67 expression from negative Ki-67 expression and the facilitation of early diagnoses and individualized treatments, improving the survival rate. However, the ability of CT images to predict the Ki-67 index is controversial. Conventional CT provides limited information regarding lung adenocarcinoma grading and cannot replace the biopsy and surgery in obtaining specimens for a definitive diagnosis (37).

Radiomics can extract information-rich imaging functions with high throughput, which is different from traditional subjective imaging, and can quantify imaging information that the human eye cannot detect (15, 38, 39). In mathematics, radiomic features have different functions and definitions. Thus, it has a very good advantage in measuring the heterogeneity of tumor texture features (40). Several studies have shown that radiomics have been effective in predicting the Ki-67 index in multiple tumors (41). In this study, we established a pre-operative Ki-67 classification model in patients with lung adenocarcinoma using CT-based radiomic features. The result shows that eight radiomic features were significantly different between the negative Ki-67 group and the positive Ki-67 group (p <0.001) (42). The CT-based radiomic predictive model demonstrated a stable and reliable performance, reaching an AUC of 0.871 and 0.8 and an accuracy of 80.6 and 75% in the training and testing cohorts, respectively. Therefore, the analysis revealed that CT-based radiomic features could pre-operatively predict Ki-67 levels in patients with lung adenocarcinoma, especially for suspicious patients under conservative treatment or patients who have lost the opportunity of a biopsy. The preliminary judgment of tumor proliferative activity through radiomic features can improve the accuracy and effectiveness of treatment, and could avoid the delay of disease and economic loss caused by ineffective treatment, which could have potential implications for future patient management and aid in the implementation of precision medicine.

Choosing an appropriate Ki-67 cut-off value is convenient for clinicians to treat and manage patients. However, no consensus on the prognostic value of the Ki-67 expression level was found among the published studies, neither according to disease stage nor histological subtype. In previous studies on lung cancer, the cutoff values for Ki-67 prediction of prognosis were mostly used at 25, 30, 40, and 50% (43–45). For stage I lung adenocarcinoma, a cut-off value of 0.1 was commonly used. Ishida suggested that the Ki-67 index of 2.8% might be used as a marker to distinguish between MIA and AIS (29). Determining a cut-off value is often based on the median value. In this study, 5% was selected as the classification threshold based on our data characteristics and previous similar studies, and relatively good results were obtained, which indicated that proliferative activity with a Ki-67 expression level of 5% may be a crucial turning point for progression from non-invasive adenocarcinomas (AAH/AIS/MIA) to invasive adenocarcinomas.

Our study had some limitations. First, this study had a small sample size, which may increase concerns regarding selection bias. Moreover, this study was a single-centered retrospective study. Further studies involving multiple centers and a large number of patients are necessary. Second, the manual outline of ROIs is time and labor-consuming, and there is no standardized outline process and rules, which may lead to poor consistency among different radiologists. The automatic recognition of tumor lesions and the characterization of ROIs for feature extraction are some of the future research directions. Third, the largest diameter of the lung adenocarcinoma lesions included in this study was <3 cm, and there is a bias in the selection of study subjects, which may affect the results of the study. In the future, how to better mine information to assist clinical decision-making so that patients can get more accurate individualized treatments is also an opportunity and challenge in the development of radiomics.

In conclusion, Ki-67 expression levels with a cut-off value of 5% could be used to differentiate non-invasive lung adenocarcinomas (AAH/AIS/MIA) from invasive lung adenocarcinomas. The radiomic characteristics of CT have potential as non-invasive biomarkers for predicting Ki-67 levels in patients with lung adenocarcinoma, which might allow for a precise evaluation of tumor biological behavior, aid in clinical treatment decision making for the precise management of patients with lung adenocarcinoma, as well as provide supplemental information for depicting the heterogeneity of lung adenocarcinoma in different histological subtypes.
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Pancreatic neurofibroma is a very rare benign neurogenic tumor unrelated to neurofibromatosis type 1 (NF-1). As the volume increases, it has the risk of malignant transformation. The surgical prognosis of pancreatic neurofibroma is good, but its preoperative imaging features are very similar to those of malignant tumors, which may affect the formulation of treatment plans. This article reports a case of giant neurofibroma of the pancreas with contrast-enhanced ultrasound (CEUS) as one of the diagnostic methods and discusses the tumor’s preoperative clinical features, laboratory examinations, and imaging features.
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INTRODUCTION

Pancreatic neurofibroma is a benign tumor derived from nerve cells. In the absence of neurofibromatosis type 1 (NF-I), its malignant potential is very low. Isolated neurofibroma unrelated to NF-I is very rare and is not found until they grow too large to cause serious complications (1). This study focuses on analyzing the imaging data of pancreatic neurofibroma and discussing its imaging features to improve the understanding of the disease. Previously reported cases of neurofibromas were all diagnosed using CT or MRI before surgery (2–5). Here, we report a case of pancreatic neurofibroma with contrast-enhanced ultrasound as one of the diagnostic methods.



CASE PRESENTATION

A 35-year-old male patient had dull pain in his right abdomen for 2 months without obvious cause or medical history. At the local hospital, computed tomography (CT) of the upper abdomen revealed a large mass on the neck of the pancreas. Five days later, he came to the biliary surgery department of our hospital for further treatment. On physical examination after admission, the abdomen was soft, and a slight mass was palpable in the upper abdominal area, with poor mobility and mild tenderness. Laboratory examination results showed that CA19-9 was slightly increased, and the values of other tumor markers were normal. White blood cell count, alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were significantly increased, while other laboratory data, such as amylase, lipase and total bilirubin, were not abnormal.

Contrast-enhanced magnetic resonance (MR) revealed an 8.2 × 5.7 cm circular confounding signal mass on the pancreatic neck (Figure 1). It had a slightly higher T1 signal and equal T2 signal with a small patch of high T2 signal inside. Contrast enhancement was heterogeneous high enhancement. The adjacent common hepatic artery and splenic artery were pushed, causing their lumens to narrow slightly, and their local boundaries with the tumor were not clear. The fat space between the splenic vein and the tumor is not clear. The main pancreatic duct and bile duct were not dilated. MR finally considered pancreatic malignant cystadenoma or solid pseudopapillary tumor (SPT). Two-dimensional ultrasonography revealed a slightly weaker echogenic mass of approximately 8.6 × 6.4 cm in the pancreatic neck body area, with clear boundaries, clear capsules, heterogeneous internal echoes, and small hypoechoic areas (Figure 2A). CEUS showed rapid and high enhancement at the margin and equal enhancement at the interior of the mass in the arterial phase. In the parenchymal phase, the overall enhancement was low. CEUS considered mostly SPT (Figures 2B,C).


[image: Figure 1]
FIGURE 1. Contrast-enhanced magnetic resonance (MR) of a mass on the pancreatic neck-body. (A) T1W Cross-sections MR in arterial phase. (B) T1W Cross-sections MR in portal phase. (C) T2W Axial MR in arterial phase.
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FIGURE 2. A slightly weaker echogenic mass on ultrasound. (A) Two-dimensional ultrasonography. (B) contrast-enhanced ultrasound (CEUS) in arterial phase. (C) CEUS in parenchymal phase.


Due to the large size of the mass, the clinician decided to perform an exploratory laparotomy. During the operation, a hard mass of approximately 10 × 8 × 9 cm with a capsule was found above the neck of the pancreas and the portal vein. The tumor surrounds surrounding tissues and organs, including the proper hepatic artery, splenic artery, portal vein and left adrenal gland. Based on the intraoperative findings, the surgeon decided to perform total tumor resection.

Histopathology found that the tumor was mainly composed of spindle cells with cytologically bland wavy nuclei in a collagenous matrix (Figure 3). Immunohistochemical staining was S100 (+), CD34 (+), and Ki67 (+2%) (Figures 4A,B). Combined with histological morphology and immunohistochemical results, it was considered a peripheral nerve tumor, and its subtype was consistent with solitary neurofibroma. After two years of follow-up, CT, MRI and CEUS were used alternately for examination, and there was no sign of tumor recurrence Supplementary Materials.


[image: Figure 1]
FIGURE 3. Photomicrograph of pancreatic neurofibroma. Collagen fibers contain a large number of spindle cells (H&E stain, ×100).



[image: Figure 1]
FIGURE 4. Photomicrograph of pancreatic neurofibroma. (A) Immunohistochemical staining [CD34(+)]. (B) Immunohistochemical staining [S100(+)].




DISCUSSION

Neurofibroma is a benign neurogenic tumor that can be divided into solitary neurofibroma and neurofibromatosis. Neurofibroma generally originates from peripheral or central nerve cells and is composed of Schwann cells and fibroblasts. Most of them are isolated masses in the dermis or subcutaneous tissue. Neurofibroma occurring locally in the body is the most common, accounting for approximately 90%. It is rare that it appears in the pancreas, and solitary neurofibroma of the pancreas not related to NF-I is even rarer (6).

The solitary neurofibromas that have been reported now mostly appear under the skin, in the bones and in the gastrointestinal tract (3, 5, 7–13). The number of reports of solitary neurofibromas that appeared in the pancreas is very limited (Table 1). Moletta et al. reported that pancreatic neurofibroma combined the cerebral neurofibroma (14). NF-1 was suspected but the patient refused genetic tests. The other three cases were not related to NF-1 (2, 15, 16).


TABLE 1. Clinical characteristics of neurofibromas in the pancreas.

[image: Table 1]

Unlike superficial neurofibromas, which can be easily palpated, abdominal neurofibromas are most often found because of abdominal pain (2, 17). By this time, the large tumor has already produced a space-occupying effect. Tsai et al. reported that patients with pancreatic neurofibroma had a history of acute pancreatitis, so they believed that the occurrence of solitary neurofibroma might be related to chronic inflammation, ischemia, trauma and other long-term chronic stimulation (2). In this case, the tumor capsule was intact, and the boundary with surrounding tissues was clear. In contrast, the pancreatic neurofibroma we reported was infiltrative growth invading surrounding organs and tissues. Both imaging features and intraoperative findings were very similar to malignant tumors (17).

After the literature review, this study should be the first to report the use of CEUS to participate in the diagnosis and observation of pancreatic neurofibroma. CEUS showed that neurofibroma was a solid masse with signs of fast in and out, which led to the final diagnosis of low-grade SPT. MRI findings of tumor invasion of surrounding tissue made the diagnosis result more inclined to malignant pancreatic cystadenoma. Because the results of the two imaging results were inconsistent and the patient requested surgery, the clinician finally decided to open the abdominal exploration. Because pancreatic neurofibroma is very rare and there is a lack of large-scale research to statistically analyze its imaging characteristics and because the growth pattern of this tumor is very similar to that of malignant tumors, there is indeed a great possibility of misdiagnosis in clinical practice. Histopathology showed that the tumor was mainly composed of spindle cells, and the immunohistochemical results showed that the tumor expressed S-100 protein and CD34 protein, which was consistent with other reports (6, 18).

In the diagnosis process, pancreatic neurofibroma needs to be differentiated from pancreatic mucinous cystic neoplasms and SPT. Unlike pancreatic cystic tumors, pancreatic neurofibroma has little or no cystic components and is not connected to the main pancreatic duct, so there is no dilation of the main pancreatic duct (19). Moreover, although giant pancreatic neurofibroma infiltrates other organs, rarely causes to cause lymph node metastasis or other organ metastasis, such as pancreatic mucinous cystadenocarcinoma (20).

At present, the preoperative differential diagnosis of pancreatic neurofibroma and other pancreatic tumors is still difficult. In clinical practice, various imaging methods should be combined to fully understand the relationship between the tumor and surrounding tissues, and pathological biopsy should be taken to confirm the diagnosis if necessary. Radical resection is often used to treat pancreatic neurofibroma. Most patients have no recurrence or metastasis after surgery, which confirms the effectiveness of surgical resection. It should be noted that the clinician must confirm that it is not related to NF-1 after the diagnosis of neurofibroma (21). The patient had no family history of NF-1 and no symptoms such as café-au-lait spots and subcutaneous nodules, so he was ruled out.

We described the appearance of pancreatic neurofibroma under contrast-enhanced ultrasound, which accumulated experience for the diagnosis of this rare case in the future.



CONCLUSION

Pancreatic neurofibroma is a very rare benign tumor of the pancreas. It is very important to fully analyze the imaging data and adopt an individualized surgical approach for patients to preserve the function of the pancreas to the greatest extent and minimize postoperative complications while ensuring complete tumor resection.
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Background: Performing axillary lymph node dissection (ALND) is the current standard option after a positive sentinel lymph node (SLN). However, whether 1–2 metastatic SLNs require ALND is debatable. The probability of metastasis in non-sentinel lymph nodes (NSLNs) can be calculated using nomograms. In this study, we developed an individualized model using machine-learning (ML) methods to select potential variables, which influence NSLN metastasis.

Materials and Methods: Cohorts of patients with early breast cancer who underwent SLN biopsy and ALND between 2012 and 2021 were created (training cohort, N 157 and validation cohort, N 58) for the development of the nomogram. Three ML methods were trained in the training set to create a strong predictive model. Finally, the multiple iterations of the least absolute shrinkage and selection operator regression method were used to determine the variables associated with NSLN status.

Results: Four independent variables (positive SLN number, absence of lymph node hilum, lymphovascular invasion (LVI), and total number of SLNs harvested) were combined to generate the nomogram. The area under the receiver operating characteristic curve (AUC) value of 0.759 was obtained in the entire set. The AUC values for the training set and the test set were 0.782 and 0.705, respectively. The Hosmer-Lemeshow test of the model fit accuracy was identified with p = 0.759.

Conclusion: This study developed a nomogram that incorporates ultrasound (US)-related variables using the ML method and serves to clinically predict the non-metastatic status of NSLN and help in the selection of the appropriate treatment option.

Keywords: breast neoplasms, sentinel lymph node, nomogram, ultrasound, machine learning


INTRODUCTION

In 2020, breast cancer was surpassed lung cancer as the world's most commonly diagnosed cancer. This is despite being arguably negligible in men (1). The most common route of breast cancer metastasis is lymphatic spread within the axilla. Axillary lymph node dissection (ALND) and sentinel lymph node biopsy (SLNB) are the main axillary surgeries for breast cancer (2). ALND could completely remove the metastatic lymph nodes, clarify the TNM stage of the cancer, and inform the prognosis (3). However, ALND can cause many complications, such as lymphedema, hematoma, sensory abnormalities, and limitation of upper limb movement (4, 5). Furthermore, approximately 50% of patients with positive sentinel lymph nodes (SLNs) are found to have no additional nodal metastases (6).

The possibility of exempting ALND in early breast cancer (cT1-2N0) has been widely explored in several clinical trials (7–10). This suggestion has essentially achieved good follow-up data reports. According to St. Gallen guidelines of 2017, women with 1 or 2 positive SLNs who have had breast conservation can avoid ALND and receive whole breast radiation and adjuvant systemic therapies only (11). However, with the limited randomized, multicenter clinical trials and strict inclusion criteria, proper selection of axillary surgeries for patients who fail to meet the criteria has become a priority of many clinicians.

The prediction of the risk of non-sentinel lymph nodes (NSLNs) metastasis determines the selection of axillary surgery. Previous reports show that nomograms have been developed and are validated as the commonly used method of predicting cancer prognosis. The Memorial Sloan-Kettering Cancer Center (MSKCC) nomogram (12) is undoubtedly the most authoritative nomogram. Different cancer centers have validated and confirmed MSKCC nomogram as a robust method of predicting NSLNs metastasis (13, 14).

Multivariate logistic regression is the most common method of incorporating variables into cancer prognostication. Machine learning (ML) is an emerging tool for predicting cancer prognosis that is making significant contributions in different cancer fields (15, 16). It is a learning process, which utilized techniques, such as decision trees (DTs), artificial neural networks (ANNs), and support vector machines (SVMs). Ayer et al. applied the ANN technique in the prediction of breast cancer susceptibility (17) while Zeng et al. predicted the breast cancer recurrence through SVMs (18). Further, Madekivi et al. filtered the variables by a gradient-boosted trees model to develop a final model for predicting NSLNs (19). All these studies show ML as a feasible and superior cancer prediction method. The aim of our study was to employ ML-based statistical methods to select variables with potential influence on NSLN metastasis status. The study ultimately developed an individualized prediction model that could guide clinicians for a better choice of cancer treatment options for different patients.



METHOD


Patients and Data Collection

The clinical data of patients who underwent surgery between January 2012 and May 2021 at Zhongshan Hospital (an affiliate of Fudan University) and Shanghai Public Health Center (Zhongshan Hospital South Branch) were collected and retrospectively analyzed. A total of 532 patients were screened (n = 532). The inclusion criteria were postoperative pathologically confirmed diagnosis of primary breast cancer, no history of other tumors, and that the patient has received both SLNB and ALND.

The exclusion criteria were lack of preoperative breast ultrasound (US) or pathological information, patients were not preoperatively staging as clinical T1-2N0 or had received neoadjuvant therapy, only axillary surgery without breast tumor resection in our hospital, and a negative pathological result of SLNs. Only 215 patients were retained by the exclusion criteria. The working protocol of our study is as shown in Figure 1. The ethical approval of this study was granted by the ethics committee of Zhongshan Hospital and Shanghai Public Health Center. There was no additional informed consent required from the patients because this was a retrospective study.


[image: Figure 1]
FIGURE 1. The working flow of this study.


The SLNs were identified before surgery using Methylene blue dye, and blue-stained nodes were removed and sent for frozen pathology to the Pathology Department. It was stained with H&E and microscopically examined by an experienced pathologist. Routine H&E analysis was performed for all additional nodes identified by ALND.

The collected clinical and medical information of patients included the patient age, breast tumor location, postoperative pathological features [histology, estrogen receptor (ER) status, proliferation index (Ki-67), progesterone receptor (PR) status, human epidermal growth factor receptor 2 (HER-2) overexpression, lymphovascular invasion (LVI), Scarff-Bloom-Richardson (SBR) grade, total number of SLNs harvested, T stage, number of positive SLNs, and number of NSLNs metastasis] and ultrasonic parameters of tumor and axillary lymph nodes [sizes, mass echogenicity, regular or irregular tumor margin, presence or absence of lymph node hilum, and color Doppler flow imaging (CDFI)].



Statistical Analysis

Clinical and pathological variables associated with the risk of lymph node metastasis were assessed on the basis of their clinical importance and predictors identified in previously published articles (20, 21). Categorical variables were reported as integers and proportions. The continuous variables were described as means [±standard deviation (SD)]. Collinearity for all explanatory variables was assessed using a correlation matrix and plausible interaction terms were also tested. Therefore, interaction terms were excluded in the multivariate analysis. To relax the assumption of a linear relationship between continuous predictors and the risk of NSLN metastasis status, continuous predictors that include the patient age, tumor size, and number of SLNs, etc., were categorized after evaluation using restricted cubic splines (22). Regarding the strong U- or S-shaped relation between continuous predictors and NSLNs metastasis results, the value of the turning in the graph was used as the dividing point (Supplementary Figure S1).

Patients were randomly sampled into the training and validation sets in the ratio of 7:3. To select the strongest predictive model, three ML methods were trained in the training set. These ML methods were random forest (RF) (23), SVMs (24), multiple iterations of the least absolute shrinkage, and least absolute shrinkage and selection operator (LASSO) regression (25). The best hyper-parameter for ML models was 10-fold cross-validation to avoid overfitting. The best classification model was selected to compare the performance of the ML methods.

We created a nomogram that could make a linear predictor in patients who were easily accessible to clinicians on the basis of the best-performing model. Further, we assessed the discriminating ability and predictive accuracy in both the validation and entire sets using the ROC curves (C-index and calibration curves) (26, 27). Finally, the decision curve analysis (DCA) was used to support the clinical decisions of the prepared prediction model (28). All the statistical analyses were carried out using the R software (version 3.6.3, http://www.r-project.org). The R-software packages used for statistical data analysis were “caret,” “rms,” “glmnet,” “randomForest,” “e1071,” “kernlab,” “pROC,” “rmda,” and “ResourceSelection.” A two-sided p < 0.05 was considered statistically significant.




RESULTS


Demographic and Clinical Characteristics

Clinicopathological information of 215 patients with breast cancer after surgical operation was assessed between January 2012 and May 2021. Patients who participated were grouped into two groups based on the presence or absence of NSLNs metastasis. The observed clinicopathological characteristics of both metastasis and non-metastasis patients are presented in Table 1. All patients are Asian. The median age of patient was 56 years. The patients with tumors located in the upper-outer quadrant were 51.2%. Largely, all participating patients (97.6%) were at the T1-T2 stages and showed no difference in histology, ER, PR, and ki-67 or HER-2 status. A small proportion of patients in stage T3 were included as the preoperative assessment was T1-T2 but the postoperative pathology confirmed stage T3. However, the ultrasonic features (longitudinal diameter of lymph node, lymphatic echogenicity, and absence of lymph node hilum) and pathological features (LVI, number of positive SLNs, and proportion of positive SLNs) in the two groups were statistically different (p < 0.05).


Table 1. Differences in clinicopathological characteristics between the patients with and without NSLNs metastasis.
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Predictive Model and Factors Selection

All participants were randomly divided into two groups (training and validation cohorts) in the ratio of 7:3. The explanatory variables were transformed into categorical forms. The US transverse and longitudinal diameter of tumor or lymph were highly correlated, so only the largest diameter was retained. No other significant interaction was found. There were no statistical differences between the variables in both the training and validation sets (p > 0.05; Supplementary Table S1). Three ML algorithms were performed in the training set. The best SVM model was obtained when nine candidate variables were selected, as shown in Figure 2A. RF was effective in feature selection and the removal of redundant features. The RF model obtained the highest accuracy (0.689) with five predictive features (Figure 2B). The LASSO could select significantly predictive features but the results may not be identical each time. In this study, we conducted 500 times iterations and selected the features with more than 300 repeated occurrences. Then, these features were sequentially introduced into the logistic regression model to calculate the AUC values. The results showed that the final model with four predictive factors had the highest AUC of 0.705 in the validation set (Figure 2C). Comparisons of the predictive performance of validation sets among the three algorithms models (with each optimal variable and tuning parameter) are shown in Figure 2D and Supplementary Table S2. It turned out that the LASSO regression model demonstrated the highest performance. In detail, the relative weights of the final variables in the LASSO-based logistic regression model are displayed in Figure 2E.


[image: Figure 2]
FIGURE 2. Predictive model and factors selection. (A) The line graph shows the relationship between the number of candidate features and the accuracy in support vector machines (SVMs) model. (B) The line graph shows the relationship between the number of selected features and the accuracy in random forest (RF) model. (C) The line graph shows the relationship between the number of features and the area under the curve (AUC) values in the least absolute shrinkage and selection operator (LASSO)-based logistical model. (D) ROC curve analysis of machine-learning algorithms for prediction of non-sentinel lymph nodes (NSLN) without metastasis in the validation set. (E) The dot plot shows the coefficients of variables in the final model. LVI: lymphovascular invasion; totalSLN: total number of SLNs harvested; LnHilum: absence of lymph node hilum; SLNp: number of positive SLNs.




Nomograms and Model Performance

The four independent factors used to create a predictive nomogram were the number of positive SLNs (1–2, 3–4, or ≥5), the total number of SLNs harvested (≤2, 3–5, or ≥6), absence of lymph node hilum (no/not described or yes), and LVI (no or yes). According to the sum of the assigned points for each factor in the nomogram, a higher total score was associated with the absence of NSLN metastasis (Figure 3). The c-index in the logistic regression was equal to the area under the ROC curve. In Figure 4A, an AUC value of 0.759 is achieved in the entire set, while AUC values of 0.782 and 0.705 are obtained in the training and validation sets, respectively. The Hosmer-Lemeshow test was used to assess the accuracy of model fit and no departure from perfect fit was identified (p = 0.759). The sample bootstrapped calibration plot for the prediction is also presented in Figure 4B.


[image: Figure 3]
FIGURE 3. Nomogram for prediction of the absence of non-sentinel lymph nodes (NSLN) metastasis. SLNp: number of positive SLNs; LVI: lymphovascular invasion; LnHilum: absence of lymph node hilum; totalSLN: total number of SLNs harvested.



[image: Figure 4]
FIGURE 4. Nomogram prediction model validation. (A) ROC curves are used for all sets. AUC values for training set (red), validation set (green), and entire set (blue) are 0.782, 0.705, and 0.759. (B) The bootstrapped calibration plot and Hosmer-Lemeshow test for the training set.




Clinical Application Evaluation

Decision curve analysis showed that using this nomogram provides an additional benefit when the threshold probability of the entire set is between 0 and 87% (Figure 5). A similar observation was also reported in entire and test cohorts. Therefore, the nomogram model can predict the probability of NSLN metastasis in patients with breast cancer to facilitate early clinical intervention and support personalized postoperative cancer rehabilitation.


[image: Figure 5]
FIGURE 5. The decision curve analysis (DCA) curve shows the decision analysis for the entire set, the training set, and the validation set.





DISCUSSION

The axillary surgery has been de-escalating since the awareness grows in breast cancer (29). Systemic treatments, such as chemotherapy therapies, are recognized as important control measures of cancer recurrence rather than the local therapy, such as the extent of surgical excision. The National Surgical Adjuvant Breast and Bowel Project (NSABP) b-32 trial (7) first investigated the necessity of ALND in patients with negative SLN. This trial found that SLNB alone without further axillary dissection is an appropriate therapy for the targeted patients. This report has been widely accepted in clinical practice to the point where it has become a surgical routine. Nevertheless, breast surgeons still explore the surgical indications. The After Mapping of the Axilla, Radiotherapy or Surgery (AMAROS) trial (8) revealed that ALND and axillary radiotherapy after a positive SLN provide comparable axillary control for patients with early breast cancer. The American College of Surgeons Oncology Group (ACOSOG) Z0011 (9) suggested that early breast cancer patients with 1 or 2 SLN metastases, breast-conserving lumpectomy, and whole-breast irradiation can be exempted from ALND. Furthermore, International Breast Cancer Study Group (IBCSG) 23-01 (10) trial argued the necessity of ALND in patients with micrometastatic SLN (metastases <2 mm). The discussion for sparing ALND is rooted in resultant series of complications that include range of motion, lymphoedema, pain, and sensory defects (4, 5, 30). In contrast, SLNB can significantly lower the morbidity of such complications (31). Furthermore, clinical data indicated that the majority of patients with positive SLNs had no additional nodes metastasis (6), which is consistent with our finding that roughly 55% of all patients had no metastasis. Despite the various clinical trials that explored the necessity of ALND, it is still apparent that the inclusion of patients is relatively stringent and the precise individualization of the choice is still pondering.

Previous studies have been conducted to predict NSLN metastasis (12, 20, 32–36). The MSKCC model is a widely acknowledged tool that incorporates eight variables (12). The variables combined in the MSKCC model were pathological size, ER status, multifocality, tumor type, tumor nuclear grade, LVI, method of detection, and the number of positive and negative SLNs with an AUC of 0.77 for the validation cohort. That the number of positive SLNs in the MSKCC model had the highest weight that is consistent with the findings of our study. The MSKCC model has been validated in various countries, for instance, in Australia where an AUC of 0.66 was obtained from the inclusion of 526 patients (14). The model of MD Anderson Cancer Center (33) is another frequently mentioned model. This model added two variables of SLN metastasis size and extracapsular extension, which are tied with the emphasis on SLN micrometastasis status. These variables were excluded in this study because some patients did not have SLN metastatic size as a result of the limitations of our pathology department. In contrast, the Helsinki University model (20) included a prediction variable of HER-2 status instead of PR status. Despite the fact that HER-2 positive is generally associated with NSLN positivity, the relationship between HER-2 status and NSLN positivity remains controversial (37), and the current study yielded no statistically significant differences.

Preoperative assessment of axillary lymph burden in breast cancer is routinely performed using different imaging techniques. US is considered to be the most recommended imaging technique owing to its inexpensive, convenience, and absence of radiation exposure. The Sentinel Node vs. Observation after Axillary Ultrasound (SOUND) trial (38) is exploring the potential possibility of US as a replacement for SLNB. Previous studies have also suggested that the inclusion of US parameters in the model could improve its predictive capacity (39, 40). Zhu (40) suggested that the Doppler resistance index and the extent of extension of the enhancing lesion were correlated with lymph node metastasis. Qiu et al. (39), on the other hand, incorporated three US-based variables of cortical thickness of SLN, transverse diameter of SLN, and lymph node hilum status in their nomogram, with an AUC of 0.864. This is consistent with the findings obtained in this study. However, the validity of the model is challenged by its dependence on adjustable parameters by the operator.

Apart from predicting NSLN status based on imaging features, such as ultrasound or clinical features, the role of molecular markers has also been explored. Metalloprotease-1 (41) and cytokeratin 19 mRNA copy (42, 43) have been suggested to be highly correlated with NSNL metastasis. Prediction models based on molecular markers usually showed a high specificity and sensitivity, but the time taken for intraoperative measurements and the high cost may be the reasons why they are difficult to extend.

Our nomogram provides an individual prediction of the probability of having negative NSLNs for patients with positive SLNs. A woman with 2 positive SLNs, out of 5 SLNs harvested, the preoperative US showed the presence of lymph node hilum and pathology revealed tumor LVI, might be considered to have a 20% risk of having negative NSLNs, which implies that the patient is at high risk of additional nodes metastasis and ALND should be recommended clinically. However, the study result is limited and requires much more validation before it can be applied to clinical reasoning.

Machine learning has been applied to different tumors as an innovative method for cancer prediction and prognosis (15, 16). It provides excellent accuracy through a continuous ML approach. According to Ayer et al. (17), a prediction model that enrolled 48,774 patients yielded an AUC of 0.965 and could distinguish malignant from benign mammographic findings. Such precision is unfathomable in alternative models. Typically, an AUC above 0.7 is regarded as reasonable. Madekivi et al. (19) narrowed down to seven variables by utilizing XG-Boost's capabilities for self-learning and eventually developed a nomogram with an AUC of 0.80. This study compared the performance of three ML methods, and the best classification model was selected. To reduce the number of variables, LASSO conducted 500 times iterations and selected the features with more than 300 repeated occurrences. This showed a well predictive effectiveness in the validation cohort.

The inclusion of US-related variables and the application of the ML approach are the two aspects of innovation in our prediction model. Eventually, the four variables included in the development of the nomogram were the number of positive SLNs, total number of SLNs harvested, LVI, and lymph node hilum status. The AUC values of 0.759 and 0.705 were used for the training and validation cohorts, respectively. Therefore, in comparison with other previous studies, the validation cohort in this study had a higher AUC value for the fewer variables. The continuous predictors were categorized using restricted cubic splines, which are better suited for the daily practice of clinicians. However, some limitations of the study were noted. First, the number of patients enrolled in this study is far from satisfaction. The inclusion criteria entailed only the patient who received both SLNB and ALND and this dramatically reduced the number. The nomogram lacked external validation due to the limitation in numbers, which meant that patients had to be studied as a single center although we included patients in multicenter. This study was short of a large sample that is technically required for ML to support a more convincing result. On the other hand, our pathology department was failed to accurately depict the size of SLN metastases at the beginning, owing to the inclusion of patients over a long time interval. This was significantly regretted because the existing literature already supports a relationship between SLN metastasis size and NSLN status.

Overall, the trend of de-escalation of axillary surgery is inevitable. However, the selection of appropriate patients remains a crucial issue to be addressed. It is essential to have some multicenter, prospective trials, such as Z0011, to upgrade the guidelines. This study revealed more areas that need future research to validate our findings.
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Objective/Hypothesis

This study describes the design and application of a novel advanced protocol for virtual three-dimensional anatomical reconstruction of the deep facial compartments, aiming to improve the preoperative understanding and the intraoperative assistance in complex resective surgeries performed for malignant diseases which extend in complex spaces, including the pterygomaxillopalatine fossa, the masticator space, and the infratemporal fossa.



Methods

This study is a non-profit, retrospective, and single-institution case series. The authors clearly describe in detail imaging acquisition protocols which are suitable to segment each target, and a multilayer reconstruction technique is presented to simulate anatomical structures, with particular focus on vascular networks. Virtual surgical planning techniques are individually designed for each case to provide the most effective access to the deep facial compartments. Intraoperative guidance systems, including navigation and virtual endoscopy, are presented, and their role is analyzed.



Results

The study included seven patients with malignant disease located in the deep facial compartments requiring radical resection, and all patients underwent successful application of the protocol. All lesions, except one, were subject to macroscopically radical resection. Vascular structures were identified with overall reconstruction rates superior to 90% for major caliber vessels. Prominent landmarks for virtual endoscopy were identified for each case.



Conclusions

Virtual surgical planning and multilayer anatomical reconstruction are valuable methods to implement for surgeries in deep facial compartments, providing the surgeon with improved understanding of the preoperative condition and intraoperative guidance in critical phases for both open and endoscopic phases. Such techniques allow to tailor each surgical access, limiting morbidity to strictly necessary approaches to reach the disease target.





Keywords: virtual surgical planning, 3D vessels, deep facial compartments, navigation, virtual endoscopy



1 Introduction

The pterygo-maxillo-palatine fossa (PMPF), the infratemporal fossa (ITF), and the deep masticatory space (DMS) are deep facial compartments (DFC) of difficult access, due to their location, enclosed in a narrow, rigid space between the posterior wall of the maxilla and the skull base, and to the presence of densely packed vascular and nervous structures. Malignant lesions arising in such spaces can show variable infiltration of critical structures, which have to be preliminarily identified. In particular, such lesions frequently develop in critical points in which multiple vessels and nerves reciprocally cross in complex networks which are difficult to visualize using a standard two-dimensional imaging.

It is well known that in malignant tumors, the major role of surgery is to minimize the entity of a macroscopic residual disease; therefore, a wide, margin-free resection still represents the gold standard to achieve surgical radicality, allowing adjuvant therapies to maximize their effect, but at the cost of sacrificing nearby crucial structures, posing surgery at high risk of complications (1). As such, anatomical regions offer very narrow spaces for surgical maneuvers, often impairing vision; each case demands designing specific accesses. Moreover, patients presenting with diseases in DFC often present at late stages, due to a silent growing process which might cause mild disturbances, mimicking symptoms attributable to more common diseases. The result is an advanced disease, which often grows across major caliber vessels, where surgery necessarily involves a meticulous dissection of tumor tissue from arteries and veins, which in several cases have to be anticipately identified for sacrifice.

Such considerations translate in the importance to perform a preoperative, patient-specific, anatomical study as an essential step when approaching DFC, but so far, despite advances in computerized 3D reconstruction, only few incomplete reports on the virtual representation of such regions are available, which often adopt an excessively simplified approach to represent a very complex anatomy. Moreover, masses developing DFC often project within paranasal sinuses, requiring endoscopy both as a visualization improvement and as a precise tool to accomplish specific phases of surgery. Endoscopy provides a small field vision within such spaces, often in the presence of a distorted anatomy or in the presence of a major vessel concealed beneath mucosal surfaces; thus, the simulation of endoscopic approaches as part of the virtual planning is equally important, especially to ascertain the vicinity of nearby critical structures. In computerized simulation, a virtual reality animation allows to merge open surgery with endoscopic vision, replicating any endoscopic view exactly as it would appear using an optical device as the camera proceeds in depth, providing an animated sequence (2, 3).

Alongside the lack of examples for a virtual reconstruction of DFC, literature provides limited evidence on the most suitable imaging protocols that should be implemented to study diseases arising in such spaces. To address such issues, our Department has developed a novel workflow based on optimized image acquisition protocols and tailored segmentation techniques. The purpose of this study is to provide a replicable methodology to perform multilayered anatomical reconstruction of DFC, to sequentially represent structures from the skeletal backbone to finest details of vasculature and soft tissues. Moreover, the Authors show how this protocol translates into clinical applicability through intraoperative navigation and simulated endoscopy, resulting in tailored approaches optimized for each disease.



2 Materials and Methods


2.1 Patient Population/Study Design

This is an institutional review board-approved, single-institution, retrospective case series concerning the clinical application of an innovative protocol to study lesions arising in the DFC. We recruited seven patients with a malignant disease requiring radical resection located in the DFC, defined medially by the parapharyngeal space, posteriorly by a plane intersecting the clivus, anteriorly by the maxillary tuberosity, and laterally by the TMJ, including at least one between the deep lobe of the parotid gland and the lateral pterygoid muscle (Table 1).


Table 1 | Characteristics of patients in relation to disease process, surgery, and protocol applicability.





2.2 Multilayer Imaging and Segmentation Protocol

Dedicated imaging acquisition protocols are needed to reproduce all anatomical structures for virtual planning according to a layer-by-layer model, including the skeletal framework, mucosal lining, muscles, vasculature, and lesions:

	Skeletal framework and mucosal lining: an ultrathin CT was performed with the following parameters: slice thickness = 0.625 mm, matrix = 512 × 512 px. The bony anatomy is simply segmented by using a thresholding algorithm within the bone tissue Hounsfield unit (HU) range. The resulting segmentation mask is then split into a mandible and skull-base subunit using semiautomatic techniques. The mucosal lining defined the spatial boundaries to simulate virtual endoscopy and was reconstructed from CT scan as well by applying thresholding on the density interval of the internal surface of paranasal sinuses.

	Tumor and other soft tissue: patients underwent MR with a 1.5-Tesla system (Aera; Siemens; Erlangen, Germany). After contrast medium administration, a 3D-VIBE T1-w sequence was acquired with a slice thickness of 1 mm and a matrix of 512 × 512 px.

	Arteries: to better delineate the anatomical relationships between the lesion and both extracranial portions of the internal carotid artery and external carotid artery, patients underwent 3D time-of-flight (TOF) MR with the following parameters: TR = 25.0 ms; TE = 7.15 ms; slice thickness = 0.5 mm; in-plane resolution: 0.4 × 0.4 mm; slice GAP = -25%; matrix 256 × 256 px.

	Veins: to detail venous vasculature, phase-contrast MR venography was also performed using a 2D-TOF sequence adapted for the study of posterior cranial fossa, paying particular attention to the positioning of saturation slabs and carefully avoiding any possible inflow artifacts.



Using Materialise Mimics v24.0 (Materialise, Leuven, Belgium), CT and MR sequences were coregistered with univocal coordinates to achieve superimposition. Vessels were segmented using dynamic thresholding algorithms, which implement criteria of spatial vicinity and HU similarity to capture potentially related voxels, such as those that compose the course of a vessel. All segmentation masks were reviewed and carefully inspected for optimal correspondence with each set of DICOM images and were then re-tessellated into STL files (Figure 1). The result was a hierarchical tree of anatomical structures, which could be selectively inspected or hidden.




Figure 1 | Example of multilayer anatomical reconstruction. (A) Skeletal and mucosal framework; (B) reconstruction of tumor (purple), arteries, and veins; (C) reconstruction of the parotid gland; and (D) reconstruction of masticatory muscles.





2.3 Virtual Surgical Planning


2.3.1 Virtual Vasculature Study

Vessels were virtually reconstructed according to the multilayer segmentation protocol. Vessels were mapped and named by two operators (AT and DB). In particular, operators identified the contributors to arterial flow and venous drainage located around the tumor and at least each of the major vessels: internal carotid, external carotid, internal maxillary artery, maxillary vein, retromandibular vein, and internal jugular vein (Figure 2). For major vessels, labels were added to the surgical planning and transferred in the navigation plan.




Figure 2 | Virtual vascularization study conducted on three-dimensional models of arterial and venous vasculature, respectively derived from 3D TOF MR sequences and phase-contrast venography. IMA, internal maxillary artery; FA, facial artery; ICA, internal carotid artery; VA, vertebral artery; OA, occipital artery; ECA, external carotid artery; STA, superficial temporal artery; MMA, middle meningeal artery; PSAA, posterior superior alveolar artery; CS, cavernous sinus; M, maxillary vein; SS, sigmoid sinus; OV, occipital vein; RMV, retromandibular vein.





2.3.2 Planning of Surgical Accesses in Virtual Reality

The Mimics project was imported in 3-Matic v16.0 (Materialise, Leuven, Belgium), where osteotomies were designed to simulate accesses to the deep structures. Each patient underwent individualized approach simulation depending on the location of the disease, although three common threads in virtual surgical planning were identified according to our case series:

	PMPF was exposed by simulating a mandibular swing approach, by an outward rotation of the mandibular segment across the Z-axis with a fulcrum positioned over the condyle area. The rotational movement of the mandible allowed to uncover a straightforward corridor exposing the oropharynx and the skull base.

	To access the IF, a superior-lateral transzygomatic approach yielded optimal exposure, especially if associated with a coronoidectomy and temporalis muscle disinsertion, paving the way to the lateral skull base.

	For more cranially located malignancies, especially with concomitant involvement of the paranasal sinuses, the transmaxillary portal configured a corridor for the forward exploration of the PMPF as well as the anterior skull base. The transmaxillary portal is particularly suitable for endoscopic exploration (Figure 3), as it develops within an empty cavity (the maxillary sinus) that offers space for surgical maneuvers without involving injuries to critical structures and reduced bleeding.






Figure 3 | Preoperative definition of access portals for the PMPF: (A) anterior maxillectomy exposes the PMPF from a frontal sight, just behind the maxillary tuberosity; (B) transzygomatic approach raising a bone flap of zygomatic arch exposes the infratemporal fossa; (C) the transmandibular corridor achieved using a mandibular swing approach widens the corridor to the inferior aspect of the PMPF.





2.3.3 Virtual Endoscopic Setup

STL files of segmented anatomy were imported into Autodesk Maya (Autodesk Inc, San Jose, CA), a comprehensive software package designed for 3D animation. A digital replica of the endoscopic optical system was simulated, and a see-through camera with defined lens parameters (focal distance: 18 mm, image refreshing rate: 50 fps) was parented to the tip of the virtual optics, allowing to scope the endonasal space with the same vision provided by the real endoscope. Surgeons virtually moved the camera within anatomical spaces and set specific key frames corresponding to prominent landmarks for each phase, which the software interpolated to yield a smooth animation sequence. Landmarks identified in nasal endoscopy were the following: head of inferior and middle turbinate, bulla, antral foramen, vidian canal, choanal opening, ethmoidal roof, pterygoid plates, Eustachian tube opening, sphenoid sinus opening, paraclival tract of ICA. Endoscopic animation was scoped for both superficial and deep layers, allowing to virtually remove mucosae to reveal underlying vasculature in critical areas around the tumor (Figure 4). The simulation was brought inside the operating room to be used as reference during real endoscopy.




Figure 4 | Multilayer anatomical reconstruction applied to endoscopic view. (A) Overview of real endoscopic scenario; (B) virtual endoscopy shows the mucosal lining and the tumor bulging around the tubaric orifice area; (C) selective hiding of the mucosa reveals the underlying tumor in relation with skeletal structures and underlying vessels; (D) tumor hiding reveals the proximity with dangerous structures, including IMA and ICA. T, tumor; Et, eustachian tube; C, choana; Pwr, posterior wall of the rhinopharynx; Cl, clivus; Ppl, pterygoid plate; LPM, lateral pterygoid muscle; IMA, internal maxillary artery; ICA, internal carotid artery; MV, maxillary vein; IJV, internal jugular vein.






2.4 Computer-Guided Surgery


2.4.1 Navigation

In this protocol, navigational assistance was implemented to evaluate the position of each maneuver in relation with the virtual plan. Using Brainlab Elements (Brainlab, Munich, Germany), STLs from the virtual plan were imported into the navigation project matching their position over the DICOM data, and the exported file was uploaded into the navigator. An optical stereoscopic camera was installed in the operating room, and a receiver was mounted on the patient’s head, allowing to track the probe independent of head movements required by the operators. A point-based, anatomical-landmark, recognition method was used to perform patient-to-image registration. Both phases of endoscopic and open surgery were navigated according to the virtual surgical plan (Figure 5).




Figure 5 | Intraoperatively navigated sequences. STL files of virtual surgical planning are navigated during surgery, providing reference for each phase. Left, blue panel: navigation of transnasal endoscopy. Right, purple panel: navigation of transoral endoscopy.





2.4.2 Surgery

Lesions arising in DFC were approached with both open and endoscopic approaches.

During transnasal endoscopy, the initial phase consisted of an inferior turbinectomy to increase space for surgical maneuvers, widening the corridor to the choanal opening. Subsequently, a medial maxillectomy was conducted extending from the antral foramen to the pterygomaxillary junction to trace the medial osteotomy line. In case of sphenoid sinus involvement, an additional phase in endoscopy was represented by widening the sinus overture using a high-speed rotating bur, scoping the intrasinusal space to reveal the underlying internal carotid artery (ICA) in its paraclival trait. Inferiorly, the emergence of the maxillary nerve and the vidian canal were systematically localized. Endoscopic osteotomies were then traced to yield mobilization of the tumor along inner bone walls; for instance, to mobilize tumors involving the PMPF, pterygoid plates were sectioned at their insertion onto the basisphenoid. As surgery progressed forward, all anatomical landmarks encountered during the virtual endoscopy were localized and related with the virtual plan (Figure 6).




Figure 6 | Correlation between virtual endoscopy and real endoscopy using anatomical landmarks. Virtual endoscopy allows to anticipately examine the endoscopic view. pICA, paraclival internal carotid artery; SSo, sphenoid sinus opening; CS, cavernous sinus; ER, ethmoidal roof; V, vomer; Ppl, pterygoid plate; T, tumor; C, choana; IMA, internal maxillary artery.



Open surgery was necessary for en-bloc resection of malignant tumors, by connecting resection margins with osteotomies traced using endoscopic approaches. PMPF was exposed by creating a transmandibular open corridor through a mandibular swing approach and a parasymphyseal osteotomy using a lip-split incision continuing with a submandibular incision. To access IF, a transzygomatic approach through zygomatic arch osteotomies was used, based on a preauricular approach and subperiosteal elevation, paying attention not to injure the frontal branch of the facial nerve crossing the zygomatic arch. Moreover, an adjunctive corridor to the PMPF was achieved through the transmaxillary route, creating a straightforward path to the retromaxillary spaces. Endoscopy was also used to check in-depth anatomy in open approaches as well, especially in the transmaxillary portal, magnifying detail and facilitating exploration of narrow spaces (Figure 7).




Figure 7 | Virtual surgical planning through the transmaxillary and transmandibular portal predicts the exposure of the tumor afforded by such approaches. T, tumor; LPM, lateral pterygoid muscle; Mo, maxillary opening.







3 Results

All patients underwent successful application of the protocol. In three patients, it was not possible to simulate venous vessels due to the lack of MR venography.

In all patients, detailed virtual models for skeleton and mucosal lining were reconstructed from CT. Concerning the effectiveness of the protocol in detailing three-dimensional vasculature, a score of 0 was applied when it was impossible to reconstruct the vessel, 1 when reconstruction was inferior to 30% of its course, 2 when between 30% and 70%, and 3 when above 70%. In addition, an average quality score for reconstruction of each vessel was achieved by correlating individual scores with the maximum score. Major caliber vessels, including ICA, IJV, and ECA, were constantly identified and easily reconstructed in all patients, whereas inferior caliber vessels, including FA, IMA, STA, MMA, EJV, FV, RMV, and MV, were more subject to variability depending on the quality of the MR. It was possible to reconstruct at least two masticatory muscles between the masseter, internal and external pterygoid, and parotid gland in 100% of cases using 3D-VIBE T1-w sequences. The quality of reconstruction for anatomical structures is reported for each case in Table 2.


Table 2 | Quality scores defining the computerized reconstruction for vascular and muscular structures.



All surgeries were conducted using virtual endoscopy as guidance, which included the following stable, always identifiable, landmarks: the head of inferior turbinate, head of middle turbinate, choanal opening, ethmoid roof, pterygoid plates, Eustachian tube opening, and sphenoid sinus opening were successfully represented in virtual models in all cases. Other structures showed more variability in virtual reconstruction, including bulla (57%), antral foramen (85%), vidian canal (14%), and parasellar imprint of ICA (71%).

Surgeries were successful in all cases, and lesions were subject to macroscopic radical resection, confirmed by clean margins at histology examination, except for one patient. Postoperative MR confirmed complete extirpation of PMPF and ITF in six cases (Figure 8), except for two patients, one case of anaplastic meningioma, whose extension in both the intracranial and extracranial space represented a limit for complete excision, and a case of adenoid cystic carcinoma, in which a residual disease was present in the posterior wall of PMPF at postoperative MR and was excised with a subsequent endoscopic procedure.




Figure 8 | Comparison between preoperative (A) and postoperative (B) MR shows the complete emptying of the PMPF and macroscopically radical excision of the tumor.



Patients undergoing surgery in the PMPF had trigeminal branches sacrificed owing to radical resection. Severe limitation of mouth opening developed in almost the totality of patients undergoing surgery in the PMPF/DMS owing to extensive muscle resection in the masticator space with subsequent scarring and radiotherapy.

The adoption of the advanced virtual reality protocol made possible to perform surgeries that in the past years were not feasible, due to the complexity of anatomical relationships with the tumor. Surgeons retrospectively reviewed the same number of cases operated for malignancies in DFC before the implementation of this protocol in a time span ranging from 2015 to 2018, as virtual-reality technologies were introduced in routine practice since 2019 at our institution. Compared with the group studied by applying the advanced computerized reconstruction, patients operated in the past showed a mean surgical time increase of 85 min (SD ± 47 min), due to phases related to tumor exposure and strategy-making, whereas in the group studied and operated using the computer-guided protocol, navigation helped to target the disease from the beginning of surgery in both endoscopic and open phases; therefore, the major benefit in terms of surgical time reduction using the computerized workflow occurred in the approach phase. Additionally, in the group operated between 2015 and 2018, four patients had macroscopic disease residual, as localization of the tumor was only performed on raw imaging data and it was not possible to interactively check the intraoperative field in relation to a virtual project using navigation. Surgeons were asked to define their approach toward surgery both before and after the introduction of the advanced virtual anatomical reconstruction, and they unanimously reported a change in mindset, with an increase in their preoperative understanding of the patient’s anatomy and diminished frequency of intraoperative imaging consultation, due to deeper understanding of the case and availability of navigation.



4 Discussion

Approaches to the DFC, including the PMPF, the DMS, and the ITF, represent a major challenge even for the expert surgeon, due to narrow spaces in which vulnerable vascular and nervous structures are enclosed within complex-shaped bone walls. Malignancies primarily involving these spaces or invading them as a consequence of nearby disease require difficult, multistage surgeries, in which the risk of injuring critical structures is considerable; therefore, conceptualizing in detail the patient’s anatomy before surgery is a fundamental prerequisite.

Conventional imaging techniques can define the localization of disease but fail to provide a three-dimensional representation of anatomy, especially for vascular structures, which have a tortuous course that intersects multiple spatial planes. Volume rendering, today available for many medical image software, provides accurate volumetric visualization based on DICOM data by placing specific thresholds, which succeeds in characterizing bone but does not represent soft tissues. Most of all, volume rendering-based approaches do not allow to selectively separate a specific anatomical structure and fail to provide a geometry file, which can undergo surgical planning procedures, including osteotomies and virtual endoscopy. As a consequence, unsegmented structures from raw DICOM data cannot be selectively shown or hidden, making it impossible to differentiate between venous and arterial vessels. Literature on this topic is limited, reporting only few examples of virtual anatomical reconstruction of structures through segmentation and 3D model creation. For instance, in 2021, Yang et al. interestingly described a CT-MRI image fusion-based technique to characterize tumors arising between middle cranial and infratemporal fossa: yet they managed to isolate different anatomical structures, and their reconstruction was limited to the IJV and ICA axes, with an exceedingly approximated representation of the tumor (4). A more detailed, although simplified, anatomical model to study the PPF is described by Javan and colleagues (5): the Authors designed an interactively explorable model of the PPF with attention on the limits of this space and the presence of neurovascular bundles; however, this model failed to provide a trustful representation of the actual anatomy, as it is based on simplified visualization and isolated PPF inspection, regardless of contiguous structures. Another considerable limitation of this study is that both vessels and nerves were modeled independent of their conformation on the medical images, and this step might cause inaccuracies and omissions of anatomical variations. In this study, we have shown how a very detailed vasculature study can be performed by segmenting both arterial and venous vessels directly from the patient’s imaging, enabling the virtual models to reproduce as faithfully as possible the real anatomy of a patient. Compared to the traditional two-dimensional slice-by-slice identification of vessels, three-dimensional evaluation is more immediate, allowing to inspect vessels along their spatial course, including the relationship with nearby structures and resection margins. Three-dimensional vasculature reconstruction is also important for decision making, as it can clearly represent situations in which major caliber vessels, including ECA and IJV, lie within the tumor and have to be sacrificed, allowing surgeons to anticipately know that vessel ligation can be performed, decreasing the risk of significant bleeding.

Actually, our protocol is not able to solve the issue related to cranial nerve segmentation, as nerve tracking for calibers like cranial nerves is very limited with current imaging technology. Some attempts have been made to develop imaging acquisition protocols allowing to identify tiny nervous structures in these anatomical regions: Bratbak et al. (6) described the successful identification of the pterygopalatine ganglion and the vidian canal on MR using a 3T magnet; however, not all centers own a 3T MR machine, and the sequence is not specific for nerve tracing, as for instance TOF sequences are for arteries, with the result of a very difficult and possibly inaccurate segmentation. Therefore, current imaging technology fails to provide nerve images suitable for segmentation. As a consequence, the spatial course of small caliber nerves, like the facial nerve, is still mostly deductive, according to the position of their emergence foramina, which nevertheless require a high-resolution CT scan. In particular, while the foramen rotundum and foramen ovale can be readily visualizable in almost all studies, the vidian canal, which was shown to be an important landmark to identify the anterior genu of the petrous ICA (7), should be carefully reconstructed, as shown by Fu et al. (8). Other studies focused on the utility of the infraorbital nerve as a landmark for the PMPF, hence the importance to find a reliable method to trace the nerve course (9).

As mentioned, the importance of virtual models is also related to the possibility to inspect them, simulating the same views during surgery. Concerning open surgery of the PMPF and DMS, this represents a consistent advantage, allowing to define the most adequate accesses directly on the virtual models, thus bringing the patient to surgery with a clear project in mind. By testing accesses on virtual models, the surgeon is able to define which surgical exposure is optimal for each patient, allowing to individualize surgical approaches and maximizing their effectiveness. For instance, Fahmy and colleagues conducted a study on surgical approaches by comparing exposure obtained through both open and endoscopic approaches and measured the volume of visualization yielded for each case (10). Their study was performed on two-dimensional CT data and not on virtually reconstructed segmented structures, significantly limiting the possibility to selectively manipulate objects, visualize vascularization, and perform osteotomies. Exploration of patient-specific virtual models plays a crucial role especially for endoscopic approaches, allowing to preoperatively define complex trajectories and to highlight anatomical landmarks by providing a vision totally superimposable to the real endoscopic field. The same Authors previously described a protocol to perform virtual endoscopy in orbital surgery, but this workflow is applicable to any region of the craniofacial skeleton (11). Actually, a simplified version of this protocol and suitable for the sphenoid sinus was described by Wang and colleagues (12), although the representation of critical adjacent structures, such as the ICA and the sphenopalatine artery, was roughly drafted over a volume-rendered version of the CT; conversely, our multilayer segmentation protocol allows to separately reconstruct bone, mucosa, muscles, vasculature, and tumor and to navigate between them. Virtual reality allows to identify and simulate portals which would not be visible without performing osteotomies: for instance, the incremental maxillectomy directed over the anterior maxillary wall creates an adjunctive corridor to frontally approach the PMPF (13), while a retromaxillary approach raising a zygomatic arch flap favorably exposes the infratemporal fossa (14). The possibility to simulate an outward rotation of the hemimandible with a fulcrum over the condyle allows to anticipately visualize the exposure of PMPF from an inferior sight (15). Specific transcutaneous approaches, including the Weber-Ferguson and jugal incision described by Jager (16), can be designed directly on virtual soft tissue models to aid in the choice of the most appropriate incision line to yield an exposure of the skeletal plane. Therefore, virtual planning allows to entirely customize surgical accesses, tailoring the most suitable corridor to each individual localization of disease, and it is not limited to the possibilities described in our series, but it may include in addition several transfacial swing approaches, which can be combined with endoscopy at any stage (17). Therefore, our experience is that surgeons enter the operating room having already performed a number of simulations, with a well-defined idea in mind on which accesses they should create and which sequences demolition should follow.

In this regard, especially when midface osteotomies are planned, navigational guidance allows to check the optimal tracing of bone cuts. In addition, navigation performed over virtual 3D models allows to carefully check resection margins around the tumor borders and to trace osteotomies exactly as planned (18), a consistent advantage especially for endoscopic procedures, which are not blindly performed but follow the correct path suggested by the navigator. Therefore, although navigation has been scarcely studied in the PMPF/DMS, it represents a valuable aid for surgery in the deep spaces of the face (19), especially when implemented in the setting of a reliable three-dimensional anatomical reconstruction, where it allows to interactively move within the simulated anatomy.

Virtual endoscopy can be simulated at any stage of the surgical planning, even in open surgery allowing to represent multiple scenarios which replicate the endoscopic vision encountered by the surgeon. In this respect, virtual endoscopy might also be useful to anticipately visualize the results of endoscopic exploration, establishing its correct timing within the surgical sequence and which vision correlates with a specific phase, overall improving the orientation of the surgeon.

Additionally, the whole animated sequence provides an immediate vision that, beyond the surgical purpose, is useful to convey the operative workflow to students and residents, which can start to hypothesize treatment plans in a safe environment, which takes into account the underlying anatomical complexity.



5 Conclusions

Despite sampling a limited number of patients, our experience suggests that the modern surgeon approaching such areas should rely upon all available instrumentation to accurately study anatomy and define a personalized treatment strategy. Virtual examination of such anatomical regions not just aids the preoperative study of patients but also provides guidance also during surgery thanks to surgical navigation and virtual endoscopy. Especially for malignancies, in which resection extends to remove the macroscopic residual of disease, the prompt identification of structures contributes to operate more safely and with an increased awareness.
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Objective

Digital pathology with whole-slide imaging (WSI) has many potential clinical and non-clinical applications. In the past two decades, despite significant advances in WSI technology adoption remains slow for primary diagnosis. The aim of this study was to identify common pitfalls of WSI reported in validation studies and offer measures to overcome these challenges.



Methods

A systematic search was conducted in the electronic databases Pubmed-MEDLINE and Embase. Inclusion criteria were all validation studies designed to evaluate the feasibility of WSI for diagnostic clinical use in pathology. Technical and diagnostic problems encountered with WSI in these studies were recorded.



Results

A total of 45 studies were identified in which technical issues were reported in 15 (33%), diagnostic issues in 8 (18%), and 22 (49%) reported both. Key technical problems encompassed slide scan failure, prolonged time for pathologists to review cases, and a need for higher image resolution. Diagnostic challenges encountered were concerned with grading dysplasia, reliable assessment of mitoses, identification of microorganisms, and clearly defining the invasive front of tumors.



Conclusion

Despite technical advances with WSI technology, some critical concerns remain that need to be addressed to ensure trustworthy clinical diagnostic use. More focus on the quality of the pre-scanning phase and training of pathologists could help reduce the negative impact of WSI technical difficulties. WSI also seems to exacerbate specific diagnostic tasks that are already challenging among pathologists even when examining glass slides with conventional light microscopy.





Keywords: whole slide imaging, digital pathology, validation study, systematic (literature) reviews, artificial intelligence



Introduction

Virtual microscopy (VM) using digital whole slide imaging (WSI) is a technology by which glass slides in pathology are digitally scanned at high-resolution for viewing on a computer screen. Ever since WSI scanners first became commercially available around two decades ago, progress in the technology of these devices has continually improved their image resolution, image quality, slide throughput, end-user software tools, and integration with laboratory information systems (1). Applications of WSI for clinical (e.g. telepathology, quantitative image analysis) and non-clinical (e.g. education and research) have markedly increased (2–6). Ample literature has been published demonstrating excellent concordance between utilizing WSI versus glass slides with traditional light microscopy (LM) to render diagnoses (7, 8). Nevertheless prior to implementing WSI for diagnostic use in clinical practice, several associations have recommended that such technology be validated by pathology laboratories for their intended use (9). Recently, the College of American Pathologists (CAP) updated their guideline providing recommendations for validating WSI for primary diagnosis (10). The validation process should “stress test” the WSI system in the appropriate clinical environment in order to assess that it allows pathologists to accurately diagnose cases, at least at the same level of accuracy as LM, and to identify and control for potential interfering artifacts or technological risks that could impair patient safety (10, 11).

Whilst published validation studies have largely focused on the success of WSI for specific clinical use cases, some of the “negative issues” that were encountered including technical failures or particular diagnostic difficulties were often under-reported. Furthermore, only few systematic analyses on this topic devoted to the tribulations of employing WSI in clinical practice have been performed. In the literature review undertaken by Goacher et al. from 2017, for example, the authors reported that there was in fact a slower time to diagnosis when using WSI compared with LM (7). The aim of this study was to systematically review the literature of published validation studies that evaluated the feasibility of WSI for diagnostic clinical use in pathology, recording and subsequently analyzing any technical and/or diagnostic problems encountered.



Material and Methods

A systematic review of the literature was conducted according to the guideline for Preferred Reporting Items for a Systematic Review and Meta-Analysis (12).

Electronic searches were carried out in the databases PubMed-MEDLINE and Embase until the 5th of December, 2021. No study type filters were used nor language restriction applied. References listed in all identified studies were also hand-searched to retrieve potential additional studies. Initial screening of articles by title/abstract was performed with the aid of the online systematic review web-app QRCI (13). Eligibility of published studies was determined independently by two reviewers with disagreement resolved through consensus. Inclusion criteria included the details of a validation study with a series of surgical pathology cases assessed with WSI and with LM, not only reporting concordance data but also noting any negative issues encountered during the validation process. Studies represented only by abstracts were excluded, as were reviews and published letters to the editor with no original data. Data extracted included: authors, year published, country of study, number and type of cases selected, critical issues reported divided ac-cording to issues pertaining to diagnostic and technical problems. Specific technical problems searched for included slide scan failures, delayed scan time, and difficulties related to viewing and navigating digital slides.



Results

The search strategy identified a total of 1560 records, with only 45 suitable articles finally included in our analysis (Figure 1). Publication dates ranged from 2007 to 2021. Twenty (45%) of the included studies were from North American countries, nineteen (42%) were from European countries and six (13%) were from non-European and non-North American countries. In more than half of the included studies (n=24, 57%) the participating pathologists were experienced in digital pathology. The length of the washout period between LM and WSI diagnosis ranged from 7 days to 2 years, but 13 studies did not report any washout time. The number of cases in the included studies varied from 23 to 3222. Twenty-two studies included cases from various pathology subspecialties, while 23 selected a specific diagnostic field. The majority of Authors used Aperio scanners (n=18, 40%), followed by Ventana scanners (n=6, 13%), NanoZoomer (n=5, 11%), MIRAMAX (n=3, 7%), Philips (n=3, 7%), Pannoramic (n=2, 4%), DHistech (n=2, 4%), NAVIGO (n=1, 3%), Grandium Ocus (n=1, 1%), and OMYX (n=1, 3%). Twelve of the viewer systems used in these studies were APERIO (26%), 5 Ventana (11%), 3 Leica (7%), 3 DHistech (7%), 3 Philips (7%), 2 PathXL (4%), 2 Pannoramic (4%), 1 OMYX (3%), 1 Grandium Ocus (3%), and 1 CaloPix (3%). Only one study tested the use of tablets, specifically the iPad (14). Only one study tested the use of tablets, specifically the iPad (14).




Figure 1 | Search flow diagram. The diagram was designed according to the template of the PRISMA flow diagram from Page et al. (12) available at the PRISMA website (www.prismastatement.org).



In order to summarize the pitfalls documented in the various validation studies, we categorized all the discordances into two main groups: technical issues and diagnostic issues (Table 1).


Table 1 | Characteristics of technical and diagnostic issues of the included studies.




Technical Issues

Sixteen (36%) studies reported about technical issues only, eight (18%) reported on diagnostic issues only, and 21 (46%) reported both on technical and diagnostic issue. Among the technical issues described, nine studies (20%) reported failures in scanning glass slides, 19 studies (42%) considered WSI more time consuming than LM, and nine studies (20%) reported specifically the need for higher magnification (better image resolution) with WSI to more easily view and navigate cases. Other technical issues reported were: lack of focus (n=8, 18%), suboptimal navigation tools (n=2, 4%), need for polarization (n=2, 4%), and lack of adequate color fidelity for special stain or immunohistochemical staining (n=3, 7%). In addition, some validation studies (n=7, 15%) reported difficulty related to image storage.



Diagnostic Issues

Concerning diagnostic issues when using WSI, in eight studies (18%) grading of dysplasia represented the most common problem encountered. Furthermore, six (13%) studies re-ported challenges in assessing mitotic count, four (9%) studies reported general misdiagnosis, while three (7%) studies reported discordant diagnoses related to the identification of microorganisms. In three (7%) studies the authors mentioned there was lack of diagnostic confidence, and in two (4%) that pathologists experienced difficulty interpreting the invasive component of tumors.

The characteristics of each of the included studies are extensively detailed in Supplementary Table S1.




Discussion

Digital pathology has been increasingly deployed in many institutions (15, 16). Nevertheless, problems encountered when using WSI for routine pathology diagnosis still remain. A critical appraisal of such issues is important to understand and hopefully re-solve. Our systematic review identified 45 articles that specifically reported problems experienced with WSI usage for primary diagnosis during a validation process.

As expected, technical issues when validating WSI were the most frequently reported. The most commonly mentioned technical issue involved scan failures with the need for re-scan slides and the consequent prolonging of turn-around-time (TAT). When combined with the reported experience by participating pathologists that it took them longer to evaluate digital slides in order to establish a diagnosis, switching to WSI for primary diagnosis has the potential to delay TAT. This drawback would need to be offset by some of the other workflow benefits of digital pathology such as decreased time for slide distribution, quicker archival image retrieval, in addition to ensuring faster network connections, better workstations and improved viewing software.

Newer scanners with higher throughput capacity and reduced image acquisition time have further helped overcome TAT issues. The quality of pre-imaging factors can also help re-duce the aforementioned limitation of delayed TAT. For example, striving to produce uniform histological sections without folds and clean, dry slides without artifacts such as air bubbles are important to reduce the probability of scan failures. Such pre-imaging measures are especially important for the digitization of cytology slides (17, 18), where thick smears, three dimensional cell groups and obscuring material make it harder for scanners without z-stacking capability to achieve optimal focus. For some studies, the technical difficulty noted when viewing digital slides was related to the monitor and input device (specifically, computer mouse) used. Hanna et al. (19) suggested trying different input devices instead of a conventional mouse to circumvent problems with digital slide navigation. Similarly, Brunelli et al. (14) tested the use of a tablet to improve WSI navigation. Although a validation study should not suffice for official training of end-users, spending more time training pathologists to better use WSI and allowing them to become more familiar with this technology can certainly improve their ease with utilizing WSI. Alassiri et al. (20) showed that at the beginning of their validation study participating pathologists were slow-er in assessing cases with WSI, but by the end of their validation process they experienced no notable time difference when reading cases with either WSI or LM modalities.

The other important category of shortcomings with WSI that emerged in published validation studies was concerned with performing certain challenging diagnostic tasks. The most frequently reported were misinterpretation regarding grading of dysplasia, in a variety of settings including gastrointestinal biopsies (21–23) and melanocytes atypia (24). Such errors were related to both downgrading or upgrading lesions (25–30). Apart from the cited discordance related to interpreting gastrointestinal dysplasia, other challenging diagnostic areas that were reported in validation studies included urothelial dysplasia, cervical dysplasia, grading of ovarian and endometrial cancers, in situ lesions of the breast, and brain pathology. However, in most studies, especially the most recent publications, overall diagnostic concordance was above the cutoff of 95% recommended in the CAP guidelines for WSI vali-dation, and discordances with a potential impact on clinical management were often lower than 3% (8, 10, 21, 29–31). Another frequently reported area of discordance, as well source of dissatisfaction among pathologists, when using WSI relates to counting mitoses, such as is required in grading meningiomas (32) or breast carcinoma (33, 34) or when diagnosing malignancy in a melanocytic lesion (35). Other less frequently reported. but still relevant, reported diagnostic difficulties with WSI were the detection of microorganisms (19), discriminating single inflammatory cell types in dermatopathology and hematopathology (24, 36–38), assessment of tumor budding and tumor pattern of invasion in colon cancer (39), and overestimation of steatosis and fibrosis in liver cases (40). In general, pathologists reported lower diagnostic confidence when signing out with WSI. Similar considerations have also been observed in the setting of pediatric pathology (41), where WSI showed to be at least as reliable as LM, fully satisfying the CAP guidelines. Even in this setting the few reported discrepancies concerned subtle morphological features, such as identification of Candida spores and hypha, likely linked to the difficult of the case rather than to the classic or digital method of evaluation of the slides. Many of these diagnostic concerns are being addressed with improvements in WSI technology (e.g. incorporating higher resolution cameras and objectives into scanners) and leveraging artificial intelligence (AI) to apply algorithms for specific (narrow) tasks such as counting mitoses, screening slides for microorganisms, and standardizing the grading of dysplasia or cancer. Development and deployment of these technologies are foreseeably going to increase in the near future, further allowing pathologists to benefit from digital supports to proficiently reach proper histological diagnoses for both adults and pediatric patients.

Additional collateral problems were also reported in published validation studies, which were mainly of a technical and institution’s organizational nature. Some authors reported problems related to the storage of WSI cases, given the huge size of WSI files and consequent high demand this has on information technology (IT) infra-structure for image management (31, 37, 42, 43). Lastly, Ordi et al. (44) and Al-Janabi et al. (43) reported about the cultural barrier of pathologists, including their concerns about legal is-sues and resistant mindset to accept WSI over more familiar LM for routine primary diagnosis. However, since then we have witnessed increased regulatory approval of WSI solutions, such as clearances issued by the Food and Drug Administration (FDA) in the USA (45, 46) for primary diagnosis which has helped increase overall confidence in the adoption of WSI. Moreover, with the rapid shift experienced towards using digital pathology to permit re-mote signing-out during the Coronavirus Disease 2019 (COVID-19) pandemic many pre-pandemic skeptics have since been convinced about the value of digital pathology (47).



Conclusions

Digital pathology with WSI is nowadays a reality in many laboratories, but there are still some negative aspects that may restrain an even wider spread adoption of WSI. When reviewing the literature for validation studies highlighting these conflicting aspects, we found both some technical and diagnostic critical issues still remain of concern. The majority of technical points could be reasonably overcome by further improvement of technology and dedicated training of pathologists. Likewise, the diagnostic issues are mainly represented by subtle tasks which yield per se an unsatisfactory reproducibility among pathologists with conventional glass slides as well. In the near future, the development of dedicated and more objective AI tools could be of aid to further support pathologists in reducing the gap between LM and WSI in order to increase the efficiency of the diagnostic process and ultimately improve patients’ management and care.
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Background

This study aimed to conduct a comparative analysis of the survival rates after segmentectomy, wedge resection, or lobectomy in patients with cStage IA lung squamous cell carcinoma (SCC).



Methods

We enrolled 4,316 patients who had cStage IA lung SCC from the Surveillance, Epidemiology, and End Results (SEER) database. The Cox proportional hazards model was conducted to recognize the potential risk factors for overall survival (OS) and lung cancer-specific survival (LCSS). To eliminate potential biases of included patients, the propensity score matching (PSM) method was used. OS and LCSS rates were compared among three groups stratified according to tumor size.



Results

Kaplan–Meier analyses revealed no statistical differences in the rates of OS and LCSS between wedge resection (WR) and segmentectomy (SG) groups for patients who had cStage IA cancers. In patients with tumors ≤ 1 cm, LCSS favored lobectomy (Lob) compared to segmentectomy (SG), but a similar survival rate was obtained for wedge resection (WR) and lobectomy (Lob). For patients with tumors sized 1.1 to 2 cm, lobectomy had improved OS and LCSS rates compared to the segmentectomy or wedge resection groups, with the exception of a similar OS rate for lobectomy and segmentectomy. For tumors sized 2.1 to 3 cm, lobectomy had a higher rate of OS or LCSS than wedge resection or segmentectomy, except that lobectomy conferred a similar LCSS rate compared to segmentectomy. Multivariable analyses showed that patients aged ≥75 and tumor sizes of >2 to ≤3 cm were potential risk factors for OS and LCSS, while lobectomy and first malignant primary indicator were considered protective factors. The Cox proportional analysis also confirmed that male patients aged ≥65 to <75 were independent prognostic factors that are indicative of a worse OS rate.



Conclusions

The tumor size can influence the surgical procedure recommended for individuals with cStage IA lung SCC. For patients with tumors ≤1 cm, lobectomy is the recommended approach, and wedge resection or segmentectomy might be an alternative for those who cannot tolerate lobectomy if adequate surgical margin is achievable and enough nodes are sampled. For tumors >1 to ≤3 cm, lobectomy showed better survival outcomes than sublobar resection. Our findings require further validation by randomized controlled trial (RCT) or other evidence.
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Introduction

Lung cancer is the leading cause of cancer-related mortality worldwide, with non-small cell lung cancer (NSCLC) accounting for over 85% of cases (1). As one of the major pathological types of NSCLC, squamous cell carcinoma (SCC) accounts for about 30% (2). With the increasing use of low-dose helical computed tomography (CT) and high-resolution CT (HRCT) for lung cancer screening and diagnosis, a growing number of patients are diagnosed earlier (3, 4), the majority of whom are non-smokers with small-sized peripheral lung adenocarcinomas (ADCs). Meanwhile, the number of patients with early-stage SCC is also increasing gradually (5).

For early-stage NSCLC, stereotactic ablative radiotherapy (SBRT) does not achieve surgically equivalent oncological outcomes (6) and is recommended for patients who are medically inappropriate for surgery (7). Surgery is still regarded to be the mainstay treatment for patients with early-stage NSCLCs (8, 9). Lobectomy plus lymph node removal has been acknowledged as standard treatment for stage I NSCLC since the randomized controlled trials (RCTs) conducted by the Lung Cancer Study Group in 1995 (10). Additionally, lobectomy not only has lower regional and distant recurrence rates, but also has better survival outcomes compared with wedge resection or segmentectomy in stage I NSCLC (11). However, patients who cannot undergo lobectomy due to old age, poor lung function, or other preoperative comorbidities often need to undergo a limited resection instead (12–14). Currently, wedge resection (WR) and segmentectomy (SG) have become important treatment strategies for patients with stage IA NSCLCs (14, 15). Moreover, segmentectomy is widely used in small-sized NSCLC tumors (16, 17) and has been reported to achieve similar long-term survival benefits as patients that received lobectomy (15, 18).

Several studies have investigated the appropriate surgical procedures for early-stage lung ADC (19) and NSCLC. However, no specific research comparing the survival outcomes of segmentectomy, wedge resection, and lobectomy in patients with cStage IA SCCs is currently available. To that end, we utilized the SEER database to analyze and compare the survival rates of patients with cStage IA SCC receiving different treatment approaches to provide more insight into the optimal surgical strategy for cStage IA SCC based on tumor size.



Methods


Patient population

The patients in this research were extracted from the Surveillance, Epidemiology, and End Results (SEER) database, a population-based cancer database that provides information on cancer incidence in 18 registries of the United States and covers about 30% of the population. We identified all individuals with cStage IA (T1N0M0) lung SCC (SEER codes 8052, 8070–8075, 8083, 8084, and 8123) who were verified by pathology and had undergone wedge resection, segmentectomy, or lobectomy (SEER codes were 21, 22, and 30 to 33, respectively) from January 2010 to December 2015. Patients were not eligible if they had received chemotherapy or radiation prior to, during, or after the surgical treatment or if the baseline characteristics were unknown.

In this retrospective study, the information of demography (age, gender, marital status, and race), characteristics of the tumor (primary site, laterality, differentiation, and size), treatment (surgical procedure, chemotherapy, and radiotherapy), the cause of death, and first malignant primary indicator were collected from the SEER database. Based on the surgical approach received, patients were separated into three groups: wedge resection (WR), segmentectomy (SG), and lobectomy (Lob).



Outcomes

We defined overall survival (OS) and lung cancer-specific survival (LCSS) using the codes provided by the SEER database. The OS rate was the primary endpoint in our research. This was calculated from the surgery date to the date of the patient’s death from any cause or last follow-up. The secondary endpoint was the LCSS rate, which was calculated from the surgery date to the date of death due to lung cancer. The last follow-up date was 31 December 2018 (time range from 1 to 107 months).



Statistical analysis

The categorical variables were compared using Pearson’s χ2 test for baseline characteristics. Cox proportional hazards regressions model were performed to identify the potential and independent risk factors affecting the rates of OS and LCSS for cStage IA SCC patients. We divided the eligible patients into three groups according to the surgical approach, namely, lobectomy (Lob), segmentectomy (SG), and wedge resection (WR). According to different outcome events (patient death or loss to follow-up and patient death due to lung cancer) of patients, we performed univariate and multivariate Cox regression analysis to screen out the independent risk factors influencing the OS and LCSS. Significant variables in multivariate analysis were independent risk factors affecting the prognosis of patients. The variables affecting the OS of patients were age, gender, tumor size, surgical method, and first malignant primary indicator, and the variables affecting LCSS of patients were age, tumor size, surgical method, and first malignant primary indicator. Combining the differences in patients’ baseline characteristics and clinical practice, we defined age, gender, the laterality of the tumor, the lobe of the tumor, and first malignant primary indicator as variables used in propensity score matching (PSM).

PSM methods were applied to minimize the potential biases in the basic features between the cases and controls. The patients were separated into three strata according to tumor size (≤1.0 cm, 1.1 to 2.0 cm, and 2.1 to 3.0 cm), and in each stratum, three groups of patients who underwent different surgeries were separately matched in a ratio of 1:1. For example, for individuals with tumors smaller than 1 cm and the outcome event of death or loss to follow-up, 1:1 PSM was performed for segmentectomy versus wedge resection, segmentectomy versus lobectomy, and wedge resection versus lobectomy group, respectively.

The Kaplan–Meier method was used to analyze and compare the rates of OS and LCSS among patients with cStage IA lung SCC of 1 cm or smaller, 1.1 to 2.0 cm, and 2.1 to 3.0 cm receiving segmentectomy, wedge resection, or lobectomy in both the entire cohort and the cohort after PSM.

For statistical results, IBM SPSS 26.0 (SPSS, Inc, Chicago, IL) was used for all analyses, and GraphPad Prism 9.0 (GraphPad Software, San Diego, CA) was used to draw the survival curve. The reported significance levels were two-sided, and statistical significance was defined as the value of p ≤ 0.05.




Results


Patient characteristics

A total of 4,316 eligible patients with cStage IA lung SCC (≤3 cm) were identified, namely, 254 (5.9%) who received segmentectomy, 1,085 (25.1%) who underwent wedge resection, and 2,977 (69.0%) who had a lobectomy. The median follow-up time was 50.5 months for the entire cohort, 47 months for segmentectomy, 45 months for wedge resection, and 53 months for lobectomy. A total of 2,052 patients died [141 (6.9%) from segmentectomy, 619 (30.1%) from the wedge resection, and 1,292 (63.0%) from the lobectomy groups] and 927 patients suffered from lung cancer-specific deaths [65 (7.0%) from the segmentectomy, 300 (32.4%) from the wedge resection, and 562 (60.6%) from the lobectomy groups].

Our research revealed that sublobar resection (wedge resection or segmentectomy) was operated in patients who were more elderly or had a smaller tumor size, especially if the tumor is ≤2.0 cm. When a patient had only one primary malignant neoplasm, lobectomy or segmentectomy was more likely to be performed. Table 1 demonstrates the baseline characteristics of the primary cohort.


Table 1 | Baseline characteristics of patients with stage IA squamous cell lung cancer.





Tumors ≤ 1.0 cm

We identified 497 patients with cStage IA lung SCC with a tumor size of 1.0 cm or smaller. Thirty-six (7.2%) of them underwent segmentectomy, 216 (43.5%) received wedge resection, and 245 (49.3%) had their lobe removed. The median follow-up time was 52 months. OS analysis revealed that the unmatched and propensity-matched results showed no statistical differences in the OS rates among the three treatment groups (Figure 1). On the other hand, LCSS analysis revealed that lobectomy achieved a better LCSS than segmentectomy or wedge resection in the unmatched cohort. Interestingly, lobectomy still showed a better LCSS rate when compared with segmentectomy in the matched cohort. However, there was no statistical difference between lobectomy and wedge resection (Figure 2). 




Figure 1 | Kaplan–Meier survival curves of overall survival for tumors of ≤1.0 cm in the primary cohort (A) and the propensity score-matched cohort: (B) SG versus WR (n = 36 pairs), (C) SG versus Lob (n = 36 pairs), and (D) WR versus Lob (n = 193 pairs).






Figure 2 | Kaplan–Meier survival curves of lung cancer-specific survival for tumors of ≤1.0 cm in the primary cohort (A) and the propensity score-matched cohort: (B) SG versus WR (n = 36 pairs), (C) SG versus Lob (n = 36 pairs), and (D) WR versus Lob (n = 193 pairs).





Tumors sized 1.1 to 2.0 cm

There were 2,183 patients with cStage IA lung SCC with tumor sizes ranging from 1.1 to 2.0 cm. A total of 1,429 (65.5%) patients received lobectomy, 615 (28.2%) underwent wedge resection, and 139 (6.4%) had a segmentectomy. The median follow-up time was 52 months.

In both unmatched and matched cohorts, lobectomy was found to be superior to segmentectomy or wedge resection in terms of OS (Figure 3). Meanwhile, LCSS analysis showed that lobectomy was better than segmentectomy or wedge resection in the unmatched cohort. In contrast, lobectomy and segmentectomy displayed no significant difference in the matched cohort (Figure 4).




Figure 3 | Kaplan–Meier survival curves of overall survival for tumors from 1.1 to 2.0 cm in the primary cohort (A) and propensity score-matched cohort: (B) SG versus WR (n = 139 pairs), (C) SG versus Lob (n = 138 pairs), and (D) WR versus Lob (n = 598 pairs).






Figure 4 | Kaplan–Meier survival curves of lung cancer-specific survival for tumors from 1.1 to 2.0 cm in the primary cohort (A) and the propensity score-matched cohort: (B) SG versus WR (n = 139 pairs), (C) SG versus Lob (n = 138 pairs), and (D) WR versus Lob (n = 598 pairs).





Tumors sized 2.1 to 3.0 cm

A total of 1,636 patients were identified with cStage IA lung SCC with a tumor size of 2.1 to 3.0 cm who underwent segmentectomy (79; 4.8%), wedge resection (254; 15.5%), or lobectomy (1,303; 79.6%). The median follow-up time was 48.5 months. OS analysis revealed that segmentectomy was associated with a superior OS compared to wedge resection but had an inferior OS rate in comparison to lobectomy in the unmatched cohort. Similarly, a better OS rate was observed for those patients who had undergone a lobectomy rather than a wedge resection in the matched cohorts (Figure 5). Importantly, lobectomy had a better LCSS rate than wedge resection in both unmatched and matched cohorts. In addition, lobectomy achieved a better LCSS than segmentectomy in the matched cohorts (Figure 6).




Figure 5 | Kaplan–Meier survival curves of overall survival for tumors from 2.1 to 3.0 cm in the primary cohort (A) and the propensity score-matched cohort: (B) SG versus WR (n = 77 pairs), (C) SG versus Lob (n = 78 pairs), and (D) WR versus Lob (n = 253 pairs).






Figure 6 | Kaplan–Meier survival curves of lung cancer-specific survival for tumors from 2.1 to 3.0 cm in the primary cohort (A) and the propensity score-matched cohort: (B) SG versus WR (n = 77 pairs), (C) SG versus Lob (n = 78 pairs), and (D) WR versus Lob (n = 253 pairs).





Cox regression analysis

We used the Cox proportional hazards regressions model to identify the potential risk factors correlating with OS and LCSS in cStage IA SCC patients (Table 2). Univariate Cox regression analysis showed that age, surgical procedure, tumor size, and first malignant primary indicator were significantly correlated with OS and LCSS. Moreover, OS was also found to be associated with gender.


Table 2 | Cox proportional hazards regression model for overall survival and lung cancer-specific survival in patients with stage IA squamous cell lung cancer.



Furthermore, all variables with a p-value less than 0.05 were included in the multivariate analysis. We found that patients aged ≥ 75 with a tumor size of >2.0 to ≤3.0 cm were negatively correlated to OS and LCSS, while the lobectomy and first malignant primary indicator were considered to be protective factors. Additionally, we found that the male gender and those aged ≥65 to <75 were independent factors for poor OS while there was no statistical significance for cancer-specific survival.




Discussion

The Lung Cancer Study Group reported that lobectomy could achieve a better OS and lower local recurrence rate than sublobar resection in the treatment of stage I NSCLC after a randomized prospective multi-institutional controlled trial in 1995 (10). Since then, lobectomy with lymph node dissection has been implemented as the standard for resectable early-stage NSCLC (8, 20). However, with the recent improvements in screening methods and surgical techniques, there is a growing body of evidence showing that sublobar resection is comparable to lobectomy in terms of surgical outcomes.

Dai et al. and Cao et al. previously corroborated on the use of the recommended surgical option for early-stage NSCLC based on tumor size (15, 18). However, they found that the SCC subtype showed significant differences in terms of clinicopathological and genetic features compared to the ADC subtype, showing a worse clinical outcome for early-stage lung cancer patients (21). Moreover, Li et al. found that segmentectomy was superior to wedge resection in patients with stage IA SCC, but the prognosis of wedge resection and segmentectomy were roughly equivalent in stage IA ADC patients (22). Several studies have been carried out to determine the appropriate surgical approach for small-sized SCC. For instance, Chen et al. compared the survival rate after patients with stage I lung SCC with a tumor size ≤ 3 cm received sublobar resection or lobectomy (23). Herein, we attempted to investigate the effectiveness of three surgical approaches (segmentectomy, wedge resection, and lobectomy) in cStage IA SCC. Importantly, we included a larger number of patients compared to Chen et al.’s study.

Previous studies have shown that patients with NSCLC benefit more from segmentectomy than wedge resection. For instance, Dai et al. concluded that segmentectomy is supposed to be suggested for NSCLC patients who are not candidates for lobectomy (15). Hou et al. found that segmentectomy achieved a better survival rate than wedge resection in stage I NSCLC (24). Additionally, Reveliotis et al. identified that segmentectomy is better than wedge resection on the aspects of the rates of regional recurrence and cancer-related mortality (25). However, there are also conflicting reports. Several retrospective studies reported that wedge resection might be ontologically equivalent to segmentectomy in patients with tumors ≤ 1 cm (18, 26). Moreover, a meta-analysis has identified that WR and SG might be comparable in select patients with early-stage lung cancer, especially for tumors sized 2 cm or smaller (27). In addition, a prospective randomized trial (ACOSOG Z4032) by Sybron Harrison et al. supported the view that wedge resection is comparable to segmentectomy (28). Our study analyzed the prognosis of segmentectomy versus wedge resection in cStage IA SCC patients on the basis of the eighth TNM classification. We found that the survival difference was not significant between segmentectomy and wedge resection for tumors of T1a (≤1 cm), T1b (>1 to 2 cm), and T1c (>2 to 3 cm) (29). In contrast, Li et al. discovered that segmentectomy outperformed wedge resection in terms of survival for patients with stage IA SCC (22), but their study sample was considerably smaller than ours, and no subgroup analysis of SCC stratified by tumor size was performed.

Lobectomy is commonly accepted as being better than wedge resection for patients with stage I NSCLC (30). In clinical practice, wedge resection is usually performed in patients with poor lung function or those with other comorbidities that might not be suitable for lobectomy (14). A study using the SEER database also reported that Lob showed better survival rates than WR for NSCLC of ≤ 2 cm (15). However, several studies suggested that no significant difference was found in survival outcome among patients with stage IA NSCLC sized ≤ 1 cm who underwent lobectomy and wedge resection (31, 32). Our study obtained the same result for cStage IA SCC ≤ 1 cm and identified that lobectomy was superior to wedge resection for cStage IA SCC > 1 to 3 cm.

As for segmentectomy versus lobectomy in cStage IA SCC ≤ 1 cm, patients showed similar OS, but lobectomy was superior to segmentectomy in terms of LCSS rate. This may be attributed to the intraoperative assessment of lymph node metastasis and adequate surgical margin (33). SG has adequate surgical margin to achieve a successful resection of peripheral small-sized SCC. However, for some nodules, standard segmentectomy cannot achieve a safe margin distance, which could result in a worse clinical outcome (34). Therefore, we recommend lobectomy as the surgical procedure for patients with cStage IA SCC ≤ 1 cm. For those who cannot tolerate lobectomy (advanced age, poor lung function, previous lung surgery, or other serious comorbidities), WR or SG might be the proper treatment under the premise of sufficient surgical margin and lymph node sampling.

The appropriate surgical procedures for stage IA NSCLC have been discussed in several papers. They discovered that for tumors measuring ≤ 1.0 cm and between 1.1 and 2.0 cm, lobectomy and segmentectomy have identical survival outcomes (18, 27). A meta-analysis has also suggested that segmentectomy was potentially feasible for NSCLC ≤ 2 cm (35). Results from a recently released Phase 3 clinical trial (JCOG0802/WJOG4607L) confirm the above conclusions (36). However, most of the patients included in JCOG0802 were peripheral ADCs. Whether this conclusion is suitable for small lung SCC remains to be investigated. Also, lobectomy is considered superior to segmentectomy for tumors sized between 2.1 and 3.0 cm (15, 18, 27). In our study, we found that lobectomy showed a better OS rate than segmentectomy for cStage IA SCC >1 to ≤2 cm, but not for those >2 to ≤3 cm. As for LCSS rate, there was no statistical difference for tumors >1 to ≤2 cm between lobectomy and segmentectomy. Patients with cStage IA SCC >2 to 3 cm may benefit from lobectomy with a lower risk of cancer-related death. In addition, lobectomy was superior to WR for cStage IA SCC >1 to 2 cm and >2 to 3 cm. Therefore, we conclude that for patients with cStage IA SCC sized >1 to 2 cm or >2 to ≤3 cm, the conventional surgical approach may still be lobectomy, while segmentectomy could be an alternative approach for those not suitable for lobectomy.

In the Cox proportional analysis, apart from surgical procedures, we also verified other independent prognostic factors in node-negative SCC. Our retrospective study showed that patients aged ≥65 and ≥75 are at higher risk for worse OS and LCSS, respectively. The male gender was revealed to be a risk factor correlated to the OS rate, while the LCSS rate was not significantly influenced by gender. Several studies also confirmed that age and gender were validated factors for predicting personal survival rate (37). Tumor size may correspond with the appropriate surgical procedure on those patients with early-stage SCC (18, 23). The results of our study revealed that a tumor size of >2 to ≤3 cm may pose a risk for OS and LCSS in comparison to those smaller than 2 cm, and that a lobectomy procedure was considered to be a protective factor for patients with cStage IA SCC sized >2 to ≤3 cm. In addition, one stage IA SCC individual with two or more histologically distinct malignancies had a worse OS and LCSS, while the first malignant primary indicator was found to be an independent factor synonymous with a good survival outcome.

Nevertheless, there are several limitations to our study. Firstly, this is a retrospective study, and all the data were collected from the SEER database. Although we attempted to balance the baseline characteristics of the patients using the propensity score-matched method, there are some inevitable inherent biases. Secondly, in some cases, where a total lobectomy is not feasible, wedge resection or segmentectomy may be an effective treatment, especially for elderly patients, those with severe impairments in lung function, or others (12–14). However, the comorbidities and pulmonary function data were not included in the SEER database. Thirdly, the SEER database did not provide tumor location data (central or peripheral). Sung Ye et al. previously uncovered that peripheral SCC has different clinicopathological and genetic features compared to the central type (38), showing a significantly better disease-free survival (DFS) and OS (39). Lastly, the SEER database did not provide other important information, such as detailed surgical records (open or minimally invasive, intentional segmentectomy or not, lymph node sampling or mediastinal lymph node dissection) and imaging appearance of tumor (the imaging size of the tumor, solid component proportion), to name a few.



Conclusion

In conclusion, for patients with cStage IA SCC sized ≤ 1 cm, lobectomy is more advantageous in improving their cancer-specific survival and may be the standard procedure. WR and SG are found to be comparable in terms of OS and recommended for those who cannot tolerate lobectomy. For tumors >1 to ≤2 cm or >2 to ≤3 cm, our study revealed that lobectomy showed better survival outcomes compared to sublobar resection. Therefore, lobectomy is supposed to be performed for those patients, while segmentectomy may be an adequate alternative. The conclusions in this article still need more evidence to be further confirmed. For example, RCTs on cStage IA SCC, or PSM with more treatment details may lead to more convincing conclusions.
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Background: Colorectal cancer (CRC) is one of the most common malignant tumors with recurrence and metastasis after surgical resection. This study aimed to identify the physiological changes after surgery and explore metabolites and metabolic pathways with potential prognostic value for CRC.



Methods: An ultra-high-performance liquid chromatography Q-exactive mass spectrometry was used to profile serum metabolites from 67 CRC patients and 50 healthy volunteers. Principal component analysis (PCA) and orthogonal projections to latent structures-discriminant analysis were used to distinguish the internal characteristics of data in different groups. Multivariate statistics were compiled to screen the significant metabolites and metabolic pathways.



Result: A total of 180 metabolites were detected. Under the conditions of variable importance in projection >1 and p-value <0.05, 46 differentially expressed metabolites were screened for further pathway enrichment analysis. Based on the Kyoto Encyclopedia of Genes and Genomes database and Small Molecule Pathway Database, three metabolic pathways—arginine and proline metabolism, ascorbate and aldarate metabolism, and phenylalanine metabolism—were significantly altered after surgical resection and identified as associated with the removal of CRC. Notably, gamma-linolenic acid was upregulated in the CRC preoperative patients compared with those in healthy volunteers but returned to healthy levels after surgery.



Conclusion: Through serum-based metabolomics, our study demonstrated the differential metabolic characteristics in CRC patients after surgery compared with those before surgery. Our results suggested that metabonomic analysis may be a powerful method for exploring physiological alterations in CRC patients after surgery as well as a useful tool for identifying candidate biomarkers and monitoring disease recurrence.



KEYWORDS
colorectal cancer, metabolomic profiling, tumorectomy, gamma-linolenic acid (GLA), proline, ascorbate, phenylalanine





Introduction

Colorectal cancer (CRC) ranks third among malignant tumors and second among the leading causes of cancer-related deaths worldwide (1). Despite the great advances in early detection and multimodality therapy for CRC (2), the outcome of patients with advanced tumors is still not satisfactory. Distant metastasis and recurrence are the major causes of death in patients with CRC (3). Therefore, there is an urgent need to better understand the underlying mechanisms of CRC occurrence and progression and to explore more effective interventions to prevent CRC recurrence.

Previous studies have shown that metabolic disorders contribute to the formation of a protumorigenic environment and are associated with the risk of CRC (4). Metabolomics, as a branch of systems biology following genomics, transcriptomics, and proteomics, was established to detect and analyze the profiling of metabolites in biofluids, cells, and tissues (5). Metabolomics is a technology used for identifying endogenous compounds as biomarkers in diseases and for unveiling potential mechanisms associated with disease processes (6). A variety of analytical platforms, including high-performance liquid chromatography/mass spectrometry (HPLC/MS), UPLC time-of-flight MS (UPLC-TOF-MS), and ultra-performance LC–MS (LC–MS), have been used to profile metabolites in various tumors by using tissue, urine, and serum samples (7, 8). A variety of metabolites, including tyrosine and glutamine–leucine, have been identified as biomarkers for the early diagnosis of CRC (9, 10). Our previous study also showed the important predictive role of hexadecanedioic acid, 4-dodecylbenzenesulfonic acid, 2-pyrocatechuic acid, and formylanthranilic acid in CRC patients by comparing serum differential metabolites between CRC patients and healthy controls (11).

Currently, surgical resection, including sufficient adjacent large intestine, mesentery, nearby lymph nodes, and blood vessels, is still the mainstay treatment for CRC patients (12). However, there are few studies exploring the changes in the serum metabolite profiles before and after surgery for patients with CRC. The metabolic impact of radical tumor resection on CRC patients remains unknown. In addition, there is still a lack of effective biomarkers for monitoring tumor recurrence after surgery. In our study, metabolomic technology based on ultra-high-performance liquid chromatography (UHPLC) was used to analyze the metabolic differences in the serum of CRC patients before and after radical surgical resection. The identification of affected metabolites and metabolic pathways may reveal the metabolic alterations associated with radical resection of colorectal tumors, providing insights into the comprehensive physiological changes associated with radical resection for CRC and improving guidelines for postoperative care, which may offer new methods for predicting the prognosis of surgical resection in CRC patients.



Materials and methods


Participants

The inclusion criteria for the healthy control group were healthy adults aged 18–80 years without any forms of cancer. Patients were included in the CRC group of this research if they met the following inclusion criteria: those who were 18–80 years old, had a definite diagnosis of carcinoma by biopsy pathology through colonoscopy or proctoscopy, successfully underwent radical resection of CRC, and had provided informed consent to participate in the study.

Patients who met the following conditions were excluded: those who had any other malignancy; had chronic renal failure; had human immunodeficiency virus infection or metabolic diseases, such as diabetes, fatty liver and obesity; or declined to participate.

A total of 50 healthy volunteers and 67 CRC patients were recruited for this study at the Peking Union Medical College Hospital between 2019 and 2021. All 67 CRC patients underwent radical resection of CRC by the same experienced surgical team. Information on the clinical characteristics of the patients, namely, sex, age, body mass index (BMI), level of serum carcinoma embryonic antigen (CEA), and histopathology classification, was collected and analyzed retrospectively. The research conformed to the Declaration of Helsinki and the guidelines of ethical standards. The research was reviewed and approved by the Ethics Committee of Peking Union Medical College Hospital. Signed informed consent was provided by all participants in this research.



Collection and preparation of samples

All blood samples were collected in the morning after fasting for 12 h, centrifuged at 3,000 rpm for 15 min at 4°C to separate the serum within 2 h, and preserved at −80°C for subsequent analysis. Blood samples of CRC patients were collected just before surgery and 1 week after the operation.

All serum samples were thawed at 4°C for approximately 1 h. Then, a 150 µl of serum was added to a 100 µl of freshly prepared internal standard solution and a 450 µl of precooled formaldehyde. The thoroughly mixed samples in a 2.0-ml Eppendorf tube were then centrifuged at 14,000 × g for 15 min at room temperature. The resulting supernatants were collected and dried in a centrifugal vacuum evaporator for 18 h.



Metabolomic analysis

The identification and quantitation of metabolites were performed by LC–MS/MS analyses using UHPLC on a Thermo Scientific UltiMate Dionex 3000 RSLC HPF system (Thermo Fisher Scientific, U.S.) with a UPLC BEH Amide column (2.1 mm × 100 mm, 1.7 µm) coupled to Q-Exactive Orbitrap (Thermo Fisher Scientific, USA). The instrument operated at a 60,000 resolution with a full mass scan ranging from 67 to 1,000 m/z. The mobile phase consisted of 25 mmol/L ammonium acetate plus an aqueous solution of 25 ammonia hydroxide (pH = 9.75) (A), and acetonitrile (B) was used to conduct chromatographic separation at 3 µl/min at 4°C.

Under the control of acquisition software (Xcalibur, Thermo Fisher Scientific), a QE HFX mass spectrometer was used to acquire MS/MS spectra in information-dependent acquisition (IDA) mode. The parameters are detailed as follows: sheath gas flow rate=30 Arb, aux gas flow rate=25 Arb, capillary temperature=350°C, full MS resolution=60,000, MS/MS resolution=7,500, and collision energy=10/30/60 in NCE mode. All the serum samples were complementarily analyzed in positive ion mode (+3.6 kV) and negative ion mode (−3.2 kV) in metabolic profiling studies. The metabolites were identified on the basis of a detected chromatographic peak with an associated retention time and a unique accurate m/z for UHPLC. MetaboScape 3.0 software was used for UHPLC data analyses including peak extraction, denoising, and normalization.



Statistical analysis

SIMCA software (V16.0.2, Sartorius Stedim Data Analytics AB, Umea, Sweden) was employed to perform logarithmic (LOG) and centralization (CTR) conversions on the data. Then, principal component analysis (PCA) and orthogonal projections to latent structures-discriminant analysis (OPLS-DA) were conducted to estimate the classification and validate grouping trends in different groups. A 200-iter permutation test for the OPLS-DA model was implemented to prevent overfitting. The intercept of R2 on the Y-axis was less than 0.4 and that of Q2 on the Y-axis was less than 0, indicating that the model was not overfitting with good robustness.

A paired t-test was conducted to compare the differences in metabolites between the pre- and postoperation groups. Differences in metabolites between CRC patients and healthy volunteers were compared with the unpaired Student's t-test. The VIP value represents the overall contribution and importance of each X-variable. A VIP value of <1 was considered significant. A p-value of <0.05 was considered statistically significant. MetaboAnalyst 4.0 (http://www.metaboanalyst.ca/MetaboAnalyst/) was used for pathway analysis and enrichment analysis based on the Kyoto Encyclopedia of Genes and Genomes (KEGG, http://www.genome.jp/kegg/) database and Small Molecule Pathway Database (SMPDB, http://smpdb.ca/) to further explore the metabolic pathways involved in the change in metabolites. iPath 3.0 (http://pathways.embl.de/) was used for the visualization of the crucial metabolites and significant metabolic pathways.




Results


Characteristics of participants

The population demographics and clinical characteristics of our study subjects are presented in Table 1, and these are sex, age, BMI value, level of serum CEA, and cancer location. The mean age was 60.79 years for patients with CRC and 61.52 years for controls (p = 0.648). There was also no difference in BMI or sex between CRC patients and healthy controls (p = 0.214, 0.88). In all 67 patients, the diagnosis of colon carcinoma was confirmed by a histopathological examination in 32 patients, and rectal carcinoma was confirmed in 35 patients. The mean value of CEA was 5.91 mmol/L for CRC patients.


TABLE 1 Clinical characteristics of the study population.
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Metabolic profiling of colorectal cancer patients

A total of 180 metabolites were detected by UHPLC. PCA and OPLS-DA were used to perform discriminative pattern recognition analysis for the metabolite data. PCA is an unsupervised projection method that converts a set of observed potentially correlated variables into linearly unrelated variables by orthogonal transformation. In our research, PCA revealed that the metabolomic characteristics between the pre- and postoperation groups were significantly different (Figure 1A). OPLS-DA score plots also displayed a well-distinguished and clustered pattern between pre- and postoperative patients (Figure 1B). The permutation test verified the validity of the OPLS-DA model with all permuted Q2 and R2 values lower than the original values, and the Q2 (cum) intercepted the Y-axis at −1.23 (Figure 1C).


[image: Figure 1]
FIGURE 1
(A) PCA was conducted between the preoperation group (blue dots) and postoperation group (purple dots). (B) The OPLS-DA model was constructed using data from 67 CRC patients' serum metabonomics before (blue) and after (purple) surgery. (C) The permutation test plot of OPLS-DA (green, the value of R2Y; blue, the value of Q2; permutation test with 200 times, a p value of CV-ANOVA < 0.01). PCA, principal component analysis; OPLS-DA, orthogonal projections to latent structures-discriminant analysis; CRC, colorectal cancer.




Identification of different metabolites

Based on the variable importance of the projection (VIP) threshold and p values in the paired-samples t-test for metabolites identified through the OPLS-DA model that we established, 46 differentially expressed metabolites were screened between pre- and postoperation groups with the criteria of VIP > 1 and p values <0.05. The log fold change values represent the difference between the two groups. Thirty-two metabolites with log fold change values <0 were downregulated, while 14 metabolites with log fold change values >0 were upregulated in postoperative patients compared with those in preoperative patients. The expression levels of these metabolites are presented in the heat map (Figure 2A). In addition, the correlations of these differentiated metabolites are declared by chord analysis in Figure 2B.


[image: Figure 2]
FIGURE 2
(A) The heat map for the 46 critical metabolites between the pre- and postoperation groups, including 32 downregulated metabolites and 14 upregulated metabolites. (B) The correlation network of the 46 differentially expressed metabolites.




Metabolic pathway analysis

Next, pathway analysis was conducted on the basis of the KEGG database for the differentially expressed metabolites. The metabolic pathways potentially associated with these 46 differential metabolites were screened and are presented in Table 2 and Figure 3A, including arginine and proline metabolism, ascorbate and aldarate metabolism, and phenylalanine metabolism (p = 0.0149, 0.0165, and 0.0256). In addition, the enrichment analysis module of MetaboAnalyst 4.0 based on the metabolite sets from SMPDB was used to strengthen the understanding of the altered metabolic pathways and validate the correlation of arginine and proline metabolism with radical resection of CRC (Figure 3B, Supplementary Table S1, p = 0.0272). The metabolic network of the differential metabolites and altered metabolic pathways in the KEGG general metabolic pathway map is shown in Figure 3C.


[image: Figure 3]
FIGURE 3
(A) Pathway analysis based on the KEGG database. (B) Enrichment analysis based on SMPDB. (C) Metabolic network of the crucial metabolites and significant metabolic pathways in the KEGG general metabolic pathway map. The following colored dots and lines denote the following: red dots, increased metabolites after surgery; blue dots, decreased metabolites after surgery; blue line, ascorbate and aldarate metabolism; yellow line, arginine and proline metabolism; green line, phenylalanine metabolism. KEGG, Kyoto Encyclopedia of Genes and Genomes; SMPDB, Small Molecule Pathway Database.



TABLE 2 Pathway analysis for the 46 critical metabolites based on KEGG.
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Identification of the significant metabolites in colorectal cancer

By combining the serum metabolites in the control group, we identified significantly altered metabolites for both the preoperative group vs. the postoperative group and the preoperative group vs. the control group. Interestingly, there was one metabolite, gamma-linolenic acid (GLA), which was evidently decreased in the preoperative CRC patients compared with that in healthy volunteers, and then returned to the healthy group level after the operation (Figure 4). Ultimately, we selectively compared the expression levels of metabolites involved in the metabolic pathways associated with radical resection of CRC. In the process of arginine and proline metabolism, l-arginine in the postoperation group was increased, while L-proline, cis-4-hydroxy-d-proline, and phosphocreatine in the postoperation group were decreased compared with those in the healthy control group. The serum levels of cis-4-hydroxy-d-proline and phosphocreatine in CRC patients before hydroxy were significantly lower than those in healthy volunteers. In the metabolic pathways of ascorbate and aldarate, the preoperative myo-orthosito was significantly lower than that of healthy volunteers and higher than that of postoperative patients, while the postoperative l-gulono-1,4-lactone was significantly higher than that of healthy volunteers without any difference between the preoperative and healthy groups. Among the phenylalanine metabolism pathways, the postoperative phenylpyruvate was increased, while postoperative hippurate was prominently decreased compared with that of healthy volunteers.


[image: Figure 4]
FIGURE 4
(A) Serum levels of GLA in healthy samples and preoperative and postoperative samples. (B) The expression levels of metabolites involved in the metabolic pathways associated with radical resection of CRC. GLA, gamma-linolenic acid. CRC, colorectal cancer. *p < 0.05. ns, not significant.





Discussion

In this study, we used UHPLC to conduct serum untargeted metabolomic analysis for CRC patients and revealed the characteristic differences in the metabolomic profiles in CRC patients before and after surgery. Furthermore, the significant metabolic pathways related to CRC were also identified.

Our results showed that the metabolic profiles of arginine and proline were significantly altered in the serum of patients before and after surgery, among which, l-proline, cis-4-hydroxy-d-proline, and cis-4-hydroxy-d-proline were significantly downregulated after surgery. However, l-arginine was upregulated after surgery. As a nonessential amino acid, proline is the only proteinogenic secondary amino acid with an α amino group within the pyrrolidine ring (13). Proline is an important product of glutamine, which can be converted to proline via pyrroline-5-carboxylate/glutamate-γ-semialdehyde (P5C/GSA) (14). Proline and P5C are interconvertibly catalyzed by proline dehydrogenase/proline oxidase (PRODH/POX) and PYCRs, which play a role in maintaining redox homeostasis between the cytosol and the mitochondria, and contribute to the recycling of cellular NAD(P)H to NAD(P). Recently, studies have focused on the conducive role of proline for metabolic reprogramming of cancer and its clinical significance (14–16). Two well-recognized oncogenes, namely, c-MYC and phosphoinositide 3-kinase (PI3K), robustly upregulate the proline biosynthetic pathway by increasing its enzymes (P5CS, PYCR1/2/L) (13). Meanwhile, proline catabolism involving PRODH/POX, which is regulated by P53, peroxisome proliferator-activated receptor γ (PPARγ), and AMP-activated protein kinase (AMPK), can also initiate ROS-mediated senescence, apoptosis, and autophagy in tumors. The process of proline synthesis has been demonstrated to be necessary for tumor cell growth, and an increased level of proline synthesis has been observed in breast metastatic cancer cells, melanoma cells, and ovarian cancer stem cells (14). In addition, in lung cancer cell lines expressing high levels of endogenous MYC and proline synthetic enzymes, a knockdown of proline enzymes or MYC could significantly inhibit tumor growth. Supplementation with proline or P5C partly rescued the decrease in proliferation induced by a knockdown of P5CS or PYCR1/2. A high expression of PYCR1 was also significantly associated with poor prognostic molecular subtypes of breast cancer, which is consistent with our results of downregulated proline levels post operation compared with that of the preoperative period. However, its underlying mechanisms remain unclear. Here, it deserves mention that, not necessarily due to the disruption of protein synthesis, the proline metabolic pathway also functions to regulate redox-dependent signaling through parametabolic mechanisms. In tumors, proline for protein synthesis is lower than that in adjacent normal tissues. On the other hand, proline is also indispensable for tumors to help manage stress during tumorigenic growth (13). This might explain why there were no differences in proline levels in our results between samples from preoperative patients and healthy people.

It is generally accepted that ascorbate has a potential therapeutic effect on tumors by generating sustainable ascorbate radical and H2O2 in extracellular fluid (17). However, the underlying mechanisms for the selective cytotoxicity to cancer cells but not to normal ascorbate cells are not well understood. Recent research showed that high-dose intravenous ascorbate as an adjuvant could improve chemosensitivity and relieve the toxicity of chemotherapy for ovarian cancer, which was related to an activation of the ATM/AMPK pathway and inhibition of mTOR signaling due to DNA damage and ATP depletion triggered by ascorbate-generated ROS (18). In addition, another study reported that some genes involved in ascorbate and aldarate metabolism were overexpressed in adenocarcinoma compared with those in normal tissues (19). It has also been reported that ascorbate and aldarate metabolism are significantly disordered in renal cell carcinoma (20). In CRC, intravenous ascorbate is associated with the inhibition of tumor glycolysis, thus advancing tumor regression and improving the tolerance and side effects of chemotherapy (21, 22). However, the impact of surgical resection of CRC tumors on ascorbate and aldarate metabolism has not been studied. We found that the levels of compounds involved in ascorbate and aldarate metabolism increased following surgery, which may play a potential role in inhibiting tumor recurrence and may be a potential factor that improves the prognosis of CRC.

We also noticed that phenylalanine metabolism changed after the operation. Previous studies have shown the significant differences in serum phenylalanine levels between gastroesophageal cancer patients and healthy volunteers, which may be accounted for by the dysfunction of phenylalanine hydroxylase activity in inflammatory or malignant disease states (23–25). In some tumors such as melanoma, hepatocarcinoma, leukemia, and breast cancer, lowering the serum levels of tyrosine and phenylalanine could inhibit the growth and metastases of tumors and improve the response to chemotherapy. A low tyrosine and phenylalanine diet might be correlated with the stabilization and regression of cancer (26). However, the underlying mechanism remains unclear. In our research, instead of serum levels of phenylalanine or tyrosine, significant changes in phenethylamine and hippurate levels were observed compared with those before surgery. Even so, we think the elevated phenylpyruvate levels can also indicate the reduced activity of phenylalanine hydroxylase in patients with CRC, which may suggest that it is necessary to control and monitor serum phenylalanine levels after surgery.

GLA, as a polyunsaturated fatty acid (PUFA), is an intermediate product in the process of linoleic acid (all cis-6,9-octadecadienoic acid) metabolism (27). Recently, GLA has gained importance due to its antifibrotic, anti-inflammatory, and tumoricidal properties with little or no side effects. Previous studies have reported that low GLA levels are associated with the progression of inflammatory breast cancer (28). In mammary gland carcinoma induced by 7,12-dimethylbenz (a) anthracene (DMBA), GLA has been proven to activate the mitochondrial-mediated death apoptosis pathway, regulate hypoxia-induced cell signaling, and decrease the synthesis of de novo fatty acids fatty acid to execute its antitumor effect by mediating the cholinergic anti-inflammatory pathway (29). In addition, GLA has been reported to decrease the expression of the metastasis-associated protein osteonectin (or SPARC) and increase the expression of metastasis suppressor genes to inhibit tumor metastasis. GLA could also decrease the β-catenin expression of Wnt/b-catenin signaling pathway to inhibit gastric cancer cell growth and EMT induced by hypoxia (30). Additionally, polyunsaturated fatty acids, including GLA, could induce an apoptosis of colon cancer cells (31). However, further research is needed to determine the impact of GLA on CRC and its underlying mechanism. In our results, the preoperative serum GLA levels of CRC patients were significantly lower than those of the normal control group, which is consistent with the tendency described in previous studies. Interestingly, we observed that postoperative serum GLA levels in CRC patients were significantly elevated and approached the preoperative level, highlighting the potential role of GLA as an effective biomarker for CRC to help predict prognosis following surgery and detect postoperative recurrence.

Although we found that CRC surgery resection could bring about changes in some metabolic pathways, including arginine and proline metabolism, phenylalanine metabolism, and ascorbate and aldarate metabolism, there is no evidence in serum metabolomics that surgery can reverse the metabolic reprogramming caused by CRC. In addition, limited by the sample size, we could not group tumors according to their clinical stage, which might have effects on serum metabolites. In future studies, larger sample sizes and longer follow-up periods are necessary to explore the metabolomic profile associated with CRC and confirm its prognostic value. Furthermore, metabolomic information from CRC patients with adjuvant chemotherapy is needed to analyze differences in the sensitivity of different metabolomic characteristics to chemotherapy and the target metabolites for adjuvant treatments.



Conclusion

In summary, our study established a serum metabolomic signature associated with CRC surgery resection and explored the physiological alterations in CRC patients after surgery. The results suggested that removal of the tumor may affect the metabolic profiling of organisms caused by CRC, which provides insights into the scheme for postoperative nutritional support and postoperative adjuvant therapy. In addition, we identified the diagnostic and prognostic value of GLA as a novel CRC effective biomarker that can monitor treatment efficacy and tumor recurrence.
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Background: Recent evidence suggests that enhancer RNAs (eRNAs) play key roles in cancers. Identification of immune-related eRNAs (ireRNAs) in melanoma can provide novel insights into the mechanisms underlying its genesis and progression, along with potential therapeutic targets.



Aim: To establish an ireRNA-related prognostic signature for melanoma and identify potential drug candidates.



Methods: The ireRNAs associated with the overall survival (OS-ireRNAs) of melanoma patients were screened using data from The Cancer Genome Atlas (TCGA) via WGCNA and univariate Cox analysis. A prognostic signature based on these OS-ireRNAs was then constructed by performing the least absolute shrinkage and selection operator (LASSO) Cox regression analysis. The immune landscape associated with the prognostic model was evaluated by the ESTIMATE algorithm and CIBERSORT method. Finally, the potential drug candidates for melanoma were screened through the cMap database.



Results: A total of 24 OS-ireRNAs were obtained, of which 7 ireRNAs were used to construct a prognostic signature. The ireRNAs-related signature performed well in predicting the overall survival (OS) of melanoma patients. The risk score of the established signature was further verified as an independent risk factor, and was associated with the unique tumor microenvironment in melanoma. We also identified several potential anti-cancer drugs for melanoma, of which corticosterone ranked first.



Conclusions: The ireRNA-related signature is an effective prognostic predictor and provides reliable information to better understand the mechanism of ireRNAs in the progression of melanoma.
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Introduction

Melanoma is the most aggressive form of skin cancer, responsible for 90% of skin cancer-related death (1). While complete surgical resection is curative for early melanoma, it is largely ineffective against the metastatic cancer (2). In addition, targeted therapies have also not been able to improve survival outcomes of patients with metastatic melanoma (3). Accurate assessment of melanoma prognosis is crucial to guide clinical decision-making. To date, there are no highly sensitive and accurate prognostic biomarkers for melanoma. Given this, identification of novel biomarkers with prognostic and therapeutic significance is urgently needed.

Currently, melanoma staging is based on the American Joint Committee on Cancer (AJCC) melanoma TNM staging system, and is used by clinicians to assess prognosis and establish a treatment regimen (4). However, this system has its shortcomings and cannot meet the need for precision medicine. To improve the accuracy in assessing the melanoma prognosis, we need more objective methods. Recent evidence is accumulating on promising biomarkers, including enhancer RNAs (eRNAs) (5, 6).

Enhancers are principal gene regulatory elements that control transcription of linked genes (7). Studies increasingly show that enhancers also transcribe long noncoding RNAs (lncRNAs), known as the enhancer RNAs or eRNAs (8, 9), that were initially considered as transcriptional by-products. However, emerging evidence supports that most eRNAs are not transcriptional byproducts and play crucial roles in transcriptional activation and regulation of chromatin modeling (10). Previous studies have shown their direct involvement in tumorigenesis of cancers (11). Bal et al. found that mutations located in transcribed sequences encoding eRNAs impaired enhancer activity and ACTRT1 expression, which was instrumental in the initiation of basal cell carcinoma (12). Furthermore, the eRNA AP001056.1 was reported to be associated with overall survival (OS) in patients with head and neck carcinoma (13). Together these findings reveal that eRNAs play crucial roles in cancers and could serve as potential therapeutic targets. Identifying eRNAs from active enhancers enabled us to understand deeper complexity of the transcription program in cancers. However, eRNAs with functional significance in melanoma remain largely elusive.

Compared to non-cutaneous melanoma, cutaneous melanoma has the highest genomic mutational load, which translates to increased immunogenicity (14) and potentially greater responsiveness to immunotherapies. In fact, antagonists of immune checkpoint molecules such as cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and programmed cell death protein 1 (PD-1) have been used for the treatment of unresectable or metastatic melanoma (15). However, a significant subset of melanoma patients are either unresponsive to these drugs or eventually develop resistance (16). Therefore, it is essential to explore the molecular mechanisms associated with melanoma genesis and immune evasion in order to identify more effective targets for immunotherapies. A recent study showed that eRNAs are involved in the activation of immune responses (17). Additionally, most causal variants in autoimmune diseases located in immune cell enhancers that produced eRNAs under immune stimulation (18). Zhang et al. found that the expression levels of immune checkpoints in cancer cells correlate with eRNAs (19). Although these findings strongly indicate a functional interaction between eRNAs and tumor immune, it remains to be ascertained whether it influences the genesis and progression of melanomas.

In the present study, we identified immune-related eRNAs (ireRNAs) with prognostic significance using The Cancer Genome Atlas (TCGA) database. Subsequently, a prognostic signature based on these ireRNAs was established and validated in two separate subsets, which showed a good performance in predicting the OS of patients with melanoma. We also explored the underlying mechanisms by performing functional enrichment analyses and assessing the characteristics of tumor immune in the high- and low-risk groups. Finally, we identified 1,309 potential drug candidates for melanoma using the Connectivity Map (cMap) database, of which corticosterone was ranked first (Supplementary Table S1).



Methods


Identification of survival-related immune genes

The RNA-Seq transcriptome data and corresponding clinical information regarding cutaneous melanoma were downloaded from the TCGA data portal (https://tcga-data.nci.nih.gov/tcga/). After excluding samples from patients lacking complete survival information, a total of 447 samples were included in this analysis. These samples were randomly divided into a training data set (n = 224) and testing set (n = 223) as 1:1 rate using “caret” R package. Meanwhile, 1,811 immune-related genes were acquired from the ImmPort database (http://www.immport.org). Weighted gene co-expression network analysis (WGCNA) was performed to identify the prognosis-related modules in cutaneous melanoma using the “WGCNA” R package. These genes in the module were identified as survival-related immune genes and incorporated in subsequent analyses. The flow diagram of the study is shown in Figure 1.


[image: Figure 1]
FIGURE 1
Flow diagram of the study.




Construction of the prognostic signature based on survival-related ireRNAs

A total of 1,580 eRNAs were identified in cutaneous melanoma using the PreSTIGE algorithm as previously described (20), and the ireRNAs were further screened using correlation analysis with correlation coefficient >0.4 and P-value <0.05 as the thresholds (21). After performing univariate Cox regression analysis, those ireRNAs with P-value of <0.05 were identified as OS-associated ireRNAs (OS-ireRNAs) and included subsequent analysis. The ireRNAs with the highest correlation to OS were then screened by least absolute shrinkage and selection operator (LASSO) analysis according to the optimal penalty parameter (λ) value determined by 10-round cross-validation. These filtered OS-ireRNAs were incorporated into the multivariate Cox regression model to establish the prognostic signature. The following formula to calculate the risk score of each patient is: [image: Inline] LASSO regression coefficient). The median risk score among these patients in train cohort was used as the cut-off value. According to the median risk score, patients with cutaneous melanoma were divided into the high- and low-risk groups. To assess the prognostic value of the ireRNA-related signature, Kaplan–Meier survival curves were constructed to compare OS between the high- and low-risk groups using the “survival” and “survminer” R packages. And the log-rank test was used to assess whether they are statistically different. the prognostic performance of the model was determined by measuring the area under the receiver operating characteristic curve (AUC-ROC) with the “timeROC” R package. Univariate and multivariate Cox regression analyses were used to evaluate the relationship between OS and risk score and clinical characteristics. P-values <0.05 were regarded as statistically significant.



Analyses of the immune landscape

The “estimate” R package was used to calculate the ratio of immune-stromal components in the tumor microenvironment for each melanoma sample, and to compared the differences in ESTIMATE score, stromal score, and immune score between the high- and low-risk groups. The relative proportions of 22 infiltrating immune cell populations in the two risk groups were evaluated according to the gene expression profile using the CIBERSORT computational method.



Functional enrichment analyses

The differentially expressed genes (DEGs) between the high-risk and low-risk groups were screened according to absolute fold change (log2) >1.5 and FDR <0.05 as the thresholds. The DEGs were functionally annotated by Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses using the “clusterProfiler” R package.



Exploration of potential drugs for melanoma

To select potential drugs for cutaneous melanoma, the filtered list of DEGs between the high-risk and low-risk groups were utilized to query the cMap database (http://cmap-online.org/).




Results


Construction and validation of an ireRNA-related signature for melanoma

As previously mentioned, the entire cohort was divided into a training cohort (n = 224) and a testing cohort (n = 223). The detailed clinical characteristics of training cohort, testing cohort and entire cohort are summarized in Table 1. The training cohort was utilized to construct the model. A total of 353 immune-related genes involved in the MEblue module were characterized as survival-related immune genes and rolled into subsequent analyses (Supplementary Figure S1). We identified 33 ireRNAs, of which 24 were significantly correlated to the OS (Figure 2A). Subsequently, the LASSO regression analysis was performed to select the key OS-ireRNAs as candidates (Figures 2B,C). Finally, we built the prognostic signature with 7 OS-ireRNAs. The risk score of every patient was computed based on the following formula: risk score = AC009495.2 × 0.2300 + LINC02446 × (−0.2078) + LINC00189 × (−0.0083) + RSRP1 × (−0.0088) + CUTALP × (−0.0454) + CMAHP × (−0.1873) + MOSMO × (−0.0942). The median risk score was calculated as 0.817. According to the median risk score, patients with cutaneous melanoma in three cohorts (training cohort, testing cohort and entire cohort) were divided into the high- and low-risk groups, respectively. As shown in Figures 2D–F, there were significant differences in the expression of 7 OS-ireRNAs between the high-risk and low-risk groups in each cohort. Moreover, the heatmaps of these OS-ireRNAs expression profiles are shown in Figures 2G–I.


[image: Figure 2]
FIGURE 2
Identifying immune-related eRNAs (ireRNAs) associated with melanoma prognosis for construction of a signature. (A) Forest plots for hazard ratios of overall survival-related ireRNAs. (B) LASSO Cox analysis revealed 7 ireRNAs strongly correlated with the prognosis of melanoma. (C) The model’s penalty parameter (λ) was determined by 10-round cross-validation. (D–F) Differentially expressed analyses for ireRNAs between high- and low-risk groups in the training, testing, and entire cohorts, respectively. (G–I) Heatmap for ireRNAs involved in the signatures of the training, testing, and entire cohorts, respectively.



TABLE 1 Clinical characteristics of the melanoma patients used in the present study.

[image: Table 1]

We generated the figures to show the risk score and survival status of each cutaneous melanoma sample (Figures 3A–C). The results indicated that the outcomes of patients in the high-risk group were worse compared to those in the low-risk group. Furthermore, the high-risk group had significantly shorter OS compared to the low-risk group in the training cohort (Figure 3D). Consistent results were observed in the testing cohort as well as the entire cohort (Figures 3E,F). The AUC-ROC values of the prognostic signature for 1-, 3-, 5- and 8-year OS in the training cohort were 0.687, 0.672, 0.642 and 0.671 respectively (Figure 3G). The corresponding values were 0.676, 0.621, 0.768 and 0.778 in the test cohort, and 0.686, 0.651, 0.705 and 0.716 in the entire cohort (Figure 3H,I). Therefore, the above results showed that the established signature expressed a good performance in monitoring survival and was robust when validated in another cohort.


[image: Figure 3]
FIGURE 3
Assessment of the prognostic signature for melanoma. (A–C) Distributions of risk scores and OS status in the training, testing, and entire cohorts, respectively. (D–F) Kaplan-Meier survival analyses of the signature for the training, testing, and entire cohorts, respectively. (G–I) ROC curve of the prognostic signature in the training, testing, and entire cohorts, respectively.




The ireRNA-related signature independently predicts OS

We next subjected the ireRNA signature risk score and other clinicopathological parameters, including age, gender and TNM stage, to Cox regression analyses to further identify the independent risk factors of cutaneous melanoma. According to the univariate analysis, the risk score was significantly correlated with the OS in the training cohort (Figure 4A). The multivariate analysis further identified the risk score, T stage and N stage as independent risk factors for cutaneous melanoma (Figure 4B). These findings were verified in the test cohort and the entire cohort (Figures 4C–F).


[image: Figure 4]
FIGURE 4
The Cox regression analyses for evaluating the independent prognostic value of the risk score. (A,C,E) Univariate Cox regression analyses of the association between survival and clinicopathological parameters and risk score for the training, testing, and entire cohorts, respectively. (B,D,F) Multivariate Cox regression analyses of the association between survival and clinicopathological parameters and risk score for the training, testing, and entire cohorts, respectively.




Immune landscape of the ireRNA-related signature

To evaluate the immune landscape associated with the ireRNA-based signature, we calculated the stromal score, immune score and ESTIMATE score in both risk groups. As shown in Figures 5A–C, all immune-related scores were lower in the high-risk group compared to the low-risk group. The median scores were used to further stratify the patients into the respective high-score and low-score groups. As shown in Figures 5D–F, patients with high immune/ESTIMATE scores had significantly longer OS compared to those in the low-score group. In addition, we also compared the immune infiltration status in the high-risk and low-risk-groups using CIBERSORT. As shown in Figure 5G, the high-risk group had significantly lower proportions of infiltrating plasma cells, T cells CD8, T cells CD4 memory activated, T cells follicular helper and macrophages M1, and significantly higher proportions of NK cells resting, macrophages M0 and macrophages M2 compared to the low-risk group. The association between each immune cell population and the risk score is shown in Figures 5H,I.


[image: Figure 5]
FIGURE 5
Association between the signature and immune landscape in melanoma. (A–C) The difference in immune, stromal, and ESTIMATE scores between the high- and low-risk groups. (D–F) Kaplan-Meier survival analyses of the risk scores based on the immune, stromal, and ESTIMATE scores, respectively. (G) Comparison of the infiltrating immune cells between the low- and high-risk groups. (H) Barplot showing the proportions of infiltrating immune cells in the low- and high-risk groups. (I) Heatmap for differences in the scores of immune cells between low- and high-risk groups.




Functional analysis of the ireRNA-related signatures

To elucidate the potential biological processes and signaling pathways involving the ireRNA signature in cutaneous melanoma, we functionally annotated the 1,013 DEGs between the high-risk and low-risk groups (Supplementary Table S2) through GO and KEGG analyses. The genes in the high-risk group were mainly enriched in immune-related processes and pathways, including cytokine−cytokine receptor interaction, immune response−activating cell surface receptor signaling pathway, regulation of lymphocyte activation, adaptive immune response, etc. (Figures 6A,B). These results suggested that the prognostically relevant ireRNAs identified for cutaneous melanoma may influence tumor progression by regulating the immune microenvironment.


[image: Figure 6]
FIGURE 6
Functional analysis for the signature. (A) Significantly enriched biological processes in GO analysis. (B) Significantly enriched pathways in KEGG analysis.




Identifying the potential anti-cancer drug using cMap database

A total of 1,309 anti-cancer drug candidates were identified for cutaneous melanoma, of which corticosterone was ranked first and therefore may have the highest therapeutic potential.




Discussion

Melanoma is the most lethal form of skin cancer and has the potential for metastasis at the early stage. Until recently, metastatic melanoma could evade nearly all attempts at therapy. Accurate biomarkers are essential for improving the design of therapies to increase survival. However, the currently used AJCC staging system cannot predict the prognosis of melanoma patients accurately or consistently due to the variability between pathologists, and the inability to identify tumors with high risk of metastasis at the early stage (3, 22). Thus, these problems warrant the development of novel prognostic markers. There is ample evidence suggesting that eRNAs regulate the transcriptional activation of target genes in human diseases, including cancer, which is indicative of their potential as therapeutic targets (23). The identification of eRNAs is a breakthrough in the field, enabling us to in-depth characterize the landscape of transcriptional circuitry in cancers. Moreover, eRNAs are increasingly realized to be involved in the immune response. Interestingly, cutaneous melanoma is one of the most immunogenic tumors. In this study, therefore, we focused on identifying ireRNAs with prognostic significance to construct a signature for cutaneous melanoma. Compared with single eRNA-analysis, this method combined eRNAs and immune had higher information content and could reflect the complex interaction of eRNAs and tumor immune that mediated melanoma development and progression.

We identified 33 ireRNAs, of which some are associated with immune functions and cancer progression. For example, HCP5 is aberrantly expressed in several different cancers and correlates with poor prognosis in patients with lung adenocarcinoma (24). In our study as well, HCP5 was identified as a survival-relevant eRNA in cutaneous melanoma. Furthermore, recent findings suggested that HCP5 was involved in adaptive and innate immune responses (25). Besides, Xu et al. found that LINC-PINT suppressed the tumorigenicity of melanoma by recruiting EZH2 to the promoter of target genes (26). Importantly, LINC-PINT has been proved to be a positive regulator of host innate immune responses, especially IFN signaling (27). LINC01094 expression predicted poor prognosis in patients with gastric cancer and was correlated with the macrophage infiltration (28). Moreover, one study showed that MIR100HG participated in the immune escape of gastric cancer cells (29). Taken together, these results demonstrated a significant relationship between identified eRNAs and immune. In this regard, these findings also verified the accuracy of the results of this present study. However, the molecular mechanisms of ireRNAs in melanoma remain largely unstudied.

The prognostic signature based on the OS-ireRNAs included AC009495.2, LINC02446, LINC00189, RSRP1, CUTALP, CMAHP and MOSMO, and accurately predicted the prognosis of melanoma patients, especially for those who survived for more than 3 years. Additionally, the ireRNA-related signature proved robust when validated in another cohort. More importantly, multivariate analysis verified the risk score as an independent prognostic factor. Thus, our study provided an additional accurate predictive tool to clinical practice, in order to provide support in treatment decision-making.

The enhancer elements are frequently dysregulated during cancer initiation and progression. The eRNAs are the most reliable predictor of enhancer activity, and may alter the expression of several key genes during cancer progression (30). Therefore, we explored the biological function of the established risk score in melanoma, and found significant enrichment of immune-related processes and pathways in the GO and KEGG analyses. This was not surprising given the fact that eRNAs are ubiquitously produced in response to immunological and other stimuli (18, 31, 32). Furthermore, since the eRNAs are associated with coding genes involved in immune-regulatory pathways (33), we characterized the immune landscape in melanoma based on the risk score. In this study, the high-risk patients had lower proportions of Macrophages M1 and higher proportions of Macrophages M2. Tumor-associated macrophages (TAMs) are the major immune components of the tumor microenvironment, oscillating between an M1, anti-cancer phenotype and an M2, tumor-promoting phenotype (34). An increased proportion of infiltrating TAMs is found in the melanoma microenvironment, specifically in the M2 phenotype, which favors neoplastic growth and dissemination (35, 36). Studies have confirmed that the enrichment of M2 was a poor indicator for the outcome of patients with melanoma (35, 37). Our results are in agreement with previous findings. CD8+ T cells are the primary effectors of the anti-tumor adaptive immune response, which not only inhibit tumor growth but also mediate responses to cancer immunotherapies (38). Furthermore, increased infiltration of CD8+ T cells has been linked to prolonged survival of cutaneous melanoma patients (39). Consistent with this, the high-risk patients in our cohorts had lower infiltration of CD8+ cells. In this regard, these results suggested that the identified signature was closely associated with the tumor immune in melanoma.

Increasing evidence points to the potential of eRNAs as therapeutic targets for cancers. In addition, eRNAs have been proved to have an essential role in mediating cancer cell drug response (40). Zhang et al. found that NET1e overexpression increased IC50 of Obatoclax and BEZ235 in breast cancer cells, indicating a direct role of eRNAs in drug response (19, 40). Therefore, we also screened for the drug candidates of melanoma, and identified corticosterone as a novel therapeutic drug. A recent study showed that stress-induced increase in corticosterone levels suppressed tumor growth in a model of malignant melanoma (41). It was worth mentioning that the antitumor effect is mainly through reducing recruitment of TAMs (41). As mentioned above, the infiltration of TAMs is an adverse prognostic factor for melanoma. Thus, there might be a crosstalk between tumor immune and the antitumor effects of corticosterone in melanoma. It will be an important future direction to illustrate the molecular mechanism of corticosterone suppressing melanoma growth and the influences on tumor immunity.

Notwithstanding the salient points of the present study, there were some limitations that ought to be considered. Firstly, due to the lack of datasets containing all the information needed for this analysis, we just analyzed the data from the TCGA cohort. Although we verified the signature in two separate subsets, the data was relatively insufficient. Furthermore, datasets for the analysis were all retrospective, and these results were not validated prospectively.



Conclusion

In this present study, we constructed a prognostic signature for melanoma by integrating eRNAs and immune-related genes, which provided reliable information to better understand the mechanism of ireRNAs in the progression of melanoma. Moreover, we identified corticosterone as a potential antitumor-drug for melanoma, which warrants further research.
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Objectives

To develop and externally validate a spectral CT based nomogram for the preoperative prediction of LVI in patients with resectable GC.



Methods

The two centered study contained a retrospective primary dataset of 224 pathologically confirmed gastric adenocarcinomas (161 males, 63 females; mean age: 60.57 ± 10.81 years, range: 20-86 years) and an external prospective validation dataset from the second hospital (77 males and 35 females; mean age, 61.05 ± 10.51 years, range, 31 to 86 years). Triple-phase enhanced CT scans with gemstone spectral imaging mode were performed within one week before surgery. The clinicopathological characteristics were collected, the iodine concentration (IC) of the primary tumours at arterial phase (AP), venous phase (VP), and delayed phase (DP) were measured and then normalized to aorta (nICs). Univariable analysis was used to compare the differences of clinicopathological and IC values between LVI positive and negative groups. Independent predictors for LVI were screened by multivariable logistic regression analysis in primary dataset and used to develop a nomogram, and its performance was evaluated by using ROC analysis and tested in validation dataset. Its clinical use was evaluated by decision curve analysis (DCA).



Results

Tumor thickness, Borrmann classification, CT reported lymph node (LN) status and nICDP were independent predictors for LVI, and the nomogram based on these indicators was significantly associated with LVI (P<0.001). It yielded an AUC of 0.825 (95% confidence interval [95% CI], 0.769-0.872) and 0.802 (95% CI, 0.716-0.871) in primary and validation datasets (all P<0.05), with promising clinical utility by DCA.



Conclusion

This study presented a dual energy CT quantification based nomogram, which enables preferable preoperative individualized prediction of LVI in patients with GC.





Keywords: spectral CT, iodine concentration, lymphovascular invasion, gastric cancer, nomogram



Highlights

	This study firstly developed and externally validated a dual-energy CT based nomogram to predict lymphovascular invasion in patients with resectable gastric cancer.

	The nomogram incorporated risk factors of tumor thickness, Borrmann classification, CT reported LN status and normalized iodine concentration at delay phase, which enable superior preoperative individualized prediction of lymphovascular invasion in gastric cancer.

	Normalized iodine concentration at delayed phase was an independent predictor for lymphovascular invasion, which indicates the importance of delayed enhanced scan in quantitative description of aggressiveness in gastric cancer.





Introduction

Gastric cancer (GC) is the fifth most common cancer and the third leading cause of cancer related deaths worldwide, despite declining morbidity and mortality in the past five years (1). Curative surgery is the best treatment option for patients with resectable advanced GC, but with local recurrence up to 30% of patients (2). Although the American Joint Committee on Cancer (AJCC) was considered the gold standard to predict outcome generally, it failed to predict heterogeneous survival rates individually in GC patients with the same stage (3, 4). Recently, studies have revealed that lymphovascular invasion (LVI) was associated with recurrence and prognosis in GC patients (5, 6), patients in LVI positive status after surgery presented with higher possibility of recurrence and poorer 5 years’ survival. Thus, some researchers (7, 8) recommended combining LVI in risk stratification of prognosis and selection criteria for the need of adjuvant therapies to improve overall survival in GC patients.

LVI refers to tumor cells invading into lymphatic and/or blood vessel near tumor, and serves as an important path of locoregional tumor dissemination (9, 10), and is a predictor of lymph node metastasis (LNM) and biological aggressiveness in GC (11). Despite the significant prognostic importance of LVI, it only can be acquired on surgical specimen, this hysteretic nature limits its use in preoperative practice stage. Therefore, finding a preoperative maker to predict LVI status is clinically desirable. Meng Y et al. (12) have developed a nomogram based on pre-operative features to predict LVI, but without involving quantitative indicators on enhanced CT. Ma Z et al. (13) found correlation of LVI with CT attenuation values on multiphasic enhanced CT, but without external validation of the results. To date, some researchers have focus on the prediction of LVI using the emerging radiomics and deep learning algorithm (14, 15), but these single center based radiomics have limitations for being accepted as broad consensus classifier due to the lack of simplicity, reproducibility, repeatability, and availability in real practice.

Spectral CT is the milestone in the development of CT technique, has greatly improved the diagnostic ability in tumor staging and therapeutic efficacy evaluation for GC (16, 17). Previous study have revealed ICs derived from spectral CT are associated with angiogenesis in GC (18), tumor angiogenesis is highly related to LVI in patients with GC (19, 20), and a groundwork have proved IC in venous phase is a promising predictor for LNM in GC (21). Thus, we hypothesis that the incorporation of quantitative dual energy data could further improve the preoperative prediction of LVI in GC. To our knowledge, there is no research on the relationship between spectral CT and LVI is GC. Therefore, the aim of the study is to investigate the predictive value of spectral CT quantification for LVI in GC, by primarily developing an IC based nomogram in a retrospective cohort, then validating its efficacy in a prospective cohort externally.



Material and methods


Patients

The institutional review board approved this study. The requirement for informed consent was waived in the primary dataset because the retrospective nature, and was obtained from each patient in the prospective validation dataset (NCT04028375). The primary dataset comprised an evaluation of imaging data and medical records between Jan 2018 and Dec 2020 to identify patients with histologically confirmed gastric adenocarcinomas who underwent surgical resection with curative intent. The validation dataset consisted of patients with histologically confirmed GC who underwent surgical resection and gemstone spectral imaging (GSI) enhanced scans before surgery between Dec 2020 and Dec 2021. The inclusion criteria, exclusion criteria and recruitment pathway of patients were presented in Figure 1. In total, 224 consecutive patients were identified and comprised the primary dataset: 161 males and 63 females, mean age, 60.33 ± 11.19 years, range20-85 years. An independent external validation dataset of 112 consecutive patients (77 males and 35 females; mean age, 61.05 ± 10.51 years, range, 31 to 86 years) was selected from 246 consecutive patients according to the inclusion criteria and exclusion criteria presented in Figure 1. Clinical data, including age and gender, tumor location was obtained from medical records.




Figure 1 | Flowchart of patient’s enrollment in the primary and validation dataset.





CT imaging study

CT data in the primary dataset were collected on two spectral CT scanner with GSI mode (Discovery CT scanner and Revolution CT scanner, both from GE Medical System). Prospective CT data in the external validation dataset were acquired on Revolution CT scanner. All patients were overnight fasted, 20 mg of scopolamine (Hangzhou Minsheng Pharmaceutical Group Co., Ltd. Specifications: 10 mg/mL) were administered intramuscularly to reduce gastrointestinal peristalsis 20 min before CT examination. Patients drank 600-1000 ml warm water to distend the stomach prior to CT examination. The CT scans, covering the entire stomach region, were acquired with breath-hold with the patient supine in all of the phases. For enhanced CT scans, patients were infused 1.5 ml/kg of ionic contrast agent (Ultravist 370, Bayer Schering Pharma) with a pump injector (Urich REF XD 2060-Touch, Ulrich Medical) at a rate of 3.0 ml/s into the antecubital vein. Arterial phase (AP), venous phase (VP) and delayed phase (DP) contrast enhanced CT images were established at 30s, 60 s and 90s after contrast agent injection. The other acquisition parameters were as follows: (1) tube voltage of spectral imaging mode switching between 80 kVp and 140 kVp; (2) tube current 375 mA on Discovery CT scanner (selected optimization), and 400 mA on Revolution CT; (3) rotation time of 0.8s; (4) detector collimation of 64×0.625mm; (5) image matrix of 512×512; (6) FOV (field of view) of 380 mm×380 mm, 400 mm×380 mm; (8) reconstruction section thickness of 1.25 mm; (9) pitch of 1.375:1 for Discovery CT scanner, 0.992:1 for Revolution CT. An adaptive statistical iterative reconstruction (ASIR, index ¼ 30%) and adaptive statistical iterative reconstruction veo (ASIR-V, index ¼ 50%) algorithm was used on Discovery CT and Revolution CT platform respectively to reduce image noise and the radiation dose on spectral CT.



Image interpretation

The CT images were transferred to GE ADW 4.7 workstation (GE Healthcare, Milwaukee, WI, USA) and interpreted by two radiologists (6 and 10 years of experience in gastrointestinal radiology) on GSI Viewer software with a standard soft-tissue window (Window Level 40 and Window Width 400). Before analysis, the two radiologists were informed of tumor location. Because tumor thickness was proved to be a risk factor for LNM in a prior study (21), it was included in this present study continuously, defined as the maximal diameter perpendicular to the longest axis on the maximal cross-section. Borrmann classification on CT was evaluated according to tumor morphology, infiltration scale and presence of ulceration (21, 22). Circumscribed mass as classification I, circumscribed mass presented with ulcers as II, infiltrative mass with ulcers as III, and diffuse infiltrative mass as IV (16). Clinical T staging (cT) was evaluated by the invasion depth of tumor; CT reported LN status, the presence of either regional LN of >10 mm with or without heterogeneous enhancement and/or clusters of ≥3 lymph nodes was scored as CT reported LN positive, and vice versa (17). All the imaging features was evaluated by reaching two readers’ consistency, if there was divergence between the two readers for classification of any features, a third senior reader was included for reaching a consensus or obeying the majoritarian.

ICs in the arterial phase (ICAP), venous phase (ICVP) and delayed phase (ICDP) were measured separately. A free hand, phase-based individualized ROI outlining the whole tumor profile was manually drawn on material deposition (MD) images in the largest cross-sectional area by the two radiologists independently, and then the IC value was automatically generated. ICs of the aorta were obtained by placing circular ROIs at the same slice, avoiding calcified plaque. Then IC in the tumor was normalized by dividing IC of tumor to that of aorta to derive a normalized iodine concentration (nIC=IClesion/ICaorta) (21). All measurements were repeated three times, and the average values were calculated.



Histopathology

Samples were obtained from each surgical specimen, and pathologic indicators was analyzed using hematoxylin and eosin stained 4um thick sections. Each slide was independently analyzed by two experienced pathologists who were masked to imaging findings. Consensus was reached by discussion or introduction of a third pathologist for uncertain cases. LVI was defined as the presence of tumor emboli within either the lymphatic or vascular channels (9, 10). The other pathologic parameters included: T staging, N staging, perineural invasion, histodifferentiation, ulceration, Lauren subtype, positive node numbers (PN), total dissected node numbers (TN), and positive lymph node ratios (PNR) was also recorded. TN was defined as the total number of dissected nodes, PN was defined as number of pathologically diagnosed metastatic nodes, PNR is the ratio of PN to TN (PNR=PN/TN).



Statistical analyses

Statistical analyses were performed using SPSS software (version 23.0), MedCalc software (version 18.0) and R software (version 3.6.1). Interobserver agreements were assessed by intraclass correlation coefficient (ICC). Kolmogorov-Smirnov test was used to check the normality assumption. Enumeration data were compared via Student’s t test or Mann-Whitney U test. Categorical data were compared through chi-square test or Fisher’ exact test. Beginning with the significant variables in the unviable analysis, multivariable logistic regression with backward step wise selection was applied to identify independent predictors based on the primary cohort. Using the regression coefficients, an easy-to-use nomogram was built to predict the individual probability of LVI. The predictive value of nomogram was assessed with the area under curve (AUC) of the receiver operating characteristic (ROC) curve with 95% confidence intervals (95% CIs). The differences of AUCs among nomogram and ICs in each dataset, as well as AUCs yielded by the nomogram between the primary and validation datasets were compared by Delong test. The calibration curve and decision curve were plotted using the “rms” package (version 6.2) and the “rmda” package (version 1.6), respectively. A two-sided p value less than 0.05 was considered statistically significant.




Results


Interobserver agreement

The interobserver agreement between two readers was excellent, and the ICC value was 0.955, 0.976, 0.934, 0.912, 0.943, 0.925 respectively, for ICAP, ICVP, ICDP, nICAP, nICVP and ICDP measurements.



Demographic and pathological characteristics

A total of 336 GC patients (238 males, 98 females; mean age: 60.57 ± 10.96 years, range: 20-86 years) were included. Tumor thickness range from 5.3 to 38.2 mm, (mean: 14.90 ± 5.89 mm). Patient characteristics in the primary and validation cohorts were listed in Table 1. There were no significant differences between the two cohorts in LVI positive prevalence (59.38% in primary cohort and 55.46% in validation cohort (χ2 =0.495, P=0.278) and other background clinicopathological characteristics. There were no significant differences in clinical characteristics between the primary and the validation dataset neither within the LVI positive cohort (t=1.686, P = 0.684 for age; χ2 =2.347, P=0.556 for sex; χ2 =4.403, P=0.221 for location) nor the LVI negative cohort (t=1.125, P= 0.263 for age, χ2 =2.693, P=0.117 for sex; χ2 =2.657, P=0.448 for location). Table 2 illustrated the comparison of clinicopathological characteristics between LVI (+) and LVI (-) groups in both primary dataset and validation dataset. Except tumor location, age and gender, the other clinicopathologic characteristics were statistically different between LVI positive and negative groups in both primary and validation dataset, justifying their use as training and validation datasets. LVI positive group contained more patients with T3-4a, LNM, poor differentiated, positive LVI, greater TN, PN, PNR, but less patients in intestinal Lauren subtype in both primary and validation datasets.


Table 1 | Patients background characteristics between primary dataset and validation datasets.




Table 2 | Comparison of clinicopathological characteristics between LVI positive and LVI negative groups in the primary and validation datasets.





CT imaging features

The ICVP, ICDP, nICVP, nICDP in LVI positive cohort (Figure 2) were significantly higher than those in LVI negative cohort (Figure 3) in both primary and validation dataset (all P<0.05). Tumor thickness, clinical T staging, CT reported LN status, Borrmann classification in LVI positive group were statistically different from those in LVI negative group in the two cohorts (all P<0.05). The prevalence of Borrmann III-IV, cT3-4a, CT reported LN positive status of LVI positive group was 22/133(16.54%), 49/133(36.84%), 70/133(52.63%) in primary cohort, and was 17/62(27.42%), 49/62(79.03%), 43/62(69.35%) in validation cohort, respectively (Table 3), all were higher than LVI negative group.




Figure 2 | A 57 years old male patient with pathologically confirmed gastric adenocarcinoma, staging of pT4aN3aM0, LVI positive. The tumor thickness was 21.72mm, Borrmann classification of III. (A) Iodine map at arterial phase, tumor was hyperintense, IC value was 23.11 (100μg/ml); (B) Iodine map at venous phase, IC value was 37.65(100μg/ml); (C) Iodine map at delay phase, IC value was 38.94 (100μg/ml); (D) The histopathology (HE, magnification: ×200) showed adenocarcinomas cells infiltrate into lymphovascular structure (arrow).






Figure 3 | A 46 years old male patient with pathologically confirmed gastric adenocarcinoma, staging of pT3N0M0, LVI negative. The tumor thickness was 18.23 mm, Borrmann classification of III. (A) Iodine map at arterial phase, tumor was hyperintense, IC value was 21.34(100μg/ml); (B) Iodine map at venous phase, IC value was 37.65(100μg/ml); (C) Iodine map at delay phase, IC value was 33.40 (100μg/ml); (D) The histopathology (HE, magnification: ×200) showed normal lymphovascular structure (arrow).




Table 3 | Comparison of CT parameters between LVI positive and negative group in the primary and validation datasets.





Development and validation of individualized predictive nomogram

When including significant preoperative parameters (tumour thickness, Borrmann classification, cT, CT reported LN status, ICVP, ICDP, nICVP, nICDP) in primary cohort into multivariable analysis, results revealed tumor thickness, Borrmann classification, CT reported LN status and nICDP were independent predictors for LVI (Table 4). Incorporating the above indicators, a nomogram was built to predict LVI probability individually (Figure 4). The nomogram had good performance for discrimination between LVI positive and negative with AUCs of 0.825(95% CI, 0.769-0.872) in the primary cohort and 0.802 (95%CI, 0.716-0.871)in the validation cohort (Z=11.295, 7.146, all P<0.001) (Figure 5; Table 5). Delong test showed the nomogram exhibited statistically higher AUC than ICVP, ICDP, ICVP, ICDP, respectively (Z=4.394, 4.594, 4.104, 3.713, P<0.001) in primary cohort, and in validation cohort (Z=4.031, 3.322, 3.134, 2.066, P=0.0001, 0.0009, 0.0027, 0.0389). There was no statistical difference of AUC yielded by the nomogram between primary and validation cohort (Z=0.891, P=0.173).


Table 4 | Risk Factors for lymphovascular invasion in gastric cancer.






Figure 4 | The developed nomogram, incorporating Borrmann classification, tumor thickness, CT reported LN status, and nICDP.






Figure 5 | ROC analyses of IC parameters and the nomogram for the prediction of lymphovascular invasion in the primary dataset (A) and validation dataset (B). The nomogram yielded the highest area under the curve of 0.825 (95%CI, 0.769-0.872) in the primary dataset and 0.802 (95%CI, 0.716-0.871) in the validation dataset.




Table 5 | ROC analyses of ICs and the developed nomogram.





Calibration and clinical use of the nomogram

The Hosmer & Lemeshow test and calibration curve (Figure 6) showed good agreement between observed probability and the predicted probability by nomogram in the primary and validation dataset (χ2 =8.337, 8.695, P=0.401, 0.369). The DCA of the nomogram in the validation cohort was demonstrated in Figure 7. The nomogram exhibited higher net benefit in differentiating LVI positive status from LVI negative status across the range of threshold probabilities from 0.22 to 0.90 than the treat-none and treat-all strategy.




Figure 6 | The calibration curve of nomogram in the primary dataset (A) and validation dataset (B) showed good agreement between the predicted probability of lymphovascular invasion (LVI) by the nomogram and actual probability of LVI after surgery. Calibration curves depict the calibration of each model in terms of the agreement between the predicted risks of LVI and observed rate of LVI. The y-axis represents the actual. The x-axis represents the predicted LVI prevalence. The diagonal dotted line represents a perfect prediction by an ideal model. The solid line represents the performance of the nomogram, of which a closer fit to the diagonal dotted line represents a better prediction.






Figure 7 | The decision curve analysis of nomogram in validation cohort. The y-axis measures the net benefit. The red line represents the developed nomogram. The blue line represents the assumption that all patients are presented with lymphovascular invasion (LVI). The green line represents the assumption that no patients are presented with LVI. The net benefit was calculated by subtracting the proportion of all patients who are false positive from the proportion who are true positive, weighting by the relative harm of forgoing treatment compared with the negative consequences of an unnecessary treatment. Here, the relative harm was calculated by.  , “pt” (threshold probability) is where the expected benefit of treatment is equal to the expected benefit of avoiding treatment; at which time a patient will opt for treatment informs us of how a patient weighs the relative harms of false-positive results and false-negative results.  ) = ); a−c is the harm from a false-negative result; b−d is the harm from a false positive result. a, b, c and d give, respectively, the value of true positive, false positive, false negative, and true negative (23) The nomogram exhibited higher net benefit in predicting LVI positive status across the range of threshold probabilities from 0.22 to 0.90 than the treat-none and treat-all strategy.






Discussion

This study presented a spectral CT quantification based nomogram for the preoperative individualized prediction of LVI with acceptable predictive performance. The nomogram incorporated three preoperatively available items of tumor thickness, CT reported LN status, Borrmann classification and nICDP. The nomogram was easy-to-use, quantitative and non-invasive, which could successfully stratify patients according to their risk of LVI.

Meng Y et al. (12) found clinical TNM stage was associated with LVI in GC. Chen X et al. (15) reported radiomics features related to tumor size and heterogeneity were top ranked indicators for predicting LVI, clinical T and N stage were independent risk factors for LVI. Our results of tumor size and CT reported LN status was predictive for LVI were consistent with the above studies. Besides, we found CT based Borrmann classification was significant in multivariable analysis and contained in model construction. Borrmann classification descripts tumor aggressiveness by tumor size, infiltration scale and the presence of ulceration, which represents distinct biological entities and reflect tumor aggressiveness (22). A preliminary work (21) proved Borrmann classification was an independent risk factor for LNM in GC, thus, we continued to analyze Borrmann classification in this study and found it is an independent predictor for LVI. Based on these findings, tumor thickness, CT reported LN status, and Borrmann classification were considered as easy-to-obtain risk factors of LVI in GC. To our knowledge, this is the first investigation on the relationship of spectral CT and LVI in GC. In terms of ICs, nICDP was screened as an independent risk factor for LVI in the present study, which added a quantitative imaging marker for operative prediction of LVI. Tumor thickness, CT reported LN status, Borrmann classification and nICDP were selected to build a predictive model for LVI in the primary datasets and validated in an independent external prospective dataset. Compared with Meng Y et al’s model, our model appears simple, quantitative and easy to use, it is superior to any other ICs with relatively high AUCs of 0.825 and 0.802 in primary and validation dataset. These findings support the selection of variables for model development is reasonable and feasible.

Several researchers have explored the association of multi-enhanced CT with LVI in GC, but with inconsistent results (24, 25). For example, Yin et al. (24) showed that CERAP (contrasted enhanced ratio at arterial phase) was significant for LVI, but Ma Z et al. (13) stated that Δpp (=CT attenuation at VP minus that at non-enhanced phase) was an independent predictor. It is noticeable that these studies were retrospective one centered study, the efficacy of enhanced CT for preoperative LVI assessment is far from clinical satisfactory. Vascular endothelial growth factor (VEGF) family can induce both angiogenesis and lymphangiogenesis (25), and tumor angiogenesis was highly related to LVI in GC. ICs showed perfect consistency with true iodine deposition in tube experiment (17). ICVP and nICVP were proved to be positive correlation with microvascular density (MVD) and VEGF on gross specimen of GC after surgery (18), which means that ICs can reflect tumor angiogenesis quantitatively and non-invasively. Our results showed ICVP, ICDP, nICVP and nICDP in LVI positive group was statistically higher than those in LVI negative group in both datasets, a significant finding suggested that IC values enable effective discrimination between different LVI status in GC. Gastric adenocarcinoma is well-known tumor with abundant fibrosis and featured by persistent enhancement after contrast agent administration (16, 17). We prospectively applied bolus tracking technique to set individualized acquisition timing, and the DP was obtained around 90s delay. We observed that although CT attenuation at DP decreased mildly, primary tumor still presented relatively high enhancement. Theoretically, DP enhancement at 90s reflects the fibrosis abundance nature of GC, ICDP represents the late-phase retention of contrast agent in interstitial spaces. LVI is refer to destruction of lymphovascular structures by tumor cell infiltration (9, 10), may increase the microvascular permeability and locoregional tumor cell density, and account for higher ICs and nICs at venous phase and delay phase.

In previous studies, nICs was introduced to minimize or eliminate circulation varies among individuals and exhibited comparable performance in tumor characteristic description, staging and treatment response evaluation (15–17), especially nICVP. We found that nICDP was significant in multivariable analysis and predictive for LVI, rather than nICVP. Differences may mainly due to different protocol and timing, the previous studies used dual phase enhanced protocol, the VP was acquired at 60~70s after contrast agent administration, whereas we applied triple phase enhanced method, DP was obtained around 90s delay, when primary GC still present with persistent enhancement, nICDP at this time point represent the balance of blood supply and the late-phase retention of contrast agent in interstitial spaces, which is in accordance to the abundant fibrosis nature of GC. Despite nICs were useful and relatively reliable, the usage of nICs has not achieved worldwide consensus and generalization. More studies are needed to verify the predictive value of nICs in GC.

Several researchers developed nomograms for LVI prediction with acceptable AUCs. Meng Y et al. (12) proposed a nomogram consisted of clinical indicators with AUC of 0.774 in the testing datasets. Chen X et al. (15) and Li Q et al. (14) proposed radiomics models from enhanced CT images and yielded AUC of 0.792 and 0.725 in testing dataset respectively. Different from the existing nomograms, our nomogram firstly contained quantitative imaging marker (nICDP) and clinically meaningful and available features (CT reported LN status, tumor thickness and Borrmann classification) from one stop scan on spectral CT with comparable or better AUC of 0.802 in the validation dataset, but without complicated radiomics algorithm. The predictive efficacy of the nomoram was externally validated in a prospective cohort, suggestive of its good generalization.

Study limitations include that data acquired on fast kV DECT platform, which may not be applicable to other DECT platforms. Besides, laboratory and genetic markers have not yet been incorporated in the nomogram. Therefore, multiscale studies are expectable to establish a more comprehensive method to predict LVI in patients with GC.

In conclusion, this study presents and externally validates a spectral CT based and clinically available predictive tool that combined quantitative parameter of nICDP and significant risk factors for preoperative LVI in GC with favorable accuracy.
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Purpose: To identify risk factors associated with short-term postoperative complications in patients with gastrointestinal cancer and develop and validate prediction models to predict the probability of complications.



Methods: A total of 335 patients enrolled in the primary cohort of this study were divided into training and validation sets in a chronological order. Using univariate and multivariate logistic regression analyses, the risk factors for postoperative complications were determined, and nomogram prediction models were constructed. The performance of the nomogram was assessed with respect to the receiver operator characteristic and calibration curves.



Results: Patients with complications had a stronger postoperative stress response and a longer duration of daily fluid intake/output ratio >1 after surgery. Logistic analysis revealed that body mass index (BMI), body temperature on POD4 (T.POD4), neutrophil percentage on POD4 (N.POD4), fasting blood glucose on POD4 (FBG.POD4), and the presence of fluid intake/output ratio <1 within POD4 were risk factors for POD7 complications, and that BMI, T.POD7, N.POD7, FBG.POD4, FBG.POD7, and the duration of daily fluid intake/output ratio >1 were risk factors for POD30 complications. The areas under the curve of Nomogram-A for POD7 complications were 0.867 and 0.833 and those of Nomogram-B for POD30 complications were 0.920 and 0.918 in the primary and validation cohorts, respectively. The calibration curves showed good consistency in both cohorts.



Conclusion: This study presented two nomogram models to predict short-term postoperative complications in patients with gastrointestinal cancer. The results could help clinicians identify patients at high risk of complications within POD7 or POD30.
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Introduction

Gastric and colorectal cancers are among the top five causes of morbidity and mortality among all cancer patients in China (1, 2). Surgical treatment of gastrointestinal cancers remains an essential but aggressive treatment option (3). Meanwhile, postoperative complications represent the greatest obstacle that hinders recovery (4). When complications are treated inappropriately, they may lead to a rapid decline in the quality of life of the patient as well as an increase in medical expenses and mortality (5, 6). Therefore, early detection of and intervention for complications can effectively reduce the duration of hospitalization and medical expenditure.

Most gastrointestinal surgical complications are not obvious and are difficult to detect in the early stages (7). Therefore, early recognition and intervention are critical for postoperative treatment. Physical symptoms or laboratory tests can reveal early signs of postoperative complications; however, only a handful of studies have efficiently integrated these clinical data to assist in clinical decision-making (8).

The occurrence of complications is intimately linked to the stress response after surgery, and their occurrence usually indicates a high level of stress in the body. The high stress response in the early postoperative period also indicates that postoperative complications are likely to occur, which provides a reference point for predicting postoperative complications (9, 10).

Minimally invasive surgery combined with enhanced recovery after surgery is an important aspect of standardized gastrointestinal tumor management. Clinical trials have shown that they can improve short-term outcomes and long-term survival. However, postoperative complications remain an important clinical problem (11–13). The aim of the current study was to develop and validate a nomogram to estimate the possibility of postoperative complications in patients undergoing gastrointestinal tract surgery by incorporating routine indicators monitored in the postoperative setting.



Materials and methods


Patient selection

This study included patients with gastrointestinal tumors who underwent standard surgical treatment between June 2020 and July 2021 in the Gastrointestinal Unit of Yantai Yuhuangding Hospital, Qingdao University. The inclusion criteria were as follows: (i) age ≥18 years; (ii) no obvious contraindications in preoperative examination; (iii) preoperative pathology determined to be gastric or colorectal cancer; (iv) Eastern Cooperative Oncology Group performance status of ≤3; and (v) life expectancy of ≥6 months. The exclusion criteria were as follows: (i) without complete baseline examination; (ii) with the presence of secondary tumor or comorbidities on the preoperative examination that required emergency surgery; (iii) current or a history of malignancy in addition to gastrointestinal tumors; (iv) with other diseases that could either affect the study results or were uncontrollable.

This retrospective study was approved by the ethics committee of Yantai Yuhuangding Hospital, Qingdao University, and the requirement for informed consent was waived due to the retrospective nature of the study.



Selection of research variables

Perioperative clinical data, such as baseline characteristics and laboratory results, were collected from each patient. The baseline characteristics included sex, age, body mass index (BMI), history of smoking and alcohol consumption, neoadjuvant chemoradiotherapy (nCR, and previous cardiovascular disease and diabetes. Laboratory data included preoperative white blood cell count, neutrophil percentage (N), fasting blood glucose (FBG), alanine aminotransferase, and aspartate aminotransferase levels on postoperative days 1 (POD1), 4 (POD4), and 7 (POD7). We also recorded the daily fluid intake and output per patient, including perioperative infusion, bleeding, drainage, and urine volume. We further calculated the daily fluid output and fluid difference using the following formula:

[image: Inline]

Note that VOL is short for the letter “volume”. Invisible water loss was set at 900 ml and increased with increasing body temperature; by 200 ml when body temperature was between 37.3 °C and 37.7 °C, 500 ml between 37.8 °C and 38.3 °C, and 800 ml above 38.3 °C. Then, we assessed whether each patient had a fluid intake/output ratio <1 within POD4 (It means two consecutive days of daily fluid intake/output ratio <1 within POD4) and the final duration of daily fluid intake/output ratio >1. The first day of the first two consecutive days with a ratio <1 was estimated as the final duration of fluid intake/output ratio >1 from POD1. If there were two consecutive days without a ratio <1 within POD7, the duration was estimated as 7 days when there was a ratio <1 on POD7 and 8 days when there was still a ratio >1 on POD7. To explore the stress status of the patients, we measured levels of stress indicators, including perioperative C-reactive protein (CRP), interleukin-6 (IL-6), and cortisol.

In addition, according to each of their postoperative monitored vital signs, laboratory test results, and postoperative treatment measures, the presence of postoperative complications was assessed and recorded within POD7 or POD30 based on the first day of its appearance. Each postoperative complication was graded according to the Clavien–Dindo classification (14).



Surgical treatment and postoperative management

Preoperative laboratory tests and examinations were performed in all patients to exclude clear contraindications to surgery. All surgeries were performed by five gastrointestinal specialists who performed more than 80 similar surgeries annually at Yantai Yuhuangding Hospital. At the end of the surgery, one or two drains were placed at the anastomosis and closed stump subcutaneously in all patients. All patients were routinely treated with prophylactic antibiotics, nutritional support, pain relief, and other symptomatic treatments after surgery. Postoperative routine blood tests and biochemistry were performed every 3 days. Gastrointestinal tract images was reviewed before discharge, and drains were removed if there were no signs of leakage. Simultaneously, patients were closely monitored for postoperative complications during the treatment process. Once they occurred, early intervention was provided.



Development and validation of nomogram

We identified independent risk factors associated with postoperative complications by univariate and multifactorial logistic regression analyses, and the nomogram was built based on the independent risk factors in the multivariate analysis. First, we identified the independent risk factors associated with POD7 complications by using research variables and the presence or absence of a fluid intake/output ratio <1 within POD4 and then developed Nomogram A (Nomogram-A). Secondly, we identified the independent risk factors associated with POD30 complications by using research variables and the final duration of fluid intake/output ratio >1 within POD7 and then developed Nomogram B (Nomogram-B).

The recognition performance of Nomograms-A and -B were evaluated using receiver operator characteristic (ROC) curves in the training and validation sets (15). Comparisons between ROC curves were performed using the Delong test (16). The prediction accuracy of the nomogram was evaluated using calibration curves and the Hosmer–Lemeshow test (17).



Statistical analysis

Statistical analyses were performed using SPSS (version 26.0) and R (version 3.6.2) software. Exact variables were analyzed using Student's t-test, and categorical variables were analyzed using the χ2 test or Fisher's exact test in the baseline table. Correlation analysis was performed using Spearman's correlation test. The independent risk factors were determined using univariate and multifactorial logistic regression analyses. Nomograms and calibration curves were plotted using the “RMS” software package. The ROC curves were plotted using the “pROC” software package. For all tests, a two-sided P < 0.05 was considered statistically significant.




Results


Patient characteristics

A total of 335 patients (225 men and 110 women) were included in this study and were divided chronologically into training (n = 223) and validation (n = 112) sets. The patients were also divided into a group with (n = 233) and without (n = 102) complications. Baseline patient characteristics and outcomes of the training and validation sets are shown in Table 1. There were no significant differences in the baseline patient characteristics between the training and validation sets, indicating good consistency between the two cohorts.


TABLE 1 Patient characteristics and short-term outcomes in the training and validation set.
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Among all patients, 146 had gastric cancer and 189 had colorectal cancer. Additionally, 60 patients had defined borderline resectable tumors, and 60 patients received 2–4 cycles of nCRT. The median and average postoperative hospital stay were 7 and 8.7 days, respectively.

In the group with complications, 86 and 102 patients developed postoperative complications within POD7 and POD30 (including those within POD7), respectively (Table 2). According to the Clavien–Dindo classification, 20 patients had major complications (Clavien–Dindo grades III/IV/V). One patient with Clavien–Dindo grade V was a man who suffered respiratory failure after radical gastric cancer surgery and died after ineffective treatment in the ICU. The complications in the remaining patients were effectively controlled or cured after standard treatment.


TABLE 2 Display of postoperative complications in the training and validation set.

[image: Table 2]



Study of the correlation between stress and postoperative complications

We monitored the preoperative CRP, IL-6, and cortisol levels on POD1, POD4, and POD7 in partial patients from the training set (n = 168). Comparing the stress indicators between the groups with and without complications, the CRP, IL-6, and cortisol levels were significantly higher in the group with complications than in those without complications on POD1, POD4, and POD7 (P < 0.05); however, there was no significant difference between the groups before surgery (P > 0.05) (Table 3).


TABLE 3 Perioperative fluid volume in patients with or without complications.
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The results of this study further confirm that patients with postoperative complications generally have a stronger postoperative stress response than those without postoperative complications, and the presence of a strong stress response in the early postoperative period may reflect the occurrence of postoperative complications.



Study of the correlation between fluid volume and postoperative complications

This study also analyzed perioperative fluid volumes between the groups of patients with and without postoperative complications. Intraoperative bleeding and infusion volumes in the group with complications were not significantly different from those in the group without complications (P > 0.05) (Table 4). In contrast, during postoperative fluid therapy, the daily fluid difference from POD2 in the group with complications was lower than that in the group without complications (P < 0.05), and the fluid gap increased significantly from POD4. This gap between the two groups persisted until the last day of statistical analysis. Short-term postoperative complications tended to occur 3–5 days after surgery; therefore, we considered this increase in variance to be related to the timing of postoperative complications. We also compared the presence or absence of fluid intake/output ratio <1 within POD4 and the final duration of fluid intake/output ratio >1 between both groups. Patients with complications were less likely to have a fluid intake/output ratio <1 within POD4 (10.5% vs. 36.5%, P < 0.05) and had a significantly longer duration of fluid intake/output ratio >1 postoperatively than those without complications (6.18 days vs. 3.86 days, P < 0.05).


TABLE 4 Perioperative stress index in patients with or without complications.
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Through our study, we considered that changes in postoperative fluid difference may be associated with the development of postoperative complications and further discuss whether they could be risk factors for the development of postoperative complications.



Development and validation of nomogram

First, we used clinical data within POD4 and identified five risk factors associated with the occurrence of complications within POD7 by univariate and multifactorial logistic regression analyses (Table 5): BMI, body temperature on POD4 (T.POD4), neutrophil percentage on POD4 (N.POD4), FBG on POD4 (FBG.POD4), and fluid intake/output ratio <1 within POD4. Subsequently, we developed Nomogram-A (Figure 1A). In the training set, the nomogram yielded an area under the curve (AUC) of 0.867 (95% CI, 0.814–0.920) with a sensitivity of 0.764 and a specificity of 0.845 (Figure 1B). In the validation set, the nomogram exhibited an AUC of 0.833 (95% CI, 0.744–0.923) with a sensitivity of 0.821 and a specificity of 0.762 (Figure 1C).
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FIGURE 1
Nomogram-A and performance of the nomogram. (A) The possibility of POD7 complication was estimated by summing the scores corresponding to each risk factor. ROC and calibration curves of the nomogram for the probability of POD7 complication in the training set (B,D) and the validation set (C,E). In the calibration curve, the y-axis represents the probability of actual POD7 complication occurring and the x-axis represents the predicted probability. The wide dashed line represented a perfect prediction of the ideal model, and the solid line represented the actual performance of the Nomogram-A. The closer they were, the better the prediction performed.



TABLE 5 Univariate and multivariate analysis for POD7 complication in the training set.
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Similarly, we identified six independent risk factors associated with the occurrence of complications within POD30 in Table 6, including BMI, body temperature on POD7 (T.POD7), neutrophil percentage on POD7 (N.POD7), FBG on POD4 and POD7 (FBG.POD4 and FBG.POD7), and duration of fluid intake/output ratio >1. To avoid data redundancy, we compared FBG.POD4 and FBG.POD7 and further defined the higher values as the maximum FBG (FBG.MAX). Further, we used BMI, T.POD7, N.POD7, FBG.MAX, and a fluid intake/output ratio of >1 to develop Nomogram-B (Figure 2A). In the training set, the nomogram yielded an AUC of 0.920 (95% CI, 0.884–0.955) with a sensitivity of 0.813 and specificity of 0.882 (Figure 2B). In the validation set, the nomogram exhibited an AUC of 0.918 (95% CI, 0.855–0.980) with a sensitivity of 0.971 and a specificity of 0.833 (Figure 2C).
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FIGURE 2
Nomogram-B and performance of the nomogram. (A) The possibility of POD30 complication was estimated by summing the scores corresponding to each risk factor. ROC and calibration curves of the nomogram for the probability of POD30 complication in the training set (B,D) and the validation set (C,E). In the calibration curve, the y-axis represents the probability of actual POD30 complication occurring and the x-axis represents the predicted probability. The wide dashed line represented a perfect prediction of the ideal model, and the solid line represented the actual performance of the Nomogram-B. The closer they were, the better the prediction performed.



TABLE 6 Univariate and multivariate analysis for POD30 complication in the training set.
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The calibration curves and Hosmer–Lemeshow test showed good agreement between the predicted and actual probabilities of the two nomograms in the training and validation sets (PA = 0.755 vs. 0.738 (Figures 1D,E), PB = 0.768 vs. 0.125 (Figures 2D,E)).




Discussion

In the present study, we successfully developed and validated nomograms for predicting postoperative complications within POD7 and POD30 in patients with gastrointestinal tumors. Both nomogram models were developed based on routine clinical indicators, including body temperature, neutrophil percentage, fasting glucose, and fluid volume within POD7. The AUCs of Nomogram-A and Nomogram-B were both greater than 0.8 in the training and validation sets, which may achieve the best performance in predicting the likelihood of postoperative complications. Comprehensively, this model is used to identify people at high risk of postoperative complications, thereby reducing its impact on postoperative recovery. The goal of both models is to improve short-term outcomes and quality of life after surgery and to reduce healthcare costs.

It has been documented that the occurrence of postoperative complications is closely associated with stress, and their occurrence usually indicates a strong stress response in the patient that induces hypermetabolism (9, 18). The main reparative cells and leukocytes increase in activity and number to satisfy the glucose supply for body recovery during this period (19). Meanwhile, with the upregulation of pro-inflammatory cytokines and acute-phase proteins and activation of the hypothalamic-pituitary-adrenal axis, there is an increase or decrease in the levels of some hormones, including cortisol, catecholamines, insulin, and glucagon, which promote glycogen catabolism and gluconeogenesis in muscle tissue that induces hyperglycemia to compensate for the “concentration gradient” needed for tissue repair (20). In addition, with the influence of hormones, capillary permeability and urine concentration increase (21). A large amount of fluid is stored in the interstitial space, resulting in tissue edema and is known as “water and sodium retention” When the stress response is reduced due to intervention and self-healing, excessive fluid is reabsorbed into the blood and excreted in the urine (22).

In our study, we also found a higher level of the stress response in patients with postoperative complications. In line with the study by Espiner EA, the alteration of stress results in increased water and sodium retention and further leads to more liquid intake than output, ultimately resulting in a higher daily fluid intake/output ratio (23). And we further observed that the presence of fluid intake/output ratio <1 within POD4 was related to the occurrence of complications within POD7, and that patients who developed complications within POD30 had a longer duration of fluid intake/output ratio >1. Under theoretical frameworks of perioperative stress response, we investigated the relationship between postoperative complications and fluid intake and output. The results demonstrated that the fluid intake/output ratio could be a convincing risk factor and predictor for the occurrence of complications.

Our study also validated the correlation between postoperative complications and routine monitoring indicators, such as body temperature, neutrophil percentage, and FBG (24). Slight changes in one or more these indicators were often overlooked by clinicians, leading to a failure of early identification of complications. Numerous studies have shown that changes in routine monitoring indicators may be affected by the regulation of inflammatory cytokines and hormones during the hypermetabolic period of the stress response (25, 26). In our analysis, stress level was positively correlated with certain routine monitoring indicators, such as body temperature, neutrophil percentage and FBG levels. Considering the correlation between acute stress pathophysiological and postoperative complications, these routine monitoring indicators may be potential risk factors and candidate predictors for postoperative complications (27–30). In addition, it is generally believed that perioperative routine monitoring indicators also reflect inflammation level. Elevated level of these indicators indicated a higher inflammatory level in patients with complications (31). In this study, we use acute stress-associated indicators to reflect inflammation level, thereby provide an early warning tool for complications. For patients with gastrointestinal tumor undergoing radical surgery, surgery- and tumor-associated factors, such as loss of blood, tissue injury, infection, impaired nutritional status and immunocompromised status, may place the patients in a high risk of complications (10, 32, 33). Timely identification of postoperative complication will urge us to recognize the problems in patient management, and timely intervention may reduce likelihood of severe advent events (33, 34). Mechanically, timely intervention for complication will reduce overconsumption of protein and duration of immune dysregulation, and further decrease the possibility of malnutrition, infection, thrombosis, etc. The final objective is to improve outcomes for patients and save medical resources (35, 36). Similarly, evidence by previous researches showed that preoperative glucocorticoid therapy combined with fast-track surgery can attenuate the inflammatory response, avoid organ dysfunction, and prevent the occurrence of complications, resulting in improved short-term outcome (37–39).

Our study had some limitations. First, this study was a retrospective study that might have led to bias. Further prospective data are needed to validate the accuracy of our model. Second, a small number of patients were not included in this study owing to missing data, which resulted in a higher population of the group with complications. This may also lead to selection bias. Third, because of the high cost of measuring stress indicators, we only collected partial data from training set. And we will further consider ending the limitations by future prospective studies needed.



Conclusion

This study presents two nomogram models for predicting short-term postoperative complications in patients with gastrointestinal tumors. Our results can help clinicians identify patients at high risk of complications within POD7 or POD30. In addition, we explored the correlation between postoperative complications and fluid intake and output under the framework of pathophysiology and stress response and successfully identified new risk factors for complications. This study also provides a novel idea for predicting postoperative complications.
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Background and Aims: The prognosis of liver cancer is strongly influenced by microvascular infiltration (MVI). Accurate preoperative MVI prediction can aid clinicians in the selection of suitable treatment options. In this study, we constructed a novel, reliable, and adaptable nomogram for predicting MVI.



Methods: Using the Surveillance, Epidemiology, and End Results (SEER) database, we extracted the clinical data of 1,063 patients diagnosed with hepatocellular carcinoma (HCC) and divided it into either a training (n = 739) or an internal validation cohort (n = 326). Based on multivariate analysis, the training cohort data were analyzed and a nomogram was generated for MVI prediction. This was further verified using an internal validation cohort and an external validation cohort involving 293 Chinese patients. Furthermore, to evaluate the efficacy, accuracy, and clinical use of the nomogram, we used concordance index (C-index), calibration curve, and decision curve analysis (DCA) techniques.



Results: In accordance with the multivariate analysis, tumor size, tumor number, alpha-fetoprotein (AFP), and histological grade were independently associated with MVI. The established model exhibited satisfactory performance in predicting MVI. The C-indices were 0.719, 0.704, and 0.718 in the training, internal validation, and external validation cohorts, respectively. The calibration curves showed an excellent consistency between the predictions and actual observations. Finally, DCA demonstrated that the newly developed nomogram had favorable clinical utility.



Conclusions: We established and verified a novel preoperative MVI prediction model in HCC patients. This model can be a beneficial tool for clinicians in selecting an optimal treatment plan for HCC patients.
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Introduction

Primary liver cancer is one of the most prevalent cancers and is a major contributor to the global cancer mortality rate. Its morbidity and mortality rates are among the highest worldwide (1). Mortality from primary liver cancer is the second highest among malignant tumors and the fourth most common type of cancer in China (2). Annually, the number of new cases and deaths of primary liver cancer is about 466,100 and 422,000, respectively (3). Hepatocellular carcinoma (HCC) is the most prevalent pathological type of primary liver cancer and respects about 80% of all primary liver cancer worldwide (4).. To date, the most effective interventions for HCC are hepatectomy and liver transplantation. However, patient prognosis following these treatments remains relatively poor (5). Moreover, it has a recurrence rate of 70% 5 years after surgery (6, 7). Thus, despite the rapid development of HCC diagnosis and treatment, its high recurrence rate remains a considerable challenge (8).

Vascular invasion is strongly linked with tumor malignancy, disease recurrence, and poor patient prognosis. In individuals with HCC, this invasion may be divided into two subtypes: macrovascular and microvascular. Macrovascular invasion is typically identified by imaging, and patients experiencing this form of invasion often do not have the chance to undergo radical resection or liver transplantation. Alternatively, microvascular infiltrations (MVI) status is only available by pathological examination of surgical specimens. It is a nest of cancer cells in endothelium-lined vessels, which may be observed under a microscope and are usually present at the small branches of the portal vein in the surrounding liver tissues (9). MVI can result in the dissemination and metastasis of tumor cells within the liver, or even lead to metastasis to other parts of the body (10). Therefore, MVI is thought to be one of the main risk factor influencing tumor recurrence and survival (11), and it is often employed as a prognostic indicator to guide the choice of an appropriate treatment regimen in patients with both primary and recurrent HCC (12, 13). Meanwhile, emerging evidence has revealed that MVI assists in clinical decision-making. For instance, it was suggested that the precise preoperative prediction of MVI status can assist in identifying surgical resection margins to enhance patient outcomes (14, 15). Furthermore, individuals with MVI-positive HCC whose surgeries were accompanied by adjuvant intervention or targeted treatment had better overall survival (OS) than those who underwent surgery alone (16, 17). Hence, accurate prediction of MVI status is crucial for providing an efficient and successful intervention for HCC patients.

Unfortunately, MVI diagnosis is established only by histopathological assessment of surgical specimens following HCC resection or liver transplantation. At present, there is no effective or precise prediction method prior to surgery, which greatly limits the effect of preoperative assessment on surgical planning and patient outcome. Hence, finding a method to accurately and efficiently predict MVI is an urgent problem to be solved at present (18). A nomogram is a feasible and efficient tool that integrates and quantifies marked risk factors to predict patient outcome (19). Numerous studies have generated and verified different nomograms for MVI predictions. However, most of these nomograms were based on single-center studies that lack external verification, which puts into question the reliability and applicability of these models (20, 21). In addition, there are limited studies available on the risk assessment of MVI.

Hence, the purpose of the present study was to generate a novel, reliable, and adaptable nomogram to predict the incidence of MVI in HCC patients. This can aid clinicians in selecting suitable therapeutic measures for patients with MVI-positive HCC.



Methods


Data sources and patient population

Patient records were retrospectively obtained from the Surveillance, Epidemiology, and End Results (SEER) database, maintained by the US National Cancer Institute. Co-created by 18 registries throughout the United States, this database includes information on the prevalence of illness and outcomes for patients with tumors across approximately 28% of the country. Patient data included the following demographics: age, sex, ethnicity, country of birth, and specifics of the patient's tumor (including its histology and grade) and treatment (including details about any surgeries, radiation, or other interventions). Recently added data include AJCC stage, surgical parameters, tumor size, and lymph node involvement. In addition to a large patient pool and improved data accuracy, this database contains tumor profiling specimens.

Using the SEER stat program (SEER*Stat 8.4.0.1), we were able to access the SEER database and obtain records of HCC patients diagnosed between 2007 and 2017. The inclusion criteria were shown below: (I) patients with HCC (ICD-0–3:8170–8175), and the primary tumor site was liver; (II) age at diagnosis ≥18 years; (III) those who undergo liver resection or liver transplantation with postoperative histopathological confirmation. The following patients were excluded from the analysis: (I) pathologically confirmed other than HCC; (II) those with MVI status not determined via histopathological evaluation; (III) patients with HCC with macrovascular or extrahepatic infiltration; and (IV) those with missing clinical information. The selection process is illustrated in Figure 1. Ultimately, we acquired information on 1,063 patients. Subsequently, we randomly spilt all cases into either a training cohort and an internal validation cohort in a 7:3 ratio.


[image: Figure 1]
FIGURE 1
Flow chart for selection of the study population from SEER database. Abbreviations: SEER, Surveillance, Epidemiology, and End Results; ICD-O-3, International Classification of Diseases for Oncology, 3rd edition; MVI, microvascular invasion; AFP, alpha fetal protein.


Next, we assessed the general applicability of the proposed model. We employed an external validation cohort composed of 293 Chinese patients with HCC who received treatment at the Affiliated Hospital of Qingdao University from January 2017 to December 2019 using the same patient selection criteria as mentioned above. Our study was reviewed and approved by the Ethics Committee of the Affiliated Hospital of Qingdao University (approval no: QYFY WZLL 27357) and was performed according to the latest version of the Declaration of Helsinki. Written informed consent was waived due to the retrospective nature of the study.



Clinical variables and pathological characteristics

Clinicopathological features, such as patient age, sex, tumor size, tumor number, MVI status, histological grade, alpha-fetoprotein (AFP), and fibrosis score, were acquired from the SEER database and the Affiliated Hospital of Qingdao University. Fibrotic stage was divided into F0–4 (no fibrosis to moderate fibrosis) and F5–6 (severe fibrosis) based on the Ishak score from the SEER database.



Statistical analysis

Categorical data, analyzed using the chi-square or Fisher's exact tests, are presented statistically as numbers of cases with percentages. The Wilcoxon rank sum test was used to analyze continuous data, which were provided as means with interquartile ranges (IQRs). To assess the MVI risk factors, we conducted univariate analyses on the training cohort information. All data (P < 0.05) in the univariate analyses were subjected to multivariate analysis to identify independent MVI risk factors, and an MVI prediction nomogram was generated according to the multivariate analysis results.

We calculated the concordance index (C-index) using 1,000 bootstrap samples for measurement discrimination to evaluate the predictive performance of the nomogram. Using calibration plots, we checked how well our predictions matched the real-world data. Using decision curve analysis (DCA), we were able to assess the nomogram's clinical efficacy by quantifying their net benefit at different cutoff probabilities. Statistical significance was set at P < 0.05. All analyses were performed using R v3.6.3.




Results


Clinicopathological profiles

The SEER database was mined for 1,065 patients with HCC. To develop and verify the nomogram, the patients' data were randomized into a training cohort (n = 739) and an internal validation cohort (n = 326). The external validation cohort consisted of 293 Chinese patients with HCC. The training cohort included 536 males and 203 females, the internal validation cohort consisted of 243 males and 83 females, and the external validation cohort consisted of 214 males and 79 females. The median tumor sizes were 3.6 cm (range 2.4–5.5), 3.5 cm (range 2.3–5.5), and 3.5 cm (range 2.5–5.5) in the training, internal validation, and external validation cohort, respectively. Histopathological MVI detection was positive in 141 of 739 patients (19.1%) in the training cohort; 68 of 326 patients (20.9%) in the internal validation cohort; and 158 of 293 patients (53.9%) in the external validation cohort. Patient demographics and clinicopathological profiles of the three patient populations are summarized in Table 1.


TABLE 1 Baseline demographics and clinical characteristics of the training, internal validation, and external validation cohort.

[image: Table 1]



Independent risk factors associated with MVI Status

Tumor size, tumor number, histological grade, and AFP were all shown to have significant correlations with MVI based on the univariate analyses of clinicopathological characteristics between the MVI-positive and negative patient groups (Table 2). Furthermore, using the multivariate analysis, all the aforementioned variables were shown to be independent risk factors of MVI (Table 3).


TABLE 2 Univariate ordinal logistic analysis for MVI status in the training cohort (N = 739).
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TABLE 3 Multivariable analysis of predictors associated with MVI in the training cohort (N = 739).

[image: Table 3]



Construction and verification of an MVI prediction nomogram

Using prognostic indicators, including tumor size, tumor number, histological grade, and AFP, we built a nomogram to predict MVI (Figure 2). We can predict the incidence of MVI by employing this nomogram to compute the total points for individual patients. In the training cohort, the C-index was 0.719 (95% CI: 0.674–0.764), in the internal validation cohort, it was 0.704 (95% CI: 0.639–0.77), and in the external validation cohort, it was 0.718 (95% CI: 0.659–0.777) Figure 3). Based on these data, nomogram exhibited excellent performance in delineating between negative and positive MVI incidence.


[image: Figure 2]
FIGURE 2
Nomogram for predicting the status of microvascular invasion preoperatively in patients with hepatocellular carcinoma. The MVI nomogram was built by incorporating tumor size, tumor number, histological grade and AFP. Locate the patient's characteristic on a variable row and draw a vertical line straight up to the points’ row (top) to assign a point value for the variable. Adding up the total number of points and drop a vertical line from the total points’ row to obtain the probability of predictive outcomes. Abbreviations: MVI, microvascular invasion; AFP, a-fetoprotein.
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FIGURE 3
The discrimination of the clinical prediction model in the 3 data cohorts. ROC curves for MVI probability in the training (A), internal validation (B), and external validation cohort (C), respectively. Abbreviations: ROC, receiver operating characteristic curve. AUC, area under curve.


Furthermore, we constructed calibration plots to assess the calibration of our prediction model. Based on our analysis, there was excellent agreement between the actual and predicted likelihood of MVI among HCC patients in the training, internal validation, and external validation cohorts, respectively (Figures 4A–C). DCA was employed for the evaluation of total benefit under varying clinical decisions at different threshold likelihood. According to the DCA results of training and internal validation cohort (Figures 5A,B), it is useful to employ this nomogram to predict MVI between threshold probabilities of 0 and 0.4; and the DCA results of external validation cohort (Figure 5C) revealed that it is useful to employ this nomogram to predict MVI between threshold probabilities of 0 and 0.8, thus, indicating a satisfactory clinical application of the developed nomogram. To better understand their significance, nomogram clinical impact curves for MVI prediction were plotted (Supplementary Figures S1A–C). Based on our results, the model exhibited a substantial predictive value.
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FIGURE 4
The calibration of the clinical prediction model in the 3 data cohorts. Calibration curves for predicting patient MVI at each time point in the training (A), internal validation (B), and external validation cohort (C), respectively. Model-predicted MVI is plotted on the x-axis, and actual MVI is plotted on the y-axis. The calibration curves of the nomogram based on internal validation with a bootstrap resampling frequency of 1,000. A plot along the 45- degree line (dotted black line) would indicate a perfect calibration model in which the predicted probabilities are identical to the actual outcomes.
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FIGURE 5
Decision curves of the nomograms for predicting status of MVI. DCA curves of the nomogram at each time point in the training (A), internal validation (B), and external validation cohort (C), respectively. The horizontal solid black line represents the hypothesis that no patients experienced the status of MVI, and the solid gray line represents the hypothesis that all patients met the endpoint. The blue, orange, and green line, represents the net benefit of the nomogram at different threshold probabilities. The net clinical benefit was calculated as the true-positive rate minus the weighted false-positive rate.





Discussion

The major factor behind the poor outcome of HCC patients is the high relapse rate of this disease (9, 22). As one of the major contributor to HCC recurrence, MVI can strongly influence tumor cell intrahepatic metastasis via the portal circulation (23) and induce tumor recurrence following operation (24). Hence, MVI is typically considered an essential prognostic indicator for HCC following surgery. Additionally, MVI also impacts preoperative decision-making. In 2017, Zhao et al. demonstrated that anatomical hepatectomy enhances recurrence-free survival in MVI-positive patients (25). Mazzaferro et al. revealed no obvious variability in the 5-year OS rate following liver transplantation between the Milan and MVI-negative Up-to-seven criteria usage (26). However, MVI can only be detected via histopathological evaluation following surgical resection (27), which limits its clinical application. Therefore, it is crucial to preoperatively predict MVI for guiding clinical decision-making and improving patient prognosis.

Using a retrospective investigation of the SEER and Affiliated Hospital of Qingdao University databases, we established and verified a novel preoperative prediction model for MVI in HCC patients. The nomogram accurately identified patients with negative and positive preoperative MVI. Furthermore, the estimated likelihood was comparable with the true incidence of MVI. Herein, we demonstrated that tumor size, tumor number, histological grade, and AFP were markedly related to MVI occurrence. In the multivariate analysis, the amplitude of the odds ratios statistically significant. But no value had an independent predictive contribution over 26%, they had worthwhile predictive power together. The relationship between some of these factors and the MVI has also been verified in other studies. A prior report suggested that MVI incidence increased with tumor size in HCC patients (≤3 cm, 25%; 3.1–5 cm, 40%; 5.1–6.5 cm, 55%; >6.5 cm, 63%) (28). Kim et al. (29) and Siegel et al. (30) revealed that tumor sizes over 2 or 3 cm are risk indicators of MVI, respectively. Our investigation corroborates the aforementioned reports. Multiple studies have suggested that an elevated AFP level is independently associated with MVI incidence (31, 32), which is in accordance with our results. Histological grade represents the HCC differentiation status. Preoperative HCC diagnosis usually requires liver biopsy. Once HCC is confirmed, further information on HCC differentiation can be obtained at the same time. Yao et al. revealed that tumor size and histological grade are independent factors related to MVI (33), which is in accordance with our data. Notably, to date, there is no consensus on the relationship between tumor quantity and MVI. Wang et al. reported that multiple tumors strongly indicate MVI (10). Alternatively, Yan et al. revealed that solitary nodules were distinctly related to MVI (34). Based on our multivariate analysis, patients with HCC with a single tumor were more vulnerable to MVI formation. However, this finding requires further validation.

Numerous investigations have explored the risk factors for predicting MVI. For instance, Mao et al. reported that preoperative large tumor diameter, AFP over 20 ng/ml, and total bilirubin level > 23 umol/L were strongly related to MVI. Moreover, they constructed an MVI prediction nomogram using these factors (21). Deng et al. established a nomogram that combined tumor size, preoperative AFP level, and neutrophil-to-lymphocyte ratio to predict MVI (35). Lin et al. generated a nomogram that included the intratumoral artery, tumor type, tumor diameter, and AFP level, and it exhibited satisfactory performance in predicting MVI occurrence in patients with HCC (36). However, the majority of previous studies were single-center investigations and employed relatively small sample populations. It is possible that such study characteristics may have impeded the reliability, limited generalizability, and external applicability of their models. Relative to those studies, our MVI prediction model was established and validated using a multicenter platform, which included a relatively large sample population, and it demonstrated strong predictability among different populations (American and hospitalized Chinese populations). Hence, our model is more reliable and applicable.

Currently, there is much interest in MVI prediction models based on radiomics. To predict MVI, Xu et al. developed a novel computational method that integrates extensive clinico-radiologic and radiomic data, including AST, AFP, tumor margin, growth pattern, capsule, peritumoral enhancement, radio-genomic venous invasion, and radiomic score, with promising results (37). To predict MVI status in HCC, Hyun et al. constructed a nomogram that includes the tumor-to-normal liver standardized uptake value ratio on FDG PET/CT, clinical tumor size, and AFP (38). Zhang et al. used some Gd-EOB-DTPA MRI features and biochemical indicators to develop a new diagnostic scoring system to predict MVI, consisting of maximum tumor diameter, peritumoral hepatobiliary phase reduced intensity, incomplete capsule, apparent diffusion coefficient, and [alkaline phosphatase (U/L) + gamma-glutamyl transpeptidase (U/L)]/lymphocyte count (×109/L) ratio (39). However, the accuracy and practicality of these models are doubtful because of the lack of uniformity in radiomics and overreliance on the judgment of diagnostic radiologists (40). Additionally, certain specialized radiological parameters are often not understood or used by clinicians. In contrast, we built our model using data from regular laboratory tests, which are easily accessible, standardized, and manageable. It is also simple and straightforward to compare and contrast the data from different sources. Thus, it is clear that our model is not only better in terms of standardization and popularization but also facilitates clinical use.

Although our study has many advantages, it also has certain limitations. First, owing to its retrospective nature, this study may suffer from potential bias. Hence, further studies using prospective patient data are required. Second, owing to the limited clinical information acquired from the SEER database, many reported clinical risk factors known to be associated with MVI, such as platelet count (32), neutrophils (10) and total bilirubin level (21), were not included in this research. This may have negative effect on the prediction ability of the model, to a certain extent. Third, at present, radiographic diagnosis with LIRADs criteria in appropriate risk groups gradually replaced biopsy as the standard diagnostic method for HCC. However, the SEER database lacks relevant imaging information, so it is necessary to collect relevant imaging information in the following research to further improve the nomogram. Fourth, this model was established and verified using the SEER database, and external validation was done in a single-center in China. However, the applicability of this model to individuals of other ethnicities or racial is uncertain. Thus, external verification using other centers is required prior to the widespread use of this model in clinics.

In summary, we established and verified a novel, reliable, and adaptable preoperative prediction model for MVI in HCC patients. Our model was composed of four routine laboratory parameters (tumor size, tumor number, histological grade, and AFP), and it demonstrated superior delineation properties in terms of MVI diagnosis. This model can potentially aid clinicians in establishing the individualized risk of patients with MVI development, which in turn, can assist in proper treatment application.
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Background: An increasing number of lung cancer patients are opting for lobectomy for oncological treatment. However, due to the unique organismal condition of elderly patients, their short-term postoperative mortality is significantly higher than that of non-elderly patients. Therefore, there is a need to develop a personalised predictive tool to assess the risk of postoperative mortality in elderly patients.



Methods: Information on the diagnosis and survival of 35,411 older patients with confirmed lobectomy NSCLC from 2009 to 2019 was screened from the SEER database. The surgical group was divided into a high-risk mortality population group (≤90 days) and a non-high-risk mortality population group using a 90-day criterion. Survival curves were plotted using the Kaplan-Meier method to compare the differences in overall survival (OS) and lung cancer-specific survival (LCSS) between the two groups. The data set was split into modelling and validation groups in a ratio of 7.5:2.5, and model risk predictors of postoperative death in elderly patients with NSCLC were screened using univariate and multifactorial logistic regression. Columnar plots were constructed for model visualisation, and the area under the subject operating characteristic curve (AUC), DCA decision curve and clinical impact curve were used to assess model predictiveness and clinical utility.



Results: Multi-factor logistic regression results showed that sex, age, race, histology and grade were independent predictors of the risk of postoperative death in elderly patients with NSCLC. The above factors were imported into R software to construct a line graph model for predicting the risk of postoperative death in elderly patients with NSCLC. The AUCs of the modelling and validation groups were 0.711 and 0.713 respectively, indicating that the model performed well in terms of predictive performance. The DCA decision curve and clinical impact curve showed that the model had a high net clinical benefit and was of clinical application.



Conclusion: The construction and validation of a predictive model for death within 90 days of lobectomy in elderly patients with lung cancer will help the clinic to identify high-risk groups and give timely intervention or adjust treatment decisions.
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Introduction

Lung cancer is one of the most common malignancies in the world, killing nearly 2 million people each year, mainly in the older age group of 65 years and above (1, 2). Non-small cell lung cancer (NSCLC) accounts for approximately 85% of lung cancers. With the accelerated ageing of the population and widespread screening by low-dose CT, the number of confirmed cases of NSCLC in the elderly has increased significantly (3, 4), posing a serious threat to human health and life.

Surgical resection is the treatment of choice for early-stage lung cancer, but there are many factors that affect post-operative survival due to the high mortality rate, multiple comorbidities and complex post-operative non-cancer related conditions that characterise the elderly lung cancer population (5–7). In 2021, Jiao et al. (8) constructed a prediction model combining radiological features and mortality risk parameters with a c-index as high as 0.734, which helped clinical identification of patients with early-stage NSCLC and was not an effective predictor of survival in NSCLC patients after surgery. A recent study (9) combined clinical and genomic features to construct a columnar graph model for risk stratification of early-stage NSCLC to assess the prognostic value of postoperative prognosis in NSCLC patients. These recent studies have used diverse approaches to construct postoperative predictive models for NSCLC, giving the models greater clinical predictive value, but these models are generally applicable to postoperative NSCLC patients without specific age differentiation.

Few current studies have investigated predictive models for monitoring risk factors for death and survival at 90 days after lobectomy in elderly (age ≥75 years) NSCLC. Based on the (SEER) database, this study retrospectively analysed the consultation and survival information of elderly patients with confirmed lobectomy NSCLC from 2009 to 2019 to develop a clinical line chart for predicting mortality after lobectomy in elderly NSCLC patients to facilitate clinical assessment of postoperative survival and development of individualised treatment strategies for elderly NSCLC patients.



Materials and methods


Data sources and study population

The data used in this study were all obtained from the National Cancer Institute's SEER database (SEER.cancer.gov) registry, a publicly available cancer database covering approximately 34.6% of the US population. Data from older patients with confirmed NSCLC from (2009 to 2019) were downloaded using SEER*Stat version 8.3.6 for analysis of the study. Screening inclusion criteria: (1) age ≥75 years; (2) meeting diagnostic criteria for NSCLC, confirmed clinically and pathologically; (3) Patients who underwent lobectomy for NSCLC; (4) Those with complete clinical data, including age, race, gender, tumour histological grade, molecular typing, postoperative survival time, and survival outcome. Exclusion criteria: (1) age <75 years; (2) previous history of lung tumors and other malignancies; (3) patients with non-NSCLC lobectomy; (4) those with incomplete clinical information. A total of 35,411 patients were eventually included as study subjects.



PSM analysis

In this study, patients aged >75 years in the NSCLC surgery group were classified as non-high-risk for survival >90 days after surgery, and those with survival ≤90 days were classified as high-risk for death. To eliminate the influence of confounding factors on the study results, the 1:1 propensity score matching (PSM) was used to eliminate differences in baseline information between the two groups of data, and survival curves were plotted using the Kaplane-Meier method and log-rank tests were used to compare the differences in survival curves between the groups.



Variable filtering

All enrolled CSCLC patients were further randomly split into a modelling and validation group in a ratio of 7.5:2.5. For the modelling group, univariate and multifactorial logistic regression were used to screen independent risk predictors for elderly patients undergoing lobectomy for NSCLC as the construct variables for the line graph model.



Model construction and evaluation

Screened independent risk predictors for elderly patients undergoing lobectomy for NSCLC were incorporated into the prediction model, and the risk factors were presented visually using R software version 3.6.3 (http://www.r-project.org/). The predictive efficacy and clinical utility of the line graph prediction model was evaluated by analysing the receiver operating characteristic curve (ROC curve) and Decision Curve Analysis (DCA).



Statistical analysis

All statistical analyses were performed using EmpowerStats (version 2.2) and R software (version 4.0.5). Count data were expressed as relative numbers and comparisons were made using the χ2 test; measurement data conforming to a normal distribution were expressed as (`x ± s) and measurement data not conforming to a normal distribution were expressed as M (P25, P75); one-way and multi-way logistic regression analyses were used to screen risk factors in CSCLC patients, and P < 0.05 was considered a statistically significant difference.




Results


Comparison of baseline information of elderly NSCLC cases

A total of 35,411 elderly patients with NSCLC aged ≥75 years in the SEER database were included in this study. To eliminate the influence of confounding factors on this study, we used a 1:1 propensity score matching (PSM) method for analysis. 21,658 patients in the NSCLC surgical group and 13,753 patients in the NSCLC non-surgical group before PSM were analyzed in both groups in terms of Age, Gender Marrital ststus, Race, Tuomor Position, Lung lobectomy, Histologic Type, Grade, AJCC-T, AJCC-N, AJCC-M were statistically significant (P < 0.05); after PSM, 9,058 patients in the NSCLC surgery group were compared with 9,058 patients in the NSCLC non-surgical group were successfully matched, with statistically significant differences in all variables except for the four confounding variables Gender, Involved lung lobes, AJCC-T, and AJCC-M, which were not statistically significant between groups (P > 0.05) (Table 1).


TABLE 1 Patient information based on their baseline features before and after 1:1 PSM in surgery and non surgery groups.
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Analysis of OS survival in the modelling and validation groups of elderly patients with NSCLC

Kaplan-Meier plots visualise the differences in survival time after lobectomy in older patients with NSCLC. Overall, before and after propensity score matching (PSM), OS was shorter in the NSCLC high-risk mortality group than in the NSCLC non-high-risk group (P < 0.001). When comparing survival data between the two groups, survival rates were higher in the NSCLC non-high-risk group than in the NSCLC high-risk death group before and after matching, with survival rates of 73%, 43% and 18% at 25, 50 and 75 months in the NSCLC non-high-risk group and 25%, 8% and 2% at 25, 50 and 75 months in the NSCLC high-risk death group, respectively. Post-matching survival rates at 25, 50 and 75 months were 68%, 22% and 4% for the NSCLC non-high-risk group and 41%, 16% and 5% for the NSCLC high-risk mortality group, respectively. As shown in Figure 1.


[image: Figure 1]
FIGURE 1
OS survival curves before and after PSM in elderly patients with NSCLC. (A) css-tumour-specific mortality before PSM; (B) os-tumour overall survival before PSM; (C) css-tumour-specific mortality after PSM; (D) os-tumour overall survival after PSM.




Screening for independent risk factors for survival in older patients with CSCLC

In the modeled group, the results of the one-way logistic regression analysis showed that the risk factors affecting the survival of elderly patients with confirmed lobectomy NSCLC were Sex, Age, Race, Histologic Type, and Grade (T, N, M), and the differences were all statistically significant at P < 0.05. These five risk factors were included again in the further multifactorial logistic regression analysis, and the results proved that these five risk factors were independent risk factors for survival in elderly patients with confirmed lobectomy NSCLC (Table 2).


TABLE 2 Univariable and multivariable logistic regression analysis in development group.
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Development of a line graph prediction model for elderly patients with NSCLC

Based on the results of multi-factor logistic regression analysis, the survival of elderly patients diagnosed with lobectomy NSCLC was visualized and analyzed by including 5 factors affecting survival prognosis, sex, age, race, histology and grade, and a Nomogram prediction model was constructed based on the above 5 risk factors, as shown in Figure 2.
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FIGURE 2
Predicted survival line graph for elderly patients undergoing lobectomy for NSCLC.




Validation of the column line graph prediction model for elderly patients with NSCLC

The Nomogram prediction model was validated by applying ROC curves, and the results showed that the area under the ROC curve for the modelling group prediction model was 0.711 AUC, and the area under the ROC curve for the validation group prediction model was 0.713 AUC, indicating that the Nomogram model has good prediction accuracy; as shown in Figures 3A,B. DCA decision curves and clinical impact curves are method to assess the value of the prediction model for clinical application. When the threshold probability of the DCA decision curve was shown to be between 1% and 90%, it indicated that the column line graph prediction model developed in this study had a high net clinical benefit, as shown in Figure 4.


[image: Figure 3]
FIGURE 3
ROC curves of the prediction model for the column line graph of elderly patients with NSCLC. (A) AUC of the modelling group; (B) AUC of the validation group.
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FIGURE 4
Validation of the column line graph prediction model. (A,C) Modeling group/validation group DCA decision curve; (B,D) modeling group/validation group clinical impact curve.





Discussion

Non-small cell lung cancer (NSCLC), is the leading cause of cancer deaths worldwide (10–12). Surgery is currently the main treatment for non-small cell lung cancer (NSCLC), with anatomical lobectomy being the main surgical treatment modality for NSCLC (13–15). With the development of lung cancer epidemiology and an ageing population, elderly patients with non-small cell lung cancer (NSCLC) have become an important patient group in lung cancer surgery. In this study, we analyzed the risk factors for postoperative mortality and the incidence of postoperative mortality in a special population of elderly patients undergoing lobectomy for NSCLC, and developed a practical prediction model to predict survival after lobectomy in elderly patients with NSCLC. The results of the study showed that the model has good predictive performance and has good clinical utility, providing guidance and decision making for the clinical survival of elderly patients undergoing lobectomy for NSCLC.

A prediction model (16) for NSCLC after radiotherapy has been proposed and predicts patient survival at 6 months, 1 year, 2 years and 3 years, but the model is only predictive of survival for patients treated with radiation for NSCLC. In the latest study on columnar graph prediction models for NSCLC, Chen (17) constructed a columnar graph model to predict prognosis of lymph node metastasis in NSCLC patients by four factors: age, SIRI, PNI and CEA. Zhang et al. (18) developed a line graph model to predict the development of advanced non-small cell lung cancer by combining clinical and molecular features. Xiaoping (19) developed a personalised line graph model based on CT-based sarcopenic to predict survival of patients with non-small cell lung cancer after receiving chemotherapy, which has some similarities to the present study. This study explored postoperative prognosis and survival model construction in NSCLC patients, but its study population was broad, none of which had predictive model construction regarding survival within 90 days after lobectomy in older (age ≥75 years) NSCLC patients.

As people continue to age, changes in the physiology and pathology of the elderly patient's organism are influenced by a number of factors, particularly physiological changes in the cardiovascular and respiratory systems (20, 21). This is mainly reflected in the reduced catecholamine response to stress, significantly reduced cardiac output, reduced lung tissue compliance, reduced expiratory effort and reduced pulmonary ventilation-perfusion capacity in elderly patients (22–24). In elderly patients with a long history of smoking, their vulnerability to hypoxaemia and hypercapnia presents a significant challenge for the surgical management of elderly patients with NSCLC (25–27). At the same time, the fact that patients older than 75 years of age often have many other underlying conditions (e.g., diabetes, hypertension, chronic bronchitis and emphysema) increases the risk of surgery and seriously affects the post-operative recovery of elderly patients.

We found that age, race, gender, degree of differentiation, histological type, and grade (T, N stage) were independent factors for OS in studies related to lung cancer, and these factors were consistent with findings on risk factors for non-small cell lung cancer (28–30). However, many previous studies have not clarified the multi-prognostic analysis of survival at 90 days postoperatively in elderly patients undergoing lobectomy for NSCLC (31–33). In this study, as many variables related to postoperative survival information for elderly patients undergoing lobectomy for NSCLC as possible will be included in the clinical prediction model to improve its accuracy. In this study, age and tumour infiltration grade were found to have a considerable impact on the survival of NSCLC patients. Guo et al. (34) showed that plasma-related pulmonary artery embolism levels in NSCLC patients increased significantly with increasing age, and that the prognostic hypercoagulable status of NSCLC patients was related to patients’ age, tumour infiltration grade and metastasis, and their postoperative treatment needed to take these factors into account. In addition, gender and ethnicity are important prognostic factors for patients with NSCLC, and gender is a strong prognostic factor when assessing the survival of patients with non-small cell lung cancer (35–37). Prognostic studies related to NSCLC (38–42) have also shown that the histologic subtype of NSCLC is associated with the risk of postoperative death in NSCLC patients, and that the overall postoperative survival OS of patients with different non-small cell lung cancer (NSCLC) histologic subtypes varies. Therefore, we identified Sex, Age, Race, Histologic Type, and Grade (T, N, M) as variables used in the column line graph, and the column line graph model constructed by these variables is of great importance in predicting the survival rate of elderly patients after lobectomy for NSCLC and guiding their treatment.

In this study, we constructed a survival prediction line graph model for elderly patients after lobectomy for NSCLC, which was based on a large database population to predict OS in patients undergoing lobectomy for NSCLC. in the model testing and validation, we found that the area under the ROC curve AUC of the model was 0.711 and 0.713 in the testing and validation groups, respectively, which were both much greater than 0.5, indicating that the model was predictive of survival of elderly patients after lobectomy for NSCLC is predictive efficacy and the model has good predictive performance. The clinical utility of the model was assessed by DCA decision curves and clinical impact curves, and the results of the validation group showed that the column line graph prediction model developed in our study has a high net clinical benefit and can be used as a tool for clinical decision making. Physicians and patients can use the column line graph model prediction scoring system to understand the individualised survival expectations of elderly patients after lobectomy for NSCLC, and based on the results of the column line graph prediction, effective interventions can be made to improve the survival of elderly patients after lobectomy for NSCLC with low survival rates.

This study was enrolled in the National Cancer Institute's SEER database, and although the sample size was large, there were some limitations. (1) This study is a retrospective study with a low level of evidence compared to prospective cohort studies. (2) In order to eliminate the influence of confounding factors on the study results, the data were processed using propensity score matching (PSM), but there was still an unavoidable selective bias in the two data sets. (3) This study is a single-centre study, with both the test and validation sets from the same database, and lacks external datasets to validate the prediction model of this study. Our next research direction is to conduct a multicentre, large sample size prospective study of elderly patients after lobectomy for NSCLC. (4) The SEER database does not provide more information on elderly patients undergoing lobectomy for NSCLC, such as cause of death, surgical approach, and postoperative adjuvant treatment options, which may also be important factors influencing the information on postoperative survival of elderly patients with NSCLC. Despite some limitations, the Nomogram was constructed based on a large population and provides a practical and effective clinical tool for predicting survival in elderly patients undergoing lobectomy for NSCLC.



Conclusion

In this study, sex, age, race, histology and grade were important factors influencing postoperative survival in elderly patients after lobectomy for NSCLC. For elderly patients after lobectomy for NSCLC, timely and effective postoperative survival assessment and enhanced clinical supervision are beneficial to improve the survival rate of elderly patients after lobectomy for NSCLC.
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Background: Anastomotic leakage is a serious complication after colorectal cancer surgery, which affects the quality of life and the prognosis. This study aims to create a novel nomogram to predict the risk of anastomotic leakage for patients with colorectal cancer based on the preoperative inflammatory-nutritional index and abdominal aorta calcium index.



Methods: 292 patients at Tianjin Medical University General Hospital (Tianjin, China) from January 2018 to October 2021 who underwent colorectal cancer surgery with a primary anastomosis were retrospectively reviewed. A nomogram was constructed based on the results of multivariate logistic regression model. The calibration curves and receiver operating characteristic curves were used to verify the efficacy of the nomogram.



Results: Univariate and multivariate analyses showed that tumor location (P = 0.002), preoperative albumin (P = 0.006), preoperative lymphocyte (P = 0.035), preoperative neutrophil to lymphocyte ratio (P = 0.024), and superior mesenteric artery calcium volumes score (P = 0.004) were identified as the independent risk factors for postoperative anastomotic leakage in patients with colorectal carcinoma. A nomogram was constructed based on the results of the multivariate analysis, and the C-index of the calibration curves was 0.913 (95%CI: 0.870–0.957) in the training cohort and 0.840 (95%CI: 0.753–0.927) in the validation cohort.



Conclusion: The nomogram, combining basic variables, inflammatory-nutritional index and abdominal aorta calcium index, could effectively predict the possibility of postoperative anastomotic leakage for patients with colorectal cancer, which could guide surgeons to carry out the appropriate treatment for the prevention of anastomotic leakage.
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Introduction

With the progress of surgical technology and oncology surgery, surgical treatment has become the principal treatment for the patients with resectable colorectal cancer, which greatly improves their survival prognosis (1, 2). However, postoperative complications, which affect the recovery of patients after surgery, and even threaten the survival of patients, have always been an urgent problem that plagues surgeons. Among postoperative complications, anastomotic leakage (AL) is one of the most common and serious postoperative complications, with an incidence of 4%–29% (3) AL not only prolongs the patient's hospital stay, reduces the patient's quality of life, but even affects the patient's survival after surgery (4–6). Surgeons have made much effort to avoid AL in clinical practice, such as prophylactic ileostomy, and intraoperative evaluation of blood flow with indocyanine green (7–9) However, there is still no objective method for helping surgeons to predict the occurrence of AL in patients with colorectal cancer before surgery.

At present, while the recognized factors related to AL after colorectal cancer surgery were not clear, we could confirm that AL is the result of multiple factors (10, 11). Some studies showed that the tumor located in the rectum, preoperative malnutrition, excessive inflammatory response and other factors could be related to postoperative AL (10, 12–14). Patients with gastrointestinal cancer usually had a higher risk of preoperative malnutrition, which might be associated with poor postoperative outcomes (14, 15). Several studies showed that adequate nutritional support might improve this situation for patients with high nutritional risk (16). The nutritional status of the patients seemed to be an important factor for clinicians to predict the early prognosis. In recent years, numerous studies confirmed that cancer-associated inflammation was an important factor to produce tumor-promoting effects (17). Preoperative systemic inflammation of colorectal cancer patients was an important factor associated with the poor prognosis and high morbidity of AL (10, 18). The results of hematological tests were great indicators of preoperative systemic inflammation in patients with colorectal cancer, and the relevant data was readily available in almost all patients. Moreover, abdominal aorta calcification, which could damage the vascular function and might reduce anastomotic blood flow, might increase the risk of colorectal AL (19, 20). Therefore, accurate preoperative assessment of the above risk factors was essential to prevent AL.

This study aimed to establish a model that could predict the probability of postoperative AL by assessing the preoperative status of patients with colorectal cancer. In this study, the index of nutrition, the index of inflammation and the artery calcium volumes score were considered as the risk factors for AL, and a better nomogram was prepared to guide clinicians in decision-making.



Patients and methods


Patients

Between January 2018 and October 2021, a total of 327 patients underwent colorectal cancer resection at Tianjin Medical University General Hospital. The clinicopathologic data of these patients were retrospectively reviewed from the hospital information system after receiving Institutional Review Board approval. The data included basic variables (gender, age, alcohol, smoke, diabetes, BMI, tumor location, Obstruction, ASA score and pTNM stage), preoperative nutritional variables (hemoglobin, albumin, and prognostic nutritional index), inflammatory variables (WBC, neutrophil, lymphocyte, platelet, neutrophil-lymphocyte ratio; and platelet-lymphocyte ratio), and vascular condition variables (superior mesenteric artery calcium volumes score, inferior mesenteric artery calcium volumes score, and abdominal aorta calcium volumes score). Eligibility criteria included: (I) proven histologically primary colorectal carcinoma; (II) R0 colorectal cancer surgery with D3 lymph node dissection and a primary anastomosis; (III) complete and available clinicopathological data. The exclusion criteria were: (I) less than 18 years old; (II) history of neoadjuvant chemotherapy or radiotherapy; (III) the patients who had surgery for other cancers or bowel resection for any reason.

The authors are accountable for all aspects of the work in ensuring that questions related to the accuracy or integrity of any part of the work are appropriately investigated and resolved.



Surgical procedure

All patients underwent open or laparoscopic radical surgery for colorectal cancer. The linear stapler device was applied in the intestinal anastomosis of colon cancer patients, and the circular stapler device was applied in the anastomosis of rectal cancer patients. Then we performed the seromuscular suturing with a 3–0 absorbable suture to reduce the intestinal tension and ensure the mechanical integrity of the anastomosis for colon cancer surgery. And the air-leak test was used to confirm mechanical integrity after intestinal anastomosis in rectal cancer surgery.



Evaluation of Al

AL was diagnosed by the presence of gas or intestinal contents drained from the wound or drainage tube, the evidence of the intraperitoneal infection, or the positive signs of CT or endoscopy. Digital rectal examination was also used to identify AL in patients with rectal cancer.



Preoperative variables and vascular evaluation

We recorded the results of the preoperative laboratory examination 7 days before the operation. The pathological TNM staging was assessed according to the 8th editions of the American Joint Committee on Cancer (AJCC) staging system. Prognostic nutritional index (PNI) values were calculated with the formula: 10 × albumin (g/L) + 0.005 × total lymphocyte count. Neutrophil-lymphocyte ratio (NLR) value was calculated as neutrophils count divided by absolute lymphocyte count. Platelet-lymphocyte ratio (PLR) value was calculated as platelet count divided by absolute lymphocyte count. The vascular condition was evaluated through a preoperative multi-detector computed tomography (MDCT) image. The MDCT images of aortic between the origin of the superior mesenteric artery (SMA) and inferior mesenteric artery (IMA) were analyzed on the software (Syngo Calcium Scoring, Siemens). The plaque area in the aortic lumen, which was more hyperdense than the vascular lumen and adjacent parenchyma (density more than 130 HU), was considered as vascular calcification (21). The artery calcium volume score was measured by calculating the plaque area multiplied by the slice spacing. The SMA and IMA calcium volume score was determined by calcium volume scores at the origin of SMA and IMA on the aorta, respectively. In this study, the abdominal aorta calcium volume score was calculated as the total score of SMA and IMA calcium volume (Figure 1).


[image: Figure 1]
FIGURE 1
The MDCT images of abdominal aorta, SMA and IMA calcification. The arrow in the images indicates the site of arterial calcification. The plaque was outlined, and then its area was obtained by the software (Syngo Calcium Scoring, Siemens). (A) The calcification at the origin of SMA on the aorta. (B) The calcification of the abdominal aorta.


Patients were divided into a low or high group according to the cut-off value of albumin, WBC, neutrophil, lymphocyte, platelet, NLR, PLR, PNI, SMA calcium volume score, IMA calcium volume score and abdominal aorta calcium volume score, which was calculated through receiver operating characteristic (ROC) curve analysis.



Nomogram model

First, the univariate and multivariate analyses were performed to identify the independent risk factors for AL after colorectal cancer surgery. Then, the nomogram was created based on the results of the multivariate logistic regression analysis. The nomogram was subjected to 1,000 bootstrap resamples to calculate the concordance index (c-index) which could be used to estimate the predictive accuracy of the model (22). And the calibration curves were created to graphically present the relationship between the observed results and the predicted probabilities.



Statistical analysis

The χ2 or Fisher's exact test was used for categorical variables, and the t-test was used for continuous variables. Factors that showed significant differences in the univariate analysis (P < 0.05) were included in the multivariate analysis. Multivariate analysis was performed using a logistic regression model for the evaluation of the predictive risk factors, in which, the odds ratios (ORs) and 95% confidence interval (CI) were calculated. In all the other statistical analyses, significance was defined as P < 0.05 (two-sided). ROC analysis was performed to compare the accuracy of the nomogram and five independent risk factors and area under the curve (AUC) were also calculated. All statistical analyses were performed using the statistical analysis program package IBM SPSS Statistics (Version 24.0; IBM Corp., New York, USA, RRID: SCR_019096). And R 4.0.1 software (RMS, riskRegression and pROC packages; Institute for Statistics and Mathematics, Vienna, Austria; http://www.r-project.org/, RRID: SCR_001905).




Results


Clinical characteristics of patients

According to the above eligibility and exclusion criteria, 292 patients in total were included in this study. These patients were classified into training cohort (date of surgery: 2018–2019, n = 177) and validation cohort (date of surgery: 2020–2021, n = 115) according to the date of surgery (Figure 2). The clinical and pathologic characteristics of 292 patients in this retrospective study were listed in Table 1. These patients included 168 males and 124 females. The median age was 67 (range 26–90). A total of 87 (29.79%) patients had a history of alcohol, and 94 (32.19%) had a history of smoking. 66 (22.60%) patients were diagnosed of diabetes. The median BMI was 23.73 (range 14.61–34.19). Tumors were distributed on right colon (n = 121, 41.44%), transverse colon (n = 12, 4.11%), left colon (n = 25, 8.56%), sigmoid colon (n = 58, 19.86%) and rectum (n = 76, 26.03%). A total of 37 (12.67%) patients had AL, and the number of patients with AL was 6 in the right-sided colon, 3 in the transverse colon, 3 in the left-sided colon, 9 in the sigmoid colon and 16 in the rectum. 49 (16.78%) patients had preoperative obstruction and the ASA score of 135 (46.23%) patients is 3. The pT stage of tumor for most patients was pT4a (203, 69.52%), and most patients had no lymph node metastasis (N0: 178, 60.96%). The results of hematological tests were presented in the form of the median (range) and mean (SD). Then, the Clinical characteristics between the training and validation cohort were estimated and no significant differences were shown, which was presented in Table 2.
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FIGURE 2
The flow chart of the selection process for the colorectal cancer patients from from January 2018 to October 2021.



TABLE 1 Clinicopathologic characteristics of all patients.
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TABLE 2 Comparison of patients in the training and validation cohorts.

[image: Table 2]

We chose the cutoff value of the albumin, WBC, neutrophil, lymphocyte, platelet, NLR, PLR, PNI, SMA calcium volumes score, IMA calcium volumes score and abdominal aorta calcium volumes score to divide the patients into low and high groups, according to ROC curves.



Correlation analysis of risk factors for postoperative Al

We investigated the potential risk factors for AL by univariate analysis in the training cohort (Table 3). The univariate analysis showed the tumor located in the sigmoid colon and rectum (P = 0.007), low preoperative albumin (P = 0.011), high preoperative lymphocyte (P = 0.021), high preoperative NLR (P = 0.016), high SMA calcium volumes score (P = 0.001), high IMA calcium volumes score (P = 0.001) and high abdominal aorta calcium volumes score (P = 0.001) were significantly correlated with the occurrence of postoperative AL. Then, these significant variables were performed in the forward step procedures by the multivariate logistics regression model. We observed tumor location (transverse colon, OR: 2.891, 95% CI: 0.194–43.017, P = 0.441; left colon, OR: 10.417, 95% CI: 0.668–162.511, P = 0.095; sigmoid colon, OR: 12.162, 95% CI: 2.213–66.836, P = 0.004; rectum, OR: 13.568, 95% CI: 2.590–71.082, P = 0.002), preoperative albumin (OR: 0.157, 95% CI: 0.042–0.593, P = 0.006), preoperative lymphocyte (OR: 10.623, 95% CI: 1.175–96.071, P = 0.035), preoperative NLR (OR:13.004, 95% CI: 1.406–120.226, P = 0.024), SMA calcium volumes score (OR: 6.810, 95% CI: 1.870–24.801, P = 0.004) were identified as the independent risk factors for postoperative AL in patients with colorectal carcinoma (Figure 3).


[image: Figure 3]
FIGURE 3
Forest plot about multivariate logistic regression analysis of clinicopathologic characteristics in the training cohort for anastomotic leakage.



TABLE 3 Univariate analysis of risk factors for anastomotic leakage in training cohort.
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Creation and confirmation of the nomogram

Based on the above results of univariate and multivariate analysis, we chose the tumor location, preoperative albumin, preoperative lymphocyte, preoperative NLR, and SMA calcium volumes score as factors to create a nomogram for predicting postoperative AL in patients with colorectal carcinoma. The occurrence probability of postoperative AL can be predicted by calculating the points of each variate and projecting the total points to the bottom scale (Figure 4).


[image: Figure 4]
FIGURE 4
The nomogram predicting postoperative AL in patients with colorectal adenocarcinoma. Match the characteristics of patients to the scale of each risk factor in the nomogram to get the corresponding points. All points were added up to obtain the total points, and then total points was matched to the scale of anastomotic fistula rate to obtain the probability of AL. NLR, neutrophil-lymphocyte ratio.


Then, in order to evaluate the predictive ability of the nomogram model, we performed 1,000 resampling bootstrap analyses in both the training cohort and validation cohort. And the calibration curves were illustrated to verify the relationship between the predicted risk and observed frequency (Figure 5). The C-index of the training cohort and validation cohort was 0.913 (95%CI: 0.870–0.957), and 0.840 (95%CI: 0.753–0.927), respectively. And the brier score was 0.077 (95%CI: 0.051–0.103), and 0.106 (95%CI: 0.066–0.146) respectively. These results demonstrated the nomogram model had a good accuracy in predicting postoperative AL in patients with colorectal carcinoma.


[image: Figure 5]
FIGURE 5
The calibration curves of the nomogram in the training cohort (A) and validation cohort (B). The X-axis represented the possibility of AL predicted by the nomogram, and the Y-axis represented the possibility of AL observed in patients.




Receiver operating characteristic analysis

We then used ROC analysis to compare the accuracy of the nomogram and five independent risk factors. The AUC for postoperative AL in training cohort and validation cohort were calculated: the nomogram, 0.913 (95%CI: 0.869–0.957) and 0.840 (95%CI: 0.751–0.929); tumor location, 0.711 (95%CI: 0.607–0.815) and 0.573 (95%CI: 0.449–0.698); preoperative lymphocyte, 0.617 (95%CI: 0.559–0.676) and 0.598 (95%CI: 0.448–0.708); preoperative NLR, 0.624 (95%CI: 0.565–0.682) and 0.611 (95%CI: 0.570–0.652); preoperative albumin, 0.647 (95%CI: 0.546–0.748) and 0.644 (95%CI: 0.533–0.754); SMA calcium volumes score, 0.694 (95%CI: 0.588–0.799) and 0.692 (95%CI: 0.566–0.818), respectively (Figure 6).
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FIGURE 6
Receiver operating characteristic (ROC) curves of the nomogram and five risk factors in training cohort (A) and validation cohort (B). The values of AUC (95%CI) for the nomogram and five risk factors were listed in the figure. The X-axis represented the specificity of the nomogram and five risk factors to predict AL, and the Y-axis represented the sensitivity of these items. NLR, neutrophil-lymphocyte ratio; SMA, superior mesenteric artery; AUC, area under the curve.





Discussion

AL is a serious complication that can affect the short-term quality of life and long-term prognosis after colorectal cancer surgery (5). Surgeons usually judge whether the anastomotic bowel is ischemic by observing the color of the bowel in surgery, but this method is too subjective. Recent studies showed that intraoperative application of indocyanine green, selective ileostomy and other methods could also reduce the morbidity of postoperative AL (7, 9, 23). However, these methods were easily biased by some factors and new evaluation methods were needed. Preoperative malnutrition, serious inflammatory response and abdominal artery calcification might have an adverse effect on postoperative tissue healing (10, 12, 19, 20), and these risk factors were included in this study to construct the nomogram.

The baseline data of 292 patients were retrospectively collected in this study and multivariate analysis showed that tumor location, preoperative albumin, preoperative lymphocyte, preoperative NLR, and SMA calcium volumes score were the risk factors for AL after colorectal cancer surgery. It was worth noting that BMI, brinkman index and sake index were not significantly correlated with the occurrence of AL, which may be attributed to the small sample size and single-center study. Many studies showed that the morbidity of AL was the greatest in the patients after low anterior resection for rectal cancer (12, 24). The patients had higher morbidity of AL when the tumor was closer to the anal margin. This study demonstrated that tumor location was the strongest risk factor for colorectal cancer surgery, and surgeons should pay special attention to the prevention of AL in these patients. The preoperative nutrition of the patients could affect the occurrence of postoperative complications. A multicenter prospective study of 3,193 patients conducted by Matteo et al. showed that low preoperative albumin was an independent risk factor for AL after colon resection for cancer (25). The low albumin usually represented severe malnutrition in cancer patients, and the patients were generally in poor condition with serious symptoms and more malignant tumors. Adequate preoperative nutritional support for such patients was necessary to improve postoperative recovery. The preoperative systemic inflammatory response was significantly associated with postoperative AL, but the mechanism of inflammation in AL was still unclear (10). The preoperative NLR was a better indicator to reflect the basic level of the inflammatory response (18, 26). The preoperative NLR was associated with the occurrence of major postoperative surgical complications (27), and one study showed that the high perioperative lymphocyte and NLR were related to the occurrence of AL in patients with colorectal cancer surgery (28). Another study showed that preoperative NLR was an independent risk factor for postoperative AL of rectal cancer, but its specificity was not high (29). This study concluded that high preoperative lymphocytes and NLR may lead to AL, which might be due to the local continuous infiltration of numerous inflammatory cells, which inhibited angiogenesis and fibroblast growth (17).

The abdominal aorta and its branches are important blood vessels that surgeons should pay special attention to protecting. Some studies have shown that some factors related to vascular abnormalities can affect the outcome of gastrointestinal surgery. The calcification of the thoracic aorta, celiac axis and SMA increased the risk of AL after esophageal cancer surgery (30, 31). One meta-analysis showed that calcification of the abdominal aorta might increase the risk of colorectal AL (19). Some prospective studies that explored the correlation between arterial calcification and AL in patients after colorectal cancer surgery were needed. The results of multivariate analysis in this study showed that a high SMA calcification score was an independent risk factor for AL after colorectal cancer surgery. The occurrence of AL was affected by blood perfusion at the anastomotic site. The blood supply of the proximal bowel always comes from direct or compensatory perfusion of SMA after colorectal cancer surgery. SMA with high calcification score has less blood flow, which may reduce the amount of blood circulation in the intestine and prolong the time of compensatory blood supply. Eventually, intestinal healing may be delayed due to insufficient nutrient supply, and the risk of AL will increase.

In this paper, a nomogram based on the multivariate analysis model was constructed to accurately predict the morbidity of AL after colorectal cancer surgery. The nomogram showed that tumor location and preoperative NLR were the two important risk factors for AL. The AL was most likely to occur in the rectum, sigmoid colon and left-side colon, and surgeons should carefully evaluate these patients' conditions during the perioperative period. The high-level NLR and lymphocyte indicated that the patients had unsuited inflammatory response which might inhibit the tissue growth at the anastomotic site. Many studies showed that some perioperative treatments like NSAIDs did not achieve the purpose of preventing AL (32, 33). Preoperative low albumin and severe SMA calcification could exacerbate nutrient deficiency at the anastomotic site. The severe SMA calcification was also the main risk factor and got approximately 74 points in the nomogram, which suggested that adequate blood supply was necessary for anastomotic healing. Preoperative treatment may be necessary for patients with obvious SMA calcification. The calibration curves in both the training cohort and validation cohort proved the consistency between the predicted value and the actual observation value. The ROC curve of the nomogram had the largest AUC, and the predictive accuracy of the nomogram was better than that of other risk factors. This nomogram can be used clinically to accurately predict the possibility of postoperative AL in patients with colorectal cancer.

Some limitations still existed in this study. This study was a single-center retrospective study, and more samples were needed to be included to obtain high-level evidence. The nomogram in this study showed excellent performance in internal verification, but it still needed to be further tested with more samples.

In conclusion, the occurrence of AL was affected by multiple factors, and a comprehensive evaluation of patients would be necessary. The tumor location closes the anal margin, malnutrition, excessive inflammatory response and severe SMA calcification could increase the risk of AL in patients after colorectal cancer surgery. The nomogram, combining the above risk factors, could effectively predict the probability of postoperative AL in patients with colorectal carcinoma, which can guide surgeons to carry out the appropriate treatment for the prevention of AL.
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Cuprotosis is a novel mechanism of cell death that differs from known mechanisms, which depends on mitochondrial respiration and is closely related to lipoylated components of the tricarboxylic acid (TCA) cycle. However, it is unclear whether cuprotosis-related genes (CRGs) affect the tumor microenvironment (TME) and prognosis of patients with gastric cancer. In this study, the genetic and transcriptional characteristics of CRGs in gastric cancer (GC) were analyzed, and five CRGs that were differentially expressed and correlated with the survival of patients were obtained. Two different molecular subtypes were identified according to the five CRGs. Then, we constructed a CRG_score applied to patients of any age, gender, and stage. Subsequently, we found that cluster B and a high CRG_score had a worse prognosis, fewer immune checkpoints, and higher tumor immune dysfunction and exclusion (TIDE) compared to cluster A and a low CRG_score. In addition, two subtypes and the CRG_score were closely associated with clinicopathological characteristics, human leukocyte antigens (HLAs) and TME cell infiltration. A high CRG_score was featured with decreased microsatellite instability-high (MSI-H) and mutational burden. Meanwhile, the CRG_score was significantly related to the cancer stem cell (CSC) index and chemotherapeutic response. Moreover, we developed a nomogram to predict the survival probability of patients. Our study explained the role of CRGs in GC, and the prognostic signature could potentially provide an approach for personalized tumor therapy.
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Introduction

Gastric cancer (GC), a malignant tumor with high heterogeneity, is one of the global malignant diseases. Although there are regional differences in morbidity and mortality, more than 1 million people suffer from it each year worldwide (1, 2). GC is the fourth primary cause of cancerous tumor death globally (3). The low survival rate of patients with GC is due to the fact that they are primarily in the middle and late stages (1). Common treatments for GC, such as surgery and chemotherapy, are based on traditional diagnostic measures, including clinical symptoms, imaging, and pathological data (4). However, treatments of inoperable and chemo-resistant GC patients remain many challenges needed to be addressed. Precisely personalized treatments, including immunotherapy and targeted therapy based on biomarkers such as microsatellite instability (MSI), epidermal growth factor receptor (EGFR), and programmed cell death ligand 1 (PD-L1), have been relatively novel and vital treatment strategies in recent years for those challenges (5). The purpose of them is to provide patients with more efficient and healthy drug treatments (6). Therefore, finding prognosis-related biomarkers with efficient treatment is a hot topic and an essential direction.

The self-death of normal cells could prevent cancerization to a certain extent. If damaged cells, such as DNA damage that cannot be repaired, cannot die by themselves, their genes may be mutated, which will promote the transformation to tumor cells of the offspring (7). A variety of cell death mechanisms, such as apoptosis, necroptosis, pyroptosis, autophagy, and ferroptosis, have been verified to be closely related to tumor progression (7, 8). Recently, cuproptosis is a new cell death mechanism that differed from other means. Copper is an indispensable cofactor to keep the body functioning properly. Copper accumulation can promote proteins lipidation in TCA mediated mainly by FDX1 and directly bind them, which induces loss of Fe-S cluster–containing proteins and elevation of HSP70 to activate acute proteotoxic stress leading to cell death (9). Zhang et al. revealed that ferredoxin reductase (FDXR) could regulate the expression of iron-binding protein 2 (IRP2), which affects the tumor suppressor p73, to mediate the development of tumor (10). There is a complex regulatory relationship between the tumor microenvironment (TME) and tumors. The growth of tumor cells depends on various biological factors secreted by TME. In addition to malignant cells, TME also includes adipocytes, fibroblasts, immune cells, extracellular matrix (ECM), and blood vessel-related cells (11). These components interfere with tumor progression through individual or interrelated pathways of action. For example, the vascular system provides tumor nutrition and distant metastasis channels, and tumor-associated macrophages (TAMs) protect tumors from immunosuppression. Fibroblasts can drive tumors away from their primary location (11, 12). However, there are very few studies of cuproptosis in tumors. The relationships between it and tumors, TME, and the prognosis of patients are not clear.

Due to cuprotosis as a newly discovered cell death mode, its role in gastric cancer is little known. We conducted a multifaceted analysis of cuprotosis-related genes (CRGs), hoping to discover the possible mechanism of CRG in the development of gastric cancer. This study explored CRGs' expression profile and associated transcription factors, as well as survival analysis. Then, two subtypes were identified based on CRGs, and TME cell infiltration using CIBERSORT, ssGSEA and ESTIMATE algorithms, survival time, clinical features, TIDE, immune checkpoints, and HLAs between them were analyzed. Subsequently, 567 patients with GC were again divided into two subtypes based on the differentially expressed genes (DEGs) of the two subtypes. In addition, CRG_score was constructed to predict prognosis, clinical characteristics, TME cell infiltration, TIDE, immune checkpoints, HLAs, TMB, CSC, MSI, and drug sensitivity of GC patients.



Materials and method


Data sets source and tissue samples

Gene expression (FPKM value), clinicopathological information, copy number variation, and nucleotide mutation data of GC were obtained from The Cancer Genome Atlas (TCGA) in January 2022. GSE15459 was downed from the Gene Expression Omnibus (GEO). FPKM values are converted to TPM values. The two datasets were merged, quantile normalized, and removed batch effects by the “Combat” algorithm. Comprehensive information of patients in TCGA and GSE15459 was shown in Supplementary Table S1. CRGs were identified from the literature (Supplementary Table S2) (9). Tumor-associated transcription factors were downloaded from the website (http://www.cistrome.org/). 10 GC cases of fresh frozen tumors and adjacent tissues from the Second Hospital of Jilin University were selected for quantitative real-time PCR (qRT-PCR).



The analysis of subtypes for CRGs

The expression of twelve CRGs was compared between 32 normal and 375 tumor samples in TCGA. Nine CRGs were differentially expressed (P-value <0.05). Then the Kaplan–Meier (KM) survival analysis was performed to screen out five CRGs with survival significance (P-value <0.05). We identified two molecular subtypes with the package “ConsensusClusterPlus” based on the five CRGs (FDX1, DLAT, PDHA1, SLC31A1, ATP7B). Moreover, core transcription factors associated with CRGs were obtained via the package dplyr and the Cytoscape software, in which the filter condition was the correlation coefficient >0.45 and false discovery rate (FDR) < 0.001. The biological function differences using Gene Set Variation Analysis (GSVA) and differential expression of CRGs between the two subtypes were analyzed.



Evaluation of clinicopathological data and TME between subtypes

To explore the clinical application, we analyzed differences in age, sex, stage, survival time, and status between the two subtypes. The survival analysis was performed by survival and survminer packages. The CIBERSORT and ssGSEA algorithms were used to calculate infiltration scores of various immune cells. We assessed the immune score, stromal score, and estimate score in distinct subtypes via ESTIMATE algorithm. To further study the differences in immune status between subtypes, TIDE score, dysfunction score, and immune exclusion score were checked, which have a negative correlation with patients' prognosis and immune efficacy (http://tide.dfci.harvard.edu/). To better evaluate the sensitivity of immunotherapy, we compared scores for twenty common therapeutic targets such as CTLA4, CD80, VTCN1, and LAG3 among others, between subtypes. Meanwhile, the expression of HLAs was explored.



Identification and analysis of DEGs

We obtained DEGs between the two subtypes using the limma package (|log Foldchange (FC) | > 0.585 and FDR < 0.05). To better define the cuproptosis subtypes, we retyped all samples based on DEGs by utilizing the ConsensusClusterPlus package and identified two clusters again. Subsequently, the survival analysis, clinical information and the expression of CRGs were performed between two clusters. Furthermore, GO and KEGG were used to explore the functional pathways of DEGs.



Construction and validation of the prognostic CRG_score

Firstly, all samples were equally divided into train and test groups. Then, samples from the train group were used to construct the prognostic CRG_score. Univariate Cox regression analysis was utilized to find prognostic-related DEGs. Next, LASSO regression analysis for prognostic-related DEGs using the glmnet package in R was conducted to prevent overfitting. Subsequently, the seven genes and formula of CRG_score (e(each gene's expression × correlative coefficient)) were obtained using the multifactorial Cox analysis. According to this formula, each sample obtained a risk score. Samples of the train group were divided into high- and low CRG_score groups based on the median risk score. The test group and all sets were divided into two groups via the same method. The survival ROC package was used to construct the ROC curves and obtain the area under the ROC curve (AUC) for 1, 3, 5, and 7 year OS, which can check the accuracy of the model. Moreover, survival time, clinical information, TME cell infiltration, TIDE, immune checkpoints, and HLA were analyzed by the same methods as before between high- and low CRG_score groups. The Gene set enrichment analysis (GSEA) software was conducted to explore the functional pathways in two groups. The filter criterion according to the c2.cp.kegg.v7.5.1symbols.gmt gene set was |normalized enrichment score (NES)| > 1.5, nominal (NOM) p-value <0.05 and FDR q-value <0.05.



Mutation and cancer stem cell (CSC) index analyses

The mutation data was downed from TCGA, which was analyzed to observe the distinction in high- and low CRG_score groups by the maftools package. Meanwhile, we studied the relationships of TMB with survival, the two CRG_score groups and risk score. At the same time, the correlation of TMB with immune cells was explored. We also performed a correlation analysis of CSC and risk score.



Microsatellite instability (MSI) and drug susceptibility analyses

MSI could be used to guide clinical medication. Therefore, the relation of MSI with risk score was studied. To guide the clinical application of drugs, we screened out the common chemotherapeutic drugs based on differential half inhibitory concentration (IC50) values between the two CRG_score groups using pRRophetic and limma packages.



Construction of a nomogram

A nomogram was constructed using the rms package to predict the patients' 1, 3, 5 and 7 -year survival probability, while the calibration curve examined the nomogram's forecasting performance.



Quantitative real-time PCR

Total RNA was extracted from GC patient tissues using Trizol reagent (Invitrogen, Carlsbad, CA, United States). A reverse transcription kit (Takara, Tokyo, Japan) was used to synthesize cDNA. The SYBR Premix Ex Taq™ kit (Takara, Japan) was used to perform the RT-qPCR. The mRNA expression level of SLC25A15, CTSV, RGS4, SYT13, ENTPD2, CA8, and NPTX1 was normalized by GAPDH. The data were determined by the −ΔΔCt means. The primers of the seven genes were listed in Supplementary Table S3.



Statistical analyses

All statistical analyses were conducted by R version 4.1.1. P < 0.05 was considered statistically significant.




Results


Genetic and transcriptional characteristics of CRGs in GC

The overall experimental design was presented in Figure 1. First, the mutation status in 12 CRGs were explored (Figure 2A). The overall mutation rate is 12% (53/433 samples). ATP7B, DLAT, DLD, ATP7A, and LIPT1 were the top five genes with relatively high levels of mutations. Then, the analyses of the correlation between CRGs expression and mutations were performed. Mutants tended to be accompanied by increased expression of CRGs (DBT, LIAS, DLAT, DLD, PDHB, especially LIAS) compared to wild-type (Supplementary Figure S1). 9 CRGs (75%, 9/12 CRGs) are differentially expressed between normal and tumor tissues (Figure 2B). Almost all 12 CRGs had the changes of somatic copy number variation (CNV). The CNV increases happened in ATP7B, SLC31A1, and LIPT1; nevertheless, DLAT, FDX1, DBT, and PDHB occurred the CNV decreases (Figure 2C). Their chromosomal sites were described in Figure 2D. We performed the survival analyses on 567 samples with GC based on the expression of CRGs. And we observed that 8 CRGs were significant (P < 0.05). Among them, seven highly expressed CRGs (87.5%) had a good prognosis, which suggested CRGs may have inhibitory effects on gastric cancer (Figure 2E).
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FIGURE 1
Schematic diagram of the flow of the study.
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FIGURE 2
(A) mutation characteristic of 12 CRGs from TCGA. (B) The expression of CRGs between Normal and tumor. (C,D) The changes of somatic copy number variation in CRGs. (E) The survival analysis of CRGs. CRGs, cuprotosis-related genes. (*P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant).




Identification of cuproptosis subtypes in GC

To study the classification of cuproptosis in GC, the 567 samples were classified via the consensus clustering analysis according to the expression profiles of 5 CRGs. There were A (n = 305) and B (n = 262) subtypes in terms of the best k value (k = 2) (Figure 3A and Supplementary Figure S2A). The rationality of the clusters was further verified by PCA analysis (Figure 3B). The survival analysis demonstrated that subtype A had a better prognosis than B (Figure 3C). For clinicopathological features, stages of cluster A were lower compared to B (Figure 3D). At the same time, we further analyzed the expression of CRGs of clusters to explore the reasons for differences between clusters. The results indicated that 11 CRGs (91.6%) were more highly expressed in cluster A than B (Figure 3E). Moreover, GSVA proved that cluster A was enriched in N-glycan biosynthesis, citrate and TCA cycles, the metabolisms of sphingolipid, glycerolipid, propanoate, butanoate, pyruvate, fructose and mannose, and cluster B was enriched in neuroactive ligand-receptor interaction (Figure 3F and Supplementary Table S4). At the same time, we evaluated the expression of 20 immune checkpoints between cluster A and B, which showed that 11 checkpoints were differential, of which 9 checkpoints (CD80, HHLA2, ICOSLG, TNFRSF25, CD276, LGALS9, TNFRSF14, VTCN1, TNFSG15) had higher expression of cluster A than B (Figure 3G). Cross-metabolic reprogramming of cancer and immune cells is seen as a determinant of the antitumor immune response. More and more studies have shown that cancer metabolism could regulate antitumor immune response by releasing metabolites. Moreover, immune cells also undergo metabolic reprogramming during proliferation, differentiation, and effector function (13). Results of GSVA and GO analysis mainly focus on cancer metabolism, which is closely related to tumor immune response. In fact, tumor immune response has long been recognized as an important factor in the efficacy of immunotherapy and the prognosis of cancer patients. Therefore, we mainly analyzed the results related to tumor immune infiltration.
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FIGURE 3
(A) consensus clustering matrix defining two clusters (k = 2). (B) The PCA analysis of the two clusters describing an obvious difference. (C) The KM curve between A and B subtypes. (D) The heatmap showing the correlation of the two subtypes with age, stage, gender, and CRGs. (E) The mRNA expression of CRGs between A and B subtypes. PPI, Protein-protein interaction; KM, Kaplan–Meier. (F) GSVA of analysis between two distinct subtypes, in which red represents positively correlated pathways and blue negatively correlated pathways. (G) Differential expression of immune checkpoints in the two subtypes.




Characteristics of TME cell infiltration, TIDE and checkpoints in the cuproptosis subtypes

In order to comprehensively analyze the relationship between CRGs and TME in GC, we observed that stromal, immune, and estimate scores of cluster B were higher than cluster A using the ESTIMATE algorithm (Figure 4A). The scores of dysfunction and TIDE were lower in cluster A than B (Figure 4B). We used CIBERSORT, ssGSEA, and ESTIMATE algorithms to evaluate. The results of CIBERSORT algorithm demonstrated that the differences between cluster A and B were concentrated in T cells, NK cells, Macrophages, and Mast cells (Figure 4C and Supplementary Table S5). The ssGSEA algorithm also verified similar outcomes for these cells (Figures 4D,E and Supplementary Table S6). In addition, For HLA, cluster A had lower expression of DPA1 and DPB1 than B, and the opposite for HLA C and G (Figure 4F). Prognosis-related and differentially expressed 5 CRGs were selected to study their transcription factors, which were demonstrated in Figures 4G,H. Ten hub genes, especially HDAC1 and EZH2 were screened by the Cytoscape software (Figure 4I). Moreover, the expression of core transcription factors in subtype A was higher than that in subtype B (Supplementary Figure S2B).
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FIGURE 4
(A) The stromal, immune, ESTMATE scores of A and B subtypes using ESTMATE algorithm. (B) Associations of the TIDE score and the two subtypes. (C) TME cells infiltration in A and B subtypes by CIBERSORT algorithm. (D,E) ssGSEA algorithm calculating the scores of immune cells infiltration in the two clusters. (F) The plot showing the expression of HLAs in the two clusters. (G) Sankey diagram of CRGs and transcription factors. (H) PPI network of the CRGs based on the STRING database. (I) The plot of hub transcription factors visualized by Cytoscape. GSVA, gene set variation analysis; TIDE, Tumour Immune Dysfunction and Exclusion; HLAs, human leukocyte antigens; TME, tumor microenvironment. (*P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant).




Identification and analysis of gene subtypes based on DEGs

In order to identify the cuproptosis subtypes clearly, we screened 1,233 DEGs between the two cuproptosis subtypes through the limma package. GO and KEGG for these DEGs were enriched mainly in cell cycle, fat digestion and absorption, PPAR signaling pathway, IL-17 signaling pathway, p53 signaling pathway and DNA replication, which were closely related to cancer (Figures 5A,B and Supplementary Table S7). Furtherly, we used the univariate COX method to select 304 prognostic-related DEGs and classified all samples according to them (Supplementary Table S8). The results showed that there were still two gene subtypes, which was consistent with the previous typing results (Figure 5C and Supplementary Figure S2C). There were significant differences in expression of CRGs, clinical traits and survival time between A and B gene clusters (Figures 5D, E, F).
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FIGURE 5
(A) The GO analysis based on the differentially expressed genes (DEGs). (B) The KEGG analysis of DEGs. (C) Consensus clustering matrix defining two clusters (k = 2) accroding to DEGs. (D) The expression of CRGs between A and B geneclusters. (E) The heatmap showing the correlation of the subtypes and geneclusters with clinicopathological data and CRGs. (F) The survival curve between A and B geneclusters. GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.




Construction of the prognostic CRG_score

LASSO regression analysis was performed for 304 prognostic-related DEGs. We chose the lambda minimum to select the appropriate genes (Supplementary Figure S2D,E). Subsequently, seven genes (SLC25A15, CTSV, RGS4, SYT13, ENTPD2, CA8, NPTX1) were screened to construct the model by the multifactorial Cox analysis. The genes included four high-risk genes (CTSV, RGS4, SYT13, NPTX1) and three low-risk genes (SLC25A15, ENTPD2, CA8). The formula of CRG_score was shown as follows:

Risk score = (−0.27565756734421* expression of SLC25A15) + (−0.235708601387405* expression of ENTPD2) + (−0.124572834187939* expression of CA8) + (0.379774295825035* expression of CTSV) + (0.212171866831215* expression of RGS4) + (0.160140827663568* expression of SYT13) + (0.128438559010339* expression of NPTX1).

Then, both the train group and the test group were divided into high- and low- CRG_score groups. The survival curve demonstrated that the survival of low- CRG_score group was better than high-CRG_score group in the train group (P < 0.001). The AUC values of 1-, 3-, 5-, and 7- year were 0.650, 0.810, 0.798, and 0.739, respectively (Figure 6A). For the test group, the result of survival analysis was the same of the train group. The AUC values of 1-, 3-, 5-, and 7- year were 0.596, 0.613, 0.677, and 0.682, respectively (Figure 6B). The relationships between cuproptosis subtypes, gene subtypes, CRG_score groups, and patients' survival status were shown in Figure 6C. Meanwhile, cluster A was associated with a low score, which was consistent with previous survival analyses of both subtypes and CRG_score groups (Figure 6D). Gene cluster A was associated with a high score and low survival time (Figure 6E). For gastric cancer patients of any age, gender, and stage, a high CRG_score was accompanied by low survival time (Figure 6F). There was a significant correlation between the age of the patient and the score (Figure 6G). Stage I patients had a lower score than stage II, III, and IV (Figure 6H).
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FIGURE 6
survival analysis, heatmap, survival status accompanied with the CRG_score and ROC analysis in the train cohort (A) and the test cohort (B). (C) Sankey picture showing the relationship of subtypes, geneclusters, risk groups and patients survival status. (D,E) Correlation of two subtypes and genecluster and CRG_score, respectively. (F) Applicability of CRG_score to GC patients of any age, gender and stage. (G,H) Relationship of age and stage with CRG_score, respectively.




Correlation of TME cell infiltration, TIDE and checkpoints with high- and low-CRG_score groups

Similarly, we used three algorithms to assess TME cell infiltration between high- and low-CRG_score groups. By CIBERSORT, we found that low CRG_score was accompanied by high B cells memory, Tregs, T cells CD4 memory activated, plasma cells, NK cells resting, neutrophils, mast cells activated, dendritic cells activated, and Macrophages M0, and low T cells gamma delta, monocytes, mast cells resting, Macrophages M2 (Figures 7A,B). Meanwhile, the outcomes of the correlation of TME cell infiltration with risk genes were described in Figure 7C. The relationships of TME cell infiltration with survival time were shown in Supplementary Figures S2F,G. The analysis of ssGSEA also suggested a significant correlation between TME and two CRG_score groups (Figures 7D,E). Expressions of 20 immune checkpoints were assessed between high- and low-CRG_score groups, which showed that 6 checkpoints were differential, of which 4 checkpoints (TNFRSF25, LGALS9, TNFRSF14, VTCN1) had higher expression of low- than high-CRG_score group (Figure 7F). For HLA, the low-CRG_score had lower expression of DPA1, DPB2, DMB, DQB2, DOA, DQA1, DPB1 and DRA than the high-CRG_score (Figure 7G). At the same time, we found that stromal, immune, and estimate scores of the high-CRG_score group were higher than the low-CRG_score group through the ESTIMATE algorithm (Figure 7H). The high CRG_score had the high scores for dysfunction, exclusion and TIDE (Figure 8A). The correlation analysis of risk scores and CRGs was described in Figure 8B.
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FIGURE 7
(A) correlative analysis between risk score of immune cells. (B) TME cells infiltration in low- and high-CRG_score groups by CIBERSORT algorithm. (C) Associative analysis between 22 immune cells and risk genes. (D,E) ssGSEA algorithm calculating the scores of immune cells infiltration in the risk groups. (F) Differential expression of immune checkpoints in the two CRG_score groups. (G) The diagram showing the expression of HLAs in the two risk groups. (H) The stromal, immune, ESTMATE scores of low- and high-CRG_score groups using ESTMATE algorithm.



[image: Figure 8]
FIGURE 8
(A) associations of the TIDE score and the two risk groups. (B) Correlative analysis between risk score and expression of CRGs. Waterfall chart showing the top 20 mutated genes and their frequencies in the low-risk group (C) and the high-risk group (D). (E) Circle graph showing the relationship between TMB, immune cells and risk score. (F) The diagram showing the levels of TMB in the two risk groups. (G) Correlative analysis between risk score and expression of TMB. (H) The survival analysis of the low- and high-TMB groups. (I) The survival analyses of combined TMB and risk groups. (J,K) Cancer stem cell (CSC) index analyses of riskscore. (L,M) Associative analysis between MSI and riskscore. (H) The survival curve of the MSS/MSI-L and MSI-H groups. (O) The survival analyses of combined MSI and risk groups. (P) The GSEA analysis of low- and high-CRG_score groups.




Mutation and CSC index analysis

Accumulation of mutations in somatic cells can cause their transformation into cancer cells (14). Meanwhile, a study showed a positive correlation between high TMB and better survival in many cancers (15). Therefore, we downloaded and analyzed the data of mutation from TCGA. The top 10 mutated genes in the low-CRG_score group were TTN (55%), TP53 (43%), MUC16 (38%), ARID1A (27%), LRP1B (28%), SYNE1 (28%), FLG (22%), FAT4 (21%), CSMD3 (22%), PCLO (24%) (Figure 8C). The top 10 genes mutated in the high-CRG_score group were the same as those genes, but the rates of mutation were low than low-CRG_score group (38%, 40%, 21%, 19%, 20%, 14%, 16%, 15%, 10%, 12%, correspondingly) (Figure 8D). TMB might have associations with endothelial cells, neutrophils, cytotoxic lymphocytes and B lineage (Figure 8E). Similarly, the low CRG_score had a high TMB (Figure 8F). The relationship between TMB and CRG_score was plotted in Figure 8G. Moreover, our results also testified that high TMB had a good prognosis than low TMB (Figure 8H). A combined analysis of risk score and TMB demonstrated that H-TMB + low risk had the best prognosis, but L-TMB + high risk had the worst prognosis (Figure 8I). There was a negative association between CSC index and risk score (DNAss: R = −0.19, P < 0.001; RNAss: R = −0.36, P < 0.001) (Figures 8J,K).



MSI, GSEA and drug susceptibility analysis

MSI may predict the efficacy of chemotherapy and immunotherapy and survival of patients (16). Our study suggested that the risk score of MSI-H was higher than MSS and MSI-L (Figures 8L,M). The survival analysis of MSI-H and MSS/MSI-L was not meaningful (Figure 8N). A combined analysis of risk score and MSI proved that MSI-H + low risk had the best prognosis, but MSS/MSI-L + high risk had the worst prognosis (Figure 8O). The GSEA analysis manifested that the high-CRG_score group was fastened on base excision repair, calcium signaling pathway, citrate and TCA cycle, ECM receptor interaction, and focal adhesion. The low-CRG_score group was concentrated on fructose and mannose metabolism, glyoxylate and dicarboxylate metabolism, peroxisome, regulation of actin cytoskeleton, and vascular smooth muscle contraction (Figure 8P). To evaluate the difference of drugs between the two risk groups, we screened 67 drugs using the pRRophetic package, of which 13 drugs had higher IC50 values in the high-risk group than in the low-risk group. And the remaining 54 drugs were the opposite (Figure 9A and Supplementary Figures S3, S4). Furthermore, we screened eight types of drugs which were commonly used in GC according to the results of all drugs, including multitarget tyrosine kinase inhibitor, anti-VEGFR monoclonal antibody, HER-2 tyrosine kinase inhibitor, Hedgehog(Hh) signaling pathway inhibitor, anti-HGFMET monoclonal antibody, anti-mTOR monoclonal antibody, Akt inhibitor, Insulin-like growth factor receptor (IGF-IR) inhibitor. The results showed that sensitivities of sunitinib, AMG.706, GDC.0449, PF.02341066, BMS.754807 for GC patients in the high-risk group were higher than the low-risk group; sorafenib, BIBW2992 and NVP.BEZ235 were opposite (Figure 9A). At the same time, we also analyzed a variety of chemotherapeutic drugs that could be sensitive to risk genes (Figure 9B).
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FIGURE 9
(A) the sensitivity of eight types of drugs between high- and low-CRG_score groups. (B) The sensitivity of chemotherapeutic drugs to risk genes.




Construction and validation of a nomogram

Using univariate and multifactor COX regression analysis, we discovered that CRG_score and stage were independent prognostic factors in gastric cancer patients (Figure 10A and Supplementary Figures S2H,I). Therefore, CRG_score and stage were used to develop a nomogram to predict the survival times of 1, 3, 5, and 7 years (Figure 10B). The calibration graph displayed that the predictive ability of the nomogram was relatively accurate (Figure 10C).
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FIGURE 10
(A) the forest illustrations displaying univariate and multifactor COX regression analysis. (B) The nomogram to predict the survival times of 1, 3, 5, and 7 years. (C) The calibration graphs of 1, 3, 5, and 7 years.





Discussion

Copper, one of the most vitally basic trace metals in the human body, involves in various biological functions, including the regulation of enzyme function, cofactor for growth and development, redox processes, energy metabolism, iron absorption and cell proliferation (17). Like iron, copper is also closely related to the development of cancers. On the one hand, copper can promote tumorigenesis by activating the MAPK pathway (18). Copper-binding enzymes mediate HIF1-α and Snail to promote the Epithelial to Mesenchymal Transition (EMT) progression of tumors (19). The copper-enzymes LOX (Lysyl Oxidase) promotes adhesion and metastasis of colorectal cancer by affecting the turnover of the Extracellular Matrix (ECM) (20). On the other hand, copper can indirectly suppress tumors by promoting alterations in the recruitment of myeloid precursors or affecting tumor-associated macrophages (TAMs) (17). Accumulation of copper can activate oxidative stress leading to tumor cell death, which may be a potential treatment for cancer (21). Therefore, the role of copper in cancer is complex. In this study, we observed that the expression of CRGs in GC was higher than in normal samples, which was the same as the previous report that copper was elevated in many tumor tissues (22, 23). However, the survival analysis of 567 GC patients indicated that high expression of most CRGs had a better prognosis than low expression. This suggested that the high expression of CRGs may inhibit tumor cells in some way. Recently, Peter Tsvetkov et al. found that the accumulation of copper can induce cell death in a novel mechanism, namely cuproptosis (9). This finding enlightened us that CRGs may induce gastric cancer cell death through cuproptosis, thereby improving the prognosis of patients. Therefore, based on CRGs, we identified two subtypes and developed a CRG_score to explore the role of CRGs in gastric cancer comprehensively.

In our study, we testified that subtype A had a lower CRG_score than B, which suggested subtype A seemly was accossicated with the low-CRG_score group. Meanwhile, we discovered that the survival times and clinical stages of subtype A and the low CRG_score group were lower than subtype B and the high-risk group. Our findings also demonstrated that subtype A and the low CRG_score group had high expression of CRGs. These results again confirmed that high expression of CRGs was related to a better prognosis. Subsequently, ssGSEA and CIBERSORT algorithms showed that the differences of TME in two subtypes and CRG_score groups were Macrophages, NK cells, mast cells and T cells CD4. It is well known that macrophages can be polarized into M1 and M2 types (24). M1 type is mainly involved in the activation of the inflammatory response, while M2 is mainly involved in tissue repair and inhibition of inflammation (25, 26). Initially, macrophages are polarized to the M1 type, and cooperate with other immune cells to eliminate tumor cells. When tumor cells are in low oxygen and low pH, they will release Neuropilin-1 (Nrp-1), TGF-β, IL6, IL4, Tim-3 to promote the transformation of macrophages into M2 type, which can help tumor cells to escape immune and secrete growth factors to enhance tumor growth (27–30). Interestingly, M2 infiltrated highly in the high CRG_score group and subtype B. In the TME, inflammatory and cytotoxic effector functions of NK cells are weakened by a number of cytokines such as IL-23 and IL-1β, where NK cells are called tumor-infiltrating natural killer cells (TINKs). In addition to decreasing the ability of cytotoxicity, TINKs can also inhibit the growth and spread of T cells to reduce their damage to tumors (31, 32). Mast cells are one of the important innate immune cells in the immune system (33). Many studies have shown that low levels of mast cells were associated with poor survival and advanced tumors (34–36). Fortunately, we discovered that the activity of NK cells remained low in subtype A and low CRG_score group; however, the activity of mast cells was high. CD4+ memory T cells are important modulatory elements of the immune system (37). A study has proved that the more CD4+ memory T cells infiltrated in gastric cancer, the longer the patients' survival time (38). Tumor specific antibodies are generated by Plasma cells to damage tumor cells (39). Coincidentally, Plasma cells and CD4+ memory T cells activated were higher in the low-CRG_score than the high- CRG_score group. In summary, TME cell infiltration in subtype A and the low-risk group was more tumor suppression, which may also be one of the reasons for the better prognosis of patients in these two groups.

In this paper, GSEA enrichment analysis showed that high CRG_score was mainly enriched in base excision repair, calcium signaling pathway, citrate, and TCA cycle, ECM receptor interaction, and focal adhesion. Low CRG_score was mainly enriched in pathways related to metabolism. In conclusion, the pathways described above may be the potential mechanism by which CRG_score affects immune infiltration in gastric cancer. Immune checkpoint blockade is considered as a promising approach to immunotherapy of cancer (40). Many immune checkpoints such as CD200, VTCN1, PD-1, CTLA-4 and LAG-3, and so on, were found (41–44). Therefore, we evaluated twenty immune checkpoints and found that subtype A and the low-CRG_score group had higher expression of these checkpoints. TIDE as a computational method is used to predict immune checkpoint blockade (ICB) response. A score based on TIDE is negatively correlated with the effects of immunotherapy (45). The score of TIDE for subtype A and the low-CRG_score group was low. TMB and MSI have emerged as major predictors of immunotherapy efficacy. High TMB and H-MSI often represent favorable immune infiltration and prognosis (46, 47). Interestingly, low CRG_score and subtype A were accompanied by high TMB and H-MSI. In addition, we also assessed the sensitivity of chemotherapeutic drugs between high- and low-CRG_score groups using the pRRophetic package. At the same time, we also analyzed a variety of chemotherapeutic drugs that could be sensitive to risk genes. Moreover, the results of q-RT PCR showed that CTSV, RGS4, SYT13 and NPTX1 were highly expressed in tumor tissues compared with adjacent tumor tissues, while SLC25A15, ENTPD2 and CA8 were low expressed. This is consistent with the fact that CTSV, RGS4, SYT13 and NPTX1 were high-risk genes, and SLC25A15, ENTPD2 and CA8 were low-risk genes (Supplementary Figure S5).

Transcription factors can recognize specific DNA sequences to control chromatin and transcription for directing gene expression, which constitutes a complex regulatory system (48). Many studies have shown that the changes of biological functions of transcription factors were closely related to the occurrence and development of tumors. In this paper, we found that there were significant differences in the survival time and clinical stage of patients with cuprotosis-related A and B subtypes. Therefore, we assumed whether transcription factors were one of the influencing factors, so we used Cor function to screen out transcription factors that were strongly correlated with the genes of the constructed subtypes, which the screening conditions were: Cor >0.45 and FDR <0.001. Then, six analysis methods (Betweenness, Closeness, Degree, Eigenvector, LAC) were integrated to screen out the core transcription factors using Cytoscape software. Finally, the expression of core transcription factors in subtype A was higher than that in subtype B. This suggests that transcription factors may play a role in the differences between A and B subtypes. This will help us to study the potential mechanism of CRGs in gastric cancer and explore the therapeutic strategies based on targeting transcription factors.

Our study also had several limitations. First, the data of our research was mainly based on the public database. Therefore, more basic experimental validation may be required. Second, our data was derived from TCGA and GEO databases. Thus, we still need to collect more samples to reduce statistical errors. At the same time, the mechanism of action between cuproptosis and immune cells needs to be further explored.



Conclusion

Based on subtypes and prognostic signature of CRGs, the relationships between CRGs and the prognosis of patients, TME cell infiltration, immunotherapy, and drug sensitivities were comprehensively explored. Our study uncovered the roles of cuproptosis in gastric cancer, which could provide a new idea for cancer treatment.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.



Ethics statement

The studies involving human participants were reviewed and approved by Ethics Committee of the Second Hospital of Jilin University. The patients/participants provided their written informed consent to participate in this study.



Author contributions

XDW and CZ designed the research. HD took part in designing the research, collected the data, analyzed the date and wrote the manuscript. STZ collected the data, analyzed the date. XDW and CZ solved the disagreements between HD and STZ. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by Department of Finance of Jilin Provincial (No. 2019SCZT023, 2019SCZT051).



Acknowledgments

We thank all the people who contributed to this study.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fsurg.2022.991624/full#supplementary-material.



References

1. Wong MCS, Huang J, Chan PSF, Choi P, Lao XQ, Chan SM, et al. Global incidence and mortality of gastric cancer, 1980–2018. JAMA Netw Open. (2021) 4(7):e2118457. doi: 10.1001/jamanetworkopen.2021.18457

2. Thrift AP, El-Serag HB. Burden of gastric cancer. Clin Gastroenterol Hepatol. (2020) 18(3):534–42. doi: 10.1016/j.cgh.2019.07.045

3. Smyth EC, Nilsson M, Grabsch HI, van Grieken NCT, Lordick F. Gastric cancer. Lancet. (2020) 396(10251):635–48. doi: 10.1016/s0140-6736(20)31288-5

4. Joshi SS, Badgwell BD. Current treatment and recent progress in gastric cancer. CA Cancer J Clin. (2021) 71(3):264–79. doi: 10.3322/caac.21657

5. Gewandter JS, McDermott MP, Mbowe O, Edwards RR, Katz NP, Turk DC, et al. Navigating trials of personalized pain treatments: we’re going to need a bigger boat. Pain. (2019) 160(6):1235–9. doi: 10.1097/j.pain.0000000000001504

6. Petrillo A, Smyth EC. Biomarkers for precision treatment in gastric cancer. Visc Med. (2020) 36(5):364–72. doi: 10.1159/000510489

7. Strasser A, Vaux DL. Cell death in the origin and treatment of cancer. Mol Cell. (2020) 78(6):1045–54. doi: 10.1016/j.molcel.2020.05.014

8. Tang R, Xu J, Zhang B, Liu J, Liang C, Hua J, et al. Ferroptosis, necroptosis, and pyroptosis in anticancer immunity. J Hematol Oncol. (2020) 13(1):110. doi: 10.1186/s13045-020-00946-7

9. Tsvetkov P, Coy S, Petrova B, Dreishpoon M, Verma A, Abdusamad M, et al. Copper induces cell death by targeting lipoylated TCA cycle proteins. Science. (2022) 375(6586):1254–61. doi: 10.1126/science.abf0529

10. Zhang J, Kong X, Zhang Y, Sun W, Wang J, Chen M, et al. FDXR Regulates TP73 tumor suppressor via IRP2 to modulate aging and tumor suppression. J Pathol. (2020) 251(3):284–96. doi: 10.1002/path.5451

11. Arneth B. Tumor microenvironment. Medicina (Kaunas). (2019) 56(1):15. doi: 10.3390/medicina56010015

12. Pan Y, Yu Y, Wang X, Zhang T. Tumor-Associated macrophages in tumor immunity. Front Immunol. (2020) 11:583084. doi: 10.3389/fimmu.2020.583084

13. Xia L, Oyang L, Lin J, Tan S, Han Y, Wu N, et al. The cancer metabolic reprogramming and immune response. Mol Cancer. (2021) 20(1):28. doi: 10.1186/s12943-021-01316-8

14. Martincorena I, Campbell PJ. Somatic mutation in cancer and Normal cells. Science. (2015) 349(6255):1483–9. doi: 10.1126/science.aab4082

15. Samstein RM, Lee CH, Shoushtari AN, Hellmann MD, Shen R, Janjigian YY, et al. Tumor mutational load predicts survival after immunotherapy across multiple cancer types. Nat Genet. (2019) 51(2):202–6. doi: 10.1038/s41588-018-0312-8

16. Baretti M, Le DT. DNA Mismatch repair in cancer. Pharmacol Ther. (2018) 189:45–62. doi: 10.1016/j.pharmthera.2018.04.004

17. da Silva DA, De Luca A, Squitti R, Rongioletti M, Rossi L, Machado CML, et al. Copper in tumors and the use of copper-based compounds in cancer treatment. J Inorg Biochem. (2022) 226:111634. doi: 10.1016/j.jinorgbio.2021.111634

18. Brady DC, Crowe MS, Turski ML, Hobbs GA, Yao X, Chaikuad A, et al. Copper is required for oncogenic BRAF signalling and tumorigenesis. Nature. (2014) 509(7501):492–6. doi: 10.1038/nature13180

19. Feng W, Ye F, Xue W, Zhou Z, Kang YJ. Copper regulation of hypoxia-inducible factor-1 activity. Mol Pharmacol. (2009) 75(1):174–82. doi: 10.1124/mol.108.051516

20. Baker AM, Bird D, Lang G, Cox TR, Erler JT. Lysyl oxidase enzymatic function increases stiffness to drive colorectal cancer progression through FAK. Oncogene. (2013) 32(14):1863–8. doi: 10.1038/onc.2012.202

21. Gupte A, Mumper RJ. Elevated copper and oxidative stress in cancer cells as a target for cancer treatment. Cancer Treat Rev. (2009) 35(1):32–46. doi: 10.1016/j.ctrv.2008.07.004

22. Liao Y, Zhao J, Bulek K, Tang F, Chen X, Cai G, et al. Inflammation mobilizes copper metabolism to promote colon tumorigenesis via an IL-17-STEAP4-XIAP axis. Nat Commun. (2020) 11(1):900. doi: 10.1038/s41467-020-14698-y

23. Zhu S, Shanbhag V, Wang Y, Lee J, Petris M. A role for the ATP7A copper transporter in tumorigenesis and cisplatin resistance. J Cancer. (2017) 8(11):1952–8. doi: 10.7150/jca.19029

24. Mills CD. Anatomy of a discovery: m1 and m2 macrophages. Front Immunol. (2015) 6:212. doi: 10.3389/fimmu.2015.00212

25. Shapouri-Moghaddam A, Mohammadian S, Vazini H, Taghadosi M, Esmaeili SA, Mardani F, et al. Macrophage plasticity, polarization, and function in health and disease. J Cell Physiol. (2018) 233(9):6425–40. doi: 10.1002/jcp.26429

26. Funes SC, Rios M, Escobar-Vera J, Kalergis AM. Implications of macrophage polarization in autoimmunity. Immunology. (2018) 154(2):186–95. doi: 10.1111/imm.12910

27. Yunna C, Mengru H, Lei W, Weidong C. Macrophage M1/M2 polarization. Eur J Pharmacol. (2020) 877:173090. doi: 10.1016/j.ejphar.2020.173090

28. Kawaguchi K, Suzuki E, Nishie M, Kii I, Kataoka TR, Hirata M, et al. Downregulation of neuropilin-1 on macrophages modulates antibody-mediated tumoricidal activity. Cancer Immunol Immunother. (2017) 66(9):1131–42. doi: 10.1007/s00262-017-2002-2

29. Yan W, Liu X, Ma H, Zhang H, Song X, Gao L, et al. Tim-3 fosters HCC development by enhancing TGF-beta-mediated alternative activation of macrophages. Gut. (2015) 64(10):1593–604. doi: 10.1136/gutjnl-2014-307671

30. Tu D, Dou J, Wang M, Zhuang H, Zhang X. M2 macrophages contribute to cell proliferation and migration of breast cancer. Cell Biol Int. (2021) 45(4):831–8. doi: 10.1002/cbin.11528

31. Hinshaw DC, Shevde LA. The tumor microenvironment innately modulates cancer progression. Cancer Res. (2019) 79(18):4557–66. doi: 10.1158/0008-5472.CAN-18-3962

32. Maurer S, Kropp KN, Klein G, Steinle A, Haen SP, Walz JS, et al. Platelet-mediated shedding of NKG2D ligands impairs NK cell immune-surveillance of tumor cells. Oncoimmunology. (2018) 7(2):e1364827. doi: 10.1080/2162402X.2017.1364827

33. Noto CN, Hoft SG, DiPaolo RJ. Mast cells as important regulators in autoimmunity and cancer development. Front Cell Dev Biol. (2021) 9:752350. doi: 10.3389/fcell.2021.752350

34. Hempel Sullivan H, Maynard JP, Heaphy CM, Lu J, De Marzo AM, Lotan TL, et al. Differential mast cell phenotypes in benign versus cancer tissues and prostate cancer oncologic outcomes. J Pathol. (2021) 253(4):415–26. doi: 10.1002/path.5606

35. Hempel HA, Cuka NS, Kulac I, Barber JR, Cornish TC, Platz EA, et al. Low intratumoral mast cells are associated with a higher risk of prostate cancer recurrence. Prostate. (2017) 77(4):412–24. doi: 10.1002/pros.23280

36. Siiskonen H, Poukka M, Bykachev A, Tyynela-Korhonen K, Sironen R, Pasonen-Seppanen S, et al. Low numbers of tryptase+ and chymase+ mast cells associated with reduced survival and advanced tumor stage in melanoma. Melanoma Res. (2015) 25(6):479–85. doi: 10.1097/CMR.0000000000000192

37. Gu-Trantien C, Loi S, Garaud S, Equeter C, Libin M, de Wind A, et al. CD4(+) Follicular helper T cell infiltration predicts breast cancer survival. J Clin Invest. (2013) 123(7):2873–92. doi: 10.1172/JCI67428

38. Ning ZK, Hu CG, Huang C, Liu J, Zhou TC, Zong Z. Molecular subtypes and CD4(+) memory T cell-based signature associated with clinical outcomes in gastric cancer. Front Oncol. (2020) 10:626912. doi: 10.3389/fonc.2020.626912

39. Wouters MCA, Nelson BH. Prognostic significance of tumor-infiltrating B cells and plasma cells in human cancer. Clin Cancer Res. (2018) 24(24):6125–35. doi: 10.1158/1078-0432.CCR-18-1481

40. Darvin P, Toor SM, Sasidharan Nair V, Elkord E. Immune checkpoint inhibitors: recent progress and potential biomarkers. Exp Mol Med. (2018) 50(12):1–11. doi: 10.1038/s12276-018-0191-1

41. Iizuka A, Nonomura C, Ashizawa T, Kondou R, Ohshima K, Sugino T, et al. A T-cell-engaging B7-H4/CD3-bispecific Fab-scFv antibody targets human breast cancer. Clin Cancer Res. (2019) 25(9):2925–34. doi: 10.1158/1078-0432.CCR-17-3123

42. Liu JQ, Hu A, Zhu J, Yu J, Talebian F, Bai XF. CD200-CD200R pathway in the regulation of tumor immune microenvironment and immunotherapy. Adv Exp Med Biol. (2020) 1223:155–65. doi: 10.1007/978-3-030-35582-1_8

43. Qin S, Xu L, Yi M, Yu S, Wu K, Luo S. Novel immune checkpoint targets: moving beyond PD-1 and CTLA-4. Mol Cancer. (2019) 18(1):155. doi: 10.1186/s12943-019-1091-2

44. Janakiram M, Shah UA, Liu W, Zhao A, Schoenberg MP, Zang X. The third group of the B7-CD28 immune checkpoint family: HHLA2, TMIGD2, B7x, and B7-H3. Immunol Rev. (2017) 276(1):26–39. doi: 10.1111/imr.12521

45. Jiang P, Gu S, Pan D, Fu J, Sahu A, Hu X, et al. Signatures of T cell dysfunction and exclusion predict cancer immunotherapy response. Nat Med. (2018) 24(10):1550–8. doi: 10.1038/s41591-018-0136-1

46. Liu L, Bai X, Wang J, Tang XR, Wu DH, Du SS, et al. Combination of TMB and CNA stratifies prognostic and predictive responses to immunotherapy across metastatic cancer. Clin Cancer Res. (2019) 25(24):7413–23. doi: 10.1158/1078-0432.CCR-19-0558

47. Picard E, Verschoor CP, Ma GW, Pawelec G. Relationships between immune landscapes, genetic subtypes and responses to immunotherapy in colorectal cancer. Front Immunol. (2020) 11:369. doi: 10.3389/fimmu.2020.00369

48. Lambert SA, Jolma A, Campitelli LF, Das PK, Yin Y, Albu M, et al. The human transcription factors. Cell. (2018) 172(4):650–65. doi: 10.1016/j.cell.2018.01.029












	
	TYPE Original Research

PUBLISHED 16 January 2023
DOI 10.3389/fsurg.2022.1096387






[image: image2]

bpMRI and mpMRI for detecting prostate cancer: A retrospective cohort study

Yongsheng Pan1†, Cheng Shen1,2†, Xinfeng Chen1, Dongliang Cao1, Jie Jiang1, Wei Xu1,2, Chen Ji1, Xiaodong Pan1 and Bing Zheng1*

1Department of Urology, The Second Affiliated Hospital of Nantong University, Nantong, China

2Medical Research Center, The Second Affiliated Hospital of Nantong University, Nantong, China

EDITED BY
Mengling Feng, National University of Singapore, Singapore

REVIEWED BY
Albino Eccher, Integrated University Hospital Verona, Italy
Stefano Marletta, University of Verona, Italy

*CORRESPONDENCE Bing Zheng ntzb2008@163.com

SPECIALTY SECTION This article was submitted to Surgical Oncology, a section of the journal Frontiers in Surgery

†These authors have contributed equally to this work

RECEIVED 12 November 2022
ACCEPTED 13 December 2022
PUBLISHED 16 January 2023

CITATION Pan Y, Shen C, Chen X, Cao D, Jiang J, Xu W, Ji C, Pan X and Zheng B (2022) bpMRI and mpMRI for detecting prostate cancer: A retrospective cohort study.
Front. Surg. 9:1096387.
doi: 10.3389/fsurg.2022.1096387

COPYRIGHT © 2023 Pan, Shen, Chen, Cao, Jiang, Xu, Ji, Pan and Zheng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



Background: We aimed to compare the detection rates of prostate cancer (PCa) and clinically significant prostate cancer(csPCa) by biparametric (bp-) and multiparameter magnetic resonance imaging (mpMRI).



Materials and Methods: A total of 699 patients who underwent transperineal prostate biopsy in the Department of Urology, the Second Affiliated Hospital of Nantong University from January 2018 to December 2021 were retrospectively reviewed. Multivariate analysis was used to explore the influencing factors associated with the detection rates of PCa and csPCa. According to MRI examination before biopsy, the patients were divided into bpMRI group and mpMRI group. The detection rates of PCa and csPCa by bpMRI and mpMRI were compared. Furthermore, stratified analysis was performed for patients in these two groups to compare the detection rates of PCa and csPCa at different tPSA intervals, different prostate volume (PV) intervals and different PI-RADS V2 scores.



Results: A total of 571 patients were finally analyzed in this study after exclusion, and the overall detection rate of PCa was 54.5%. Multivariate analysis showed that patient age, tPSA level, prostate volume and PI-RADS V2 score were independent risk factors affecting the detection rates of PCa and csPCa. The detection rates of PCa and csPCa by bpMRI and mpMRI were comparable (51.3% vs. 57.9%, 44.0% vs. 48.0%, both P > 0.05), with no statistical significance. In the tPSA 10–20 ng/ml interval, the detection rates of PCa (59.72% vs. 40.35%, P = 0.011) and csPCa (51.39% vs. 28.82%, P = 0.005) by mpMRI were significantly higher than those by bpMRI, while in other tPSA interval (tPSA < 4 ng/ml, 4–10 ng/ml, 20–100 ng/ml), different PVs (≤30 ml, 30–60 ml, >60 ml) and different PI-RADS V2 scores (3, 4, and 5), the detection rates of PCa and csPCa were comparable between the two groups.



Conclusion: For detecting PCa and csPCa, bpMRI and mpMRI had similar diagnostic efficacies, whereas mpMRI detected more PCa and csPCa in the tPSA interval of 10–20 ng/ml.
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biparametric magnetic resonance imaging, multiparameter magnetic resonance imaging, prostate cancer, clinically significant prostate cancer, prostate specific antigen





Introduction

Prostate cancer (PCa) is the second most common male malignant cancer worldwide, and its death rate ranks sixth (1). Nowadays, multiparameter magnetic resonance imaging (mpMRI) plays an important role in the detection of prostate cancer. Due to the application of mpMRI, the detection rates of PCa and clinically significant prostate cancer (csPCa) has significantly improved in the past decade (2–4).

The latest Prostate Image Reporting and Data System (PI-RADS) proposed that the DCE sequence (dynamic contrast enhancement) in mpMRI was with limited efficacy for diagnosing PCa sometimes (2). Only when the suspicious lesion is located in the peripheral zone of the prostate with a PI-RADS score of 3–4 in the T2WI sequence may it help increase the detection rate of csPCa. In clinical practice, some physicians only use the DCE sequence as an “insurance” sequence when the DWI sequence (diffusion weighted imaging) was not enough to make a definitive diagnosis of prostate cancer due to human factors or insufficient signal-to-noise ratio. In recent years, a number of studies have shown the positive effect of biparametric magnetic resonance imaging (bpMRI) on improving the detection rate of csPCa (5, 6). Though suggestions by the European Society of Urogenital Radiology to use complete multiparametric (mp) T2-weighted/diffusion weighted imaging(DWI)/dynamic contrast enhancement (DCE) acquisition for all prostate MRI examinations, the real advantage of functional DCE remains a matter of debate (7). Therefore, the PI-RADS Steering Committee supported the ongoing study of bpMRI in various clinical protocols and recognized the potential advantages of bpMRI, including the avoidance of contrast-related adverse reactions, shorter test times and lower costs (2).

In the present study, we analyzed the clinical data of 699 patients who underwent transperineal prostate biopsy in our center. The detection rates of PCa and csPCa by bpMRI and mpMRI were compared at different tPSA intervals, different prostate volumes and different PI-RADS V2 scores.



Materials and methods


Study design and study population

This is a retrospective study approved by the institutional review board and written informed consent was obtained from all patients. From January 2018 to December 2021, a total of 699 patients suspicious of prostate cancer (PSA ≥ 4 ng/ml, or abnormal digital rectal examination results, or abnormal ultrasound or MRI examination results) underwent transperineal prostate biopsy in our hospital. Patients with a previous prostate biopsy history or a prior diagnosis of prostate cancer were excluded.



Surgical method

In this study, all patients underwent transperineal prostate biopsy. They were placed in the lithotomy position, routinely disinfected, and draped with a sterile hole towel. Then 1% lidocaine was used for subcutaneous local infiltration anesthesia of the puncture site in the perineal region. The rectal ultrasound probe was placed in the rectum, and infiltration anesthesia deep to the extraprostatic capsule was done at the puncture site under direct ultrasound guidance. After that, combined cognitive MRI-targeted biopsy and systematic biopsy were performed using 18G puncture needle (model: MC1820, Bard Peripheral Vascular). Cognitive MRI-targeted biopsy was performed with 2 cores per targeted lesion, followed by 12-core systematic biopsy.



The outcomes

The primary outcome was to evaluate the detection rates of PCa and csPCa by bpMRI and mpMRI based on pathological results of prostate biopsies. The secondary outcome was to analyze the detection rates of PCa and csPCa by bpMRI and mpMRI stratified by tPSA level, PV (prostate volume), and PI-RADS score. In different tPSA intervals (<4 ng/ml, 4–10 ng/ml, 10–20 ng/ml, and 20–100 ng/ml), the detection rates of PCa and csPCa by bpMRI and mpMRI were compared. Prostate volume was calculated according to magnetic resonance imaging measurements (V = anteroposterior diameter * transverse diameter * longitudinal diameter * 0.52), and the detection rates of PCa and csPCa by bpMRI and mpMRI were compared in different PV intervals (≤ 30 ml, 30–60 ml, and >60 ml). Also, the detection rates of PCa and csPCa by bpMRI and mpMRI were compared stratified by PI-RADS V2 scores (3, 4, and 5).



Histopathological evaluation and tumor significance

All biopsy samples were reviewed by the same genitourinary pathologist (>15 years of experience). For each prostate cancer-positive biopsy core, the location, Gleason score (GS) based on the International Society of Urological Pathology 2005 consensus (8), and percentage of cancerous tissue per core were determined. In addition, patients were allocated using the International Society of Urological Pathology 2014 consensus Gleason-grade groups (9) based on the GS scoring criteria (8). In this study, csPCa was defined as ≥ Gleason score of 3 + 4 = 7.



Statistical analysis

In this study, SPSS 23.0 (IBM) software was used for statistical analysis, and patient characteristics were reported using descriptive statistical methods. Continuous variables such as age, PSA level, PSA density, and prostate volume were compared using the t-test. All continuous variables were expressed in the form of mean ± standard deviation, and the chi-square test was applied for categorical variables, P < 0.05 was considered statistically significant.



The results

Between January 2018 and December 2021, a total of 699 patients underwent transperineal prostate biopsies in our hospital. Of these 699 patients, 128 were excluded for various reasons (Figure 1), such as 53 patients without complete tPSA and fPSA values, 34 patients with tPSA level greater than 100 ng/ml, 31 patients without MRI examination, 5 patients with PI-RADS V2 of 1 or 2, and 5 patients with biopsy pathological results of non-adenocarcinoma type. The remaining 571 patients met the study inclusion criteria and were available for the final analysis. The baseline characteristics of the patients are provided in Supplementary Table S1, and statistical tests revealed that the bpMRI group and mpMRI group did not have a significant difference regarding age, tPSA levels, PV, PSA density (PSAD), and PI-RADS V2 score (all P > 0.05). The overall detection rates of PCa and csPCa were comparable between the bpMRI group and mpMRI group (51.3% vs. 57.9%, 44.0% vs. 48.0%, both P > 0.05), with no statistical significance.


[image: Figure 1]
FIGURE 1
Flowchart of the study population. mpMRI, multiparametric magnetic resonance imaging; bpMRI, Biparametric magnetic resonance imaging; tPSA, Total prostate-specific antigen; fPSA, Free prostate-specific antigen; PI-RADS V2, Prostate Imaging Report Data System, version 2.


The results of multivariate analysis showed that patients' age, tPSA level, PV, and PI-RADS V2 score were independent risk factors for PCa and csPCa detection (all P < 0.05), regardless of MRI patterns (P > 0.05) (Supplementary Tables S2, S3). Based on the results of multivariate analysis, we chosed three independent risk factors responsible for the detection of PCa and csPCa, tPSA level, PV, and PI-RADS V2 score, for further analysis. According to tPSA levels, patients were divided into four subgroups tPSA < 4 ng/ml, 4 ≤ tPSA ≤ 10 ng/ml, 10 < tPSA ≤ 20 ng/ml, and 20 < tPSA ≤ 100 ng/ml. The results (Supplementary Table S4) showed that in the tPSA 10–20 ng/ml interval, the detection rates of PCa (59.72% vs. 40.35%, P = 0.0109) and csPCa (51.39% vs. 28.82%, P = 0.0129) by mpMRI were significantly higher than those by bpMRI, while in other tPSA intervals (tPSA < 4 ng/ml, 4–10 ng/ml, 20–100 ng/ml), the detection rates of PCa and csPCa by bpMRI and mpMRI were comparable (all P > 0.05), with no statistical significance (all P > 0.05).

In this study, prostate volumes were calculated based on MRI measurements. In order to compare the detection rates of PCa and csPCa by bpMRI and mpMRI in different prostate volume intervals, patients were divided into three subgroups, PV ≤ 30 ml, 30–60 ml, and >60 ml. However, the results (Supplementary Table S5) showed that the detection rates of PCa and csPCa are comparable between the bpMRI and mpMRI group in different prostate volume intervals (all P > 0.05), with no statistical significance. In addition, we also found that the detection rates of PCa and csPCa by bpMRI and mpMRI were comparable at different PI-RADS V2 scores (3, 4, and 5) (all P > 0.05), with no statistical significance (Supplementary Table S6).




Discussion

In recent years, MRI-fusion biopsy has been widely used for diagnosis of prostate cancer in clinical practice, improving the detection rate of clinically significant prostate cancer (10). With the increasing demand for MRI of the prostate, doubts have been raised about whether a comprehensive examination can be obtained while saving time and cost. We all know that the use of dynamic contrast-enhanced imaging (DCE) requires intravenous contrast, which prolongs the time of MRI examination, increases the cost burden for patients, and may even cause contrast-related adverse effects. Alternatively, the examination can be completed in less than 15 min utilizing a bpMRI pattern, making imaging non-traumatic (11, 12). At present, more and more studies have evaluated the diagnostic efficacies of bpMRI and mpMRI methods, and many authors emphasize that the diagnostic efficiency of the two regimens is overlapping (13–15). The results of a multicenter multi-reader trial (PROMIS) showed no significant difference between bpMRI and mpMRI in excluding csPCa (16). As stated in the PIRADS Committee position paper, MRI quality is critical in the bp approach because image quality is sufficient to detect or exclude csPCa (17, 18).

In the present study, we analyzed the detection rates of PCa and csPCa in 571 men who underwent bpMRI or mpMRI, and found that the detection rates of PCa and csPCa by the two MRI modalities were comparable and with no statistical significance. These results suggest that bpMRI can also be used as one of the auxiliary diagnostic modality for prostate cancer, and the diagnostic efficiency of bpMRI for PCa and csPCa is not inferior to that of mpMRI.

As recommended by the PIRADS committee, the current role of DCE is limited to type 3 lesions to determine the nature of equivocal lesions (7). Although the sensitivity of DCE is high, but its specificity may be low. High sensitivity is true positive because it means the proportion of positives correctly identified, while specificity is true negative, which means positive results have the possibility of false positives and additional biopsies may be required. Some investigators have found that mpMRI-based diagnostic modality for prostate cancer may lead to more false-positive results (12, 19). In clinical practice, reducing false positive results of MRI means decreasing prostate biopsies in patients, which can reduce the biopsy-related complications such as pain, bleeding, infection, etc. and avoid overdiagnosis and overtreatment. In addition, Kuhl et al. found no significant difference in the diagnostic accuracy of bpMRI and mpMRI in repeated biopsies of 542 men with elevated PSA values (20, 21), which further suggested that the use of bpMRI with diagnostic specificity as an auxiliary modality for prostate cancer may be able to decrease unnecessary prostate biopsies.

Since the diagnostic performance of the bpMRI method is not inferior to that of the mpMRI, the application of the bpMRI method requires high image quality and reader expertise (7). In this study, we retrospectively analyzed the clinical data of 699 patients who underwent prostate biopsy from January 2018 to March 2021. The effect of baseline data of patients on the positive rate of biopsy was analyzed. According to the MRI examination before biopsy, the patients were divided into bpMRI group and mpMRI group, and baseline characteristics between the two groups were comparable. Stratified analysis was performed for patients in the two groups according to tPSA levels, PVs and PI-RADS V2 scores to compare the detection rates of PCa and csPCa by bpMRI and mpMRI. The results of stratified analysis showed that in the tPSA 10–20 ng/ml interval, the detection rate of PCa (58.1% vs. 31.7%, P = 0.004) and csPCa (46.8% vs. 20.6%, P = 0.002) by mpMRI were significantly higher than those by bpMRI; in the other tPSA intervals, the detection rates of the two MRI modalities were comparable, with no statistical significance. Our study indicates that when patients' tPSA values are in the 10–20 ng/ml interval, they should undergo mpMRI examination which may improve the detection rates of PCa and csPCa. While in other tPSA intervals, they can only undergo bpMRI examinations for detecting PCa and csPCa instead of mpMRI examinations. We speculate that this difference may be due to the fact that prostate cancer lesions do not perform significantly on bpMRI images in the tPSA 10–20 ng/ml interval, while the addition of DCE sequences can improve the sensitivity of interpretation of suspicious lesions. However, it needs to be further studied.

As we all know, the tPSA 4–10 ng/ml is a gray area for prostate cancer determination. When patients' tPSA values is in the gray area, it is often necessary to refer to fPSA and other PSA-related derived indicators such as f/tPSA, PSAD and PSAV (PSA rate) [20]. We supposed mpMRI had higher diagnostic efficiency of PCa and csPCa in the tPSA gray area compared to bpMRI, while further analysis revealed that mpMRI was not superior to bpMRI in this tPSA interval. In addition, in other tPSA intervals (tPSA < 4 ng/ml, 20–100 ng/ml), different PVs (≤30 ml, 30–60 ml, >60 ml), and different PI-RADS V2 scores (3, 4, and 5), the detection rates of PCa and csPCa were comparable between the two groups, and the difference was not statistically significant.



Limitations

Our study has some limitations (1). This was a single-center retrospective study with a relatively small number of patients, and the current results should be validated in a prospective multicenter clinical trial (2). In this study, patients were divided into the bpMRI group and mpMRI group according to MRI modalities before biopsy. However, the image interpretation of bpMRI and mpMRI was not performed for the same patients undergoing mpMRI examination, respectively. In further studies, the image interpretation of bpMRI and mpMRI could be performed for the same patient to compare the detection rates of PCa and csPCa between the two MRI modalities.

Despite these limitations, our findings validate bpMRI as an alternative to mpMRI for detecting PCa and csPCa in clinical practice. Besides, as a more rapid and simple modality, bpMRI is feasible in our center.



Conclusion

The overall detection rates of PCa and csPCa by bpMRI and mpMRI were comparable, but mpMRI detected more PCa and csPCa in the tPSA interval of 10–20 ng/ml. In other tPSA intervals, bpMRI could be an alternative to mpMRI for detecting PCa and csPCa, regardless of different prostate volumes and PI-RADS scores.
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Background: Existing studies have shown whether primary site resection (PSR) in cutaneous melanoma (CM) patients with stage IV is controversial. Our study aimed to identify the clinical characteristics of CM patients with stage IV who benefited from PSR on a population-based study.



Methods: We retrospectively reviewed stage IV CM patients in the Surveillance, Epidemiology, and End Results (SEER) database from 2004 to 2015. Patients were divided into surgical and non-surgical groups according to whether PSR was performed or not. According to the median cancer-specific survival (CSS) time of the non-surgery group, the surgical group was divided into the surgery-benefit group and the non-surgery-benefit group. Multivariate cox regression analysis was used to explore independent CSS prognostic factors in the surgical group. Then, based on the independent prognostic factors of the surgical group, we established a web-based nomogram based on logistics regression.



Results: A total of 574 stage IV CM patients were included in our study, and 491 (85.60%) patients were included in the surgical group. The clinical characteristics (benefit group and non-benefit group) included age, M stage, lesion location, and ulceration status. These independent prognostic factors were includeed to construct a web-based nomogram.



Conclusions: We constructed a web-based nomogram. This model was suitable for identifying the best candidates suitable for PSR in stage IV CM patients.



KEYWORDS
cutaneous melanoma, stage IV, surgery, nomogram, SEER database





Introduction

Cutaneous melanoma (CM) is a highly aggressive malignant tumor that originates from melanocytes (1). Global Cancer Statistics demonstrated that 324,635 new CM individuals were diagnosed and 57,043 deaths for the disease worldwide in 2020 (2). Although the five-year survival rate for CM patients with stage I-III is high [Five-year cancer-specific survival (CSS) for cutaneous melanoma at stage I, II, and III was 98%, 90%, 77%], the five-year survival rate for stage IV CM patients is less than 20% (3, 4). In the past period, based on further understanding of the molecular pathogenesis of melanoma, significant changes have taken place in the treatment of advanced CM patients. The application of immunotherapy [e.g., checkpoint inhibitors against cytotoxic T lymphocyte antigen 4 (CTLA-4) and/or programmed death 1 (PD-1)], molecular targeted anti-tumor therapy [B-Raf proto-oncogene (BRAF), mitogen-activated protein kinase (MEK)], and neoadjuvant therapy has greatly improved the survival prognosis of CM patients(1, 5–7). However, for stage IV CM patients, the primary site resection (PSR) is controversial because it is a local treatment for a systemic disease (8). Based on the metastatic potential of CM, PSR for stage IV CM is unsatisfactory, and therefore many scholars do not recommend surgery for stage IV CM patients (9, 10). However, another part of the scholars’ research showed that the prognosis of stage IV CM patients could be improved by PSR or metastatic lesions surgery(11–13). Therefore, there is still some controversy about whether patients with stage IV melanoma should perform PSR. PSR in stage IV lung cancer patients is also controversial. However, a recent retrospective study has suggested that stage IV lung cancer patients with specific clinicopathological features may benefit from PSR (14). Inspired by these conclusions, we also came up with a new idea that not all stage IV CM patients will benefit from PSR, and patients with specific characteristics can benefit from PSR.

However, large-scale population-based studies are still lacking, and it is clinically significant to screen for the types of patients who would benefit from PSR. Therefore, we aimed to analyze the stage IV CM patients in the Surveillance, Epidemiology, and End Results (SEER) database and establish a web-based nomogram to identify the best candidates for PSR and their characteristics.



Methods


Patients

We obtained permission to access these study data (15708-Nov2020). The inclusion criteria were: patients diagnosed with stage IV CM between 2004 and 2015 with complete follow-up data. Exclusion criteria were as follows: age less than 18 years, Race unknown, TNM stage unknown, treatment unknown, mitotic status unknown, not the first tumor. We obtained baseline data from the SEER database, including patient information (age, sex, and race), melanoma characteristics TNM stage (AJCC 7th Edition Melanoma), location, histological type, mitotic rate, and ulceration), and surgery (primary site resection). CSS was defined as the time from diagnosis to death because of the CM. According to whether the PSR was performed or not, Patients were divided into surgical and non-surgical groups. Based on the median CSS time (8 months) of the non-surgical group, we divided the surgical sets into the surgical beneficial and the surgical non-profitable groups.



Statistical analysis

We used t-tests and chi-square tests for comparing continuous and categorical variables, respectively. Multivariate Cox regression analysis was performed to identify independent prognostic factors associated with CSS. Hazard Ratios (HRs) with 95% confidence intervals (CIs) for each factor were calculated. Statistical analyses were performed by R software (version 4.0.3), all statistical tests were two-sided, and p-value <0.05 was considered statistically significant.



Construction, validation, and visualization of a web-based nomogram

Zhang et al. have demonstrated that patients with PSR have a longer median CSS time than those who did not undergo surgery (13). Based on this conclusion, patients who underwent PSR were randomly divided 7:3 into training and validation sets by the “caret” package. We build a logistics-model nomogram based on the independent prognostic factors of CSS. We use the area under the curve (AUC) of the receiver operating characteristic curve (ROC), the calibration curve, and the decision curve analysis (DCA) to evaluate the discriminative ability and accuracy of the nomogram both in training and validation sets. Then, a web-based nomogram was performed using the “Dynnom” package. Finally, based on the results of our prediction model, we divided all patients into three groups, the surgery & beneficial group (probability of benefit >50%), the surgery & non-beneficial group (probability of benefit <50%), and the non-surgical group. The patients in the three groups were analyzed by Kaplan-Meier (K-M), and log-rank tests were calculated. All statistical analyses and image visualizations were performed using R software (version 4.0.3).




Results


Patients clinicopathological characteristics

We identified 573 patients with stage IV CM who met the criteria from the SEER database (see Figure 1). Of these eligible patients, 491 (85.69%) received PSR. Through t-test for age, chi-square test for sex, race, location, histological type, TNM stage, ulceration, and mitosis rate. Patients' clinicopathological data in the surgical and non-surgical groups were relatively balanced (p > 0.05). The results showed that the clinicopathological characteristics of the two sets (surgical and non-surgical groups) were comparable (Table 1).


[image: Figure 1]
FIGURE 1
The design idea and workflow.



TABLE 1 Demographic information for stage IV melanoma patients.
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Independent risk factors for CSS in stage Iv Cm patients with primary tumor resection

The median CSS time in the surgical group was 17 months (95%CI = 13.603–20.397 months), and the median CSS in the non-surgical group was 8 months (95%CI = 5.142–10.858 months). The K-M analysis and log-rank test of the surgical and the non-surgical groups are shown in Figure 2. The results show that patients with PSR can benefit more than patients without PSR. Then, patients in the surgical group were further divided into the training set (n = 347, 70.67%) and the validation set (n = 144, 29.33%). Comparability of the training and validation sets was confirmed by the t-test and chi-square test (see Table 2). Multivariate Cox regression analysis on the surgical group, age, M stage, lesion location, and ulceration status were independent prognoses for CSS (see Table 3).


[image: Figure 2]
FIGURE 2
Kaplan-Meier plots of stage IV cutaneous melanoma patients according to primary site resection for cancer-specific survival.



TABLE 2 Clinicopathological characteristics of training set and validation set.
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TABLE 3 Multivariate Cox analysis for CSS among population of surgery to primary site.
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Establishment and visualization of the nomogram

We defined that a patient who underwent PSR benefited if the survival time exceeded the median CSS time without surgery (8 months). Therefore, patients in the surgery group with survival times longer than 8 months were defined as the surgery benefit group; those with less than or equal to 8 months were defined as the surgery non-benefit group. Independent prognostic factors (age, M stage, lesion location, and ulceration status) were included in the logistics regression model to establish a nomogram in the training set (see Figure 3).


[image: Figure 3]
FIGURE 3
A nomogram to predict optimal candidates for primary tumor resection.




Validation of nomogram and establishment of the web-based nomogram

We established the ROC curves of the training set and the validation set (see Figure 4). The AUC of the nomogram was 0.727 in the training set and 0.755 in the validation set. At the same time, the calibration curves of the training set and the validation set reflected the robust calibration characteristics of the nomogram (Figures 5A,B). DCA indicated that the nomogram could be an excellent predictive model to identify stage IV CM patients suitable for PSR (Figures 5C,D). To further verify the discriminatory ability of the nomogram, we performed K-M analysis and log-rank test (Figure 6). The results showed that the prognosis was more in the beneficial-surgical group than in the non-beneficial-surgical group (p-values < 0.001) or the non-surgical group (p-values < 0.001). However, there was no difference between the non-beneficial & surgical group and the non-surgical group (p-values = 0.489). Based on the validation of the effectiveness of the nomogram, we established a web-based nomogram for further clinical promotion and application (https://zhehongli.shinyapps.io/skcm/).


[image: Figure 4]
FIGURE 4
ROC curves of the nomogram. ROC curves of the nomogram in the training set (Red) and validation (Blue). ROC, receiver operating characteristic.



[image: Figure 5]
FIGURE 5
Calibration and decision curve analysis. Calibration curves of the nomogram in the training set (A) and the validation set (B), respectively. The nomogram's decision curve analysis in the training set (C) and validation set (D), respectively.



[image: Figure 6]
FIGURE 6
Kaplan-Meier plot to differentiate beneficial groups according to our model.




Clinical use of the web-based nomogram

The operation interface of the web-based nomogram was shown in Figure 7A. We introduced the use of the web-based nomogram by way of an example. For example, a stage IV CM patient had clinicopathological features: 60 years old, stage M of M1a, primary tumor location in the upper limb, and no ulceration at the primary site. Patient characteristics were shown on the left side of the network nomogram (Figure 7A left). The graphical summary (Figure 7A right) and the numerical summary (Figure 7B) showed the probability line and the exact numerical value of the benefit (probability of surgical benefit of primary focus = 0.912, 95% CI = 0.794–0.965), respectively. Therefore, according to the conclusion of the web-based nomogram, this patient could benefit from PSR.


[image: Figure 7]
FIGURE 7
Web-based nomogram. Illustrate the web-based nomogram through an example. A stage IV CM patient has clinicopathological features: 60 years old, stage M of M1a, primary tumor location in the upper limb, and no ulceration at the primary site. Patient characteristics are shown on the left side of the network nomogram (Figure 5A left). The graphical summary (Figure 5A right) and the numerical summary (Figure 5B) show the probability line and the exact numerical value of the benefit (probability of surgical benefit of primary focus = 0.912, 95% CI = 0.794–0.965), respectively.





Discussion

CM is a highly malignant tumor originating from melanocytes, which can develop in different tissues and organs such as skin, extremities, mucous membranes, and oculocutaneous membranes, etc (15). The prognosis of CM patients is not good due to its high degree of aggressiveness and metastatic nature (16). With the introduction of targeted therapies and immune checkpoint inhibitors, the survival of patients with advanced melanoma has improved (17, 18). Currently, it is controversial whether PSR should be performed on stage IV CM patients with a primary diagnosis. Many surgeons do not recommend local surgery for stage IV CM patients because the survival time for those is much lower than for patients with stages I-III (9, 10). However, previous retrospective studies have suggested a different perspective: PSR for metastatic CM improves patient prognosis (13, 19). Not all stage IV SCKM patients are suitable for PSR due to individual differences and particularities. In the era of precision therapy, determining the patient's benefit has tremendous significance for the prognosis of stage IV patients. The indications for PSR still need to be clarified due to the lack of relevant studies. Validating the premise that PSR can be beneficial for stage IV CM patients, our study was a pioneering effort to find those patients who are best suited for PSR. To our knowledge, this is the first study to identify the best candidates for PSR in stage IV SCKM patients.

We found that the surgical group's median CSS time was more prolonged (CSS: 17 months vs. 8 months, p-value <0.001). This conclusion further confirmed the necessity of PSR and corroborated Zhang et al. and Tauceri et al. (13, 19). Then, we further divided the patients in the surgical group into surgical benefit and surgical non-benefit groups using the median CSS time (8 months) of the non-surgical group. Finally, we used Cox regression analysis to identify independent prognostic factors and logistic models to construct a nomogram. After such a screening process, stage IV CM patients who were genuinely suitable for PSR were identified. In addition, we built a web-based nomogram to find the best surgical target. Meanwhile, the validation of the nomogram confirmed the excellent predictive performance of our model.

In the nomogram, younger age was one of the essential factors in the benefit from PSR. Older age was associated with worse outcomes for stage IV CM patients who underwent either primary or metastatic surgery (20, 21). This finding suggests that the patient's condition is critical to the traumatic impact of the surgery and the postoperative recovery. In addition, we have also noticed that patients with M1a (skin or subcutaneous metastasis, or distant lymph node metastasis) and M1b (lung metastasis) can benefit from PSR. However, the nomogram concluded that M1c patients were not recommended to undergo surgery, which may be closely related to the occurrence of the central nervous system (CNS) metastasis and/or increased lactate dehydrogenase (LDH) in M1c stage melanoma. LDH is recognized as one of the vital tumor prognostic markers, and its high expression often indicates poor prognosis (22). On the other hand, once melanoma is diagnosed with central nervous system metastasis, its prognosis is abysmal (median OS is only 4 months) (23). The revision of the 8th edition of the AJCC staging guidelines designates CNS metastasis as M1d, further reflecting that the OS of patients with CNS metastases is generally worse (4). Therefore, we have reason to believe that patients with M1c and M1d (8th edition of the AJCC staging guidelines) are not suitable for PSR. A retrospective study by Tas F et al. showed that five-year survival was lower in ulcerated melanoma than in non-ulcerated melanoma (55.3% vs. 81.5%, p < 0.001) (24). Ulceration status is defined based on histopathologic examination of the absence of the complete epidermal allodermis over any part of the primary tumor with associated host response, and both the seventh and eighth editions of the AJCC staging guidelines consider ulceration as an additional T-category criterion (4, 25). Previous studies have shown that both breslow tumor thickness and ulceration are independent prognostic factors for OS in CM patients; therefore, we discussed T-staging into two variables: Breslow tumor thickness (T1, T2, T3, and T4) and ulceration (Yes and No) during the study (26, 27). Moreover, our nomogram model suggested that stage IV CM patients without ulceration were better candidates for surgery for the first time. Previous studies have demonstrated that the location of the primary tumor is an important prognostic factor, and whose primary site is the head and neck having a worse prognosis than CM originating from other sites (28, 29). Our study further deduces on this basis that stage IV CM patients whose primary site is the head and neck are more suitable for surgery than other primary sites.

Previous studies have demonstrated that PSR can extend survival time in patients with metastatic cancers that have been screened for, including non-small cell lung cancer (30, 31), breast cancer (32–34), kidney cancer (35), and colorectal cancer (36, 37). Firstly, symptomatic occupancy consequences are mitigated by surgical resection of primary site tumors. Secondly, tumor excision is helpful for confirming the diagnosis and determining the best course of treatment. Thirdly, PSR in metastatic cancer can prevent tumor-related complications and prolong survival time, but it is also associated with an increased chance of perioperative death (38). By extension, we deduced that before making specific judgments, the advantages and disadvantages of PSR for patients with stage IV CM must be thoroughly evaluated. Our research was carried out to identify the stage IV CM patients who would benefit from PRS. In our study, K-M plots were used to differentiate the beneficiary groups and showed that nomogram-screened patients suitable for surgery had a longer median survival time, with a statistically significant difference. Our study suggested that not all stage IV CM patients were suitable for PSR, that only specific patients will benefit from PSR, and that the potential benefit will vary depending on the characteristics of CM patients.

Some limitations of this study should be noted. Firstly, the lack of unknown information in the SEER database may have produced selection bias during data screening. Secondly, the site of distant metastasis is critical to the prognostic impact of melanoma (e.g., brain, lung, liver, bone, etc.), but there is a lack of relevant data for patients whose melanoma was diagnosed earlier than 2010. Thirdly, this is a retrospective analysis of the SEER database. We do not know the relationship between the quality of survival of CM patients with stage IV and other indicators that may impact prognosis (e.g., targeted therapy, immunotherapy, supportive care).



Conclusions

Based on the confirmation that PSR benefits stage IV CM patients, we propose a new method to screen patients who would truly benefit from PSR. Our study suggested that not all stage IV CM patients were suitable for PSR, that only specific patients will benefit from PSR, and that the potential benefit will vary depending on the characteristics of CM patients. It should be noted that in stage IV CM patients, the younger the age, no ulceration, location in the head and neck, and non-M1c (M1a or M1b) patients will likely benefit from PSR. Meanwhile, we develop a dynamic nomogram (web-based nomogram, https://zhehongli.shinyapps.io/skcm/) based on a static nomogram with good predictive efficacy, achieving good clinical dissemination and application.
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Introduction

Central lymph node metastasis (CLNM) is common in papillary thyroid carcinoma (PTC). Prophylactic central lymph node dissection (PCLND) in clinically negative central compartment lymph node (cN0) PTC patients is still controversial. How to predict CLNM before the operation is very important for surgical decision making.



Methods

In this article, we retrospectively enrolled 243 cN0 PTC patients and gathered data including clinical characteristics, ultrasound (US) characteristics, pathological results of fine-needle aspiration (FNA), thyroid function, eight gene mutations, and immunoenzymatic results. Least absolute shrinkage and selection operator (LASSO) analysis was used for data dimensionality reduction and feature analysis.



Results

According to the results, the important predictors of CLNM were identified. Multivariable logistic regression analysis was used to establish a new nomogram prediction model. The receiver operating characteristic (ROC) curve, calibration curve, and decision curve analysis (DCA) curve were used to evaluate the performance of the new prediction model.



Discussion

The new nomogram prediction model was a reasonable and reliable model for predicting CLNM in cN0 PTC patients, but further validation is warranted.





Keywords: papillary thyroid carcinoma (PTC), central lymph node metastasis (CLNM), least absolute shrinkage and selection operator (LASSO), nomogram prediction model, clinically negative central compartment lymph nodes (cN0), prophylactic central lymph node dissection (PCLND)



Introduction

Papillary thyroid carcinoma (PTC) is the most common pathological type of thyroid cancer, accounting for more than 80% of thyroid cancers (1, 2). PTC easily metastasizes to cervical lymph nodes. The rate of central lymph node metastasis (CLNM) in PTC ranges from approximately 20% to 80% (3–5). At present, the diagnosis of CLNM mainly depends on preoperative ultrasound (US), but its diagnostic sensitivity is only approximately 20–40% before surgery (6, 7). In PTC patients, positive lymph node metastasis (LNM) is associated with a worse prognosis, more advanced TNM stage, and higher rate of tumor recurrence (8, 9).

Some studies have shown that 30–40% of clinically negative central compartment lymph node (cN0) PTC patients have pathologically confirmed CLNM after prophylactic central lymph node dissection (PCLND) (10–12). However, the use of PCLND in all cN0 PTC patients is still controversial (13, 14). PCLND can improve disease-free survival and decrease the local recurrence rate (15, 16), but it also increases the rate of surgical complications, such as recurrent laryngeal nerve injury and permanent hypothyroidism (17, 18). Thus, it is necessary to predict CLNM in cN0 PTC patients to determine whether PCLND is needed.



Materials and methods


Patients

A total of 243 cN0 PTC patients were retrospectively enrolled in our hospital from January 2019 to July 2021. cN0 PTC patients were referred to as PTC patients without LNM under imaging examination before surgery. After surgery, all patients were divided into pathologically CLNM positive (group A) and pathologically CLNM negative (group B) groups. The clinical characteristics, ultrasound (US) characteristics, pathological fine-needle aspiration (FNA) results, thyroid function, and immunoenzymatic results were retrospectively reviewed and analysed. Paraffin-embedded PTC tissue stored in the Department of Pathology was removed for eight-gene mutation testing. The exclusion criteria were as follows: ① patients had other types of thyroid malignancy; ② patients were confirmed to have CLNM or lateral LNM before the operation; ③ patient had a history of thyroid operations; and ④ patients refused PCLND. The requirement to obtain informed consent from the patients was waived for this retrospective study.



Operation methods

Standard operational procedures have been previously reported according to the “Chinese guidelines for diagnosis and treatment of thyroid diseases”. All patients underwent thyroidectomy with PCLND for unilateral PTC and total thyroidectomy with bilateral PCLND for bilateral PTC. All operations were performed by two experienced surgeons of the same surgery quality who had more than 10 years of working experience in our Department of General Surgery.



Clinical and US characteristics, thyroid function, and pathological results

The clinical characteristics collected for analysis included sex (male/female), age (<55 years or ≥55 years), history of thyroid drugs (levothyroxine/thiamazole), history of Hashimoto’s thyroiditis (HT), history of nodular goiter, and family history of thyroid cancer. The US characteristics included the location of the tumor (left/right/isthmus), tumor number, tumor size, aspect ratio (≤1/>1), margin, microcalcification, capsule involvement, blood flow signal, HT, hyperthyroidism and TI-RADS classification. Thyroid function included TSH, FT3, FT4, T3, T4, TPOAb, TRAb, and TgAb. Immunohistochemistry factors included MC, Gal-3, TTF1, TPO, Ki67, and CKHi. Detailed information is provided in Table 1.


Table 1 | Clinical, US, thyroid function and pathological characteristics of patients undergoing PCLND in different groups.





Gene mutation testing

A thyroid cancer eight-gene detection kit (Rigen Bio, China) and SLAN-96S Real-Time PCR instrument (Hong Shi, China) were used for thyroid gene mutation testing. The kit included oncogene mutations (BRAFV600E, HRASQ61R, KRASG12C/G12V/Q61R NRASQ61R, and TERTC228T/250T) and chromosome rearrangements (CCDC6-RET, PAX8-PPARG, and EVT6-NTRK3). Real-time PCR technology was used to detect point mutations and fusion mutations in eight thyroid cancer-related genes.



Statistical analysis

R (v4.1.2) and SPSS 25 were used for statistical analysis. Continuous variables with a normal distribution, such as age, tumor size and thyroid function, are presented as the mean ± standard deviation and were compared by the t test. Categorical variables, including clinical characteristics, US characteristics, pathological FNA results, thyroid function, immunoenzymatic results, and eight gene mutations, are presented as frequencies or percentages (%) and were compared by the chi-square test or Fisher’s test. We converted some continuous variables to categorical variables; for example, patient age was divided into <55 years and ≥55 years (AJCC/UICC TNM staging system version 8), tumor size was divided into ≤10 mm, 10 mm<T ≤ 20 mm, and >20 mm, and thyroid function was divided as well. All variables were analysed by least absolute shrinkage and selection operator (LASSO) analysis. The minimum error of the lambda (λ) value by the cross-validation method was calculated as the standard. The influencing factors of CLNM in cN0 PTC patients were screened out and used to establish a multifactor logistic regression model and then construct a nomogram prediction model. The RS of each patient was calculated by the mathematical formula. P<0.05 indicated a significant difference. Receiver operating characteristic (ROC) curves, calibration curves, and decision curve analysis (DCA) curves were used to evaluate the performance of the model.




Result


Clinical characteristics

There were 41 females and 51 males in group A and 47 females and 104 males in group B. The male/female ratios were 1:1.24 and 1:2.21, respectively (P<0.05). The average ages in groups A and B were 43.37 ± 12.37 and 45.45 ± 12.19 years, respectively (P<0.05). The numbers of patients <55 years old in groups A and B were 78 and 108, respectively, and those ≥55 years old were 13 and 43, respectively (P<0.05). A history of taking thyroid drugs, a history of HT, a history of nodular goiter, and a family history of thyroid cancer were not significantly different between groups A and B. Regarding US characteristics, only TI-RADS classification was significantly different (P<0.05) between groups A and B (74 cases and 102 cases, respectively). Other US features were not significantly different between groups A and B (P>0.05). TSH, FT3, and T4 were significantly different between groups A and B (P<0.05). FT4, T3, TPOAb, TRAb, and TgAb levels were not significantly different between groups A and B (P>0.05). Immunohistochemistry factors (MC, Gal-3, TTF1, TPO, Ki67, and CKHi) were not significantly different between groups A and B (P>0.05). BRAFV600E, KRASG12C/G12V/Q61R, and TERTC228T/250T were selected for further analysis because the number of patients with other gene mutations in groups A and B was not sufficient. The number of patients with BRAFV600E was significantly different between groups A and B (84 and 66 cases, 91.3% and 43.7%, P<0.05). KRASG12C/G12V/Q61R and TERTC228T/250T mutations were not significantly different between the two groups (P>0.05) (Table 1).



Predictive model construction

Five out of forty-nine factors, including age, history of nodular goiter, BRAFV600E mutation, history of HT, and TI-RADS classification, were identified as significant via LASSO regression (Figure 1 and Table 2). Among them, BRAFV600E mutation was identified as the top risk factor. The statistical distribution of the five most powerful factors identified by LASSO regression analysis is visualized in Figure 2.




Figure 1 | Identification of the influencing factors by LASSO regression. LASSO regression identified the following 5 most powerful predictors. (A) LASSO coefficient profiles of the 49 characteristics. A coefficient profile plot was produced against the log lambda (λ) sequence. (B) The relationship curve between the partial likelihood deviation (binomial deviation) and log(λ) was plotted.




Table 2 | Regression coefficients of the 5 most powerful factors identified by LASSO regression analysis.






Figure 2 | Heatmap of the top five significant variables identified based on LASSO regression analysis. Heatmap of the top five significant variables identified via LASSO regression, including BRAFV600E mutation, age, history of nodular goiter, history of Hashimoto’s thyroiditis and TI-RADS classification.



The nomogram prediction model was constructed based on these most powerful factors (Figure 3A). In the nomogram prediction model, each predictive factor was assigned a corresponding score. Among the predictive factors, age ≥55 years had a score of 1, and age <55 years had a score of 0. HT, nodular goiter, and BRAFV600E mutation each had a score of 1 for presence and 0 for absence. The TI-RADS classification T4A~T4B was assigned a score of 1, and T4C~T5 was assigned a score of 2 (AJCC/UICC TNM staging system version 8). According to the corresponding scores from each predictive factor, the total score can be obtained. The diagnostic possibility ranges from 0.1 to 0.8. A diagnostic possibility close to 0.1 was classified as low risk, and a diagnostic possibility close to 0.8 was classified as high risk. The probability of CLNM in cN0 patients could be predicted according to the diagnostic possibility.




Figure 3 | Evaluation of the performance of the new prediction model. (A) Nomogram for predicting CLNM in PTC patients based on five risk factors. (B) The ROC curve and AUC of the nomogram. ROC, receiver operating characteristic. (C) Calibration plots of the nomogram for predicting CLNM. (D) The DCA method evaluated the performance of the model.





Predictive model performance

The predictive model performance was evaluated by ROC curves, calibration curves, and DCA curves. The area under the ROC curve (AUC) of the model was 0.713 (95% CI 0.595–0.793) (Figure 3B). The approximate line and the bias-corrected line represent the performance of our model. After resampling for internal validation, the average absolute error was 3.8%. The threshold probability of CLNM metastasis was between 0.06 and 0.66. The net benefit level of the application of the nomogram prediction model was significantly higher than that of the “non-intervention” and “full intervention” schemes. Meanwhile, the calibration curve displayed a satisfactory consistency (Figure 3C). The DCA curve also suggested good predictive power (Figure 3D).




Discussion

National Comprehensive Cancer Network (NCCN) clinical practice guidelines for thyroid carcinoma and the American Thyroid Association (ATA) guidelines do not recommend PCLND in all cN0 PTC patients (19, 20). The efficacy of PCLND for cN0 PTC is uncertain (15, 21), and the incidence of complications, such as recurrent laryngeal nerve injury, permanent hypoparathyroidism (17, 21), and chyle leakage (18), is high. In contrast, the Chinese Thyroid Association guidelines still recommend PCLND because the rate of CLNM in cN0 PTC is up to 72% (22), which increases the recurrence rate. Reoperation leads to a higher rate of operative complications (23, 24). The 2015 version of the ATA management guideline marks a high rate of CLNM as a pivotal risk factor in the risk stratification evaluation of PTC patients. Therefore, it is necessary to determine the risk of CLNM in cN0 PTC patients and screen out high-risk patients for PCLND.

US, CT, and MRI are usually used for judging the condition of central lymph nodes, but their sensitivity and specificity are not sufficient (25, 26). Zhong et al (27) showed that the incidence of CLNM in cN0 PTC patients was 53.6%. Yasuhiro et al (28) found that the sensitivity of US diagnosis of lateral metastasis was only 27.2%. For this reason, it is unreliable to perform PCLND purely depending on preoperative US. Liu et al (26) showed that there was no significant difference in the diagnosis of lateral neck node metastases between MRI and US. A meta-analysis that included 17 studies showed that the sensitivity and specificity of CT in the detection of CLNM ranged from 23% to 83% and from 64% to 94%, respectively. The pooled sensitivity was 55%, and the pooled specificity was 87% (29). Zhan et al. reported that approximately 40% of cN0 PTC patients actually had CLNM (30). In our study, the rate of CLNM in cN0 patients was 21.40%.

Some previous studies have established diagnostic models for predicting LNM in PTC. Huang et al. (31) used the LASSO method to analyze all US features and some clinical features to establish a CLNM prediction model and web-based calculator, which presented good performance. Xue et al (32) analysed the relationship between US and contrast-enhanced US characteristics and then used univariate and multivariable logistic regression methods to establish a nomogram model. Park et al (33) aimed to develop a radiomics signature using US images of the primary tumor to preoperatively predict LNM in patients with conventional PTC. Zhao et al (34) used independent predictive factors, followed by multivariate logistic regression, to evaluate risk factors by using ROC curve analysis. Most of these articles included the characteristics of US-related factors and some clinical features. Our research included all information we could obtain before surgery, such as family history of thyroid cancer, history of HT, thyroid function and gene mutations.

CLNM is a complex problem, and the use of a single variable to predict CLNM is not reliable. Multivariable regression models are commonly used to identify significant independent risk factors in medical statistical analysis. The threshold of P<0.05 is artificially set, and it is easy to lose some important related factors. The LASSO method does not exclude any variables that might impact the outcome, but it did not play an independent role in univariate analysis. This method was properly used to reduce the number of variables. When the weight of low correlation variables is compressed to 0, they were finally eliminated. The LASSO method is a calculation method that is more suitable for datasets that include many variables. The use of the LASSO method before logistic regression follows the “second strike theory” from the combination of generalized genetic factors and environmental factors. We believe that the combination of many factors together brought about the final clinical event of CLNM. The use of LASSO before logistic regression in the calculation process of this study took into consideration the effects of multiple factors and did not arbitrarily rule out any of the possible factors.

In our article, the rate of positive CLNM in younger patients was higher than that in elderly patients, suggesting that age was negatively correlated with CLNM, which was similar to the findings of previous studies (35, 36). Importantly, the rate of positive CLNM in patients with other adverse prognostic factors, including a history of HT, a history of nodular goiter, worse TI-RADS classification and BRAFV600E mutation, was higher, which indicated that these factors were positively related to CLNM. Some studies demonstrated that the BRAFV600E mutation was correlated with CLNM (37, 38), but others obtained the opposite conclusion (39). The relationship between the BRAFV600E mutation and specific clinical pathological features of PTC remains controversial. However, in our research, only the BRAFV600E mutation was confirmed as a significant independent risk factor for CLNM.

All the related variables were subjected to selection by the LASSO method. Using this method, we did not exclude any variables that might definitely impact the outcome, and although these factors did not have not an independent role in univariate analysis, doing this improved the pertinence and accuracy of subsequent logistic regression.

The limitations of our article are as follows. First, this was a single-centre study, which may lead to data bias. Thus, it is necessary to conduct further prospective research and multicenter studies. Finally, the evaluation of some US features is subjective, and interobserver variability may occur. Our retrospective study preliminarily explored the possibility of using certain factors to predict CLNM in cN0 PTC patients.

In conclusion, the nomogram prediction model was able to predict the risk of preoperative CLNM in cN0 PTC patients and has a good predictive performance. Further prospective, multicenter, and larger sample size studies are needed to confirm our findings.



Data availability statement

The processed data required to reproduce these findings cannot be shared at this time as the data also forms part of an ongoing study. Requests to access the datasets should be directed to FZ, phillip_zhao@126.com.



Ethics statement

The studies involving human participants were reviewed and approved by Ethics Committee of Shanghai Ninth People’s Hospital, Shanghai Jiao Tong University School of Medicine (SH9H-2020-T346-1). The patients/participants provided their written informed consent to participate in this study.



Author contributions

All authors listed have made a substantial, direct, and intellectual contribution to the work, and approved it for publication.



Funding

This study was supported by funding from the Clinical Research Program of 9th People’s Hospital, Shanghai Jiao Tong University School of Medicine (JYLJ202016). This research study was registered in the China clinical trial registry (ChiCTR2200057167).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.




Abbreviations

CLNM, central lymph node metastasis; PTC, papillary thyroid carcinoma; PCLND, prophylactic central lymph node dissection; FNA, fine-needle aspiration; LASSO, least absolute shrinkage and selection operator; ROC, receiver operating characteristic; DCA, decision curve analysis; cN0, clinically negative central compartment lymph node; LNM, lymph node metastasis; US, ultrasound; HT, Hashimoto’s thyroiditis.



References

1. Schneider, DF, and Chen, H. New developments in the diagnosis and treatment of thyroid cancer. CA: Cancer J Clin (2013) 63(6):374–94. doi: 10.3322/caac.21195

2. Kitahara, CM, and Sosa, JA. The changing incidence of thyroid cancer. Nat Rev Endocrinol (2016) 12(11):646–53. doi: 10.1038/nrendo.2016.110

3. Kouvaraki, MA, Shapiro, SE, Fornage, BD, Edeiken-Monro, BS, Sherman, SI, Vassilopoulou-Sellin, R, et al. Role of preoperative ultrasonography in the surgical management of patients with thyroid cancer. Surgery (2003) 134(6):946–54. doi: 10.1016/s0039-6060(03)00424-0

4. Teixeira, G, Teixeira, T, Gubert, F, Chikota, H, and Tufano, R. The incidence of central neck micrometastatic disease in patients with papillary thyroid cancer staged preoperatively and intraoperatively as N0. Surgery (2011) 150(6):1161–7. doi: 10.1016/j.surg.2011.09.019

5. Kim, SY, Kim, BW, Pyo, JY, Hong, SW, Chang, HS, and Park, CS. Macrometastasis in papillary thyroid cancer patients is associated with higher recurrence in lateral neck nodes. World J Surg (2018) 42(1):123–9. doi: 10.1007/s00268-017-4158-5

6. Cho, SY, Lee, TH, Ku, YH, Kim, HI, Lee, GH, and Kim, MJ. Central lymph node metastasis in papillary thyroid microcarcinoma can be stratified according to the number, the size of metastatic foci, and the presence of desmoplasia. Surgery (2015) 157(1):111–8. doi: 10.1016/j.surg.2014.05.023

7. Jianming, L, Jibin, L, and Linxue, Q. Suspicious ultrasound characteristics correlate with multiple factors that predict central lymph node metastasis of papillary thyroid carcinoma: Significant role of hbme-1. Eur J Radiol (2020) 123:108801. doi: 10.1016/j.ejrad.2019.108801

8. Wang, TS, and Sosa, JA. Thyroid surgery for differentiated thyroid cancer - recent advances and future directions. Nat Rev Endocrinol (2018) 14(11):670–83. doi: 10.1038/s41574-018-0080-7

9. Adam, MA, Pura, J, Goffredo, P, Dinan, MA, Reed, SD, Scheri, RP, et al. Presence and number of lymph node metastases are associated with compromised survival for patients younger than age 45 years with papillary thyroid cancer. J Clin Oncology: Off J Am Soc Clin Oncol (2015) 33(21):2370–5. doi: 10.1200/JCO.2014.59.8391

10. Enyioha, C, Roman, SA, and Sosa, JA. Central lymph node dissection in patients with papillary thyroid cancer: A population level analysis of 14,257 cases. Am J Surg (2013) 205(6):655–61. doi: 10.1016/j.amjsurg.2012.06.012

11. Sadowski, BM, Snyder, SK, and Lairmore, TC. Routine bilateral central lymph node clearance for papillary thyroid cancer. Surgery (2009) 146(4):696–703. doi: 10.1016/j.surg.2009.06.046

12. Alvarado, R, Sywak, MS, Delbridge, L, and Sidhu, SB. Central lymph node dissection as a secondary procedure for papillary thyroid cancer: Is there added morbidity? Surgery (2009) 145(5):514–8. doi: 10.1016/j.surg.2009.01.013

13. Calo, PG, Pisano, G, Medas, F, Marcialis, J, Gordini, L, Erdas, E, et al. Total thyroidectomy without prophylactic central neck dissection in clinically node-negative papillary thyroid cancer: Is it an adequate treatment? World J Surg Oncol (2014) 12:152. doi: 10.1186/1477-7819-12-152

14. Conzo, G, Mauriello, C, Docimo, G, Gambardella, C, Thomas, G, Cavallo, F, et al. Clinicopathological pattern of lymph node recurrence of papillary thyroid cancer. Implications Surgery Int J Surg (2014) 12 Suppl 1:S194–7. doi: 10.1016/j.ijsu.2014.05.010

15. Nixon, IJ, Wang, LY, Ganly, I, Patel, SG, Morris, LG, Migliacci, JC, et al. Outcomes for patients with papillary thyroid cancer who do not undergo prophylactic central neck dissection. Br J Surg (2016) 103(3):218–25. doi: 10.1002/bjs.10036

16. Yazıcı, D, Çolakoğlu, B, Sağlam, B, Sezer, H, Kapran, Y, Aydın, Ö, et al. Effect of prophylactic central neck dissection on the surgical outcomes in papillary thyroid cancer: Experience in a single center. Eur Arch Oto-Rhino-Laryngology (2020) 277(5):1491–7. doi: 10.1007/s00405-020-05830-1

17. Ataş, H, Akkurt, G, Saylam, B, and Tez, M. Central neck dissection is an independent risk factor for incidental parathyroidectomy. Acta Chirurgica Belgica (2021) 121(1):36–41. doi: 10.1080/00015458.2020.1828677

18. Park, I, Her, N, Choe, J-H, Kim, JS, and Kim, J-H. Management of chyle leakage after thyroidectomy, cervical lymph node dissection, in patients with thyroid cancer. Head Neck (2018) 40(1):7–15. doi: 10.1002/hed.24852

19. Haddad, RI, Bischoff, L, Ball, D, Bernet, V, Blomain, E, Busaidy, NL, et al. Thyroid carcinoma, version 2.2022, nccn clinical practice guidelines in oncology. J Natl Compr Canc Netw (2022) 20(8):925–51. doi: 10.6004/jnccn.2022.0040

20. Haugen, BR, Alexander, EK, Bible, KC, Doherty, GM, Mandel, SJ, Nikiforov, YE, et al. 2015 American Thyroid association management guidelines for adult patients with thyroid nodules and differentiated thyroid cancer: The American thyroid association guidelines task force on thyroid nodules and differentiated thyroid cancer. Thyroid: Off J Am Thyroid Assoc (2016) 26(1):1–133. doi: 10.1089/thy.2015.0020

21. Medas, F, Canu, GL, Cappellacci, F, Anedda, G, Conzo, G, Erdas, E, et al. Prophylactic central lymph node dissection improves disease-free survival in patients with intermediate and high risk differentiated thyroid carcinoma: A retrospective analysis on 399 patients. Cancers (2020) 12(6):E1658. doi: 10.3390/cancers12061658

22. He, J, Li, J, Cheng, Y, Fan, J, Jun, G, Jiang, Z, et al. [Guidelines of Chinese society of clinical oncology (CSCO) differentiated thyroid cancer]. J Cancer Control Treat (2021) 34(12):1164–201.

23. Ruggiero, FP, and Fedok, FG. Outcomes in reoperative thyroid cancer. Otolaryngologic Clinics North America (2008) 41(6):1261–8. doi: 10.1016/j.otc.2008.06.003

24. Pai, SI, and Tufano, RP. Reoperation for Recurrent/Persistent well-differentiated thyroid cancer. Otolaryngologic Clinics North America (2010) 43(2):353–63. doi: 10.1016/j.otc.2010.02.004

25. Ahn, JE, Lee, JH, Yi, JS, Shong, YK, Hong, SJ, Lee, DH, et al. Diagnostic accuracy of ct and ultrasonography for evaluating metastatic cervical lymph nodes in patients with thyroid cancer. World J Surg (2008) 32(7):1552–8. doi: 10.1007/s00268-008-9588-7

26. Liu, Z, Xun, X, Wang, Y, Mei, L, He, L, Zeng, W, et al. Mri and ultrasonography detection of cervical lymph node metastases in differentiated thyroid carcinoma before reoperation. Am J Trans Res (2014) 6(2):147–54.

27. Zhong, X, Lu, Y, Yin, X, Wang, Q, Wang, F, and He, Z. Prophylactic central lymph node dissection performed selectively with Cn0 papillary thyroid carcinoma according to a risk-scoring model. Gland Surg (2022) 11(2):378–88. doi: 10.21037/gs-21-906

28. Ito, Y, Tomoda, C, Uruno, T, Takamura, Y, Miya, A, Kobayashi, K, et al. Ultrasonographically and anatomopathologically detectable node metastases in the lateral compartment as indicators of worse relapse-free survival in patients with papillary thyroid carcinoma. World J Surg (2005) 29(7):917–20. doi: 10.1007/s00268-005-7789-x

29. Cho, SJ, Suh, CH, Baek, JH, Chung, SR, Choi, YJ, and Lee, JH. Diagnostic performance of ct in detection of metastatic cervical lymph nodes in patients with thyroid cancer: A systematic review and meta-analysis. Eur Radiol (2019) 29(9):4635–47. doi: 10.1007/s00330-019-06036-8

30. Zhan, J, Zhang, L-H, Yu, Q, Li, C-L, Chen, Y, Wang, W-P, et al. Prediction of cervical lymph node metastasis with contrast-enhanced ultrasound and association between presence of Brafv600e and extrathyroidal extension in papillary thyroid carcinoma. Ther Adv Med Oncol (2020) 12:1758835920942367. doi: 10.1177/1758835920942367

31. Huang, C, Cong, S, Shang, S, Wang, M, Zheng, H, Wu, S, et al. Web-based ultrasonic nomogram predicts preoperative central lymph node metastasis of Cn0 papillary thyroid microcarcinoma. Front Endocrinol (Lausanne) (2021) 12:734900. doi: 10.3389/fendo.2021.734900

32. Xue, T, Liu, C, Liu, J-J, Hao, Y-H, Shi, Y-P, Zhang, X-X, et al. Analysis of the relevance of the ultrasonographic features of papillary thyroid carcinoma and cervical lymph node metastasis on conventional and contrast-enhanced ultrasonography. Front Oncol (2021) 11:794399. doi: 10.3389/fonc.2021.794399

33. Park, VY, Han, K, Kim, HJ, Lee, E, Youk, JH, Kim, EK, et al. Radiomics signature for prediction of lateral lymph node metastasis in conventional papillary thyroid carcinoma. PloS One (2020) 15(1):e0227315. doi: 10.1371/journal.pone.0227315

34. Zhao, S, Yue, W, Wang, H, Yao, J, Peng, C, Liu, X, et al. Combined conventional ultrasound and contrast-enhanced computed tomography for cervical lymph node metastasis prediction in papillary thyroid carcinoma. J Ultrasound Medicine: Off J Am Institute Ultrasound Med (2022). 9999(1-14):0278–4297 doi: 10.1002/jum.16024

35. Oh, HS, Park, S, Kim, M, Kwon, H, Song, E, Sung, TY, et al. Young age and Male sex are predictors of Large-volume central neck lymph node metastasis in clinical N0 papillary thyroid microcarcinomas. Thyroid (2017) 27(10):1285–90. doi: 10.1089/thy.2017.0250

36. Siddiqui, S, White, MG, Antic, T, Grogan, RH, Angelos, P, Kaplan, EL, et al. Clinical and pathologic predictors of lymph node metastasis and recurrence in papillary thyroid microcarcinoma. Thyroid (2016) 26(6):807–15. doi: 10.1089/thy.2015.0429

37. So, YK, Son, Y-I, Park, JY, Baek, C-H, Jeong, H-S, and Chung, MK. Preoperative braf mutation has different predictive values for lymph node metastasis according to tumor size. Otolaryngology–Head Neck Surgery: Off J Am Acad Otolaryngology-Head Neck Surg (2011) 145(3):422–7. doi: 10.1177/0194599811404649

38. Kim, SK, Lee, JH, Woo, J-W, Park, I, Choe, J-H, Kim, J-H, et al. Braf V600e mutation: Differential impact on central lymph node metastasis by tumor size in papillary thyroid carcinoma. Head Neck (2016) 38 Suppl 1:E1203–9. doi: 10.1002/hed.24192

39. Guo, L, Ma, Y-Q, Yao, Y, Wu, M, Deng, Z-H, Zhu, F-W, et al. Role of ultrasonographic features and quantified Brafv600e mutation in lymph node metastasis in Chinese patients with papillary thyroid carcinoma. Sci Rep (2019) 9(1):75. doi: 10.1038/s41598-018-36171-z



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Zhao, Wang, Yu, Song, Wang, Fang, Zhu and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.






ORIGINAL RESEARCH

published: 03 February 2023

doi: 10.3389/fonc.2023.1103104

[image: image2]



Double osseous flaps for simultaneous midfacial and mandible reconstruction: Automation in surgical complexity within an entirely computerized workflow



Alessandro Tel 1, Daniele Bagatto 2, Salvatore Sembronio 1, Silvano Ferrari 3 and Massimo Robiony 1*


1 Department of Maxillofacial Surgery, University Hospital of Udine, Udine, Italy, 2 Department of Neuroradiology, University Hospital of Udine, Udine, Italy, 3 Department of Maxillofacial Surgery, University Hospital of Parma, Parma, Italy




Edited by: 

Mengling Feng, National University of Singapore, Singapore

Reviewed by: 

Jochen Weitz, MKG Augsburg, Germany

Tobias Ettl, University Medical Center Regensburg, Germany

*Correspondence: 

Massimo Robiony
 massimo.robiony@uniud.it

Specialty section: 
 
This article was submitted to Surgical Oncology, a section of the journal Frontiers in Oncology


Received: 19 November 2022

Accepted: 23 January 2023

Published: 03 February 2023

Citation:
Tel A, Bagatto D, Sembronio S, Ferrari S and Robiony M (2023) Double osseous flaps for simultaneous midfacial and mandible reconstruction: Automation in surgical complexity within an entirely computerized workflow. Front. Oncol. 13:1103104. doi: 10.3389/fonc.2023.1103104




Introduction

Broad maxillofacial surgical resections involving both the midface and the mandible represent a challenge in terms of reconstruction. Although several papers have explored the possibility of simultaneously using two microsurgical flaps, reports on the implementation of a dual osseous flap strategy are limited, and mainly addressed to static anatomical reconstruction, regardless of functional implications. In particular, there is a lack in the literature of a unifying protocol which illustrates how technology including virtual planning, statistical shape modeling, virtual occlusion, 3D-printing and patient-specific implants can address the functional and accuracy needs required for an optimal reconstruction.



Materials and methods

In this paper, the Authors present their preliminary experience in a two-center study, showing how broad maxillofacial defects, requiring a simultaneous reconstruction in both the mandible and the midface, can be successfully reconstructed using the combination of two osseous flaps in an automated sequence in which all steps are anticipately defined in a virtual plan, accounting for the optimal alignment of temporomandibular joint, predicting the final occlusion and defining a mandibular shape according to a statistical shape model.



Results

Average RMSE for the iliac bone crest flap was of 3.2 ± 0.36 mm; for the fibula flap, RMSE value was of 2.3 ± 0.65 mm, for patient-specific implants, for mandibular prostheses the average RMSE was 2.46 mm with 0.76 mm standard deviation. Temporomandibular joint function increased when a TMJ prosthesis was placed.



Conclusions

Double bone free flap is a valuable resource to reconstruct wide defects that simultaneously involve two thirds of the cranio-maxillo-facial skeleton, but a careful virtual planning study should be always performed before approaching this surgical option.





Keywords: virtual surgical planning, double bone flap, computerized automation, 3D printing, point-of-care, statistical shape modeling 

  1 Introduction

In the last years, the improvement of microsurgery has led to significant advances in reconstructive surgery for skeletal defects. The customization of flap sculpting by virtually simulating precise correspondences between the defect size and the most appropriate flap conformation, and well as the possibility to bring such plans in the surgeon’s hands by 3D printing of specific surgical guides, has provided a further impulse to reconstructive microsurgery, fastening flap harvesting and positioning time, while improving outcomes. A variety of studies reported a dual flap strategy, where one osseous flap is generally used for the reconstruction of the bone framework, and another soft tissue flap is used to restore the skin or the mucosal lining, or simply to add volume after conspicuous resections (1). For the most complex defects, several publications report the use of virtual planning workflows to conform a single flap in convoluted spatial arrangements, allowing to optimize the donor flap to the recipient site, which is generally the midface due to its complex geometry including the maxillo-malar buttresses, the alveolar process and the orbit (2–4). However, for defects involving at the same time the midface and the inferior third, one single osseous flap might not be sufficient.

Currently, literature provides scant evidences on the simultaneous use of two osseous flaps: prolonged surgical time, risk of failure and technical complexity represent factors that have limited the adoption of a double bone-flap approach so far. In this respect, virtual surgical planning becomes an indispensable tool to anticipately define with maximum detail all the steps of surgery, from bone shaping, to insetting position and the choice of target vessels for anastomosis; likewise, 3D printing allows to construct surgical guides that assist the surgeon in the correct execution of each planning sequence, creating a fully automated workflow, which optimizes surgical time and increases accuracy and the functional outcomes.

The purpose of this study is to elucidate the technical aspects necessary to plan a simultaneous midfacial and mandible reconstruction with a double osseous free flap strategy, combining a fibula free flap with an iliac crest free flap. We describe an entirely automated sequence of virtual surgical planning and its application, emphasizing the importance of computerized simulation to achieve satisfactory accuracy and functional outcomes.


 2 Materials and methods

This is a retrospective observational study performed in two centers with broad oncologic expertise, the University of Udine and the University of Parma. 3 patients were enrolled in this series between January 2021 and June 2022 and fulfilled the following requirements: surgically determined broad skeletal defect with simultaneous involvement of the midface and the mandible; simultaneous use of two osseous flaps for reconstruction; entirely digital workflow. All clinical and demographic features of patients are described in  Table 1 . We detail the entire workflow of anatomy digitalization, virtual surgical planning and operative sequences to illustrate how computer-guided steps can translate into automated workflows for optimal accuracy and functional restoration. Our institute’s local independent Institutional Review Board approved the study protocol (ID: IRB_45_2020).

 Table 1 | Demographic, clinical, and digital characteristics of patients enrolled in this study. 



 2.1 Acquisition protocols

According to the concept of multilayer anatomical reconstruction (5), imaging protocols were directed to reproduce virtual anatomy both in the resection area and the two sites for bone flap harvest.

As for the resection area, the following imaging was acquired for the cranio-maxillo-facial region:

 	 • multidetector CT scan with resolution of 768 x 768 voxel and slice thickness of 0.625mm was acquired and reconstructed in bone window density. These parameters were the most suitable to provide a trustful representation of bone anatomy, including thin areas with rarefaction due to pathological processes and partial volume effect. 

	 • MR was acquired using a 3T machine. Contrast-enhanced T1-weighted, T2-weighted, volumetric interpolated breath-hold examination (VIBE), short-T1 inversion recovery (STIR) sequences were acquired as volumetric, with 512 x 512 voxel matrix and 1mm slice thickness. These acquisitions were crucial to characterize soft tissues and spatially define the pathological processes. 

	 • 3D time-of-flight (TOF) sequence with spatial resolution 256x256 and 0.6mm slice thickness was acquired to reconstruct arterial vessels in the face and neck area 

	 • MR venography was performed on a 3T machine to identify venous vasculature using a phased contrast sequence with 256 x 256 voxel matrix and 1mm slice thickness 

	 • Patients furthermore underwent an intraoral scanning procedure to define dental cusps anatomy and use such data to reconstruct a virtual occlusion 



As for the flap harvesting sites, for all anatomical regions the protocol was the same, including contrast-enhanced CT scan with 768 x 768 or at least 512 x 512 voxel matrix and a slice thickness of 0.625mm.


 2.2 Digitalization of anatomy

In the head and neck region, images were imported into Mimics v25 (Materialise, Leuven, BE) and coregistered within the same coordinate system. First, CT scan was segmented using a thresholding algorithm in the Hounsfield Unit (HU) range of bone, by applying a local selective improvement over thin structures, such as ethmoid and orbital walls. For tumors or pathological processes involving soft tissues, MR sequences were matched and semiautomatic methods based on AI (artificial intelligence)-powered smart brushes were used to accurately segment the tumor mass. A thresholding algorithm in the range of hyperintense values was applied to TOF sequences to yield an accurate representation of arterial vasculature; likewise, 3D phased-contrast venous MR were approached using detection methods based both on voxel contiguity and isointensity to reconstruct well defined 3D networks. Processing of segmentation masks was accurately accomplished especially around vessels to isolate relevant branches. As for flap donor sites, a baseline pre-contrast scan was used to reconstruct bone surfaces and was then coupled with a contrast-enhanced scan to reconstruct the vasculature and evaluate the position and length of the pedicle.  Figure 1  shows the result of anatomical 3D reconstruction.

 

Figure 1 | Detailed anatomical reconstruction of the craniomaxillofacial model of a fibrous dysplasia involving both the midface and the mandible with massive deformation. Associated, the reconstruction of arterial and venous vasculature is visible. For free flaps, virtual models of donor site were reconstructed with arterial vessels to evaluate the pedicle. Arrows show respectively the deep circumflex iliac artery and the fibular artery. 




 2.3 Automation and sequencing: virtual planning translated into surgery

• Simulated resection

Objects generated in Mimics were imported in 3-matic v 17 (Materialise, Leuven, BE). As all cases required a composite resection involving both the middle and the inferior third, a resection of the mandible and a maxillectomy were planned. The complex shape of maxillectomies was planned using a freehand brush poly-marking tool to draw complex shapes and define curved resection profiles without being limited to simple planes. A dual-fitting surgical guide was designed, allowing to simultaneously engage dental cusps using a dental splint appendix, and bone as well using patient-fitted surfaces ( Figure 2 ). For subtotal mandibulectomies, the resection was easily defined by positioning a cutting plane.

 

Figure 2 | Top panel: simulated resection and design of a surgical guide. Bottom panel: intraoperative application of the surgical guide and assessment of resection accuracy by comparison with a 3D printed phantom. 



• Definition of a statistical shape model for mandible reconstruction

For cases needing a total or subtotal mandibulectomy, the Authors searched in their library of mandible STL (standard tessellation language) files the most appropriate geometry to restore the mandible and defined it as “donor”. To adapt the donor mandible to the recipient anatomy, a statistical shape model (SSM) was created by computing additional mandibles, selected on the basis of different morphologies, allowing to apply population variance on the target geometry. The resulting mesh, achieved by varying coefficients to selectively modify the SSM, was extracted as an STL file, used to define the shape of the mandible contour of the custom-made prostheses optimized for the current patient ( Figure 3 ).

 

Figure 3 | Statistical shape model (SSM) associated with digital wax-up. A target model (grey) taken from a library of STL based on anatomical resemblance with the patient is iteratively modified by applying population variance using five modificators. The result is a mesh made suitable for the actual patient which will be used to reconstruct the final shape of the mandibular prosthesis. 



• Virtual wax-up and definition of the final occlusion

Intraoral scanning was aligned on the dental cusps spared from resection. Data were imported in the software DentalCAD (Exocad GmbH, Darmstadt, Germany) where a virtual occlusion was constructed. For the most complex cases undergoing a complete mandibulectomy and a half maxillectomy, mandibular arch was constructed with a complete digital approach, maximizing intercuspation of mandibular crowns with their superior antagonists. The height of crowns and the identification of an occlusal plane were essential to define the appropriate level to position the fibula free flap for mandible reconstruction.

• Pedicle choice

The 3D reconstruction of the vascular network allowed to visualize in a 3D virtual space the arterial and venous vessels. This enabled to evaluate in a patient-specific approach the relationship between the flap structure and the closest receiving vessels, enabling to identify the neck recipient trunk that requires the shortest path and the minor length of the pedicle ( Figure 4 ).

 

Figure 4 | Reconstruction of arterial (left panel) and venous (right panel) vasculature from dedicated MR sequences. Black arrows identify vessels targeted for anastomosis: for the DCIA, the facial artery and the facial vein; for the fibula, the superior thyroid artery and the thyrolinguofacial venous trunk. 



• Reconstruction of the mandible (fibula surgical planning + custom implant design)

The positioning of fibula flap segments was performed according to two factors: overlying dental crowns and underlying SSM mandibular border. The flap segments were positioned to be compatible with the application of implants and a future dental prosthesis, while at the same time being supported by a customized mandibular implant which included, in disarticulations, reconstruction of the temporomandibular joint (TMJ), coupled with a glenoid fossa. The fibula segments were rotated to keep the pedicle completely lingual. Once satisfied with the position of fibula segments over the mandible, they were individually aligned along the fibula axis and a surgical guide was modelled to assist the exact harvest. Segments were fixed on the customized mandibular prosthesis using the same holes provided by the guide. Microsurgical anastomoses were performed to restore blood flow and a 3D printed model of the dental wax-up was positioned to assess compatibility and define the correct implant site ( Figure 5 ).

 

Figure 5 | Mandibular reconstruction. The order of fibula flap segments is indicated in a proximal to distal sequence both in the mandible and in the native fibula, where a surgical guide to automate harvest was designed. Fibula segments have been positioned according to the virtual occlusion defined using the digital wax-up and their inset on a mandibular patient-specific implant designed on the SSM is simulated. Implants are placed using the 3D-printed wax-up as guide to drill holes. 



• Midface reconstruction

The upper dental arch in occlusal relationship with its inferior antagonist was simulated in a similar way to identify a position of the midface flap compatible with implant placement and a future denture. Although also the scapular tip flap is a viable option, the deep circumflex iliac artery (DCIA) flap was chosen because it did not involve a change in patient positioning. The iliac crest was reoriented in accordance with the resection area to select the most suitable part and size. Subsequently, the simulation included further flap sculpting to trim any bone excess. Finally, an innovative surgical guide was modelled to enable precise DCIA flap insetting, holding the flap secured thanks to a custom-designed socket and at the same time allowing for fixation in the desired position. Similarly, implants were placed in the iliac crest using the 3D printed dental wax-up model ( Figure 6 ).

 

Figure 6 | Midface reconstruction. The native iliac crest with vascularization is transposed in the defect site, where the flap is sized to ensure optimal geometrical compatibility. A surgical guide to automate the flap harvesting is designed. The flap is positioned in accordance with the digital wax-up, and a surgical guide for repositioning is designed. Finally, the orbital floor is restored by moulding a PMMA orbital implant. 



• Orbital reconstruction

For class IV maxillectomies, the reconstruction of the orbital floor was needed. A mirroring of the contralateral integer orbit was performed to define the optimal shape of the orbital floor and ensure that the reconstruction did not alter the volume symmetry between the orbits. The implant was designed according to such principles and, using a Boolean operator, it was made correspondent with the resection edges. A molding system bearing the negative impression of the implant was designed and 3D printed for the intraoperative creation of an implantable part made of polymethyl methacrylate (6).


 2.4 Outcome evaluation

Flap survival was monitored clinically every 3 hours for the first 3 days, and every 6 hours up to the first week. Two weeks after surgery, all patients underwent a postoperative CT scan with the same parameters, which was processed in Mimics to extract flaps and titanium implants from surrounding bone, yielding separate objects. Extracted objects were imported in the same coordinate system as the virtual planning project in order to estimate the deviation of the achieved surgical outcome from its planned equivalent. To quantify this, a part comparison analysis, computing Euclidean distances between pairs of aligned meshes across all their vertices was performed, and results were mapped in a color scale. The overall entity of deviation between the two geometrical entities was expressed as root mean square error (RMSE), allowing to understand the accuracy of flap and implant positioning ( Figure 7 ). Clinical photographs were taken 6-month postoperatively ( Figure 8 ).

 

Figure 7 | Calculations of RMSE using a surface deviation analysis for single subcomponents: DCIA and fibula flaps, mandibular implant, orbital implant. 



 

Figure 8 | Preoperative vs 6-month postoperative appearance of the patient. Top row: full face photographs; bottom row: intraoral view showing implants placed during surgery. 





 3 Results

Clinical and demographic data of patient enrolled in this study are described in  Table 1 .

For all patients, the reconstruction of the mandible was performed using the fibula free flap, while the midface was reconstructed using the DCIA flap. There were no clinical complications concerning the harvesting sites.

The number of implants inserted in the fibula flap bone ranged between 5 and 6 for total or subtotal resection, while segmental defect, limited to less than one half of the mandible, required from 2 to 3 implants. As for the iliac crest, the implants ranged from 3 to 4 along the superior rim of the flap.

We did not perform a simultaneous dental prosthesis placement in any of the patients, as the customized mandibular prosthesis which supports the flap was not designed to withstand immediate load, nor was the iliac crest flap replacing the maxilla.

For all patients it was possible to identify the arterial trunk for the anastomosis in the virtual plan.

Duration of surgery ranged from a minimum of 13 hours to the maximum of 18 hours and involved two different teams for ablative and reconstructive surgery.

Virtual surgical planning and 3D printed guides were used in all cases according to the sequence detailed in Materials and Methods section. Average RMSE for the iliac bone crest flap was of 3.2 ± 0.36 mm; as for the fibula flap, RMSE value was of 2.3 ± 0.65 mm. As for patient-specific implants, for mandibular prostheses the average RMSE was 2.46 mm with 0.76 mm standard deviation; while there was a single orbital PMMA prosthesis in patient 1 (RMSE=2.1)

After surgery, TMJ functionality was assessed by measuring the average mouth opening, which was of 2.8 ± 0.7 mm at 3-month and 3.4 ± 0.9 mm at 6-month follow-up.


 4 Discussion

Reconstruction of large defects involving different subunits of the facial skeleton represents one of the major challenges in cranio-maxillo-facial surgery. Multiple approaches have been proposed, and can be synthetically ascribed to the following groups:

 	 • single chimeric bone flap 

	 • single bone flap and single soft-tissue flap 

	 • single bone flap and customized prosthesis 



Single chimeric bone flaps offer surgeons a versatile solution to perform a composite reconstruction including multiple tissues transposed in different anatomical sites, as each flap territory is based on a vascular supply independent from the interconnection with contiguous parts, with the exception of the “mother” vessel which is anastomized to head and neck vessels. Such flap architecture allows for greater mobilization of tissue subunits, allowing to use a single flap to reconstruct composite defects: in this respect, the scapular tip flap was described a versatile technique allowing to reconstruct midfacial defects, providing at the same time a bicortical bone framework suitable for implant placement, as well as a generous muscular cuff, and eventually the possibility to harvest a myocutaneous paddle using the latissimus dorsi (7, 8). Other flaps, typically the fibula flap, are not harvested as chimeric flaps, but can be arranged in complex spatial conformations which enable the reconstruction of geometrically complex defects (9).

In the last decades, progresses in medical imaging software and additive manufacturing allowed to perform accurate virtual reality simulations to restore the missing parts of the craniofacial skeleton, using digital techniques such as mesh mirroring, polysculpting and CAD-design. The concomitant advancement in metal 3D printing, including technologies such as selective laser sintering (SLS), melting (SLM) and electron-beam melting (EBM) made possible to manufacture complex craniofacial implants that accurately reproduce the native anatomy. Notably, these techniques have been variably combined with microsurgical approaches, leading to the assembly of microsurgical flaps over customized implants, to provide the most trustful restoration of the skeletal framework. Such approaches have been implemented in particular for orbito-maxillary resections, providing an effective method to restore the anatomical integrity of the orbit, while at the same time supplying a soft tissue lining that keeps the implant covered and eventually a native bone component to insert dental implants (10).

Although chimeric flaps represented a significant improvement in microsurgery thanks to the possibility to use a single vascular supply to provide tissue to different anatomical areas, they have a limited indication for very large defects that simultaneously involve the middle and the inferior third of the maxillofacial skeleton. According to Mannelli and colleagues (11), intrinsic chimeric flaps are contraindicated for large soft tissue need (>350 cm2) and large and complex bone defects (>13-14 cm). Moreover, chimeric flaps require a higher microsurgical training compared with simple flap harvesting, and require the ablative surgical time to be complete prior to harvesting the flap, thus precluding any dual-team surgery, with an increase in surgical time (12). In these cases, several papers have explored the possibility to perform a double microsurgical procedure, which involves the simultaneous harvest and inset of two different microsurgical flaps. Some Authors have collected literature evidence on the use of dual free flap in head and neck reconstruction, concluding that combinations of flaps generally involve a bone and a soft tissue flap, or two soft tissue flaps, in particular, the predominant combination for mandible reconstruction involves the simultaneous use of the fibula free flap with the anterolateral thigh flap (1, 13). However, the simultaneous use of two osseous free flaps is seldom reported (14), with no previous reports considering the combination of the DCIA and the fibula flap to restore a midfacial and mandibular defect.

In this paper, we report our preliminary experience with a dual osseous flap reconstruction of broad midfacial and mandibular defects using the combination of DCIA and fibula flap, presenting an entirely digital workflow which has several benefits, including: sequencing and strategy; surgical automation, functional restoration, accuracy. First, the precise definition of preoperative anatomy plays a crucial role, and it is of prominent importance to instruct radiologists to acquire images with well-defined protocols for 3D reconstruction to maximize the ease and accuracy of segmentation. In particular, as reported by the same Authors, the use of dedicated MR sequences with maximal spatial resolution parameters allows to perform a differential segmentation which can discriminate between arterial and venous blood flow, leading to trustful models of vasculature that facilitate the visualization of recipient head and neck vessels (5). Similar reconstructions are performed also for the donor region of flaps, enabling to define the length of their pedicle to anticipately establish the most appropriate vascular connection. Another innovative approach is the definition of the ideal shape of the mandible in cases where the preoperative deformation conceals any intelligible shape corresponding to the premorbid condition. This was achieved using a statistical shape model (SSM) applied to a closest-donor template mandible chosen from a library based on similar antropometric features (15) combined with organic mesh modeling to adapt the SSM into optimal articulation with the glenoid fossa. SSM was used as source shape to design the final mandible implant to restore the most accurate shape of the mandibular border, while at the same time supporting the fibula free flap accommodated within a custom-designed socket (16). Likewise, the arrangement of fibula segments was not only guided by the SSM, but also by occlusion: it is important to adopt an occlusion-driven approach to flap positioning, taking into account the final position of dental crowns in their optimal intercuspation with superior antagonists and modifying the height of flap inset according to the desired occlusal plane (17–19). For this purpose, the possibility to recreate all missing dental crowns within a virtual wax-up model was essential to define occlusal relationship and posing, together with the SSM, an additional constraint for optimal flap positioning. As mentioned, given the complexity of such surgeries, simultaneous prosthesis placement with immediate load was not performed in such cases, although it was described for single flap surgeries (17), as it might compromise the stability of flaps. We preferred to delay dental prosthesis placement at 8-12 months after surgery to ensure maximal osteointegration and stability.

For mandibulectomies with condyle disarticulation, TMJ reconstruction was included in the final implant: although for some Authors the condyle is sufficient to restore the function of TMJ (20), we recommend coupling the condyle with a prosthetic glenoid fossa to yield a fully functional TMJ. The same principles were applied to DCIA flap, which was positioned according to an optimal relationship with occlusion. The choice of the iliac crest free flap was based on the possibility of harvesting the flap without a position change for the patient, allowing multiple surgical teams to simultaneously work; moreover, the iliac crest provides a wide, thick-cortical surface for stable implant placement. Virtual surgical planning of iliac crest positioning enabled to perform a detailed osteometric study to establish the most favorable insetting position for implant placement (21). At the same time, a customized orbital implant overlying the DCIA flap was intraoperatively created by PMMA moulding

The fully digital workflow implemented by this study enabled to define a detailed surgical sequence and was performed entirely by the surgical team; likewise, any surgical guide was 3D printed in-house. The advantages of complete clinical management of the virtual planning involve the awareness of surgical accesses, thorough study of the clinical case and virtual interaction with the digital model. The surgical automation allowed by the entirely digital workflow allowed to decrease surgical time for flap shaping and insetting, facilitating all maneuvers related to the geometrical reconstruction of the maxillofacial skeleton using an entirely in-house workflow, with surgical guides for resection, fibula flap and DCIA flap harvest, DCIA flap positioning, as well as a customized mandibular implant shaped on the fibula flap and the SSM (22). In terms of surgical accuracy, the automation of surgical sequence enabled to restrict positional error for flaps and implants within 4 mm for maxillary reconstruction and 2 mm for the neo-mandible, representing a substantial correspondence between the planning and surgical outcome, thus meeting the requirements for functional restoration.


 5 Conclusion

This paper reports a preliminary experience in facial reconstructive surgery using the simultaneous combination of two osseous flap in an entirely computer-guided sequence with meticulous study of osteometric and vascular features of flaps and their recipient sites. Virtual planning allowed to match needs in reconstructive properties with functional demands, allowing to tailor flap design and inset on the requirements for an effective occlusion, including temporomandibular joint replacement as well. Virtual surgical planning is an essential part of each reconstructive strategy in a contemporary vision of maxillofacial surgery, especially for complex cases, allowing to precisely define a great number of preoperative variables, to design and manufacture guides that assist the surgeons in accuracy-demanding procedures. Most importantly, the whole sequence of planning was designed by surgeons, that mentalized and reproduced it in the operating room. In conclusion, double bone free flap is a valuable resource to reconstruct wide defects that simultaneously involve two thirds of the cranio-maxillo-facial skeleton, but an extended virtual planning study should be always performed before approaching this surgical option.
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Objective: The purpose of this study was to develop a machine learning model to identify preoperative and intraoperative high-risk factors and to predict the occurrence of permanent stoma in patients after total mesorectal excision (TME).



Methods: A total of 1,163 patients with rectal cancer were included in the study, including 142 patients with permanent stoma. We collected 24 characteristic variables, including patient demographic characteristics, basic medical history, preoperative examination characteristics, type of surgery, and intraoperative information. Four machine learning algorithms including extreme gradient boosting (XGBoost), random forest (RF), support vector machine (SVM) and k-nearest neighbor algorithm (KNN) were applied to construct the model and evaluate the model using k-fold cross validation method, ROC curve, calibration curve, decision curve analysis (DCA) and external validation.



Results: The XGBoost algorithm showed the best performance among the four prediction models. The ROC curve results showed that XGBoost had a high predictive accuracy with an AUC value of 0.987 in the training set and 0.963 in the validation set. The k-fold cross-validation method was used for internal validation, and the XGBoost model was stable. The calibration curves showed high predictive power of the XGBoost model. DCA curves showed higher benefit rates for patients who received interventional treatment under the XGBoost model. The AUC value for the external validation set was 0.89, indicating that the XGBoost prediction model has good extrapolation.



Conclusion: The prediction model for permanent stoma in patients with rectal cancer derived from the XGBoost machine learning algorithm in this study has high prediction accuracy and clinical utility.
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1. Introduction

Rectal cancer is a gastrointestinal tumor with an extremely high morbidity and mortality rate. The incidence of colorectal cancer is increasing year by year due to changes in people's lifestyle and dietary habits. A 2019 epidemiological survey (1) showed that the incidence of colorectal cancer ranks third among malignant tumors worldwide, after lung cancer and breast cancer. Total mesorectal excision (TME), a common surgical treatment for rectal cancer, has greatly improved the prognosis of patients with rectal cancer. The principle of surgery is to completely resect the entire mesentery of low and intermediate rectal cancer to reduce the postoperative recurrence rate of patients while increasing the rate of anal preservation and improving the survival quality of patients (2–4). However, as the level of surgery continues to evolve, clinicians are gradually discovering the limitations of TME, such as patients’ vulnerability to serious complications such as anastomotic leakage after surgery (5, 6). The quality of life for patients who develop postoperative complications is poor and there is an increased risk of secondary surgery. Therefore, temporary prophylactic stoma is often used clinically for patients with rectal cancer who have preserved anus, thus reducing the pressure at the anastomosis and reducing the risk of anastomotic leakage (7). Fortunately, some patients can undergo ostomy reversal at the appropriate time to improve quality of life. However, other patients are unable to retract for various reasons and suffer great physical and psychological damage. Some studies (8, 9) have shown that permanent stoma prolongs the life of patients but reduces their quality of life. Therefore, it is crucial to understand high risk factors for permanent stoma so that surgeons can appropriate counsel patients.

Artificial intelligence (AI) is developing rapidly in the medical field (10). Machine learning, as a major branch of AI, has the advantages of more stable model building and more accurate prediction, is favored by clinicians and is used in clinical prediction and other aspects (11, 12). In this study, we analyzed the clinical information of rectal cancer patients and applied machine learning algorithms to establish a prediction model for permanent stoma in rectal cancer patients to aid clinicians in making timely and accurate individualized treatment plans.



2. Materials and methods


2.1. Study subjects

In the study, we used data from the clinical databases of Wuxi People's Hospital affiliated to Nanjing Medical University and Wuxi Second People's Hospital. Inclusion criteria: (1) patients were diagnosed with rectal cancer by pathological examination; (2) patients were treated with TME surgery; and (3) the surgical team consisted of senior doctors who had the ability to independently perform TME and enterostomy. Exclusion criteria were as follows: (1) patients with other malignant tumors; (2) patients who had been diagnosed with distant metastasis of rectal cancer; (3) patients with other diseases of the rectum; (4) patients diagnosed with life-threatening cardiovascular diseases such as cerebral infarction; (5) patients diagnosed with important organ diseases such as liver failure or kidney failure; and (6) missing case records or missed visits. Patients were followed up for at least three years after surgery. Two surgeons performed medical history, physical examination and abdominal ultrasound, computed tomography (CT) and other imaging examinations on patients every three months. The study was approved by the Ethics Review Committee of Wuxi People's Hospital, with approval number KY22086.



2.2. Study design and data collection

Clinical data were retrospectively collected from January 2010 to January 2018 from patients with rectal cancer at Wuxi People's Hospital and Wuxi Second People's Hospital, including 25 preoperative variables (within 24 h of the day of surgery) and intraoperative variables. Preoperative variables collected included patient demographic characteristics (gender, age, smoking history, alcohol history, and body mass index), basic clinical characteristics (American Society of Anesthesiologists score, nutrition risk screening 2002 score, history of surgery, chemotherapy, and radiotherapy), basic medical history (anemia, rectal stenosis, diabetes, hypertension, hyperlipidemia, and coronary artery disease), laboratory tests (carcinoembryonic antigen, carbohydrate antigen 19-9, and albumin), and tumor characteristics (T-category, N-category, tumor recurrence, tumor size, and tumor distance from the dentate line). Intraoperative variables collected included whether a permanent stoma was performed.



2.3. Definition of permanent stoma

A permanent stoma is defined as a permanent stoma created during the patient's initial surgery or a permanent stoma created during the progression of the patient's disease. With the patient's consent, the decision to create a permanent stoma is made by the surgeon, taking into account the patient's physical condition and disease progression.



2.4. Development and evaluation of predictive models for machine learning algorithms

SPSS software and R software were applied for the construction and evaluation of clinical prediction models. (1) Univariate and multivariate regression analyses were performed. The chi-square test was applied to categorical variables to compare the differences between the two groups; a t-test was performed for continuous variables that conformed to a normal distribution; and the rank sum test was selected for continuous variables that did not conform to a normal distribution. P < 0.05 indicated that the difference was statistically significant. Logistic regression analysis of variables with significance in the univariate analysis was performed to obtain independent influences on permanent stoma in patients with rectal cancer. (2) Evaluate and build prediction models. Rectal cancer patients from Wuxi People's Hospital from January 2010 to December 2016 were selected as the internal validation set, and rectal cancer patients from Wuxi Second People's Hospital from January 2017 to January 2018 were selected as the external validation set. The internal validation set was randomly divided into training set (70%) and test set (30%). The independent impact factors derived from the regression analysis were incorporated into four machine learning algorithm prediction models: support vector machine (SVM), random forest (RF), extreme gradient boosting (XGBoost), and k-nearest neighbor algorithm (KNN). The four models were evaluated by three aspects, i.e., discrimination, calibration, and clinical usefulness, and the best model was selected for prediction analysis. The ROC curve was plotted to obtain the AUC value and determine the predictive efficiency of the model; the calibration curve was plotted to assess whether there was good agreement between the predicted and actual results of the model; and decision curve analysis (DCA) was plotted to assess the benefit to the patient after interventional treatment. Internal validation was completed using the k-fold cross-validation method. (4) External validation of the best model using an external test set, plotting ROC curves and calibration curves, and determining the generalizability and predictive efficiency of the model. (5) Model interpretation. The contribution of each feature in the sample to the prediction is obtained by SHAP analysis, i.e., the Shapley value. The SHAP summary plot, which ranks the importance of risk factors, and the SHAP force plot, which analyzes and interprets the prediction results of individual samples, are constructed based on the Shapley values.




3. Results


3.1. Basic clinical information of the patient

A total of 1,163 patients were included in the study (Figure 1), including 142 (12.21%) patients with permanent stomas.


[image: Figure 1]
FIGURE 1
Flow diagram of patients included in the study.




3.2. Analysis of risk factors for permanent stoma in patients with rectal cancer

The results of univariate analysis showed that there was a significant difference between the permanent stoma group and the nonpermanent stoma group in terms of age, history of hypertension, history of diabetes mellitus, tumor recurrence, history of adjuvant radiotherapy, history of adjuvant chemotherapy, distance of the tumor from the dentate line, and whether there was rectal stenosis (P < 0.05). The results of multivariate analysis showed that age ≥65 years, history of hypertension, history of diabetes mellitus, history of adjuvant radiotherapy, history of adjuvant chemotherapy, tumor distance ≥5 cm from the dentate line, and rectal stenosis were independent influencing factors for permanent stoma in patients with rectal cancer (P < 0.05) (Table 1).


TABLE 1 Univariate and multivariate analysis of variables related to permanent stoma.
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3.3. Model building and evaluation

The ROC curve results show that XGBoost has an AUC value as high as 0.987 in the training set; the AUC value in the validation set is 0.963, which is the best performance among the four models (Figures 2A,B, Table 2). The calibration curve results show that the calibration curves of the four models are similar to the ideal curves, and the models have high consistency between the predicted and actual results (Figure 2C). The DCA curves showed that all four models achieved a net clinical benefit relative to either the full treatment or no treatment plan (Figure 2D). The k-fold cross-validation method was used to compare the generalization ability of the four models. Taking the test set N = 256 cases (30.08%) and the remaining samples as the training set for 10-fold cross-validation, AUC = 0.9456 ± 0.0367 in the validation set of XGBoost, AUC = 0.9088 in the test set, accuracy = 0.9102 (Figures 3A–C); AUC = 0.9025 ± 0.0627 in the validation set of RF, AUC = 0.8789 in the test set, accuracy = 0.8750; AUC = 0.9274 ± 0.0440 in the validation set of SVM, AUC = 0.9006 in the test set, accuracy = 0.9414; AUC = 0.8720 ± 0.0713 in the validation set of KNN, AUC = 0.8743 in the test set, accuracy = 0.9336. After a comprehensive comparison, the XGBoost algorithm was chosen to construct the model in this study.


[image: Figure 2]
FIGURE 2
Evaluation of the four models for predicting permanent stoma. (A) ROC curves for the training set of the four models. (B) ROC curves for the validation set of the four models. (C) Calibration plots of the four models. The 45° dotted line on each graph represents the perfect match between the observed (y-axis) and predicted (x-axis) complication probabilitys. A closer distance between two curves indicates greater accuracy. (D) DCA curves of the four models. The intersection of the red curve and the All curve is the starting point, and the intersection of the red curve and the None curve is the node within which the corresponding patients can benefit.
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FIGURE 3
Internal validation of XGBoost model. (A) ROC curve of XGBoost model for the training set. (B) ROC curve of XGBoost model for the validation set. (C) ROC curve of XGBoost model for the test set. (D) External validation of XGBoost model.



TABLE 2 Evaluation of the performance of the four models.
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3.4. Model external validation

The results of the ROC curve showed that the AUC value of the external validation set was 0.89, indicating that the prediction model was highly accurate in determining the disease (Figure 3D).



3.5. Model explanation

The SHAP summary plot results showed that the risk factors for permanent stoma in patients with rectal cancer were ranked as tumor distance from the dentate line ≥5 cm, history of adjuvant chemotherapy, rectal stricture, history of diabetes mellitus, history of hypertension, history of adjuvant radiotherapy, and age ≥65 years (Figure 4). The SHAP force plot shows the predictive analysis of the study model for four patients with rectal cancer with permanent stoma. The model predicts a 0.052 probability of permanent stoma in patient I, with an increased probability of chemotherapy and rectal stenosis and a decreased probability of age <65 years; the model predicts a 0.291 probability of permanent stoma in patient II, with an increased probability of history of hypertension, chemotherapy, and rectal stenosis and a decreased probability of no history of diabetes; the model predicts a 0.964 probability of permanent stoma in patient III, and the probability was increased by history of chemotherapy, history of hypertension, rectal stenosis, and tumor <5 cm from the dentate line, and decreased by the patient's lack of diabetes; the model predicted a 0.002 probability of permanent stoma in patient IV, and decreased by the patient's lack of diabetes (Figures 5A–D).


[image: Figure 4]
FIGURE 4
SHAP summary plot. Risk factors are arranged along the y-axis based on their importance, which is given by the mean of their absolute Shapley values. The higher the risk factor is positioned in the plot, the more important it is for the model.
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FIGURE 5
SHAP force plot. The contributing variables are arranged in the horizontal line, sorted by the absolute value of their impact. Blue represents features that have a negative effect on disease prediction, with a decrease in SHAP values; red represents features that have a positive effect on disease prediction, with an increase in SHAP values. (A) Predictive Analysis of Patient I. (B) Predictive Analysis of Patient II. (C) Predictive Analysis of Patient III. (D) Predictive Analysis of Patient IV.





4. Discussion

The current study evaluated risk prediction models constructed by four machine learning algorithms. Among them, the XGBoost algorithm exhibited the highest accuracy and was efficient, flexible, and universally adaptable (13). Compared with the RF algorithm, the XGBoost algorithm takes full account of the regularization problem and can effectively avoid model overfitting. The SVM algorithm and KNN algorithm have higher accuracy and can avoid the problem of overfitting well, but the stability of the two algorithms is poor when solving problems with multiple features and large samples (14). The XGBoost algorithm is more suitable for multidimensional studies and reduces the computation and training time. Compared with the SVM algorithm and KNN algorithm, the XGBoost algorithm is more advantageous. Therefore, with a comprehensive comparison of four machine learning algorithms, this study chose to use the XGBoost algorithm to construct a model to predict permanent stoma in patients with rectal cancer. Some studies (15, 16) have validated the effectiveness of machine learning algorithm applications in clinical diagnosis as well as prognosis. Moreover, machine learning techniques can also accurately predict adverse outcomes in disease progression compared to traditional diagnostic methods. Machine learning algorithms also played a great role in building the prediction model in this study. The model in this study can help clinical decision makers accurately identify high-risk patients, provide timely interventional treatment and improve patient prognosis. On the other hand, the model can help medical institutions allocate medical resources rationally, focus on the vital signs of high-risk patients, and effectively improve the survival rate of rectal cancer patients. Moreover, this study also used SHAP analysis to explain the model, and the results showed that advanced age, distance of the tumor from the dentate line, rectal stenosis, history of diabetes, history of hypertension, history of adjuvant chemotherapy, and history of adjuvant radiotherapy were risk factors for permanent stoma in patients with rectal cancer.

Patients of advanced age and those with a history of underlying medical conditions such as hypertension and diabetes mellitus are in poor physical condition. Patients have sclerotic and poorly dilated vascular walls that are friable (17–19). Additionally, their coagulation function is altered to some extent (20), which prevents rapid physiological hemostasis. All these factors lead to a weakened blood supply to the patient's gastrointestinal tract and a greater risk of postoperative anastomotic leakage. Some elderly patients do not have high quality of life requirements and have their own concerns about secondary surgery, so clinicians may prefer to consider permanent stoma for such patients. In addition, four samples were used in this study to explain how the model predicted permanent ostomy. For example, in the disease prediction analysis of samples I, II and III, a history of chemotherapy was one of the significant risk factors. Chemotherapy is often used as a treatment option for malignant tumors such as rectal cancer and liver cancer, and is highly selective to maximize inhibition of tumor growth and spread (21, 22). However, some of the chemotherapy modalities are more irritating to the abdominal cavity and aggravate the degree of abdominal adhesions. It also inhibits the normal physiological function of the bone marrow, and patients experience postoperative anemia and immune dysfunction, which affects the near and long-term outcome. On the other hand, patients can have severe abdominal inflammatory reactions as well as gastrointestinal reactions, which do not prevent the occurrence of intestinal obstruction (23). Studies by Makrin et al. (24, 25) also demonstrated that intraperitoneal chemotherapy has a detrimental effect on the recovery of the gastrointestinal tract and is most likely one of the risk factors for postoperative intestinal obstruction, further confirming the higher risk of permanent stoma in patients treated with chemotherapy. The current study also found that radiotherapy is one of the risk factors for the permanence of stoma in patients. Patients with rectal cancer choose radiotherapy to reduce the postoperative recurrence rate of the tumor and to improve survival. Zhu et al. (26, 27) discussed the effectiveness of postoperative radiotherapy for rectal cancer and demonstrated that this treatment modality can significantly reduce the local recurrence rate of rectal cancer and improve the quality of survival of patients. However, as with intraperitoneal chemotherapy, radiation therapy is more damaging to the gastrointestinal tract. On the one hand, it restricts its peristaltic function and causes stiffness of the intestinal wall, which in the long run decreases the compliance of the intestine; on the other hand, radiotherapy directly damages intestinal epithelial cells and vascular endothelial cells, and the intestinal wall gradually fibroses. Some studies (28) performed pathological biopsies of tumors in most patients treated with adjuvant radiotherapy and found reduced microvascular counts at the tumor cut edges, an increased percentage of stenotic vessels, and significant fibrosis of the surrounding intestinal wall. Additionally, a study by Kumagai et al. (29) showed that radiotherapy is highly susceptible to complications of intestinal perforation and intestinal obstruction, and these complications increase the risk of permanent stoma to some extent. The results of the current study also revealed a greater risk of perpetuation of the diseased artificial orifice in rectal stenosis. TME carries out a radical tumor resection with complete removal of the mesentery around the rectal cancer, which requires the operator to ligate at the beginning of the inferior mesenteric artery, which is highly likely to cause the intestinal canal at the anastomosis to be in a hypoxic and hypoperfused state. If patients with rectal stenosis remain in this state for a long time, the fibrous tissue of the intestinal canal will further proliferate, leading to severe postoperative bowel obstruction (27). Such patients not only feel severe pain at the anus during defecation but are also unable to undergo ostomy reversal, which further aggravates physical and psychological trauma. This suggests that clinicians should closely monitor the patient's vital status before surgery, prepare the intestine and prevent the occurrence of stenosis; select a reasonable surgical approach during surgery, fully free the colon to the splenic area to reduce anastomotic tension and ensure a good blood supply to the anastomosis; and perform regular postoperative rectal finger examination to dilate the anus and loosen the stenotic ring. Doctors can use balloon dilation to reduce the degree of stenosis when dealing with patients with mild stenosis symptoms; when dealing with patients with more severe stenosis symptoms, they should promptly inform patients of their condition, communicate well with doctors and patients, and reduce the psychological burden of patients. In addition, Mak (21) considered local recurrence of tumors as a risk factor for stoma permanence. His study showed that recurrent tumors occupy the intestinal space, making it more difficult for food to pass normally through the intestinal lumen, which can easily cause intestinal obstruction. Moreover, tumor infiltration of the intestinal canal causes stiffness of the intestinal wall, which weakens peristalsis and aggravates the degree of obstruction, so patients are highly susceptible to permanent stoma (21, 30, 31). However, in the present study, tumor recurrence was not a risk factor for permanent stoma in patients with rectal cancer. Our analysis suggests that this may be related to the small number of cases of rectal cancer recurrence in this study, and more relevant cases will be added in the future to improve the study. It also suggests that clinicians should strengthen the postoperative follow-up of rectal cancer patients, promptly review them after discovering discomfort, and intervene early to relieve symptoms.

The current study comprehensively evaluated the model in terms of discrimination, calibration, and clinical utility, but the study has some limitations. The study included multiple aspects of risk factors but did not consider aspects such as imaging. Although the machine learning algorithms were more accurate, their models were more complex and less interpretable. The entire computational and decision-making process of the model runs in a black box, which is not as intuitive and clear as the logistic regression model (32–34). On the other hand, the current study was a single-center retrospective study, which has the disadvantages of selection bias, distribution bias, and retrospective bias. It is necessary to add multicenter prospective studies to future studies to further increase the reliability of the results.



5. Conclusion

This study developed a model based on the XGBoost machine learning algorithm to predict the risk of permanent stoma in rectal cancer. The model has good prediction accuracy and clinical utility, which facilitates surgeons in diagnosing patients in a timely manner. The model predicted patients at high risk for permanent stoma and identified advanced age, distance of the tumor from the dentate line, rectal stenosis, history of diabetes, history of hypertension, history of chemotherapy, and history of radiotherapy as high risk factors.
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Objectives

It is significant to develop effective prognostic strategies and techniques for improving the survival rate of gallbladder carcinoma (GBC). We aim to develop the prediction model from multi-clinical indicators combined artificial intelligence (AI) algorithm for the prognosis of GBC.





Methods

A total of 122 patients with GBC from January 2015 to December 2019 were collected in this study. Based on the analysis of correlation, relative risk, receiver operator characteristic curve, and importance by AI algorithm analysis between clinical factors and recurrence and survival, the two multi-index classifiers (MIC1 and MIC2) were obtained. The two classifiers combined eight AI algorithms to model the recurrence and survival. The two models with the highest area under the curve (AUC) were selected to test the performance of prognosis prediction in the testing dataset.





Results

The MIC1 has ten indicators, and the MIC2 has nine indicators. The combination of the MIC1 classifier and the “avNNet” model can predict recurrence with an AUC of 0.944. The MIC2 classifier and “glmet” model combination can predict survival with an AUC of 0.882. The Kaplan-Meier analysis shows that MIC1 and MIC2 indicators can effectively predict the median survival of DFS and OS, and there is no statistically significant difference in the prediction results of the indicators (MIC1: χ2 = 6.849, P = 0.653; MIC2: χ2 = 9.14, P = 0.519).





Conclusions

The MIC1 and MIC2 combined with avNNet and mda models have high sensitivity and specificity in predicting the prognosis of GBC.





Keywords: gallbladder cancer (GBC), recurrence, survival, prediction models, prognosis




1 Introduction

Gallbladder cancer (GBC) is the most invasive gastrointestinal malignant tumor in the world, with a median survival time of about six months and a five-year survival rate of less than 5% (1). It has vast geographical differences and is more common in some developing countries (2). As one of the most common biliary malignant tumors, it is a subtype with the worst prognosis and low survival time (3). The poor prognosis of GBC patients is related to tumor invasiveness, delayed diagnosis, lack of reliable biomarkers, and effective treatment. Radical surgery is the only way for patients with primary GBC to be cured (4). Surgical treatment of GBC should be performed in the medical center of experienced biliary surgeons and pathologists. The choice of operation should be based on the TNM stage of GBC (5). Patients with GBC still have a high recurrence rate after surgery (about 25%-65%) (6). Postoperative recurrence of GBC can be treated by reoperation and palliative treatment (7). Due to the originally extended resection, it is hard to extend the resection again, which leads to a poor prognosis. Therefore, the reasonable and practical assessment of recurrence and survival is the key to postoperative management.

Presently, the postoperative evaluation of GBC is mainly based on clinicopathological factors, such as TNM stage, histological type, and degree of differentiation (8). However, the clinicopathological criteria of GBC in official organizations have yet to be wholly unified (9). Pathological factors cannot fully reflect the recurrence and mortality of patients undergoing radical cholecystectomy. Finding new methods to predict recurrence and survival may help improve the prognosis management of GBC. Deepening research on dynamic monitoring of blood biomarkers can effectively evaluate the onset and progression of GBC after the operation. In analyzing targeted prediction and prognostic markers of GBC, the higher expression proportion of predictive targeting markers such as vascular endothelial growth factor and epidermal growth factor receptor in GBC come to light. Negi et al. reported that the percentage of positive lymph nodes is more capable of independently predicting the prognosis of patients undergoing radical cholecystectomy than the location or number of lymph nodes invaded (10). Masashi et al. evaluated the relationship between preoperative C-reactive protein/albumin ratio and overall survival (OS) and disease-free survival (DFS) (11). They found that the C-reactive protein/albumin ratio ≥ 0.07 was a significant independent predictor of OS, and high levels of carbohydrate antigen were significant independent predictors of DFS.

There have been studies to explore suitable biomarkers for early diagnosis, identify the molecular pathway of changes, and develop relevant biomarkers for early diagnosis, treatment, and prognosis. Despite these advances, the survival rate of patients with GBC has not improved. Since single-factor monitoring may not be able to predict recurrence and survival accurately, joint detection of multiple indicators is of great significance for the accurate assessment of the onset and progression of the disease. Our group has done previous research based on the prognosis of GBC (12). Through retrospective analysis of 260 patients with GBC who underwent radical resection, it was found that patients with high preoperative fibrinogen levels had poor DFS and OS after the operation, especially those with poor differentiation. These results suggested that fibrinogen may be a prognostic biomarker for GBC. In addition, developing various potential indicators (such as hematological markers) to form a classifier and combined with an artificial intelligence (AI) algorithm to construct a prediction model will effectively supplement the pathological factors to predict the prognosis of patients with GBC.

To further explore the significance of various clinical indicators in the prognosis of GBC, we optimized and matched the data of 260 previous patients and finally enrolled 122 patients for this study. A comprehensive evaluation of the routine tumor markers, clinicopathological features, and blood indicators may effectively improve the prediction of the prognosis of GBC. Here, we report two models with high sensitivity and specificity for predicting GBC recurrence and survival formed by combining two multi-index classifiers (MIC1 and MIC2) with two AI algorithms (avNNet and glmnet). We aim to explore the clinical value of two models for predicting the recurrence and survival of GBC (Figure 1).




Figure 1 | Flowchart of multi-clinical index classifier combined with AI algorithm model to predict the prognosis of GBC. TNM, TNM-stage; T, T-stage; N, N-stage; LNM, lymph node metastasis; VI, vascular invasion; NI, nerve invasion; CA199, carbohydrate antigen 199, GGT, gamma-glutamyl transpeptidase; FIB, fibrinogen; MPV, mean platelet volume; TRFA, fibrinogen/albumin; ALP, alkaline phosphatase.






2 Materials and methods



2.1 Subject

A total of 122 patients with GBC from January 2015 to December 2019 were collected in this study. The admission criteria were as follows: 1) GBC diagnosed by histopathology; 2) radical cholecystectomy and postoperative pathology showed R0 margin; 3) no preoperative anticancer treatment; 4) no other malignant tumor and hematological diseases; 5) complete clinical data. This study was approved by the Ethics Committee of the Zhejiang Cancer Hospital (IRB-2022-780).




2.2 Data collection

In this study, the hospital information management system was used to collect original clinical data such as gender, age, height, weight, smoking history, and drinking history. Hematological parameters and pathological data were also collected. Follow-up data, including specific dates of recurrence and death, were collected through the hospital system or by telephone. Fasting blood samples were collected from all patients within one week before surgery, and the tests were performed strictly according to the instructions of the instrument and reagent.




2.3 Surgical strategy

All patients underwent radical resection of GBC and underwent strict imaging evaluation, which was in line with the Chinese consensus on diagnosing and treating GBC. All cases were confirmed to be R0 resection by pathology.




2.4 Histopathological examination

After surgical resection, the tissues were subjected to histopathological examination to collect tumor-related histopathological information. A professional pathologist performed a pathological study. According to the AJCC Cancer staging Manual, 8th edition, all cases were produced by TNM based on pathological data.




2.5 Follow-up data

The time between surgery and cancer recurrence was defined as DFS, and the time from surgery to death was defined as OS. The follow-up deadline was March 30, 2023. The maximum follow-up period was 80 months, and the median follow-up period was 27 months.




2.6 AI algorithm analysis

To enhance the usability and stability of the model, a critical evaluation is required to screen for pathological factors significantly associated with recurrence. The feature screening method uses the Boruta algorithm to estimate the contribution score of each feature in the model through the random forest strategy. The significance test can divide the features into three categories: Confirmed, Tentative, and Rejected, in which “Confirmed” is determined as an essential feature for subsequent model construction. The data is divided into a testing set and a training set. A variety of supervised classification algorithms are used to construct the prediction model. The classification algorithm includes eight algorithms: “avNNet”, “gbm”, “glmnet”, “mda”, “plr”, “svmRadial”, “naive_bayes” and “ranger”. The prediction models are constructed respectively, and the optimal model of each algorithm is obtained by using a 5-fold cross-validation method. According to the optimal model created by each algorithm, the ROC analysis method is used to evaluate the performance of the model in the testing set, and the algorithm model with the most significant AUC is selected as the final model.




2.7 Statistical analysis

The correlation of continuous and regular distribution variables was analyzed by independent sample t-test, and the correlation of two classification variables was analyzed by Pearson χ2 test. Then, the statistically significant data were assessed for relative risk and were divided into a high-risk group and a low-risk group according to the average of each index. Their p-value, risk ratio (RR), and 95% confidence interval (CI) of RR were calculated. The subjects’ working characteristic (ROC) curve was drawn by Medcalc, and the cut-off value of each index was obtained based on the Youden index. Kaplan-Meier method was used to estimate the difference between OS and DFS, and the Log Rank method and Breslow method were used to test the difference in survival analysis. SPSS was used to draw the Kaplan-Meier survival curve. The above statistics were completed by SPSS25.0 statistical software. The statistical results of bilateral P < 0.05 were considered statistically significant.





3 Results



3.1 Correlation between recurrence, survival, and clinical characteristics

A total of 122 patients and clinical characteristics in this work were detailed in Table 1; Table S1. In 122 cases with GBC, 73 (59.84%) had a postoperative recurrence, and 49 (40.16%) had no recurrence. There were 40 males (32.79%) and 82 females (67.21%). The median age was 64 years (40-92 years). The tumors in the neck and body of the gallbladder were 31 cases (25.41%) and 91 cases (74.59%), respectively. Postoperative pathological results showed that 27 patients (22.13%) were poorly differentiated and 95 (77.87%) highly differentiated. The tumor size was expressed as the maximum diameter of the tumor, with a median of 3 cm (0.6-13 cm). The vascular invasion occurred in 23 cases (18.85%), nerve invasion in 25 patients (20.49%), and lymph node metastasis in 54 cases (44.26%). The median number of regional lymph nodes was 5 (0–23). According to the pathological features, TNM staging was performed in 51 cases (41.80%) of stage I and II and 71 (58.20%) of stage III and IV.


Table 1 | Clinical characteristics of enrolled patients with GBC.



Table S2 shows 26 clinical indicators related to patients’ recurrence. The results also show that recurrence is unrelated to sex, age, and degree of differentiation. However, it relates to the TNM stage, operation scope, tumor site, lymph node metastasis, and nerve and vascular invasion. In short, patients with late TNM stage (P < 0.001), lymph node metastasis (P < 0.001), and high levels of alkaline phosphatase (ALP) (P < 0.001) were significantly correlated with recurrence. Table S3 shows 22 clinical indicators related to patients’ survival. The results show that patients with late TNM stage (P < 0.001), lymph node metastasis (P < 0.001), and high levels of fibrinogen (FIB) (P = 0.001) and ferritin (FER) (P = 0.001) were significantly correlated with recurrence.




3.2 The filtering of candidate indicators of MIC1 and MIC2 in clinical characteristics

The relative risk analysis of recurrence and death was carried out for the factors related to the recurrence outcome. The results of TNM staging, T staging, N staging, lymph node metastasis (LNM), tumor in the gallbladder neck, non-extended surgical range, vascular and nerve invasion, high level of FIB, fibrinogen/albumin (TRFA), carbohydrate antigen 125 (CA125), carbohydrate antigen 199 (CA199), glutamic oxalacetic transaminase (AST), FER, direct bilirubin (DBIL), total bile acid (TBA), ALP, gamma-glutamyl transpeptidase (GGT), total bilirubin (TBIL), neutrophil, and thrombocytocrit (PCT), a total of 22 clinical factors are risk factors for recurrence of GBC (Table S4). Based on the ROC analysis of the 23 risk factors for recurrence prediction, 14 risk factors with AUC > 0.5 and P < 0.05 were selected as the MIC1 candidate indicators for predicting recurrence (Table 2).


Table 2 | ROC analysis of MIC1 candidate indicators for recurrence in patients with GBC.



The same method was used to screen risk factors for predicting death from data from 108 patients. The results showed that advanced TNM staging, late T staging, late N staging, lymph node metastasis, high regional lymph node count, nerve invasion, high level of FIB, TRFA, CA125, FER, ALP, GGT, neutrophil count, white blood cell count (WBC) and PHOS, a total of 16 clinical detection factors are risk factors for predicting survival in patients with GBC within five years (Table S5). Based on the ROC analysis of the 16 risk factors, 15 risk factors with AUC > 0.5 and P < 0.05 were selected as the MIC2 candidate indicators to predict survival (Table 3).


Table 3 | ROC analysis of MIC2 candidate indicators for survival in patients with GBC.






3.3 Evaluation of the recurrence prediction power of MIC1 combined AI algorithm in GBC

Fourteen MIC1 candidate indicators of 122 patients were used to construct a predictive model to evaluate the risk of recurrence. “Confirmed” are selected by the Boruta algorithm, and these ten “Confirmed” features are set as MIC1 for modeling and analysis (Figure 2A). The patients were divided into a training dataset and a testing dataset for the proportion of 8:2. According to the optimal model constructed by each algorithm, the ROC analysis method is used to evaluate the performance of the model in the testing set, and the algorithm model with most significant AUC is selected as the final model. The ROC curves of the optimal model constructed by the nine algorithms in the training and testing dataset are shown in Figures 2B, C. The results show that the MIC1-based model constructed by the avNNet algorithm has the highest AUC of 0.944 in the testing set, and the model is selected as the final recurrence risk prediction model (Figure 2D). The ROC curve was drawn with the predicted value in the testing set, and the best diagnostic cut-off value was set to 0.255 according to the Youden-index. When the predictive value of the diagnostic model is less than 0.255, it is considered low risk (no recurrence) within four years. When the model’s predictive value is more than 0.255, it is regarded as high risk (recurrence), and the evaluation indicators to obtain the predictive efficiency of the model are shown in Figure 2E. The results show that the accuracy, sensitivity, and specificity of predicting recurrence in GBC by the MIC1-based model are 0.913, 0.824, and 0.857, respectively.




Figure 2 | Evaluation of the recurrence prediction power of MIC1 combined AI Algorithm in GBC. (A) Statistical plot of the contribution of each feature in the model estimated by the random forest strategy. By testing the significance obtained, the features can be classified into three categories: Confirmed, Tentative, and Rejected. “Confirmed” is selected as an important feature for MIC1 modeling analysis. (B) ROC curves of the MIC1-based optimal models constructed by the nine algorithms in the training and (C) testing datasets. (D) ROC curves of the MIC1-based “avNNet” model in testing datasets, AUC=0.944. (E) The evaluation indicators of MIC1-based “avNNet” model prediction efficacy. TNM, TNM-stage; CA199, carbohydrate antigen 199; GGT, gamma-glutamyl transpeptidase; T, T-stage; LNM, lymph node metastasis; N, N-stage; FIB, fibrinogen; TRFA, fibrinogen/albumin; VI, vascular invasion; ALP, alkaline phosphatase; CA125, carbohydrate antigen 125; FER, ferritin; PCT, thrombocytocrit; NI, nerve invasion; TBIL, total bilirubin; AS, glutamic oxalacetic transaminase; DBIL, direct bilirubin; TBA, total bile acid.






3.4 Evaluation of the survival prediction power of MIC2 combined AI algorithm in GBC

The same method was used to construct a prediction model based on the information of 15 MIC2 candidate indicators to evaluate the survival risk of patients. Nine “Confirmed” features are selected as MIC2 for modeling and analysis (Figure 3A). According to the proportion of 7:3, the patients were divided into training and testing datasets. The ROC curves of the optimal model constructed by the nine algorithms in the training set and testing set are shown in Figures 3B, C. The MIC2-based model constructed by the “glmnet” algorithm has the highest AUC of 0.882 in the testing dataset, and the model is selected as the final survival risk prediction model (Figure 3D). Set the optimal diagnostic cut-off value to 0.331 according to the Youden-index value. When the predicted value of the diagnostic model is less than 0.331, the patient to be tested is considered low risk (survival) within four years. When the model’s predicted value is more than 0.331, the patient to be tested is regarded as high risk. The model’s prediction efficiency evaluation indicators are obtained, as shown in Figure 3E. The results show that the accuracy, sensitivity, and specificity of predicting recurrence in GBC by the MIC2-based model are 0.871, 0.765, and 1, respectively.




Figure 3 | Evaluation of the survival prediction power of MIC2 combined AI Algorithm in GBC. (A) Statistical plot of the contribution of each feature in the model estimated by the random forest strategy. By testing the significance obtained, the features can be classified into three categories: Confirmed, Tentative, and Rejected. “Confirmed” is selected as an important feature for MIC2 modeling analysis. (B) ROC curves of the MIC2-based optimal models constructed by the nine algorithms in the training and (C.) testing datasets. (D) ROC curves of the MIC2-based “glmnet” model in testing datasets, AUC=0.882. (E) The evaluation indicators of MIC2-based “glmnet” model prediction efficacy. TNM, TNM-stage; T, T-stage; FIB, fibrinogen; MPV, mean platelet volume; NI, nerve invasion; GGT, gamma-glutamyl transpeptidase; LNM, lymph node metastasis; TRFA, fibrinogen/albumin; N, N-stage; FER, ferritin; WBC, white blood cell count; CA125, carbohydrate antigen 125; RLN, regional lymph node.






3.5 Kaplan-Meier analysis of MIC1 and MIC2 estimation power of DFS and OS in GBC

The MIC1 and MIC2 estimation power of DFS and OS were analyzed by Kaplan-Meier. Kaplan-Meier analysis of MIC1 indicators predicted DFS in 122 patients (Table S6). The DFS of patients with late TNM stage, late T stage, late N stage, vascular invasion, lymph node metastasis, and high levels of CA199, FIB, and TRFA were worse than patients with a low level of them (Figure S1). However, there was no significant difference in DFS predicted by high levels of GGT and ALP. Kaplan-Meier analysis of MIC2 indicators predicted OS in 108 patients similarly (Table S7). The results show that the OS of patients with advanced TNM stage, late T stage, lymph node metastasis, nerve invasion, high FIB, MPV, and TRFA are worse than patients with a low level of them (Figure S2). The results suggest that when evaluating the OS and DFS of GBC patients, personalized management can be done by comprehensively analyzing the MIC1 and MIC2 indicators.





4 Discussion

Although many new chemotherapeutic drugs are produced and used to treat GBC, surgical resection is still the most effective. However, the recurrence and low survival rate after resection of GBC is still a complex problem that modern medicine cannot overcome. Usually, early diagnosis of GBC and timely and effective treatment can improve the five-year survival rate to 75% (1). Currently, the clinic can only manage the postoperative prognosis according to the basic pathological information, such as a clinical stage. However, the repeated adjustment of AJCC staging criteria still does not effectively affect the prognosis judgment (13). The lack of pragmatic markers to identify patients with poor prognoses may be challenging to manage forecasts effectively. Many meaningful research results have been reported to solve the problem of predicting the prognosis of GBC.

Although conventional tumor markers such as CA199, CA125, and CEA are prognostic indicators of GBC, they are still not ideal as a single index to predict the prognosis of GBC due to the lack of specificity of GBC (14). Cui et al. analyzed the clinical information such as neutrophil-lymphocyte ratio (NLR), monocyte-lymphocyte ratio (MLR), and ALP. It was only confirmed that NLR before treatment was an independent prognostic factor and biomarker of poor OS in GBC patients with different treatments (15). But what is interesting is that the predictive value of MLR in patients with GBC after the operation is related to age. There is a significant difference in the cut-off value of MLR between ≤ 60 years old and > 60 years old in patients with GBC (16). In our study, ALP (RR=1.495, 95% CI: 1.145-1.952) and GGT (RR=1.472, 95%CI:1.126-1.925) were risk factors for the recurrence of GBC. Pancreatic biliary reflux is a risk factor for GBC and cholangiocarcinoma, so the early diagnosis and treatment of pancreatic juice reflux plays a vital role in preventing GBC and cholangiocarcinoma (17). Studies have shown that GGT and ALP significantly increase in pancreatic and biliary reflux patients (18). Our results also showed that ferritin was a risk predictor of recurrence (RR=1.698, 95% CI: 1.302-2.215 (P < 0.001)). Because cancer cells can produce synthesis and secrete ferritin, cancer cells affect the uptake and clearance of ferritin. When cells are damaged and necrotic, the ferritin stored in the cytoplasm will flow into the blood, increasing ferritin. Nerve infiltration and lymphatic vascular invasion of GBC are independent risk factors for early recurrence of T-staged advanced GBC after radical resection (19, 20). Wang et al. reported that lymph node metastasis and platelet count were predictors of OS (21). Yang et al. found that tumors in the neck of the gallbladder significantly increased the difficulty of the operation and reduced the chance of radical resection. Gallbladder neck tumors can independently predict poor prognosis (22). In addition, the increase of preoperative fibrinogen-specific albumin was significantly correlated with the negative OS rate of GBC patients. The growth of preoperative albumin level was a prognostic factor for GBC patients. The best critical value of the preoperative fibrinogen-specific albumin ROC curve was 0.08 (23). FIB plays a key role in the coagulation pathway and in the coagulation cascade (24). Elevated plasma fibrinogen levels reflect the hypercoagulable state and thrombophilia induced by tumor cells (25). In addition, FIB has been shown to be associated with adverse clinical outcomes in various types of cancers such as gastric, cervical, colorectal, ovarian, and urothelial cancers (26–29). Serum ALB levels can reflect systemic inflammatory response and nutritional status, and reduced ALB levels have been shown to be associated with poor prognosis in a variety of cancers (30). The predictive effect of TRFA is more sensitive in predicting the prognosis of patients with malignant tumors (31). Many of these research results are also reflected synchronously in the risk factor analysis part of this study.

Although there are many studies on prognostic risk factors, few studies combined with multi-index classifiers predict postoperative recurrence and survival of GBC (32). In this study, the combination of the MIC1 classifier and the “avNNet” model can predict recurrence with an AUC of 0.944, and a sensitivity and specificity of 0.857 and 1.000, respectively. The MIC2 classifier and “glmnet” model combination can predict survival with an AUC of 0.882, and a sensitivity and specificity of 0.765 and 1, respectively. These two models showed excellent performance in predicting the prognosis of GBC. Furthermore, Kaplan-Meier analysis of MIC1 and MIC2 indicators shows their performance in predicting DFS and OS of GBC. Eight of the ten MIC1 indicators can effectively predict the median survival of DFS, and there is no statistically significant difference in the prediction results of the eight indicators (χ2 = 6.849, P = 0.653). In addition, seven of the nine MIC2 indicators can effectively predict the median survival of OS, and there is no statistically significant difference in the prediction results of the seven indicators (χ2 = 9.14, P = 0.519).

The study of GBC is often limited by the difficulty of collecting clinical samples due to the low incidence. In addition, because of some unavoidable confounding factors, we did not contain sufficient information on participants in the sample, such as more long-term survival and outcome. In the future, further validation is needed to build up the fundamental basis for clinical application. We will expand alignment to validate the two models. Moreover, systematic prospective studies should be designed in sizeable multi-center sample cohorts, and the performance of these two prediction models should be studied more deeply and systematically.




5 Conclusion

Based on the clinical data of 122 patients, two multi-index classifiers, MIC1 and MIC2, were produced for predicting postoperative recurrence and survival of GBC by correlation analysis, relative risk analysis, ROC analysis, and AI algorithm Modeling. The MIC1 and MIC2 combined with avNNet and glmnet models to predict recurrence and survival were evaluated with high sensitivity and specificity. The prediction ability of indicators in the two classifiers to DFS and OS is assessed by Kaplan-Meier analysis. As a cheap, simple, reliable, and repeatable method, clinical multi-index analysis can be used to predict the prognosis of GBC in clinical practice. We aim to improve the postoperative prognosis management of GBC through these two classifier models and provide personalized treatment monitoring to improve the survival rate of GBC. Our findings may offer an attractive strategy for the prognostic management of GBC.
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Background

Post-hepatectomy liver failure (PHLF) is a fatal complication after liver resection in patients with hepatocellular carcinoma (HCC). It is of clinical importance to estimate the risk of PHLF preoperatively.





Aims

This study aimed to develop and validate a prediction model based on preoperative gadoxetic acid–enhanced magnetic resonance imaging to estimate the risk of PHLF in patients with HCC.





Methods

A total of 276 patients were retrospectively included and randomly divided into training and test cohorts (194:82). Clinicopathological variables were assessed to identify significant indicators for PHLF prediction. Radiomics features were extracted from the normal liver parenchyma at the hepatobiliary phase and the reproducible, robust and non-redundant ones were filtered for modeling. Prediction models were developed using clinicopathological variables (Clin-model), radiomics features (Rad-model), and their combination.





Results

The PHLF incidence rate was 24% in the whole cohort. The combined model, consisting of albumin–bilirubin (ALBI) score, indocyanine green retention test at 15 min (ICG-R15), and Rad-score (derived from 16 radiomics features) outperformed the Clin-model and the Rad-model. It yielded an area under the receiver operating characteristic curve (AUC) of 0.84 (95% confidence interval (CI): 0.77–0.90) in the training cohort and 0.82 (95% CI: 0.72–0.91) in the test cohort. The model demonstrated a good consistency by the Hosmer–Lemeshow test and the calibration curve. The combined model was visualized as a nomogram for estimating individual risk of PHLF.





Conclusion

A model combining clinicopathological risk factors and radiomics signature can be applied to identify patients with high risk of PHLF and serve as a decision aid when planning surgery treatment in patients with HCC.
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Introduction

Liver resection remains the mainstay modality in the treatment of hepatocellular carcinoma (HCC) with a curative intent. With the advances of surgical techniques and perioperative management in recent years, cases of extended or complex liver resection are increasing (1), which makes it increasingly important to make individual evaluations to avoid insufficient remnant liver volumes and impaired liver function after the surgery, the so-called post-hepatectomy liver failure (PHLF). At present, PHLF poses a fatal threat after liver resection and is the prominent cause of perioperative mortality (2), with a reported incidence as high as 40% (3).

Precise evaluation of liver function makes it possible to predict PHLF preoperatively. Previous studies have explored blood biochemistry tests, indocyanine green (ICG) test (4), and clinical scoring systems such as Child–Pugh score (5) and the Model for End-Stage Liver Disease (MELD) score (6) and computed tomography (CT)-based remnant liver volume (7) in the prediction of PHLF. However, the overall performance of these factors has been suboptimal. A more accurate, non-invasive approach for comprehensive liver function evaluation is urgently needed.

Gadoxetic acid (Primovist®) is a T1 magnetic resonance imaging (MRI) contrast medium widely used in clinical practice for liver lesion detection and characterization. Compared with the extracellular contrast media, it is actively taken up by hepatocyte at 10–40 min after administration (the so-called hepatobiliary phase) (8). Recent studies have shown that gadoxetic acid–enhanced MRI is promising in quantitative evaluation of liver function (9, 10). Classically, the methods used are based on the measurement of signal intensity (for instance relative liver enhancement or liver-to-muscle ratio or liver-to-spleen ratio), T1 relaxometry (e.g., T1 reduction rate), or dynamic contrast–enhanced MRI parameters (including hepatic extraction fraction) (11). These gadoxetic acid–enhanced MRI-derived parameters have shown a good correlation with ICG test and clinical scoring systems (Child–Pugh grades and MELD score), indicating a potential value in prediction of PHLF (10, 12, 13). However, when measuring signal intensity or T1 relaxation time, regions of interest (ROIs) with a limited diameter are most often placed in a single selected slice, which may not fully represent the whole liver function. Furthermore, the placement of the ROI is subjective, potentially reducing the reproducibility. In addition, the measurement of T1 relaxation time or dynamic contrast–enhanced MRI often requires additional scanning sequences (14).

Radiomics is a burgeoning technique, which can extract a great number of features from clinical routine medical imaging and transform them into mineable data for quantitative analysis (15). The basic assumption of radiomics is that the delicate pathophysiological alterations at cellular or molecular levels can be reflected by signal changes on images. The quantification of these imaging features and analyzing them through advanced algorithms or deep learning techniques can aid the clinician to solve clinical issues, such as disease diagnosis, prognosis, or prediction of treatment response. In the field of hepatobiliary imaging, previous studies have demonstrated that radiomics can significantly improve diagnostic and prognostic accuracy in HCC, such as the prediction of microvascular invasion (15), tumor differentiation (16), and early recurrence after hepatectomy (17).

In this study, it was tested whether radiomics analysis of gadoxetic-enhanced MR images can be used to predict PHLF in patients undergoing surgery due to HCC. The hypothesis was that radiomics analysis can detect delicate imaging features reflecting varying levels of liver function.





Materials and methods




Study design and patient selection

The research protocol of this single-center, retrospective study was reviewed and approved by the Institutional Review Board of Southwest Hospital, Army Medical University (No. (B)KY2021068). Written informed consent was waived due to the retrospective property of this study.

Consecutive patients undergoing hepatectomy during the period between January 2017 and March 2019 were retrieved according to the following inclusion and exclusion criteria. The inclusion criteria were 1) histopathologically confirmed HCC by resected specimen and 2) preoperative gadoxetic acid–enhanced MRI within 4 weeks before hepatectomy. The exclusion criteria were 1) anti-cancer treatment before hepatectomy, including radiofrequency ablation, hepatectomy, transarterial chemoembolization, portal vein embolization, targeted therapy, and immunotherapy, and 2) insufficient imaging quality (such as motion artifacts). In final, 276 patients were included in this study, and they were randomly divided into training and test cohorts at a ratio of 7:3, in which the training cohort was exclusively used for model development, while test cohort was used for to validate the performance of the model. Figure 1 gives more details about this process.




Figure 1 | Flowchart of patient selection.



The reporting of this study followed the Checklist for Artificial Intelligence in Medical Imaging (CLAIM) guidance (18). The CLAIM checklist is provided at Supplementary Table S1. The process of model development is illustrated in Figure 2.




Figure 2 | Workflow of the development of a radiomics-based model.







Clinicopathological characteristics

Clinicopathological variables comprised of age, gender, body mass index, hepatitis B infection status, cirrhosis, tumor size, Child–Pugh grade, the albumin–bilirubin (ALBI) score (Grade 1 or Grade 2/3) (19), alanine aminotransferase (ALT), aspartate transaminase (AST), platelet, ICG-R15 test, liver resection extent (minor, if resected segments < 3 or major ≥ 3 segments) (20), laparoscopic-assisted operation, intraoperative blood loss, and liver resection duration. The scattered missing values were replaced by imputation of the median value.





Definition of PHLF

PHLF was defined according to the International Study Group of Liver Surgery (ISGLS) standard: an increased international normalized ratio (INR) and hyperbilirubinemia (above the normal range of the local laboratory) on postoperative day 5 or afterwards (21). According to this definition, the patients were grouped into PHLF group and non-PHLF group.





MR imaging acquisition

All patients underwent preoperative gadoxetic acid–enhanced MRI on a scanner (3.0 T, Magnetom Trio, Siemens Healthcare) with a six-channel body coil. Dynamic contrast–enhanced images were acquired using T1-weighted 3D volume interpolated breath hold sequence before, at the time of aorta enhancement, and 60 s, 180 s, 5 min, and 15 min after administration of contrast media. Gadoxetic acid (Primovist, Bayer Pharma, Berlin, Germany, 0.1 ml/kg body weight) was injected through an antecubital vein at a rate of 1.0 ml/s followed by a flush of saline at the same rate. Hepatobiliary phase was obtained at 15 min after injection. Detailed scanning parameters are provided in Supplementary Table S2.





Delineation of normal liver tissue and inter-observer agreement evaluation

Delineation of normal liver tissue (exclusion of blood vessels, bile ducts, and cyst areas) was performed on images obtained in the hepatobiliary phase using the open-source software ITK-SNAP (http://www.itksnap.org/). Initially, 30 MR images were randomly selected for volume of interest (VOI) delineation by two researchers (with 2 years and 20 years of liver MRI experience, respectively) independently to evaluate reproducibility and stability of the extracted radiomics features. The inter-observer agreement was measured by interclass coefficient (ICC) on the VOI-based feature extraction. Features with ICC >0.75 were regarded as agreeable reproducibility and included for further analysis (22, 23). The liver delineation was then performed on the remaining patients by one researcher. The results were saved as a VOI file for further analysis. When contouring the liver, the researchers were blinded to the patients’ clinical information.





Imaging preprocessing and radiomics feature extraction

Before feature extraction, all images were interpolated to a voxel size of 1 × 1 × 1 mm3, and the intensity histogram was discretized into a bin width of 25. A Python package, pyradiomics (https://github.com/AIM-Harvard/pyradiomics), was exploited to extract radiomics features from the manually delineated VOI. The terminology of the radiomics features extracted by pyradiomics is in accordance with the Image Biomarker Standardisation Initiative (24). The following categories of features were extracted: (1) shape, including 2D and 3D (n = 14); (2) first-order statistics (n = 18); (3) gray level co-occurrence matrix-derived feature (n = 24); (4) gray level run length matrix-derived feature (n = 16); (5) gray level size zone-derived feature (n = 16); (6) gray level dependence matrix-derived feature (n = 14); and (7) neighboring gray tone difference matrix feature (n = 5), (8) above features extracted from the wavelet transformed images (n = 744). In total, 851 features were exacted.





Radiomics feature selection and radiomics model construction

In the training cohort, radiomics feature selection for the model construction involved two steps. First, after normalization of the radiomics features by z-score method, Spearman correlation analysis was performed among the features and only one of the pairs with a correlation coefficient >0.99 was kept in order to reduce redundancy. Second, the filtered features were fed into the least absolute shrinkage and selection operator (LASSO) regression analysis to detect the most informative features to avoid potential overfitting. The superparameter lambda (λ) in LASSO was determined by the fivefold cross-validation. Features with non-zero coefficient were selected for model development (termed as “Rad-model”).





Clinical model construction

To detect independent risk factors for PHLF incidence, univariable regression analysis on clinicopathological variables were performed in the training cohort. The variables where the correlation to PHLF had a p-value <0.05 were used in a multivariable logistic regression analysis. A clinical model (coined as “Clin-model”) was then constructed using clinicopathological variables with p < 0.05 after the multivariable regression analysis.





Combined model construction

Radiomics risk score (Rad-score) was then calculated for each patient through linear combination of included features in the Rad-model weighted by the corresponding coefficient. Clinicopathological variables in the Clin-model and the Rad-score were then collected to construct a combined model through logistic regression analysis. The ideal one was determined by the backward stepwise selection strategy using likelihood ratio test with Akaike information criteria (AIC) at the minimum value.





Statistical analysis

Continuous variables with normal distribution were expressed as mean ± standard deviation and compared using Mann–Whitney U test between non-PHLF and PHLF groups. Categorical variables were presented as number (percentage) and were compared by Chi-square test or Fisher’s exact test. The performance of the models was evaluated based on their abilities of discrimination, calibration, and clinical usefulness in both training and test cohorts. The discrimination capability was assessed by the area under the receiver operating characteristic curve (AUC). Calibration capacity of the model was intuitively assessed by calibration curve. The goodness of fit of the model was measured by Hosmer–Lemeshow test, with p-value > 0.05 indicating a good result. Clinical usefulness of the model was evaluated by decision curve analysis (DCA). All statistical analyses were performed on R software (R Foundation for Statistical Computing, Vienna, Austria). A two-sided p < 0.05 was regarded as statistically significant.






Results




Patient basic characteristics

There were 238 men and 38 women among the 276 included patients, with a majority of patients <55 years (71.4%). According to the ISGLS criteria, 65 patients were diagnosed with PHLF, and the incidence rate of PHLF was 24% in the entire cohort. The training cohort contained 194 patients, and the test cohort contained 82 patients. The baseline characteristics between the two cohorts was balanced, with p > 0.05 for all variables, including the PHLF incidence. Table 1 provides detailed information about the entire, training, and test cohorts.


Table 1 | Patient clinicopathological characteristics.







Clinical model construction

Based on univariable and multivariable logistic regression analyses, three significant clinicopathological variables were detected, including platelet, ALBI score, and ICG-R15 (p < 0.05) (Table 2). The Clin-model was based on these three variables. The AUC of the Clin-model in the training and the test cohort was 0.74 (95% confidence interval, CI: 0.65–0.83) and 0.71 (95% CI: 0.57–0.84) respectively (Table 3). The formula of the Clin-model is provided in Supplementary Material S1.


Table 2 | Clinicopathological risk factors for post-hepatectomy liver failure in patients with hepatocellular carcinoma.




Table 3 | Performance of the models for post-hepatectomy liver failure prediction in training and test cohorts.







Radiomics feature selection and model construction

Among the 851 extracted radiomics features, 494 features (58%) showed an ICC ≥ 0.75, and these features were subjected to the two-step feature selection strategy. In the first step, 315 features remained after excluding one of paired features with a correlation coefficient > 0.99. In the second step, 16 non-zero coefficient features were selected by LASSO-logistic regression analysis (Figure 3) and were subsequently used for constructing the Rad-model. The Rad-model had an AUC of 0.79 (95% CI: 0.72–0.86) in the training cohort and 0.79 (95% CI: 0.69–0.89) in the test cohort (Table 3). The difference in the Clin-model and the Rad-model in performance was not significant (Delong test, p = 0.24).




Figure 3 | (A) Feature selection through the least absolute shrinkage and selection operator (LASSO) algorithm. (B) Heatmap of the correlation coefficient matrix of the selected 16 features through LASSO.







Combined model construction

The individual Rad-score was calculated through a linear combination of the included variables in the Rad-model weighted by the corresponding coefficients (Supplementary Figure S1 and Supplementary Material S2). A third model, the combined model, was then constructed according to the AIC minimum value, which includes ALBI score, ICG-R15, and rad-score.





Performance evaluation of the combined model

The combined model yielded an AUC of 0.84 (95% CI: 0.77–0.90) in the training cohort, with sensitivity of 0.78 and specificity of 0.81 (Figure 4A). It exhibited an AUC of 0.82 (95% CI: 0.72–0.91) and sensitivity of 0.93 and 0.67 in the test cohort (Table 3). The AUC difference was significant between the combined model and the Clin-model (p < 0.05), but not between the combined model and the Rad-model (p = 0.08, Table 3). The combined model has been visualized as a nomogram (Figure 5) for clinical utility. An online tool to facilitate its calculation is available at https://onlinetools.shinyapps.io/onlineTool/.




Figure 4 | Performance of the combined model for predicting post-hepatectomy liver failure. An area under the receiver operating characteristic curve in the training and test cohorts (A). Calibration curves in the training (B) and test cohorts (C) illustrated a good consistency between the model-predicted probability and the actual probability of PHLF. The red line stands for the combined model, while the green line describes the combined model calibrated by 1,000 bootstrap resampling strategy. The dash line indicates an ideal situation that the model-predicted probability perfectly matches the actual probability of PHLF. The decision curve analysis (D) showed that the combined model (green line) yielded a highest net benefit at different risk threshold of PHLF, compared with the clinical model (red line) and the radiomics model (blue line). Note: AUC, area under the receiver operating characteristic curve; PHLF, post-hepatectomy liver failure.






Figure 5 | Nomogram for predicting post-hepatectomy liver failure in patients with hepatocellular carcinoma. ALBI, the albumin–bilirubin score; ICG-R15, indocyanine green retention rate at 15 min; PHLF, post-hepatectomy liver failure.



The optimal cutoff value of the model was set at 0.28. The calibration curve showed a good agreement between the combined model predicted values and observed PHLF rate (Hosmer–Lemeshow test p > 0.05) (Figures 4B, C). The DCA plot illustrated that compared with the “treat-all” and “treat-none” strategies, the net benefit was higher for the combined model than the Clin-model and the Rad-model, implying that the combined model was beneficial for clinical utility (Figure 4D).






Discussion

To predict PHLF in patients with HCC, we developed and validated a nomogram model combining two clinicopathological variables (ALBI score and ICG-R15) and one radiomics variable (Rad-score) derived from radiomics analysis of preoperative T1-weighted gadoxetic acid–enhanced MRI. This prediction model yielded an AUC of 0.82 in the test cohort, indicating a promising tool for clinical utility.

Until now, only few studies have explored radiomics for prediction of PHLF. Zhu et al. proposed a nomogram model including ICG-R15 and radiomics signature based on hepatobiliary phase of gadoxetic acid–enhanced MRI from 101 patients (25). The model yielded an AUC of 0.89 in prediction PHLF in patients undergoing major liver resection. However, the study did not further validate the model in an independent test cohort. Chen et al. developed a combined model incorporating platelet, tumor size, and radiomics score deriving from preoperative gadoxetic acid–enhanced MRI for predicting PHLF (26). They validated the model at another medical center, obtaining an AUC of 0.84. However, in that study, they did not present their model with a formula or nomogram, which made it hard to reproduce or translate their model into clinical utility. In addition, their radiomics analysis was based on a single MRI slice per patient, which may not fully reflect the liver function. There are also two radiomics models based on CT modality for PHLF prediction (27, 28). Those studies had a rather limited sample size (112 and 186 cases), which may explain the unusual outcome with AUCs in their respective test cohorts higher than that in their training cohorts (27, 28).

The Rad-model alone showed an effective prediction efficacy, almost comparable to our combined model. A majority of the radiomics features in the Rad-model (13/16) belonged to wavelet-derived features. Those described low and high frequency signals, representing homogeneity and heterogeneity of the liver tissue (29). Unfortunately, the two previously published studies on radiomics of hepatobiliary phase of gadoxetic acid–enhanced MRI, by Zhu and Chen as mentioned above, did not adopt wavelet filter, so it is not possible to make comparisons regarding the specific radiomics features. However, wavelet-derived features do frequently appear in other gadoxetic acid–enhanced MRI radiomics models, for instance, in the prediction of microvascular invasion (30) or tumor grading for HCC (31), indicating that they capture important structural features of hepatic tumor or parenchyma (14).

Another variable in our prediction model is ICG-R15. This was consistent with Zhu’s PHLF prediction model, in which ICG-R15 was the only clinical predictor (25). Currently, ICG-R15 still serves as a reference standard in the quantitative evaluation of liver function before liver resection and plays an essential role in treatment management of HCC patients (32, 33). Nevertheless, the role of ICG test as an independent risk factor for PHLF prediction remains controversial, as it can be influenced by many factors, such as blood flow or hyperbilirubinemia (32, 34). This might explain why only approximately half of currently available studies (5/11) could successfully use ICG to predict PHLF as shown in a systematnic review (3).

Our model also consists of a predictor of ALBI grade, which is a simple and objective scoring system adopting just two common biochemistry tests (serum albumin and bilirubin) for quantitative evaluation of liver function in HCC patients (19). It was proposed to overcome the limitation of the conventional Child–Pugh scoring system and has proven to be a reliable, effective tool for liver function evaluation, applicable in several different geographic regions (19). Xiang et al. have shown that ALBI could predict PHLF with an AUC of 0.64 in the test cohort (28). In the multivariable regression analysis for Clin-model, ALBI grade demonstrated an independent risk factor for PHLF incidence (odds ratio: 3.2, Grade 2/3 vs. Grade 1). However, neither Child–Pugh nor MELD score was a significant risk factor for PHLF prediction in our cohort.

This research has some limitations to be acknowledged. First, the retrospective nature of this study bore incoherent selection biases that could have had an impact on the results. However, this issue was partially compensated via inclusion of consecutive patients. Second, our model was not validated in an external cohort. Additional validation in larger prospective multicenter cohorts is warranted to generalize our prediction model. Third, the radiomics analysis was performed based on the whole normal liver parenchyma, rather than the future liver remnant (FLR) only. A study based on FLR only might show better AUC than presented here. The large AUC observed in our study might be explained by a strong relationship in radiomics between FLR and resected part. Lastly, the resection extent was not included in our prediction model, as it was not significant during univariable logistic regression analysis. Traditionally, the hepatic resection extent is regarded as an important indicator for PHLF. However, its role may be impaired with the development of surgical concepts and skills, equipment, perioperative management, and anesthesia techniques. Currently, the occurrence of PHLF is assumed as a consequence of multiple clinicopathological factors during the perioperative period, including baseline liver/patient characteristics and intraoperative and postoperative factors (35). Interestingly, among the four existing studies that developed the radiomics models for PHLF prediction using preoperative imaging (25–28), only one study detected the resection extent significant and included it in their model (28). Furthermore, we compared the difference in the prediction performance between our proposed models with and without the variable of the resection extent, and the test showed an insignificant result (Supplementary Table S3). Due to the simplicity principle, this variable was not included in our final models. Future studies can further investigate the effect of this variable on the incidence of PHLF.

In conclusion, a prediction nomogram combining clinical risk factors and radiomics signature based on preoperative gadoxetic acid–enhanced MRI was constructed, and it can potentially be an effective tool for predicting liver failure after liver resection in patients with hepatocellular carcinoma.
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Background

Primary tumor resection (PTR) is the standard treatment for patients with primary malignant bone neoplasms (PMBNs). However, it remains unclear whether patients with advanced PMBNs still benefit from PTR. This study aimed to develop a prediction model to estimate the beneficial probability of PTR for this population.





Methods

This study extracted data from patients diagnosed with advanced PMBNs, as recorded in the Surveillance, Epidemiology, and End Results (SEER) database, with the period from 2004 to 2015. The patient cohort was then bifurcated into two groups: those who underwent surgical procedures and the non-surgery group. Propensity score matching (PSM) was utilized to mitigate any confounding factors in the study. The survival rates of patients from both the surgical and non-surgery groups were evaluated using Kaplan–Meier (K-M) curves analysis. Moreover, the study used this method to assess the capacity of the nomogram to distinguish patients likely to derive benefits from surgical intervention. The study was grounded in the hypothesis that patients who underwent PTR and survived beyond the median overall survival (OS) time would potentially benefit from the surgery. Subsequently, logistic regression analysis was performed to ascertain significant predictors, facilitating the development of a nomogram. This nomogram was subjected to both internal and external validation using receiver operating characteristic curves, area under the curve analysis, calibration plots, and decision curve analysis.





Results

The SEER database provided a total of 839 eligible patients for the study, among which 536 (63.9%) underwent PTR. Following a 2:1 PSM analysis, patients were classified into two groups: 364 patients in the surgery group and 182 patients in the non-surgery group. Both K-M curves and multivariate Cox regression analysis revealed that patients who received PTR had a longer survival duration, observed both before and after PSM. Crucial factors such as age, M stage, and tumor size were identified to be significantly correlated with surgical benefits in patients with advanced PMBNs. Subsequently, a nomogram was developed that uses these independent predictors. The validation of this predictive model confirmed its high accuracy and excellent discrimination ability of the nomogram to distinguish patients who would most likely benefit from surgical intervention.





Conclusion

In this study, we devised a user-friendly nomogram to forecast the likehood of surgical benefits for patients diagnosed with advanced PMBNs. This tool facilitates the identification of the most suitable candidates for PTR, thus promoting more discerning and effective use of surgical intervention in this patient population.





Keywords: primary malignant bone neoplasms, primary tumor resection, nomogram, survival benefit, SEER database





Introduction

Primary malignant bone neoplasms (PMBNs) diverge from other forms of cancer, representing a rare category of mesenchymal-derived tumors that makes up only 0.2%–1% of all malignant tumors (1, 2). The most prevalent type of PMBNs is osteosarcoma, followed by chondrosarcoma, Ewing sarcoma, and chordoma, respectively (3). Typically, the first symptoms that patients present with at the initial diagnosis of PMBNs are pain and localized mass. Radiographic findings generally show mixed osteolytic and osteogenic aggressive bone destruction, substantial unmineralized soft tissue mass, and even pathological fractures (4, 5). In recent years, advancements in surgical techniques and adjuvant therapy have improved survival rates; the 5-year survival rate for patients with early-stage PMBNs can reach as high as 70% (6, 7). However, the prognosis remains grim for those with advanced PMBNs, particularly for patients with distant metastases (DMs). The reported 5-year survival rates for patients with metastatic osteosarcoma, Ewing’s sarcoma, and chondrosarcoma were significantly low at 25%, <30%, and 28.4%, respectively (8, 9).

Surgical intervention is generally recognized as a fundamental treatment approach for patients with PMBNs. However, for those diagnosed with advanced and metastatic disease, systemic chemotherapy, targeted molecular therapy, and palliative treatment serve as principal strategies (10–12). Emerging evidence suggests that primary tumor resection (PTR) also offers significant survival benefits for patients with advanced PMBNs (13–15). This is presumably due to the ability of PTR to counteract the immunosuppressive effects, even in the advanced stage of the disease (16). Moreover, by reducing the tumor burden in vivo, PTR may enhance the efficacy of postoperative chemotherapy, thus improving patient survival results (17). Notwithstanding, there are conflicting findings in the literature. For instance, a study by Song et al. reached seemingly contradictory conclusions in a study in which found that PTR was not associated with extended survival in patients with metastatic chondrosarcoma characterized by a dedifferentiated subtype and histological grade III (18). Similarly, Matsuoka and colleagues found that performing PTR did not have a positive impact on survival rates for patients with advanced vertebral column bone sarcomas (19). These findings suggest that not all patients with advanced PMBNs benefit from surgical intervention at the primary site. In addition, considerable surgical resection of the tumor or extremity can cause significant physical alternations, including disabilities and noticeable changes in appearance (20). Such changes can result in various psychiatric conditions, such as depression and anxiety, and may even contribute to an increased suicide rate (21).

Given these considerations, it is of substantial interest to explore the factors associated with surgical benefits in patients with advanced PMBNs and to create a validated instrument to assess the probability of benefit from PTR in this population. This tool could facilitate the selection of valuable PTR treatment for suitable patients and allow appropriate treatment options for frail patients. To meet this need, our study aims to construct a predictive model by analyzing data from a population-based database. This model will quantify the surgical benefit for patients with advanced PMBNs and help to identify optimal candidates for PTR.





Methods




Study population

The Surveillance, Epidemiology, and End Results (SEER) database is the most extensive population-based cancer database, covering approximately 30% of the population in the United states (22). We have applied for access to the data released from the SEER database (SEER ID: 15685-Nov2020) and downloaded the data for patients with the field of “Site recode ICD-O-3/WHO 2008” with bone and joint during the period from 2004 to 2015 through the SEER*Stat 8.4.0 software. Furthermore, the data for the external validation set were obtained from the China–Japan Union Hospital of Jilin University. Two orthopedic surgeons were assigned to record clinical, pathological, and therapeutic information on the patient using a blinded method. In this study, patients with PMBNs were staged by the American Joint Committee on Cancer (AJCC) tumor node metastasis (TNM) classification system. Patients who met the following criteria were included in the study: (1) diagnosis was histologically confirmed, (2) AJCC stage of III–IV, and (3) with adequate follow-up. Patients who met the following criteria were excluded: (1) PMBNs were not the first tumor; (2) unknown whether surgery or not; and (3) unknown TNM stage, race, histological type, marital status, and tumor size. The demographic information, clinicopathological variables, and survival data of eligible patients were included (race, age, gender, histological type, histological grade, primary site, tumor size, TNM stage, marital status, radiotherapy, chemotherapy, surgery at primary site, surgery at DM, and follow-up information). The information contained within both the SEER database and our medical institution’s records lacks personally identifiable data, thus negating the requirement for patient-informed consent. Consequently, our local ethics committee waived the need for ethics approval. The term “overall survival” (OS) is defined as the time interval from the date of diagnosis to the date of death from any cause, whereas “cancer-specific survival” (CSS) refers to the duration from the initial diagnosis of PMBNs to death specifically attributable to cancer. The selection process for the study population and the overall study design workflow are depicted in Figure 1.




Figure 1 | Overall flowchart of this study. SEER, Surveillance, Epidemiology, and End Results; ROC, receiver operating characteristic curve; DCA, decision curve analyses.







Statistical analysis

According to the status of surgical treatment, the patients with advanced PMBNs were divided into two groups: the surgery group and the non-surgery group. The propensity score matching (PSM) method was employed to balance significant patient characteristics between these two groups to mitigate potential bias in the baseline data. Patients were matched on the logit scale using the nearest propensity score (PS) in a 2:1 ratio (with a caliper value of 0.03). Chi-square tests were conducted to assess all study variables, both before and after PSM. A Kaplan–Meier survival curve and a log-rank test were plotted to compare OS and CSS between the two groups. A multivariate Cox proportional hazard regression analysis was further executed to determine the relationship between PTR and survival outcomes. Furthermore, the hazard ratio (HR) and its 95% confidence intervals (CIs) were computed. All statistical methods in this study were performed with the SPSS 25.0 (IBM Corporation, Armonk, NY, USA) and R version 4.0.2 software (http://www.r-project.org/).





Construction and verification of nomogram

Our study hypothesized that patients diagnosed with advanced PMBNs who underwent PTR and survived beyond the median OS of patients who did not receive PTR would benefit from this surgical procedure. Patients from the surgery group were arbitrarily split into a training set and a validation set at a ratio of 1:1. The training set was utilized for constructing a nomogram, whereas the validation set and the external validation set were deployed for the nomogram’s validation. Afterward, the univariate and multivariate logistic regression analyses were carried out to identify the predictors independently associated with surgical benefits. On the basis of these identified factors related to surgical benefits, we established a visually appealing nomogram utilizing the “rms” package in R software. Furthermore, we developed a web-based probability calculator using the “Dynnom” package. The nomogram’s discrimination power was assessed by the receiver operating characteristic (ROC) curves and their corresponding area under the curve (AUC). Calibration plots were generated to evaluate the concordance between the predicted and actual outcomes of the patients.





Clinical utility of the nomogram

We employed decision curve analysis (DCA) curves to appraise the net clinical benefit of the predictive model. In an additional effort to authenticate the clinical utility of the nomogram, the total points of each patient in both the training set and the validation set were computed. Subsequently, different benefit states were established. Patients whose beneficial probability exceeded 0.5 were classified into the Sur-Benefit subset, and those with a beneficial probability of 0.5 or less were categorized into the Sur-Nonbenefit subset. Kaplan–Meier survival curves were utilized to compare OS across these three groups and to test whether the nomogram could successfully discern patients who would reap the benefits of surgery.






Result




Clinicopathologic characteristics before and after PSM

Between 2004 and 2015, a total of 839 patients diagnosed with advanced PMBNs were identified in the SEER database. Among these, 536 patients (or 63.9%) underwent PTR, whereas the remaining 303 patients (or 36.1%) did not receive surgical treatment. Comprehensive demographic information, tumor characteristics, and patient outcomes were encapsulated in an integrated bar plot and heatmap (Figure 2). In addition, 43 eligible patients from our medical institution were incorporated into the study to validate the discriminative power of the newly developed nomogram externally. Significant discrepancies were observed in variables such as age, histology type, primary site, grade, N stage, M stage, surgery to DM, and radiotherapy between the surgery group and the non-surgery group. This indicates that the baseline characteristics between the two groups were not harmonized (P < 0.05) (Table 1). Following a 2:1 PSM analysis, 364 patients were matched to the surgery group and 182 to the non-surgery group. After PSM, all clinicopathologic variables, except for radiotherapy, were balanced after PSM (P > 0.05) (Table 2).




Figure 2 | The epidemiological analysis of 839 patients with advanced PMBNs. (A) The integrated bar plot and heatmap of demographics information, tumor characteristics, and clinical outcomes of patients with advanced PMBNs. (B) The pie chart of variables in the patients with advanced PMBNs. PMBNs, primary malignant bone neoplasms.




Table 1 | Clinical and pathological characteristics for patients with advanced PMBNs before PSM.




Table 2 | Clinical and pathological characteristics for patients with advanced PMBNs after PSM.







The correlation between PTR, radiotherapy, chemotherapy, and survival outcomes in patients with advanced PMBNs

Kaplan–Meier curves with log-rank test showed that patients who received PTR had longer OS and CSS than patients without surgery before and after PSM (Figures 3A–D). In addition, the median OS and CSS of the surgery group were 34 months (95% CI, 29.09–38.91) and 34 months (95% CI, 27.51–40.50), whereas the median OS and CSS of the non-surgery group were 15 months (95% CI, 12.61–17.39) and 15 months (95% CI, 12.30–17.71). After PSM, the survival benefit of PTR remained in patients with advanced PMBNs, the median OS and CSS of the surgery group were 32 months (95% CI, 26.46–37.54) and 34 months (95% CI, 28.01–39.99), whereas the median OS and CSS of the non-surgery group were 13 months (95% CI, 9.98–16.02) and 14 months (95% CI, 10.52–17.48). According their surgical status, all patients were classified as follows: without surgery (patients who did not receive PTR), partial excision 1 [patients who received local tumor destruction or partial resection/internal hemipelvectomy (pelvis)], partial excision 2 (patients who received radical excision or resection of lesion with limb salvage), and amputation; subsequently, a survival analysis of the different surgical procedures was conducted, with the results showing that, while surgery can improve survival in patients with advanced PMBNs, amputation does not appear to provide a survival benefit for OS and CSS in this patient group, and there was no statistical difference between local tumor destruction and limb salvage (all the p-value > 0.05), but the survival benefits for OS and CSS of local tumor resections (both limb salvage and local tumor destruction) were significantly better than amputation and no surgery (all the p-value < 0.05) (Figures 3E–H).




Figure 3 | The impact of primary tumor resection on the survival outcomes of patients with advanced PMBNs. Kaplan–Meier survival curves of OS before PSM (A) and after PSM (B) and of CSS before PSM (C) and after PSM (D) in the surgery and non-surgery groups. OS analysis of different surgical approaches before PSM (E) and after PSM (F), and CSS analysis of different surgical approaches before PSM (G) and after PSM (H). PMBNs, primary malignant bone neoplasms; OS, overall survival; CSS, cancer-specific survival; PSM, propensity score matching.



The multivariate Cox proportional hazard regression analysis indicated that surgery was an independent protective factor for both OS and CSS, both before and after PSM (Figure 4). Furthermore, considering the variability in the effectiveness of radiotherapy and chemotherapy depending on the histological type of PMBNs, we analyzed the relationship between these treatment modalities and survival outcomes among patients with different histological types of advanced PMBNs. The findings suggest that neither radiotherapy nor chemotherapy impacted the prognosis of patients with advanced chondrosarcoma or advanced Ewing sarcoma (Figures 5E–L). However, for patients with advanced osteosarcoma, adjuvant chemotherapy still demonstrated significant survival benefits (p < 0.05; Figures 5C, D), whereas radiotherapy appeared to adversely affect the survival outcomes in this patient group (p < 0.05; Figures 5A, B).




Figure 4 | The forest plot for illustration of results of multivariate Cox regression analysis in patients with advanced PMBNs for OS before PSM (A) and after PSM (C) and for CSS before PSM (B) and after PSM (D). PMBNs, primary malignant bone neoplasms; OS, overall survival; CSS, cancer-specific survival; PSM, propensity score matching.






Figure 5 | K-M survival analysis to study the correlation between radiotherapy and survival in advanced osteosarcoma [(A) OS; (B) CSS], the correlation between chemotherapy and survival in advanced osteosarcoma [(C), OS; (D), CSS]. The correlation between radiotherapy and survival in advanced chondrosarcoma [(E) OS; (F) CSS], and the correlation between chemotherapy and survival in advanced chondrosarcoma [(G) OS; (H) CSS]. The correlation between radiotherapy and survival in advanced Ewing sarcoma [(I) OS; (J) CSS)], and the correlation between chemotherapy and survival in advanced Ewing sarcoma [(K) OS; (L) CSS]. K-M, Kaplan–Meier; OS, overall survival; CSS, cancer-specific survival.







Nomogram to identify optimal patients for surgery

On the basis of our assumption, patients with advanced PMBNs who received PTR were divided into a Sur-Benefit subset (survival time greater than 13 months) and a Sur-Nonbenefit subset (survival time less than or equal to 13 months). The univariate and multivariate logistic regression analyses determined three independent surgery benefit–related factors: age, M stage, and tumor size (Table 3). Then, a nomogram model was constructed to quantify the probability of surgical benefit and thus screen optimal candidates for surgical resection of primary tumors among patients with advanced PMBNs (Figure 6), which can be accessed via https://yxyx.shinyapps.io/sugicalbenefitofadvancedPMBNs/ (Figure 7). Moreover, the ROC curves were drawn for both the training and validation sets to assess the predictive capacity of this model. The AUC of the nomogram was 0.763 (95% CI, 0.691–0.835) in the training set (Figure 8A), 0.766 (95% CI, 0.685–0.848) in the validation set (Figure 8B), and 0.722 (95% CI, 0.640–0.878) in the external validation set (Figure 9A). Moreover, the AUC value of the comprehensive model exceeded the AUCs of age, size, and M stage individually in all three sets, indicating the robust discriminatory power of the nomogram (Figures 8C, D, 9B). The calibration plots demonstrated an excellent alignment between the nomogram’s prediction and the actual outcomes in the training set (Figure 10A), the validation set (Figure 10B), and the external validation set (Figure 9C). The DCA curves demonstrated a positive net benefit in all three sets, reinforcing the strong clinical utility of the nomogram (Figures 10C, D, 9D).




Figure 6 | The visualized nomogram to predict the probability of surgical benefit in patients with advanced PMBNs. PMBNs, primary malignant bone neoplasms.






Figure 7 | The operator interface of the web-based probability calculator. (A) Graphically demonstrates representation of the expected benefit rate for this patient, and (B) is specific value for the expected benefit rate for this patient.






Figure 8 | The ROC curves in the training set (A) and the validation set (B). Comparison of the value of AUC between comprehensive nomogram and each independent predictors in the training set (C) and the validation set (D). ROC, receiver operating characteristic curve; AUC, area under the curve.






Figure 9 | The ROC curve (A), comparison of the value of AUC (B), calibration curve (C) and DCA curve (D) of the external validation set.






Figure 10 | The calibration curves in the training set (A) and the validation set (B). The DCA curves in the training set (C) and the validation set (D). DCA, decision curve analyses.




Table 3 | Univariate and multivariate logistic analyses of factors related to surgical benefit in patients with advanced PMBNs.



Kaplan–Meier survival analysis was used to validate the discriminative capacity of the nomogram by comparing the survival disparities between the Sur-Benefit subset, Non-Benefit subset, and the Non-Surgery group. The Sur-Benefit subset displayed a higher survival rate in the training set than the Non-Benefit and Non-Surgery groups (P < 0.001). Notably, patients not anticipated to benefit from PTR demonstrated even poorer prognoses than those who did not undergo surgery (P = 0.0096), suggesting the nomogram’s excellent potential in identifying the most suitable candidates for PTR (Figure 11A). In the validation set, the Sur-Benefit subset survived longer than the Non-Benefit subset and the Non-Surgery group (P < 0.001), whereas no difference was observed between the Non-Benefit subset and the Non-Surgery group (Figure 11B).




Figure 11 | Validation of the distinguishing ability of nomogram in the matched cohort. K-M survival analysis to compare survival difference of the patients among the Sur-Benefit, Sur-Nonbenefit, and Non-Surgery groups in the training set (A) and the validation set (B). K-M, Kaplan–Meier.








Discussion

The rare nature of advanced PMBNs inevitably contributes to a paucity of research focused on clinical management strategies, leading to differing viewpoints in medical decision-making when treating these patients (23). Recent literature has underscored the survival benefits associated with PTR in patients with PMBNs (24, 25), significantly attributed to the reversal of immune suppression triggered by the tumor. Tumor-bearing patients often exhibit an “ignorance” or inadequate response to tumor antigens due to shortfalls in T cells, B cells, and antigen-presenting cells, consequently inducing tumor-mediated immunosuppression (26, 27). Surgical resection of the solid tumor partially revives immune competency, with both CD4+ T cells and CD8+ T cells implicated in re-establishing tumor immunity (27). Therefore, even in advanced tumors, excision of the primary lesion can impart a degree of survival benefit to patients. However, a study by Song et al. suggested limited survival benefit of PTR in patients with DM and spinal chondrosarcoma patients for over 70 years (28). Furthermore, another study proposed that surgery did not significantly influence survival rates in patients with metastatic axial (pelvic/spinal) osteosarcoma (29). These collective findings hint at the notion that, due to inherent patient heterogeneity, not all patients with advanced PMBNs may benefit from the procedure. Current studies still lack a reliable and user-friendly tool that can inform orthopedic surgeons about the individual-specific probability of obtaining a benefit from PTR.

In this study, we not only reinforced the beneficial impact of PTR in the treatment of patients with advanced PMBNs, but, crucially, we also developed a visualized nomogram designed to precisely categorize these patients based on their anticipated probability of benefiting from localized surgery. The validation to this model exhibited exceptional discriminatory capacity and clinical utility. Moreover, the validation of an externally sourced dataset from another geographical area showcased the wide-ranging applicability of the model. As illustrated in Figure 11, our comprehensive model significantly outperforms assessments based on individual clinicopathological attributes when evaluating the potential for surgical benefit. We have also developed a web-based probability calculator to enhance its clinical utility. In simple terms, users can visit the provided website or scan the QR code and input the patient’s age, tumor size, and metastasis status on the left-hand side of the web interface. Upon clicking the “Predict” button, the calculated probability of surgical benefit for the patient appears on the right-hand side of the web interface (as shown graphically in Figure 7A) and the specific data (presented in Figure 7B). Importantly, our data indicate that, for patients projected by our model to not benefit from surgery, PTR does not appear to improve their prognosis, with their survival even appearing to be worse than those who did not undergo PTR, possibly due to surgical complications (30). These findings echo previous studies and further validate the necessity of a comprehensive assessment of surgical benefit probability for the clinical management of patients with advanced PMBNs. Patient selection is critical to achieving significant improvements in survival after PTR.

Our study suggests that M stage, age at diagnosis, and tumor size are independently related to the potential benefits patients can derive from PTR. Of these variables, the status of DM exhibited the strongest correlation with the probability of surgical benefit. Previous studies have demonstrated improved survival in in patients with PMBNs with metastatic disease who underwent PTR (31, 32). This could be attributed to the reduction of the overall tumor load and the eradication of the primary source of cells capable of metastasizing (33). Nevertheless, the “self-seeding” theory suggests that circulating tumor cells (CTCs) originating from metastatic sites could return to the primary site, thus promoting local tumor progression (33). Despite the majority of CTCs perishing in the hostile environment of the circulatory system, the surviving cells that return to the primary site could create a favorable tumor microenvironment by inhibiting immune surveillance, enhancing angiogenesis, supporting tumor growth, and fostering further metastases (34, 35). As noted earlier, even some animal models have shown the reversal of immunosuppression following the resection of the primary tumor in the presence of persistent metastases (16). The topic of surgical intervention in patients with metastatic PMBNs remains somewhat contentious, with conflicting results reported in several studies (36, 37). The “dormancy hypothesis” proposes that the growth of the metastatic site typically comprises temporary dormancy of the single-cell stage and the avascular micrometastasis stage. Patients who underwent PTR exhibited significantly elevated levels of vascular endothelial growth factor (VEGF), epidermal growth factor (EGF)–like growth factors, and other yet unidentified proliferative inducers, compared with their respective serum levels (38, 39). This theory also indicates that the release of these mediators, caused by the surgical procedure, could lead to a surgery-driven escape from dormancy and the subsequent acceleration of relapses (40). These observations imply that metastatic disease must be fully considered when evaluating the probability of surgical benefit in patients with advanced PMBNs. Furthermore, our results show that older patients might derive fewer benefits from PTR, potentially due to poorer nutritional status, decreased physiological reserve, more complex underlying conditions, and reduced tolerance to surgical treatment. Previous studies also show that axial bone involvement is higher in older patients with PMBNs compared with their younger counterparts (41, 42). The complicated anatomy of the axial bone site leads to more significant surgical risks and technical difficulties potentially resulting in more severe complications. Given the frail physical condition of the elderly, the likelihood of surgical benefit in this population is significantly reduced (43). The primary tumor size was also identified as an independent factor associated with the potential benefit of surgery. A larger tumor size increases the possibility of positive surgical margins, and larger tumors are often characterized by more aggressive biological behavior, indicating a higher risk of local recurrence. Therefore, the newly developed nomogram, which includes the predictors mentioned above, could be valuable for estimating the probability of surgical benefit and subsequently identifying the most suitable candidates for PTR among patients with advanced PMBNs. It should be acknowledged that this study also has some limitations. First, the general condition information of patients was not recorded in the SEER database, which might have a biased effect on the choice of surgical treatment in patients with advanced PMBNs. Second, increasing evidence indicates that neoadjuvant chemotherapy (NACT) and neoadjuvant chemoradiotherapy (NACTRT) can provide survival benefits for patients with PMBNs. In contrast, detailed protocols and doses of radiotherapy and chemotherapy were not available from this database. Finally, the metastatic site was a crucial factor in the prognosis of patients with PMBNs, especially the lung metastasis. However, because of the limitation of the SEER database in finding the year of record, we could not obtain a sufficient sample size of patients with known metastatic conditions for analysis.





Conclusion

Our study shows that PTR can improve survival in advanced PMBNs, except for amputation. Using a well-validated prediction model, we quantified the probability of benefiting from PTR in these patients, thus helping to allocate surgical treatment more appropriately.
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Patients with advanced PMBNs in SEER database between 2004 and 2015 (N=1542)

The exclusion criteria were as follows:
(1) Unknown TNM stage, race, histological type,

marital status and tumor size;
(1) Unknown whether primary tumor resection or not;
(2) patients were not the first tumor and not only one tumor.

Eligible patients advanced PMBNs were included in this study (N=839)

PSM method
according to
the status of
| surgical resection
| of primary lesion |

Surgery group
(N=536)

Non-surgery group
(N=303)

.......................................

Kaplan-Meier analysis
with log-rank test and
Cox regression analysis

Surgery group Non-surgery group
(N=364) (N=182)

were conducted to study

the 1impact of local

surgery on OS and CSS | The median OS of

------------- | “Non-surgery” group |

..............................................

Beneficial Non-beneficial
subgroup subgroup
Nomogram for estimating probability of surgical benefit among patients with advanced PMBNs
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Rad-model Combined model

Cut-off value 027 0.29 028
AUC (95% CI) 0.74 (0.65-0.83) 0.79 (0.72-0.86) 0.84 (0.77-0.90)
Sensitivity 0.70 0.70 0.78
Training cohort Specificity 0.74 0.76 0.81
PPV 0.49 0.51 [ 0.59
NPV 0.88 0.88 091
Accuracy 0.73 0.75 0.80
AUC (95% CI) 0.71 (0.57-0.84) 0.79 (0.69-0.89) 0.82 (0.72-0.91)
Sensitivity 0.87 0.87 0.93
Specificity 0.55 0.70 0.67
Test cohort
PPV 0.30 0.39 0.39
NPV 0.95 0.96 0.98
Accuracy 0.61 0.73 0.72

AUC, area under the receiver operating characteristics curve; CI, confidence interval; PPV, positive predictive value; NPV, negative predictive value.
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Training set (N=223) Validation set (N=112) P value

Complication Total patients 8 34 0.960

Anastomotic leakage 11 4

Abdominal hemorrhage 2 2

Gastrointestinal dysfunction® 7 3

Wound infection 4 4

Chylous leakage 3 I

Pleural effusion 6 3

Pneumonia 7 5

Respiratory and circulatory dysfunction” 9 2

Severe thrombosis® 3 &

Urinary abnormalities® 1 3

Metabolite or electrolyte imbalance® 8 3

Fever' 15 8
Major complication® 13 4 0.818

We repeated the count if the

patient had two or more comorbidities.

*Postoperative gastroparesis, residual gastritis, intestinal obstruction, intestinal adhesions and recurrent diarrhea, etc.
*Postoperative ventricular fibrillation, recurrent atrial fibrillation, heart failure, respiratory failure and unexplained severe chest tightness, etc.
“Thrombotic pulmonary embolism and cerebral infarction, severe venous thrombosis, etc.

“Urinary tract infection, hemal

turia, urethral fistula, etc

“Persistent hypokalemia or hyperglyceria, abnormal liver and kidney function, etc.
‘Transient temperature above 38.5 °Cor temperature above 37.5 °C for 2 or more days.

SClavien-dindo Grade II/IV/V.
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With complications (N=102)  Without complications (N=233) P value

Fluid difference (mL, Mean * SD) PODL 402.09 + 626,50 35036 = 75466 0.100
POD2 30439 +617.95 9829 +630.61 0.006
POD3 301.04 = 626,51 124.17 = 649.42 0.021
POD4 72.90 £ 670.03 —339.15 = 731.84 <0.001
POD5 —68.50  769.37 —553.18 = 752.41 <0.001
POD6 —205.14 * 879.00 —735.72 £ 74177 <0.001
POD7 ~53046 * 608.57 —685.11 £732.79 0.035
Intraoperative fluid intake (mL, Mean = SD) 1827.27 + 70256 1736.08 + 60045 0303
Intraoperative bleeding volume (mL, Mean + SD) 7029 20133 4752+ 7888 0271
Presence of ratio <1 (%) 9 (10.5) 91 (36.5) <0.001
Duration of ratio >1 (days, Mean = SD) 612159 386176 <0.001
= daily fluid intak ratio <1, The pr fluid i ratio < 1 within POD4 was analyzed with the occurrence of POD?

complications: Duration of ratio>1, Fabai intake/output >1.
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With complications Without complications P value

CRP.pre (mg/L, Mean * SD) 598+885 380594

CRP.PODI (mg/L, Mean +SD) 6322+3072 3888 =23.89

CRP.POD4 (mg/L, Mean + D) 10635 +53.65 31371564

CRP.POD7 (mg/L, Mean * SD) 8186 = 60.15 2936 %30.89

IL-6.pre (U/ml, Mean *SD) 311329 11.92 31.40

IL-6.PODI (U/ml, Mean *SD) 160.86 + 115.78 9216 £95.99

IL-6.POD4 (U/ml, Mean +SD) 11465 +52.72 26.04 =22.68

IL-6.POD7 (U/ml, Mean * SD) 79.11 +78.25 19.00 + 14.76

Cortisol.pre (nmol/L, Mean * SD) 325.14 % 88.16 344.23 £ 9343

Cortisol.PODI (nmol/L, Mean * SD) 582.17 £ 137.51 413.83 £ 15113

Cortisol.POD4 (nmol/L, Mean + SD) 663.18 + 11077 39039 £ 136.35

Cortisol.POD7 (nmol/L, Mean + SD) 576.66 + 156.07 36534+ 115.12 <0.001

CRPpre, preoperative C-reactive protein; CRP.PODI, CRP on the postoperative day 1: CRP.POD4, CRP on the postoperative day 4; CRP.POD7, CRP on the
postoperative day 7: /L-6, interleukin-6: IL-6 and Cortisol in the same way.
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Characteristics Training set Validation set P value

(N=223) N=112)

Age (years, Mean =SD) 65.83 %1020 63941111 0121

Sex (%) Male 146 (65.5) 78 (69.6) 0444
Female 77 (345) 34 (30.4)

BMI (kg/m’, Mean * SD) 2445 %312 2469316 0.500
Smoking, (%) 75 (33.6) 45 (40.2) 0238
Alcohol, 1 (%) 58 (26.0) 26 (23.2) 0.578

Cardiovascular disease, 1 (%) 78 (35.0) 35 (31.3) 0.496
Diabetes, n (%) 38 (17.0) 11(98) 0.078
Surgical spot (%) Stomach 94 (422) 52 (46.4) 0457

Intestines 129 (57.8) 60 (53.6)
nCRT, 7 (%) 38 (17.0) 22 (196) 0.558

Fasting time (days, Mean = SD) 53+30 52£21 0.685

First time of exhaust (days, Mean + SD) 463 %240 462147 0971

‘Time of urinary catheter withdrawal (days, Mean = SD) 328+269 326195 0.941

the duration of operation (minutes, Mean * SD) 20049 £ 5673 20830 £ 6252 0252

the duration of anesthesia (minutes, Mean = SD) 24381 59.16 253.35% 6534 0.180

Postoperative hospital stay (days, Mean + SD) 87+51 86+42 0.825

Intraoperative blood transfusion 5 1 0352

Maximum length of primary tumor

(cm, Mean * SD) 4.09£2.24 4.15:238 0.819
Lymph node metastasis, 7 (%) 92 (413) 47 (42.0) 0.901
Vascular invasion, # (%) 52 (23.3) 18 (16.1) 0124
Nerve infiltration, 7 (%) 62 (27.8) 29 (25.9) 0711

T - A T e ——
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Parameters

Borrmann classification

Tumor thickness (mm)

cT

CT reported LN status

ICAP (100ug/ml)
nICAP
ICVP(100yg/ml)
nICVP
ICDP(100ug/ml)
nICDP

1
I
it
v
Range: 5.3-38.2
1
2
3
4a
Negative

Positive

LVI (-)
(n=91)

59

37

2

0
13.48 + 5.65

44

34

17

3

74

17
20.36 + 6.90
0.18 + 0.07
2554 +7.19
044 £ 0.11
21.10 +5.14
0.52 + 0.09

Primary dataset
LVI (+) t
(n =133)
15 6.462
45
19
3
1677 + 6.01 5345
7 6.014
26
42
7
63 2910
70
17.83 + 4.90 1.692
0.18 £ 0.06 1.833
2535+ 617 4262
0.52 % 0.13 4240
25.60 + 6.67 1993
0.64 £ 0.15 6332

P

<0.001*

<0.001*
<0.001*

0.002*

0.093
0.068
<0.001*
<0.001*
<0.001*
<0.001*

LVI (-)
(n =50)

15.49 + 6.04

7

23

18

2

35

15
21.52+7.76
0.20 + 0.08
28.97 + 743
0.49 +0.10
26.89 + 6.53
0.56 + 0.11

Validation dataset

LVI (+)
(n =62)

10
35
17
0
18.26 +5.12
1
12
39

43
21.07 + .28
0.19 + 0.05
30.62 + 6.52
0.54 + 0.10
29.78 + 6.49
0.66 +0.12

10.710

2.627
19.971

17.169

0.339
0.818
1.251
2.552
2343
4326

0.004*

0.010*
<0.001*

<0.001%

0.736
0.415
0.214
0.012*
0.021*
<0.001*

AP, arterial phase; VP, venous phase; DP, delayed phase; HU, Hounsfield unit; IC, iodine concentration; nIC, normalized iodine concentration; LVI, perineural invasion; (-), negative; (+),

positive; *P < 0.05.
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Variable

Borrmann classification
nICDP

CT reported LN status
Thickness

IC, iodine concentration; DP, delayed phase; OR, odds ratio; CI, confident interval.

B

0. 823
4.561
0.853
0.091

Wald

9.420
9.937
5.360
8.630

Nomogram

OR (95% CI)

2278 (1.347-3.854)
95.640 (5.612-1629.828)
2347 (1.140-4.832)
1.095 (1.031-1.164)

0.002
0.002
0.021
0.003
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Variable Primary dataset Validation dataset

AUC  Sensitivity Specificity Accuracy Z P AUC Sensitivity Specificity Accuracy Z P

(95%CI) (95%CI)

ICVP 0.651(0.584- 0429 0857 0.643 4102 <0001 0572 (0475- 0.806 0380 0593 1301 0.193

(100pg/ml) 0.713) 0.665)

ICDP 0.653(0.586- 0768 0346 0557 4146 <0.001 0627 (0.530- 0419 0.840 0623 2373 0018

(100pg/ml) 0.715) 0.716)

nICVP 0.663(0.597- 0737 0.604 0.671 4353 <0.001 0.641 (0.545- 0.806 0460 0633 2662 0008
0.725) 0.730)

nICDP 0.705(0.641- 0692 0.604 0.648 5820 <0.001 0.7254 (0.632- 0839 0560 0700 4632 <0.001
0.764) 0.805)

Nomogram 0.825(0.769- 0.692 0.857 0.775 11.295 <0.001 0.802 (0.716- 0.758 0.780 0.769 7.146  <0.001
0.872) 0.871)

AP, arterial phase; VP, venous phase; DP, delayed phase; IC, iodine concentration; nIC, normalized iodine concentration.
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group Control group p-Value
(N=67) (N=50)
Gender

Male, n (%) 42 (62.7%) 32 (64.0%)

Female, n (%) 25 (37.3%) 18 (36.0%) 088
Age, mean (range) 60.79 (40-87) 61.52 (50-82) 0648
BMI (kg/m®), mean +SD  2439+331 2513+3.01 0214
CEA (ng/ml), mean = SD 5911063 -

Cancer location
Colon, n (%) 32 =
Rectum, n (%) 35 -

A value of p<0.05 was considered significant. BMI, body mass index: CEA,
cacnosTIONIC Shtigen: SO, stiderd devistion
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Pathway name Total Hits p  —log Impact
(p)

Arginine and proline metabolism 38 4 0015 18266 0.13566
Ascorbate and aldarate metabolism 8 2 0016  1.7829 o
Phenylalanine metabolism 100 2 002 1591 02619
Aminoacyl-tRNA biosynthesis 48 4 0033 14862 0
Arginine biosynthesis 14 2 0049 13134 0.30457
Glycine, serine, and threonine 33 0051 12935 03387
metabolism
Butanoate metabolism 15 2 0055 12583 0.03175
Pentose and glucuronate 182 0077 LS8 029688
interconversions
Pyrimidine metabolism 393 0077 L1154 0.09%94
Phenylalanine, tyrosine, and 4 10099 10027 0

tryptophan biosynthesis
Pentose phosphate pathway 2 2 0108 096468 0.04712
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Variables

Marital status
Married
Unmarried
Unknown

Age (years)
<55
255, <65
265, <75
275

Sex
Male
Female

Race
White
Black
Others

Primary site
Upper lobe
Middle lobe
Lower lobe

Laterality
Left
Right

Differentiation
Well
Moderately
Poorly
No

Surgical approach
Segmentectomy
Wedge resection
Lobectomy

Tumor size (mm)
<10
>10, £20
>20, <30

First malignant primary indicator
Yes
No

Univariable analysis

P

0.171

<0.001

<0.001

0.823

0.242

0.385

0.505

<0.001

0.001

<0.001

Multivariable analysis

HR

1.258
1.546
2.146

0.773

1011
0.674

1.035
1.344

1.263

95% CI

(Reference)
0.923-1.716
1.149-2.080
1.593-2.891

(Reference)

0.707-0.844

(Reference)
0.841-1.214
0.565-0.803

(Reference)
0.896-1.195
1.148-1.550

(Reference)

1.154-1.381

P

0.146
0.004
<0.001

<0.001

0.909
<0.001

0.642
<0.001

<0.001

LCSS

Univariable analysis

P

0.245

<0.001

0.052

0.630

0.103

0.927

0.233

<0.001

0.002

<0.001

Multivariable analysis

HR

0.973
1.195
1.508

1.098
0.651

1.064
1.509

1.312

95% CI

(Reference)
0.644-1.469
0.810-1.765
1.018-2.234

(Reference)
0.839-1.437
0.503-0.844

(Reference)
0.857-1.320
1.206-1.888

(Reference)

1.149-1.499

P

0.896
0.369
0.041

0.496
0.001

0.577
<0.001

<0.001
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Clinical Train Test
characteristics cohort cohort cohort
No. of patients 447 224 223

Age
<65
>65

Gender
Female
Male

Mo
M1
Mx

294 (65.77%)
153 (34.23%)

168 (37.58%)
279 (62.42%)

140 (31.32%)
233 (52.13%)
7 (157%)

67 (14.99%)

222 (49.66%)
176 (39.37%)
49 (10.96%)

402 (89.93%)
21 (47%)
24 (537%)

146 (65.18%)
78 (34.82%)

92 (41.07%)
132 (58.93%)

61 (27.23%)
126 (56.25%)
5(2.23%)
32 (1429%)

112 (50%)
87 (38.84%)
25 (11.16%)

205 (91.52%)
11 (4.91%)
8 (3.57%)

148 (66.37%)
75 (33.63%)

76 (34.08%)
147 (65.92%)

79 (35.43%)
107 (47.98%)
2 (09%)
35 (15.7%)

110 (49.33%)
89 (39.91%)
24 (10.76%)

197 (88.34%)
10 (4.48%)
16 (7.17%)
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Consecutive pathologically confirmed gastric
adenocarcinomas patients who accepted curative
gastrectomy and lymph node dissection between Jan

2018 and Dec 2020 (n=736)

avoid

LVI positive (n=133)

Received any anti-cancer treatment before surgery

Received triple phase enhanced CT scans with GSI
model before surgery (n=293)

A minimum diameter>10 mm (n=240)

Good image quality (n=224)

Retrospective primary dataset (n=224)

LVI negative (n=91)

Consecutive endoscopy biopsy proved gastric
adenocarcinomas and accepted triple phase
enhanced CT scans with GSI mode between Dec

2020 and Dec 2021 (n=246)

LVI positive (n=62)

Received direct curative gastrectomy and lymph
node dissection (n=158)

Surgical pathology confirmed non-gastric
adenocarcinoma avoid (n=135)

A minimum diameter > 10 mm (n=122)

Good image quality (n=112)

External prospective validation dataset (n=112)

LVI negative (n=50)
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Variables Univariate analysis Multivariate analysis

95% CI 95% CI p-value

Age

<50 years Reference Reference

250 years 0.26 0.13-0.49 <0.001 0.22 0.11-0.44 <0.001
Race

Black Reference

Other 0.72 0.16-3.27 0.671

White 0.82 0.32-2.09 0.671
Gender

!
Female Reference
Male 0.92 0.49-1.71 0.783

Marital status

Married Reference
Unmarried 148 0.77-2.84 0.244
Histological type
Osteosarcoma Reference
Chondrosarcoma 0.56 0.25-1.28 0.171
Ewing sarcoma 1.65 0.68-4.01 0.266
Other 0.66 0.28-1.56 0.342
Primary site ‘
| |
Extremity Reference
Axial 1.06 0.56-2 0.86
‘ Grade ‘
Grade I-11 Reference
Grade ITI-IV/ 0.59 0.21-1.68 0.324
Unknown 2.62 0.79-8.68 0.116
‘ T stage
T1 Reference
T2 0.5 0.24-1.04 0.064
T3 0.89 0.32-2.49 0.83
‘ N stage
No Reference
N1 217 0.77-6.11 0.14
‘ M stage
Mo Reference Reference
M1 0.21 0.07-0.62 0.005 0.15 0.05-0.49 0.002
‘ Tumor size
‘ <8 cm Reference Reference
8-12cm 0.61 0.27-14 0.247 0.57 0.23-1.41 0.227
>12 cm 0.32 0.14-0.72 0.006 0.33 0.14-0.79 0.013
‘ Surgery to DM
No Reference
Yes 1.83 0.58-5.82 0.306
‘ Radiotherapy
No Reference
Yes 131 0.66-2.59 0.445
‘ Chemotherapy
‘ No Reference

Yes 197 0.97-3.99 0.061
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Variables Overall Non-surgery

(n = 546, %) (n =182, %)

Age \ | 0722
<50 years ‘ 370 (67.77) 121 (66.48) 249 (68.41)
250 years 176 (32.23) 61 (33.52) 115 (31.59)

Race \ \ ‘ 0.984
Black 74 (13.55) 24 (13.19) 50 (13.74)
Other 33 (6.04) 11 (6.04) 22 (6.04)
White 439 (80.40) 147 (80.77) 292 (80.22)

Gender 0.562
Female 235 (43.04) 82 (45.05) 153 (42.03) ‘
Male 311 (56.96) 100 (54.95) 211 (57.97)

Marital status ‘ 1.000
Married 168 (30.77) 56 (30.77) 112 (30.77)
Unmarried 378 (69.23) 126 (69.23) 252 (69.23)

Histological type 0.058
Osteosarcoma 216 (39.56) 62 (34.07) 154 (42.31)
Chondrosarcoma 100 (18.32) 28 (15.38) 72 (19.78)
Ewing tumor 141 (25.82) 54 (29.67) 87 (23.90)
Other 89 (16.30) 38 (20.88) 51 (14.01)

Primary site ‘ ‘ ‘ 0.054
Extremity ‘ 315 (57.69) 94 (51.65) 221 (60.71) ‘
Axial 231 (42.31) 88 (48.35) 143 (39.29)

Grade ‘ ‘ ‘ 0.409
Grade I-11 51 (9.34) 15 (8.24) 36 (9.89)
Grade I1I-IV 282 (51.65) 89 (48.90) 193 (53.02)
Unknown 213 (39.01) 78 (42.86) 135 (37.09)

T stage 0.832
Tl 160 (29.30) 53 (29.12) 107 (29.40)
T2 306 (56.04) 100 (54.95) 206 (56.59)
T3 80 (14.65) 29 (15.93) 51 (14.01)

N stage 0.846
No ] 445 (81.50) 147 (80.77) 298 (81.87)
N1 101 (18.50) 35 (19.23) 66 (18.13)

M stage 0.350
Mo ‘ 91 (16.67) 26 (14.29) 65 (17.86)
M1 455 (83.33) 156 (85.71) 299 (82.14)

Tumor size 0.876
<8 cm 175 (32.05) 60 (32.97) 115 (31.59)
8-12 cm 180 (32.97) 61 (33.52) 119 (32.69)
>12 cm I 191 (34.98) 61 (33.52) 130 (35.71)

Surgery to DM 0.131
No 487 (89.19) 168 (92.31) 319 (87.64)
Yes 59 (10.81) 14 (7.69) 45 (12.36)

Radiotherapy 1 | 0.008
No ‘ 347 (63.55) ‘ 101 (55.49) 246 (67.58)
Yes 199 (36.45) 81 (44.51) 118 (32.42)

Chemotherapy v 0.858
No/Unknown 128 (23.44) 44 (24.18) 84 (23.08)

Yes 418 (76.56) 138 (75.82) 280 (76.92)
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Variables Overall Non-surgery Surgery

546, %) (n =182, %) 364,
Age ‘ 0.012
<50 years 612 (72.94) 205 (67.66) 407 (75.93)
250 years 227 (27.06) 98 (32.34) 129 (24.07)
Race ‘ 0.843
Black 94 (11.20) 36 (11.88) 58 (10.82)
Other 65 (7.75) 22 (7.26) 43 (8.02)
White 680 (81.05) 245 (80.86) 435 (81.16)
Gender 0.950
Female 321 (38.26) 115 (37.95) 206 (38.43)
Male 518 (61.74) 188 (62.05) 330 (61.57)
Marital status 0.240
Married 225 (26.82) 89 (29.37) 136 (25.37)
Unmarried 614 (73.18) 214 (70.63) 400 (74.63)
Histological type <0.001
Osteosarcoma 375 (44.70) 84 (27.72) 291 (54.29)
Chondrosarcoma 126 (15.02) 43 (14.19) 83 (15.49)
Ewing tumor 217 (25.86) 120 (39.60) 97 (18.10)
Other 121 (14.42) 56 (18.48) 65 (12.13)
Primary site ‘ [ <0.001
Extremity 500 (59.59) 116 (38.28) 384 (71.64)
Axial 339 (40.41) 187 (61.72) 152 (28.36)
Grade ‘ <0.001
Grade I-11 63 (7.51) 22 (7.26) 41 (7.65)
Grade II-TV 451 (53.75) 106 (34.98) 345 (64.37)
Unknown 325 (38.74) 175 (57.76) 150 (27.99)
T stage 0.648
Tl 210 (25.03) 78 (25.74) 132 (24.63)
T2 497 (59.24) 182 (60.07) 315 (58.77)
T3 132 (15.73) 43 (14.19) 89 (16.60)
N stage 0.044
NO 690 (82.24) 238 (78.55) 452 (84.33)
N1 149 (17.76) 65 (21.45) 84 (15.67)
M stage ‘ 0.0003
Mo 146 (17.40) I 33 (10.89) | 113 (21.08)
M1 693 (82.60) 270 (89.11) 423 (78.92)
Tumor size 0.586
<8 cm ‘ 240 (28.61) 88 (29.04) 152 (28.36)
8-12 cm 276 (32.90) 105 (34.65) 171 (31.90)
>12 cm 323 (38.50) 110 (36.30) 213 (39.74)
Surgery to DM <0.001
No 729 (86.89) ‘ 285 (94.06) 444 (82.84)
Yes 110 (13.11) 18 (5.94) 92 (17.16)
Radiotherapy ‘ ‘ <0.001
No 546 (65.08) 138 (45.54) 408 (76.12)
Yes 293 (34.92) 165 (54.46) 128 (23.88)
Chemotherapy 1.000
No 166 (19.79) 60 (19.80) 106 (19.78)

Yes 673 (80.21) 243 (80.20) 430 (80.22)
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SEER Research Database 2000-2018
Hepatocellular carcinoma (ICD-O-3 site code:
€22.0, ICD-0-3 histologic type: 8170-8175)
(0=104071)

Exclusion(n=33109)
 Year of diagnosis other than 20072017
* Age<18 years

Patients identified
(2=70962)

[ i 152)
+ Therapy other than liver resection or transplantation

Patients identified
(0=8810)

Exclusion(n=7745)
+ Unknown sex, age, tumor size, tumor number,
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Patients was include in analysis
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Characteristics Univariate analysis Multivariate analysis

OR (95%Cl) P value OR (95%Cl) P value

Cardiovascular disease 3.03 (1.67-5.48)

Diabetes 549 (262-1153) <0001

Age>65 254 (1.35-4.78) 0004

BMI<25 329 (1.73-626) <0001 362 (112-11.64) 0.031

T.POD4 237 1434 (3.99-51.49) <0.001

TPOD7 237 7.73 (202-29.54) 0003 7.87 (1.05-59.20) 0.045

WBC.POD4 29.5 5.38 (2.64-1096) <0.001

WBC.POD7 29.5 7.25 (311-1691) <0.001

N.POD4 > 75 7.33 (383-14.04) <0001

N.POD7 > 75 1255 (6.13-25.72) <0001 6.08 (1.82-2027) 0.003
FBG.POD4 > 62 1211 (6.10-24.05) <0001 6.62 (1.86-23.53) 0.003
FBGPOD7 262 1248 (632-24.67) <0001 502 (143-17.68) 0012
(Duration of ratio >1) 26 1087 (5.60-21.13) <0001 8.19 (2.83-23.70) <0.001

BM), body mass index, kg/m?; T.POD4, the temperature on the postoperative day 4, °C; T.POD?, the temperature on the postoperative day 7, °C; WBC.POD4, white
cell count on the postoperative day 4, x10°/1; WBC.POD?, white cell count on the postoperative day 7, x10°/i; N.POD4, neutrophil percentage on the postoperative
day 4, %: N.POD7, neutrophil percentage on the postoperative day 7, % FBG.POD4, fasting blood glucose on the postoperative day 4, mmol/l; FBG.POD?, fasting
il Bl hiss it e Besiaassthe day 7. Bl Dt of ratos 1 His frud duratos o Heid inleite =1
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Characteristics Univariate analysis Multivariate analysis
OR (95%Cl) P value OR (95%Cl) P value
Cardiovascular disease 3.52 (1.89-656)
Diabetes 5.69 (2.72-11.93) <0.001
Age265 2.89 (145-575) 0.003
BMI<25 2.96 (151-581) 0.002 2,60 (1.02-6.62) 0.045
T.POD4 2 37 924 (313-27.31) <0.001 630 (143-27.73) 0015
WBCPOD4 29.5 3.89 (192-787) <0.001
N.POD4275 683 (3.44-13.55) <0.001 3.60 (1.46-8.87) 0.005
FBG.POD4 > 6.2 1292 (613-27.23) <0.001 8.28 (3.20-21.42) <0.001
Absence of ratio <1 5.62 (229-13.89) <0.001 556 (1.63-18.87) 0.006

BMI, body mass index, kg/m’; T.POD4, the temperature on the postoperative day 4, °C; WBC.POD4, white cell count on the postoperative day 4, x10°/l; N.POD4,
neutrophil percentage on the postoperative day 4, %: FBG.POD4, fasting blood glucose on the postoperative day 4, mmol/l; Absence of ratio <1, the absence of

fluid intake/output <1 within PODA4.
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Baseline Characteristics Number (%)/Median (IQR)*

Training Cohort Internal Validation Cohort External Validation Cohort
(n=739) (n=326) (n=293)
Sex. 0792
Male 243 (745) 536 (72.5) 214 (73.0)
Female 83 (25.5) 203 (27.5) 79 (27.0)
Age(years) 0.802
<60 131 (40.2) 289 (39.1) 121 (413)
260 195 (59.8) 450 (609) 172 (587)
Tumor size (cm) 3.50 (230, 5.20) 3.60 (240, 550) 350 (250, 550) 0.655
Tumor number <0.001
Multiple 71 (21.8) 155 (21.0) 30 (102)
Single 255 (78.2) 584 (79.0) 263 (89.8)
MVI <0.001
Negative 258 (79.1) 598 (80.9) 135 (46.1)
Positive 68 (20.9) 141 (19.1) 158 (53.9)
Grade <0.001
1 90 (27.6) 170 (23.0) 10 (3.4)
) 180 (55.2) 444 (60.1) 148 (50.5)
m 54 (16.6) 116 (157) 125 (427)
v 2(06) 9(12) 10 (3.4)
AFP 0.001
Negative 137 (42.0) 286 (38.7) 150 (51.2)
Positive 189 (58.0) 453 (613) 143 (4838)
Fibrosis score 0452
F0-4 131 (40.2) 298 (403) 130 (44.4)
F5-6 195 (59.8) 441 (597) 163 (55.6)
My, invasion; AFP, pr
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Ch istis A ic leakage 2
No (n=156) Yes (n=21)

Gender (No.)
Male 95 10 0245
Female 61 1

Age (No.)
<60 years 29 6 0.432"
260 years 127 15

Sake index 46121329 386749 0.067

Brinkman index 183123945 1781 = 2869 0329

Diabetes (No.)
No 122 13 0.169"
Yes 34 8

BMI (No.)
<185 kg/m”® 11 1 0.599
18.5-24 kg/m* 74 8
224 kg/m® 71 12

Tumor location (No.)
Right-sided colon 80 3 0.007™
Transverse colon 7 1
Left-sided colon 10 1
Sigmoid colon 25 7
Rectum 34 9

Obstruction (No.)
No 132 16 0506
Yes 2 5

ASA score (No.)
<2 87 10 0481
3 6 1

pT stage (No.)
pTis 8 0 0.509"
pII 6 2
pTI 17 2
pT4a 105 13
pT4b 20 4

PN stage (No.)
pNO 91 12 0.734"
pNIa 17 3
PN1b 2 4
pN2a 12 0
pN2b 12 2

PM stage (No.)
pMO 149 19 0.647"
pML 7 2

Preoperative hemoglobin (No.)
<10gL 6 9 0829
21091 9 12

Preoperative albumin (No.)
<37.5g/L 73 16 0011
2375g/L 83 5

Preoperative WBC (No.)
<65 %1071 87 7 0053
265 10°/L 69 14

Preoperative neutrophil (No.)
<26x10”L 34 1 0.122"
226 10°/L 122 20

Preoperative lymphocyte (No.)
<135 % 10°/L 4 1 0021
21.35x 10°/L, 112 20

Preoperative platelet (No.)
<2705 x10°/L 86 10 0517
22705 % 10°/L 70 1

Preoperative NLR (No.)
<1465 46 1 0016*
21465 110 20

Preoperative PLR (No.)
<195715 103 18 0.069
2195715 53 3

Preoperative PNI (No.)
<41825 28 7 0171°
241825 128 14

SMA calcium volumes core (No.)
<32 mm’ 105 6 0.001*
>32mm* 51 15

IMA calcium volumes core (No.)
<19.7 mm* 82 3 0.001*
2197 mm’® 74 18

Abdominal aorta calcium volumes core (No.)
<19.6 mm* 81 3 00017
2196 mm’® 75 18

Note: WBC, white blood cell; Brinkman index: Number of cigarettes per day
multiplied by years of smoking; Sake index: weight (g)/22 of ethanol
consumed per day multiplied by years of drinking; NLR, neutrophil-
lymphocyte ratio; PLR, platelet-lymphocyte ratio; PNI, prognostic nutritional

index; SMA, superior mesenteric artery; IMA, inferior mesenteric artery.

*P<0.05.
'Continuity correction.
Rabaieoa en Lot iy
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Characteristics  Training cohort  Validation cohort P

(n=177) (n=115)

Gender (No.)
Male 105 63 0.443
Female 72 52

Age (No.)
<60 years 35 2 0892
260 years 142 9

Alcohol (No.)
No 125 80 0847
Yes 52 35

smoke (No.)
No 18 80 0.604
Yes 59 35

Diabetes (No.)
No 135 91 0.568
Yes 42 24

BMI (No.)
<185 kg/m® 12 1 0.554
18.5-24 kg/m’ 82 56
>24 kg/m® 83 48

Tumor location (No.)
Right sided colon 84 37 0.067
Transverse colon 8 4
Left-sided colon 11 14
Sigmoid colon 31 27
Rectum 43 33

Obstruction (No.)
No 148 95 0.822
Yes 29 20

ASA score (No.)
<2 97 60 0,660
3 80 55

pT stage (No.)
pTis 8 4 0.114
pTL 8 8
pTIL 19 13
pTda 18 85
pTdb 24 5

PN stage (No.)
pNO 103 75 0431
pNla 20 12
pN1b 28 14
pN2a 12 10
pN2b 14 4

pM stage (No.)
pMO 168 111 0515
pM1 9 4

Preoperative hemoglobin (No.)
<110 gL 72 42 0.477
2110 g/l 105 73

Preoperative albumin (No.)
<375 g/l 89 65 0.297
2375g/L 88 50

Preoperative WBC (No.)
<6.5x10°/L 94 67 0.387
265 10°/L 83 48

Preoperative neutrophil (No.)
<26x107L 34 20 0.69
226x10°/L 143 95

Preoperative lymphocyte (No.)
<135 x 10°/L 45 41 0.061
2135 % 10°/L, 132 74

Preoperative platelet (No.)
<2705 X 10°/L 92 64 0539
22705 % 10°/L 85 51

Preoperative NLR (No.)
<1465 47 2 0.145
21465 130 93

Preoperative PLR (No.)
<195.715 121 73 0388
2195715 56 42

Preoperative PNI (No.)
<41.825 35 2 0,683
241825 192 90

SMA calcium volumes core (No.)
<32mm’ 111 74 0.777
232mm* 66 41

IMA calcium volumes core (No.)

<19.7 mm* 85 50 0.447
2197 mm’* 92 65

Abdominal aorta calcium volumes core (No.)
<19.6 mm’® 84 50 0503
2196 mm’® 9 65

Anastomotic leakage (No.)
No 156 9 0.607
Yes 2 16

Note: WBC, white blood cell; NLR, neutrophil-lymphocyte ratio; PLR, platelet-
lymphocyte ratio; PNI, prognostic nutritional index; SMA, superior mesenteric
sty SN irkasior maserieric. artiny.
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Characteristics All patients (n =292)

Gender [No. (%)]

Male 168 (57.53%)

Female 124 (42.47%)
Age [No. (%)]

<60 years 57 (19.52%)

260 years 25 (80.48%)
Alcohol [No. (%)]

No 205 (7021%)

Yes 87 (29.79%)
smoke [No. (%)]

No 198 (67.81%)

Yes 94 (32.19%)

iabetes [No. (%)]

No 26 (77.40%)

Yes 66 (22.60%)
BMI [No. (%)]

<185 kg/m® 23 (7.88%)

18.5-24 kg/m® 138 (47.26%)

>24 kg/m® 131 (44.86%)
Tumor location [No. (%)]

Right-sided colon 121 (41.44%)

Transverse colon 12 (4.11%)

Left-sided colon 25 (8.56%)

Sigmoid colon 58 (19.86%)

Rectum 76 (26.03%)
Obstruction [No. (%)]

No 243 (83.22%)

Yes 49 (16.78%)
ASA score [No. (%)]

<2 157 (53.77%)

3 135 (46.23%)
pT stage [No. (%)]

pTis 12 (4.11%)

pTI 16 (5.48%)

pTI 32 (10.96%)

pT4a 203 (69.52%)

pT4b 29 (9.93%)
PN stage [No. (%)]

pNO 178 (60.96%)

pNIa 32 (10.96%)

pNI1b 2 (14.38%)

pN2a 2 (7.53%)

pN2b 18 (6.16%)
pM stage [No. (%)]

pMo 279 (95.55%)

pMI1 13 (4.45%)
Preoperative hemoglobin [No. (%)]

<110 gL 114 (39.04%)

2110gL 178 (60.96%)
Preoperative albumin (g/L)

Median (range) 37 (27-51)

Mean (SD) 3715 (3.80)
Preoperative WBC (x10%/L)

Median (range) 624 (255-16.47)

Mean (SD) 655 (2.04)
Preoperative neutrophil (x10%L)

Median (range) 3.66 (1.09-1288)

Mean (SD) 403 (1.87)
Preoperative lymphocyte (x10%/L)

Median (range) 164 (03-4.15)

Mean (SD) 171 (0.64)

Preoperative platelet (x10%/L)

Median (range) 268.00 (106-717)

Mean (SD) 282.87 (100.42)
Preoperative NLR

Median (range) 217 (0.47-2430)

Mean (SD) 295 (2.98)
Preoperative PLR

Median (range) 16243 (53.58-750.00)

Mean (SD) 190.77 (115.05)
Preoperative PNI

Median (range) 4525 (3035-62.05)

Mean (SD) 4572 (5.19)

SMA calcium volumes core (mm’)
Median (range) 0.00 (0-151450)
Mean (SD) 51.62 (164.72)
IMA calcium volumes core (mm?)
Median (range) 2595 (0-3145.40)
Mean (SD) 174.78 (390.63)
abdominal aorta calcium volumes core (mm®)
Median (range) 3975 (0-4659.90)
Mean (SD) 226.40 (539.13)
Anastomotic leakage [No. (%)]
No 255 (87.33%)
Yes 37 (12.67%)

Note: WBC, white blood cell; NLR, neutrophil-lymphocyte ratio; PLR, platelet-
lymphocyte ratio; PNI, prognostic nutritional index; SMA, superior mesenteric
artery: IMA. inferior mesenteric artery: SD, standard deviation.
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Variable Statistics Univariable Multivariable
HR (95% CI) P-value HR (95% Cl)

5325 (51.86%) ref. ref

4,944 (48.14%) 1.50 (1.19, 1.88) 1.37 (1.08, 1.74)

Age 7928 +3.55 1.04 (1.00, 1.07) 1.04 (101, 1.08)

Marital status

Married 5472 (53.29%) ref

Signal 4377 (42.62%) 086 (0.68, 1.08)

Other 420 (4.09%) 050 (0.23, 1.07)

Race

White 9,031 (87.94%) ref ref

Black 563 (5.48%) 038 (0.18, 0.81) 0.36 (0.17, 0.78)

Other 675 (6.57%) 0.64 (037, 1.10) 071 (041, 1.23)

Involved lung lobes

Lung segments 21 (020%) ref.

Lobe 9,989 (97.27%) 0.28 (0.06, 1.20)

Overlapping 79 (0.77%) 138 (028, 683)

Lung. Nos 180 (1.75%) 0.86 (0.18, 4.07)

Lung lobectomy

Left 4,216 (41.06%) ref

Right 6,044 (58.86%) 1.11 (0.88, 1.40)

Bialateral 6 (0.06%) 683 (0.79, 58.88)

Unknow 3 (0.03%) 0.00 (0.00, inf.)

Histologic type

2,833 (27.59%) ref ref

5,874 (57.20%) 062 (048, 0.79) 066 (051, 0.86)

1,562 (15.21%) 077 (055, 1.09) 0.70 (049, 1.00)

6,774 (65.97%) ref. ref

3,495 (34.03%) 210 (1.68, 2.64) 154 (121, 196)

8,659 (84.32%) ref. ref

1,610 (15.68%) 278 (2.18, 3.54) 1.83 (141, 239) <0.0001

8,463 (82.41%) ref

1,806 (17.59%) 226 (1.7, 2.88) . <0.0001

9,892 (96.33%) ref

M1 377 (3.67%) 836 (623, 11.22) 600 (4.36, 8.25) <0.0001

Preoperative RT

Yes 71 (0.69%) ref

No 10,198 (99.31%) 1.08 (0.26, 4.42)
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Variable

Age

Beofre PSM

Surgery
n=21,658

80.99 £ 4.44

Non-sugery
n=13,753

7932 %355

P-value After PSM

Surgery
n=9,058

8141453

Non-sugery
n=9,058

7935 +3.56

P-value

Gender (%)

Female

10,202 (47.10%)

7,120 (51.77%)

4,563 (50.38%)

4,593 (50.71%)

Male

11,456 (52.90%)

6,633 (48.23%)

4,495 (49.62%)

4,465 (49.29%)

Marital Status

Married

10,156 (46.89%)

7,320 (53.22%)

4,340 (47.91%)

4,656 (51.40%)

Signal

10,621 (49.04%)

5,855 (42.57%)

4,376 (48.31%)

4,040 (44.60%)

Other

881 (4.07%)

578 (4.20%)

342 (3.78%)

362 (4.00%)

Race

White

18,057 (83.37%)

12,073 (87.78%)

7,906 (87.28%)

7,835 (86.50%)

Black

1,988 (9.18%)

772 (5.61%)

577 (6.37%)

545 (6.02%)

Other

1,613 (7.45%)

908 (6.60%)

575 (6.35%)

678 (7.49%)

Involved lung lobes

Lung segments

640 (2.96%)

33 (0.24%)

26 (0.29%)

33 (036%)

Lobe

19,476 (89.93%)

13,386 (97.33%)

8,773 (96.85%)

8,724 (9631%)

Overlapping

172 (0.79%)

104 (0.76%)

57 (0.63%)

87 (0.96%)

Lung

1,370 (6.33%)

230 (1.67%)

202 (223%)

214 (2.36%)

Lung lobectomy

Left

9,153 (42.26%)

5,653 (41.10%)

3,955 (43.66%)

3,661 (40.42%)

Right

12,182 (56.25%)

8,089 (58.82%)

5,094 (56.24%)

5,387 (59.47%)

Bialateral

195 (0.90%)

6 (0.04%)

5 (0.06%)

6(0.07%)

Unknow

128 (0.59%)

5 (0.04%)

4 (0.04%)

4 (0.04%)

Histologic Type

8,484 (39.17%)

3,802 (27.64%)

3,194 (35.26%)

2,967 (32.76%)

10,120 (46.73%)

7:896 (57.41%)

4736 (52.29%)

4,853 (53.58%)

3,054 (14.10%)

2,055 (14.94%)

1,128 (12.45%)

1,238 (13.67%)

9,426 (4352%)

9,107 (66.22%)

4959 (54.75%)

4,737 (52.30%)

12,232 (56.48%)

4,646 (33.78%)

4,099 (45.25%)

4321 (47.70%)

11,648 (53.78%)

11,595 (84.31%)

7,128 (78.69%)

7,093 (78.31%)

10,010 (46.22%)

2,158 (15.69%)

1,930 (21.31%)

1,965 (21.69%)

10,048 (46.39%)

11,320 (82.31%)

6,763 (74.66%)

6,628 (73.17%)

11,610 (53.61%)

2,433 (17.69%)

2,295 (25.34%)

2,430 (26.83%)

12,418 (57.34%)

13,251 (96.35%)

8,558 (94.48%)

8,556 (94.46%)

9,240 (42.66%)

502 (3.65%)

500 (5.52%)

502 (5.54%)
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Factor

‘Tumor size (cm;

)

P value

Tumor number

Multiple

1 (reference)

Single

1.029-1.178

0005

Grade

1 (reference)

1.049-1202

0001

1.152-1383

<0.001

0832139

0.58

Negative

1 (reference)

Positive

1.054-1.183

<0.001

Abbreviations: AFP, a-fetoprotein; OR, {odds ratio) =

Ctecnal

“mate; €I, confidence
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Factor Number (%)/Median (IQR) P value
*

Negative Positive
(n=1598) (n=141)

Sex

Male 435 (72.74%) 101 (71.63%)

Female 163 (27.26%) 40 (28.37%)

Age (years)

233 (38.96%) 56 (39.72%)

365 (61.04%) 85 (60.28%)

Tumor size (cm) 33 (23,5.0) 48 (32, 7.0)

Tumor number

Multiple 136 (22.74%) 19 (13.48%)

Single 462 (77.26%) 122 (86.52%)

159 (26.59%) 11 (7.8%)

355 (59.36%) 89 (63.12%)

77 (12.88%) 39 (27.66%)

7 (L17%) 2 (142%)

Negative 255 (42.64%) 31 (21.99%)

Positive 343 (57.36%) 110 (78.01%)

Fibrosis score

FO-4 232 (38.8%) 66 (46.81%)

F5-6 366 (61.2%) 75 (53.19%)

P value: categorical variables-z’test or Fisher's exact test; continuous
variables-Wilcoxon rank sum test

Abbreviations: HCC, hepatocellular carcinoma; MVI, microvascular invasion;
AFP, a-fetoprotein.

*Median with interquartile range are shown for quantitative variables, whereas
T T o )
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Variables

Age (years)
Gender

Female

Male

Smoking history

Never

Ever

History of malignancies

Breast cancer

Cervical cancer

Thyroid cancer

Colon cancer

Endometrial squamous cel carcinoma
Vocal cord squamous cell carcinoma

n (%) or Median (range)

56.00 (22.82)

147 (68.37)
68 (31.63)

196 (91.16)
19 (8.84)
17 (7.91)
4(1.86)
1(047)
9(4.19)
1(047)
1(0.47)
1(0.47)
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Variables AAH (1 =6)

Ki-67 expression (%)

mean £ SD 300+ 1.79
Median (range) 25(1,6)
Ki-67 Subgroups (%)

<5 5(83.33)
5-10 1(16.67)
10-30 0

>30 0

8D, standard deviation.

AIS (n = 58)

367 £2.63
3(1,19)

52 (89.65)
4(6.90)
2(3.45)

0

MIA (1 = 56)

439 +3.53
3(1,20)

46 (82.14)
5(8.99)
5(899)

0

Non-invasive adenocarcinoma IAC (n = 117)
(AAH/AIS/MIA) (n = 120)

393307 17.09 £ 17.42
3(1,20) 10(2,80)
103 (85.83) 29 (24.79)
108.34) 19 (16.24)
7(65.89) 51(43.59)
o 18(15.38)

<0.001
<0.001
<0.001
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Factors

Sex (male vs. female)
Age (years)

BMI (kg/m?)

The distance from the margin of the tumor to the EG-line (cm)
Tumor size (cm)

Growth type (Exophytic vs. Not exophytic)

Tumor location (Favorable site vs. Unfavorable site)

OR

0374
0.396
0.720
0.005
3.316
0.598
3.533

Univariate analysis

95%Cl

0.184~1.044
0.198~0.795
0.391~1.325
0.001~0.047
1.783~6.165
0.204~1.755
1.262~9.896

0.060
0.009
0.291

<0.001
<0.001
0.349
0.016

OR

0.273

0.001
14.969

2.777

Multivariate analysis

95%Cl

0.057~1.295

0.00001~0.056
1.876~119.410

0.292~26.393

0.102

0.001
0.011

0.374
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Chondroblastic
osteosarcoma of
the mandible with
maxillary
osteoradionecrosis

Resection

Subtotal
mandibulectomy
with right
disarticulation
and type 4
maxillary
resection

Subtotal
mandibulectomy
with TM]
preservation;
type3
maxillectomy

Segmental
mandible
resection with
type 4
maxillectomy

Flap

combination

Left fibula +
right DCIA

Right fibula +
left DCIA

Left fibula +
right DCIA

Prosthesis

SSM-shaped
‘mandibular
implant with right
TMJ; 3-segment
fibula flap, orbital
PMMA implant

SSM-shaped
‘mandibular
implant, 2-segment
fibula flap

Mirrored-shape
‘mandibular
implant, 1-segment
fibula flap.

Components for computer-guided
automation

VSP

Virtual maxillectomy,
vascular structures,
mandible resection,
flap sizing and inset,
orbital reconstruction

Virtual masillectomy,
vascular structures,
mandible resection,
flap sizing and inset

Virtual masillectomy,
vascular structures,
mandible resection,
flap sizing and inset

quides

Maxillary
resection,
mandible
resection,
DCIA
harvest,
fibula
harvest,
DCIA
inset

Maxillary
resection,
mandible
resection,
DCIA
harvest,
fibula
harvest,
DCIA
inset

Maxillary
resection,
mandible
resection,
DCIA
harvest,
fibula
harvest,
DCIA
inset

Occlusion
and TMJ

Virtual wax-
up; T™]
reconstruction
with fossa and
condyle
prosthesis

Virtual wax-up

Virtual wax-up

Surgical
complications

None

Intraoral
dehiscence

Wound
dehiscence

Accuracy (RMSE)

flap

3lmm
(DC1A)
22mm
(fibula)

36mm
(DCIA)
L7mm

(fibula)

29mm
(DCIA)
3mm

(fibula)

Follow up (Tl
opening)

implant  3- 6
month  month

23mm 8mm 35mm

(mandible

implant)

21

(orbital

implant)

33mm 2mm 32mm

(mandible

implant)

L8mm 30mm 28mm

(mandible

implant)
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ID Sex Age Localization Pathology Surgical approach Imaging Virtually Simulated  Major surgical pit-
protocol segmented procedures falls
(with MR structures
sequences)
1 F 88 Pterygo-maxillo-palatine Adenoid cystic Transnasal endoscopic, CT Skeletal and  Virtual Loss of V3 and V2
fossa carcinoma transoral endoscopic, MR 3D-VIBE mucosal layer endoscopy (involved in radical
transmandibular open m Arteries Mandibular resection)
MR 3D-TOF  Veins swing Postoperative
MR Mucosal lining Zygomatic flap  severe limitation of
venography ~ Tumor Maxillary mouth opening
Masticatory ~ antrostomy
muscles
Parotid gland
2 M 43 Middle cranial fossa and Anaplastic Transcranial (neurosurgical), CT Skeletal and  Zygomatic flap CSF leak
infratemporal fossa meningioma transzygomatic, MR 3D-VIBE  mucosal layer Mandibular Meningitis
transmandibular T Arteries swing Macroscopic
MR 3D-TOF  Veins Craniotomy residual neoplasm
MR Mucosal lining
venography ~ Tumor
Masticatory
muscles
3 M 69 Left maxilla with nasal floor ~ Adenoid cystic Transoral with Jager's jugal ~ CT Skeletal and  Virtual Visible scar over the
erosion and extension to the  carcinoma extended incision, MR 3D-VIBE mucosal layer endoscopy cheek
DFC endoscopic exploration T Arteries Maxillectomy
MR 3D-TOF  Veins
MR Mucosal lining
venography ~ Tumor
Masticatory
muscles
4 F 65 Deep lobe of the parotid with  Mucoepidermoid Deep parotidectomy CT Skeletal and  Parotid gland  Facial nerve
extension to the deep carcinoma MR 3D-VIBE mucosal layer removal resection
masticatory space T Arteries
MR 3D-TOF  Parotid gland
MR facial Main trunk of
nerve facial nerve
sequences
5 F 63 Pterygo-maxillo-palatine Adenocarcinoma  Transnasal endoscopic, CcT Skeletal and  Virtual Loss of V2 and V3
fossa, masticatory space Transmandibular open MR 3D-VIBE mucosal layer endoscopy
5| Arteries Mandibular
MR 3D-TOF  Mucosal lining swing
MR Tumor
venography  Masticatory
muscles
6 M 70 Retromandibular trigone Squamocellular Transmandibular open, CT Skeletal and  Virtual Postoperative
invading the masticatory carcinoma endoscopic exploration MR 3D-VIBE mucosal layer endoscopy severe limitation of
space T Arteries Mandibular mouth opening
MR 3D-TOF  Veins swing
MR Mucosal lining
venography  Tumor
Masticatory
muscles
7 M 45 Right posterior maxilla with Squamocellular  Maxillectomy (Weber- CcT Skeletal and  Transfacial None
extension to the deep carcinoma Ferguson approach), MR 3D-VIBE mucosal layer swing, virtual
masticatory space transnasal endoscopic T Arteries endoscopy
MR 38D-TOF  Mucosal lining
Tumor
Masticatory

muscles
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Variable

Age (255)

Nodular goiter

BRA. FVSOBE
Hashimoto’s thyroiditis

TI-RADS (4C/5)

(a) Bold values indicate statistical significance (P<0.05).

OR
0.317791
3.935329
4.04959
1.124409

1.752304

Std. Error

0.6785

1.2365

0.6449

0.7038

0.8284

P value

0.0911
0.2679
0.0301°
0.8677

0.4983
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Variable Group A (N=92) N (%)

Sex N (%) 0.048"
Female 41 (44.6) 47 (31.1)

Male 51 (55.4) 104 (68.9)

Age (mean + SD) 4347 + 12.37 4545 +12.19 0.225
>55 13 (14.3) 43 (28.5) 0.017°
<55 78 (85.7) 108 (71.5)

Thyroid-related drugs 0.714
No 91 (98.9) 147 (97.4)

Yes 1(L1) 4(26)

Hashimoto’s thyroiditis 1
Positive 8(8.7) 12 (7.9)

Negative 84 (91.3) 139 (92.1)

Nodular goiter 0.118
Positive 14 (152) 12 (7.9)

Negative 78 (84.8) 139 (92.1)

Family history 0.988
Positive 1(L1) 3 (2.0)

Negative 91 (98.9) 148 (98.0)

Thyroid function ®

TSH 0.024°
Positive 33 (35.9) 78 (51.7)
Negative 59 (64.1) 73 (48.3)

FT3 0.016 "
Positive 28 (30.4) 71 (47.0)
Negative 64 (69.6) 80 (53.0)

FT4 0.095
Positive 80 (87.0) 142 (94.0)
Negative 12 (13.0) 9 (6.0)

T3 0.417
Positive 43 (46.7) 80 (53.0)
Negative 49 (53.3) 71 (47.0)

T4 0.017*
Positive 82 (89.1) 147 (97.4)
Negative 10 (10.9) 4(26)

TgAb 0232
Positive 27 (29.3) 57 (37.7)
Negative 65 (70.7) 94 (62.3)

TPOAb 0.302
Positive 23 (25.0) 63 (41.7)
Negative 69 (75.0) 88 (58.3)

Characteristics of US ‘

Bilateral 0238
No 30 (32.6) 62 (41.1)
Yes 62 (67.4) 89 (58.9)

Side N (%) 0317
Right 39 (42.4) 79 (52.3)
Left 47 (51.1) 63 (41.7)
Isthmus 6(65) 9 (6.0)

Tumor Size N (%) 0.074
<10 mm 54 (58.7) 108 (72.0)
>10 mm, <20 mm 29 (31.5) 35 (23.3)
>20 mm 9(9.8) 8 (47)

Aspect Ratio N (%) 0331
>1 68 (73.9) 121 (80.1)
<1 24 (26.1) 30 (19.9))

Margin 1
Circumscribed 14 (152) 23 (152)
Indistinct 78 (84.8) 128 (84.8)

Microcalcification 0.073
Negative 25 (272) 59 (39.1)
Positive 67 (72.8) 92 (60.9)

Capsule Involvement 0.186
Negative 73 (79.3) 130 (86.1)
Positive 19 (207) 21 (139)

Internal Vascularity 0388
Negative 13 (14.1) 29 (19.3)
Positive 79 (85.9) 121 (80.7)

TI-RADS 0.042°
4A/4B 18 (19.6) 49 (32.5)
4CI5 74 (80.4) 102 (67.5)

Immunohistochemistry

MC 0.451
Negative 6 (13.0) 14 (20.3)
Positive 40 (87.0) 55 (79.7)

Gal3 0393
Negative 8(9.8) 8(57)
Positive 74 (90.2) 132 (94.3)

TTFI 0.061
Negative 17 (23.9) 15 (124)
Positive 54 (76.1) 106 (87.6)

PO 0245 |
Negative 75 (96.2) 119 (90.8)
Positive 3(38) 12 (92)

Ki67 20.02, <0.02 0.101
Negative 24 (33.3) 58 (46.4)
Positive 48 (66.7) 67 (53.6)

CKHi 0.965
Negative 11 (19.6) 15 (17.9)
Positive 45 (80.4) 69 (82.1)

Gene mutation

BRAFY*" <0.001 *
Wild-type 8 (8.7) 85 (56.3)
Mutant 84 (91.3) 66 (43.7)

TERTSRETAT 0.663
Wild-type 90 (97.8) 150 (99.3)
Mutant 2(22) 1(07)

KRASGRC/GIZVIQGIR 1
Wild-type 91 (98.9) 149 (99.3)
Mutant 1(L1) 2(07)

HRASY'® 1
Wild-type 92 (100) 151 (100)
Mutant 0 0

NRAS®'™® 1
Wild-type 92 (100%) 151 (100%)
Mutant 0 0

CCDC6-RET 1
Wild-type 92 (100%) 151 (100%)
Mutant 0 0

PAX8-PPARG 1
Wild-type 92 (100%) 151 (100%)
Mutant 0 0

EVT6-NTRK3 1
Wild-type 92 (100%) 151 (100%)
Mutant 0 0

(a) Bold values indicate statistical significance (P<0.05). (b) The values of thyroid function were divided into positive and negative. Positive means outside the normal reference value range, and
negative means within the normal reference value range.
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Variables

Marital status
Married
Unmarried
Unknown

Age (years)
<55
255, <65
265, <75
275

Sex
Male
Female

Race
White
Black
Others

Primary site
Upper lobe
Middle lobe
Lower lobe

Laterality
Left
Right

Differentiation
Well
Moderately
Poorly
No

Tumor size (mm)
<10
>10, £20
>20, <30

T1 verified by pathology
Yes
No

NO verified by pathology
Yes
No

Cause of dead

Lung cancer

Chronic pulmonary disease

Diseases of heart

Others

First malignant primary indicator

Yes
No

Segmentectomy (N = 254)

122 (48.0%)
113 (44.5%)
19 (7.5%)

2 (0.8%)
36 (14.2%)
116 (45.7%)
100 (39.4%)

107 (42.1%)
147 (57.9%)

219 (86.2%)
30 (11.8%)
5 (2.0%)

148 (58.3%)
5 (2.0%)
101 (39.8%)

134 (52.8%)
120 (47.2%)

8 (3.1%)
153 (60.2%)
93 (36.6%)

0 (0%)

36 (14.2%)
139 (54.7%)
79 (31.1%)

249 (98.0%)
5 (2.0%)

186 (73.2%)
68 (26.8%)

65 (25.6%)
24 (9.4%)
16 (6.3%)
36 (14.2%)

153 (60.2%)
101 (39.8%)

‘Wedge resection (N = 1,085)

582 (53.6%)
453 (41.8%)
50 (4.6%)

23 (2.1%)
166 (15.3%)
481 (44.3%)
415 (38.2%)

578 (53.3%)
507 (46.7%)

972 (89.6%)
74 (6.8%)
39 (3.6%)

694 (64.0%)
38 (3.5%)
353 (32.5%)

488 (45.0%)
597 (55.0%)

37 (3.4%)
604 (55.7%)
436 (40.2%)

8(0.7%)

216 (19.9%)
615 (56.7%)
254 (23.4%)

1,073 (98.9%)
12 (1.1%)

544 (50.1%)
541 (49.9%)

300 (27.6%)
69 (6.4%)
70 (6.5%)

180 (16.6%)

581 (53.5%)
504 (46.5%)

Lobectomy (N = 2,977)

1,641 (55.1%)
1,193 (40.1%)
143 (4.8%)

119 (4.0%)
614 (20.6%)
1,385 (46.5%)
859 (28.9%)

1,642 (55.2%)
1,335 (44.8%)

2,648 (8.9%)
233 (7.8%)
96 (3.2%)

1,082 (60.5%)
145 (4.9%)
1,030 (34.6%)

1,267 (42.6%)
1,710 (57.4%)

110 (3.7%)
1,614 (54.2%)
1,244 (41.8%)

9 (0.3%)

245 (8.2%)
1,429 (48.0%)
1,303 (43.8%)

2,932 (98.5%)
45 (1.5%)

2,797 (94.0%)
180 (6.0%)

562 (18.9%)
141 (4.7%)
173 (5.8%)
416 (14.0%)

2,052 (68.9%)
925 (31.1%)

p-value

0.114

<0.001

<0.001

0.074

0.016

0.005

0.191

<0.001

0.481

<0.001

0.093

<0.001
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TNM, TNM-stage; T, T-stage; FIB, fibrinogen; TRFA, fibrinogen/albumin; GGT, gamma-
glutamyl transpeptidase; FER, ferritin; CA125, carbohydrate antigen 125; LNM, lymph node
metastasis; N, N-stage; WBC, white blood cell count; RLN, regional lymph node; NI, nerve
invasion; MPV, mean platelet volume; ALP, alkaline phosphatase.
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95%Cl

Factor
Low

TNM 0.780 ‘ 0.000 0.696 0.865
CA199 0.759 0.000 0.674 0.844
GGT 0.734 ‘ 0.000 0.645 0.823
LNM | 0.722 0.000 0.634 0.809
T 0.719 ‘ 0.000 0.631 0.808
FIB 0.710 0.000 0.616 0.804
TRFA 0.706 0.000 0.612 0.800
N 0.706 0.000 0.614 0.797
FER 0.685 0.000 0.592 0.777
ALP 0.658 0.001 0.565 0.751
CAI125 0.650 0.002 0.556 0.745
PCT 0.636 0.006 0.539 0.733
Neutrophil 0.629 0.009 0.532 0.727
NI 0.599 0.046 0.502 0.697
Site 0.598 ‘ 0.051 0.500 0.696
VI 0.596 0.055 0.498 0.693
Size 0.594 0.067 0.493 | 0.694
AST 0.586 0.087 0.488 0.684
Scope of surgery 0.564 0.211 0.464 0.663
DBIL 0.559 0.244 0.460 0.658
TBA 0.555 0.284 0.455 0.655
TBIL 0.553 0.295 0.454 0.652
PVI, HAI 0.547 0.360 0.447 0.647

TNM, TNM-stage; CA199, carbohydrate antigen 199; GGT, gamma-glutamyl transpeptidase;
LNM, lymph node metastasis; T, T-stage; FIB, fibrinogen; TRFA, fibrinogen/albumin; N, N-
stage; FER, ferritin; ALP, alkaline phosphatase; CA125, carbohydrate antigen 125; PCT,
thrombocytocrit; NI, nerve invasion; VI, vascular invasion; AST, glutamic oxalacetic
transaminase; DBIL, direct bilirubin; TBA, total bile acid; TBIL, total bilirubin; PVI, portal
vein invasion; HAL hepatic artery invasion.
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Characteristics N[C)) P(95%(Cl))
Gender
Male 40 (0.3278)
0.599 (—0.234 - 0.135)
Female 82 (0.6721)
Age
> 64 67 (0.5492)
0.567 (=0.124 - 0.225)
< 64 55 (0.4508)

Scope of surgery

Normal 111 (0.9008)
0.000 (0.345 - 0.527)
Expansion 8 (0.0655)
Postoperative chemotherapy
Routine chemotherapy 35 (0.2869)
0.399 (—0.406 - 0.088)
post-recurrence chemotherapy 87 (0.7131)
Tumor location
Neck 31 (0.2541)
| 0.009 (-0.423 - —0.063)
Body 91 (0.7459)
Tumor size
>3 70 (0.5738)
0.022 (-0.375 - —0.03)
<3 52 (0.4262)
Differentiation
Low 27 (0.2213)
0.388 (—0.296 - 0.117)
High 95 (0.7787)
PVI, HAI
Yes 6 (0.0492)
0.000 (—0.528 - —0.348)
No 116 (0.9508)
-
T3+T4 45 (0.3689)
0.000 (-0.61 - —0.324)
T1+T2 77 (0.6311)
N
N1+N2 49 (0.4016)
0.000 (-0.562 - —0.252)
NO 73 (0.5984)
M
M1 7 (0.0574)
0.096 (—0.639 - 0.065)
MO 115 (0.9426)
TNM
HI+IV 71 (0.5820)
' 0.000 (-0.699 - —0.402)
I+11 51 (0.4180)
LNM
Metastasis 54 (0.4426) 0.000 (-0.562 - —0.252)
Normal 68 (0.5574)
RLN count
>5 73 (0.5984)
0.108 (—0.322 - 0.032)
<5 49 (0.4016)
Vascular invasion
Yes 23 (0.1885)
0.002 (-0.49 - -0.119)
No 99 (0.8115)
Nerve invasion
Yes 25 (0.2049)
0.002 (-0.473 - -0.107)
No 97 (0.7951)

PVI, portal vein invasion; HAI, hepatic artery invasion; T, T-stage; N, N-stage; M, M-stage;
TNM, TNM-stage; LNM, lymph node metastasis; RLN, regional lymph node.
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Datasets Auc SEN SPE Accuracy PPV NPV
Training (n = 165) 0.871 0.767 0.837 0.806 0.789 0.819
Testing (n = 72) 0.800 0.688 0.800 0.750 0.733 0.762

AUC, area under curve; SEN, sensitivity; SPE, specificity; PPV, positive predictive value; NPV, negative predictive value.
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Variables

Univariable analysis

OR (95% CI)

Multivariable analysis

OR (95% CI)

Gender
Male vs. female 1.62 (0.58-4.54) 0.357
Age (years)
>55vs. <55 1.29 (0.65-2.58) 0.463
BMI (kg/m?)
<185vs. > 185 2.96 (0.35-25.21) 0.285
Etiology of hepatitis
HBV vs. none/others 1.14 (0.53-2.46) 0.741
Cirrhosis status
Present vs. absent 1.02 (0.54-1.95) 0.949
ALT (IU/L)
>42vs. <42 1.59 (0.83-3.04) 0.165
AST (IU/L)
>42vs. <42 2.30 (1.20-4.43) 0.013 1.69 (0.82-3.48) 0.153
Platelet (x109/L)
<125 vs.> 125 243 (1.26-4.73) 0.008 250 (1.22-5.17) 0.013
Child-Pugh grade
Bvs. A 1.45 (0.13-16.33) 0.764
ALBI score
Grade 2/3 vs. Grade 1 [ 3.65 (1.73-7.68) 0.001 3.20 (1.46-7.00) 0.004
ICG-R15 test
> 10% vs. < 10% 7.84 (2.57-23.92) <0.001 4.87 (1.5-16.02) 0.009
Tumor size (cm)
<5v8.>5 1.18 (0.62-2.25) 0.619
Resection extent 7
Major vs. minor 1.27 (0.63-2.55) 0.507
Laparoscopic operation
Yes vs. no 1.06 (0.42-2.47) 0.903
Intraoperative blood loss (ml)
> 400 vs. < 400 1.37 (0.63-2.96) 0.421
Liver resection time (min)
> 60 vs. < 60 1.4 (0.61-3.44) 0.407
MELD score
>9vs. <9 1.30 (0.38-4.44) 0.671

ALBI score, albumin-bilirubin score; ALT, alanine transaminase; AST, aspartate transaminase; BMI, body mass index; CI, confidence interval; HBV, hepatitis B virus; ICG-R15, indocyanine

green retention rate at 15 min; MELD score, Model for End-Stage Liver Disease score; OR, odds ratio.
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Variables Training cohort, No. (%) Test cohort, No. (%)

PHLF (-) PHLF (+) (n=50) PHLF (-) PHLF (+)
(n=144) (n=67) (n=15)

Gender 0.489 0.202 1.000
Female 38(13.8) 22 (15.3) 5(10.0) 11 (16.4) 0(0.0)
Male 238 (86.2) 122 (84.7) 45 (90.0) 56 (83.6) 15 (100.0)

Age (years) 0.578 0.194 0.566
<55 197 (71.4) 103 (71.5) 33 (66.0) 52 (77.6) 9 (60.0)
>55 79 (28.6) 41 (28.5) 17 (34.0) 15 (22.4) 6 (40.0)

BMI (kg/rnz) 0.274 0.334 1.000
<185 6(2.17) | 2(1.39) 2(4.0) V 1(15) 1(6.67) |
> 1838 270 (97.8) 142 (98.6) 48 (96.0) 66 (98.5) 14 (933)

Etiology of hepatitis 0.891 0.503 0.872
HBV 212 (76.8) 109 (75.7) 39 (78.0) 51 (76.1) 13 (86.7)
None/others 64(232) 35 (24.3) 11 (22.0) 16 (23.9) 2(133)

Cirrhosis status » 1.000 0.641 0.817
Present 146 (52.9) 77 (53.5) 27 (54.0) 33 (49.3) 9 (60.0)
Absent 130 (47.1) 67 (46.5) 23 (46.0) 34 (50.7) 6 (40.0)

ALT (IU/L) 0.220 0.087 0.147
<42 158 (57.2) 91 (63.2) 26 (52.0) 37 (55.2) 4(267)
>42 118 (42.8) 53 (36.8) 24 (48.0) 30 (44.8) 11 (73.3)

AST (IU/L) ‘ 0.018 0.955 1.000
<42 158 (57.2) 90 (62.5) 21 (42.0) I 39 (58.2) 8(53.3)
>42 ‘ 118 (42.8) 54 (37.5) 29 (58.0) 28 (41.8) 7 (46.7)

Platelet (x10°/L) 0.013 0.475 1.000
<125 96 (34.8) 42 (29.2) 25 (50.0) 22 (32.8) 7 (46.7)
> 125 180 (65.2) 102 (70.8) 25 (50.0) 45 (67.2) 8(53.3)

Child-Pugh grade 1.000 0.183 1.000
A 272 (98.6) 142 (98.6) 49 (98.0) 67 (100.0) 14 (93.3)
B 4 (1.45) 2 (1.39) 1(2.0) 0 (0.0) 1(67)

ALBI score 0.001 0.003 0.282
Grade 1 126 (45.7) 73 (50.7) 11 (22.0) I 40 (59.7) 2(133)
Grade 2/3 150 (54.3) 71 (49.3) 39 (78.0) 27 (40.3) 13 (86.7)

ICG-R15 test <0.001 1.000 0.986
< 10% 254 (92.0) 139 (96.5) 39 (78.0) 62 (92.5) 14 (93.3)
> 10% 22 (7.97) 5 (3.47) 11 (22.0) 5 (7.46) 1(6.67)

Tumor size (cm) 0.739 0.602 0.410
<5 130 (47.1) 69 (47.9) 26 (52.0) 30 (44.8) 5(333)
>5 146 (52.9) 75 (52.1) 24 (48.0) 37 (55.2) 10 (66.7)

Resection extent 0.629 » 1.000 0.832
Minor 196 (71.0) 105 (72.9) 34 (68.0) 46 (68.7) 11 (73.3)
Major 80 (29.0) 39 (27.1) 16 (32.0) 21 (31.3) 4(267)

Laparoscopic operation 1.000 0.218 1.000
Yes 42 (15.2) 22 (15.3) 8 (16.0) 8 (11.9) 4(267)
No 234 (84.8) 122 (84.7) 42 (84.0) 59 (88.1) 11 (73.3)

Intraoperative blood loss (ml) 0.553 0.459 0.857
<400 222 (80.4) [ 117 (81.2) 38 (76.0) | 56 (83.6) 11 (73.3)
> 400 54 (19.6) 27 (18.8) 12 (24.0) 11 (16.4) 4 (26.7)

Liver resection time (min) 0.549 1.000 0.071
<60 227 (82.3) 125 (86.8) 41 (82.0) 50 (75.8) 12 (75.0)
> 60 49 (17.7) 19 (13.2) 9 (18.0) 16 (24.2) 4(25.0)

MELD score 0.744 0.151 0.763
<9 259 (93.8) 135 (93.8) 46 (92.0) 65 (97.0) 13 (86.7)
>9 17 (6.16) 9 (6.25) 4(8.0) 2(3.0) 2(13.3)

ALBI score, albumin-bilirubin score; ALT, alanine transaminase; AST, aspartate transaminase; BMI, body mass index; HBV, hepatitis B virus; ICG-R15, indocyanine green retention rate at
15 min; MELD score, Model for End-Stage Liver Disease score; PHLE, post-hepatectomy liver failure.
“Between training and test cohorts. Data are expressed as n (%).
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Pairs P AUC  Optional cut-off value  Standard deviation ~ Asymptotic P-value  Asymptotic 95% Confidence interval

Lower limit Upper limit
MIAvs. IAG <0001 0851 55 0.030 <0.001 0792 0909
AAH/AIS vs. MIVIAG  <0.001  0.787 65 0.030 <0.001 0.729 0.846
AAH/AISMIAvs. IAC <0001 0.872 55 0.023 <0.001 0.828 0916

AAH, atypical adenomatous hyperplasia;

IS, adenocarcinoma in situ; MIA, minimally invasive adenocarcinoma; IAC, invasive adenocarcinoma.





OPS/images/fsurg-08-736737/fsurg-08-736737-t004.jpg
Characteristics

Pathological subtype
Pre-cellular (AAH/AIS)
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Lymph node metastasis
Yes

No

Maximum diameter
Lesion location
Right upper lobe
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Left upper lobe

Loft lower lobe
Density

PGGO

mGGO

SN

Shape

Round

Irtegular
Tumor-lung interface
Clear

Unclear

Lobulation

Yes

No

Spiculation

Yes

No

Bubblelike lucency
Yes

No

Air bronchogram
Yes

No

Vascular sign

Yes

No

Pleural traction
Yes

No

Training cohort

(=92

33(28.79)
35 (26.52)
19 (14.39)
1(0.76)
15(11.36)
2(1.62)
0
1(0.76)

0
92 (69.70)

7.20 +£4.30

34(25.76)
6(4.55)
20(15.15)
23(17.42)
9(6.82)

51(38.64)
36 (27.27)
5(3.79)

70 (53.03)
22(16.67)

47 (35.61)
45 (34.09)

58 (43.94)
34(25.76)

35(26.52)
57 (43.18)

35(26.52)
57 (43.18)

33(25.00)
59 (44.70)

72 (54.55)
20(15.15)

32(24.24)
60 (45.45)

Negative Ki-67 expression group (n = 132)

Testing cohort

(n =40)

19 (14.39)
11(8.33)
10 (7.58)
4(3.03)
4(3.03)
1(0.76)

0

1(0.76)

o
40(30.30)

8.63+5.12

12 (9.09)
0

11 (8.33)

9(6:82)

8(6.06)

21 (15.91)
15(11.36)
4(3.09)

30 (22.79)
10 (7.58)

19 (14.39)
21 (15.91)

26 (19.70)
14 (10.61)

14 (10.61)
26 (19.70)

16 (12.12)
24 (18.18)

18 (0.85)
27 (20.45)

33 (25.00)
7 (5.30)

11(8.33)
29 (2197)

Total

57 (43.18)
46 (34.85)
29(21.97)
5(3.79)
19(14.39)
3(27)
0
2(152)

0

132 (100.00)
7.63+ 4.59

46 (34.85)
6(4.55)
31 (28.48)
32 (24.24)
17 (12.88)

72 (54.56)
51(38.64)
9(6:82)

100 (75.76)
32 (24.24)

66 (50.00)
66 (50.00)

84 (63.64)
48 (36.36)

49(37.12)
83 (62.89)

51 (38.64)
81(61.36)

46 (34.85)
86 (65.15)

105 (79.55)
27 (20.45)

43(32.58)
89 (67.42)

Training cohort

=13

4381
7(667)
62 (59.05)
11(10.48)
39 (37.14)
7(667)
2(1.90)
3(2.86)

10(9.52)
63 (60.00)

14.34 +5.82

24 (22.86)
1(0.95)
16 (15.24)
17 (16.19)
15 (14.29)

8(7.62)
38(36.19)
27 (25.71)

30 (28.57)
43 (40.95)

44 (41.90)
29(27.62)

69 (65.71)
4381

56 (53.33)
17 (16.19)

22(20.95)
51(48.57)

54 (61.43)
19 (18.10)

72 (68.57)
1(0.95)

48 (45.71)
25 (23.81)

Positive Ki-67 expression group (n = 105)

Testing cohort

(=32

3(2.86)
3(2.86)
26 (24.76)
1(0.95)
19 (18.10)
3(2.86)
1(0.95)
2(1.90)

4(381)
28(26.67)

16.19 + 6.42

12(11.43)
2(1.90)
7(667)
9(857)
2(1.90)

1(0.95)
20(19.06)
11(10.48)

10(9.52)
22(2095)

17 (16.19)
15 (14.29)

30 (28.57)
2(1.90)

26(24.76)
6(5.71)

13 (12.38)
19 (18.10)

23(21.90)
9(857)

30 (28.57)
2(1.90)

20 (19.05)
12(11.49)

Total

7(667)
10(9.52)
83(83.81)
12(11.43)
58(55.24)
10(9.52)
3(2.86)
5(4.76)

14(13.33)
91(86.67)
14.60 +5.99

36(34.29)
3(2.86)
23(21.90)
26 (24.76)
17 (16.19)

9(857)
58(55.24)
38(36.19)

40 (38.10)
65 (61.90)

61(58.10)
44 (41.90)

99 (94.29)
6(6.71)

82 (78.10)
23(21.90)

35(33.33)
70 (66.67)

77(73.33)
28 (26.67)

102 (97.14)
3(2.86)

68 (64.76)
37 (35.24)

<0.001

<0.001

<0.001
0.923

<0.001

<0.001

0.239

<0.001

<0.001

0.418

<0.001

<0.001

<0.001

PGGO, pure ground-glass opacity; MGGO, mixed ground.-glass opacity; SN, solid nodle; AAH, atypical adenomatous hyperplasia; AIS, adenocarcinoma i situ; MIA, minimally invasive
adenocarcinoma; IAC, invasive adenocarcinoma; LPA, lepicic-predominant adenocarcinoma; APA, acinar-predominant adenocarcinome; PPA, papillary-predominant adenocarcinoma;
MPA, micropapilary-predominant adenocarcinoma; SPA, solid-predominant adenocarcinoma.
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Univariate analysis

Multivariate analysis

95%C| P-value 95%Cl P-value
Sex. Female Reference
Male 1033 [0.693, 1.541] 0873
Age <65 Reference Reference
265 416 [2.290, 7.555] <0.001 3.665 [1.44,10.434] 0.010
BMI <25 kgym® Reference
225 kg/m® 124 [0.834, 1.843] 0288
ASA <3 Reference
>3 1.049 [0.707, 1.556] 0811
Drinking history No Reference
Yes 115 [0.773, 1.711] 0490
Smoking history No Reference
Yes 1029 [0.694, 1.524] 0888
Surgical history No Reference
Yes 1.051 [0.704, 1.568] 0808
Anemia No Reference
Yes 1.044 [0.705, 1.548] 0828
Rectal stenosis No Reference Reference
Yes 23101 [14.240, 37.477] <0.001 17.29 (8.201,39.173] <0.001
Hyperlipidemia No Reference
Yes 1.347 0.906, 2.003] 0141
Hypertensive No Reference Reference
Yes 4757 [3.121,7.251] <0001 4541 [2.188,9.783] <0.001
Diabetes No Reference Reference
Yes 3.858 [2.435, 6.114] <0.001 4316 [2.004,9.885] <0.001
Coronary heart disease No Reference
Yes 0.954 [0.644, 1.414] 0816
T-category TI~T2 Reference
T3~T4 1.069 [0.717, 1.595] 0744
N-category No Reference
NI~N2 0.921 [0.613, 1.384] 0692
Tumor size <5cm Reference
25cm 0.725 [0.479, 1.099] 0130
Tumour recurrence No Reference Reference
Yes 305 [1.573, 5.911] 0001 1302 [0.412,3.997] 0.647
Distance from dentate line 25 cm Reference Reference
<5cm 52999 [31.188, 90.063] <0.001 3479 [16.223,80.558] <0.001
Adjuvant Radiotherapy No Reference Reference
Yes 2817 [1.797, 4.417) <0.001 2652 [1.251,5.865] 0.013
Adjuvant Chemotherapy No Reference Reference
Yes 12084 (7.206, 20.266] <0001 8816 [4.073,20.545] <0.001
Albumin <30g/L Reference
230g/L 073 [0.490, 1.088] 0122
CEA level <5 ng/ml Reference
25 ng/ml 093 [0.627, 1.378] 0716
CA199 level <37 Uiml Reference
237 Uiml 0.843 [0.569, 1.250] 0395
NRS2002 score <3 Reference
>3 0714 [0.456, 1.119] 0142

OR, odds ratio; Cl, confidence interval; BMI, body mass index: ASA, The American Society of
NRS2002, nutrition risk screening 2002.

carbiohvdrate antiosn 104

ALB, albumin; CEA,

nic antigen; CA19-9,
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Longitudinal diameter of tumor (mm)
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Tumor margin
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Tumor CDFI
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Absence of lymph node hilum

No or not described
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Pathological features

Histology
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Lobular

Others
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Proliferation index (Ki-67)

<14%
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Her-2 overexpression
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Lymphovascular invasion
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SBR stage

|
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51 (53.1%)
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146(58)
1.7 05)

8(8.3%)
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0.8(0.1)
11(7.9)
6.1(4)
16(09)

17 (17.7%)
18 (18.8%)

59 (61.5%)
2(2.1%)

82(85.4%)
14 (14.6%)

92 (95.8%)
3(3.1%)
1(1.1%)

16 (16.7%)
80 (83.3%)

31(32.3%)
65(67.7%)

19(19.8%)
77 (80.2%)

71(74.0%)
25 (26.0%)

61(63.5%)
35(36.5%)

2(2.1%)
48 (50.0%)
46 (47.9%)

39 (40.6%)
54(56.2%)
3(8.1%)
5@28)
27(18)
06(0.9)

Non-Metastasis (n = 119)
55.7(11.7)

50 (49.6%)
25 (21.0%)
25(21.0%)

10 (8.4%)

215(9.1)
14.4(5.9)
1.5(05)

7(5.9%)
112(94.1%)
0.8(0.1)
95(7.1)
1938)
15(1)

32 (26.9%)

37(31.1%)

49 (41.2%)
1(08%)

113 (95.0%)
6(5.0%)

116 (97.5%)
3(25%)
0(0%)

21(17.6%)
98 (82.4%)

32(26.9%)
87 (73.1%)

24(202%)
95 (79.8%)

90 (75.6%)
29 (24.4%)

100 (84.0%)
19 (16.0%)

1(0.8%)
72(60.5%)
46(38.7%)

63 (52.9%)
54 (45.4%)
2(1.7%)
54(36)
1.7 (1)
0.4(03)

all (n = 215)
56(11.9)

110 (51.2%)
43 (20.0%)
40 (18.6%)
22(10.29%)

224(9.7)
145 (5.9)
16(05)

15 (7.0%)
200 (93.0%)
08(0.1)
102 (7.1)
55(4)
15(1)

49 (22.8%)

55 (25.6%)

108 (50.2%)
3(1.4%)

195 (90.7%)
20(9.3%)

208 (96.7%)
6(2.8%)
1(0.5%)

37 (17.2%)
178 (82.8%)

63 (29.3%)
152 (70.7%)

43(20.0%)
172 (80.0%)

161 (74.9%)
54(25.1%)

161 (74.9%)
54(25.1%)

3(1.4%)
120 (55.8%)
92 (42.8%)

102 (47.4%)
108 (60.2%)
5(2.3%)
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21(15)
05(03)

P-value

0.703

0.68

0.116
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0.666

0.593

0.16

0.024

0923

0.018
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0516

0.994

0.475

0.902

0.001

0.259

0.18
0.728
0
0

U0Q, Upper-outer quadrant; LOQ, Lower-outer quadrant; UIQ, Upper-inner quadrant; LIQ, Lower-inner quadrant; CDFI, color Doppler flow imaging; SBR grade, Scarff-Bloom-

Richardson grade; SLNs, sentinel lymph nodes.
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Authors Year  Age(y)  Gender Location in the pancreas Surgical treatment Association with
neurofibromatosis type 1

Moletta et al. (14) 2015 25 Male Head Pancreaticoduode-nectomy  Suspicious

Tsai et al. ) 2012 a4 Female Body Distal pancreatectomy No

imai et al. (15) 1989 57 Male Uncinate process Pancreaticoduode-nectomy  No

Kato et al. (16) 1982 51 Male ror vt Gk No





