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Radiotherapy remains an important treatment modality in nearly two thirds of all cancers, including the primary curative or palliative treatment of breast cancer. Unfortunately, largely due to tumor heterogeneity, tumor radiotherapy response rates can vary significantly, even between patients diagnosed with the same tumor type. Although in recent years significant technological advances have been made in the way radiation can be precisely delivered to tumors, it is proving more difficult to personalize radiotherapy regimens based on cancer biology. Biomarkers that provide prognostic or predictive information regarding a tumor's intrinsic radiosensitivity or its response to treatment could prove valuable in helping to personalize radiation dosing, enabling clinicians to make decisions between different treatment options whilst avoiding radiation-induced toxicity in patients unlikely to gain therapeutic benefit. Studies have investigated numerous ways in which both patient and tumor radiosensitivities can be assessed. Tumor molecular profiling has been used to develop radiosensitivity gene signatures, while the assessment of specific intracellular or secreted proteins, including circulating tumor cells, exosomes and DNA, has been performed to identify prognostic or predictive biomarkers of radiation response. Finally, the investigation of biomarkers related to radiation-induced toxicity could provide another means by which radiotherapy could become personalized. In this review, we discuss studies that have used these methods to identify or develop prognostic/predictive signatures of radiosensitivity, and how such assays could be used in the future as a means of providing personalized radiotherapy.

Keywords: biomarkers of radiosensitivity, breast cancer, precision medicine, molecular signatures of radiosensitivity, biomarkers of radiation-induced toxicity


RADIOTHERAPY IN BREAST CANCER TREATMENT

In 2018 it was estimated that ~18 million new cancer cases and 10 million cancer-related deaths occurred worldwide (1). If current trends in global population growth continue, combined with the effects of an aging population, these figures are predicted to increase to 20 million new cases and 13 million deaths per year by 2030 (2). Breast cancer (BC) is the most common female cancer, with ~2 million new cases and 0.7 million cancer-related deaths occurring per year (1). Despite the multitude of advances made in both the surgical and systemic treatment of cancer patients, radiotherapy (RT) has a key role in the management of nearly two thirds of all cancers (3).

RT is commonly given to BC patients after surgery. These adjuvant RT treatment plans typically involve the delivery of radiation to the tumor in multiple fractions over a period of several weeks. The most common adjuvant RT fractionation regimen following breast-conserving surgery is 25 fractions of 2 Gy over a 5 week period, or hypofractionated regimens consisting of a total of 40 Gy delivered in 15 fractions over 3 weeks (4). An external beam boost to the tumor bed can also be employed following whole-breast RT or integrated simultaneously with whole-breast irradiation (5) for invasive BCs which have a high risk of local recurrence. This boost procedure typically involves either 10 Gy in 5 fractions or 16 Gy in 8 fractions (6, 7), both delivered over the course of 1 week, or a radiobiologically equivalent dose such as 12 Gy in 4 fractions (8). Local recurrences occur most commonly at the original site of the primary tumor due to remaining microscopic tumor cells left following surgery; the objective of adjuvant and boost RT is to eradicate these tumor cells (7, 9). Accelerated partial breast irradiation (APBI) can be considered as an alternative treatment approach to conventional external beam RT or exclusive hormonal therapy which may be particularly useful for patients with a low-risk of local tumor recurrence or for elderly patients. APBI allows the delivery of higher radiation doses in the area of the tumor bed whilst reducing the dose received by normal breast tissue and adjacent organs at risk. Shorter treatment times and acceptable acute toxicity rates can improve patient quality of life whilst also reducing the total cost of treatment (10–14). Linear accelerators are the most commonly used devices for delivering external beam radiation to patients. In recent years, these machines have undergone significant technology-driven improvements that have culminated in the generation of modern radiation-delivery techniques such as intensity-modulated RT and image-guided RT approaches, which are designed to allow highly conformal and precise distribution of radiation to the tumor. Radiation delivery methods such as “dose painting by numbers” or sculpturing are becoming achievable through the use of these machines, meaning that identified subvolumes can be targeted specifically, limiting the radiation dose received by the nearby normal tissues (15). Although these current radiation planning techniques are largely based on advanced imaging to identify the gross tumor volume, the identification of a biological target volume based on the underlying tumor biology could lead to the development of a more personalized radiation treatment plan.

Of patients diagnosed with BC in England between 2013 and 2014, 63% received curative or palliative RT as part of their primary treatment (16). The Oxford overview shows that adjuvant RT halves the 10-year first risk of recurrence (most of which are local breast recurrences) after breast-conserving surgery and systemic therapy in all risk categories (9) and improves survival in lymph node positive patients receiving adjuvant systemic therapy (17). Studies have suggested that RT can benefit up to 83% of BC patients (18) and that breast-conserving surgery followed by whole-breast RT can provide local control and survival rates equivalent to mastectomy (19–21). These results, combined with the advantages of improved cosmetic outcomes and reduced side effects, have made the incorporation of RT into BC treatment standard practice for a large proportion of patients. Unfortunately, not all BC patients gain therapeutic benefit from RT. Although overall 5-year survival rates after RT are ~80%, it is estimated that 30% of these patients will develop local recurrences or metastatic disease, the majority of whom will die within 5 years (22). Additionally, others in the neoadjuvant and palliative settings may only experience an initial partial response or may not respond at all. Side effects, which can affect a patient's quality of life, can also occur with RT.

A variety of imaging approaches for measuring tumor response to RT during or after treatment have been developed; these typically analyse how often and by how much a tumor shrinks anatomically. The RECIST (Response Evaluation Criteria in Solid Tumors) criteria have been widely adopted and are commonly used in oncology clinical trials. This categorizes the tumor response into complete (disappearance of tumor lesions for at least 4 weeks), partial (tumor diameter reduction of at least 30% for at least 4 weeks), stable (neither progressive disease nor partial response) or progressive (tumor diameter increase of at least 20%). Imaging techniques used to measure these changes in tumor size include X-ray, X-ray computed tomography, magnetic resonance imaging and positron emission tomography (23). However, as many of these techniques measure changes in tumor size alone to assess response to treatment, they ignore the underlying biology that drives the response to radiation. Additionally, analyzing changes in tumor size is a measurable clinical outcome that is seen only towards the end or after the treatment has finished, with patients who fail to respond to treatment initially going undetected. This delay may contribute to tumor progression, impact long-term survival and ultimately delay the initiation of an alternative treatment strategy. Non-responding patients will also be at risk of developing RT-induced side effects for no therapeutic gain. Despite the significant evidence that RT can benefit BC patients as a whole, there are still no clinically validated biomarkers that can be used to predict whether neoadjuvant/adjuvant RT will improve outcomes for individual patients.



PRECISION MEDICINE, PROGNOSTIC AND PREDICTIVE BIOMARKERS

Precision medicine is defined as the incorporation of disease biomarkers, molecular signatures and phenotypes in combination with patient lifestyle and environment into the prevention, investigation and treatment of diseases (24). Using these criteria, patients can be classified into cohorts according to differences in disease susceptibility, prognosis and likely treatment response rates. To improve clinical outcomes, this type of information can be used to select patients that may require more aggressive treatments and those that are most likely to benefit from specific treatments (25). Genomic instability is a key feature of cancer that is characterized by genetic and epigenetic heterogeneity (26–28); it is therefore not surprising that patients diagnosed with the same cancer type vary in prognosis and in their responses to treatment. As we improve our understanding of the fundamental processes that control carcinogenesis and pathogenesis, precision medicine will become more and more important in the management of cancer patients. An era of personalized cancer medicine, in which biomarkers can be used to tailor treatment to each specific patient, is a major goal in oncology.

Biomarkers can be defined as characteristics which can be evaluated and measured as indicators of normal biological processes, pathogenesis or response to therapy (29). Cancer biomarkers may be diagnostic, prognostic, predictive, or used to monitor treatment responses. Prognostic biomarkers provide information about a patient's overall cancer outcome, irrespective of therapy. They can identify high-risk patients who may benefit from more aggressive treatments but provide no information on which patients will most likely derive a clinical benefit from a specific therapy. Conversely, predictive biomarkers can indicate the probability of a patient gaining a therapeutic benefit from a specific treatment (30–32). These fundamental prognostic and predictive biomarker concepts have been integrated into the precision medicine initiative.

BC radiomics, an emerging field in precision medicine, is the process of extracting quantitative information from medical images to influence patient treatment. This concept assumes that extracted imaging data are the result of biological processes occurring at a genetic and molecular level, and are therefore associated with the genotypic and phenotypic characteristics of the tumor (33). Radiomic features have been correlated with BC clinical data including stage, lymph node involvement and hormone receptor status (34), and also have the ability to discriminate between malignant and benign lesions (35). While radiomics has the potential to contribute to BC precision medicine in the future, BC molecular classification systems based on microarray gene expression analysis are currently being used clinically. These classification systems have identified several intrinsic BC molecular subtypes which have been shown to differ in treatment responses and predict disease-free survival and overall survival (36–39). Unfortunately, microarray analysis or genome sequencing for individual patients is cost-prohibitive for routine clinical use. To overcome this issue, studies have investigated the potential utility of using smaller gene sets to stratify BC patients, providing prognostic and/or predictive information which can be employed by clinicians to guide the use of adjuvant chemotherapy or endocrine therapy (40). These clinically-available tests include the breast cancer index (41), Endopredict (42), the Oncotype DX 21-gene recurrence score (43), the BreastOncPx 14-gene distant metastasis signature (44), and the MammaPrint 70-gene prognosis signature (45). Finally, a 50-gene signature called PAM50 (now commercialized under the name Prosigna) has improved the ability to predict recurrence of estrogen receptor+/lymph node− BC patients compared to models using only clinical variables (46, 47). Although these clinically validated genetic tests have made significant changes in the way patients are selected for receiving chemotherapy or endocrine therapy, RT treatment plans still rely upon historically standardized, one-size-fits-all therapeutic approaches.

A move toward more personalized RT treatment, tailored to individual risk and tumor biology, would help improve patient outcomes (48). Many factors are known to influence a tumor's response to irradiation, including total dose, fractionation, tumor doubling time, hypoxia and intrinsic radiosensitivity. If RT is to become part of the precision medicine initiative, we need to identify clinically-validated biomarkers that can predict response to RT before starting treatment or biomarkers that can help clinicians assess a tumor's response to RT during treatment (49). Currently there are no sufficiently validated biomarkers of radiosensitivity for routine application in the clinic (49). These assays/biomarkers might allow the tailoring of radiation dose regimens to individual patients based on tumor biology or the prediction of the risk of localized tissue toxicity. Patients unlikely to benefit from RT could be spared radiation-induced toxicities and associated co-morbidities, whilst allowing more effective therapies to be instigated at an earlier stage of the treatment process (Figure 1). As discussed above, molecular signatures have been developed that enable clinicians to more individually tailor systemic therapies for patients with BC. Slower progress is being made to develop tools to predict RT response; in part this is due to radiation oncology vendors not having the financial capacity to support genomic-orientated collaborations with radiation oncology investigators (50). Nonetheless, much work has been performed to try and develop such biomarkers. The aim of this review is to highlight recent developments in this exciting yet under-researched field.
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FIGURE 1. Precision medicine and radiotherapy. Patients could be stratified into different cohorts based on predicted intrinsic radiosensitivity and risk of toxicity. On-treatment monitoring may provide information on response to treatment, enabling adaptive changes to a patient's treatment to be made if necessary. Post-treatment biomarkers could be used to assess for evidence of toxicity, tumor recurrence or the development of metastatic disease.




MOLECULAR SIGNATURES OF RADIOSENSITIVITY


Intrinsic Subtypes

Gene expression profiling and histopathological classification using the expression of estrogen receptor (ER), progesterone receptor (PgR) and human epidermal growth factor receptor 2 (HER2) can be used to classify BC into different subtypes. These subtypes can be broadly categorized into luminal, normal-like, HER2-overexpressing and triple negative breast cancer (TNBC) (36–39, 51). Gene expression profiling can stratify BC subtypes to a greater degree than histological assessment; however, as previously mentioned, this is often not feasible for use with large scale patient populations due to financial constraints (52). Both classification methods have confirmed the heterogeneous nature of BC which can lead to substantial differences in biology, pathogenesis, treatment response and patient outcome (39, 53, 54). Luminal subtypes (which correspond to ER+ BC) are associated with a more favorable prognosis, whereas HER2-overexpressing and TNBC subtypes are associated with significantly worse recurrence-free survival and overall survival.

BC subtyping has also been investigated for its use in predicting response to RT. The major advantage of using these subtyping markers in the selection of patients for RT is that testing for these markers using biopsy samples is now mandatory in the clinics, as they are used for selecting patients for hormonal or targeted therapies. In vitro studies using BC cell lines have shown that individual subtypes exhibit differential inherent sensitivities to radiation (55). Multiple clinical analyses have also shown that subtype is related to radiosensitivity; one large study reported that local recurrence for invasive BC treated with breast-conserving surgery followed by RT was 0.8% for luminal A, 1.5% for luminal B, 8.4% for HER2-overexpressing and 7.1% for TNBC (56). HER2-overexpressing and TNBC have also been associated with an increased risk of local recurrence and distant metastasis in combination with reduced overall survival in patients treated with post-mastectomy RT or RT alone (56–58). Improved overall survival after post-mastectomy RT has also been identified in ER+/ PgR+/HER2− patients, whereas no significant overall survival improvement was seen following the same treatment in ER−/ PgR−/HER2+ patients (58). Similar results were observed when using the Oncotype DX recurrence score to predict overall survival following post-mastectomy RT; this study suggested that low-risk patients, as determined by low OncotypeDX recurrence scores, had significantly improved overall survival following post-mastectomy RT compared to those low-risk patients that did not receive this treatment. In comparison, post-mastectomy RT was not of significant benefit to intermediate and high-risk patients. The authors suggested that OncotypeDX recurrence score may be a predictor of survival benefit from post-mastectomy RT (59). Furthermore, improved overall survival has been documented in patients with ER+/ PgR+/HER2− tumor who received post-mastectomy RT when compared with those who received no RT (58). This suggests that RT is particularly effective for breast cancers of the luminal phenotype.



Pan-Cancer Genomic Signatures

The first pan-cancer genomic radiosensitivity signature was developed using 35 cancer cell lines from the National Cancer Institute-60 (NCI-60) panel (60). Torres-Roca et al. (60) used gene expression data combined with the survival fraction of cells that received a dose of 2 Gy (SF2), an accepted experimental measure of cellular radiosensitivity, to develop a radiation classifier that could predict inherent radiosensitivity. Their results showed that the classifier successfully predicted SF2 values in 22 of 35 NCI-60 cell lines. The authors then went on to identify three novel genes (RbAp48, RGS19, and R5PIA) whose expression was correlated with radiation sensitivity. These results were the first to show that gene expression profiles had the potential to predict radiation sensitivity and that genomics could be used to identify novel radiosensitivity molecular markers. Unfortunately, subsequent studies have failed to reproduce these in vitro results using modern gene expression techniques; therefore, the validity of this signatures use in cell lines remains open to debate (61).

This pan-cancer genomic radiosensitivity signature has since been developed by the same group to include biological variables such as tissue of origin, p53 and ras status, known influencers of radiosensitivity. Using SF2 values from 48 cancer cell lines from the NCI-60 panel, gene expression analysis was performed to identify a 10 gene signature associated with intrinsic radiosensitivity (AR, cJun, STAT1, PKC, RelA, cABL, SUMO1, CDK1, HDAC1, and IRF1). These 10 genes are associated with specific pathways that included cell cycle, DNA damage response, histone deacetylation, proliferation and apoptosis. These results were used to produce a radiosensitivity index (RSI), whereby lower RSI correlates with greater radiosensitivity (62). The RSI has been used in clinical studies; these have shown the signature to be disease-site independent, predicting clinical outcomes in esophageal, rectal, head and neck, prostate, pancreas, colon, glioblastoma and non-small cell lung cancer patients following RT (62–66). However, some of these results were obtained from pilot studies which had low patient numbers, whereas others did not compare the results with non-RT treated controls. The RSI has also been evaluated in 2 independent BC patient cohorts. Results indicated that RT-treated patients classified as radiosensitive by RSI had improved recurrence-free survival or distant metastasis-free survival at 5 years, but there was no difference in recurrence-free survival or distant metastasis-free survival between radiosensitive and radioresistant patients in those not treated with RT. The authors suggested that RSI is RT-specific, because it was not prognostic for patients treated with surgery alone, but importantly can be used as a predictive signature of RT benefit. Furthermore, they demonstrated that the impact of RSI was affected by ER status, with RSI-classified radiosensitive patients having greater distant metastasis-free survival in ER+ patients (67). RSI has also been integrated with BC molecular subtyping to predict local recurrence; Torres-Roca et al. (68) showed that although RSI did not uniformly predict for local recurrence, it was able to identify a subpopulation of TNBC that had high RSI scores which were classified as radioresistant with the highest risk of local recurrence. They also illustrated that RSI could identify a luminal radioresistant subpopulation that would benefit from radiation dose escalation. They concluded that the combined use of RSI and molecular subtyping could help guide the selection of patients for RT treatment in BC (68).

In an attempt to tailor radiation doses across differing BC subtypes, researchers have integrated the RSI with the linear quadratic model to derive a genomic-adjusted radiation dose (GARD); this aimed to predict which tumors would gain an enhanced therapeutic effect from RT. GARD values were calculated for over 800 tumor samples using data from the prospective, observational Total Cancer Care cohort. The results demonstrated that there was a wide range of GARD values within tumor types and that GARD values could independently predict clinical outcome in lung, pancreatic, glioblastoma and BC patients (69). The limitations of this study included the failure to evaluate the prognostic potential of GARD (no data were evaluated for patients that did not receive RT) and a lack of external validation. However, this GARD-based clinical model could allow for RT personalisation based on radiation dose tailored to tumor radiosensitivity and may provide a means to develop genomically-guided RT-based clinical trials.

A similar approach which used the same NCI-60 cell line panel was undertaken to identify not only genes whose expression profiles were related to intrinsic radiosensitivity, but also genes whose expression changed following radiation treatment and were associated with post-radiation survival. Changes in gene expression induced by radiation were found to be similar between different tumor types and were also associated with p53 status. The authors suggested that there was possibly a conserved set of genes responsible for a specific radiation response (70). However, this work contradicts a more comprehensive study that profiled the radiation response of over 500 cell lines which showed sensitivity to radiation was characterized by significant genetic variation within and between cell line lineages. As well as identifying genes whose expression was associated with response, they also identified somatic copy number alterations and gene mutations that correlated with post-radiation survival (71).

In addition to radiation-induced gene response signatures, other groups have looked at signatures that may predict response to radiation treatment for a range of different cancer types. These gene expression profiles include hypoxia-related signatures (72–74), cell cycle and DNA damage gene-related signatures (75, 76), along with signatures predicting response to radiosensitising drugs (77, 78). As with many of the other in vitro derived signatures, none of these has thus far withstood stringent external validation and therefore have yet to be translated into clinical practice.



Breast Cancer Specific Genomic Signatures

With a technique similar to that employed to produce the RSI, a different study used only BC cell lines to develop a BC specific radiation sensitivity signature (RSS) (79). Their aim was to produce a gene signature that could predict the radiation response of BC patients and allow the identification of patients with tumors refractive to conventional RT regimens. To derive their gene signature, intrinsic radiosensitivity was correlated with gene expression using SF2 values from a panel of 16 BC cell lines. Interestingly, Speers et al. (79) found no association between intrinsic radiosensitivity of the BC cell lines and subtype classification, contradicting findings from previous publications. A 51 gene signature, enriched for pathways involved in DNA damage response and cell cycle, was developed from their results. Validation of this gene signature, the most promising to date, was performed in two independent clinical BC datasets in which patients had been treated with breast-conserving surgery and RT. The results showed that the RSS could provide information on which patients were likely to respond poorly to standard RT regimens (79). However, as all patients in the studied cohorts received standard RT, the 51 gene signature could not be validated for its predictive potential. This RSS has subsequently been marketed as RadiotypeDX and is regarded as having potentially similar applications to that of OncotypeDX, which is used for selecting the most appropriate systemic therapies for BC patients. RadiotypeDX is currently undergoing external validation, using tissue and clinical data from a randomized controlled trial evaluating post-operative RT after breast-conserving surgery in patients with early BC, who received appropriate adjuvant systemic therapy according to ER status (80). Although the results are yet to be published, these types of trials, as well as prospective randomized trials or “prospective retrospective” analyses from phase III trials, are essential in order to show that these kinds of signatures have clinical applications and that they could be integrated into clinical practice (81).

More recently a refined version of RadiotypeDX (Adjuvant Radiotherapy Intensification Classifier [ARTIC]) has been validated in a Swedish Conservation trial in which patients were randomized to post-operative whole-breast RT or no RT (82). Of note, a limited number of patients in this trial received systemic therapy. ARTIC was found to be highly prognostic for loco-regional recurrence and predictive of benefit from RT. Patients who had a low ARTIC score derived a substantial benefit from RT; in contrast, patients with high ARTIC scores had less benefit from RT. The authors recognized the requirement to validate ARTIC within a trial of patients treated by breast-conserving therapy, systemic therapy +/– post-operative whole-breast irradiation.

A gene profile called DBCG-RT, predictive for therapeutic benefit from post-mastectomy RT and prognostic for locoregional control, was developed by the Danish Breast Cancer Cooperative Group and has been independently validated (83). The DBCG-RT gene profile can divide patients into those with a high- and low-risk of local recurrence and can identify a subcategory of low-risk patients who obtain no additional benefit from RT. A correlation between patients that were at an increased risk of developing local recurrence and non-luminal, ER− tumors (basal and HER2-overexpressing) was observed, while the low local recurrence risk group correlated with the luminal A subtype. These findings indicate that intrinsic subtyping and the DBCG-RT profile can identify the same tumor types and their responses to RT treatment.

Others have attempted to develop specific radiation signatures for BC that distinguish patients who require treatment intensification, for whom traditional therapies (surgery, chemotherapy and RT) are inadequate. Gene analysis has been conducted on early stage BC patients, all treated with RT after surgery, to try and distinguish gene signatures prognostic of local recurrence in patients treated with radiation. A radiation signature consisting of 81 genes outperformed pathologic and clinical characteristics for predicting local recurrence (84). A similar study performed gene expression microarray profiling to identify differentially expressed genes between tumors from patients who developed local recurrence after breast-conserving surgery and radiation, and patients who did not; Kreike et al. (85) derived a 111 gene signature, enriched for cell proliferation, which was independently associated with local recurrence. Unfortunately, both of these signatures failed external validation.

The Early Breast Cancer Trialists' Collaborative Group meta-analysis suggested that most early stage BC patients treated with breast-conserving surgery are cured of their disease with both surgery and endocrine therapy alone, without the need for RT (9). Studies have also suggested that RT may be omitted in selected elderly patients with low-risk disease (86). RT omission after breast-conserving surgery has also been explored in several randomized phase III trials; unfortunately, heterogeneous eligibility criteria across the trials has resulted in differing results with confounding interpretations (87). These types of studies have led to an increased interest in the development of radiation omission signatures specific for BC, whereby low-risk patients can be spared RT. An omission signature has yet to be developed; however, different groups are attempting to validate a variety of previously described molecular classifiers for this purpose. Trials are ongoing to assess the potential of OncotypeDx (IDEA trial), Prosigna (PRECISION trial), IHC (LUMINA trial), and IHC4 (PRIMETIME trial) scores as stratification methods for radiation omission (81).



Barriers to Clinical Adoption of Molecular Signatures

Although many molecular signatures have been developed to predict a tumor's response to radiation, most have failed external validation and, as a result, none have gained approval for clinical use. In part, as indicated earlier, the barriers are the high costs of academic-industry collaborations and in part scientific (50). Unfortunately, the gene profiles derived from the studies outlined in this review show little similarity to each other, which suggests that the methods used to produce the signatures may influence which genes and pathways are selected. Like many other cancers, BC is a complex heterogenous disease; differences in pathway activation can lead to different drivers of oncogenesis, even within the same subtype. These significant differences will influence how each tumor reacts to RT; it is possible that gene signatures are unable to account for the complexity of a tumor's radiation response. These issues are likely to be more pronounced in profiles derived from cell lines, as these are clonal populations that cannot account for tumor heterogeneity and the effects of the tumor microenvironment. Validation of the signatures using clinical trial data is also complicated; variations between trials in terms of the radiation treatment regimens used, inclusion of different patient subtypes and inconsistencies between the numbers of treated and control patients included in the studies makes the generation of meaningful data and rigid signature validation challenging. The methods used for RNA extraction and subsequent gene expression analysis can also differ between the original studies which developed the profiles and the clinical trials in which they are being validated. These issues are specific for gene signature validation; there are also more general hurdles that must be overcome if lab-based research is to be successfully translated into a clinically applicable test. These include the development of standard operating procedures and making tests cost effective and easy to use, while also providing evidence that they can improve upon standard practices already in place in the clinics. The combination of these gene signature specific and general issues are factors that are currently contributing to their lack of clinical translation and use in the clinic.




GENE MUTATIONS, MRNA AND INTRACELLULAR PROTEIN MARKERS

Several studies have looked at individual biomarkers, rather than cohorts of genes, for their potential to correlate with a tumor's response to RT. In BC, expression levels of Holliday junction recognition protein mRNA can be prognostic for disease-free survival and overall survival, thereby predicting patient sensitivity to RT (88). High cytoplasmic expression of peroxiredoxin-I has also been shown to correlate with increased local recurrence after RT (89). Proteasome (prosome, macropain) 26S subunit, non-ATPase, 9 (PSMD9) is another protein whose elevated expression was associated with increased incidence of local recurrence in a cohort of patients that received adjuvant RT, but not in those that did not receive RT; the authors concluded that this protein might therefore be a predictive biomarker for RT response (52).

The BRCA1/2 genes are part of the granin gene family and function as tumor suppressors; they play critical roles in maintaining genome stability through controlling pathways involved in DNA damage response/repair, cell cycle and transcription (90). Previous studies have shown that BRCA1/2 gene deregulation is associated with BC carcinogenesis (91), with germline BRCA1/2 mutations accounting for up to 10% of all cases (92). Inherited BRCA1/2 mutations are estimated to increase the risk of BC by to 84% (93–95). These tumors exhibit ineffective homologous recombination DNA repair, causing an accumulation of genetic mutations, which can drive carcinogenesis. Although tumors deficient in a DNA repair mechanism may be expected to exhibit radiation sensitivity, they are instead thought to rely upon alternative DNA repair mechanisms that are more effective at repairing radiation-induced DNA damage. PARP enzymes play a key role in the repair of DNA single-strand breaks through the repair of base excisions, a process normally performed by error-free homologous recombination (96). The inhibition of PARPs can result in the accumulation of DNA single-strand breaks, leading to the generation of double-strand breaks at replication forks. Double-strand breaks are usually repaired by error-free homologous recombination, a process that is inhibited in BRCA1/2 mutated tumors; these double-strand breaks can lead to apoptosis of cancer cells within the tumor. The PARP enzyme inhibitor olaparib is currently undergoing trials to assess its clinical usefulness and cost effectiveness in the treatment of BRCA1/2 mutated HER2− metastatic BC patients following chemotherapy (97). This drug has previously gained clinical approval for use in patients with recurrent, platinum-sensitive, BRCA1/2 mutated ovarian cancers (98). Furthermore, the small molecular PARP inhibitor niraparib has been shown to radiosensitise a variety of human xenograft tumors, including the triple-negative MDA-MB-231 human BC cell line (99). It has therefore been suggested that BRCA status could be a useful biomarker for stratifying patients for the use of PARP inhibitors in combination with RT.



BLOOD-ASSOCIATED BIOMARKERS OF TUMOR RADIOSENSITIVITY

The identification of circulating prognostic or predictive biomarkers in the blood has advantages over tissue-based approaches as it is non-invasive and does not require a biopsy. These liquid biopsies can be taken pre-, post- or on-treatment, allowing for continual patient monitoring with the potential to assess the tumors response to treatment. These biomarkers could hold particular promise in patients with metastatic disease, where monitoring for progression is critical but where repeated biopsy sampling is often unfeasible due to the location of the lesions. Studies have investigated the use of blood based biomarkers, such as carcinoembryonic antigen and carbohydrate antigen 15–3 for primary diagnosis and the detection of metastatic disease (100–105), with others examining the correlation between serum HER2 concentration and tumor HER2 status (106–109). Although the use of blood-based biomarkers to assess tumor pre-treatment radiosensitivity or on-treatment response to RT has been less intensively studied, there is a growing interest in the use of these types of biomarkers for precision RT. Areas of research currently under investigation include exosomes and circulating tumor cells (CTCs).

Exosomes are formed from the inward budding of the membrane of multi-vesicular bodies and are ~40–100 nm in diameter. The contents of exosomes are released from cells via endocytosis through fusion of their membrane with that of the cell's plasma membrane. Exosomes have been shown to contain nucleic acids, proteins, lipids and enzymes (110). There is increasing evidence that exosomes play roles in tumorigenesis and cancer progression, including immune suppression, angiogenesis, cell migration and invasion (111–115); as a result, their use as liquid biopsy biomarkers through exosomal profiling is being investigated for disease diagnosis and therapy efficacy monitoring. The transfer of exosome contents to local tumor or stromal cells in the tumor microenvironment, or to a distant site within the body, has been shown to be a mechanism through which cancer cells can transmit the malignant phenotype to normal cells and establish a suitable environment for metastatic colonization (113). Exosomes transferred from stromal to BC cells can also contribute to chemotherapy and radiotherapy resistance. Resistance mechanisms mediated by exosomal transfer are thought to involve anti-viral and NOTCH3 pathways (116). Tumor oxygen concentrations at the time of radiation have been shown to influence cell radiosensitivity (117). When exposed to a given dose of radiation, cancer cells in low oxygen states can withstand 2–3 times higher doses than aerobic cells. Known as the oxygen enhancement effect, the role that oxygen plays in RT is described through the oxygen fixation hypothesis (118, 119). Oxygen present at the time of RT can react with radiation-induced DNA radicals producing permanent DNA damage; however, in the absence of oxygen this damage can be repaired by free radical scavengers such as endogenous thiols (120), giving these hypoxic cells a significant survival advantage. Hypoxia leads to the increased production of exosomes (121, 122), with the transfer of exosomes from stromal to BC cells stimulating signaling pathways related to radiation resistance (116). The tumor-associated exosome profile may also give an indication of the oxygenation status of breast tumors, and therefore could be used to identify radioresistant tumors (122).

CTCs and circulating tumor DNA are cells or DNA that have been shed by the tumor into the systemic circulation; these can be indicators of residual disease following treatment and are likely to represent an important mechanism through which a tumor can metastasise (123, 124). CTCs have been detected in up to 30% of non-metastatic BC patients and their presence (even just one CTC) has been shown to be prognostic for recurrence-free survival and overall survival (125–135). CTC detection is also related to metastasis and poor survival in low-risk patients with lymph node negative disease who did not receive adjuvant therapy (133). Data from the National Cancer Database and SUCCESS (Simultaneous Study of Gemcitabine-Docetaxel Combination Adjuvant Treatment as well as Extended Bisphosphonate and Surveillance) clinical trials have been used to investigate the use of CTC status to predict the benefit of RT in early stage BC (136). The results suggested that CTC status could predict the effectiveness of RT and showed that CTC+ patients had improved local recurrence-free survival and disease-free survival following RT, whereas CTC− patients obtained no benefit. Furthermore, CTC+ patients that received RT had improved overall survival compared with CTC+ patients who did not receive RT. Pooled analysis using both cohorts who underwent breast-conserving surgery indicated that RT was associated with longer overall survival in CTC+ patients, but not in CTC− patients. However, CTC status was not associated with an overall survival benefit in patients who underwent mastectomy and RT. Overall, these results suggested that CTC status may be used as a predictive marker for assessing the potential benefit from incorporating RT into the treatment of early stage BC for patients undergoing breast-conserving surgery (136, 137).

Although circulating tumor biomarkers have the potential to be used for cancer diagnosis, measuring response to treatment and monitoring for recurrence, studies evaluating their clinical usefulness are still limited in number. While advances have been made in this field, circulating tumor biomarkers in BC patients are not yet employed for primary diagnosis, largely due to their low sensitivity and specificity, and also because of a lack of validation through large prospective trials. Such trials are essential to fully evaluate their prognostic or predictive potential in determining tumor radiosensitivity and to enable their use in the future (138).



BIOMARKERS OF RADIATION-INDUCED TOXICITY

In contrast to the relatively limited research involving blood-based biomarkers for tumor radiosensitivity, the use of circulating biomarkers to assess radiation-induced toxicities has attracted much greater interest. Like any cancer treatment, RT has the potential to cause toxic side effects in normal tissues; these ultimately dictate the total dose that can be delivered to a patient, which can influence outcome. In BC, radiation-associated side effects include cardiac and skin toxicities, fibrosis, lymphedema, secondary cancers, rib fractures and brachial plexopathy (139). In some studies the combination of tamoxifen and RT has resulted in an increased risk of fibrosis, hypothesized to be due to a tamoxifen-induced increase in TGF-β (140–144). Even with highly conformal intensity-modulated RT and image-guided RT, which aim to spare regional organs from radiation exposure, these side effects can occur in up to 15% of patients and can seriously affect patients' physiological and physical quality of life (145, 146). Taking into account the high survival rate of BC patients, there is a need to develop tests that can be used either pre-treatment, or at an early stage of the treatment process, to predict which patients are at a higher risk of developing radiation-associated side effects (147). Predicting radiation-induced toxicity could enable better treatment regimens to be devised for individual patients in a range of cancer types. Radiation toxicity is related to treatment schedule (dose and duration), patient specific factors and genetic factors. With these in mind, several tests have been proposed to classify individual patient radiosensitivity based on the induction of DNA damage and radiation-induced apoptosis, in addition to gene expression profiles (148).

One area of research that holds promise in predicting the risk of late radiation-associated toxicity is through assessment of the radiation-induced initial DNA damage response of peripheral blood lymphocytes through DNA double strand break quantification, comet or micronucleus assays (148). A relationship between high rates of double strand breaks in peripheral blood lymphocytes and late grade 3 skin and subcutaneous tissue toxicities in BC patients has suggested that assessing the initial DNA damage could be useful for predicting radiation toxicity (149). Unfortunately, various studies assessing the radiation-induced DNA damage through other methods have shown both negative (150, 151) and positive (152–154) associations with radiation toxicity. Additionally, the clinical usefulness of radiation-induced DNA damage response assays is yet to be fully determined. Determining peripheral blood lymphocyte radiation-induced apoptosis appears to be the most promising assay for determining radiation toxicity. Studies have shown that radiation-induced apoptosis increases with higher doses of radiation; however, elevated levels of radiation-induced apoptosis were associated with reduced risk of late radiation toxicities (155). In BC patients, studies have used a combination of DNA damage assessment and levels of radiation-induced apoptosis to assess radiation-induced toxicity. Henríquez-Hernández et al. (156) demonstrated that patients showing lower levels of initial DNA damage and higher levels of radiation-induced apoptosis were considered resistant to RT. These patients were at a lower risk of suffering severe subcutaneous late toxicities after treatment with high radiation doses. Although these results were based on a small number of patients, it provided evidence that dose escalation can be achieved in patients that are resistant and tolerant to higher radiation doses.

There is an association between the dose of radiation received by the heart and increased risk of heart disease (157–159); as the dose increases so does the risk of developing heart complications. Cardiovascular side effects are a major concern for clinicians treating BC patients with RT (160, 161), especially for left sided BC or patients with pre-existing cardiovascular disease. Cardiotoxic effects of RT can be seen for several years after RT, and increased risk may remain for at least 2 years post-RT (161). Pericarditis, valvular dysfunction, cardiomyopathy and coronary artery disease are some of the severe late cardiotoxic effects seen in up to 30% of BC cases within 5–10 years following RT (162). Blood biomarkers have been investigated for their roles in detecting and monitoring cardiotoxicity and assessing early signs of cardiovascular dysfunction following RT. Brain natriuretic peptide and its amino terminal fragment are biomarkers produced by ventricular myocytes, with elevated blood levels commonly seen in unstable angina, myocardial infarction and cardiac failure (163). Several studies have shown that levels of these biomarkers increase after RT, suggesting that these may be also be biomarkers of early radiation-induced cardiotoxicity (164–166). Circulating cardiac troponin I and cardiac troponin T are highly sensitive and specific biomarkers for cardiac disease and have been shown to be useful for detecting cardiotoxicity following chemotherapy (167, 168) and, although some studies indicate they do not increase following RT (165, 169), others show that they do (164, 170, 171). While these traditional cardiac biomarkers are the most extensively studied for cardiotoxicity following RT, other blood biomarkers that have been investigated include C-reactive protein and lipopolysaccharide. C-reactive protein, an acute phase protein whose expression is related to inflammatory cytokines, has been proposed as a biomarker of radiation-associated cytotoxicity as studies have highlighted an association between elevated C-reactive protein levels and adverse prognosis in patients with heart failure (172–174). Although Lipshultz et al. (166) found increased levels of C-reactive protein in children following treatment for a variety of cancers with chemotherapy and RT, the majority of studies have failed to find an association between circulating C-reactive protein levels and myocardial damage post-chemotherapy (175–177) or RT (178). Lipopolysaccharide-binding protein has been investigated as a potential biomarker for lung toxicity after chest RT (179). In BC, lipopolysaccharide-binding protein concentrations were observed to increase within 24 h post-RT and remained elevated 1 month after RT. Raised lipopolysaccharide-binding protein levels were also correlated with cardiac dysfunction, which was evaluated up to 3 years following the completion of RT, suggesting that lipopolysaccharide-binding protein could be a potentially useful prognostic biomarker of RT-induced cardiotoxicity (178). Characteristics such as early detection in the blood and persistent kinetics, in combination with concentrations being related to toxicity, have made lipopolysaccharide-binding protein an attractive biomarker for clinical use. Other proposed biomarkers include heart-type fatty acid-binding protein, glycogen phosphorylase isoenzyme BB, myeloperoxidase and nitric oxide (180). Although these biomarkers have yet to be used clinically, they could in the future play key roles in determining which RT patients may require dose de-escalation, or even the provision of alternative treatments if BC patients can be classified as high-risk for developing radiation-induced side effects post-treatment.

A summary of the techniques used to identify biomarkers of radiosensitivity that have been described in this paper is provided in Figure 2 and Table 1. Table 1 also outlines the specific advantages and disadvantages associated with each method.
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FIGURE 2. Biomarkers of radiotherapy response for breast cancer. An overview of cancer tissue-associated and blood-associated biomarkers of radiotherapy response that have been developed for breast cancer patients (ER, Estrogen receptor; PgR, Progesterone receptor; HER2, human epidermal growth factor receptor 2).



Table 1. Techniques used for measuring the response of tumors to RT.
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CONCLUSION

Significant advances have been made in the development of molecular signatures to stratify BC patients for more personalized targeted and endocrine therapies; however, similar improvements in the field of personalized RT have yet to be adopted in the clinic. Technological developments in the methods used for radiation delivery have allowed radiation oncologists to accurately conform radiation to the tumor; however, only limited methods of analyzing response to treatment are available. To truly achieve personalized RT, we also need to be able to stratify patient's pre-treatment based on individual patient radiosensitivity and through analyzing the tumor's response to RT during treatment. Unfortunately, there are currently no clinically-validated prognostic or predictive signatures/biomarkers that can reliably classify patients into those that would benefit the most from RT, those that could be safely treated with dose escalation or de-escalation, or those that should be treated without RT. While preliminary efforts to develop these signatures/biomarkers have been encouraging, there is still much work to do in order to refine and validate them. Ultimately, for any of these tests to be translated into the clinic, studies will need to demonstrate their accuracy and reproducibility, and perhaps more importantly, exhibit their utility in improving outcomes or refining the selection of patients for RT through clinical trials. While not yet realized, the ongoing development of these signatures and biomarkers holds much promise; the linking of these signatures and biomarkers with other techniques, such as imaging, would help deliver an overall precision medicine package that could greatly enhance the effectiveness of RT. There is confidence within the scientific community that personalized medicine will finally be realized for BC patients undergoing radiation treatment in the decades to come.
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Objective: The role of postoperative radiotherapy (PORT) in resected stage IIIA-N2 non-small cell lung cancer (NSCLC) patients remains controversial. This study aimed to explore the effect of PORT on survival of resected stage IIIA-N2 NSCLC patients.

Methods: Resected stage IIIA-N2 NSCLC patients aged 18 years or older were identified from the SEER (Surveillance, Epidemiology, and End Results) database from 2010 to 2015. Cox regression analysis was used to identify factors including PORT associated with survival time. A subgroup analysis of patients stratified by number of lymph node metastases was also performed. Overall survival (OS) and overall mortality were compared among the different groups.

Results: A total of 3,445 patients were included in the study. Multivariate Cox analysis showed that PORT had no significant impact on survival of patients with <6 positive lymph node [hazard ratio (HR) = 1.012, P = 0.858, 95% CI: 0.886–1.156]. Postoperative chemotherapy (POCT) (HR = 0.605, P < 0.001, 95% CI: 0.468–0.783) and PORT (HR = 0.724, P = 0.007, 95% CI: 0.574–0.914) are both favorable prognostic factors for stage IIIA-N2 patients with ≥6 positive lymph nodes. In 2,735 patients who featured <6 number of positive regional lymph nodes, patients who received PORT had better survival and lower 3-years and 5-years overall mortality rate than patients who underwent surgery only (41 vs. 28 months, P < 0.015). There was no significant difference in the survival of postoperative patients who underwent POCT in view of whether received PORT (44 vs. 53 months, P = 0.176). A total of 710 patients who featured ≥6 number of positive regional lymph node metastasis were divided into two groups by PORT. PORT did not prolong survival for postoperative patients who did not receive chemotherapy (12 vs. 15 months, P = 0.632). PORT showed a significant advantage in influencing OS in patients who received PORT combined with POCT as compared with those who received POCT only (32 vs. 25 months, P = 0.006).

Conclusions: For IIIA-N2 patients with <6 lymph node metastases, use of PORT can be encouraged to improve survival. For patients with ≥6 positive lymph nodes, PORT combined with POCT significantly improved OS and decreased overall mortality.

Keywords: non-small cell lung cancer, stage IIIA-N2, postoperative radiotherapy, overall survival, SEER database


INTRODUCTION

Lung cancer is one kind of the most frequent malignant tumors with the highest morbidity and mortality in the world. Non-small cell lung cancer (NSCLC) is the most common type, accounting for 80–85% of lung cancer (1), among which stage IIIA-N2 patients account for about 20% (2, 3). The benefit of radical surgery is limited for stage IIIA-N2 patients. Previous studies have shown that the 5-years survival rate of patients with stage IIIA-N2 NSCLC after lung cancer radical pneumonectomy was only 15–20% (4). The main cause of postoperative failure was local recurrence or distant metastasis (5, 6). Nearly 40% of patients have local recurrence or regional lymph node metastasis within 5 years after surgery, even if after a complete resection of lung cancer. Therefore, complete surgical resection combined with postoperative adjuvant therapy is still the main treatment mode for stage IIIA-N2 NSCLC patients.

Clinical evidence showed that postoperative chemotherapy (POCT) could improve the long-term survival of patients (7, 8). However, it has been reported that the local failure rate still exists despite complete resection and postoperative adjuvant chemotherapy. Local recurrence indicated the importance of local postoperative adjuvant therapy. Postoperative radiotherapy (PORT), as a kind of local treatment, can theoretically improve the local control rate and improve the survival of patients. However, whether PORT can improve the survival rate of stage IIIA-N2 NSCLC remains controversial. The selection of stage IIIA-N2 patients who can benefit from PORT is confusing for clinicians. Prospective randomized controlled studies of PORT for resected stage IIIA-N2 NSCLC patients are mostly single-center, small-sample-size studies, the radiotherapy technology used is old, and the radiation dose and range are not uniform, which will reduce the effectiveness of the existing clinical evidence. Our study was based on a population-based cohort to provide more evidence for the application of PORT in resected stage IIIA-N2 NSCLC patients.



MATERIALS AND METHODS

This retrospective study, which was approved by Ethics Committee of Beijing Hospital of Traditional Chinese Medicine, Capital Medical University, retrieved data from the SEER (Surveillance, Epidemiology, and End Results) database using SEER*STAT 8.3.6 software. Permission to access the custom data file in the SEER program was obtained, and the reference number was 14026-Nov2018. The SEER database, which aimed to reduce the cancer burden in Americans, recorded the incidence, mortality, and morbidity of millions of cancer patients in the United States over the past 40 years. At present, the number of registration stations has expanded to 18. These registration stations operated with the SEER*STAT software, a powerful computer tool for statistical analysis, and submitted data to NCI twice a year for classification, statistics, and aggregation.

We extracted data of lung cancer patients registered from 2010 to 2015. Patients who met the following criteria were included in this study: (1) adults aged 18 years or older; (2) patients with pathologically confirmed NSCLC (9); their histologic types selected were coded as 8012/3,8013/3, 8022/3, 8031/3, 8032/3, 8033/3, 8035/3, 8046/3, 8050/3, 8052/3, 8070/3, 8071/3, 8072/3, 8074/3, 8082/3, 8083/3, 8084/3, 8123/3, 8140/3,8200/3, 8201/3, 8250/3, 8252/3, 8253/3, 8255/3, 8260/3, 8310/3, 8323/3, 8430/3, 8480/3,8481/3, 8490/3, 8550/3, 8560/3, 8570/3, 8574/3, and 8980/3; (3) patients who were diagnosed with stage IIIA-N2 NSCLC according to the guidelines of the American Joint Committee on Cancer (AJCC, 7th Edition); (4) NSCLC patients who had underwent either lobectomy or pneumonectomy; (5) the number of lymphadenectomy and positive lymph node metastasis was recorded after surgical operation; and (6) complete radiotherapy information record (patients who received postoperative adjuvant radiotherapy or did not receive radiotherapy).

Patients with the following conditions were excluded from this study: (1) patients with incomplete information registration required by the research; and (2) patients whose survival time was <1 month.

Variables extracted from the SEER database include the following: age at diagnosis, year of diagnosis, sex, race recode, primary site (main bronchus, upper lobe, middle lobe, lower lobe, and overlapping lesion of lung), International Classification of Diseases for Oncology (ICD-O) 3 Hist/behave, grade, derived AJCC T, RX summ-surg prim site, regional nodes positive, radiation sequence with surgery, chemotherapy recode, survival months, vital status recode, COD to site recode, SEER cause-specific death classification, and SEER other cause of death classification.

For a better analysis, all variables are converted to categorical variables. The chi-square test was used to evaluate the unadjusted association between the PORT and other clinicopathological categorical variables of interest. The hazard ratio (HR) was determined by univariate and multivariate Cox proportional hazard models. The aforementioned statistical calculations were carried out using SPSS 19.0 software. Overall survival (OS) was defined as the time from the beginning of the diagnosis until death of any cause or until the last follow-up date. The survival analysis was performed using Kaplan–Meier curves with P value determined by log-rank method. Figures of survival curve were drawn by “ggplot2,” “survminer,” and “survival” packages in R; the version of R was 3.6.0. All statistical tests were two-sided, and P < 0.05 was considered statistically significant.



RESULTS


The Correlation Between Clinical Parameters and Postoperative Radiotherapy Use of IIIA-N2 Non-small Cell Lung Cancer Patients

We identified 220,265 lung cancer patients registered in 2010–2015. According to the inclusion criteria, 3,445 patients were included in this study. Figure 1 showed the flow chart of cases selection. The median age at diagnosis was 67 years (age ranging from 19 to 91). A total of 1,568 (45.52%) patients received PORT. The proportion of patients who received radiotherapy differed in age, primary site of tumors, pathological grading of tumors, and whether they were treated with chemotherapy (P < 0.05). There was no significant difference in gender, year of diagnosis, race, T stage, number of positive regional lymph nodes, and pathological type between patients who received PORT and those not received PORT. The results are shown in Table 1.


[image: Figure 1]
FIGURE 1. Flow chart showed selection of non-small cell lung cancer (NSCLC) patients registered in the SEER (Surveillance, Epidemiology, and End Results) from 2010 to 2015 in this study.



Table 1. The correlation between clinical parameters and PORT use.
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Univariate Analysis of Clinical Parameters Affecting the Prognosis of IIIA-N2 Non-small Cell Lung Cancer Patients

PORT and POCT were favorable prognostic factors and associated with better OS in univariate analyses of all IIIA-N2 patients. Adverse prognostic factors included age (≥60 years old), male, non-adenocarcinoma pathological type, higher T stage, and ≥6 number of positive regional lymph nodes. We divided all the patients into two groups according to the number of positive lymph node metastases. The previous prognostic factors were consistent in a univariate survival analysis of IIIA-N2 NSCLC patients with <6 positive lymph node metastases, whereas the pathological type was not the prognostic factor in patients with ≥6 positive lymph node metastases. The results are shown in Table 2.


Table 2. Univariate analysis of clinical parameters affecting the prognosis of IIIA-N2 NSCLC patients.
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Multivariate Analysis of Clinical Parameters Affecting the Prognosis of IIIA-N2 Non-small Cell Lung Cancer Patients

The multivariate survival analysis of all patients showed that age (≥60 years), being male, non-adenocarcinoma pathological type, higher T stage, and ≥6 number of positive regional lymph nodes were independent risk factors for prognosis, indicating a shorter survival period. POCT were favorable prognostic factors and related to longer survival period.

We conducted a subgroup multivariate survival analysis according to the number of positive lymph node metastases (<6 positive lymph nodes and ≥6 positive lymph nodes). In a group of patients with <6 positive lymph node metastases, the results showed that PORT had no significant impact on survival (HR = 1.012, P = 0.858, 95% CI: 0.886–1.156). POCT had a positive effect on survival in IIIA-N2 patients with <6 positive lymph node metastases (HR = 0.573, P < 0.001, 95% CI: 0.498–0.660). Chemotherapy can prolong the survival of patients. The multivariate survival analysis showed that POCT (HR = 0.605, P < 0.001, 95% CI: 0.468–0.783) and PORT (HR = 0.724, P = 0.007, 95% CI: 0.574–0.914) are both favorable prognostic factors for stage IIIA-N2 patients with ≥6 positive lymph nodes; POCT and PORT can significantly improve OS. The multivariate analysis results are shown in Table 3.


Table 3. Multivariate analysis of clinical parameters affecting the prognosis of IIIA-N2 NSCLC patients.
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Effect of Postoperative Radiotherapy on Overall Survival of IIIA-N2 Patients Divided by Number of Positive Lymph Node Metastases

Among 3,445 IIIA-N2 NSCLC patients, PORT showed a statistically significant survival advantage relative to non-PORT (41 vs. 35 months, P < 0.001, Figure 2).


[image: Figure 2]
FIGURE 2. Overall survival of all selected patients stratified by postoperative radiotherapy (PORT). Overall survival of all patients treated with PORT (n = 1,568) vs. patients not treated with PORT (n = 1,877) (P < 0.001).


A total of 2,735 patients who featured <6 number of positive regional lymph node metastasis were divided into two groups by PORT. We compared the survival differences between the two groups. There was a significant statistical difference in survival between these two groups; median survival time of patients with PORT was 44 months, longer than the median survival time of those without PORT (41 months, P = 0.003, Figure 3A). We further conducted a subgroup analysis to explore the impact of PORT on OS. In 2,735 patients without POCT, patients who received PORT had better survival than patients who underwent surgery treatment only (41 vs. 28 months, P = 0.015, Figure 3B). In 2,060 patients with POCT, there was no significant difference in the survival of postoperative patients who underwent POCT in view of whether received PORT; although the result was not statistically significant, the survival of patients who received POCT combined with PORT seemed to be worse than that of patients who received POCT (44 vs. 53 months, P = 0.176, Figure 3C).


[image: Figure 3]
FIGURE 3. Overall survival of patients who featured <6 number of positive regional lymph node metastasis stratified by postoperative radiotherapy (PORT). (A) Overall survival of patients who featured <6 number of positive regional lymph node metastasis treated with PORT (n = 1,222) vs. patients not treated with PORT (n = 1,513) (P = 0.003). (B) Overall survival of patients who featured <6 number of positive regional lymph node metastasis treated with surgery combined with PORT (n = 83) vs. patients treated with surgery only (n = 592) (P = 0.015). (C) Plot of overall survival for 2,060 patients who featured <6 number of positive regional lymph node metastasis received postoperative chemotherapy (POCT) stratified by PORT use. Patients who received POCT combined with PORT (n = 1,139) vs. patients who received POCT (n = 921) (P = 0.176).


Similarly, 710 patients who featured ≥6 number of positive regional lymph node metastasis were divided into two groups by PORT. Compared with that of patients who received PORT, the median survival time of patients who did not receive PORT was significantly shortened (32 vs. 22 months, P < 0.001, Figure 4A). The result of a subgroup analysis showed that for 152 patients without POCT, PORT did not prolong survival for postoperative patients who did not receive chemotherapy (12 vs. 15 months, P = 0.632). Kaplan–Meier plot is presented in Figure 4B. Among the 328 patients who received PORT combined with POCT and 230 patients who received POCT, PORT showed a significant advantage in influencing OS in these patients compared with those who received POCT only (32 vs. 25 months, P = 0.006). The result is shown Figure 4C.
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FIGURE 4. Overall survival of patients who featured ≥6 number of positive regional lymph node metastasis stratified by postoperative radiotherapy (PORT). (A) Overall survival of patients who featured ≥6 number of positive regional lymph node metastasis treated with PORT (n = 346) vs. patients not treated with PORT (n = 364) (P < 0.001). (B) Overall survival of patients who featured ≥6 number of positive regional lymph node metastasis treated with surgery combined with PORT (n = 18) vs. patients treated with surgery only (n = 134) (P = 0.632). (C) Plot of overall survival for 558 patients who featured ≥6 number of positive regional lymph node metastasis received postoperative chemotherapy (POCT) stratified by PORT use. Patients who received POCT combined with PORT (n = 328) vs. patients who received POCT (n = 230) (P = 0.0063).




Overall Mortality of IIIA-N2 Patients Treated With Different Therapy

We analyzed the death outcomes of IIIA-N2 patients stratified by number of positive regional lymph nodes. In the group of 2,735 patients who featured <6 number of positive regional lymph node metastasis, the 3 and 5-years overall mortality rates of patients treated with surgery combined with PORT were significantly lower than those of patients treated with surgery alone (P = 0.014); the 3 and 5-years overall mortality rates of patients treated with surgery combined with PORT were 43.55 and 59.25%, respectively; and in patients treated with surgery alone, these rates were 58.53% and 71.06% (Figure 5A). Compared with patients who received POCT, the 3 and 5-years overall mortality rates were not different in patients treated with POCT combined with PORT (P = 0.176, Figure 5B).
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FIGURE 5. Analysis for overall mortality of patients treated with different therapy. (A) Overall mortality of patients who featured <6 number of positive regional lymph node metastasis treated with surgery combined with postoperative radiotherapy (PORT) vs. patients treated with surgery only (P = 0.014). (B) Overall mortality of patients who featured <6 number of positive regional lymph node metastasis received postoperative chemotherapy (POCT) combined with PORT vs. patients who received POCT (P = 0.176). (C) Overall mortality of patients who featured ≥6 number of positive regional lymph node metastasis treated with surgery combined with PORT vs. patients treated with surgery only (P = 0.642). (D) Overall mortality of patients who featured ≥6 number of positive regional lymph node metastasis received POCT combined with PORT vs. patients who received POCT (P = 0.006).


In the group of 710 patients who featured ≥6 number of positive regional lymph node metastasis, PORT did not reduce overall mortality compared with mortality of patients who received surgery alone (P = 0.642, Figure 5C). For patients who received POCT, PORT can significantly reduce mortality; the result showed that the 3-years mortality rate decreased by 7.74% and the 5-years mortality rate decreased by 14.92% caused by PORT (P = 0.006, Figure 5D).




DISCUSSION

Stage IIIA-N2 NSCLC is a highly heterogeneous disease. The survival rate of stage IIIA-N2 patients after radical surgery was varied in different reported literatures. Even after complete resection, nearly 30% patients will suffer local recurrence or regional lymph node metastasis within 5 years (10). POCT can improve the disease-free survival (DFS) and OS by killing the local residual lesions and micrometastasis. National Comprehensive Cancer Network (NCCN) guidelines recommended POCT as a standard treatment for IIIA-N2 NSCLC patients. PORT, theoretically, can kill the residual tumor cells in the surgical field and significantly reduce the local recurrence rate of IIIA-N2 patients. The impact of the number of positive lymph nodes on the resected IIIA-N2 prognosis has been confirmed by many studies. Different N2 situations determine different prognoses and different treatment strategies. However, owing to the lack of research on the effect of PORT on NSCLC patients with stage IIIA-N2, it is still controversial whether PORT can bring OS benefits to IIIA-N2 patients. And also, owing to the lack of positive lymph node metastasis site records in SEER database and space limitation, we decided to stratify the analysis only for the number of positive nodes. Our study attempted to answer the clinical question: Does the state of N2 affect the PORT effect?

The largest postoperative radiotherapy meta-analysis of NSCLC conducted by PORT Meta-analysis Trialists Group revealed that the effect of PORT on IIIA-N2 patients was not clear (11). Kim et al. (12) evaluated the effect of PORT on stage III A-N2 NSCLC, and they found that PORT significantly improved the local control rate of stage III A-N2 NSCLC but did not prolong the OS period. But several studies have confirmed that PORT can prolong survival and reduce local recurrence in IIIA-N2 patients. Lally et al. (13) demonstrated that PORT increased the 5-years survival rate of pN2 patients from 20% to 27% and reduced the risk of death by 14.5%. The ANITA study (14) showed that PORT increased the 5-years survival rate of stage IIIA-N2 NSCLC from 34% to 47%. Herskovic et al. (15) showed that PORT could improve the survival of IIIA-N2 NSCLC patients, that PORT displayed a 17% reduced hazard of death as compared with non-PORT, and that the median overall survival was 53.1 months for PORT compared with 44.5 months for non-PORT. Based on the above different research conclusions, the 2017 version of American Society of Clinical Oncology (ASCO) guidelines does not recommend the routine use of adjuvant radiotherapy for IIIA-N2 patients; instead, the benefits and risks of adjuvant radiotherapy for each N2 patient should be evaluated in various aspects after operation. But the 2017 version of NCCN guidelines recommend that POCT or concurrent chemotherapy and radiotherapy should be used as adjuvant treatment for N2 patients who underwent complete resection. Corso et al. (16) retrospectively analyzed 30,552 patients with stage II-IIIA NSCLC who underwent R0 resection in the National Cancer Database (NCDB) from 1998 to 2006, 3,430 of whom received postoperative radiotherapy. The results revealed that the 5-years survival rate of stage N2 patients treated with PORT was improved (27.8 vs. 34.1%, P < 0.001), and the absolute survival rate was increased by 6.3% compared with that of patients who did not receive PORT. Sakib et al. (17) showed that PORT could significantly improve local control rate and survival of resected stage IIIA-N2 NSCLC patients, regardless of whether they received chemotherapy.

We included surgically resected IIIA-N2 lung cancer patients in the study, and the exact removed number of lymph nodes in all patients was recorded. All postoperative patients met the definition of N2 in the AJCC 7th Edition in SEER database. Therefore, the definition of N2 is not a clinical diagnosis but a postoperative confirmation.

Our results demonstrated for IIIA-N2 NSCLC patients that the survival time of patients who received PORT is significantly longer than that of non-PORT patients, which was similar to the previous research conclusion. However, the survival time of IIIA-N2 NSCLC patients was significantly different, and the number of lymph node metastasis was related to the prognosis of NSCLC. Can all N2 patients benefit from PORT regardless of number of lymph node metastases? Should PORT be a necessary and conventional treatment for all IIIA-N2 patients? We stratified the N2 patients according to the number of lymph node metastases and analyzed the benefits of PORT in different groups.

For patients with < six lymph node metastases, median survival of patients treated with surgery alone was 28 months, and the median survival of patients who received PORT treatment after radical surgery was extended to 41 months. PORT could prolong survival time as compared with no adjuvant therapy after surgery if these patients did not undergo POCT for some reason. PORT reduced the 3 and 5-years mortality rates by 14.98 and 11.81%, respectively. However, for patients with ≥6 number of positive regional lymph nodes metastasis, if they do not receive POCT, PORT did not improve survival and did not reduce mortality. We speculated that PORT can be used as an effective supplement treatment to surgery for patients with <6 lymph node metastases. Compared with surgery alone, use of PORT could be converted into survival benefits by reducing the local recurrence rate. Therefore, we suggested that for patients who cannot tolerate POCT, if their physical condition permits, PORT could be used as a recommended therapy.

Previous studies have confirmed the necessity of POCT in resectable IIIA-N2 patients. Does PORT improve survival on the basis of chemotherapy? Mikell et al. (18) analyzed 2,115 patients with NSCLC in N2 stage who received POCT from 2004 to 2006 in NCDB database, and they concluded that compared with the control group, PORT can improve the 5-years survival rate (39.8 vs. 34.7%, P = 0.048). Lei et al. (19) showed that compared with POCT, PORT combined with POCT was beneficial to OS of IIIA-N2 NSCLC patients, but not to DFS. Our results revealed that for patients with <6 lymph node metastases, PORT combined with POCT therapy has no significant benefit compared with POCT. Although it is not statistically significant, the median survival time of PORT combined with POCT group seems to be shorter than that of POCT group. But for the patients with ≥6 number of positive regional lymph node metastasis, PORT combined with POCT therapy is necessary. Compared with the median survival time of 25 months in the chemotherapy group, the treatment of PORT combined with POCT can prolong OS and increase the median survival time to 32 months. Meanwhile, PORT combined with POCT therapy can reduce the 3 and 5-years mortality rates by 7.74% and 14.92%, respectively. We speculated that for IIIA-N2 patients with ≥6 positive lymph nodes, the risk of local recurrence and distant metastasis are higher than those of other IIIA patients, so surgery alone is not enough; local and systemic treatment should be strengthened to reduce recurrence and metastasis in order to prolong the survival period. PORT has a beneficial effect on survival by eliminating the local micrometastasis, reducing the local recurrence and cancer-related death rate. POCT can prevent the systemic micrometastasis and recurrence so as to improve the survival period.

Conclusions about the effect of PORT from previous studies were inconsistent, which may be related to the different states of IIIA-N2 patients, as well as different radiotherapy equipment and doses used in studies. Our findings suggested that IIIA-N2 patients should be carefully evaluated according to the number of lymph node metastases before PORT treatment. POCT was necessary and important for all IIIA-N2 NSCLC patients. For patients with <6 lymph node metastases, if patients cannot tolerate POCT, the use of PORT to improve survival can be encouraged. For IIIA-N2 patients with ≥6 positive lymph nodes, if the patients' physical conditions allow, PORT combined with POCT therapy should be applied, because PORT alone did not have survival benefit for this group. The results are shown in Table 4.


Table 4. Strategy for postoperative adjuvant treatment of resected stage III A-N2 NSCLC.

[image: Table 4]

There are limitations in our research: We did not analyze the dose and range of radiotherapy owing to lack of record in SEER database. It is undeniable that our research was a retrospective study and bias was inevitable. We try to minimize this bias through a large data analysis and statistical method. At present, it is urgent to carry out a multicenter prospective randomized controlled study based on modern precise radiotherapy technology and unified radiotherapy program, so as to provide a higher level of evidence for the application of PORT in the stage IIIA-N2 NSCLC patients and guide the selection of the beneficiary population.

Currently, there is no standard treatment for locally advanced IIIA-N2 NSCLC, and the single treatment is limited. For resectable IIIA-N2 NSCLC, the chance of death from recurrence or metastasis within 5 years after operation is still high regardless of R0 resection. The optimal combination of surgery, chemotherapy, and radiotherapy treatment including perioperative target therapy and immunotherapy for patients with stage IIIA-N2 NSCLC is still to be determined. Each NSCLC patient with stage IIIA-N2 should be carefully evaluated by a multidisciplinary team to develop the best treatment strategy.



CONCLUSION

In patients who featured <6 number of positive regional lymph nodes, patients who received PORT had better survival rate than patients who underwent surgery only. But in this group, there was no significant difference in the survival of postoperative patients who underwent POCT in view of whether received PORT. For patients with ≥6 positive lymph nodes, PORT combined with POCT significantly improved OS and decreased overall mortality. Owing to limitations in our study, a large-cohort, multicenter, and prospective study is needed.
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Purpose: To evaluate the impact of preoperative use of intravenous contrast media (ICM) on the excellent response (ER) rates in a cohort of intermediate-risk differentiated thyroid cancer (DTC) patients who received total thyroidectomy (TT) and low-dose radioactive iodine (RAI) therapy.

Methods: A total of 683 consecutive patients were retrospectively reviewed in a single center between August 2016 and August 2018. Patients were divided into ICM group (n = 532) and non-ICM group (n = 151). Intravenous contrast media patients were 1:1 propensity matched to non-ICM patients based on T stage, N stage, and urinary iodine. Risk-adjusted logistic regression models were constructed to assess the association between the use of ICM and ER rates.

Results: Intravenous contrast media patients had significantly higher T stage (P < 0.001), N stage (P < 0.001), urinary iodine (P < 0.001), and ps-Tg (P = 0.042) than non-ICM patients. Preoperative use of ICM was found to be significantly associated with decreased ER rates in both the primary cohort [odds ratio (OR) = 0.47, 95% confidence interval (CI) = 0.32–0.71; P < 0.001] and the matched cohort (OR = 0.48, 95% CI = 0.25–0.94; P = 0.031). Subgroup analysis on RAI delay time in the primary cohort revealed that ER rates in ICM patients were significantly lower than that of non-ICM patients for 1–2 months (P = 0.0245) and >2–3 months (P = 0.0221) subgroups, but not for >3–4 months, >4–5 months, and >5–6 months subgroups (all P > 0.05). A delay time of >3–4 months exhibited the highest ER rate (63.08%) within the ICM group.

Conclusions: Preoperative use of ICM is associated with decreased ER rates in intermediate-risk DTC patients who subsequently receive TT and low-dose RAI therapy. For such patients, if ICM has already been received, an RAI delay time of >3–4 months would seem to be more appropriate to achieve better ER rates.

Keywords: differentiated thyroid cancer, intravenous contrast media, radioactive iodine therapy, delay time, excellent response


INTRODUCTION

Post-operative use of radioactive iodine (RAI) continues to be conservative in differentiated thyroid cancer (DTC) patients with low to intermediate recurrence risk. While high dose is considered to be associated with dysfunctions in non-thyroidal organs such as salivary and lachrymal and long-term effects such as second primary cancer, plenty of studies have demonstrated that low dose is as effective as high dose in achieving ablation success and controlling disease recurrence in this patient population (1–3). However, delivering sufficient absorbed doses to the thyroid tissue is still important to ensure therapeutic efficacy.

Iodinated contrast media (ICM) is often used in DTC patients with locally aggressive disease or clinically apparent cervical lymph node to optimize preoperative planning and the completeness of surgery (4). Because ICM contains several 100-fold the recommended daily allowance of iodine and may cause a retention of iodine in the body for years (5, 6), there has long been a concern among nuclear medicine physicians that it could interfere with thyroid RAI uptake. Accordingly, in clinical practice, RAI administration was usually delayed for a certain period to eclipse this effect (7, 8). However, when a low-dose RAI protocol is applied, the interference of preoperative use of ICM may become significantly pronounced. It is possible that the patients' clinical outcome and management strategy will be altered in this scenario.

Response-to-therapy assessment during the first 1–2 years after initial therapy for DTC patients is effective in estimating risk of long-term recurrence and was endorsed by the 2015 American Thyroid Association (ATA) guidelines (4). The most significant impact of this system is in patients with excellent response (ER), in whom the risk of disease recurrence was very low (1–4%), and far less intensive management would be required during follow-up. Thus, it is desirable to ensure that patients have a better chance of ER after RAI therapy.

In the present study, we evaluated whether the ER rates were influenced by preoperative use of ICM in the setting of a low-dose RAI protocol. Patients with initial ATA intermediate risk of recurrence were included, in whom the risk of recurrence is significant and in whom the impact of the response to therapy is most evident in terms of follow-up.



MATERIALS AND METHODS


Patients

The China-Japan Union Hospital is a tertiary-care University teaching center in northeastern China providing comprehensive care for thyroid cancer patients. All DTC patients in our center, except those with primary tumor measuring 1 cm or less confined to the thyroid gland, underwent total thyroidectomy (TT) with central or lateral neck dissection, depending on risk and intraoperative findings. From August 2016 on, the thyroid surgery department began to routinely select DTC patients to perform preoperative contrast CT following the 2015 ATA guidelines. However, because these guidelines also indicated that a 4–8-week interval between the use of ICM and RAI administration, which was defined as “RAI delay time” in this article, would be adequate to eclipse the impact of ICM on RAI therapy, in our department, the RAI delay time for all patients (with or without ICM) in this period were solely determined by the patient's access to medical facilities and availability of RAI for administration.

We screened ATA intermediate-risk patients (detailed definition of intermediate risk in the 2015 ATA recurrence stratification system was shown in Figure 1) who had undergone TT and low-dose RAI therapy between August 2016 and August 2018. Patients who met the following criteria were excluded: (1) RAI delay time was more 6 months; (2) suspicion of distant metastases because of elevated serum ps-Tg level, radiological findings including chest computed tomography (CT), or positron emission tomography/CT, or therapeutic RAI scan, or histopathological biopsy; (3) positive or elevated serum Tg antibody (TgAb) level; and (4) patients with incomplete clinical data. Finally, a total of 683 patients were retrospectively enrolled. The study was approved by the local ethics committee.


[image: Figure 1]
FIGURE 1. Criteria of 2015 ATA intermediate-risk patients.




Preoperative ICM and Measurement of Preablation Urinary Iodine Concentration

Preoperative ICM included iodixanol, iohexol, and iopromide, which are all non-ionic and have an iodine concentration of 320, 350, and 370 mg/mL, respectively. The ICM dose administered was 100 mL for iodixanol or iohexol and 80–100 mL for iopromide per CT scan.

Preablation urinary iodine (UI) concentration was measured using a rapid kit (Zhongsheng Jinyu Diagnostic Technology Company Limited, Beijing, China) developed based on the study of Rendl et al. (9, 10). After sample collection (between 8 and 11 AM), measurement was done within 2 h according to manufacturer's protocol.



RAI Protocol

Patients were prepared by levothyroxine (LT4) withdrawal together with a strict low-iodine diet for at least 2 weeks, with the goal of attaining an appropriate thyroid-stimulating hormone (TSH) level > 30 μIU/mL. Patients who were scheduled to perform an imminent RAI therapy should have a UI concentration of <200 μg/L. The RAI dose administered was based on the 2015 ATA guidelines according to TNM stage and recurrence risk stratification. For intermediate-risk patients included in this study, a fixed low-dose RAI was administered for successful remnant ablation (Table 1 shows the protocol for RAI dosing in our department). Thyroxine therapy was resumed on the third day, and a therapeutic RAI scan was performed 3–5 days after RAI therapy.


Table 1. Protocol for RAI dosing.
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Response Assessment

Response assessment was performed 16–40 months after RAI therapy. In this study, the response was divided into ER and NER according to the serological examination (suppressed Tg, stimulated Tg, and TgAb) and imaging technique (DxWBS, cervical ultrasound, chest CT, and bone scintigraphic imaging) described in the 2015 ATA guidelines. Excellent response was defined as negative imaging and at the same time either suppressed Tg up to 0.2 ng/mL or ps-Tg up to 1 ng/mL with the absence of TgAb.



Statistical Analysis

We utilized propensity score methods to adjust for difference in the baseline characteristics of patients in the ICM and non-ICM groups. To estimate the propensity score, logistic regression was performed with three variables: T stage, N stage, and UI (all P < 0.001 in univariate analyses). After propensity score estimation, the ICM and non-ICM groups were matched according to propensity score in a 1:1 ratio with a caliper of 0.05. Univariate analyses were performed to compare the clinical characteristics of the patients and ER rates between the two groups. To evaluate the impact of preoperative use of ICM on ER rates, non-adjusted, risk-adjusted, and fully adjusted logistic regression models were constructed for the both primary and the matched cohort. For risk-adjusted analyses, we adjusted for features that were significant in the univariate analyses. The subgroup analyses were performed using R × C χ2 test. Categorical variables were compared with either χ2 test or Fisher exact test as appropriate. Student t-test was used for normally distributed continuous variables, and the Mann-Whitney U-test was used for non-normally distributed continuous variables. Statistical analysis was performed using R software (version 3.4.3; http://www.R-project.org, The R Foundation). P < 0.05 was considered to indicate statistical significance.




RESULTS


Patients

For the included patients, five hundred and thirty-two of them underwent preoperative ICM and 151 did not. Patients' baseline characteristics are shown in Table 2. As can be seen, T stage (P < 0.001), N stage (P < 0.001), UI (P < 0.001), and ps-Tg (P = 0.042) in the ICM group were significantly higher than that of the non-ICM group. After propensity score matching, 93 pairs of patients were successfully matched, and all baseline characteristics were well-balanced between the matched groups.


Table 2. Patients' baseline characteristics.
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Impact of Preoperative Use of ICM on ER Rates

The distribution of ER rates for the ICM patients and the non-ICM patients is shown in Table 3. Excellent response rates in the ICM group were lower than those of the non-ICM group either in the primary cohort (53.6 vs. 65.0%) or in the matched cohort (45.7 vs. 54.3%).


Table 3. Factors associated with the excellent response.
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In univariate analyses, for the primary cohort, significant difference was found between ER group and non-ER group for the use of ICM (P = 0.011), 99mTc-pertechnetate uptake (P < 0.001) and ps-Tg (P < 0.001); for the matched cohort, significant difference was found between the ER group and non-ER group for the use of ICM (P = 0.011), 99mTc-pertechnetate uptake (P = 0.002), and ps-Tg (P < 0.001) (Table 3). In multivariate analyses, the use of ICM was found to be significantly associated with decreased ER rates in crude model [odds ratio (OR) = 0.61, 95% confidence interval (CI) = 0.43–0.90, P = 0.011, in the primary cohort; and OR = 0.67, 95% CI = 0.38–1.21, P = 0.184, in the matched cohort], risk-adjusted model (OR = 0.47, 95% CI = 0.32–0.71, P < 0.001, in the primary cohort; and OR = 0.48, 95% CI = 0.25–0.94, P = 0.031, in the matched cohort), and fully adjusted model (OR = 0.48, 95% CI = 0.29–0.80, P = 0.005, in the primary cohort; and OR = 0.51, 95% CI = 0.25–1.04, P = 0.065, in the matched cohort) (Table 4).


Table 4. Multivariate regression for impact of preoperative ICM on ER rates.
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Subgroup Analysis on RAI Delay Time

The RAI delay time of the 683 patients were categorized into five subgroups, and the number of patients in each group can be seen in Table 2. In the primary cohort, the ER rates in ICM patients were significantly lower than those of non-ICM patients for 1–2 months (P = 0.0245) and >2–3 months (P = 0.0221) subgroups, but not for >3–4 months, >4–5 months, and >5–6 months subgroups (All P > 0.05) (Table 5).


Table 5. Subgroup analysis on RAI delay time in the primary cohort.
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Relationship Between UI Concentration and Clinical Outcomes

In univariate and multivariate analyses, UI concentration was found to be not associated with ER rates for either the primary or the matched cohort (All P > 0.05). Table 6 shows UI concentration according to clinical outcomes for the five RAI delay time subgroups in the primary cohort. Still, no association between UI concentration and ER rates was found within each of the five subgroups (All P > 0.05).


Table 6. UI concentration according to clinical outcomes for the five RAI delay time subgroups in the primary cohort.
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DISCUSSION

The 2015 ATA guidelines assumed that the use of ICM should not be a major concern for RAI therapy as long as 4–8 weeks' delay time was fulfilled (4). However, this arbitrary cutoff was only inferred based on the clearance time of UI values (11–13). It is unclear whether these values accurately reflect free iodide accumulation by thyroid tissue. Moreover, in a recent study, Vassaux et al. suggested that independent of free iodide, the ICM itself could directly reduce thyroid iodide uptake by decreasing NIS expression in thyroid cells. Besides, they found that ICM induces thyroid stunning to a greater and longer-lasting degree than free iodide found in ICM could explain (14). Thus, the influence of the use of ICM might have been stronger and more enduring than we previously thought. Nevertheless, although the interference of ICM on thyroid RAI uptake is well-documented in the literature (15), as far as we know, there have been no previous studies to directly and systemically evaluate the impact of preoperative use of ICM on patients' clinical outcome after RAI therapy.

In the present study, by analyzing a large cohort of intermediate-risk patients in the setting of a low-dose RAI protocol, which our department had been implementing since August 2015 (16), we evaluated whether preoperative use of ICM significantly impacted the ER rates. We chose ER rates as a clinical endpoint in this study, because in intermediate-risk patients, ER decreases the estimated risk of recurrence from 20 to 30% to <5%, leading to less intensive follow-up and no need for TSH suppression (17). Propensity score matching was performed to balance the confounding factors in the primary cohort. In multivariate analysis, we found that the use of ICM was significantly associated with decreased ER rates in non-adjusted, risk-adjusted, and fully adjusted models for either the primary or the matched cohort. This implies that the use of ICM has a significant negative impact in terms of patients' clinical outcome, although it might help to improve evaluation of tissue planes and detection of local invasion before surgery. Thus, the negative impact of ICM on RAI therapy cannot be ignored in this scenario, and decision making of the use of ICM should at least take into account whether the patients are likely to receive low-dose RAI therapy afterward. To go a step further, withholding ICM might be an option in patients with lower tumor burden. As a matter of fact, toward the necessity of preoperative use of ICM, many scholars have already argued that CT without ICM can provide sufficient information regarding tumor and vascular and aerodigestive structures for effective surgical planning (18).

In a subgroup analysis on RAI delay time, we showed that in the primary cohort ER rates in ICM patients were significantly lower than that of non-ICM patients for 1–2 months (P = 0.0245) and >2–3 months (P = 0.0221) subgroups, but not for >3–4 months, >4–5 months, and >5–6 months subgroups (All P > 0.05). This indicated that the would-be negative impact of ICM on RAI therapy might persist until 3 months after surgery. In other words, if the patients had received contrast CT, the RAI delay time should be at least more than 3 months for the ICM not to significantly influence ER rates. Moreover, the RAI delay time itself is believed to impact RAI therapy, and longer delay time usually correlates with worse clinical outcome (19, 20). In our ICM group, the ER rates showed a first increased and then decreased trend among the five delay time subgroups, with the >3–4 months subgroup exhibiting the highest (Figure 2). It could be speculated that this time period might be able to better balance the decreasing negative impact of ICM and the increasing negative impact of delay time itself on RAI therapy. Thus, an RAI delay time of >3–4 months seems to be more appropriate for patients to achieve better ER rates in this scenario.
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FIGURE 2. Changes of ER rates as RAI delay time extends in both ICM and non-ICM patients.


Urinary iodine is an easily obtainable indicator for iodine status and a sensitive marker of iodine intake and changes in iodine status. Previously, several researchers concluded that 1-month delay is sufficient for ICM patients to perform RAI therapy because UI concentration could return to baseline values (before the use of ICM) during this period (11, 12). However, in our study, although the UI concentrations of all included patients were within normal range (<200 μg/L) before RAI therapy, it was found to be not associated with the clinical outcome for either the primary or the matched cohort or within each of the five RAI delay time subgroups in the primary cohort. These results indicated that UI concentration within normal range cannot guarantee the absence of interference from ICM in terms of clinical outcome. This was in accordance with the theory proposed by Vassaux et al. (14) in in vitro studies as mentioned previously. Therefore, our study demonstrated in a clinical practice setting that it might be not suitable for using a “normal UI concentration” to decide the initiation of RAI therapy if the patients had received preoperative ICM.

There are some limitations to this study. First, it was a retrospective study performed in a single institution. Although propensity score matching was used to minimize the effect of observed confounders, it cannot address unobserved confounders. For example, preoperative contrast CT was performed at the surgeons' discretion after seeing the result of the neck ultrasound. This could have already led to selection bias. In this regard, a multi-institutional prospective randomized trial with a larger number of patients would be more appropriate. Second, the follow-up duration in our study is relatively short, and continued observations are still needed to evaluate long-term clinical outcomes. Lastly, we used a rapid UI test method that is not completely quantitative, and rather than a period of 24 h, only single-spot urinary was collected. These might undermine the results derived from UI concentration in our study.



CONCLUSIONS

Preoperative use of ICM is associated with decreased ER rates in intermediate-risk DTC patients who subsequently receive TT and low-dose RAI therapy. For such patients, if ICM has already been received, an RAI delay time of >3–4 months would seem to be more appropriate to achieve better ER rates.
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Introduction: This study aimed to develop and validate the combination of radiomic features and clinical characteristics that can predict patient survival in hepatocellular carcinoma (HCC) with portal vein tumor thrombosis (PVTT) treated with stereotactic body radiotherapy (SBRT).

Materials and Methods: The prediction model was developed in a primary cohort of 70 patients with HCC and PVTT treated with SBRT, using data acquired between December 2015 and June 2017. The radiomic features were extracted from computed tomography (CT) scans. A least absolute shrinkage and selection operator regression model was used to build the model. Multivariate Cox-regression hazard models were created for analyzing survival outcomes and the radiomic features and clinical characteristics were presented with a nomogram. The area under the receiver operating characteristic curve (AUROC) was used to evaluate the model. Participants were divided into a high-risk group and a low-risk group based on the radiomic features.

Results: A total of four radiomic features and six clinical characteristics were extracted for survival analysis. A combination of the radiomic features and clinical characteristics resulted in better performance for the estimation of overall survival (OS) [area under the curve (AUC) = 0.859 (CI: 0.770–0.948)] than that with clinical characteristics alone [AUC = 0.761 (CI: 0.641–0.881)]. These patients were divided into high-risk and low-risk groups according to the radiomic features.

Conclusion: This study demonstrated that a nomogram of combined radiomic features and clinical characteristics can be conveniently used to assess individualized preoperative prediction of OS in patients with HCC with PVTT before SBRT.

Keywords: hepatocellular carcinoma, portal vein tumor thrombosis, stereotactic body radiotherapy, radiomics, outcome prediction


INTRODUCTION

Hepatocellular carcinoma (HCC) is the sixth most prevalent cancer worldwide, and the third leading cause of cancer-related deaths (1). China accounts for more than 50% of the global incidence of HCC and HCC is the fourth most commonly diagnosed cancer (2). Macrovascular invasion, where tumor cells invade the portal vein, hepatic veins, or the inferior vena cava in the liver (3, 4), is common in HCC. Portal vein tumor thrombosis (PVTT) is one of the most serious complications of HCC and has an incidence ranging from 44 to 62.2% (5). Between 10 and 60% of patients with HCC already have PVTT at the time of diagnosis (6, 7). This condition is strongly correlated with poor prognosis and the natural median survival time of patients with HCC and PVTT is only 2–4 months (8, 9).

Several clinical studies have confirmed that radiotherapy is effective for treating HCC with PVTT (10–12). Shui et al. (13) have shown stereotactic body radiotherapy (SBRT) can be used as the first-line therapy for HCC patients with extensive PVTT originally considered unsuitable for surgical resection or TACE. SBRT has emerged as a new radiotherapy technology that can deliver high doses of radiation to the target area in fewer fractions (14, 15). SBRT can accurately transfer a large dose of multiple beams to the target tumor within 1–5 fractions, owing to technical progress in accurate dose transfer, respiratory movement management, and daily image guidance. The relatively short treatment process can benefit patients by reducing interference with other treatment measures. Hence, we typically recommend SBRT to patients with unresectable HCC with PVTT undergoing multidisciplinary treatment. The purpose of SBRT is to reduce tumor thrombus and retain sufficient portal vein blood flow to allow the beneficial effect of any follow-up treatment.

Studies have also investigated the possibility of using radiomics as a potential prognostic indicator in oncology, specifically to classify patients and assess their risk categories, to develop personalized oncological treatments (16–18). The aim of this study was to develop a combination of radiomic features and clinical characteristics to estimate the overall survival (OS) in patients with HCC with PVTT treated using SBRT. Although numerous studies have been published on the use of radiomics in several cancer-outcome prediction models (19–21), and the correlation between the characteristics of radiation and the results of radiotherapy, few studies have focused on HCC with PVTT treated using SBRT. Therefore, our study aimed to develop and validate the combination of radiomic features and clinical characteristics that can predict patient survival in HCC with PVTT treated with SBRT.



MATERIALS AND METHODS


Patient Selection

All patients (n = 70) who were treated at the Second Affiliated Hospital, Zhejiang University School of Medicine from December 2015 to June 2017 were included in the study. Treatment and data analysis were conducted according to the Declaration of Helsinki. Ethical approval for retrospective data analysis was obtained from the Second Affiliated Hospital, Zhejiang University School of Medicine Ethics Committee. The diagnosis of liver cancer was based on the guidelines of the American Association for the Study of Liver Diseases (22). Portal vein invasion was determined by the presence of filling defects in a low attenuation cavity near the primary tumor, as observed on enhanced computed tomography (CT).

In this study, patients received SBRT according to the following criteria: [1] tumor thrombus involving the main portal vein and/or the first portal vein, which was deemed unsuitable for surgery or transarterial chemoembolization; [2] Eastern Cooperative Oncology Group (ECOG) performance status (PS) score of 0–1; [3] absence of refractory ascites; [4] Child-Pugh class A, B, and C; [5] no previous history of radiotherapy for the liver; and [6] availability of more than 700 cm3 of unaffected liver.



SBRT

The gross tumor volume (GTV) represents the extent of tumor thrombosis visualized on contrast-enhanced CT and magnetic resonance imaging (MRI). If the extent of primary liver disease was small (<5 cm) and adjacent to the PVTT, both were considered to be a part of the GTV. A total dose of 25–50 Gy was prescribed in five fractions over 5–7 days based on the GTV. SBRT plans were generated using the Varian radiation treatment planning system (Eclipse software, Varian Medical Systems, Palo Alto, CA, USA). Treatment was delivered with a Varian Trilogy linear accelerator (Varian Medical Systems, Palo Alto, CA) using a 6-MV photon beam.



Follow-Up

The cutoff date for the last follow-up was February 28, 2018, for censored data analysis. The OS was calculated from the start of SBRT to the date of death or the last follow-up visit.



Image Acquisition

The entire image used for radiomic analysis was obtained from the CT scan acquired prior to SBRT. Contrast-enhanced CT imaging was performed using a LightSpeed RT 16 scanner (GE Healthcare, Chicago, IL, USA). The scanning parameters used in this study were as follows: tube voltage, 120 kVp; field of view, 250–400 mm; pixel size, 512 × 512; slice thickness, 0.25 cm; and average number of slices, 116. The CT images were preprocessed by wavelet-based methods and then analyzed to extract the radiomic features from the GTV that contributed to the SBRT plans. Feature extraction was based on the three-dimensional (3D) slicer platform and performed using the pyradiomics package, which is available at: http://PyRadiomics.readthedocs.io/en/latest/ (accessed on June 30, 2019) (23).



Statistical Analyses

All statistical analyses were performed using R software, version 3.6.3 (R Foundation for Statistical Computing, Vienna, Austria) and X-tile software, version 3.6.1 (Yale University School of Medicine, New Haven, Conn). Least absolute shrinkage and selection operator (LASSO) Cox regression modeling was used for data dimension reduction, feature selection, and radiomic feature building to select the most valuable predictive radiomic features from GTV. Multivariate Cox-regression hazard models were built for the survival outcome, radiomic features, and clinical characteristics presented with the nomogram. A nomogram is a specific functional representation that graphically displays prediction models using lines with numerical scales based on traditional statistical methods. LASSO was used to select radiomic features to fit the Cox proportion model using the “glmnet” package in R software, and the Multivariate Cox-regression hazards models and nomogram and calibration curve were performed with the “survival” and “rms” packages in R software, respectively. The area under the receiver operating characteristic (AUROC) curve was used to evaluate the nomogram model. The radiomic scores (Rad-scores) were calculated for each patient using a linear combination of selected radiomic features, weighted by their respective coefficients. The cutoff value of the Rad-score was calculated using X-tile software to categorize patients into the high-risk or low-risk groups.




RESULTS

The median follow-up time was 9.5 months. Twenty-five patients (35.7%) were still alive at the time of the current analysis. The median survival time was 10.0 months (95% CI, 7.7–12.3). Table 1 shows the patients' clinical characteristics. All 851 radiomic features were extracted, including Shape features (which include descriptors of the 2D and 3D size and shape of the region of interest and are independent from the gray level intensity distribution in the region of interest and therefore only calculated on the non-derived image and mask), First Order features (which describe the distribution of voxel intensities within the image region defined by the mask through commonly used and basic metrics), Gray Level Co-occurrence Matrix features (GLCM, which describe the second-order joint probability function of an image region constrained by the mask), Gray Level Dependence Matrix features (GLDM, which quantify gray level dependencies in an image), Gray Level Run Length Matrix features (GLRLM, which quantify gray level runs that are defined as the length in number of consecutive pixels that have the same gray level value), Gray Level Size Zone Matrix features (GLSZM, which quantify gray level zones in an image), and Neighboring Gray Tone Difference Matrix features (NGTDM, which quantify the difference between a gray value and the average gray value of its neighbors within some distance). High-throughput radiomic features were reduced with LASSO regression (Figure 1). Four radiomic features and six clinical characteristics were extracted for OS analysis. The radiomic features included Short Run Low Gray Level Emphasis (SRLGLE, which measures the joint distribution of shorter run lengths with lower gray-level values) of the GLRLM of the wavelet-HLL (H = high-frequency band, L = low-frequency band) (feature 1), Inverse Difference Moment Normalized (Idmn, which is a measure of the local homogeneity of an image) of the GLCM of the wavelet-LLL (feature 2), Small Dependence Low Gray Level Emphasis (SDLGLE, which measures the joint distribution of small dependence with lower gray-level values) of the GLDM of the wavelet-HLL (feature 3), and Idmn of the GLCM of the original (feature 4). The clinical characteristics included the ECOG score, type of PVTT, Child-Pugh classification, age, and albumin and hemoglobin levels. Table 2 summarizes the results of the univariate log-rank test for clinical characteristics.


Table 1. Patient characteristics.
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FIGURE 1. LASSO coefficient profiles of the 851 texture features (A) Tuning parameter (λ) selection in the LASSO model used 10-fold cross-validation with minimum criteria (B). LASSO, least absolute shrinkage and selection operator.



Table 2. Significant covariates with respect to the survival and related log-rank test P-values.
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The coefficients of the selected radiomic features are shown in Figure 2. Features 1–4 consisted of radiomic features and the Rad_score was calculated using the following formula:

[image: image]

The cutoff Rad-score value was −0.1, which was used to classify patients into the high-risk group (Rad-score ≥-0.1) and low-risk group (Rad-score < −0.1). The survival curves of both groups are shown in Figure 3.


[image: Figure 2]
FIGURE 2. Histograms showing the role of individual features contributing to the radiomic features. Contributing features are plotted on the y-axis and their LASSO analysis coefficients are plotted on the x-axis. LASSO, least absolute shrinkage and selection operator.



[image: Figure 3]
FIGURE 3. Survival curve of the high and low-risk groups based on the radiomics score classification.


The combination of the radiomic features, clinical characteristics nomogram, and calibration curves is presented in Figure 4. The area under the curve (AUC) for the clinical characteristics was 0.761 (CI: 0.641–0.881), and the AUC was 0.859 (CI: 0.770–0.948) when the radiomic features were combined with the clinical characteristics (Figure 5). We also compared our findings with those of recent studies (Table 3) (24–27).


[image: Figure 4]
FIGURE 4. The nomogram of the combination of the radiomic features and clinical characteristics (A) and the associated calibration curve for the combination of the radiomic features and clinical characteristics. (B) The nomogram of the clinical characteristics (C) and the associated calibration curve for clinical characteristics (D).
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FIGURE 5. The AUC of clinical characteristics (A) and the combined radiomic features and clinical characteristics (B). AUC, area under the curve.



Table 3. Summary of the studies that evaluated radiomics in the hepatocellular carcinoma.
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DISCUSSION

The application of radiomics has been extensively studied in esophageal cancer (28, 29), non-small cell lung cancer (30), breast cancer (31), nasopharyngeal carcinoma (32), Glioblastoma (33), and rectal cancer (34), which indicates the potential of radiomics for predicting the efficacy of treatment or patient prognosis. Radiotherapy-orientated CT imaging must be acquired prior to SBRT treatment of HCC with PVTT. Image data analysis of the pre-SBRT CT image is used to predict the OS of patients with HCC and PVTT, to limit examinations and provide guidance for clinical treatment decisions. This knowledge provided the basis for this retrospective study. We developed and validated a nomogram based on a combination of radiomic features and clinical characteristics from localized CT performed prior to SBRT treatment to make individualized OS predictions in patients with HCC with PVTT. The nomogram included four radiological features and six clinical features. The methodology implemented in this study is simple and reproducible because the features were generated from a validated package, which is freely available from the 3D slicer (23).

LASSO regression is suitable for the accurate analysis of large radiological features with relatively small sample sizes and its design can prevent overfitting of the model (35, 36). The regression coefficients of most features are reduced to zero during the model fitting process, making it easier to interpret the model, which allows for the identification of features closely related to OS. Yin et al. (37) compared three feature selection methods (relief, LASSO, and random forest), and concluded that LASSO had the best performance, which could enhance the application of radiomics methods. The radiological features identified successfully classified patients into high-risk and low-risk groups, based on the Rad-scores.

SBRT focusses on treating stage IIIA and IVB HCC with PVTT, which has a relatively short OS. The accurate prediction of the OS of patients with HCC with PVTT undergoing SBRT will typically benefit those with shorter OS periods the most. We aim to develop a new model in a future study, which will include patients with low-stage HCC treated with SBRT. TNM staging was not selected as a clinical feature related to OS in this study because patients with HCC with PVTT belong to the late clinical-stage, which makes it difficult to predict OS using clinical staging since all patients have similar staging information. Alpha-fetoprotein was also not selected as a clinical feature to determine OS in this study for the same reason. This probably contributed to the poor predictive value of the clinical parameters in this study. The combination of the radiomic features and clinical characteristics resulted in better performance for the estimation of OS [AUC = 0.859 (CI: 0.770–0.948)] than that with the clinical characteristics alone [AUC = 0.761 (CI: 0.641–0.881)]. The radiomic features effectively compensated for the deficiencies in the clinical characteristics. This model also supported the value of radiomic features for the individual association between the OS of HCC with PVTT treated by SBRT.

The limitations of the study are that genomic characteristics were not considered. In recent years, genetic markers have been used to predict OS in patients with liver cancer in research settings (38). Radiogenomics is a discipline that studies the relationship between image phenotypes and genomics. It has gradually emerged in the field of cancer research and continues to receive more attention (39–41). Further research is necessary with a larger study population to identify the associated genetic characteristics and predict the OS of patients more accurately. Another limitation of this feasibility study is the lack of validation based on independent data sets. For the training sample size, Chalkidou et al. (42) proposed that for multiple regressions, at least 10–15 observations per predictor variable is required to produce reasonably stable estimates. In our study, four features were selected for the final model and the minimum data size was 40–60. Finally, 70 patients were involved in this study as training group, which were enough. Due to the limited sample size, we were unable to divide the survey cohort into testing groups. A separate multi-center validation study is currently underway and will enroll a larger patient population to overcome this limitation.



CONCLUSIONS

This study demonstrated that the use of a nomogram combining radiologic features with clinical risk factors can personalize OS prediction in patients with HCC with PVTT who underwent SBRT.
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Background and Objective

The aim of this study was to assess the ability of Fluorodeoxyglucose Positron Emission Tomography/Computed Tomography (18F-FDG PET/CT) to provide functional information useful in predicting pathological response to an intensive neoadjuvant chemo-radiotherapy (nCRT) protocol for both esophageal squamous cell carcinoma (SCC) and adenocarcinoma (ADC) patients.



Material and Methods

Esophageal carcinoma (EC) patients, treated in our Center between 2014 and 2018, were retrospectively reviewed. The nCRT protocol schedule consisted of an induction phase of weekly administered docetaxel, cisplatin, and 5-fluorouracil (TCF) for 3 weeks, followed by a concomitant phase of weekly TCF for 5 weeks with concurrent radiotherapy (50–50.4 Gy in 25–28 fractions). Three 18F-FDG PET/CT scans were performed: before (PET1) and after (PET2) induction chemotherapy (IC), and prior to surgery (PET3). Correlation between PET parameters [maximum and mean standardized uptake value (SUVmax and SUVmean), metabolic tumor volume (MTV), and total lesion glycolysis (TLG)], radiomic features and tumor regression grade (TGR) was investigated.



Results

Fifty-four patients (35 ADC, 19 SCC; 48 cT3/4; 52 cN+) were eligible for the analysis. Pathological response to nCRT was classified as major (TRG1-2, 41/54, 75.9%) or non-response (TRG3-4, 13/54, 24.1%). A major response was statistically correlated with SCC subtype (p = 0.02) and smaller tumor length (p = 0.03). MTV and TLG measured prior to IC (PET1) were correlated to TRG1-2 response (p = 0.02 and p = 0.02, respectively). After IC (PET2), SUVmean and TLG correlated with major response (p = 0.03 and p = 0.04, respectively). No significance was detected when relative changes of metabolic parameters between PET1 and PET2 were evaluated. At textural quantitative analysis, three independent radiomic features extracted from PET1 images ([JointEnergy and InverseDifferenceNormalized of GLCM and LowGrayLevelZoneEmphasis of GLSZM) were statistically correlated with major response (p < 0.0002).



Conclusions

18F-FDG PET/CT traditional metrics and textural features seem to predict pathologic response (TRG) in EC patients treated with induction chemotherapy followed by neoadjuvant chemo-radiotherapy. Further investigations are necessary in order to obtain a reliable predictive model to be used in the clinical practice.





Keywords: positron emission tomography metrics, pathological response, induction chemotherapy, chemo-radiation, esophageal cancer, radiomic features, neoadjuvant therapy



Introduction

Esophageal Cancer (EC) is a major health problem worldwide, representing the 7th leading cause of cancer-related mortality (1). In locally advanced stage disease, a preoperative approach (chemotherapy or chemo-radiotherapy) is currently accepted as standard of care (2). In particular, randomized trials evaluating neoadjuvant chemo-radiotherapy (nCRT) followed by surgery, have demonstrated a 10%–15% improvement in long-term survival rate with trimodality therapy as compared with surgery alone (3–5). Notably, Tumor Regression Grade (TRG) of the primary tumor after nCRT is a well-established prognostic factor to predict long-term prognosis in EC (6–8). Hence, in order to identify a subset of patients who would most likely benefit from nCRT, the availability of prognostic and predictive markers for response, is strongly advocated.

In our experience, after the completion of a phase II study, an intensive nCRT protocol consisting of induction chemotherapy (IC), followed by concurrent chemo-radiotherapy (CRT), and thereafter by surgery, was considered the standard approach for both Squamous Cell Carcinoma (SCC) and Adenocarcinoma (ADC) of the esophagus and gastroesophageal junction (EGJ). In our series, 5-year survival rates were 77% for pathological complete response (pCR), 44% for near pCR (microfoci of tumor cells on the primary tumor), and 14% for residual tumor subsets, respectively (p < 0.001) (9). It can be hypothesized that the use of induction chemotherapy may allow to screen patients with EC in “good responders”, in which CRT following IC may determine an effective survival advantage and therefore should be used, and in “bad responders”, in which CRT could be unnecessary or even detrimental due to possible adverse events. In this unfavorable group, surgery should not be further delayed or, alternatively, a change in systemic therapy should be adopted.

Fluorodeoxyglucose Positron Emission Tomography/Computed Tomography (18F-FDG PET/CT), combining functional PET information with anatomical CT images, is routinely used for diagnosis, radiation treatment planning, and response evaluation in various gastrointestinal malignancies (10–13). In particular, the role of 18F-FDG PET/CT for baseline staging, restaging before surgery, and recurrence/distant metastases detection during follow-up in EC is well established (14, 15). Furthermore, it represents a useful, non-invasive tool to assess the response to neoadjuvant chemotherapy and chemo-radiotherapy. Several traditional PET parameters, such as maximum and mean standardized uptake value (SUVmax and SUVmean), metabolic tumor volume (MTV), and total lesion glycolysis (TLG), have demonstrated the ability to provide functional information useful in predicting pathological response to nCRT in EC patients (16–18). More recently, radiomic features are emerging as promising tools to stratify patients in “good” or “bad” responders. Some studies have investigated different first, second and high-order features, in EC patients, demonstrating that PET radiomic parameters can predict the response to nCRT (19–25). In addition, Chen et al. postulated that using a combination of traditional and radiomic PET parameters can provide a better stratification of patients into different prognostic subgroups (26).

Based on this background, we performed a novel analysis to evaluate the ability of 18F-FDG PET/CT metrics to predict histological tumor regression in patients with EC treated with an intensive nCRT protocol.



Material and Methods


Study Design

This is a single-center retrospective analysis of prospectively collected data, approved by the Institutional Review Board of our Hospital. Inclusion criteria were: a) patients treated with an intensive nCRT protocol for locally advanced resectable SCC or ADC of the esophagus or EGJ (Siewert I and II); b) availability of 18F-FDG PET/CT scans performed before and after induction chemotherapy, and before surgery; c) surgical resection; d) availability of resection specimens for pathological analysis. Exclusion criteria were: a) chemo-radiation therapy approaches other than the nCRT protocol (e.g., CROSS scheme); b) Siewert III type (candidates for peri-operative chemotherapy) and SC cervical tumors (treated with definitive CRT); c) upfront resectable (cT1 or cT2N0) or metastatic disease; d) non-execution of at least one of the three 18F-FDG PET/CT scans; e) no surgical resection; f) unavailability of resection specimens.



nCRT Protocol and Surgery

The nCRT protocol consisted of a first phase of induction chemotherapy with docetaxel, cisplatin and 5-fluorouracil (TCF) for 3 weeks (days 1-22), followed by a second phase of concurrent chemotherapy (TCF) and radiotherapy for 5–6 weeks (days 29-63), as previously described (9). Radiation therapy (RT) was delivered with volumetric modulated arc therapy (VMAT), prescribing 50-50.4 Gy in 25-28 fractions. Figure 1 describes the nCRT protocol schedule. Sample VMAT plans are presented in Figures S1 and S2 (Supplementary Material).




Figure 1 | Schematic diagram of the neoadjuvant chemo-radiotherapy protocol schedule. CHT, chemotherapy; T, docetaxel; C, cisplatin; F, 5 fluorouracil; c.i., continuous infusion; RT, radiotherapy. Doses of 5 fluorouracil (F) are given as mg/m2/day. § RT 50-50.4 Gy in 25–28 fractions; * if 28 RT fractions are used.



After restaging, surgery with radical intent was performed 8 weeks after nCRT completion. Tri-incisional subtotal esophagectomy (McKeown procedure), partial esophagectomy (Ivor-Lewis procedure) or total gastrectomy with distal esophagectomy was performed based on tumor characteristics.



18F-FDG PET/CT Method and Metrics

Three 18F-FDG PET/CT scans were performed: the first (PET1) at baseline, before the start of the induction phase and the second (PET2) before the concomitant phase (week 4 of nCRT protocol). PET1 and PET2 were performed with the patient in RT treatment position, as simulation for volume delineation and treatment planning. The third 18F-FDG PET/CT (PET3) was performed during restaging prior to surgery. Figure 2 shows 18F-FDG PET/CT relative time points.




Figure 2 | Diagram of total neoadjuvant protocol from diagnosis to surgery, including induction chemotherapy and concomitant chemo-radiotherapy, with 18F-FDG PET/CTs at relative time points. PW, preoperative workup, including restaging.



The 18F-FDG PET/CT scan was performed using the Gemini TF Big Bore system (Philips Medical Systems, Eindhoven, The Netherlands) at our Nuclear Medicine Department. All patients were asked to fast for at least 6 h and blood glucose levels were checked before imaging. Patients underwent a whole-body scan, from skull base to mid-thigh, starting 60 ± 10 min after the intravenous injection of 3 MBq/Kg of 18F-FDG. The acquisition parameters for diagnostic CT scan were: 120 kV, 60–80 mAs, pitch 0.813, collimation 16x1,5 mm, field of view (FOV) 600 mm. CT scan images were reconstructed using a filtered back projection with 5 mm thickness and 512x512 matrix. For simulation, CT mAs automatic modulation and 3 mm thickness reconstruction were adopted. The acquisition time of PET scanning was 1.15 min per bed position, with a FOV of 576 mm. PET images were reconstructed using list mode ordered subset expectation maximization (LMOSEM) algorithm (144 x 144 matrix, 4 mm/pixel, 4 mm slice thickness). CT images were used to correct the PET emission data for photon attenuation.

For this analysis, the tumor was segmented on the 18F-FDG PET/CTs dataset using a semi-automatic gradient-based method called “PET Edge” (MIM software, Mim Software Inc., US), which identifies the boundary of the metabolically active tumor based on the surface defined by the maximum gradient of metabolic activity. Quantitative parameters were extracted from the 18F-FDG PET/CT scans at the three time points (PET1, PET2, and PET3) previously reported. These parameters were: maximum and mean standardized uptake value (SUVmax and SUVmean), metabolic tumor volume (MTV) and total lesion glycolysis (TLG), defined as the product of MTV and SUVmean.



Radiomic Feature Extraction

Radiomic features were extracted from PET1 and PET2 without applying any gray-level normalization nor voxel resampling. Indeed, according to the IBSI guidelines, calibrated gray levels should not be further standardized and the cubic voxel spacing was the same for the whole dataset. The DICOM files (volumes and RT Structures) were converted to the nii format through dcmrtstruct2nii (27). Since the gradient-based contouring algorithm, used to define the VOI, tends to exclude the most peripheral zones of the lesion, with the consequent inclusion of a limited number of voxels, the VOIs were dilated by 1 voxel (4 mm) in each direction. This was performed by using the built-in BinaryDilateImageFilter method of SimpleITK (v1.2.4) (28), implemented in Python (v3.7.6) under conda (v4.8.2) environment. In addition to increasing the number of voxels included in the lesion, dilating the VOI also allows the analysis to be performed on the low-enhancement region of the tumor, potentially adding information on how the uptake decreases on the lesion boundary. Radiomic features were extracted through pyradiomics (v3.0), an open-source python package (29). All the available features implemented in pyradiomics were extracted: Shape, First Order, GLCM, GLDM, GLRLM, GLSZM, and NGTDM [the meaning of these acronyms can be found in Zwanenburg et al. (30)]. For gray-level discretization, a fixed bin-count of 64 bins was adopted. A hundred and five features were extracted from both PET1 and PET2.



Pathological Analysis

Postsurgical pathology examination provided macroscopic and microscopic description of the primary tumor and retrieved nodes. Post-resection staging was assessed following ypTNM categories according to the International Union against Cancer (UICC, 7th edition, 2010). The degree of pathologic response was scored using the tumor regression grade (TRG) classification according to a modified Mandard score system: TRG1 = no residual cancer cells; TRG2 = residual cancer cells scattered through fibrosis; TRG3 = increased residual cancer cells with predominant fibrosis and TRG4 = including TRG4, residual cancer predominant fibrosis, and TRG5, no regressive changes within the tumor, of the Mandard score system (6). Patients were grouped according to the pathological response to nCRT in two classes of outcome. Major pathologic response was defined as TRG1–2 while non-response as TRG3–4.



Statistical Analysis

The association between clinical/radiomic data and response to treatment was first analyzed by means of the chi-square test or Fisher’s exact test for categorical parameters, and Student’s T-test for continuous quantities (age and length of tumor). The association between PET/CT metabolic parameters and response to treatment (defined as a dichotomous variable) was assessed by means of logistic regression and ROC analysis. For logistic regression analysis, quantitative metabolic parameters were logarithmically transformed to meet the assumption of linearity on the logit scale, as in van Rossum et al. (18). Quantitative variables were described as median and interquartile range (IQR) or mean and standard deviation (SD), and categorical variables were summarized as counts and percentages. Statistical analysis was performed using R version 4.0.2 (https://www.R-project.org/) and MATLAB version R2019a (The Mathworks, Inc.; Natick, Massachusetts, USA). The significance level of the radiomic analysis was computed at p < 0.05/N, where N = 210 is the number of the tested features considering both PET1 and PET2 (Bonferroni correction). Two features were considered strongly correlated (i.e. redundant) when the pairwise Pearson’s correlation coefficient was higher than 0.90; in this case, the feature with the highest average correlation with all the other features was removed. The significance level for all tests was assumed at p < 0.05.




Results


Study Population

Ninety-eight patients with biopsy-proven locally advanced esophageal squamous cell carcinoma (SCC) or adenocarcinoma (ADC), who underwent neoadjuvant chemo-radiotherapy at our Institution between January 2014 and December 2018, were retrospectively identified. Forty-four patients were excluded from the study for the following reasons: preoperative approach other than nCRT protocol (n=31); no surgery (n=8); lack of at least one 18F-FDG PET/CT scan (n=5). The remaining 54 patients were considered eligible for analysis. Among them, 41 (75.9%) showed a major pathologic response (TRG1-2) and 13 (24.1%) a non-response (TRG3-4) to nCRT.

All patients completed the nCRT planned program. PET1 was performed immediately before (median 8.5 days, IQR 6–14) the start of IC, while PET2 was performed during the 4th week (median 25 days, IQR 22–28) of the nCRT protocol schedule. PET3 was performed 5 weeks (median 5.1 weeks, IQR 4.0-5.4), and surgery 8 weeks (median 7.9 weeks, IQR 6.6–9.1) after nCRT completion.

At the last follow-up, 33 patients (61.1%) were alive. The median follow-up of the entire cohort was 32.5 months (IQR 26.0–45.0 months). The median overall survival (OS) and disease-free survival (DFS) of the TRG1-2 group at the time of last follow-up were 34.7 months (IQR 27.5–49.7 months) and 30.7 months (IQR 17.1–47.7 months), respectively, while the corresponding figures for the TRG3-4 group were 28.0 months (IQR 23.4–30.8 months) and 18.1 months (IQR 10.4–30.7 months), respectively (p < 0.01).



TRG and Baseline Characteristics

Table 1 reports the results of the analysis of the association between baseline parameters and response to the nCRT protocol. Parameters that statistically correlated to outcome were histological subtype (p = 0.02) and tumor length (p = 0.03). All other parameters evaluated were not statistically linked to treatment outcome.


Table 1 | Baseline features with significance of association to treatment outcome.





TRG and Metabolic Parameters

Table 2 reports the results of the analysis of the association between metabolic parameters of PET1 and PET2 with tumor regression grade class (TRG1-2 vs. TRG3-4). Relative differences between the parameters at the two subsequent PET/CT scans are also reported. At baseline, MTV (AUC 0.74) and TLG (AUC 0.69) were statistically correlated to histological tumor regression. In addition, at PET2, SUVmean (AUC 0.67) and TLG (AUC 0.64) were significantly related to a higher chance of major pathologic response (Figure 3). No significance was detected when relative differences were considered. Interestingly, none of the post-CRT PET metrics resulted significantly correlated with the outcome measured (average SUVmax was 5.01 vs. 5.09, SUVmean 2.81 vs. 2.75, and MTV 8.74 ml vs. 8.74 ml, in TRG1-2 vs. TRG3-4 patients, respectively; all p > 0.05). Therefore, additional analysis, relative to PET3 metrics, was not conducted. Figure 4A reports the boxplot distribution of the MTV at PET1, the parameter most correlated to treatment outcome at logistic regression analysis.


Table 2 | Results of the logistic regression and ROC curve analysis of metabolic 18F-FDG parameters before and after induction chemotherapy, with their relative differences.






Figure 3 | Sagittal fused 18F-FDG PET/CT images obtained at baseline (PET1) and after induction chemotherapy (PET2). A significant response to induction chemotherapy (reduction in metabolic parameters) of the esophageal lesion can be observed. The patient was classified as TRG1 at final pathological examination. PET1 parameters: SUVmax 26.9, SUVmean 12.7, MTV 43.7 ml, TLG 553.9; PET2 parameters: SUVmax 6.7, SUVmean 3.2, MTV 15.9 ml, TLG 50.5.






Figure 4 | Boxplot distribution of (A) MTV (ml) and (B) LowGrayLevelZoneEmphasis (GLCM) radiomic feature at 18F-FDG PET/CT scan taken before induction chemotherapy (PET1). Classes are divided between major (TRG1-2) and non (TRG3-4) response (median, interquartile and full range are displayed).





Radiomic Feature Analysis

Among the 210 radiomic features (105 for each PET scan), 14 resulted significant to the t-test with the adjusted significance threshold pTh = 0.05/210 = 0.00024 and none of them were extracted from the PET2 scan. Since many of these features are strongly correlated, as visible in Figure 5, the redundant information was removed resulting in three independent features. The three resulting features, highlighted in Figure 5 with bold fonts, are representative for the whole cluster and further reported in Figure 6 with the relative scatterplots and histograms. The boxplot of one of these three features is reported in Figure 4B (LowGrayLevelZoneEmphasis).




Figure 5 | Correlation matrix of all the radiomic features with high significance (p<0.0002) in t-test for patient response. The Pearson’s correlation coefficient identifies three disjointed clusters, in which the three representatives (Idn=InverseDifferenceNormalized, JointEnergy and LowGrayLevelZoneEmphasis) are highlighted in bold.






Figure 6 | Correlation chart between the selected radiomic features with a high significance for predicting patient response. The name of the feature, the significance level and the distribution are displayed on the diagonal. In the top triangular part, the absolute value of the Pearson’s correlation coefficient is reported. In the bottom, the bivariate scatterplot is visible together with the fitted line according to a second order local polynomial regression.






Discussion

Neoadjuvant chemo-radiotherapy (nCRT) has been widely accepted as the standard of care for the treatment of locally advanced, resectable esophageal cancer. However, a not negligible number of patients show a poor response to neoadjuvant therapy at the time of surgery (residual tumor on the resection specimen), as an expression of pre-existing intrinsic chemo- and radio-resistance. Notably, non-responder patients to nCRT have a significantly worse prognosis than responders (6–8, 31). Thus, there is an urgent need to early identify patients who could benefit or not from preoperative treatment, using prognostic and predictive tumor biology markers. This study demonstrated that 18F-FDG PET/CT metrics may be able to predict the degree of pathologic response, according to a modified Mandard tumor regression grade (TRG) score system, in patients undergoing induction chemotherapy (IC) followed by chemo-radiotherapy as an intensive neoadjuvant protocol.

Metabolic parameters, that were statistically correlated to treatment outcome, were the MTV (p = 0.02) at PET1, and SUVmean (p = 0.03) at PET2. The TLG was also significant at both time-points (p = 0.02 and p = 0.04, respectively). This can be interpreted as a consequence of the above, as TLG is defined as the product between MTV and SUVmean. These results might suggest that the lesion volume, as determined before IC, and the average metabolic activity, as determined after IC, should be considered significant. In addition, at textural quantitative analysis, three independent radiomic features extracted from PET1 images (JointEnergy and InverseDifferenceNormalized of GLCM and LowGrayLevelZoneEmphasis of GLSZM) were statistically correlated with major response (p < 0.0002). This indication could be important in view of a possible early prediction of outcome, with potential advantages to patients believed to benefit from the three-stage treatment. However, further investigations are necessary in order to obtain a reliable predictive model to be used in the clinical practice, especially if the inclusion of radiomic features in the model is foreseen. In fact, additional validation is mandatory in the latter case since predictive models, based on radiomics, are more prone to overfitting compared to models based on conventional PET parameters.

The results of the present study could lead to different considerations. Metabolic tumor volume (MTV) combines the information of SUV uptake and tumor volume, corresponding to the volume of tumor tissues with increased glycolytic activity. In our study, MTV in poor responders was significantly higher than in good responders (38.6 ml vs. 17.7 ml, p = 0.02). Since SUVmax and SUVmean did not differ significantly between the two groups (TRG1-2 vs. 3-4) at PET1, this figure appears to be consensual to the greater extent of the primary tumor in non-responder patients at the time of diagnosis (tumor length 6.8 cm vs. 5.4 cm in good responders, p = 0.02). This result is consistent with previous experiences reported in the literature, showing a link between tumor length and outcome in EC patients (32, 33). This could suggest that the MTV of the primary tumor has the potential to become a valuable prognostic biomarker for response at baseline in EC patients. The other baseline parameter, significantly correlated with TRG class after nCRT, was squamous histological subtype (p = 0.02). This confirms the greater sensitivity to nCRT of the squamous histology compared to ADC, as reported in the literature (34). In this regard, whether surgery on demand is advisable in selected complete responder SCC patients after nCRT is currently under evaluation in the randomized SANO trial (35).

At PET2 evaluation, SUVmean represents the main predictor for pathological response (p = 0.03). The SUVmean provides information about intrinsic lesion characteristics, related to tumor grading, biological factors, and the presence of hypoxic or necrotic areas. Thus, it is reasonable to hypothesize that SUVmean after IC might be an effective predictor of the final response to nCRT. This post-induction chemotherapy assessment could help to guide a PET-adapted preoperative strategy in EC. Recently, a Memorial Sloan Kettering Cancer Center series tested the impact of changing concurrent chemotherapy, during radiotherapy, in PET non-responders after IC: no survival benefit was seen from this change in therapeutic strategy (36). On the other hand, in the MUNICON trial, after 2 weeks of IC, 18F-FDG PET/CT poor responders were referred to immediate surgery, while good responders continued with preoperative chemo-radiotherapy (37). The results of this trial suggested no decrement in survival outcomes with early termination of ineffective chemotherapy in PET non-responders, supporting a possible early discontinuation of preoperative treatment in this subset of patients. In the near future, the integration of 18F-FDG PET/CT metabolic parameters, magnetic resonance imaging (MRI) data, and genomic and molecular information (e.g. liquid biopsies), could lead to a more individualized treatment approach for non-responder patients (38).

The value of metabolic parameters, to predict response to nCRT in EC, has been obtained from heterogeneous studies with remarkable differences in the adopted protocols and outcomes measured. Possible predictive valuable metrics are: the percentage decrease in TLG (36), the SUVmax (39), the percentage decrease in MTV and TLG (40), the MTV and TLG at PET performed on day 21 of nCRT (41), or the relative changes in MTV and SUVmean at PET performed after 11 fractions of RT (42). Differently from other authors (36, 42), we did not observe any significant correlation with the metabolic parameters measured when relative differences were evaluated. Therefore, considering the aforementioned differences between the present and other studies, the role of 18F-FDG PET/CT traditional metrics as a predictor of response is undoubtedly intriguing, but requires further investigation.

The analysis of radiomic features revealed that textural characteristics of PET1 were more significantly correlated to treatment response compared to PET2, confirming the possible predictive value of PET1. Many radiomic features were correlated to each other, suggesting a redundancy of information that should be carefully taken into account if using radiomics in a predictive model. To this regard, extensive validation is necessary. However, the textural metrics, that correlate to treatment outcome, are associated to micro-variations of local metabolic activity thus indicating a possible role of spatial intra-tumor heterogeneity in predicting response (19). Relatively few studies have investigated the role of PET radiomic features in predicting response to nCRT in EC. As a whole, the results have highlighted a possible contribution of radiomic in the prognostic stratification of these patients (Table 3).


Table 3 | Recent findings on the application of PET radiomics for the prediction of response in esophageal cancer patients treated with neoadjuvant chemo-radiotherapy (summary).



The predictive value of post-CRT 18F-FDG PET/CT functional informations has been largely evaluated, with conflicting results. Indeed, the utility of PET metrics after radiotherapy remains controversial due to difficulties in distinguishing post-treatment inflammation from residual viable tumor (43, 44). In the present study, none of the PET3 metrics resulted significantly correlated with the pathological response to nCRT, confirming that metabolic parameters relative to post-CRT PET are poorly evaluable and potentially inaccurate, mostly due to post-radiation inflammatory-related uptake or the disappearance of detectable metabolic activity, both considered as confounding factors. On the other hand, the use of 18F-FDG PET/CT imaging before surgery, in appropriate combination with other restaging modalities, remains essential for the early detection of loco-regional and distant progression to nCRT.

Our study presents some limitations, including its retrospective nature. This is a single-center analysis; thus the results should be interpreted with caution. Moreover, different histologies (SCC and ADC) were considered, which potentially add heterogeneity to the outcomes measured. On the other hand, these limitations are counterbalanced by the analysis of one of the most homogeneous sample sizes for this topic so far, with patients undergoing the same intensive nCRT protocol, using a prospectively collected database, a standardized 18F-FDG PET/CT acquisition modality and a modern metabolic and radiomic parameter analysis.

In conclusion, our observations confirm that 18F-FDG PET/CT metrics are correlated with pathological response in EC. The analysis of PET traditional metrics and radiomic features may provide a new imaging perspective, moving from tumor staging to a promising role in disease stratification and prognostication. However, further studies are needed to justify a PET-guided strategy in the neoadjuvant approach to locally advanced EC. The integration with MRI data, as well as genomic and molecular analysis, might be useful as prognostic and predictive biomarkers for the selection of a tailored strategy improving the efficiency of neoadjuvant treatment for EC patients.



Data Availability Statement

The datasets presented in this article are not readily available because the datasets generated for this study are available on request to the corresponding author, subject to approval by the Institutional Review Board. Requests to access the datasets should be directed to NS, nicola.simoni@aovr.veneto.it.



Ethics Statement

The studies involving human participants were reviewed and approved by Comitato etico per la Sperimentazione Clinica (CESC) delle Province di Verona e Rovigo. Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements.



Author Contributions

Conceptualization, NS and CC. Methodology, NS, GB, and CC. Data curation, MZ, RMi, MP, EZ, and VM. Statistical analysis and radiomics, GR, GB, and CC. Validation, SGu, JW, and SGi. Writing—original draft preparation, NS, MZ, and CC. Writing—review and editing, GR, RMi, JW, and SGi. Supervision, GD and RMa. All authors contributed to the article and approved the submitted version.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2020.599907/full#supplementary-material



References

1. Siegel, R, Ma, J, Zou, Z, and Jemal, A. Cancer statistics, 2014. CA. Cancer J Clin (2014) 64:9–29. doi: 10.3322/caac.21208

2. Network NCC. Esophageal and Esophagogastric Junction Cancers Version 1.2020. NCCN Guidelines. (2020). Available at: https://www.nccn.org/professionals/physician_gls/pdf/esophageal.pdf.

3. Tepper, J, Krasna, MJ, Niedzwiecki, D, Hollis, D, Reed, CE, Goldberg, R, et al. Phase III trial of trimodality therapy with cisplatin, fluorouracil, radiotherapy, and surgery compared with surgery alone for esophageal cancer: CALGB 9781. J Clin Oncol (2008) 26:1086–92. doi: 10.1200/JCO.2007.12.9593

4. van Hagen, P, Hulshof, MC, van Lanschot, JJ, Steyerberg, EW, van Berge Henegouwen, MI, Wijnhoven, BPL, et al. Preoperative Chemoradiotherapy for Esophageal or Junctional Cancer. N Engl J Med (2012) 366:2074–84. doi: 10.1016/S1470-2045(15)00040-6

5. Yang, H, Liu, H, Chen, Y, Zhu, C, Fang, W, Yu, Z, et al. Neoadjuvant Chemoradiotherapy Followed by Surgery Versus Surgery Alone for Locally Advanced Squamous Cell Carcinoma of the Esophagus (NEOCRTEC5010): A Phase III Multicenter, Randomized, Open-Label Clinical Trial. J Clin Oncol (2018) 36:2796–803. doi: 10.1200/JCO.2018.79.1483

6. Mandard, AM, Dalibard, F, Mandard, JC, Marnay, J, Henry-Amar, M, Petiot, JF, et al. Pathologic assessment of tumor regression after preoperative chemoradiotherapy of esophageal carcinoma. Clinicopathologic correlations. Cancer (1994) 73:2680–6. doi: 10.1002/1097-0142(19940601)73:11<2680::aid-cncr2820731105>3.0.co;2-c

7. Davies, AR, Gossage, JA, Zylstra, J, Mattsson, F, Lagergren, J, Maisey, N, et al. Tumor Stage After Neoadjuvant Chemotherapy Determines Survival After Surgery for Adenocarcinoma of the Esophagus and Esophagogastric Junction. J Clin Oncol (2014) 32:2983–90. doi: 10.1200/JCO.2014.55.9070

8. Lerttanatum, N, Tharavej, C, Chongpison, Y, and Sanpavat, A. Comparison of tumor regression grading system in locally advanced esophageal squamous cell carcinoma after preoperative radiochemotherapy to determine the most accurate system predicting prognosis. J Gastrointest Oncol (2019) 10:276–82. doi: 10.21037/jgo.2018.12.01

9. Pasini, F, de Manzoni, G, Zanoni, A, Grandinetti, A, Capirci, C, Pavarana, M, et al. Neoadjuvant therapy with weekly docetaxel and cisplatin, 5 fluorouracil continuous infusion, and concurrent radiotherapy in patients with locally advanced esophageal cancer produced a high percentage of long-lasting pathological complete response: a phase 2 study. Cancer (2013) 119:939–45. doi: 10.1002/cncr.27822

10. Bang, JI, Ha, S, Kang, SB, Lee, KW, Lee, HS, Kim, JS, et al. Prediction of neoadjuvant radiation chemotherapy response and survival using pretreatment [(18)F]FDG PET/CT scans in locally advanced rectal cancer. Eur J Nucl Med Mol Imaging (2016) 43:422–31. doi: 10.1007/s00259-015-3180-9

11. Lovinfosse, P, Polus, M, Van Daele, D, Martinive, P, Daenen, F, Hatt, M, et al. FDG PET/CT radiomics for predicting the outcome of locally advanced rectal cancer. Eur J Nucl Med Mol Imaging (2018) 45:365–75. doi: 10.1007/s00259-017-3855-5

12. Jones, M, Hruby, G, Solomon, M, Rutherford, N, and Martin, J. The role of FDG-PET in the initial staging and response assessment of anal Cancer: a systematic review and meta-analysis. Ann Surg Oncol (2015) 22:3574–81. doi: 10.1245/s10434-015-4391-9

13. Schwarz, JK, Siegel, BA, Dehdashti, F, Myerson, RJ, Fleshman, JW, and Grigsby, PW. Tumor response and survival predicted by post-therapy FDG-PET/CT in anal cancer. Int J Radiat Oncol Biol Phys (2008) 71:180–6. doi: 10.1016/j.ijrobp.2007.09.005

14. Flamen, P, Lerut, A, Van Cutsem, E, De Wever, W, Peeters, M, Stroobants, S, et al. Utility of positron emission tomography for the staging of patients with potentially operable esophageal carcinoma. J Clin Oncol (2000) 18:3202–10. doi: 10.1200/JCO.2000.18.18.3202

15. Cremonesi, M, Garibaldi, C, Timmerman, R, Ferrari, M, Ronchi, S, Grana, CM, et al. Interim (18)F-FDG-PET/CT during chemo-radiotherapy in the management of oesophageal cancer patients. A systematic review. Radiother Oncol (2017) 125:200–12. doi: 10.1016/j.radonc.2017.09.022

16. Westerterp, M, van Westreenen, HL, Reitsma, JB, Hoekstra, OS, Stoker, J, Fockens, P, et al. Esophageal cancer: CT, endoscopic US, and FDG PET for assessment of response to neoadjuvant therapy– systematic review. Radiology (2005) 236:841–51. doi: 10.1148/radiol.2363041042

17. Elliott, JA, O’Farrell, NJ, King, S, Halpenny, D, Malik, V, Muldoon, C, et al. Value of CT-PET after neoadjuvant chemoradiation in the prediction of histological tumour regression, nodal status and survival in oesophageal adenocarcinoma. Br J Surg (2014) 101:1702–11. doi: 10.1002/bjs.9670

18. van Rossum, PSN, Fried, DV, Zhang, L, Hofstetter, WL, Ho, L, Meijer, GJ, et al. The value of 18F-FDG PET before and after induction chemotherapy for the early prediction of a poor pathologic response to subsequent preoperative chemoradiotherapy in oesophageal adenocarcinoma. Eur J Nucl Med Mol Imaging (2017) 44:71–80. doi: 10.2967/jnumed.117.192591

19. Tixier, F, Le Rest, CC, Hatt, M, Albarghach, N, Pradier, O, Metges, JP, et al. Intratumor heterogeneity characterized by textural features on baseline 18F-FDG PET images predicts response to concomitant radiochemotherapy in esophageal cancer. J Nucl Med (2011) 52:369–78. doi: 10.2967/jnumed.110.082404

20. Tan, S, Kligerman, S, Chen, W, Lu, M, Kim, G, Feigenberg, S, et al. Spatial-temporal [18 F]FDG-PET features for predicting pathologic response of esophageal cancer to neoadjuvant chemoradiation therapy. Int J Radiat Oncol Biol Phys (2013) 85:1375–82. doi: 10.1016/j.ijrobp.2012.10.017

21. van Rossum, PS, Fried, DV, Zhang, L, Hofstetter, WL, van Vulpen, M, Meijer, GJ, et al. The Incremental Value of Subjective and Quantitative Assessment of 18F-FDG PET for the Prediction of Pathologic Complete Response to Preoperative Chemoradiotherapy in Esophageal Cancer. J Nucl Med (2016) 57:691–700. doi: 10.2967/jnumed.115.163766

22. Yip, SS, Coroller, TP, Sanford, NN, Huynh, E, Mamon, H, Aerts, HJ, et al. Use of registration-based contour propagation in texture analysis for esophageal cancer pathologic response prediction. Phys Med Biol (2016) 61:906–22. doi: 10.1088/0031-9155/61/2/906

23. Beukinga, RJ, Hulshoff, JB, van Dijk, LV, Muijs, CT, Burgerhof, JGM, Kats-Ugurlu, G, et al. Predicting Response to Neoadjuvant Chemoradiotherapy in Esophageal Cancer with Textural Features Derived from Pretreatment 18F-FDG PET/CT Imaging. J Nucl Med (2017) 58:723–9. doi: 10.2967/jnumed.116.180299

24. Nakajo, M, Jinguji, M, Nakabeppu, Y, Nakajo, M, Higashi, R, Fukukura, Y, et al. Texture analysis of 18F-FDG PET/CT to predict tumour response and prognosis of patients with esophageal cancer treated by chemoradiotherapy. Eur J Nucl Med Mol Imaging (2017) 44:206–14. doi: 10.1007/s00259-016-3506-2

25. Beukinga, RJ, Hulshoff, JB, Mul, VEM, Noordzij, W, Kats-Ugurlu, G, Slart, RHJA, et al. Prediction of Response to Neoadjuvant Chemotherapy and Radiation Therapy with Baseline and Restaging 18F-FDG PET Imaging Biomarkers in Patients with Esophageal Cancer. Radiology (2018) 287:983–92. doi: 10.1148/radiol.2018172229

26. Chen, YH, Lue, KH, Chu, SC, Chang, BS, Wang, LY, Liu, DW, et al. Combining the radiomic features and traditional parameters of 18F-FDG PET with clinical profiles to improve prognostic stratification in patients with esophageal squamous cell carcinoma treated with neoadjuvant chemoradiotherapy and surgery. Ann Nucl Med (2019) 33:657–70. doi: 10.1007/s12149-019-01380-7

27. Phil, T. dcmrtstruct2nii: Convert DICOM RT-Struct to nii. [Computer software]. Zenodo (2020). doi: 10.5281/ZENODO.4037865

28.SimpleITK - Home. Available at: https://simpleitk.org/ (Accessed Jul 28, 2020).

29. van Griethuysen, JJM, Fedorov, A, Parmar, C, Hosny, A, Aucoin, N, Narayan, V, et al. Computational Radiomics System to Decode the Radiographic Phenotype. Cancer Res (2017) 77:e104–7. doi: 10.1158/0008-5472.CAN-17-0339

30. Zwanenburg, A, Leger, S, Vallières, M, and Löck, S. Image biomarker standardisation initiative - feature definitions. Radiology (2016) 295:328–38. doi: 10.1148/radiol.2020191145

31. Blum Murphy, M, Xiao, L, Patel, VR, Maru, DM, Correa, AM, Amlashi, FG, et al. Pathological complete response in patients with esophageal cancer after the trimodality approach: The association with baseline variables and survival-The University of Texas MD Anderson Cancer Center experience. Cancer (2017) 123:328–38. doi: 10.1002/cncr.30953

32. Gaur, P, Sepesi, B, Hofstetter, WL, Correa, AM, Bhutani, MS, Watson, TJ, et al. M. D. Anderson Esophageal Cancer Group and University of Rochester School of Medicine and Dentistry Foregut Group: Endoscopic esophageal tumor length: A prognostic factor for patients with esophageal cancer. Cancer (2011) 117:63–9. doi: 10.1002/cncr.25373

33. Wang, BY, Liu, CY, Lin, CH, Hsu, PK, Hsu, WH, Wu, YC, et al. Endoscopic tumor length is an independent prognostic factor in esophageal squamous cell carcinoma. Ann Surg Oncol (2012) 19:2149–58. doi: 10.1245/s10434-012-2273-y

34. Bollschweiler, E, Metzger, R, Drebber, U, Baldus, S, Vallböhmer, D, Kocher, M, et al. Histological type of esophageal cancer might affect response to neo-adjuvant radiochemotherapy and subsequent prognosis. Ann Oncol (2009) 20:231–8. doi: 10.1093/annonc/mdn622

35. Noordman, BJ, Wijnhoven, BPL, Lagarde, SM, Boonstra, JJ, Coene, PPLO, Dekker, JWT, et al. Neoadjuvant chemoradiotherapy plus surgery versus active surveillance for oesophageal cancer: a stepped-wedge cluster randomised trial. BMC Cancer (2018) 18:142. doi: 10.1186/s12885-018-4034-1

36. Greally, M, Chou, JF, Molena, D, Rusch, VW, Bains, MS, Park, BJ, et al. Positron-Emission Tomography Scan-Directed Chemoradiation for Esophageal Squamous Cell Carcinoma: No Benefit for a Change in Chemotherapy in Positron-Emission Tomography Nonresponders. J Thorac Oncol (2019) 14:540–6. doi: 10.1016/j.jtho.2018.10.152

37. Lordick, F, Ott, K, Krause, BJ, Weber, WA, Becker, K, Stein, HJ, et al. PET to assess early metabolic response and to guide treatment of adenocarcinoma of the oesophagogastric junction: the MUNICON phase II trial. Lancet Oncol (2007) 8:797–805. doi: 10.1016/S1470-2045(07)70244-9

38. Defize, LI, van Hillegersberg, R, Mook, R, Meijer, GJ, Lin, SH, Ruurda, JP, et al. Restaging after chemoradiotherapy for locally advanced esophageal cancer. Ann Transl Med (2019) 7:S288. doi: 10.21037/atm.2019.11.57

39. Ishihara, R, Yamamoto, S, Iishi, H, Nagai, K, Matui, F, Kawada, N, et al. Predicting the effects of chemoradiotherapy for squamous cell carcinoma of the esophagus by induction chemotherapy response assessed by positron emission tomography: toward PET-response-guided selection of chemoradiotherapy or esophagectomy. Int J Clin Oncol (2012) 17:225–32. doi: 10.1007/s10147-011-0278-3

40. Roedl, JB, Colen, RR, Holalkere, NS, Fischman, AJ, Choi, NC, and Blake, MA. Adenocarcinomas of the esophagus: response to chemoradiotherapy is associated with decrease of metabolic tumor volume as measured on PET-CT. Comparison to histopathologic and clinical response evaluation. Radiother Oncol (2008) 89:278–86. doi: 10.1016/j.radonc.2008.06.014

41. Palie, O, Michel, P, Menard, JF, Rousseau, C, Rio, E, Bridji, B, et al. The predictive value of treatment response using FDG PET performed on day 21 of chemoradiotherapy in patients with oesophageal squamous cell carcinoma. A prospective, multicentre study (RTEP3). Eur J Nucl Med Mol Imaging (2013) 40:1345–55. doi: 10.1007/s00259-013-2450-7

42. Kim, N, Cho, H, Yun, M, Park, KR, and Lee, CG. Prognostic values of mid-radiotherapy 18F-FDG PET/CT in patients with esophageal cancer. Radiat Oncol (2019) 14:27. doi: 10.1186/s13014-019-1232-1

43. Konski, AA, Cheng, JD, Goldberg, M, Li, T, Maurer, A, Yu, JQ, et al. Correlation of molecular response as measured by 18-FDG positron emission tomography with outcome after chemoradiotherapy in patients with esophageal carcinoma. Int J Radiat Oncol Biol Phys (2007) 69:358–63. doi: 10.1016/j.ijrobp.2007.03.053

44. Jayachandran, P, Pai, RK, Quon, A, Graves, E, Krakow, TE, La, T, et al. Postchemoradiotherapy positron emission tomography predicts pathologic response and survival in patients with esophageal cancer. Int J Radiat Oncol Biol Phys (2012) 84:471–7. doi: 10.1016/j.ijrobp.2011.12.029



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.

The handling editor declared a past co-authorship with one of the authors with several of the authors [NS, RMa].

Copyright © 2020 Simoni, Rossi, Benetti, Zuffante, Micera, Pavarana, Guariglia, Zivelonghi, Mengardo, Weindelmayer, Giacopuzzi, de Manzoni, Cavedon and Mazzarotto. 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: 08 January 2021

doi: 10.3389/fonc.2020.603994

[image: image2]


The Role of Multiparametric Magnetic Resonance in Volumetric Modulated Arc Radiation Therapy Planning for Prostate Cancer Recurrence After Radical Prostatectomy: A Pilot Study


Angela Sardaro 1, Barbara Turi 2, Lilia Bardoscia 3*, Cristina Ferrari 4, Giuseppe Rubini 4, Angela Calabrese 5, Federica Ammirati 1, Antonietta Grillo 2, Annamaria Leo 2, Filomenamila Lorusso 6, Antonio Santorsola 2, Antonio Amato Stabile Ianora 1 and Arnaldo Scardapane 1


1 Interdisciplinary Department of Medicine, Section of Radiology and Radiation Oncology, University of Bari “Aldo Moro”, Bari, Italy, 2 Radiation Oncology Unit, Azienda Ospedaliero-Universitaria Policlinico, Bari, Italy, 3 Radiation Therapy Unit, Department of Oncology and Advanced Technology, Azienda USL-IRCCS di Reggio Emilia, Reggio Emilia, Italy, 4 Nuclear Medicine Unit, Interdisciplinary Department of Medicine, University of Bari Aldo Moro, Bari, Italy, 5 Department of Radiology, IRCCS Istituto Tumori “Giovanni Paolo II”, Bari, Italy, 6 Department of Radiology, “Di Venere” Hospital of Bari, Bari, Italy




Edited by:
 Francesco Cellini, Catholic University of the Sacred Heart, Italy

Reviewed by:
 Joshua Pohyun Kim, Henry Ford Health System, United States
 Luciana Caravatta, SS Annunziata Polyclinic Hospital, Chieti, Italy

*Correspondence:
 Lilia Bardoscia
 liliabardoscia@gmail.com

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


Received: 08 September 2020

Accepted: 26 November 2020

Published: 08 January 2021

Citation:
Sardaro A, Turi B, Bardoscia L, Ferrari C, Rubini G, Calabrese A, Ammirati F, Grillo A, Leo A, Lorusso F, Santorsola A, Stabile Ianora AA and Scardapane A (2021) The Role of Multiparametric Magnetic Resonance in Volumetric Modulated Arc Radiation Therapy Planning for Prostate Cancer Recurrence After Radical Prostatectomy: A Pilot Study. Front. Oncol. 10:603994. doi: 10.3389/fonc.2020.603994




Background and Purpose

Volumetric modulated arc radiotherapy (RT) has become pivotal in the treatment of prostate cancer recurrence (RPC) to optimize dose distribution and minimize toxicity, thanks to the high-precision delineation of prostate bed contours and organs at risk (OARs) under multiparametric magnetic resonance (mpMRI) guidance. We aimed to assess the role of pre-treatment mpMRI in ensuring target volume coverage and normal tissue sparing.



Material and Methods

Patients with post-prostatectomy RPC eligible for salvage RT were prospectively recruited to this pilot study. Image registration between planning CT scan and T2w pre-treatment mpMRI was performed. Two sets of volumes were outlined, and DWI images/ADC maps were used to facilitate precise gross tumor volume (GTV) delineation on morphological MRI scans. Two rival plans (mpMRI-based or not) were drawn up.



Results

Ten patients with evidence of RPC after prostatectomy were eligible. Preliminary data showed lower mpMRI-based clinical target volumes than CT-based RT planning (p = 0.0003): median volume difference 17.5 cm3. There were no differences in the boost volume coverage nor the dose delivered to the femoral heads and penile bulb, but median rectal and bladder V70Gy was 4% less (p = 0.005 and p = 0.210, respectively) for mpMRI-based segmentation.



Conclusions

mpMRI provides high-precision target delineation and improves the accuracy of RT planning for post-prostatectomy RPC, ensures better volume coverage with better OARs sparing and allows non-homogeneous dose distribution, with an aggressive dose escalation to the GTV. Randomized phase III trials and wider datasets are needed to fully assess the role of mpMRI in optimizing therapeutic strategies.
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Introduction

Prostate cancer (PC) is the second most frequent tumor diagnosis in men, accounting for 1,276,106 new cases reported worldwide in 2018, with a higher prevalence in developed countries (1, 2).

In Italy, PC has been estimated to account for 9.6% of all tumors diagnosed in the whole population and 18.5% of those in males in the last year (3).

Several factors may affect the risk of developing prostate cancer, such as age, black race, given the reported higher levels of androgens, dihydrotestosterone (DHT) and 5-alpha reductase than in Caucasian men (4); hormonal and genetic factors; a family history of PC (on both the paternal and maternal side); metabolic syndrome (although there is insufficient evidence to justify recommending lifestyle changes or a modified diet to lower this risk), and smoking (5).

In recent years, screening and early detection of PC by prostate-specific antigen (PSA) blood test has become one of the most controversial topics in the Uro-Oncology community due to increasing evidence of some cases of overdiagnosis. Despite this, PSA remains a better predictor of cancer than either clinical rectal examination or transrectal ultrasound; therefore, an individualised risk-adapted strategy for early detection is recommended (6).

PSA is also crucial in the follow-up after prostatectomy. Six weeks after primary surgery, PSA is expected to drop to undetectable values; consequently, PSA levels higher than 0.2 ng/ml in at least two subsequent samples are conventionally taken to define the condition of post-prostatectomy biochemical recurrence (BCR) of PC (7, 8).

Radiation therapy (RT) has become pivotal in the treatment of PC. It may represent a radical, exclusive approach for organ-confined or locally advanced disease, and may also be performed as adjuvant or salvage treatment following radical prostatectomy, in cases with adverse pathological features (pT3a-pT3b-pT4 staging high- and very high-risk PC, positive surgical margins), biochemical failure and/or macroscopic evidence of disease recurrence (8, 9).

In the field of External Beam Radiotherapy (EBRT), advances in rotational, intensity-modulated delivery techniques with volumetric modulated arc irradiation (VMAT) have made it possible to individualize the radiation dose distribution to the prostate volume while sparing the surrounding normal tissues and organs, thus optimizing treatment efficacy and minimizing genitourinary (GU) and gastrointestinal (GI) toxicity (10, 11).

Magnetic resonance imaging (MRI) has gained increasing interest for the pre-treatment assessment of prostate cancer. Advances in diagnostic procedures, improving diagnostic reliability for primary and recurrent PC (RPC), have allowed a more accurate detection of prostatic lesions (6). In particular, given the better soft tissue contrast provided by anatomic MRI, the accuracy of prostate tumor identification, anatomic location and characterization in terms of extraprostatic extension and seminal vesicle involvement now ranges from 69 to 90% (12, 13). The addition of functional sequences, such as diffusion-weighted imaging (DWI), dynamic contrast-enhanced (DCE) imaging and MR spectroscopy has further improved the performance of MRI imaging in tumor detection (12, 13).

In this scenario, multiparametric MR imaging (mpMRI) has emerged as helpful in the precise identification of tumor site and extent, extraprostatic and/or seminal vesicles involvement. mpMRI is also reported to allow the precise location of a recurrent prostate tumor, and so to assess if the disease relapse is strictly limited to the prostate bed since it appears as a T2-weighted (T2w) isointense to hyperintense lesion close to the surgical scar, with rapid early enhancement and washout on DCE MR sequences (14). Such a highly accurate delineation of the prostate contours under mpMRI guidance has also given rise to radiation treatment optimization: so-called dose-painting, that is targeting prostate tumor sites with a higher radiation dose, with or without a dose gradient on the lower-risk prostate/prostate bed areas, while guaranteeing maximum sparing of the bladder and rectum (13, 15). Most of the available literature is focused on the identification of dominant, intraprostatic lesions to define dose-escalation protocols in the radical setting (16, 17). On the contrary, data on the identification of post-prostatectomy RPC lesions to be safely boosted for an ablative eradication treatment protocol are still lacking. We carried out a prospective pilot study with the aim of assessing the role of pre-treatment mpMRI in target volume delineation and treatment planning for recurrent prostate cancer after radical prostatectomy, in terms of target volume coverage and normal tissue sparing.



Materials and Methods


Patient Selection and Treatment

Patients with post-prostatectomy BCR as per Phoenix criteria (7), and with macroscopic evidence of RPC, presenting at our Institution and eligible for salvage EBRT, were prospectively recruited to the study. A staging workup with 11C-Choline PET-CT was performed in cases with two consecutive PSA values ≥1 ng/ml, to exclude nodal and/or systemic metastatization.

Radiation treatment was performed using Image-guided radiotherapy (IGRT), VMAT technique, with daily cone beam CT scans for monitoring.

All the recruited patients underwent pelvic mpMRI before EBRT planning, regardless of any other morphological and/or functional workup already performed for diagnostic purposes. Then, planning pelvic CT scan with 3 mm slice was acquired, both for mpMRI and CT, in conventional, supine position.

The present study was carried out in accordance with the principles of Good Clinical Practice, conforming to the ICH GCP guidelines and the ethical principles contained in the Helsinki declaration.

Since the recruitment period started during the rapid COVID-19 spread in Italy, all the diagnostic and treatment procedures described below were performed in accordance with the Italian Government official recommendation statements and Italian Association of Radiotherapy and Clinical Oncology (AIRO) tips for the management of oncological patients in the context of the COVID-19 pandemic (18, 19).



mpMRI Protocol and Image Interpretation

The mpMRI was performed with a 1.5 T scanner (Philips Achieva 1.5), using a 16-channel surface coil in supine position according to the PIRADS 2.1 protocol.

The inhibition of intestinal peristalsis was guaranteed through the intramuscular injection of 10 ml/mg of N-butyl scopolamine (Buscopan, Boehringer Ingelheim, Germany), before the MRI test.

The imaging protocol consisted of the following sequences:

	T2-weighted Turbo Spin Echo (TSE), on the axial, coronal and sagittal planes.

	Axial FOV (AP 160, RL 160 mm, FH 82 mm), matrix 212 × 206 × 25 slices, NSA (number of signals) three;

	Coronal FOV (AP 66 mm, RL 160 mm, FH 160), matrix 200 × 195 × 20 slices, NSA (number of signals) two;

	Sagittal FOV (AP 160, RL 82 mm, FH 160 mm), matrix 200 × 199 × 25 slices, NSA (number of signals) two;

	TE 110 ms, TR shortest, section thickness 3 mm, 24–30 sections, acquisition time 3–3.5 min.

	T2-weighted Turbo Spin Echo (TSE), on the axial planes with wide view to evaluate lymph node involvement, FOV (AP 300, RL 300 mm, FH 258 mm), matrix 332 × 299 × 40 slices, NSA (number of signals) one;

	Dynamic THRIVE SPAIR, on the axial plane, FOV (FH 75mm, RL 200, AP 200 mm), matrix 112 × 171 × 25 slices, NSE (number of signals) one; TE/TR shortest, thickness 6 mm, 20 acquisition (10 s for each acquisition).

	DWI, on the axial plane, TE/TR shortest, section thickness 3 mm, with B value of 0.700, 1000 and 1400, FOV (RL 160, AP 160mm, F H 99 mm), matrix 64 × 56 × 25 slices, NSE (number of signals) one; ADC maps were subsequently calculated.



All the images were reviewed and interpreted by two radiologists (with 20 and 4 years’ experience, respectively).

The RPC diagnosis was based on the presence of solid nodules on T2w scan, with close evaluation of the most frequent location on the vesicourethral anastomosis, discretely vascularized after the injection of contrast agent, showing signal restriction in the DWI sequences and a low signal on the ADC (apparent diffusion coefficient) map.

The presence of any other pelvic tumor mass and enlarged hypogastric, obturator, iliac and sacral lymph nodes (diameter > 5 mm) was checked.

Areas of signal intensity restriction on DWI/ADC images, as well as enhancing areas with no visible pathologic tissue on morphologic T2w images, were also recorded.



Planning Computed Tomography Acquisition Protocol

Before CT simulation, all patients underwent rectal emptying (using an enema 2–3 h before the procedure) and comfortable bladder filling (complete urination 30 min before CT scan, then drinking 500 ml of water until CT execution), in order to ensure inter-fraction setup reproducibility during treatment delivery and improved sparing of organs at risk (OARs).

CT simulation was acquired with patients in supine position, hands over the chest, using foot lock and kneefix support systems. Longitudinal alignment along the sternum and navel and transverse alignment at the level of the pubic symphysis were ensured, while the field depth was defined at the patient’s hemi-thickness. Skin reference points were marked at the laser crossings, with corresponding placement of three radiopaque markers.

A control scan was first performed to assess the correct alignment of the patient on the CT table, and the longitudinal alignment was checked on the anterior topogram. Once the patient’s position had been verified, CT scan with 3 mm slices was acquired. At the end of the procedure, the correct position of the radiopaque markers on the zero slice, adequate bladder filling, and rectal emptying were checked.



Radiation Treatment Planning

Target volume delineation and RT planning were performed using the Monaco® HD Treatment Planning System (TPS) 5,11,03 by Elekta. In cases of MR evidence of RPC lesions, image registration between the planning CT scan and T2w plus DWI mpMRI images was performed. Two sets of volumes were contoured, with and without mpMRI-guidance. Gross tumor volume (GTV) was outlined in both the CT simulation and the T2w MR scan, DWI images and related apparent diffusion coefficient (ADC) maps were used to facilitate the precise GTV contouring onto the morphological MR scans. Clinical target volume (CTV) was defined as the prostate fossa, and contoured as per the Kirsty et al. consensus definition for the anatomic boundaries of the prostate bed (20): the superior boundary was the superior surgical clips (if present) or 5 mm above the inferior border of the vas deferens; the inferior boundary was 8 mm below the vesicourethral anastomosis or the top of the penile bulb; the posterior 15 mm of the bladder wall was taken as the anterior, cranial boundary; the posterior edge of the pubis symphysis up to the top of the pubis symphysis as the anterior, caudal boundary; the lateral, cranial boundary was the sacrorectogenitopubic fascia, lateral to the neurovascular structures; the posterior, cranial boundary was the mesorectal fascia; the lateral, caudal boundary was the medial border of the levator ani and obturator internus muscles; the anterior border of the rectal wall and levator ani muscle was the posterior, caudal boundary; a 10-mm extension of the outlined boundaries was made beyond the GTV and the visible surgical clips located outside the boundaries, if present, except for high lymphadenectomy vessel clips. An isotropic, 5 mm expansion was applied to the CTV to obtain the Planning treatment volume (PTV) (prostate bed), and to the GTV to obtain the PTV (boost). OARs (bladder, rectum, penile bulb, femoral heads) were delineated in both mpMRI and planning CT scan.

Two rival plans were drawn up, one per each set of volumes, taking into account the dose constraints for limiting normal tissue toxicity based on the quantitative Analysis of Normal Tissue Effects in the Clinic (QUANTEC) (21) and the Radiation Therapy Oncology Group (RTOG) GU consensus (22). The GU OAR dose constraints applied for VMAT inverse treatment planning are summarized in Table 1. Dose prescription, dose recording and reporting were performed as per ICRU Report 83 (23). We ensured that the same target volumes coverage was obtained in the rival plans.


Table 1 | QUANTEC dose constraints for inverse treatment planning (21, 22).



The prescribed dose was 70 Gy in 35 daily fractions on the prostate lodge, with a sequential boost or higher doses targeting any macroscopic evidence of RPC at the pre-treatment mpMRI.



Statistical Analysis

A sample size of at least 10 RPC patients was arbitrarily defined, since this was a pilot, prospective trial and no similar study designs with which to compare accrual evaluation have been reported in literature. Statistical analysis is intended as descriptive for future findings and data integration. For the same purpose, the size of the obtained CTV (prostate bed) (cm3), the dose covering 98% of the PTV (boost) (D98%), the volume (%) of rectum receiving 50, 65, and 70 Gy (V50Gy, V65Gy and V70Gy), the volume (%) of bladder receiving 55, 65 and 70 Gy (V55Gy, V65Gy and V70Gy), the volume (%) of femoral heads receiving 50 Gy (V50Gy), the mean dose to 95%, and the dose delivered to 70% of the penile bulb volume (D70%) were chosen as referral parameters for statistical comparison between the rival mpMRI and non-mpMRI plans.

Statistical analysis was performed using SPSS statistical software v25.0. To describe the data, median and ranges were used and proportions and percentages for categorical variables. Differences between two-sample central tendencies were assessed with two independent samples t-test. A p value of <0.05 was considered statistically significant.




Results

From April 2020 to October2020, a total of 17 patients fitted the selection criteria.

Choline-PET restaging was negative in all the patients who performed it.

Negative pre-treatment mpMRI confirmed biochemical recurrence in 7 (41.2%) patients.

Ten (58.8%) patients showed macroscopic disease recurrence at the pre-EBRT mpMRI, PSA values ranging from 0.52 to 6.9 ng/ml. Among these, all but one underwent a total dose of 70 Gy—2-Gy/fraction on the prostate fossa, then a sequential boost on the RPC lesion(s) was delivered according to the following schedules: additional 2 Gy per five fractions (80 Gy in total) for 3 patients (30%), 6 Gy in three fractions (total 76 Gy) for two (20%) patients, and 2 Gy per four fractions (total 78 Gy) for four (40%) of them; one (10%) patient underwent a total dose of 80 Gy on the entire prostate bed.

An example of CT-based target volume and OAR delineation with and without mpMRI co-registration in our series is reported in Figure 1 and Figure 2.




Figure 1 | mpMRI-based (A) vs CT-based (B) CTV/PTV (prostate bed) and OARs delineation: red, CTV (prostate bed); blue, PTV (prostate bed); yellow, bladder; orange, rectum; dark green, femoral heads.






Figure 2 | mpMRI-based (A) vs CT-based (B) GTV/PTV (boost) and OARs delineation: brown, GTV; light green, PTV (boost); yellow, bladder; orange, rectum; dark green, femoral heads.



Preliminary dosimetric comparison between mpMRI-based and non-mpMRI-based treatment plans was made in the 10 enrolled patients with macroscopic RPC. The results obtained are reported in Table 2 and Table 3. Median delineated CTV (prostate bed) was 15.7 cm3 in size (range 5.6–30.7) on the T2w MRI scan, compared to median 33.4 cm3 (range 19.5–51.0) for those outlined on the CT simulation only, with a median difference of 17.5 cm3 (range 8.3–26.7) between the two contour sets (p = 0.0003). No substantial differences were found in terms of the boost volume coverage, median D98% for PTV (boost) was 76.3 Gy (range 74–78.5) for mpMRI-based delineation and 76.1 Gy (range 73.8–77.2) for CT-based delineation only (p = 0.376).


Table 2 | Dosimetric comparison between mpMRI-based and non-mpMRI-based RT plans: target volume coverage (significant correlations shown in bold).




Table 3 | Dosimetric comparison between mpMRI-based and non-mpMRI-based RT plans: high-doses OAR sparing (significant correlations shown in bold; outrange values highlighted).



As to OARs, no differences were found in terms of femoral heads and penile bulb sparing, nor differences in rectum V50Gy and V65Gy, bladder V55Gy and V65Gy, respectively (data not shown). However, we recorded a median rectal V70Gy 4% (range 0.2–5.7) smaller for treatment delineation on T2w MRI scans, with a median V70Gy of 9.2% (range 4.9–13.8) for mpMRI-based RT plans, and of 13.5% (range 5.1–16.7) for non-mpMRI based RT plans (p = 0.005). Likewise, there was a median bladder V70Gy of 22.6% (range 10.3–35) for mpMRI-based RT plans, compared to median 27.6% (range 14.5–37.3) for CT-based RT plans, with a median bladder V70Gy difference of 4% (range 0.3–5.8) between the two rival plans (p = 0.210).



Discussion

The addition of image registration with pre-treatment mpMRI to CT-based target volume delineation has dramatically improved the accuracy of treatment planning for prostate cancer. MR imaging is well known to provide better soft tissue contrast than conventional morphological imaging techniques such as ultrasound or computed tomography (CT). For this reason, mpMRI may ensure a proper definition of the pelvic organs anatomy, of the prostate and prostate bed boundaries, so that several publications have highlighted a smaller prostate volume delineated on MRIs than on CTs (13–17). Moreover, the addition of functional sequences like DWI, DCE, and MR spectroscopy further improved the precise location and characterization of primary and recurrent prostate tumor lesions, even in the post-prostatectomy setting (14). Such findings, together with the possibility of dose-painting and advances in stereotactic EBRT and VMAT delivery techniques, have opened out a new era allowing highly non-homogeneous dose distributions, with aggressive dose escalation to the GTV while contemporarily reducing the dose to lower-risk areas of the prostate, and improving OARs sparing (13, 15).

Post-prostatectomy recurrent tumors may be found at the urethrovesical anastomosis, seminal vesicles bed, bladder posterior wall or rectal anterior wall. Boonsirikamchai et al. retrospectively showed >90% accuracy of DCE MR scans in the detection of prostate bed recurrences (14). Currently, mpMRI is the only imaging technique recommended by the European Society of Urogenital Radiology (ESUR) for the detection of pelvic post-prostatectomy RPC in patients with PSA rising to conventional biochemical relapse values (0.2–2 ng/ml) (24, 25), given its higher sensitivity in detecting local lesions, especially small ones (<10 mm) with low blood PSA levels (26). Detection rates of 84–95% have been reported using endorectal coil-mpMRI for PSA values >1 ng/ml, while other retrospective studies and a metanalysis reported recurrence rates ranging from 24 to 91%. This variability is due to the retrospective nature of the study designs and extremely heterogeneous sample sizes and procedures (15).

The addition of functional DWI and DCE perfusion scans to the morphological T2w imaging dramatically improved the performance of MRI in detecting malignant lesions, with their typical, albeit relatively variable, early uptake and early washout of the contrast material (15).

DWI imaging is also powerful in detecting tumor masses since they appear as highly cellular tissues. However, in the prostate setting, the ADC alone, derived for absolute quantification, may be vague and difficult to interpret. mpMRI can overcome the problem of the unavoidable heterogeneity of the ADC maps due to the well-known highly heterogeneous cell density between malignant and benign prostate areas, which may obscure small lesions or part of tumor masses (27).

The precise location and segmentation of a tumor mass have given rise to better patient selection for focal therapy (28). In the field of EBRT, Stoyanova and colleagues analyzed mpMRI of 65 planned and treated prostate cancer patients and found they could detect the tumor burden by including ADC and DCE-MRI information, imported in a DICOM-RT ready format, into the radiotherapy TPS (29). They subsequently created an automated, mpMRI-based, quantitative method to guide dose-escalation to more aggressive prostate tumor masses, referenced to the prostatectomy Gleason score (30). This means that mpMRI-guided, precise delineation of tumor boundaries may allow the complete eradication of disease through highly-escalated dose delivery, leading to radiation doses of up to 80 Gy on the high-risk GTVs while ensuring lower doses to the low-risk, less aggressive prostate areas, with better OARs dose saving and hence limited treatment-related toxicity. In this regard, the ongoing prospective, phase II trials, hypo-FLAME Trial and DELINEATE Trial, both reached their primary endpoint in terms of acceptable acute toxicity with simultaneous focal boosting to the mpMRI-detected macroscopic tumor(s) in addition to whole gland prostate irradiation (31, 32). Thus, in the setting of salvage RT for macroscopic, local recurrence of PC after radical prostatectomy, such findings are likely to improve the efficacy and safety of radiotherapy: firstly, thanks to a dose-escalated boost over the mpMRI-delineated RPC lesions, in addition to the 64 to 70 Gy-standard irradiation of the prostate fossa (33, 34); secondly, thanks to the precise segmentation of prostate bed recurrent masses with the help of mpMRI co-registration, enabling stereotactic salvage treatments to be performed in the attempt to provide a better local control than the conventional, normofractionated RT protocols (35).

On the other hand, there are some intrinsic limitations due to the non-linear information content of the registered MR images compared to planning CT scan, as the former is usually performed regardless of the radiation treatment position, with a different appearance of the surrounding hollow OARs, often with the use of an endorectal coil which is helpful in the correct delimitation of prostate boundaries from the rectal wall, but in contrast with the EBRT patients setup requiring an empty rectum and comfortable bladder filling (36). In this regard, Couñago and colleagues first found a significantly higher probability of radiological evidence of local recurrence at the pre-treatment mpMRI without endorectal coil in patients undergoing salvage EBRT for biochemical relapse after prostatectomy with PSA doubling time >14 months (adjusted Odds ratio (OR) 7.12, p = 0.01) and/or PSA levels >0.5 ng/ml (adjusted OR 6.25, p = 0.02) (37). Ciardo et al. also described a multimodal, voxel-based and contrast enhancement-based deformable registration procedure, with acceptable accuracy despite varying setups in MRI (17).

Despite the limitation of the few analyzed cases and intrinsic biases due to the pilot study design, our results are in line with the scarce available literature, and support the use of pre-treatment mpMRI to better assess the prostate tumor phenotype and personalize radiation treatment segmentation and dose prescription. In our series, mpMRI was acquired without an endorectal coil, in view of the patient treatment position. The possibility of EBRT treatment planning with the help of image registration with pre-treatment mpMRI allowed high-precision matching and target volume delineation. This made it possible to deliver doses up to 80 Gy to the RPC lesions or to the whole prostate bed without compromising treatment safety and tolerability, possibly improving the sparing of the surrounding normal tissues and OARs.

Another limitation of our study is the unavoidable, intrinsic variability of the CTVs and GTVs due to the extension of the RPC lesions and patients anatomy, affecting the outlined volumes. However, the mpMRI-based CTV (prostate bed) were significantly smaller than the CT-based ones in all the recruited patients, with a significant median reduction of 17.5 cm3. These findings support the more accurate identification and delineation of the volumes of interest through the better soft tissue contrast provided by mpMRI, together with the possible better dose saving to the surrounding normal tissues.

Equally importantly, dosimetric evaluation showed that rectum and bladder sparing were most evident in the analysis of high doses. Since the macroscopic RPC is the volume of interest, receiving the higher radiation dose up to 76–80 Gy, the greatest difference in terms of normal tissues sparing is reasonably expected at the highest dose levels. Our results seem to confirm this trend.

International guidelines recommend rectum V70Gy <20% and bladder V70Gy <35% (21, 22). These dose constraints were respected in both rival plans for all the recruited patients, except for one case of bladder V70Gy 37.3% in the non-mpMRI-based RT plan, which we could reduce to below threshold (V70Gy 35%) with the help of mpMRI registration (Table 3). Our series revealed a median 4% reduction in rectum and bladder V70Gy, although the latter was not statistically significant. Such differences may be relevant to prevent exceeding or not the recommended dose constraints, and this may have a non-negligible impact on treatment tolerance and toxicity. Therefore, if such results should be confirmed in a wider series, it may be reasonable to define the percentage of OAR volume receiving more than a 70 Gy dose as the most useful parameter to ensure dose saving to the rectum and bladder during post-prostatectomy prostate bed irradiation.

Further studies are warranted to fully assess the role of mpMRI in optimizing therapeutic strategies, especially in the field of post-prostatectomy recurrent PC, as well as the ability of combined anatomic and functional MR scans to provide biological and pathophysiological information on prostate cancer behavior, and so radiation resistance (38).

The completion of our statistical analysis on a wider dataset will strengthen the statistical power of our series and possibly provide a definitive validation of our promising findings.

Noteworthily, in the era of next-generation IGRT, where MR-Linac EBRT has been gaining increasing interest in the field of prostate cancer (39–41), radiation treatment planning with mpMRI appears as a cost-effective procedure and may contribute to ensure quality oncological healthcare in the South of Italy.

In conclusion, mpMRI may improve the accuracy of radiation treatment planning in the setting of salvage EBRT for recurrent prostate cancer after prostatectomy, provide high precision target volumes and OAR delineation, thus ensuring better target volume coverage with better OAR sparing. The addition of mpMRI to conventional, CT-based EBRT planning may also improve the optimization of dose distribution, as it allows a dose reduction to lower-risk areas of the prostate fossa, together with an aggressive dose escalation to the macroscopic RPC lesions, while reducing the dose delivered to the surrounding normal tissues.

In the future perspective of patient-tailored medicine, prospective, randomized, phase III studies, and validation of our findings on a wider dataset are needed to complete the assessment of the power of T2w/ADC-based target volume segmentation and dose prescription in improving the accuracy and precision, hence safety and effectiveness, of radiation treatment delivery for primary and recurrent prostate cancer.
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Radiation therapy is a cornerstone in the treatment of head and neck cancer patients; actually, their management is based on clinical and radiological staging with all patients at the same stage treated in the same way. Recently the increasing knowledge in molecular characterization of head and neck cancer opens the way for a more tailored treatment. Patient outcomes could be improved by a personalized radiotherapy beyond technological and anatomical precision. Several tumor markers are under evaluation to understand their possible prognostic or predictive value. In this paper we discuss those markers specific for evaluate response to radiation therapy in head and neck cancer for a shift toward a biological personalization of radiotherapy.




Keywords: head and neck cancer, radiation therapy, biomarkers, prognostic factors, predictive factors, precision medicine



Introduction

Squamous cell carcinoma of the head and neck (SCCHN) accounts for about 4% of all malignant disease in adults. According to SEER data the 5-year OS is approximately 60% (1). Radiation therapy is a cornerstone in the treatment of these patients, and prognosis is influenced by several clinical factors as disease stage, site, HPV/EBV positivity, age and co-morbidity. About 50% of patients with head and neck cancer (HNC) present a locally advanced stage at diagnosis and are treated with multimodality therapy but the prognosis of these patients is still not satisfactory (2).

The evolution of treatments in oncology is moving towards precision medicine that is the cross from the so-called “one-size-fit-all medicine” to stratified treatments on certain subpopulations of patients based, for example, on disease subtypes, risk profiles, demographic, socio-economic characteristics, biomarkers and molecular subpopulations, to arrive at the possible proposal of a “precision” treatment, specific to the individual patient so that this can benefit from the treatment itself by limiting the risk of toxicity related to it. All of this, in part, is alreadily applied in daily clinical practice in oncology, but it is still a challenge in radiotherapy (RT) treatments (3).

On the one hand, in fact, the field of radiation therapy has substantially evolved over the last decades; in particular technological advances have led to the development of various high-precision techniques such as modulated intensity radiotherapy (IMRT), radiotherapy guided by image (IGRT), stereotactic radiotherapy (SBRT), particle therapies and brachytherapy, which allow for delivering the radiation dose more accurately, by administering high doses to the tumor and limiting those to surrounding organs (4). In HNC this has resulted, from a clinical point of view, in the reduction of acute and late severe toxicities and in a better quality of life (3). Despite this, currently, RT treatments are planned on the anatomy of the individual patient but are not modulated according to the biological characteristics of that patient’s specific neoplasm; patients with tumors at the same stage and site are considered similar and then treated at the same way (5).

The implementation of precision medicine in oncology and, especially, in RT therefore requires a precise understanding of the behavior of the disease, even at the molecular level aiming at a biology-driven radiotherapy approach. In this context, the identification of prognostic and predictive factors is of considerable interest. Specifically, the prognostic factor is defined as that factor that describes the natural progression of the disease with or without a therapeutic intervention; by predictive factor, on the other hand, we define the factor that describes the response to a specific therapeutic regimen, so in fact it describes the response or absence of response (if we are referring to the effectiveness of the treatment) or the development of toxicity. In literature several data underline the importance and the potential impact of some biomarker; in radiation oncology those that have been shown to influence response to treatment are focused on some biological characteristics.

In this review we try to describe which novel prognostic and predictive factor in HNC are developed and which of those might be specific for evaluated radiation response in clinical practice (Table 1).


Table 1 | Overview on the main points described in the review.





Biology Determinants


EBV-DNA

Several data reported on patients with nasopharyngeal cancer show that pre-treatment plasma concentrations of EBV-DNA and the presence or absence of viral DNA in plasma after RT are statistically significant correlate with overall survival (2-year OS: 56.3% in patients with detectable EBV-DNA vs 96.7% in patients with undetectable EBV-DNA after RT) and with relapse-free survival (RFS) (6). Data revealed that several months before recurrence high serum EBV-DNA could be detected demonstrating its potential as a biomarker of subclinical disease. Moreover, the presence of high pre-treatment plasma viral levels also correlates with the risk of developing distant metastases (7). High post-treatment EBV-DNA is a recognized negative prognostic factor that a phase II–III trial has incorporated serum EBV-DNA to personalized treatment in stage II–IV nasopharyngeal cancer (NCT02135042). All the 924 planned patients of this randomized trial will first undergo concurrent chemo-radiotherapy and then are randomized according to plasma EBV-DNA. If plasma EBV-DNA is not detectable patients are randomized to standard adjuvant chemotherapy or observation. Instead if plasma EBV-DNA is detectable patients will be randomized to standard cisplatin and fluorouracil chemotherapy versus gemcitabine and paclitaxel (8).



HPV Infection

Another particularly important example in oropharyngeal squamous cell carcinoma (OPSCC) is represented by HPV infection; it is widely demonstrated that patients with HPV-related head and neck neoplasia have better outcomes than HPV negative patients; specifically, HPV positivity is the strongest prognostic factor for survival (9). This factor is so significant that the classification of oropharyngeal tumors has been changed, initially leading to a classification into three risk groups (low, intermediate, and high) based on the combination with other parameters (HPV, smoking, and stage of disease) (9) and in 2018, the TNM staging was modified.

Considering these better outcomes, the identification of biomarkers of HPV driven disease is extremely important; actually p16 expression is considered a surrogate for HPV+ OPSCC; however, the association of p16 with HPV DNA positivity is more accurate in predicting recurrence free survival (10). Currently other factors as HPV oncoproteins and serum E6 and E7 proteins are under evaluation in order to documenting biologically active HPV infections rather than mere HPV DNA detection (11).

Some data suggest that HPV-driven OPSCC are associated with serum antibodies to the HPV oncoproteins E6 and E7; it seems that pre-treatment levels of these antibodies are related to disease-free survival in HPV+ OPSCC, indicating that a highly immunogenic response to these proteins before treatment can be detected (12). Moreover further data demonstrated that clearance of E6 and E7 antibodies is lower in patients who develop recurrence after chemoradiotherapy compared to those who do not recur; thus E6 and E7 antibodies might be potential biomarkers in HPV OPSCC (13). Considering the better outcome of HPV-positive OPSCC, a large number of trials are evaluating a de-escalation approach for this subset of patients; de-intensification strategies could be several and regard both chemotherapy and radiation therapy. Here we concentrated on RT approaches that could consider a reduction of RT doses or volumes. Several studies have been conducted and others are on-going to investigate this option: the ECOG1308 trial, a non-randomized phase II trial, enrolled 90 HPV16 and/or p16-positive, stage III–IV OPSCC patients. They received three cycles of induction chemotherapy (IC) with cisplatin, paclitaxel, and cetuximab and, according to IC response, received intensity modulated radiation therapy (IMRT) 54 Gy with cetuximab in case of a clinical complete response (cCR) or IMRT 69.3 Gy and cetuximab in those patients with less than cCR to IC.

The oncological outcomes were interesting with 2-year progression-free survival (PFS) and OS rates of 80 and 94% respectively, for patients with primary-site cCR treated with 54 Gy of radiation; the authors concluded de-intensification of treatment in selected patients with HPV related OPSCC could be explored in further study; moreover it should be considered that RT dose reduction improved significantly swallowing and nutritional status (14).

The Quarterback trial, a phase III non-inferiority randomized trial, evaluated the oncological results of reduced RT dose (56 versus 70 Gy concomitant to carboplatin) after induction chemotherapy (three cycles of TPF) in 20 HPV+ locally advanced OPSCC. The 3 yy PFS and the OS were 87.5% for standard CRT and 83.3% for reduced CRT for both endpoints, respectively (15). At the 2019 ASTRO annual meeting the preliminary results of NRG-HN002 trial were presented: it is a randomized phase II trial that compared accelerated IMRT (60 Gy in 5 weeks) versus IMRT (60 Gy in 6 weeks) plus weekly CDDP in p16+ OPSCC; both arms could be considered testing some form of de-escalation (the former provides omission of chemotherapy but accelerated RT, the last reduction in RT dose −60 Gy versus standard 70 Gy). It was designed to select the schedule that achieve acceptable PFS and swallowing function for further trial, this was met by IMRT plus CDDP arm (16).

Other two on-going phase II trials evaluate reduced RT doses associated with standard chemotherapy (NCT03215719–NCT01088802) in favorable risk HPV positive OPSCC (17, 18). Moreover another on-going trial is evaluating volume (level IB lymph node is excluded from the elective nodal volumes) and dose de-intensified RT (60 Gy to gross tumor volume and 54 Gy to region at risk of subclinical disease in 30 fractions) for p16+ squamous cell carcinoma of the oropharynx with CDDP based chemotherapy (19).

The biological rationale for these approaches is based on the fact that the best outcomes of HPV-positive OPSCC may be linked to response to radiation therapy. In vitro studies showed that HPV positive cells presented an increase in cell thickness and motility after RT; this suggests that they undergo apoptotic death and are more radiosensitive than HPV negative cells (20). These preclinical data are confirmed by retrospective analysis of several clinical trials. The critical point is that all patients with HPV-positive tumors and with defined clinical characteristics are treated in the same way. Although some results support de-escalation approaches, some concerns were raised as they can result in detrimental outcomes for patients (in RTOG 1016, a randomized non-inferiority trial that compared RT plus cetuximab versus RT plus cisplatin, a reduced LRC and OS with de-escalation was detected) (21, 22). This could probably be due to lack of adequate risk stratification system to identify the most suitable HPV+ patients for de-intensification trial; in fact the development of more accurate treatment response classifiers is needed. The next step that should be integrated is a more personalized approach based on the biology of the tumor that might help to develop criteria to better define lower risk HPV+ subpopulations. On this concept an interesting ongoing trial is a non-inferiority phase II study (NCT03323463) which randomized patients with HPV positive and hypoxia negative T1–2, N1–2c (AJCC, 7th ed) OPSCC to descalated RT associated with two cycles of chemotherapy versus standard chemoradiotherapy. RT schedule provides a total dose of 30 Gy in 3 weeks (2 Gy per fraction, 5 days per week), deliver to GTV, postoperative bed and all area at microscopic risk of disease. The estimated enrollment is of 300 patients (23). The most interesting point of this trial is that it is specific for patients with HPV+ but hypoxia negative tumors.



Hypoxia

Hypoxia is another parameter widely studied in head and neck neoplasms; it is present in many solid tumors and is well known to be related to radioresistance and therefore indicative of an unfavorable prognosis. Several studies tried to identify biomarker of tumor hypoxia. The methods for detecting intratumoral hypoxia have continuously evolved over the years but their application in clinical practice is still difficult; more recently the attempt is to identify gene expression of hypoxia as endogenous biomarker (24, 25). Specifically, in HNC, gene expression signatures (a group of gene instead of a single one) were developed (26).

Toustrupt et al. identified a method for characterizing the hypoxic state of a tumor based on the quantification of hypoxia-specific genes within the tumor biopsy and generated a model that could improve the ability to individualize treatment according to this characterization. This classification, based on the evaluation of 15 hypoxia-sensitive genes assessed as the best to be able to discriminate between “plus” and “less” hypoxic HNC, was applied to 323 biopsies of patients enrolled in the DAHANCA 5 study (a clinical trial that randomized patients to placebo versus hypoxic modification with nimorazole plus RT). The classifier categorized 114 tumors as “more” hypoxic and 209 as “less” hypoxic. In the group “more” hypoxic, patients treated with nimorazole and RT presented a better locoregional control failure rate at 5 years when compared to patients treated with RT alone (79 vs 46%). No difference was detected between treatments in the group classified as “less” hypoxic suggesting that hypoxic modification of RT could be useful only in a subgroup of patients with gene expression classified “more” hypoxic tumors. Therefore, this 15-gene hypoxia classifier attains both prognostic and predictive potential (25).



Radiosensitivity Index

Eschrich et al., considering the expression of 10 genes, developed a new model of intrinsic tumor radiosensitivity, to create the radiosensitivity index (RSI) that is directly proportional to tumor radioresistance. The lower is this index, the higher is the tumor’s radiosensitivity. The use of this model has been clinically validated on two separate cohorts of patients and subsequently in HNC patients treated with radical chemo-radiotherapy; what emerges is that, by classifying the tumors into “more” radiosensitive and “less” radiosensitive on the basis of the RSI, it is possible to distinguish subgroup of patients with different outcomes. In HNC the radiosensitive group presented an improved 2-year locoregional control (2-year LRC 86 vs. 61%, p = 0.05), underling that this model is able to identify biological similarities strictly linked to tumor radiosensitivity across disease sites (27). Another extremely interesting thing of this index is that seems to have a predictive value only in patients treated with RT, and not for other treatments as surgery or chemotherapy. Therefore, RSI can be considered an independent predictor of response to RT alone (27). Based on these data, the concept that the benefit of RT is not uniform in all patients and that it varies in genomically distinct subpopulations is increasingly evident.



Genomic-Adjusted Radiation Dose

A further potential of this index, however, arises from its combination with linear-quadratic model to create the GARD “genomic-adjusted radiation dose”, a clinical model that represents a molecular estimate of the fraction of cells surviving at 2 Gy and could allow individualizing the dose of radiation therapy based on the radiosensitivity of the individual tumor. GARD model was prospectively validated by Scott et al. in 2017 and is associated with outcomes in five clinical cohorts. The GARD varies widely among the various tumor histotypes, a high GARD value provides a high therapeutic effect for RT. In fact, lower median GARD values for HPV negative oropharyngeal cancer and higher for HPV positive oropharynx have been detected, therefore in line with the superior clinical results that are normally obtained in HPV related OPSCC (28). GARD should not be considered a predictive factor but rather a tool that allows to personalized treatment on the specific tumor of the single patient. This could be obtained in different way as: 1—a modulation (increase or reduction) of radiation dose based on GARD value, 2—a combined treatment with drugs modifier of hypoxia, 3—change in treatment modality, for example in less radiosensitive tumors, GARD might suggest that RT dose required is beyond the tolerance of normal tissue so the patients might be treated with surgery/chemotherapy. Obviously, these represent hypothetic potentiality of GARD model, moreover it should be considered some limits of GARD as that it accounts only for tumor radiosensitivity and no other important biological parameters as proliferation, DNA repair or patients characteristics.




Head and Neck and Immune System

The immune response to tumors is a recent studied factor; it is extremely complex with the involvement of different cell types both of the adaptive and innate immune systems, and it plays an important role in neoplastic progression (29). The immune system stimulates the elimination of tumor cells and the control of tumor growth; moreover, the tumor microenvironment is highly suppressive and hinders the physiological activity of T cells (29). Generally, HNC is considered a cold tumor capable of creating evasion effect and being less attacked by natural and adaptive immunity. In the context of head and neck neoplasms, patients with high T lymphocytes infiltrated (TILs) tumors appear to have better OS, PFS, and distant metastasis-free survival compared to patients with poorly infiltrated tumors (30, 31). The major correlation with oncological outcome has been demonstrated for CD8+ effector lymphocytes, in fact their rate is higher in HPV-positive cancers, and this could partially explain the better outcome of this subpopulation (32). The CD3 + and CD8 + TILs represent strong prognostic and also predictive markers capable of identifying a subset of HNC patients who have a greater probability of progression and shorter survival after radical chemoradiotherapy (30). The use of TILs as biomarkers to predict recurrence and death from cancer is very interesting especially in advanced diseases; in fact in this setting the implementation of immunotherapy combined with chemoradiotherapy could be particularly advantageous. This association could have a double effect, from one side immunotherapy can enhance the efficacy of RT as a locoregional treatment but RT could work also as an in situ vaccination to increase the efficacy of immunotherapy (33); in fact RT is able to upregulate programmed death ligand 1 (PD-L1) on tumor cells, which may increase the response to some immunotherapies.

Furthermore regulatory T cells (Tregs) have the role to suppress immune system and they act inhibiting the action of cytotoxic T cells (34). Several data demonstrated a higher Treg rate in peripheral blood of HNC patients compared to healthy controls, and it seems that patients with high Treg infiltrates cancer present a worse prognosis (35). Also dendritic cells play an important role T cell responses as they present tumor antigens on MHC-I; this leads to activation of CD4+ and CD8+ naïve T cells and to differentiate in effector T cells. Some data showed that tumor with high rate of dendritic cell tumor lead to better outcome in HNC patient (36).



Role of Molecular Imaging in Research

Another strategy that has been explored is the integration of imaging into precision care. To date the 2-deoxy-2-[18F]fluoro-D-glucose (FDG) positron emission tomography/computed tomography (PET/CT) is a standard diagnostic methodic used in HNC patients for staging, restaging, RT planning, and outcome evaluation (37, 38). Several data published in literature underline how changes of neoplastic glucose metabolism, evaluated by FDG PET, are able to predict tumor response rates and oncological outcomes in several solid cancer (39). In particular as regards PET in HNC the major data are validated for SCCHN and nasopharyngeal cancer.

In this settings, PET/CT could help radiation oncologist for target delineation and in radiation planning (39). Moreover, it has been suggested that FDG is able to detect primary tumor site in about 25% of patients with unknown disease (40) and at baseline, it allows quantification of the tumor tracer uptake thus producing semiquantitative values that can be indicative of prognosis. The prognostic role of these parameters in HNC is under active investigation.

In fact, the possibility to identify pre-treatment biomarkers correlated with outcome could be of particular interest in some subgroups of patients with the aim to intensify treatment (41). The most widely used semiquantitative parameter in oncology is the so-called maximum standardized uptake value (SUVmax). The SUV is a semiquantitative measure of the tracer uptake in a region of interest that normalizes the lesion activity to the injected activity and a measure of the volume of distribution (usually total body weight or lean body mass). Some studies of patients with HNC have shown no predictive value (42, 43), while others have suggested a potential prognostic significance of SUVmax of the primary lesion is (44, 45).

Of note, SUV and SUVmax lack of reproducibly between different PET scanners (also in terms of its uptake time dependence) and thus might be not suitable for the multicenter research settings (46).

It has been suggested that the use of uptake time normalized tumor-to-blood SUV ratio (standardized uptake ratio, SUR) might remove most of these shortcomings improving test–retest stability and providing significantly better prognostic value compared to tumor SUV (39). However, more recently, other PET-based parameters have emerged as potentially valuable for the prognostic stratification in several oncologic diseases including HNC. In particular data are already available with respect to the predictive value of metabolic tumor volume (MTV) and total lesion glycolysis (TLG) (47). MTV is defined as the sum of the volume of voxels with SUV exceeding a certain threshold value in a tumor, reflecting the volume of FDG activity in a tumor assessed by automated volume of interest delineation, while TLG is obtained by multiplying MTV and the mean SUV of the MTV. Romesser et al. found in patients treated and submitted to chemoradiation that a lower MTV is related to improved local control, PFS and OS (42). Similarly, Hanamoto and colleagues found that high metabolic burden in terms of TLG and MTV can independently predict treatment failure more accurately than SUVmax or SUVmean (48). Suzuki and colleagues demonstrated that a TLG ≥5.4 was significantly linked with shorter disease-specific survival, distant metastasis-free survival, and lung metastasis-free survival in laryngeal or pharyngeal cancer patients treated with salvage surgery (49). Finally, recent systematic reviews (one of them including also a meta-analytic analysis) evaluated the relationship between semiquantitative metabolic parameters and outcomes of patients with HNC. These data demonstrated that higher pre-treatment MTV is linked to worse OS, PSF, and locoregional control (50, 51).

Moreover the distribution of FDG uptake in tumors has been studied by other groups as potential prognostic factor of complex heterogeneity parameters such as entropy or textures (52). In particular, Meyer et al. evaluated the relationships between histogram analysis of apparent diffusion coefficient (ADC) values and FDG PET-derived parameters in SCCHN (53). In fact, also functional imaging MRI, such as diffusion-weighted imaging (DWI) can be added to provide further insight into tumor microstructure (54). DWI measures random water movement and can be quantified by the ADC. Previously, various studies identified an inverse relationship between ADC values, cellularity, and proliferation thus suggesting that ADC values mirror tumor microstructure (55). Meyer et al. showed that entropy derived from ADC maps is strongly associated with MTV and TLG in HNC (53). This correlation demonstrated to be stronger in G1/2 tumors and entropy; SUVmax, SUVmean, TLG, and MTV were statistically significantly higher in T3/4 tumors in comparison to T1/2 carcinomas (53). Some trials compared MRI to PET/CT with the aim to evaluate advantages and disadvantages of both methods. Cao et al., in 54 patients with locally advanced SCCHN, investigated p16+ effects on imaging parameters, differences between imaging biomarkers of tumors with local, regional or distant progression and the predictive values of MRI and PET biomarkers. They found that the p16− primary tumors had elevated ADC values pre-RT and low early response rates compared to p16+ tumors; also, high mean apparent diffusion coefficient (ADC) value pre-RT is a hazard for local and regional failure of p16− tumors. Moreover multiple MRI and PET imaging parameters predicted regional and distant failure, but the nodal GTV defined on anatomic MRI was the strongest predictor. They concluded that the performance of MRI related parameters is stronger than PET parameters and that MRI could play an important role from treatment planning, to early response assessment, and boost target definition with different but complementary information (56). Moreover, a comparison between MRI and PET/CT was done by Wong et al. in predicting the response to definitive treatment after induction chemotherapy in locally advanced SCCHN. Firstly, they detected that changes in functional and molecular imaging parameters with both modalities after first induction chemotherapy cycle are representative of its full effects. They did not find pre-treatment ADC to be predictive of treatment outcome; this datum, that is partially in contradiction with other data literature, is explained by authors with the high prevalence of HPV related tumors in their cohort of patients, as HPV related OPSCC often presented unique histologic features as micronecrosis (57). Instead in the context of radical chemo-radiotherapy, increase in ADC has been demonstrated in responders and a lower increase or decrease 1–3 weeks into radiotherapy in non-responders (58, 59). To conclude both PET/CT than MRI could give complementary information to try to identify patients with better or worse prognosis.

Besides the role in the potential intensification of therapy, FDG PET might also have a role in therapy de-intensification. In patients with HNC, viral-related mechanisms have a relevant role in developing a robust personalized medicine associated with specific tumor characteristics at individual level thus guiding appropriate treatment selection. In particular, HPV and EBV provide robust prognostic biomarkers in SCCHN and nasopharyngeal carcinoma respectively and are now being incorporated into clinical trials (60). In this setting FDG PET might help to categorize patients according to risk of recurrence and then to tailor treatment. Floberg et al. in 153 HPV related OPSCC patients demonstrated that the optimum MTV (identified as 24 cm3) is significantly related to freedom from recurrence, freedom from distant metastasis and OS; these data support the use of MTV as prognostic marker in patients treated with surgery as well as definitive radiotherapy (61).

Another parameter that has been investigated is the heteroneity index (HI) that is a quantitative measure of the intratumoral heterogeneity of 18F-FDG uptake although HI has been reported as a prognostic factor in locally advanced nasopharyngeal carcinoma (62).

Moreover Kimura et al. evaluated HI in patients with oral cavity SCC and showed that it is a statistically significant prognostic factor for OS in patients with OSCC treated with primary surgery (63). Finally, although 18F-FDG is by far the most frequently used radiopharmaceutical in HNC, glycolysis is not the only metabolic process or biochemical pathway that can be visualized.

In particular, PET technology is able to track the presence of tumor hypoxia (39). As mentioned above, tumor hypoxia is related with worse outcomes and is a major driver in treatment resistance (39, 64). In fact the possibility to track hypoxia in vivo is of interest to guide the use of hypoxia sensitizers or of specific IMRT. Most studied evaluated [18F]Fluoromisonidazole (18F-FMISO) PET/CT as it was the first hypoxia tracer (39, 65); it is a 2-nitroimidazole molecule and is well known that imidazole derivates are trapped in hypoxic cells. Studies aiming to evaluate features of patients’ non-responders to RT by means of 18F-FMISO PET have suggested that around a half of locoregional failures in SCCHN occur because of hypoxia. Despite this 18F-FMISO is not normally used in the clinical practice, this is due mainly to its high lipophilicity and slow clearance from normal tissues (39) with subsequent difficult in hypoxia identification. Another imidazole derived tracer is [18F] Fluoroazomycin Arabinoside (FAZA) that is characterized by a faster clearance from blood and non-target tissues (39).

Finally, the emerging role of immunotherapy and in particular of immune checkpoints inhibitors (ICPIs) in several cancers, including HNC have further stimulated the development of PET-based prognostic biomarkers (66). RT can modify the expression of some receptor (as PD1/PD-L1) on cancer cells or on myeloid cells, which may affect response to PD-1-based immunotherapy. On these basis novel and promising non-FDG PET tracers have been developed with the aim of predicting response to ICPIs (67, 68).

In fact, PD-L1 expression by immunohistochemistry has been correlated with response and survival following PD-(L)1 monoclonal antibody therapy. However, a lack of response has also been demonstrated in patients with PD-L1 expression and has been linked to heterogeneity of PD-L1 expression within tumors. PET studies in preclinical models have tested this hypothesis.

Some preliminary data on PET imaging with 18F-BMS-986192, 89Zr-Nivolumab, and 89Zr atezolizumab performed in patients with different tumor types before treatment with ICPIs detected a tumor tracer uptake heterogeneity in different patients and in different lesions of the same patient (67, 68).

To conclude both PET/CT could give complementary information to try to identify patients with better or worse prognosis than MRI.

A prognostic effectiveness of baseline FDG PET parameters as biomarkers of OS, DFS, and DM among patients with HNC has increasingly been recognized. Parameters (MTV and TLG) measuring metabolic tumor burden seemed relevant for identifying patients with a higher risk of treatment failure and early disease progression. However, further large-scale studies including patients stratified according to localization and further analysis of the textural indices are required to define a reliable FDG PET-based prognostic model of mortality and recurrence risk for HNC patients. Finally, while FDG remains by far the most frequently used radiopharmaceutical in HNC, novel PET radiotracers especially tracking hypoxia as well as immunoPET imaging might be of further value in the baseline and early prognostic stratification of HNC.



Conclusions

At present only HPV can be considered a novel prognostic biomarker and must be used in clinical practice to stratify patients among those with better or worse prognosis. The role of the HPV should be integrated with other parameters related to the patient and the tumor that modulate the outcome of the treatments. Unfortunately, even if HPV is the strongest available biomarker, it does not yet allow us to modify the treatment approach outside clinical trials.

Moreover, a prognostic effectiveness of baseline FDG PET parameters as biomarkers of OS, DFS, and DM among patients with HNC has increasingly been recognized.

Despite the increase in the number of studies that investigate possible predictive biomarker in HNC, currently there are no biomarkers of response to RT used as standard of care in clinical practice; certainly some are promising, in particular to understand when to use innovative immunological drugs associated with RT, but further evaluations are needed.
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Background

Traditional clinical target volume (CTV) definition for pelvic radiotherapy in prostate cancer consists of large volumes being treated with homogeneous doses without fully utilizing information on the probability of microscopic involvement to guide target volume design and prescription dose distribution.



Methods

We analyzed patterns of nodal involvement in 75 patients that received RT for pelvic and paraaortic lymph node metastases (LNs) from prostate cancer in regard to the new NRG-CTV recommendation. Non-rigid registration-based LN mapping and weighted three-dimensional kernel density estimation were used to visualize the average probability distribution for nodal metastases. As independent approach, the mean relative proportion of LNs observed for each level was determined manually and NRG and non-NRG levels were evaluated for frequency of involvement. Computer-automated distance measurements were used to compare LN distances in individual patients to the spatial proximity of nodal metastases at a cohort level.



Results

34.7% of patients had pelvic LNs outside NRG-consensus, of which perirectal was most common (25.3% of all patients) followed by left common iliac nodes near the left psoas major (6.7%). A substantial portion of patients (13.3%) had nodes at the posterior edge of the NRG obturator level. Observer-independent mapping consistently visualized high-probability hotspots outside NRG-consensus in the perirectal and left common iliac regions. Affected nodes in individual patients occurred in highly significantly closer proximity than at cohort-level (mean distance, 6.6 cm vs. 8.7 cm, p < 0.001).



Conclusions

Based on this analysis, the common iliac level should extend to the left psoas major and obturator levels should extend posteriorly 5 mm beyond the obturator internus. Incomplete coverage by the NRG-consensus was mostly because of perirectal involvement. We introduce three-dimensional kernel density estimation after non-rigid registration-based mapping for the analysis of recurrence data in radiotherapy. This technique provides an estimate of the underlying probability distribution of nodal involvement and may help in addressing institution- or subgroup-specific differences. Nodal metastases in individual patients occurred in highly significantly closer proximity than at a cohort-level, which supports that personalized target volumes could be reduced in size compared to a “one-size-fits-all” approach and is an important basis for further investigation into individualized field designs.





Keywords: prostate cancer, lymph node metastases, mapping, patterns of recurrence, pelvic radiotherapy



Introduction

The benefit of elective pelvic radiotherapy in prostate cancer has been repeatedly called into question. The well-known RTOG-9413 trial showed a significant benefit in progression-free survival for prophylactic whole-pelvic radiotherapy with prostate boost and neoadjuvant androgen deprivation therapy (ADT) compared to prostate-only radiotherapy with neoadjuvant ADT (1). However, there was no significant difference between whole-pelvic radiotherapy with neoadjuvant ADT and prostate-only radiotherapy with adjuvant ADT (2). The subsequently conducted randomized GETUG-01 trial also failed to unequivocally prove the superiority of pelvic irradiation in comparison to prostate-only radiotherapy (3). Suboptimal clinical target volume (CTV) definition that missed a substantial proportion of microscopically involved nodes is an important explanation for the lack of clear benefit of pelvic radiotherapy in past randomized trials in the primary setting. At the same time, there is a rising practice of treating nodal oligorecurrent prostate cancer with local ablative therapy (i.e., lymph node dissection or radiotherapy) (4, 5). In case of radiotherapy for oligorecurrent nodal disease, current target volume concepts include involved node stereotactic body radiotherapy (SBRT), involved site SBRT to involved field RT and elective whole pelvic RT without a clear standard having been established yet (4). To clarify the role of elective pelvic radiotherapy in nodal recurrence from prostate cancer, two important multicenter prospective phase II trials including patients with up to five pelvic nodal metastases have been initiated. The STORM trial assesses the benefit of whole pelvic radiotherapy in addition to 6 months of ADT and metastases-directed therapy (salvage lymph node dissection or SBRT) in a randomized fashion (6) and the OLIGOPELVIS-GETUG P07 investigated the impact of pelvic radiotherapy with a simultaneous integrated boost to PET positive nodes plus 6 months of ADT in a single arm phase II design (7).

So far, several attempts have been undertaken to improve CTV design for pelvic radiotherapy in prostate cancer. In 2009, the RTOG-GU radiation oncology specialists published a consensus recommendation on pelvic lymph node volumes for high-risk intact node-negative prostate cancer (8). Furthermore, a variety of studies have investigated nodal recurrence patterns providing valuable insights into the distribution of malignant lymph nodes in prostate cancer (9–14). Several of these studies showed a lack of coverage at important sites of pelvic nodal recurrence especially in the common iliac region above L5/S1 (12–14). For this very reason, the NRG recently put forth an updated international consensus atlas on pelvic nodal volumes for intact node negative as well as node positive and postoperative prostate cancer taking into account critical findings of the last ten years and raising the cranial border to the aortic bifurcation as the most important modification to the previous RTOG consensus recommendation (15). As of yet, patterns of nodal involvement have not been evaluated in regard to this new NRG CTV consensus recommendation.

Moreover, CTV definition for elective pelvic radiotherapy in prostate cancer still largely consists of large volumes being treated with homogeneous doses potentially without fully utilizing information on the probability of microscopic nodal involvement to guide target volume design and prescription dose distribution.

To visualize the average probability distribution for pelvic nodal metastases in prostate cancer, we introduce three-dimensional kernel density estimation after non-rigid registration-based mapping for the analysis of recurrence data in radiotherapy and evaluate results in regard to the newly proposed NRG CTV recommendation. As complementary method, we manually determine the frequency of binary involvement as well as the relative proportion of lymph node metastases for NRG and non-NRG levels and critically analyze coverage of lymph node metastases by the new NRG level definitions. Moreover, we explore preconditions for a potential individualization of target volumes by assessing if nodal metastases in individual patients are more spatially confined than metastases at a cohort-level and by comparing patterns of involvement in patients with and without upfront surgery.



Materials and Methods


Ethics

Ethical review and approval was not required for this study on human participants in accordance with the local legislation and institutional requirements (BayKrG Art. 27). Written informed consent to participate in this study was provided by the patients.



Patient Population

Patients receiving local curative stereotactic radiotherapy of pelvic and/or paraaortic lymph node metastases from prostate cancer in the overall context of a curative or oligometastatic treatment concept between January 2009 to September 2018 were included in this study.

Curative or oligometastatic treatment concept was defined as locally curative treatment (16) of all tumor sites with local curative doses being defined as exceeding an equivalent total dose in 2 Gy fractions (EQD2, alpha/beta = 2) of 50 Gy. Patients who had disseminated disease and those treated with palliative intent were excluded. The treatment indication for radiotherapy of each specific lymph node was based on an interdisciplinary review by experts in diagnostic radiology, nuclear medicine, urology, and radiation oncology after considering the clinical history and all available imaging in each patient case. In general lymph nodes were considered malignant that had significant tracer uptake, a short-axis diameter of ≥1 cm or were enlarging in the context of a rising PSA. Each lymph node included in this study was specifically treated with stereotactic radiotherapy in local ablative intent.

Seventy-five patients treated at our institution fulfilled the abovementioned criteria and were included. Of these 75 cases, 6 patients had paraaortic nodes exclusively and were excluded from analyses investigating the distribution of pelvic nodal metastases, for which the remaining 69 cases were used. Concerning overall tumor stage, 52.0% (39/75) had involved regional lymph nodes only, i.e., cN1 disease located exclusively below the bifurcation of the common iliac arteries. In addition, 36.0% (27/75) had cM1a disease, of which 74.1% (20/27) had paraaortic disease, 51.9% (14/27) had common iliac involvement, 11.1% (3/27) had inguinal metastases, and one patient had a singular mediastinal lymph node in addition to pelvic nodal metastases (3.7%). Only 12.0% (9/75) of patients had cM1b disease, because of additional limited bone metastases. Most patients received conventionally fractionated stereotactic radiotherapy in single doses of 1.8 Gy (97.3%, 73/75). Median EQD2α/β = 2 to involved lymph nodes was 65.0 Gy (range, 53.0–68.4). Lymph node metastases had been identified in most cases by PSMA-PET/CT (42.7%, 32/75) or Choline-PET/CT (30.7%, 23/75), whereas PSMA-SPECT/CT (6.7%, 5/75) and contrast CT (20.0%, 15/75) had been used in the remaining cases (Table 1). Importantly, all nodal lesions included in this study went on to receive stereotactic radiotherapy underpinning that the overall clinical certainty in malignant involvement of each lymph node in this analysis was high. There was no significant difference in lymph node region involvement between patients diagnosed with Choline/PSMA-imaging vs. CT alone (Supplemental Table 1). In patients who received two series of radiotherapy (17.3%, 13/75), lymph node locations from both treatments were used for analysis.


Table 1 | Patients’ characteristics.





Mapping Analysis

In all patients with pelvic nodal metastases (n = 69), verified GTV segmentations were exported from the treatment planning system (Iplan, Brainlab Feldkirchen Germany) and imported into 3DSlicer (v.4.10.2) (17). Geometric centers of every lymph node segmentation were calculated and in every patient, the Euclidean distance between all pelvic lymph node center coordinates was computed using the function cdist of the Python library SciPy (18) (401 distances in total) before mapping.

A patient CT dataset that best represented the average anatomy of the cohort served as common template and mapping target. Non-rigid registration was performed with the 3DSlicer SlicerRT Plastimatch B-spline deformable registration module (17, 19, 20). After a first rigid registration step (subsampling 2 × 2 × 1, maximum of 100 iterations), a 3-stage B-Spline deformable registration (stage 1: subsampling 2,2,1, grid 25 mm, regularization 0.01, landmark penalty 0.005, maximum iterations 100, stage 2: subsampling 2,2,1, grid 10 mm, regularization 0.01, landmark penalty 0.005, maximum iterations 100, stage 3: subsampling 1,1,1, grid 2 mm, regularization 0.01, landmark penalty 0.005, maximum iterations 100) with Mean Squared Error as cost function empirically provided the best results and was used in all cases. The resulting deformation vector fields were used to map the lymph node center locations from each patient into the common template anatomy. The quality of the non-rigid registration and the resulting mapping locations were reviewed by a radiation oncologist and accepted in all cases. After mapping, the Euclidean distances between all 210 mapped pelvic lymph node center locations were computed using SciPy (18) (21,945 unique distances in total) and compared to the lymph node distances obtained via intra-patient measurements (401 distances).

Kernel density estimation was applied to convert the mapped lymph node center locations into an estimate of the underlying average probability distribution for metastatic lymph node involvement. Kernel density estimation is a widely used and accepted statistical technique to estimate the underlying probability density function from a limited set of observations (21). Three-dimensional kernel density estimation based on the mapped lymph node center locations was performed using the Python library KDEpy (22) (rectangular kernel, bandwidth 1.25 cm, p-norm 2), which results in a spherical representation of mapped nodal locations. To avoid bias toward patients with a high number of lymph nodes, weighting was applied, so that each patient contributed equally to the estimate irrespective of the number of positive nodes. To facilitate visualization the resulting spatial distribution was smoothened using the ITK recursive gaussian filter (sigma 2.5) (23). Three-dimensional renderings and a CT atlas of the average distribution of pelvic nodal metastases were created with 3DSlicer (17).



Expert-Based Assessment and Statistical Analysis

Independent from the mapping technique, the patterns of lymph node involvement were analyzed by expert-based assessment as a complementary method. For every patient dataset, a radiation oncologist evaluated the number of metastatic lymph nodes in all pelvic levels as well as in the paraaortic region. The results were reviewed by a second radiation oncologist and confirmed in all cases. For the definition of lymph node levels, the NRG consensus recommendations were used except for perirectal and inguinal regions, where the RTOG consensus for anorectal cancer was employed as these regions are not included in the NRG consensus for prostate cancer (15, 24).

The frequency of binary involvement was calculated for every region at a patient-level. Differences between patients with and without prior surgery were evaluated using Fisher’s exact test with Bonferroni adjustment for multiple testing.

In addition to binary involvement, the varying extent of metastatic involvement was quantified for pelvic lymph node levels. To avoid bias toward patients with a high number of lymph nodes, calculations were not carried out at the level of individual lymph nodes. Instead, the relative contribution of each pelvic lymph node level to the total amount of positive nodes was first determined in each patient and this patient-level metric was subsequently evaluated for the whole population. The relative proportion of lymph nodes observed for each level was normalized by the level volume to identify possible hotspot regions. Analysis was limited to NRG and perirectal lymph node regions. Level volumes were determined via segmentation in the template dataset. In addition, we statistically tested if the mean relative proportion of lymph node metastases observed for each level was significantly different from the value theoretically expected by a homogeneous distribution of nodal metastases. A bootstrapped one-sample T-test and a bootstrapped 95% CI of the mean (BCa-based bootstrapping, 10,000 bootstrap samples) was used as normality could not be assumed. Time-to-event metrics were estimated using the Kaplan-Meier method and calculated from the start of stereotactic radiotherapy to local progression of irradiated nodal metastases (local control), local or distant progression (freedom from progression) or death from prostate cancer (disease-specific survival) with patients being censored at last follow-up or death, respectively. Median follow-up of this cohort was 58.9 months. Statistics were calculated using IBM SPSS 21. Graphs were created using GraphPad Prism 7 and SPSS.




Results

In total, 92.0% (69/75) of patients had pelvic lymph node involvement, while in 8.0% (6/75), only paraaortic nodes were present. In addition, 24.0% of patients (18/75) suffered from both pelvic and paraaortic lymph node metastases. The median number of involved lymph node regions per patient was 2 (range, 1–9 and interquartile range, 1–2), differentiating left and right levels, respectively. Pelvic lymph node involvement was strictly unilateral in 76.8% of patients (53/69), whereas 23.2% (16/69) had metastatic pelvic nodes in left as well as right lymph node levels. The median number of malignant pelvic nodes in each patient was 2 (range, 1–11) and 36.2% (25/69) had only one metastatic pelvic lymph node. In patients with at least two positive pelvic nodes, the median of the maximum intra-patient lymph node distance was 7.8 cm, the 75th%ile was 11.0 cm and the 95th%ile was 17.0 cm. The external iliac lymph node region was most frequently involved (37.3%, 28/75) followed by the paraaortic (32.0%, 24/75), internal iliac and perirectal (25.3%, 19/75 each), common iliac (22.7%, 17/75), obturator (20.0%, 15/75), and the presacral region (10.7%, 8/75). The inguinal and prevesical lymph node region, not included in the new NRG CTV recommendation, each only harbored metastatic lymph nodes in 4.0% of patients (3/75). One of the most important additions in the new NRG consensus CTV is the inclusion of common iliac nodal levels above L5/S1 that had not been part of the previous RTOG-GU consensus volume. 18.7% of patients (14/75) had positive nodes in the common iliac region that were located above L5/S1 and thus outside the previous RTOG-GU consensus recommendation. However, when carefully analyzing the location of left common iliac metastases, we observed that a fraction of these lymph nodes also was located outside the new NRG CTV recommendation in between the left boundary of the NRG consensus CTV and the medial surface of the left psoas major muscle (Figure 1). In addition, 50% (5/10) of patients with left common iliac metastases had nodal metastases outside the NRG consensus recommendation corresponding to 6.7% (5/75) of all patients, when using a standard margin of 7 mm around the vessels. The NRG consensus recommendation gives the option to increase this margin to 10 mm particularly anterior to vessels, if clinically indicated (15). However, even when using this more generous margin, still 20% (2/10) of patients with left common iliac involvement or 2.7% (2/75) of all patients had common iliac metastases outside the NRG consensus CTV volume, respectively. Importantly, all common iliac nodal metastases would have been covered if the left CTV boundary had extended to the medial surface of the left psoas major muscle (Figure 1). An additional important observation was made regarding obturator nodes. Despite no obturator node was indisputably located outside the NRG consensus CTV, 10 patients had obturator metastases located right near the posterior edge of the NRG consensus CTV corresponding to 66.7% (10/15) of patients with obturator level involvement and 13.3% (10/75) of all patients (Figure 2). In total, excluding paraaortic involvement, 34.7% of patients (26/75) had metastatic lymph nodes not included in the new NRG consensus, of which perirectal was the most frequent (25.3%, 19/75 patients) (Table 2).




Figure 1 | Left common iliac nodal metastases outside NRG consensus CTV. (A) Exemplary patient case with a left common iliac nodal metastasis outside the NRG CTV recommendation using margin options of 7 mm (green contour) and 10 mm (orange contour), respectively. Dashed red contour: proposed extension of the CTV to the medial surface of the left major psoas muscle. Top right inset: PSMA-PET/CT of the same patient demonstrating PSMA uptake. Bottom right inset: Corresponding anatomic location in the independent mapping analysis showing a high-probability hotspot that extends beyond the left boundary of the NRG CTV recommendation. (B) Overall, 50.0% of patients with left common iliac nodal involvement had all common iliac metastases covered using a margin of 7 mm around the vessels. A 10 mm margin encompassed all nodal metastases in an additional 30.0% of patients, while 20.0% of patients with left common iliac metastases had lymph node metastases that extended even beyond the 10-mm margin.






Figure 2 | Obturator nodes at the posterior edge of the NRG consensus CTV. (A) Exemplary patient case with a PSMA-avid nodal metastasis (inset) right at the posterior edge of the NRG obturator level. (B) Corresponding anatomic location in the independent mapping analysis showing a high-probability hotspot near the posterior edge of the NRG CTV recommendation.





TABLE 2A | Frequency of lymph node involvement.





TABLE 2B | Frequency of lymph node involvement with discrimination of left and right lymph node groups.







Interestingly, right external iliac involvement was significantly reduced in patients with previous prostatectomy and pelvic lymph node dissection compared to patients without prior surgery (10.9% vs. 45.0%, p = 0.002, p adjusted for multiple testing 0.022, Table 3). All nodal metastases included in this study received stereotactic radiotherapy in local ablative intent. Local control of nodal metastases following stereotactic radiotherapy was 90.7% at 5 years. Disease-specific survival of this cohort was 86.6% and freedom from local and distant progression was 44.5% at 5 years post radiotherapy (Figure 3).


Table 3 | Differences in lymph node region involvement in patients with and without prior prostatectomy with pelvic lymph node dissection.






Figure 3 | Treatment outcomes of the analyzed cohort. All nodal metastases included in this analysis had been specifically treated with stereotactic radiotherapy in local ablative intent. Local control of included nodal metastases was 90.7% at 5 years (A). Freedom from local and distant progression (B) as well as prostate cancer-specific survival (C) of this cohort are also shown.




Lymph Node Mapping and Kernel Density Estimation

The geometric centers of pelvic nodes from all patients were mapped into a common template CT using an observer-independent non-rigid registration-based mapping technique (Figure 4). After mapping, distances between all lymph nodes from all patients were calculated (210 lymph nodes, 21945 unique distances) and compared to the lymph node distances obtained via intra-patient measurements (401 distances). The mean distance between involved pelvic lymph nodes was highly significantly smaller in individual patients than at a cohort-level (6.6 cm vs. 8.7 cm, p < 0.001), i.e., metastatic nodes were significantly closer. This was equally true, if distances between lymph nodes in individual patients were measured after being mapped into the common anatomy of the template dataset (6.1 cm vs. 8.7 cm, p < 0.001) showing that the increase in mean lymph node distance at a cohort-level was not artificially introduced by the mapping procedure.




Figure 4 | Analysis of the average probability distribution for nodal metastases by observer-independent mapping and three-dimensional kernel density estimation. First, lymph node center locations from all patients were mapped into a common template CT (left). Weighted three-dimensional kernel density estimation was then applied to convert the mapped lymph node center locations into an estimate of the underlying average probability distribution for lymph node metastases (right). Weighting was applied so that each patient case contributed equally to the estimate irrespective of the number of positive nodes. Kernel density estimation is a widely used and accepted statistical technique to estimate the underlying probability density function from a limited set of observations that is most commonly applied for one- and two-dimensional data (inset). Note: Kernel density estimation helps in visually identifying regions with high density of nodal involvement without the need to restrict the analysis to predetermined level boundaries.



For the mapping analysis, weighted three-dimensional kernel density estimation was used to assess the underlying average probability distribution of pelvic lymph node metastases. The CT atlas and three-dimensional renderings illustrate the estimated three-dimensional probability density function of pelvic nodal metastases in ‰ per cm³ for the whole cohort in a common reference CT with weighting being applied so that each patient contributes equally to the estimate irrespective of the amount of positive nodes. Hotspots of lymph node involvement outside NRG consensus are visualized especially in the perirectal region (Figures 5 and 6, Supplemental Video S1). Consistent with the manual assessment, the independent mapping analysis also revealed a high-probability hotspot extending beyond the NRG consensus volume in the left common iliac region and high risk for malignant nodes near the posterior edge of the NRG obturator level (Figures 1 and 2).




Figure 5 | (A) Three-dimensional renderings visualize the estimated three-dimensional probability density function of pelvic nodal metastases (maximum intensity projection) for the whole cohort in a common reference CT (composite with shading). (B) CT atlas reconstructions (Solid orange contour: Clinical target volume defined according to the recent NRG recommendation). Left column: superior/axial view, middle column: left-side view/sagittal reconstruction, right column: anterior view/coronal reconstruction. Weighting was applied so that each patient case contributed equally to the estimate irrespective of the number of positive nodes.






Figure 6 | Axial slices of the created CT atlas visualize the estimated three-dimensional probability density function of pelvic nodal metastases for the whole cohort in a common reference CT. Weighting was applied so that each patient case contributed equally to the estimate irrespective of the amount of positive nodes. Slice spacing is 15 mm. Solid orange contour: Clinical target volume defined according to the recent NRG recommendation.





Expert-Based Assessment

As an independent approach to the mapping technique, the relative distribution of lymph node metastases was determined by a radiation oncologist for every patient.

To avoid bias toward patients with many positive nodes, the relative contribution of a lymph node level to the total amount of positive nodes was first determined in every individual patient and this patient-level metric was subsequently evaluated for the whole population.

The mean proportion of metastatic lymph nodes per level volume was highest for the obturator levels (3.58‰/cm³), followed by external iliac (2.34‰/cm³), perirectal (1.47‰/cm³), internal (1.43‰/cm³), and common iliac (1.33‰/cm³). The proportion of involved lymph nodes for the presacral level was lowest (mean 1.01‰/cm³), significantly lower than expected by a homogeneous spatial distribution of lymph node metastases (p = 0.047). When differentiating by side, the right obturator (4.01‰/cm³), left obturator (3.14‰/cm³), left external iliac (2.60‰/cm³), and left internal iliac (2.08‰/cm³) levels showed the highest mean relative lymph node involvement per cm³ (Figure 7).




Figure 7 | Mean relative proportion of lymph node metastases per cm³ in typical pelvic lymph node levels (n = 66). Error bars indicate 95% CI obtained by BCa-based bootstrapping using 10,000 bootstrap samples. The dashed reference line indicates the mean relative proportion expected by a homogeneous spatial distribution of lymph node metastases.






Discussion

Renewed interest in the distribution of pelvic nodal metastases has been sparked by recent evidence that pelvic nodal recurrence represents an important site of treatment failure in prostate cancer (25). Suboptimal CTV design is an important explanation for the lack of clear benefit of pelvic radiotherapy in past randomized trials for intact prostate cancer (2, 3). On the other hand, there is rising use of local ablative approaches in the treatment of nodal oligorecurrent prostate cancer with radiotherapy target volumes varying from involved-node SBRT over involved site and involved field approaches to elective pelvic radiotherapy (4, 5).

A variety of studies have investigated patterns of recurrence after radical prostatectomy and/or radiotherapy, some of them in relation to the previous RTOG-GU consensus recommendation, and have provided important information for the optimization of radiotherapy field design and the extent of surgical dissection (9–14). Because of this new evidence, an updated NRG international consensus atlas on pelvic lymph node volumes for pelvic radiotherapy in prostate cancer was recently published taking into account critical findings of the last ten years of published research. To obtain a new consensus for CTV design in pelvic radiotherapy 18 international experts had contoured the nodal CTV for an intact node-negative, intact node-positive as well as a postoperative prostate cancer case after a systematic literature review. Regions of controversy were subsequently identified by evaluating nodal CTVs from all experts and a consensus was reached. The inclusion of all common iliac nodes up to the aortic bifurcation in the new NRG CTV certainly is the most significant modification over the previous RTOG-GU recommendation (15). To the best of our knowledge, the present study is the first to analyze the coverage of pelvic nodal metastases according to the new NRG consensus recommendation.

We found that 34.7% of patients harbored metastatic pelvic nodes outside the recently published NRG consensus recommendation for prostate cancer. Perirectal lymph nodes were most frequent (25.3% of all patients) followed by left common iliac nodes in between the left boundary of the NRG consensus CTV and the medial surface of the left psoas major muscle (6.7%), whereas inguinal and prevesical involvement only occurred in 4.0% of patients each. Recommendations for an expansion of the previous RTOG-GU consensus CTV definition had been derived from multiple studies. Spratt et al. found increasing coverage when raising the cranial CTV border with a coverage of 33.3% at S1/S2, 41.7% at L5/S1, and 93.4% at L4/L5 (13). In a large recent study of 82 patients, De Bruycker et al. obtained compatible findings and found that by raising the cranial field border from L5/S1 to the aortic bifurcation an additional 22.8% (36/158) out of all pelvic and paraaortic lesions analyzed in the study could be covered (14). The cranial border also was a crucial factor in our analysis to completely cover all common iliac metastases. These results are very important for the interpretation of past randomized trials investigating the benefit of pelvic radiotherapy: The partially positive RTOG 9413 used L5/S1 as cranial border (1), whereas the negative GETUG-01 study used S1/S2 (3). Considering the results from the aforementioned trials and those from our own investigation, it seems evident why it was not possible to achieve a positive effect with a S1/S2 cranial border setting (3).

As an elevation of the cranial field border up to the aortic bifurcation is the most significant addition in the new NRG consensus CTV, it was a particularly important finding that left common iliac nodes were not completely covered by the new NRG CTV in a substantial portion of patients in the present study. In addition, 50.0% (5/10) of patients with left common iliac involvement had metastases in between the left boundary of the NRG consensus CTV and the medial surface of the psoas major muscle using the recommended standard margin of 7 mm around the vessels. Based on this observation, we recommend completely covering the space from the common iliac vessels to the left psoas major muscle when delineating common iliac nodal levels using the medial surface of the psoas major as left-side boundary.

An additional noteworthy observation was made in regard to obturator nodes. Despite none of them was undoubtedly outside the NRG consensus CTV, the majority of patients (66.7%, 10/15) with obturator involvement had lymph node metastases right at the posterior boundary of the NRG obturator level, i.e., near the posterior edge of the obturator internus muscle and were endangered of being missed by a restricted application of the NRG contouring guidelines.

However, by far the most common reason for incomplete NRG coverage of nodal metastases was perirectal involvement. Consistent with our finding that the perirectal level was the most frequently involved region outside the NRG consensus, the largest share of lesions missed by the previous RTOG-GU CTV recommendation (10/20) was also located in the perirectal region in a PSMA-PET–based patterns of failure analysis by Schiller and coauthors (12). While NRG GU experts thoroughly discussed the inclusion of perirectal levels especially for T4 tumors, the majority of experts had opted against routinely including these lymph nodes in view of the corresponding increase in treatment volume (15). As the perirectal region has been a frequent site of nodal recurrence in multiple studies (12, 14, 26), it would be highly beneficial to identify reliable predictive factors for perirectal involvement to include perirectal nodes in high-risk patients but to avoid unnecessary toxicity in others.

It is important to note that care has to be taken when interpreting the results from patterns of involvement studies. First, the diagnostic methods used for the detection of nodal metastases may have an important influence, as the major role of PSMA-PET imaging on radiotherapy treatment planning has already been shown (12, 27). In the cohort by Spratt et al., lymph node metastases were detected in 92.3% via CT/MRI imaging and in only 7.7% via PET-CT (13), which could explain differences in lymph node involvement. In our cohort, PSMA-PET/CT and Choline-PET/CT were the most common imaging methods for detecting lymph node metastases (73.3%, 55/75), but some were detected by PSMA-SPECT/CT or contrast CT alone. However, the fact that all lymph node metastases were specifically treated with stereotactic radiotherapy after interdisciplinary review underpins that the overall clinical certainty of the malignant involvement of included nodes was high in our series.

The definition of lymphatic regions in patterns of recurrence studies generally is governed by the overall study setting, be it centered on surgical, diagnostic or radiotherapeutic objectives. In the atlas of patterns of spread of prostate cancer, Barbosa et al. describe a diagnostic view of lymph node regions (9). Then again, Spratt et al. analyzed patterns of nodal failure according to Morón et al. using 34 abdomino-pelvic stations (13, 28). These circumstances can lead to possible misinterpretation of study results. In the present analysis, NRG consensus lymph node level definitions were used wherever possible to allow for optimal interpretation of results in regard to radiotherapy field design (15). For the same reason, if metastatic nodal involvement extended beyond the recent NRG consensus, e.g., to inguinal and perirectal regions, we chose RTOG compartment definitions from other cancer types. Concerning NRG consensus levels, the external and internal iliac levels were most commonly involved in our series (37.3% and 25.3% of patients, respectively), whereas the presacral region was only involved in 10.7% of patients.

Furthermore, previous treatments and therefore patient selection might also determine patterns of involvement. Comparing our results to the literature, our observed distribution of pelvic nodal metastases has evident similarities with studies consisting mostly of patients with upfront surgery. Thus, our findings show similarities to the study of Calais et al., which included patients with biochemical recurrence after prostatectomy, as well as to the analysis of McClinton et al., in which the majority of patients had prior resection (64.8% in the study by McClinton et al., 73.3% in our series) (10, 11). In the study from Calais et al., PSMA-PET/CT mapping was performed in a cohort of 270 patients with biochemical recurrence after radical prostatectomy and a PSA < 1.0 ng/ml. In the 83 patients with positive nodes on PSMA-PET/CT, the most frequent site of nodal recurrence was external iliac (45.8%), followed by internal iliac (32.5%) and obturator level nodes (22.9%) (10). Our finding of significantly different nodal involvement patterns in patients with and without upfront surgery generally supports this notion that prior surgery could influence the distribution of lymph node recurrences. Whereas our observation of reduced right external iliac involvement in patients with prior prostatectomy and pelvic lymph node dissection must not be generalized, it could reflect a preferential dissection of these lymph node levels by referring surgeons in the present series. Interestingly, Meijer et al. had observed a high occurrence of aberrant nodal metastases, especially perirectal involvement, with magnetic resonance lymphography following radical prostatectomy also affirming the hypothesis that prior surgery may influence nodal recurrence patterns. Interestingly, 43% of patients in the study by Meijer et al. harbored perirectal nodes followed by 36% with metastatic lymph nodes in the left common and left internal iliac region each (29).

Finally, De Bruycker et al. analyzed nodal recurrence patterns in patients with biochemical failure and ≤ 5 nodal metastases on choline-PET/CT with most patients (82.9%) having initially been treated with radical prostatectomy or a combination of radical prostatectomy and postoperative radiation (14). Most nodal metastases in the work by De Bruycker et al. were located in the external iliac region (28.5%), followed by common iliac (24.1%) and paraaortic (13.3%) metastases, whereas only 6.3% of positive nodes were located in the perirectal area (14).

It is important to note, that De Bruycker et al. analyzed coverage of nodal metastases not only for radiotherapeutic but also for surgical approaches. The results show that the superextended salvage lymph node dissection included more lesions compared to the new extended, limited or standard lymph node dissection but had a comparable coverage to elective pelvic radiotherapy using the top of L4 as superior border. However, lymph node metastases in at least 31% of patients, especially all perirectal lesions, would still have been missed by all the surgical dissection templates as well as the extended radiotherapy field design (14).

Urological series that analyze the topographic distribution of positive lymph nodes in primary lymphadenectomy are also an important source of evidence for nodal dissemination patterns especially for patients presenting with intact prostate cancer. In 74 patients with primary node negative prostate cancer, Joniau et al. analyzed the patterns of lymph node involvement obtained via a sentinel node procedure and superextended lymphadenectomy. Most, histologically proven, lymph node metastases were located in the internal iliac region (35%), followed by the external iliac (26%) and obturator region (25%) (30).

Optimal target volume design is also a pressing question in the context of nodal oligorecurrent prostate cancer, as there is a rising practice of treating nodal oligorecurrent prostate cancer with salvage lymph node dissection and/or radiotherapy (5). In retrospective case series and phase II trials, these metastasis-directed therapies have shown promising progression-free survival with limited toxicity (5, 28). In case of radiotherapy for oligorecurrent nodal disease, current target volume concepts vary from involved node SBRT, involved site SBRT to involved field RT and elective whole pelvic RT without a clear standard having been established yet (4). As most patients treated with SBRT for nodal recurrence alone, however, relapse in adjacent lymph node regions within 24 months there is a good rationale for the exploration of more generous radiotherapy target volume concepts (6). In a systematic review of the mostly retrospective literature, Achard et al. found improved progression-free survival with elective nodal radiotherapy compared to involved-node SBRT in nodal oligorecurrent prostate cancer (4). Following the urgent need for better evidence, two important prospective trials have been initiated to evaluate the oncologic efficacy and toxicity of pelvic radiotherapy in nodal oligorecurrent prostate cancer. De Bruycker et al. are assessing the benefit of whole pelvic radiotherapy in addition to ADT plus salvage lymph node dissection or SBRT for pelvic nodal oligorecurrence (≤ 5 nodes) from prostate cancer in the randomized phase II STORM trial (6). The second trial, the OLIGOPELVIS-GETUG P07 investigated the impact of salvage pelvic radiation therapy plus ADT with a simultaneous integrated boost to a maximum of 5 pelvic metastases in a single-arm phase II design (7).

Notably, both prospective oligorecurrence trials employ the RTOG-GU consensus CTV but with an elevated cranial field border (L4/L5 in the STORM and aortic bifurcation in the OLIGOPELVIS-GETUG P07 trial) (6, 7). The main concern with an elevated cranial field border is of course a higher toxicity rate. However, the already completed OLIGOPELVIS-GETUG P07 trial was able to show a limited toxicity rate (10% urinary and 2% intestinal ≥ grade 2 toxicity at 2 years). Most importantly demonstrating a 2-year progression-free survival of 77.6% the single-arm phase II OLIGOPELVIS-GETUG P07 trial also met its prespecified primary endpoint providing a clear efficacy signal for whole pelvic radiotherapy in the oligorecurrent setting (28). The results of the randomized STORM study are expected for 2024 and are eagerly awaited (6). We performed distance measurements between metastatic pelvic lymph nodes in individual patients and found a median maximum intra-patient lymph node distance of 7.8 cm with a 75th%ile of 11.0 cm and a 95th%ile of 17.0 cm suggesting the need for larger field sizes to adequately cover microscopic nodal involvement in a majority of patients.

As microscopically involved lymph nodes cannot be detected via imaging, they only exist as probabilities at the time of pelvic radiotherapy. Aside from analyzing the frequency of binary involvement for NRG lymph node regions and beyond, an important aim of this study was to provide an estimate for these probabilities to gain further insights into how to optimize radiotherapy field design and prescription dose distribution.

We did this using two independent but complementary methods. First, we used lymph node mapping based on an observer-independent non-rigid registration technique and kernel density estimation to create a voxel-level visualization of the average distribution of nodal metastases. While mapping studies in prostate cancer have employed observer-dependent mapping or even rigid registration techniques (10, 12, 13), this is the first study to use an observer-independent non-rigid registration-based mapping technique for the analysis of nodal involvement in prostate cancer. Three-dimensional kernel density estimation was employed to convert the mapped lymph node locations into an estimate of the underlying three-dimensional probability density function for metastatic lymph node involvement. Weighting was applied so that each patient contributed equally to the estimate irrespective of the number of positive nodes. To the best of our knowledge, this is the first study to introduce three-dimensional kernel density estimation for the analysis of recurrence data. Kernel density estimation is a widely used and accepted statistical technique to estimate the underlying probability density function from a limited set of observations (21). This non-parametric method is widely used in the one-dimensional and two-dimensional setting, e.g., to analyze geographic patterns of disease incidence from a limited number of observations in two dimensional maps (31, 32). By improving visualization and analysis of recurrence data, kernel density estimation could ultimately aid in deriving meaningful insights for optimal CTV design. As these methods can be easily automated, software solutions could be developed that allow fast and convenient patterns of failure analyses in routine clinical practice. This could be especially important, as the average distribution of nodal involvement may vary for different radiotherapy treatment centers, because of local surgical preferences, among others.

The developed mapping and kernel density estimation technique also provided valuable insights in the present study by visualizing the average probability of nodal involvement in reference to the consensus-based NRG CTV recommendation and helped identify regions of suboptimal coverage in the common iliac and obturator region.

Frequently, patterns of recurrence analyses are performed at the level of individual lymph nodes without correction, which might introduce a bias toward the patterns of metastatic spread of patients with many metastatic nodes (11, 12, 14, 33). In our series, lymph node metastases in individual patients occurred in more spatially confined clusters than at a cohort-level, which suggests that the probability distribution of nodal metastases might vary between individual patients. Consequently, the overall pattern obtained when assessing individual lesions without correction will be biased toward patients with an above-average amount of metastatic nodes and misrepresents the pattern for an average patient case. In addition, tumors with a large amount of lymph node metastases may have an unusual underlying biology, which might also affect the pattern of lymph node involvement. In the present analysis, we assessed the spatially varying quantitative extent of metastatic involvement in such a way that every patient case was weighted equally irrespective of the number of involved nodes.

As an independent approach to the observer-independent mapping analysis, the varying quantitative extent of metastatic involvement was quantified manually for all pelvic lymph node levels. We found that the proportion of metastatic lymph nodes was highest for the obturator and external iliac levels (mean of 3.58‰/cm³ and 2.34‰/cm³, respectively) followed by the perirectal level (mean 1.47‰/cm³), whereas the mean proportion of lymph node metastases was lowest for the presacral level (1.01‰/cm³), significantly lower than expected by a homogeneous distribution of nodal metastases. Our findings collectively support the notion that lymph node metastases are not distributed uniformly across pelvic levels but that the average probability of nodal involvement varies regionally. Based on our findings, obturator and external iliac levels could serve as candidate levels for dose escalation, while the presacral level could be considered for sparing. The perirectal level also was an important region of involvement in this study suggesting that inclusion of perirectal lymph nodes could be beneficial for a subgroup of patients.

These are important findings that warrant confirmation as a validated description of the regionally varying average probability of microscopic lymph node involvement could not only inform the setting of boundaries of radiotherapy target volumes but could even be translated into a non-uniform prescription dose distribution to allow for local dose-escalation and -sparing.

Moreover, the unprecedented finding that nodal metastases were highly significantly more spatially confined in individual patients than at a cohort-level indicates that pelvic radiotherapy in prostate cancer could be substantially improved, if it could be individualized on an individual patient basis compared to a “one-size-fits-all” approach. While advances in machine learning could enable highly-individualized target volumes in the future, it is equally important to compare patterns of involvement for major patient subgroups and to assess institution-specific differences in the location of high-risk regions. Observer-independent mapping and three-dimensional kernel density estimation could be helpful tools in these investigations toward more personalized radiotherapy field designs.


Limitations

Limitations of this study are the sample size that precluded some subgroup analyses. While the retrospective nature of this study increased heterogeneity in included patients, strict prospective patient selection could also have introduced biases and misrepresented nodal involvement for an average patient case in clinical practice. The majority but not all included patients were diagnosed with PSMA- or Choline-PET/CT. However, the fact that all nodes did receive radiotherapy underpins that the clinical certainty in the malignant involvement of included nodes was high.




Conclusion

This is the first study to investigate patterns of nodal involvement in regard to the new NRG CTV consensus recommendation. 34.7% of patients had pelvic nodal involvement outside NRG CTV consensus in this study, of which perirectal was the most common. An important observation was that the NRG consensus CTV missed left common iliac nodes in a considerable fraction of patients that could easily be covered by extending the CTV to the medial surface of the left major psoas muscle. In addition, as obturator nodes in many patients were located near the posterior edge of the NRG consensus CTV, we recommend to consider extending the obturator level 5 mm beyond the posterior edge of the obturator internus muscle.

Furthermore, we introduced three-dimensional kernel density estimation after non-rigid registration-based mapping for the analysis of recurrence data in radiotherapy. This technique provides an estimate of the underlying probability distribution of nodal involvement, can be fully automated and thus may help in addressing institution- or subgroup-specific differences. In this study, the developed mapping technique provided valuable insights for analysis of the new NRG consensus CTV. We propose considering analyses that weight every patient case equally in patterns of recurrence studies, as unadjusted analyses at the level of individual lesions could introduce bias toward patients with many metastases. In our study, the relative proportion of involved nodes was highest for the obturator and external iliac levels while it was lowest for the presacral level making these candidate regions for dose-escalation and sparing, respectively. Prior surgery and local surgical preferences could influence the distribution of nodal recurrences and warrant further study. Nodal metastases in individual patients occurred in highly significantly closer proximity than at a cohort-level, which supports that personalized target volumes could be reduced in size compared to a “one-size-fits-all” approach and is an important basis for further investigation into individualized field designs.
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Purpose

To assess the impact of comorbidity on treatment outcomes in patients with locally recurrent nasopharyngeal carcinoma (lrNPC) using intensity-modulated radiotherapy (IMRT) and to develop a nomogram that combines prognostic factors to predict clinical outcome and guide individual treatment.



Methods

This was a retrospective analysis of patients with lrNPC who were reirradiated with IMRT between 2003 and 2014. Comorbidity was evaluated by Adult Comorbidity Evaluation-27 grading (ACE-27). The significant prognostic factors (P < 0.05) by multivariate analysis using the Cox regression model were adopted into the nomogram model. Harrell concordance index (C-index) calibration curves were applied to assess this model.



Results

Between 2003 and 2014, 469 lrNPC patients treated in our institution were enrolled. Significant comorbidity (moderate or severe grade) was present in 17.1% of patients by ACE-27. Patients with no or mild comorbidity had a 5-year overall survival (OS) rate of 36.2 versus 20.0% among those with comorbidity of moderate or severe grade (P < 0.0001). The chemotherapy used was not significantly different in patients with lrNPC (P > 0.05). For the rT3–4 patients, the 5-year OS rate in the chemotherapy + radiation therapy (RT) group was 30.0 versus 16.7% for RT only (P = 0.005). The rT3–4 patients with no or mild comorbidity were associated with a higher 5-year OS rate in the chemotherapy + RT group than in the RT only group (32.1 and 17.1%, respectively; P=0.003). However, for the rT3–4 patients with a comorbidity (moderate or severe grade), the 5-year OS rate in the chemotherapy + RT group vs. RT alone was not significantly different (15.7 vs. 15.0%, respectively; p > 0.05). Eight independent prognostic factors identified from multivariable analysis were fitted into a nomogram, including comorbidity. The C-index of the nomogram was 0.715. The area under curves (AUCs) for the prediction of 1-, 3-, and 5-year overall survival were 0.770, 0.764, and 0.780, respectively.



Conclusion

Comorbidity is among eight important prognostic factors for patients undergoing reirradiation. We developed a nomogram for lrNPC patients to predict the probability of death after reirradiation and guide individualized management.





Keywords: comorbidity, recurrent, nasopharyngeal carcinoma, reirradiation, prognostic nomogram



Introduction

Nasopharyngeal carcinoma (NPC) is a type of head and neck cancer. Globally, there were 129,079 new cases of NPC and 72,987 deaths reported worldwide in 2018 (1). Nevertheless, the geographical distribution is extremely unbalanced, and it is considered to be epidemic in East and Southeast Asia, and North Africa, and approximately >70% of new cases are in East and Southeast Asia (1, 2). Due to the concealed location and radiosensitivity of nasopharyngeal carcinoma, radiation therapy (RT) is the first-line treatment modality for primary NPC patients (3).

With the advancement of radiotherapy technology, the diagnostic imaging of nasopharyngeal carcinoma and the improvement of combined chemotherapy, the treatment effect and disease control rate have been improved significantly (4). Nevertheless, approximately 5–10% of patients experience locally recurrent nasopharyngeal carcinoma (lrNPC) after intensity-modulated radiotherapy (IMRT) (5–8). In patients with local recurrence, a repeat course of RT or nasopharyngectomy presents the only treatment options; however, to date, nasopharyngectomy is still challenging owing to its small space and previously irradiated anatomic space, which is often considered when feasible, or reirradiation for patients not eligible for surgery (9, 10). The emergence of IMRT has helped to overcome the technical limitations of conventional two- and three-dimensional RT and improved the therapeutic ratio of salvage RT; nevertheless, severe RT-related toxic reactions occur frequently and account for a large portion of mortality after IMRT treatment (up to 50%) (11, 12).

Hence, it has become evident that risk appropriately stratified a priori is warranted if individualized management is to be pursued for patients with lrNPC to avoid overtreatment. Sun et al. and Li et al. investigated robust prognostic models for risk stratification in lrNPC (13, 14). Nevertheless, Sun et al. only considered diabetes mellitus and hypertension among comorbidities, and Li et al. did not consider comorbidity as a prognostic factor. To address this issue, more accurate and comprehensive models are needed to identify individual risks by combining patient characteristics to assist with treatment recommendations in this patient subgroup with different risks. The ACE-27 is a modified Kaplan-Feinstein Index that assesses the severity of 27 different items related to cancer. A number of reports documenting the grading have shown reliability and validity in head and neck cancers as a cause of death, which have also been linked to predicting survival in head and neck cancers (15–18). In this study, we aimed to construct a nomogram that includes independent predictors. Moreover, we incorporated the ACE-27 into the nomogram to help clinicians predict patient survival outcomes and identify optimal candidates for local treatment with IMRT.



Materials and Methods


Patient Characteristics

A retrospective review of case records for patients with lrNPC who were reirradiated using a full-course IMRT technique was conducted at Sun Yat-sen University Cancer Center (SYSUCC) from January 2003 to December 2014. The inclusion criteria were as follows: a) pathology confirmed or evidence of local recurrence by at least one imaging study with a consistent clinical process, b) no evidence of distant metastasis, and c) using the IMRT technique for treatment. The exclusion criteria were a) pregnancy or lactation and b) secondary malignancy. The Clinical Research Ethics Committee of Sun Yat-sen University Cancer Center approved this study.



Diagnosis and Comorbidity Assessment

Patients had undergone pretreatment evaluation comprising a complete medical history, nasopharynx and neck magnetic resonance imaging (MRI) or computed tomography (CT), chest X-ray or CT, abdominal CT or ultrasonography, CT whole-body bone scan single photon emission, or 18F-fluorodeoxyglucose (18F-FDG) PET/CT. ACE-27 was performed for comorbid disease severity at diagnosis, which includes the assessment of 27 elements from twelve different organ systems. The ACE-27 grades comorbidities into one of four scores: none 0), mild 1), moderate 2), or severe 3). The total score for each patient’s comorbidities is based on the highest-ranked single disease. When two or more moderate diseases occur in different organ systems, the total comorbidity score is considered severe (18–20).



Clinical Treatment

A similar IMRT planning protocol was used as previously described (11, 21), and the total dosage for reirradiation therapy was 50–70 Gy at 1.80–2.50 Gy/fraction, five times a week on workdays, delivered by the IMRT technique. In this study, most patients received intravenous chemotherapy every 3 weeks. Treatment regimens included concomitant chemoradiotherapy plus induction chemotherapy (CCRT + IC), CCRT plus adjuvant chemotherapy (CCRT + AC), CCRT, RT, IC + RT, and RT + AC.



Follow-Up and Endpoint

Follow-up was measured from the first day of therapy to the last follow-up or death. A range of assessments were carried out every 3 months for the first year, and then follow-up examinations were performed every 6 months thereafter until death. At each follow-up visit, routine assessments included head and neck physical examination, nasopharyngoscopy, nasopharynx and neck MRI with contrast, chest X-ray or CT, abdominal ultrasound or CT, whole-body bone scan, or (18F-FDG) PET/CT. The primary endpoint of our study was OS. OS was defined as the time from the first day of therapy to death from any cause or follow-up endpoint.



Statistical Methods

Based on patient survival status, the optimal cut-off value of the continuous variables that generated the largest χ2 value in the Mantel-Cox test assessed by X-tile software (version 3.6.3; Yale University, New Haven, CT, USA), the lrNPC patients were stratified into subgroups (22). Life-table estimation was performed according to the Kaplan-Meier method. The log-rank test was used to examine the difference in survival between groups.

Multivariable regression analyses were performed using Cox proportional hazards modeling, which was used to estimate hazard ratios (HR) and 95% confidence intervals (CI), and formed the basis for the survival prediction model. Covariates in this study included comorbidity, age, sex, hemoglobin (HB), Karnofsky performance status (KPS), and prior RT-induced grade ≥ 3 toxicity variables (late RT-induced toxicities were noted and graded according to the Radiation Therapy Oncology Group radiation morbidity scoring scheme), DNA fragmentation index (DFI), recurrent gross tumor volume (GTV), rT stage, rN stage, treatment regimen, and re-RT equivalent dose in 2-Gy fractions [EQD2]. Those variables with a 2-tailed P < 0.05 in multivariable regression analyses were considered to create a nomogram based on their contribution to the accuracy of prediction. Statistical analyses were conducted using IBM SPSS Statistics software version 25, R version 3.6.1 (R Core Team, Vienna, Austria) and GraphPad Prism version 8.




Results


Patient Characteristics, Survival, and Toxicities

A total of 469 patients treated from January 2003 to December 2014 were retrospectively enrolled. The median age was 47 years old (range: 21–79), and 378 (80.6%) patients were male. A total of 19.6, 45.2, and 35.2% of the patients had stage rT1–2, rT3, and rT4, respectively, whereas 81.0 and 19.0% had stage rN0 and rN1–3, respectively, and 80 (17.1%) patients had prior RT-induced grade ≥ 3 toxicity. Comorbidity (moderate or severe grade) was present in 80 (17.1%) patients, and chemotherapy was delivered to 328 patients (69.9%). The median delivered EQD2 was 64 Gy [interquartile range (IQR): 61.10–67.10 Gy]. The other characteristics of the patients are detailed in Table 1.


Table 1 | Clinical characteristics of 469 patients with locally recurrent nasopharyngeal carcinoma.



All patients completed the IMRT treatment successfully, and the median follow-up was 36 months (range 3–193 months). The 3-year OS, locoregional relapse-free survival (LRRFS), and distant metastasis-free survival (DMFS) rates were 51.3, 70.0, and 90.0%, respectively; the 5-year OS, LRRFS, and DMFS rates were 33.4, 63.3, and 84.6%, respectively.

Treatment was not interrupted because of severe acute side effects in any patient. However, most patients experienced mild acute toxicities, including mucositis and xerostomia. Only 37 patients (7.9%) developed grade-3 acute toxicities. After reirradiation, 163 patients (34.8%) had one of the common late complications, including trismus, xerostomia, and hearing loss. A total of 141 patients (30.1%) had mucosal necrosis, 93 patients (19.8%) had temporal lobe necrosis, and 66 patients (14.1%) had cranial nerve palsy.



The Impact of Comorbidity and Chemotherapy on Survival Outcomes

By the ACE-27 grading, of the 469 lrNPC patients, 188 (40.1%) had one or more comorbidities; 108 (23.0%) patients had ACE-27 scores of 1, 65 (13.9%) had scores of 2, and 15 (3.2%) had scores of 3. Patients with no or mild comorbidity had a 5-year OS rate of 36.2 versus 20.0% among those with comorbidity of moderate or severe grade (P<0.0001; Figure 1).




Figure 1 | Kaplan-Meier analysis of overall survival is stratified by ACE-27. ACE-27, Adult Comorbidity Evaluation 27.



The prognosis of chemotherapy used was not significant in patients with lrNPC disease (P>0.05). Nevertheless, for the rT3–4 patients, the 5-year OS rate in the chemotherapy + RT group was 30.0 versus 16.7% for RT only (P=0.005). For rT3–4 patients with a comorbidity (ACE ≥ 2), the 5-year OS rate in the chemotherapy + RT group vs. for RT alone (15.7 vs. 15.0%, respectively; P>0.05) failed to confirm the positive association of chemotherapy. However, rT3–4 patients with an ACE-27 score of 0–1 had a higher 5-year OS rate in the chemotherapy + RT group than in the RT only group (32.1 and 17.1%, respectively; P=0.003). The results are presented in Supplemental Figure S1.

A total of 141/469 (30.1%) lrNPC patients only received RT, 113/469 (24.1%) received IC + RT, 93/469 (19.8%) received IC + CCRT, 116/469 (24.7%) received CCRT, and only 6/469 (1.3%) received AC, including 5/469 (1.1%) who received RT + AC and 1/469 (0.2%) who received CCRT + AC. Due to the small number of AC patients, they were excluded following survival analysis. There was no significant difference between RT only and other treatment regimens (all P>0.05). However, for the rT3–4 patients, the 5-year OS rate in the RT group was 16.7 vs. 30.4% for CCRT (P=0.011), 38.6% for CCRT + IC (P = 0.001), and 20.7% for IC + RT (P>0.05). For rT3–4 patients with a comorbidity (ACE < 2), the 5-year OS rate in the RT group was 17.1 vs. 35.2% for CCRT (P=0.003), 38.8% for CCRT + IC (P=0.002), and 22.5% for IC + RT (P>0.05). However, for rT3–4 patients with a comorbidity (ACE ≥ 2), the 5-year OS rate in the RT group was 15.0 vs. 7.2% for CCRT, 37.5% for CCRT + IC, and 14.0% for IC + RT (all P>0.05) (Supplemental Table S1 and Supplemental Figure S2). More details are shown in Figure 2.




Figure 2 | Subgroup analyses of overall survival for patients with radiotherapy only or chemotherapy plus radiotherapy (A), overall survival for patients with radiotherapy only or induction chemotherapy plus radiotherapy (B), overall survival for patients with radiotherapy only or concurrent chemotherapy plus radiotherapy (C), and overall survival for patients with radiotherapy only or induction chemotherapy plus concurrent chemotherapy plus radiotherapy (D). IC, induction chemotherapy; CCT, concurrent chemotherapy; CI, confidence interval; HR, hazard ratio.





Univariate Analysis and Multivariate Analysis

Next, it was necessary to assess the prognostic significance of continuous variables and avoid any predetermined cutoff points. The X-tile analysis identified 1 optimal cut-off point, and the age, HB, EQD2, and DFI were 59 years, 128 g/L, 64.69 Gy, and 59 months, respectively. The analysis identified two optimal GTV cut-off points, 25.65 and 46 cc. For the use of minimum P statistics by Miller-Siegmund P-value correction, the best cut-off value is obtained (22). To optimize the cutoff value for its potential acceptance and clinical application, we rounded to the nearest integer in further analysis. Age (< 60 versus ≥ 60 years); HB (≤ 130 versus > 130 g/L); EQD2 (< 65 versus ≥ 65 Gy); and DFI (< 60 versus ≥ 60 months) were investigated. Similarly, the nearest integers of 26 and 46 cc were selected. In addition, based on clinical practice, a score of 70 was the cut-off value of KPS. Thus, we performed a univariable analysis on those variables that may be potential prognostic factors (Table 2). These variables were analyzed for association with OS by using Cox proportional hazards regression model hazard ratios (HRs), and the univariable P < 0.1 was included in the multivariable analysis. From the results of univariable analysis, age, prior RT-induced grade ≥ 3 toxicity, ACE-27, GTV, KPS, DFI, rT stage, and rN stage were significant survival predictors. On multivariate analysis, we found that age (P < 0.001), prior RT-induced grade ≥ 3 toxicity (P<0.001), KPS (P=0.003), ACE-27 (P=0.002), DFI (P=0.001), rT stage (P<0.001), rN stage (P=0.011), and GTV (P<0.001) remained independent prognostic factors.


Table 2 | Univariable and multivariable analyses.





Establishment and Evaluation of a Nomogram Model for Overall Survival

Based on the eight independent prognostic factors, a nomogram was established for predicting the 1-, 3-, and 5-year OS for lrNPC (Figure 3). Each variable has a corresponding score according to the point scale, and we obtained the total score by calculating the score of each variable. Next, by mapping the total score on the probability scale, the OS probabilities could be estimated at the 1-, 3-, and 5-year time points (Figure 4)




Figure 3 | Prognostic nomogram for locally recurrent nasopharyngeal carcinoma (lrNPC) patients: a line was drawn straight down to predict the 1-, 3-, or 5-year overall survival. rT, recurrent T stage; rN, recurrent N stage; toxicity, prior RT-induced grade ≥ 3 toxicity; GTV, gross tumor volume; DFI, disease-free interval; KPS, Karnofsky Performance Status; ACE-27, Adult Comorbidity Evaluation-27.






Figure 4 | The Area Under Curve (AUC) of the prediction nomogram on (A) 1-year, (B) 3-year, and (C) 5-year overall survival. TP, true positive; FP, false positive.



By bootstrap correction, the Harrell C index was 0.715 in the nomogram. The area under curves (AUCs) for the prediction of 1-, 3-, and 5-year OS were 0.770, 0.764, and 0.780, respectively. The results exhibited satisfactory accuracy for predicting the 1-, 3-, and 5-year OS for lrNPC. The calibration curves showed that the nomogram predictions were well correlated with the actual observations for 1-, 3-, and 5-year OS (Supplemental Figures S3–S5).




Discussion

In general, ACE-27 in patients with primary NPC has been reported, and it has been explained to be a major determinant of survival outcome in patients with NPC (16, 23, 24). To our knowledge, the value of ACE-27 in patients with lrNPC has not yet been analyzed, and this study is the first to describe ACE-27 in patients diagnosed with lrNPC and to assess the prognostic value of ACE-27 on the survival of patients with lrNPC. In this study, comorbidity was present in 40.1% of patients. The incidence of comorbidity in lrNPC patients is similar to that in primary NPC patients (17). However, patients with moderate and severe comorbidities were observed to have higher rates of comorbidity than primary NPC. The reason may be that the patients become susceptible to disease or the original comorbidity has been aggravated after the initial radiotherapy and chemotherapy. The patients with an ACE-27 score of 0–1 had a better survival than those patients with an ACE-27 score of 2–3. This result is similar to that previously reported in primary NPC (24). In addition, patients who had rT3–4 patients with ACE-27 scores of 0–1 who received chemotherapy had better survival than those with RT only. Nevertheless, there was no significant difference between RT only and RT + chemotherapy in patients who had rT3–4 patients with ACE-27 scores of 2–3. Our findings suggest that patients with ACE-27 scores of 2–3 cannot benefit from chemotherapy. The reason may be that those patients have a shorter median survival time, and the benefits of chemotherapy have not been observed; furthermore, comorbidity increases the risk of death from other diseases. It can explain the negative impact of rT3–4 with comorbidities (moderate or severe) on survival.

Although various chemotherapy regimens and targeted agents have been used, there is still a lack of effective clinical evidence for the use of chemotherapy in lrNPC patients (25–27). A meta-analysis did not demonstrate that the addition of chemotherapy had an impact on local failure-free survival (LFFS), DMFS, and OS (28). In our study, however, we found that rT3–4 patients who received CCRT + IC or CCRT had better survival than those who received RT only, but those who received IC + RT had no significant OS benefit compared to those who received RT alone. In particular, rT3–4 patients with a comorbidity (ACE < 2) have similar outcomes. The reason may be that concurrent chemotherapy can improve radiosensitivity, thereby improving local tumor control. Nevertheless, patients with larger GTVs often choose to have increased IC. In addition, IC related to increased associated late toxicities should also be considered. The results show that CCRT may be a preferential therapeutic regimen. It is still worth exploring whether IC can benefit lrNPC patients. Ng WT et al. reported that IC followed by CCRT and weekly cetuximab could achieve a better treatment outcome (3-year PFS and OS rates of 36 and 64%, respectively) in lrNPC (T3–T4, N0–N1, M0) patients than reported in previous studies (29). The sample size in this study is small. To obtain high-level evidence, a prospective, multicenter, phase III clinical trial should be implemented. In addition, some studies have reported that immunotherapy has acquired promising results in recurrent or metastatic nasopharyngeal carcinoma patients (30–32). Nevertheless, the studies included only a small number of lrNPC patients. The effect of immunotherapy deserves more exploration by a large-scale clinical trial of lrNPC.

Some recent studies have shown that the dose of reirradiation by IMRT is an essential prognostic factor in patients with lrNPC (11, 14, 33, 34). In a prognostic model proposed by Li et al. (14), the dose of reirradiation by IMRT (EQD2 ≥ 68 Gy) is a poor prognostic factor. It is combined with the other four factors to form a prognostic index (PI). Tian et al. demonstrated that decreasing the total dose and increasing the fraction size can achieve local control similar to that achieved with a higher dose after IMRT, and it can improve OS by reducing the incidence of severe late complications (33). However, there are small samples in this study. Another study by Ng WT et al. (34) reported that a reirradiation dose equivalent to 60 Gy (EQD2) appears to be the optimal dose for achieving the best survival outcome while balancing the probability of local control and fatal complications. Those studies indicated that 60 Gy may be an optimal dose for lrNPC patients, but these studies are based on the analysis of small samples, and the patients in the study by Ng WT reported came from multiple centers. There are great differences in treatment strategies and dose limitation standards. Moreover, in our retrospective study, EQD2 (< 65 versus ≥ 65 Gy) had no significant effect on survival; however, the incidence of mucosal necrosis in the higher EDQ2 group was higher than that in the lower EQD2 group (40.2 versus 23.5%; respectively, P<0.001) and temporal lobe necrosis (25.5 versus 16.1%; respectively, P=0.013). This means that the high reirradiation dose increases the occurrence of complications. We consider that, with dose escalation, the survival benefit is potentially offset by survival detriment because of increased late complications. A meta-analysis by Leong YH found that DFI ≥ 36 months can obtain a higher rate of LFFS, but there is no benefit in OS and DMFS (28). In our study, DFI was an important prognostic factor. The cut-off time was 60 months, and the longer DFI may allow the patient’s previously irradiated organs to recover better and reduce the degree of damage by radiotherapy.

In addition, age, rT stage, and GTV were the most important predictors of OS in previous reports (11, 14, 28). We can obtain similar results in this study. To distinguish the impact of GTV on prognosis, we obtained two cutoff values using X-tile software, and the results showed that the different GTV groups had significantly different survival prognoses. The cut-off value of hemoglobin in this study was obtained using the software X-tile and the value was 128 g/L. However, in order to facilitate the application of the nomogram in clinical practice, we selected 130 g/L as the cut-off value finally. There are great variations between the selected cut-off value of hemoglobin in the previous studies, and there is no uniform standard so far (35–37). Some reports showed that relatively low levels of hemoglobin is a poor prognostic factor for nasopharyngeal carcinoma (35, 36). However, in our study, we fail to get the similar results.

Moreover, the present study has several limitations that deserve further discussion. First, plasma Epstein-Barr virus (EBV) DNA was regarded as an adverse prognostic biomarker in primary NPC (38). In this study, we excluded EBV DNA from the nomogram. We considered the positive rate of pretreatment plasma EBV DNA in the detection of lrNPC to be relatively low, and the prognostic significance of EBV DNA, which lacks prospective data in lrNPC, was uncertain. In addition, the method of plasma EBV DNA measurement lacked standardization, and the EBV DNA polymerase chain reaction assay is susceptible due to changes in experimental conditions (39). Second, it is a single-center retrospective study in an endemic area, and some amount of selection bias is unavoidable. Finally, our proposed models were not validated in an external cohort, and the C-indices of the nomogram showed an imperfect discrimination ability, which indicated that more factors should be considered. Nonetheless, we acknowledge these limitations of our model. The focus of this study is that it is the first large-scale study to evaluate the importance of ACE-27 and its value in predicting survival for lrNPC.



Conclusion

In summary, our study is a large-scale study of lrNPC treated with IMRT. In this study, eight prognostic factors are worth investigating before reirradiation. For patients with favorable risk factors, reirradiation should be strongly recommended because it may have better survival benefits. However, for patients with high-risk factors, palliative chemotherapy or immunotherapy should be considered.
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Background and Purpose

Optimal radiation target volumes for breast cancer patients with their first isolated chest wall recurrence (ICWR) after mastectomy are controversial. We aimed to analyze the regional failure patterns and to investigate the role of prophylactic regional nodal irradiation (RNI) for ICWR.



Materials and Methods

Altogether 205 patients with ICWR after mastectomy were retrospectively analyzed. Post-recurrence progression-free survival (PFS) and overall survival (OS) rates were calculated by Kaplan-Meier method and the differences were compared with Log-rank test. Competing risk model was used to estimate the subsequent regional recurrence (sRR) and locoregional recurrence (sLRR) rates, and the differences were compared with Gray test.



Results

The 5-year sRR rate was 25.2% with median follow-up of 88.6 months. Of the 52 patients with sRR, 30 (57.7%) recurred in the axilla, 29 (55.8%) in supraclavicular fossa (SC), and five (9.6%) in internal mammary nodes. Surgery plus radiotherapy was independently associated with better sLRR and PFS rates (p<0.001). The ICWR interval of ≤ 4 years was associated with unfavorable sRR (p=0.062), sLRR (p=0.014), PFS (p=0.001), and OS (p=0.005). Among the 157 patients who received radiotherapy after ICWR, chest wall plus RNI significantly improved PFS (p=0.004) and OS (p=0.021) compared with chest wall irradiation alone. In the 166 patients whose ICWR interval was ≤ 4 years, chest wall plus RNI provided the best PFS (p<0.001) and OS (p=0.022) compared with chest wall irradiation alone or no radiotherapy.



Conclusion

Patients with ICWR have a high-risk of sRR in SC and axilla. Chest wall plus RNI is recommended.





Keywords: breast neoplasm, chest wall recurrence, regional failure patterns, radiotherapy, regional nodal irradiation



Introduction

Breast cancer is a common malignancy in women worldwide, and mastectomy is one important surgical procedure. With multimodality management, approximately 5 to 30% of breast cancer patients recurred at locoregional sites after mastectomy. Among them, 2/3 developed an isolated locoregional recurrence (LRR) without concomitant distant metastasis (DM) (1–4). The chest wall is a frequent site for isolated LRR. Several previous studies have demonstrated that the prognosis of isolated chest wall recurrence (ICWR) is better than isolated LRR involving regional lymph nodes, and a substantial proportion of patients with ICWR can enjoy a long-term survival after curative therapy (5–8).

Patients with ICWR are often treated with multimodality approaches, including excision of the recurrent tumor, radiotherapy, and systemic therapy. However, controversy exists as to the optimal radiation target volumes for isolated LRR, with most advocating irradiation of all local and regional areas (9), whereas others recommending elective irradiation of the chest wall and selected nodal regions (5, 10), or involved field radiotherapy only (11). The value of prophylactic regional nodal irradiation (RNI) for patients with ICWR has not been fully assessed, and the results have been hampered either by the research population or by the time period studied. Further, modern systemic therapy has not only decreased the risk of DM, but has also decreased the risk of LRR, which has raised the question concerning the value of RNI in the contemporary era.

The present retrospective study aimed to assess the prognosis and the incidence and patterns of subsequent locoregional recurrence in breast cancer patients with ICWR, and to evaluate the role of prophylactic RNI.



Materials and Methods

A total of 928 breast cancer patients with chest wall recurrence following mastectomy were treated at the National Cancer Center and Chinese PLA General Hospital from October 1998 to April 2018. ICWR was defined as any relapse within the ipsilateral chest wall without prior or concomitant relapse in other sites, and all recurrences were confirmed by pathologic or radiographic evidence. Upon review of the patients we identified, 205 eligible patients with ICWR met the following criteria: no prior relapse in other sites, no regional (axillary, supraclavicular, or internal mammary lymph node) recurrence or DM within 1 month of chest wall recurrence, no postmastectomy radiotherapy, no supraclavicular or internal mammary nodal metastasis at initial diagnosis, and no second malignancies (Figure 1). The complete medical records of eligible patients were reviewed, and follow-up data were obtained from hospital records or from correspondence directly with the patient or their family. Computed tomography and nodal ultrasound were routinely used for follow-up. The present study was approved by the Institutional Review Board of Cancer Hospital, Chinese Academy of Medical Sciences (approval number 15-057/984) and the Institutional Review Board of the Fifth Medical Center, Chinese PLA General Hospital (approval number ky-2020-5-8).




Figure 1 | Flow diagram of breast cancer patients included in the study.



The ICWR interval was defined as the time from mastectomy to the date of diagnosis of ICWR. The endpoints included subsequent regional recurrence (sRR), subsequent locoregional recurrence (sLRR), progression-free survival (PFS), and overall survival (OS). sRR was defined as any recurrence within the ipsilateral axillary, supraclavicular fossa (SC), or internal mammary nodes (IMN) after salvage treatment for ICWR. sLRR was defined as the disease progression within the chest wall and/or sRR. PFS event was defined as sLRR, DM, or death attributed to any cause. OS event was defined as death attributed to any cause. Time to survival and/or failure was calculated from the date of diagnosis of ICWR.

The Kaplan-Meier method was used to calculate the survival rates, and the differences were compared using the Log-rank test. The competing risk model was used to estimate the sRR, sLRR, and DM rates, and the differences were compared using the Gray test. Competing risk events for sRR, sLRR, and DM were death without sRR, death without sLRR and death without DM, respectively. Multivariate analysis was performed using Cox logistic and Fine–Gray regression. In addition, we used the Maxstat method to identify the optimal cut-off value of ICWR interval for outcomes (12). The characteristics of the subjects were compared using the Fisher exact or χ2 test. Statistical analyses were performed using cmprsk (https://cran.r-project.org/web/packages/cmprsk/) and Maxstat (https://cran.r-project.org/web/packages/maxstat/index.html) package in R v3.6.0 (http://www.r-project.org/) and SPSS Statistics v24.0 (IBM Corp., Armonk, NY, USA). All P values were two-sided, and a value of less than 0.05 was considered to be significant.



Results


Patient Characteristics

Of the 205 patients, 200 (97.6%) patients were pathologically confirmed with ICWR from surgical specimens (n=151) or fine needle aspirations (n=49), and five (2.4%) were diagnosed clinically. The median age at the initial diagnosis of breast cancer was 47 years old (range of 20–90 years old). All patients received a mastectomy. Axillary lymph node dissection was performed in 203 (99.0%) patients, and two (1.0%) patients with pN0 disease underwent sentinel node biopsy alone. The median number of nodes examined was 15 (range of 3–40). The patient, tumor, and treatment characteristics are summarized in Table 1. The median interval from mastectomy to ICWR was 20.9 months (range of 1.5–152.7 months). The median size of the ICWR was 1.5 cm (range of 0.3–20.0 cm). After ICWR, 147 (71.7%) patients received chemotherapy, 97 (47.3%) received endocrine therapy, and nine (4.4%) received anti-HER2 targeted therapy. A total of 151 (73.7%) patients received surgery; among them, 82 (54.3%) had R0, three (1.9%) R1, six (4.0%) R2, 59 (39.1%) Rx chest wall tumor resection alone, and one (0.7%) had Rx chest wall tumor resection plus axillary lymph node dissection. A total of 157 (76.6%) patients received irradiation to the chest wall ± regional nodes with conventional fractionation. CT-based radiotherapy technique has not been used until 2016, and most patients were treated with two-dimensional radiotherapy technique. A large field encompassing the entire chest wall was used in all patients to deliver a median total dose of 50 Gy (range of 10–73.5 Gy). A local “boost” therapy was used in 80 (51.0%) patients, and the median total dose to recurrent tumor or tumor bed after resection was 65 Gy (range of 50–76 Gy). Bolus was routinely used for at least 60% course of radiotherapy to the chest wall. Among the 116 (73.9%) patients who received RNI, 115 (99.1%) were given SC irradiation, 16 (13.8%) received axillary irradiation, and five (4.3%) received IMN irradiation. The nodal sites were treated to a median dose of 50 Gy (range of 20–64 Gy).


Table 1 | Patient, tumor, and treatment characteristics of 205 breast cancer patients with ICWR.





Outcomes and Failure Patterns of the Entire Cohort

Following a median follow-up of 88.6 months (range of 1.6–220.6 months) after ICWR, there were 160 (78.0%) patients that experienced subsequent recurrence. The results of the first failure were as follows: locoregional in 63 (39.4%) patients, distant in 73 (45.6%) patients, and simultaneous locoregional and distant in 24 (15.0%) patients. A total of 103 (50.2%) patients developed sLRR. The 5-year cumulative sLRR rate was 49.0%, and the median interval from ICWR to sLRR was 12.5 months (range of 1.2–118.7 months). A total of 52 (25.4%) patients developed sRR. The 5-year cumulative sRR rate was 25.2%, and the median interval from ICWR to sRR was 13.8 months (range to 1.9–117.3 months). A total of 138 (67.3%) patients developed DM and 103 (50.2%) patients died. The 5-year cumulative PFS rate was 22.7%, and the median PFS after ICWR was 16.1 months (range of 1.2–117.3 months). The 5-year cumulative OS rate was 53.9%, and the median OS after ICWR was 65.9 months (range of 7.6–162.6 months).

Among 103 patients who developed sLRR, 31 (30.1%) had regional node recurrence only, 21 (20.4%) had both regional node and chest wall recurrences, and 51 (49.5%) had chest wall recurrence only. Of the 52 patients with sRR, 30 (57.7%) recurred in the axilla, 29 (55.8%) in the SC, and five (9.6%) in the IMN (Figure 2).




Figure 2 | Distribution of subsequent regional recurrences in 52 breast cancer patients. IMN, Internal mammary nodes; SC, Supraclavicular fossa.



There were 186 patients who had sufficient information for determination of the molecular subtype of breast cancer (Table 1). For sLRR patients with luminal-HER2 negative, luminal-HER2 positive, HER2-enriched, and triple-negative tumors, 16 (31.4%), 6 (54.5%), 2 (20.0%), 3 (15.0%) had regional node recurrence only, 10 (19.6%), 1 (9.1%), 4 (40.0%), 4 (20.0%) had both regional node and chest wall recurrences, and 25 (49.0%), 4 (36.4%), 4 (40.0%), 13 (65.0%) had chest wall recurrence only. For sRR patients with luminal-HER2 negative, luminal-HER2 positive, HER2-enriched, and triple-negative tumors, 13 (50.0%), 3 (42.9%), 5 (83.3%), 5 (71.4%) recurred in the axilla, 14 (53.8%), 4 (57.1%), 4 (66.7%), 4 (57.1%) in the SC, and 2 (7.7%), 0 (0.0%), 2 (33.3%), 1 (14.3) in the IMN (Figure 3).




Figure 3 | Distribution of subsequent regional recurrences among different molecular subtypes of breast cancer. (A) for luminal-HER2 negative, (B) for luminal-HER2 positive, (C) for HER2-enriched, and (D) for triple-negative tumors. IMN, Internal mammary nodes; SC, Supraclavicular fossa.





The Role of Locoregional Treatment for ICWR of the Entire Cohort

A total of 125 (61.0%) patients received surgery plus radiotherapy, and 80 (39.0%) patients received either surgery or radiotherapy alone, or no locoregional therapy (Table 1). The characteristics were well balanced between the four groups (surgery + radiotherapy, surgery alone, radiotherapy alone and none) (Supplementary Table 1). Surgery plus radiotherapy was associated with better sLRR and PFS compared with other therapies, and there was a nonsignificant trend toward improved OS with surgery plus radiotherapy compared with other therapies, and there was no difference in sRR between the two groups (Figure 4).




Figure 4 | sRR, sLRR, PFS, and OS curves from locoregional treatment given to breast cancer patients with ICWR.



Maxstat analysis showed that as an sRR prognostic factor, the optimal cut-off value of ICWR interval was 4.0 years. The univariate analysis showed that an ICWR interval of ≤ 4 years was an unfavorable prognostic factor for sRR, sLRR, PFS, and OS (Supplementary Table 2). The multivariate analysis included the most relevant prognostic variables identified from univariate analysis (initial age, initial staging, molecular subtype, ICWR interval ≤ 4 years, locoregional treatment and treatment modalities for ICWR). Surgery plus radiotherapy was an independent favorable prognostic factor for PFS. Locoregional plus systemic treatment was independent favorable prognostic factors for both PFS and OS. ICWR interval of > 4 years was an independent favorable prognostic factor for sRR, sLRR, PFS, and OS. Initial stage and molecular subtype were independent prognostic factors for OS (Table 2).


Table 2 | Multivariate analysis of sRR, sLRR, PFS, and OS in 205 breast cancer patients with ICWR.





Effect of Regional Nodal Irradiation on the Prognosis

Among the 157 patients who received radiotherapy after ICWR, 41 (26.1%) patients received chest wall irradiation alone, and 116 (73.9%) patients received chest wall plus RNI. The characteristics of the two groups are shown in Supplementary Table 3. The characteristics were well balanced between the two groups; however, the chest wall plus RNI group had more patients who were >50 years old (p = 0.020) and had ≥ 2 sites of ICWR (p = 0.017). The chest wall plus RNI group showed significantly better PFS and OS than the chest wall irradiation alone group, and there were no differences in sRR or sLRR between the two groups (Figure 5). The chest wall plus RNI group showed significantly lower DM than that of the chest wall irradiation alone group (59.0% vs. 79.2% at 5 years, p = 0.003).




Figure 5 | sRR, sLRR, PFS, and OS curves by radiation volume in 157 breast cancer patients that received radiotherapy.



The ICWR interval of ≤ 4 years was the variable most strongly predictive of adverse sRR, and the 5-year sRR rate was 28.8% and 9.0% for patients whose ICWR interval of ≤ 4 years and >4 years (p = 0.019), therefore, the influence of RNI was evaluated in 166 patients whose ICWR interval was ≤ 4 years. Chest wall plus RNI (n=94) provided the best OS and PFS compared with patients who received chest wall irradiation alone (n=36) or no radiotherapy (n=36). There was a nonsignificant trend toward reduced sLRR with chest wall plus RNI compared with chest wall irradiation alone or no radiotherapy, but no differences in sRR were detected among the three groups (Figure 6). Chest wall plus RNI significantly reduced the risk of DM as compared with chest wall irradiation alone or no radiotherapy (59.1 vs. 77.8 vs. 75.0% at 5 years, p = 0.004).




Figure 6 | sRR, sLRR, PFS, and OS curves by radiation volume in 166 breast cancer patients whose ICWR interval was ≤ 4 years.






Discussion

In the present study, we found that the sLRR risk was high in patients with ICWR, which indicates the indispensability of locoregional treatment, including both surgery and radiotherapy. Surgical excision is generally the preferred initial treatment. Thus, not only the tumor burden is reduced, but also histological and immunohistochemical diagnosis of the recurrence can be established to help determine systemic-treatment decisions. Early reports have revealed that excision alone results in sLRR rates of 60–75% (13, 14), which indicates the need for adjuvant radiotherapy. In previous studies, surgery plus radiotherapy has been demonstrated to achieve better survival outcome than either surgery or radiotherapy alone (8, 14, 15). Our results showed that surgery plus radiotherapy was an independent favorable prognostic factor for PFS but not for OS in the multivariate analysis. The failure of surgery plus radiotherapy to improve OS could be attributable to the insufficient number of patients analyzed in our study, or the improvements in the effectiveness of systemic therapy as salvage therapy for the subsequent recurrence after the ICWR. Since there was a significant improved PFS (HR 1.89, 95%CI 1.32–2.70; p = 0.001) and a nonsignificant trend toward improved OS with surgery plus radiotherapy (HR 1.27, 95%CI 0.82–1.97; p = 0.279), comprehensive locoregional treatment, including both surgery and radiotherapy, was recommended for these patients.

Previous reports have shown that sLRR not only reduced the quality of life, but also portended an unfavorable survival outcome (5, 16). Our results showed that 50.2% of patients developed sLRR, among which sRR accounted for 50.5%. Multivariate analysis demonstrated that ICWR interval was an important non-treatment-related prognostic factor for sRR (HR 2.9), sLRR (HR 2.3), PFS (HR 2.0) and OS (HR 2.3), which indicated the discrepancy in biological aggressiveness between patients whose ICWR interval was >4 years and those with earlier recurrence. Previous studies have shown that the survival following locoregional and systemic therapies for isolated LRR might be adversely affected by short interval from mastectomy to recurrence (6, 17), some showed that the disease-free interval of less than 1 year was significantly associated with worse OS (18, 19), while most studies observed the disease-free interval of less than 2 years was significantly associated with worse locoregional control (14), distant metastasis-free survival (20, 21), PFS (15, 21) or OS (14, 15, 19–23). However, the interval they used as a cut-off was generally defined according to their experience. To the best of our knowledge, our study is the first one to use sRR as a primary endpoint in order to evaluate the effect of RNI on the prognosis for patients with ICWR. In addition, we used the Maxstat method to identify the optimal cut-off value of ICWR interval for outcomes, which is more reasonable. Early isolated LRR events represent biologically aggressive disease, whereas late recurrences indicate indolent disease (24). Thus, more effective local treatment, such as chest wall plus RNI, may be warranted in patients with early isolated LRR. Only a few previous studies have analyzed prognostic factors for sLRR and sRR by multivariate analysis, and showed that ER status of the recurrent tumor (14, 21, 25), lymphovascular invasion of the recurrent tumor (25), and initial staging (24) were associated with sLRR. In addition, ER status along with lymphovascular invasion of the recurrent tumor (25) were associated with sRR. The differences between the previous reports and the present study is explained by the type of patient population. Most previous studies have included patients with various LRR patterns rather than only ICWR (14, 21, 24), and some studies have only analyzed patients with ipsilateral breast tumor recurrence after breast-conserving surgery (25). Furthermore, the use of a more effective systemic therapy in our study possibly effected the prognosis.

There was no consistent plan with regard to irradiation volume for either inclusion or exclusion of uninvolved regions in patients with ICWR. Our results showed that chest wall plus RNI significantly improved PFS and OS compared no RNI in patients who received radiotherapy and in patients whose ICWR interval was ≤ 4 years, which indicates the necessity for RNI in these patients. The effect of RNI on survival may be due to decreased risk of both sLRR and DM by irradiation of subclinical disease in regional sites, thus preventing the dissemination of neoplastic cells. A recently published study revealed that 85.8% of patients with de novo metastatic breast cancer harbor regional lymph node disease at presentation (26), which is consistent with the hypothesis that regional involvement may precede metastatic dissemination. That is a possible explanation for our results and the previous findings that RNI reduces distant recurrences (27–30). The value of prophylactic RNI has been a topic of debate; some studies have suggested that the risk of developing subsequent failures in uninvolved sites is low after involved-field radiotherapy only encompassing the recurrence sites (14, 19). However, Chen et al. reported that the percentage of sRR was 20% in patients with ICWR after chest wall irradiation alone (5). Toonkel et al. reported a survival advantage with prophylactic RNI (9), but Deutsch et al. reported a better 5-year OS for patients receiving chest wall irradiation alone for ICWR compared with patients receiving chest wall plus RNI (11). Similar results were observed by Willner et al., whose findings showed a significant survival advantage with recurrence-site irradiation alone over total locoregional irradiation for patients with isolated LRR (18). Two previous studies showed that the second recurrence rate in the SC was reduced in patients that received prophylactic SC irradiation (10, 13). Patients treated with radiotherapy to a limited target volume probably had less tumor burden than those treated more extensively (11, 18), thus the advantage of recurrence-site irradiation alone should be interpreted with reservation. Most previous studies included patients with various LRR patterns and some did not exclude patients with initial post-mastectomy radiotherapy. Moreover, the sample size was quite small and the follow-up time maybe not long enough to observe the distinction between different patient groups. Systemic treatments as adjuvant or salvage therapies varied considerably due to the different time period studied. Whereas our study included a large number of patients with pure ICWR, mainly treated with modern systemic therapies, which have decreased the incidence of subsequent distant dissemination and made it possible for enlarging irradiation volume to provide superior outcomes.

In our cohort, 56.6% of the patients had received prophylactic RNI, and the 5-year sRR rate was 25.2%. The studies on the LRR patterns after ICWR were scarce. The failure patterns were associated with both disease status and upfront treatment. In the studies evaluating the patterns of nodal involvement for patients with de novo metastatic breast cancer, or the first LRR after adjuvant radiotherapy in patients who had undergone breast conservation surgery or mastectomy, axilla was the most common involved site, followed by SC and IMN (26, 31). In contrast, we found that axilla and SC were the most common sites of sRR after ICWR. Notably, among 116 patients who received RNI in our study, 99.1% included SC, whereas only 13.8% included axilla. The high-risk of sRR may be attributed to inadequate regional target volume. Additionally, most patients in the present study were treated with traditional two-dimensional radiotherapy techniques, such as a single anterior field or opposed anterior-posterior/posterior-anterior fields to SC and/or axilla, which may result in an inadequate dose delivered to these regions. Previous dosimetric evaluations have shown that conventional radiotherapy techniques exhibited inferior target volume coverage compared with intensity-modulated radiation therapy (32, 33). Additionally, a high sRR rate may be due to radiation-resistant subclinical disease existing in regional sites. A previous study from MD Anderson Cancer Center reported that radiation dose escalation to at least 66 Gy was not sufficient to achieve a detectable improvement in locoregional control rates among patients with LRR, which suggests the intrinsic radiation resistance of the recurrent disease (34). Prior reports observed the relatively low frequency of relapse in the axilla and increased incidence of arm edema caused by axillary irradiation, which concluded that the axilla should not be routinely included in the treatment volume (10, 13). Thus, mapping the anatomic location of sRR in axilla and SC deserves additional study, and the value of RNI should be examined in a prospective randomized trial using modern radiotherapy technique based on CT imaging.

The limitations of our study should be acknowledged. Because this study was retrospective and spanned a long period of time, systemic treatment, such as adjuvant or salvage therapy, varied considerably and confounding factors likely were present in this series. There was a possible underestimate of sLRR because of the limitations of the follow up images and the retrospective nature of this study. Despite these limitations, our study included a large number of patients with ICWR treated in two institutions, and the follow-up time was lengthy. To the best of our knowledge, the present study is the first to identify the prognostic factors and failure patterns of sRR in patients with ICWR, and it provides a direction for prospective studies to improve the treatment of these patients.



Conclusions

ICWR after mastectomy poses a challenge for clinicians; comprehensive locoregional treatment, including both surgery and radiotherapy, provide the best outcomes for patients with ICWR. The high-risk of sRR in the SC and axilla indicates the possible important role of prophylactic RNI.
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Background

To evaluate the value of pretreatment inflammatory-nutritional biomarkers in predicting responses to neoadjuvant chemoradiotherapy (nCRT) and survival in patients with locally advanced rectal cancer (LARC).



Methods

Patients with LARC who underwent nCRT and subsequent surgery between October 2012 and December 2019 were considered for inclusion. Neutrophil to lymphocyte ratio (NLR), platelet to lymphocyte ratio (PLR), lymphocyte to monocyte ratio (LMR), and prognostic nutritional index (PNI) were calculated from according to routine laboratory data within 1 week prior to nCRT. The correlations between baseline inflammatory-nutritional biomarkers and responses were analyzed using Chi-square test or Fisher’s exact test, and multivariate logistic regression analysis was performed to identify the independent predictors of pathological responses to nCRT. Univariate and multivariate Cox proportional hazard models were used to assess the correlations of predictors with disease-free survival (DFS) and overall survival (OS).



Results

A total of 273 patients with LARC were enrolled in this study. Higher LMR and PNI were observed in the good-response group, meanwhile higher NLR and PLR were observed in the poor-response group. Multivariate logistic regression analysis results revealed that PLR and PNI independently predicted responses to nCRT. Multivariable Cox regression analysis determined that PNI was an independent predictor of DFS and OS in patients with LARC. The value of pretreatment PNI in predicting responses and survival was continuously superior to those of NLR, PLR, and LMR. The optimal cutoff value of the PNI was approximate 45. Subgroup analyses indicated that the pathological responses and survival in the high PNI group (≥ 45) were significantly better than those in the low PNI group (< 45), especially in patients with clinical stage III rectal cancer.



Conclusion

The pretreatment PNI can serve as a promising predictor of response to nCRT and survival in patients with LACR, which is superior to NLR, PLR, and LMR, and the patients with clinical stage III rectal cancer who have a higher PNI are more likely to benefit from nCRT.
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Introduction

Standard treatment for patients with clinical locally advanced rectal cancer (LARC) includes neoadjuvant chemoradiation therapy (nCRT) followed by total mesorectal excision (TME) and adjuvant chemotherapy (1). This intensive tri-modal therapy is associated with increased local control and sphincter preservation rates and reducing toxicity compared with the postoperative therapy (2). However, individual response to nCRT is variable. Most primary tumors respond well to nCRT, and about 20% of patients even show a pathological complete response (pCR), which may indicate a favorable prognosis (3). Nonetheless, up to one third of patients exhibit resistance to nCRT and the use of nCRT in these patients may result in fatal outcomes because of disease progression or delayed surgery (4). Pathological response to CRT is highly correlated with prognosis in these patients (5). Therefore, there is a need to identify pretreatment factors that can predict the possible therapeutic response and long-term survival, thus aiding in the optimal personalized management of patients with LARC.

Currently, the tumor node metastasis (TNM) staging classification has been recognized as the most powerful prognostic indicator (6). The treatment with or without neoadjuvant therapy in rectal cancer is determined based on the TNM classification (7). Nevertheless, TNM staging classification is far from optimal, because the patients with the same stage tumors may present with different clinical outcomes despite receiving the same standardized treatment (8). Additional markers have been reported with the intention of predicting the prognosis of patients more accurately, including demographic factors such as gender, age, or performance status and clinicopathological tumor-related factors such as carcinoembryonic antigen (CEA) level, perineural invasion, tumor deposits, and circumferential resection margin (9–12). In addition, the treatment outcomes are also driven by host-related factors, especially the pretreatment systemic inflammatory response (SIR) and individual immune-nutritional condition. Various pretreatment biomarkers have been explored. SIR markers such as increased neutrophil to lymphocyte ratio (NLR) and platelet to lymphocyte ratio (PLR) may predict unfavorable prognosis in different types of malignant tumors, meanwhile increased lymphocyte to monocyte ratio (LMR) may be related to better survival outcomes (13–15). The prognostic nutritional index (PNI) is calculated by combining the serum albumin level and lymphocyte count in peripheral blood, and it is an easily measurable index to reflect both nutrition and immune status of the patient (16). Recently, studies also have shown that preoperative PNI is correlated with long-term outcomes, especially for tumors originating from the digestive system (17).

The correlation between SIR and nutrition-immune status can be complex and possibly synergistic for tumor progression. Although previous studies have suggested the potential predictive or prognostic value of these biomarkers, a combined use of SIR markers and immune-nutritional status has never been simultaneously examined in LARC patients as far as we know. Therefore, this study aimed to perform a comprehensive analysis and explore the correlation of pretreatment inflammatory-nutritional biomarkers with responses to nCRT and long-term survival outcomes, thus aiding in the optimal individualized management of patients with LARC.



Materials and Methods


Patients

Patients with LARC who underwent nCRT and subsequent TME in our institution between October 2012 and December 2019 were preliminarily screened for this retrospective study. The inclusion criteria were as follows: (1) patient age, 18 to 75 years; (2) pathologically confirmed rectal adenocarcinoma located < 10 cm from anal verge by endoscopic biopsy specimens; (3) radiologically identified clinical staging T3-T4 or lymph node-positive rectal cancer, absence of metastasis, by computed tomography (CT) scan or magnetic resonance imaging (MRI), according to the 7th edition of the American Joint Committee on Cancer-TNM classification; (4) performance status scale of 0–1 according to Eastern Cooperative Oncology Group (ECOG) criteria; (5) no history of prior chemotherapy or pelvic radiotherapy; and (6) complete clinical records, including therapeutic interventions, pathological characteristics of the tumor, and laboratory data within 7 days before nCRT initiation. The exclusion criteria were (1) resections with macro- or microscopically positive pathological margins (R2 or R1); (2) with “watch-and-wait” strategy; (3) with primary malignancies of other organs; (4) with clinical evidence of acute or chronic infection; (5) with hematology or immunology diseases. This study was approved by the Ethics Committee of our institution.



Data Collection and Definitions

Pretreatment blood biomarkers were calculated from routine laboratory data within 1 week prior to nCRT, including neutrophil, lymphocyte, platelet and monocyte counts, serum albumin, and CEA.

	




Treatment

Patients with LARC in this study underwent nCRT and subsequent TME. Radiotherapy was delivered to the pelvic area with a prescribed dose of 45 Gy in 25 fractions and the primary tumor with a boost dose of 5.4 Gy in three fractions, up to a total dose of 50.4 Gy (18). The intensity-modulated radiation therapy (IMRT) was implemented by using 6-MV Clinac iX linear accelerator (Varian, Palo Alto, CA, USA) in seven to nine equally spaced coplanar fields. Capecitabine was administered at a dose of 825 mg/m2 twice daily from Monday to Friday throughout IMRT. One cycle of CapeOX (Oxaliplatin 130 mg/m2, day 1, and Capecitabine 1000 mg/m2, twice daily, days 1–14) was permitted during the interval from the completion of nCRT to surgery All patients underwent surgery according to the principle of TME at 4 to 8 weeks after nCRT. The postoperative chemotherapy regimen was prescribed as eight cycles of FOLFOX (Oxaliplatin, Leucovorin, and 5-Fluorouracil) or six cycles of CapeOX over approximately 4 months, which was defined as full-dose adjuvant chemotherapy.



Assessment of Response to nCRT and Follow-Up

Pathological response to nCRT was assessed according to postoperative specimen histopathologic examinations using the tumor regression grade (TRG) system (19). The TRG system was defined as follows: TRG 0 was defined as no remaining viable cancer cells; TRG 1 was defined as single cells or rare residual cancer cells; TRG 2 was defined as residual cancer with a desmoplastic response; TRG 3 was defined as minimal evidence of tumor response. The pCR was defined as TRG 0, and the others were defined as non-pCR. The good-response was defined as TRG 0 and TRG 1, and the poor-response was defined as TRG 2 and TRG 3. Patients were routinely followed up for 5 years according to the following protocol in our institution: 2–4 weeks after discharge, once every 3 months for 1 year, once every 6 months for 2 years, and yearly thereafter. Physical examinations and laboratory tests, including serum CEA levels, were performed at each follow-up visit. The chest and abdominopelvic CT scan was performed every 6 months, and colonoscopy was performed annually or when there was a suspicion of recurrence. Non-routine MRI was performed at the clinician’s discretion. In addition, rigid rectoscopy was performed at each follow-up visit, except when the colonoscopy was performed. Disease-free survival (DFS) was defined as the time from the initiation of nCRT to the development of local recurrence, distant metastasis, or death from any cause (whichever occurred first). Overall survival (OS) was defined as the time from the initiation of nCRT to the date of death or the final follow-up.



Statistical Analyses

Statistical analyses were performed using the Statistical Package for the Social Sciences, version 23.0 (SPSS Inc., Chicago, IL, USA). Categorical variables were compared using Chi-square test or Fisher’s exact test (if the expected frequencies were <5). Continuous variables were analyzed by using Student’s t-test for normally distributed variables or Mann-Whitney U test for skewed distributed variables. A multivariate logistic regression analysis was performed on statistically significant variables in the univariate analysis using a forward stepwise procedure to examine the final predictors of pathological responses to nCRT. Statistically significant variables in the univariate analysis were further analyzed in the multivariate analysis by using the Cox proportional hazards regression model in a forward stepwise procedure to assess the correlations of predictors with DFS and OS. The X-tile analysis was performed to determine the optimal cutoff value of the statistically significant biomarker to predict total DFS and OS (20). Survival curves were estimated using the Kaplan–Meier method and compared between groups using the log-rank test. The threshold for statistical significance was P < 0.05. In univariable Cox regression analyses of DFS and OS, P < 0.0026 was considered statistically significant (Bonferroni correction).




Results


Patient Characteristics

This study enrolled 356 patients with LARC who underwent nCRT and subsequent TME from October 2012 to December 2019. Patients treated only with neoadjuvant CRT and “watch-and-wait” strategy (n = 14), those who did not complete the course of chemoradiotherapy (n = 4), those who received concurrent oxaliplatin (n = 21) during CRT, those who did not complete the full-dose adjuvant chemotherapy postoperatively (n = 20), those with macroscopically (R2, n = 1) or microscopically (R1, n = 4) positive pathological resection margin, those with incomplete baseline laboratory results (n = 4), those who had no available postoperative histopathology samples (n = 3) and those who were lost to follow-up (n=12) were excluded from this study. Finally, 273 eligible patients were included in this study to maintain homogeneity of the population, especially concerning tumor treatment. Among these patients, 241 (88%) patients underwent pelvic MRI examination for clinical staging assessment, and the other 32 (12%) patients underwent CT scan and endorectal ultrasound to confirm clinical staging because of contraindications to MRI or patients’ willingness. Patient characteristics are summarized in Table 1. The median pretreatment levels of NLR, PLR, LMR, and PNI were 3.08 (range, 2.02–6.60), 207.69 (range, 102.31–310.00), 4.33 (range, 2.13–7.00), and 46.00 (range, 36.70–58.55), respectively.


Table 1 | Patient characteristics and response to nCRT.





Correlations Between Pretreatment Biomarkers and Pathological Responses (TRG) to nCRT

Among 273 patients, TRG 0 (pCR) was achieved in 53 (19.4%) patients, TRG 1 in 124 (45.4%), TRG 2 in 50 (18.3%) and TRG 3 in 46 (16.8%), respectively. Totally, 177 (64.8%) patients achieved good-response (TRG 0-1) and 96 (35.2%) patients achieved poor-response (TRG 2-3) to nCRT. The correlations of patient demographic, tumor characteristics, and pretreatment biomarker levels with pathological responses are also available in Table 1. In general, higher LMR and PNI were observed in the good-response group, meanwhile higher NLR and PLR were observed in the poor-response group. Multivariate logistic regression analysis results (Table 2) revealed that PLR and PNI could independently predict responses to nCRT in patients with LARC.


Table 2 | Multivariate logistic regression analysis for response to nCRT.





Correlations Between Pretreatment Biomarkers and Survival

Median follow-up time was 42 (range, 10–78) months, while median DFS was 38 (range, 10–78) months. The 5-year DFS and OS rates were 73.1% and 78.9% for the entire cohort, respectively. The patients with good-response had a significantly better 5-year DFS (81.2% vs. 58.5%, P = 0.000) and OS (83.6% vs. 70.9%, P = 0.001) rates compared with those with poor-response. The univariate analysis results revealed that the lymphocyte count, serum albumin, PLR, and PNI were significantly correlated with DFS, as well as yp T stage, yp N stage, and pathological responses (Figure 1), and the serum albumin, PLR, and PNI were significantly correlated with OS, as well as yp N stage and pathological responses (Figure 2). Multivariate Cox regression analysis determined that pathological responses and PNI were independent predictors of DFS, and yp N stage and pretreatment PNI were independent predictors of OS in patients with LARC (Table 3).




Figure 1 | Univariate Cox proportional hazard regression analyses of disease-free survival in patients with locally advanced rectal cancer. Bold value means that P < 0.0026 and it is considered statistically significant after Bonferroni correction.






Figure 2 | Univariate Cox proportional hazard regression analyses for overall survival in patients with locally advanced rectal cancer. Bold value means that P < 0.0026 and it is considered statistically significant after Bonferroni correction.




Table 3 | Multivariate Cox proportional hazard regression analyses of DFS and OS.





Subgroup Analysis to Assess the Clinical Utility of the Pretreatment PNI in Predicting Pathological Responses to nCRT and Survival

X-tile analysis determined that the optimal cutoff value of the PNI was 44.9 for total DFS and 44.8 for total OS. Considering that the optimized cutoff value of PNI was 45 in the initial pivotal study of Onodera et al. (21), we determined the PNI cutoff value as 45 in the present study. Patients were dichotomized into high PNI group [PNI ≥ 45; n = 177 (64.8%)] and low PNI group [PNI < 45; n = 96 (35.2%)]. The good-response rate in the high PNI group was significantly higher than that in the low PNI group (69.5% vs. 56.3%, P=0.029). The DFS and OS rates in the high PNI group were also significantly better than those in the low PNI group (5-year DFS: 77.9% vs. 59.7%, P=0.009, Figure 3A; 5-year OS: 82.5% vs. 68.8%, P=0.011, Figure 3B).




Figure 3 | Kaplan Meier survival curves of patients with locally advanced rectal cancer grouped by prognostic nutritional index (PNI) and stratified by clinical stage. (A) the disease-free survival (DFS) curves of all patients; (B) the overall survival (OS) curves of all patients; (C) the DFS curves of patients with clinical stage II rectal cancer; (D) the OS curves of patients with clinical stage II rectal cancer; (E) the DFS curves of patients with clinical stage III rectal cancer; (F) the OS curves of patients with clinical stage III rectal cancer.



We further analyzed the utility of PNI in predicting pathological responses to nCRT and survival based on the clinical TNM stage in patients with LARC. Among patients with clinical stage II rectal cancer (n = 119), higher good-response rate and better survival outcomes were observed in the high PNI group compared with the low PNI group (good-response rate: 77.5% vs. 71.8%, P = 0.496; 5-year DFS: 81.3% vs. 66.7%, P = 0.559, Figure 3C; 5-year OS: 88.3% vs. 86.4%, P = 0.481, Figure 3D), but the differences were not statistically significant. Among patients with clinical stage III rectal cancer (n = 154), comparable results were observed between the high and low PNI groups, and the differences were statistically significant (good-response rate: 62.9% vs. 45.6%, P = 0.037; 5-year DFS: 73.4% vs. 56.5%, P = 0.004, Figure 3E; 5-year OS: 75.2% vs. 49.9%, P = 0.008, Figure 3F).




Discussion

To the best of our knowledge, this is the first time to evaluate the predictive and prognostic values of these four pretreatment inflammatory and nutritional factors for LARC in one study. The findings suggested that a higher pretreatment PNI is correlated with better pathological responses and prognosis in patients with LARC undergoing nCRT, superior to the established SIR markers such as NLR, PLR, and LMR. Moreover, pretreatment PNI can be used as a supplemental tool in predicting responses to nCRT and survival based on TNM classification for LARC.

It is increasingly recognized that the initiation and progressions of rectal cancer are not solely determined by the inherent characteristics of the tumor but also by host-related factors (22). There may be substantial cross-talk between the systemic inflammation and immune responses against cancer cells and the surrounding microenvironment, and the interaction mechanism is far from being fully understood (23). Although the independent utility of the NLR, PLR, LMR, and PNI as predictors of responses to treatment or patient prognosis have achieved promising results in the published literature, including rectal cancer (24–27), the results have often been controversial when these biomarkers are evaluated simultaneously in the same patient cohort (28). What is more, previous studies usually attempted to identify factors correlated with response to neoadjuvant therapy or long-term survival as two separate entities, the persistence forecasting abilities of these biomarkers remain unknown. Therefore, this study was conducted to investigate the correlations of a range of biomarkers with not only responses to nCRT but also long-term outcomes such as DFS and OS in patients with LARC.

TRG is recommended as the preferred grading method of rectal cancer response to treatment by the AJCC Staging Manual and the College of American Pathologists Guidelines (29). Therefore, TRG was selected to assess the correlation between these biomarkers and the responses to nCRT in this study. Furthermore, although tumor pathological response to nCRT is considered to be correlated with prognosis, the final endpoint should still be long-term outcomes to evaluate the predictive value of these biomarkers (30). Previous literature achieved mixed results regarding the correlation of SIR markers with tumor response or prognosis. Kim et al. reported that NLR, LMR, and PLR could not be used to distinguish total tumor regression from the residual disease after nCRT; while higher PLR was correlated with improved recurrence-free survival (31). Michael et al. found that NLR and PLR are neither independent predictors of response nor prognostic factors in LARC patients undergoing nCRT followed by radical surgery (32). However, the data from William et al. showed that baseline lower levels of LMR and higher levels of NLR and PLR were correlated with decreased OS (25). The superior indicator value of PNI on the prognosis of patients with LARC has been validated, but there are limited studies on the correlation between PNI and responses (17, 33). In this study, PNI showed a better, more consistent, and independent predictive ability for treatment response and prognosis in univariate and multivariate analyses, other SIR markers such as NLR, PLR, and LMR did not show an independent predictive ability in multivariate analysis, which may be related to the inherent correlation between such indicators and PNI, and this phenomenon has been described in some studies (34, 35), but it still needs to be further explored.

Serum albumin is a broadly recognized indicator for nutrition status, and initial studies documented that the albumin can be used to assess disease progression and prognosis (36, 37). However, there is increasing evidence to suggest that the prognostic value of albumin may be subordinate to an ongoing SIR, so the albumin should be used in combination with other markers to enhance prognostic value (38, 39). Lymphocytes play a crucial role in the host immune response to cancer, which is associated with improved outcomes in solid tumors according to previous reports (40). The results of this study showed that the lymphocytes and serum albumin were significantly correlated with responses to nCRT and survivals in univariate analysis but not in multivariate analysis. PNI is composed of serum albumin level and peripheral lymphocyte count, and it may reflect both the nutritional and immunological status of a patient (21). The multivariate analysis in this study determined that the PNI was an independent predictor of response and prognosis in patients with LARC undergoing nCRT.

Several explanations could contribute to the correlation of PNI with treatment response and prognosis in patients with LARC. Firstly, Capecitabine, the oral fluorinated pyrimidine prodrug, is recommended concomitantly with radiotherapy as a radiation sensitizer. Capecitabine is readily absorbed in the gastrointestinal tract and it requires the presence of thymidine phosphorylase for its conversion into the active form of 5-fluorouracil within the cells (41). Low albumin concentrations may result in abnormal pharmacokinetics and inferior bioavailability, and continuing inflammation at baseline also had significantly decreased metabolic activities of chemotherapy drugs and increased their toxicities, thus leading to unfavorable response and clinical outcomes (42). What is more, LARC patients often develop malnutrition as a result of insufficient food intake, malabsorption, and increased metabolic demands. It has been proposed that malnutrition is related to cytokine-driven inflammation and may lead to the immunosuppressed condition, which can be reflected by hypoalbuminemia and low lymphocyte counts (43). This immunosuppressed condition might be responsible for the insufficient anti-tumor immune response and provide an advantageous microenvironment for tumor progression in low-PNI patients (44). Additionally, patients with decreased PNI may have an enhanced SIR (45). The excessive inflammatory components can further lead to increased depletion of fat stocks, as well as protein degradation in skeletal muscle and other host tissue. The absence of albumin can lead to immune regulation dysfunction by affecting the stabilized cell growth, DNA replication, and antioxygenation in vivo, and the albumin degradation products may serve as source of nutrient substrates for accelerating tumor growth and proliferation (46). Inflammation is also an important regulator of tumor progression through suppression of albumin synthesis, recruitment of T lymphocytes and tumor-associated macrophages, and upregulation of angiogenic growth factors (47). The precise mechanisms underlying the correlation between PNI and treatment outcomes may be complex and our understanding of this process remains unclear. Nevertheless, the potential predictive and prognostic values of PNI exist in providing an inexpensive, non-invasive and effective supplemental tool.

Of note, this study differed from previous studies in methodology. A common feature of previous studies was to dichotomize continuous biomarkers primitively to stratify patients into different subgroups to explore the correlations of these biomarkers with response or prognosis, and thus the cut off values of these biomarkers are various in different literature (17, 24–28, 31–35). In this study, we choose not to dichotomize these biomarkers primitively, because the forecasts of continuous variables have enormous advantages from a statistical standpoint. This allowed us to minimize false-positive results and establish a much more accurate forecast model by using Cox proportional hazard model. Our findings suggested that increased PNI was correlated with higher good-response and better long-term outcomes across the continuous range of PNI. If this finding is further confirmed and thus PNI can be considered as a routine test during the first clinical visit, interventions to improve PNI will produce an additive benefit on treatment outcomes in LARC patients, not just those with a PNI above a predefined cut off value. Interestingly, the predictive and prognostic values of pre-treatment PNI were greater in patients with clinical stage III rectal cancer. This finding could be mainly attributed to the fact that the patients with clinical stage III rectal cancer were more likely to suffer from high tumor burden and long-term nutritional consumption, which might up-regulate the expressions of cytokines and inflammatory mediators, leading to immunosuppressed host and decreased local immune response, thus affecting the sensitivity of nCRT and the long-term survival (23).

Currently, available data recommends nCRT followed by TME as the standard treatment for patients with LARC. However, not all LARC patients respond to nCRT, which subgroup population would benefit from nCRT remains unclear. In the present study, we observed the differences in response to nCRT and survival between high and low PNI groups. Patients with a higher PNI are more likely to benefit from nCRT. These findings indicate that the baseline inferior immunonutritional status may impair the efficacy of nCRT. At present, the prospective clinical evidence of immunonutritional intervention during oncological treatment remains limited and our present knowledge about these is still at a rudimentary stage. However, there may exist potential therapeutic target that can alter the disease course (48). Therefore, it is necessary to pay more attention to the assessment of the immunonutritional status, to provide better guidance for clinical treatment, especially in patients with clinical stage III rectal cancer, who might need additional supportive interventions to further improve their prognoses. In this context, the use of PNI as a surrogate marker of inherent immunological status in a host can provide a new perspective on optimizing strategies for individualized management of patients with LARC.

Following prior studies, we found that chemotherapy during the interval between nCRT and surgery and the pretreatment CEA were independently correlated with responses to nCRT in patients with LARC (9, 49, 50). We also found that responses to nCRT and yp N stage were independent predictors of DFS and OS, respectively (4, 35, 51, 52). In addition, the 5-year DFS and OS rates in the present study are similar to those previously reported in several landmark trials of nCRT in patients with LARC (2, 53, 54). These findings confirm that the current cohort is truly representative of patients with LACR undergoing nCRT and thus support the validity and generalizability of our results.

There are several limitations in this study. The retrospective nature of this type of analysis is subject to shortcomings such as potential data collection and selection bias. This was a single-center and single-race study and the optimal cutoff values for these biomarkers may fluctuate in other heterogenous patient cohorts. Additionally, the PNI is a non-specific biomarker that can be affected by various pathophysiologic conditions and thus will vary from time to time. In this study, we mainly focused on the correlation between baseline inflammatory-nutritional factors and clinical outcomes to aid in the optimal individualized management of patients with LARC. However, the impact of changes in these markers over time has yet to be determined. Therefore, further studies are required to confirm the results of this current study. Finally, C-reactive protein (CRP) was not a preoperative routine examination in our center, so the predictive value of CRP or CRP-based indicator such as Glasgow prognostic score (55) was not analyzed in this study. However, the lack of available CRP data reminds us that currently inflammatory marker detection has not entered clinical practice and it needs to be further explored in the future.



Conclusion

In summary, this study confirmed that PNI can serve as a promising predictor of response to nCRT and survival in patients with LACR, and patients with a higher PNI are more likely to benefit from nCRT, especially for patients with clinical stage III rectal cancer. Whilst these results are required to be re-validated in prospective trials, PNI routinely collected before treatment may assist in better risk-stratifying patients and thus aid in the determination of an optimal individual treatment plan for a patient with LARC.
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Aims: Pediatric patients may experience considerable distress during radiotherapy. Combining psychological interventions with standard therapies can reduce the need for sedation. The RADAR Project aims to use a systematic method of recording data that can reveal patients' difficulties and fragility during treatment.

In this context, the aim of our study was to investigate the ability of a multidimensional assessment tool (M.A.P.-RT schedule) to predict the need for sedation during radiotherapy. The schedule, which is administered during the first evaluation, was created to collect information on patients and their families in a standardized way.

Materials and Methods: The study enrolled pediatric patients (aged 0–18 years or 18–21 with cognitive impairment). Data were collected by means of the M.A.P.-RT module; this explores various thematic areas, and is completed by the radiation oncologist, psychologist and nurse during their first evaluation. Features were selected by means of the Boruta method (random forest classifier), and the totals of the significant partial scores on each subsection of the module were inserted into a logistic model in order to test for their correlation with the use of anesthesia and with the frequency of psychological support. The results of logistic regression (LR) were used to identify the best predictors. The AUC was used to identify the best threshold for the scores in the evaluation.

Results: A total of 99 patients were considered for this analysis. The feature that best predicted both the need for anesthesia and the frequency of psychological support was the total score (TS), the AUC of the ROC being 0.9875 for anesthesia and 0.8866 for psychological support.

Conclusion: During the first evaluation, the M.A.P.-RT form can predict the need for anesthesia in pediatric patients, and is a potential tool for personalizing therapeutic and management procedures.

Keywords: radiotherapy, distress, anesthesia, pediatrics, psychological support, children


INTRODUCTION/BACKGROUND

From 2001 to 2010, the worldwide incidence of cancer in subjects aged 0–19 years was 155.8 per million/year (1). In Italy, the AITRUM has estimated that 5-year survival improved among 11,000 children and adolescents newly diagnosed between 2016 and 2020 (2).

A current aim of medicine is to offer therapeutic responses in accordance with the international recommendations, while at the same time enrolling young patients in centralized clinical research protocols in order to guarantee homogeneous, high-quality treatment.

Radiotherapy (RT) is one of the therapeutic options for pediatric neoplasms. In order to ensure the accuracy of radiation treatment, it is necessary to create an ad-hoc immobilization system that is personalized according to the site of the tumor. Pediatric patients are required to cooperate closely, first during treatment preparation (by remaining motionless during the preparation of the immobilization system and the phase of image acquisition) and then in the phase of treatment delivery.

Therefore, RT is not only a challenge for children but also for parents and healthcare professionals (3–7). When patients are unable to maintain a fixed and reproducible position, sedation or general anesthesia (GA) becomes necessary. This means that children and adolescents undergo numerous changes in their lifestyle, daily activities, and school and social activities (8). Moreover, numerous sedation treatments can have an impact on eating habits, in that patients have to fast for several hours. Finally, repeated sedation, high doses of sedatives, the use of multiple drugs and general anesthesia can increase the risk of medical complications (9).

In the literature, several studies have described the benefit of combining psychological support interventions with standard therapies for reducing the number of sedations (6, 9, 10). In pediatric RT, recent research has revealed the importance of both pharmacological and non-pharmacological interventions. However, the approaches adopted vary markedly and few assessment tools are available for doctors and researchers. For example, there is, as yet, no assessment tool that can quickly select the type of intervention needed.

In this regard, it has been ascertained that a multi-disciplinary approach implemented by a specialized team (4, 11) can identify the individual patient's needs and enable targeted interventions to be undertaken in order to facilitate treatment preparation and improve patient compliance, thereby avoiding sedation whenever possible.

The RADAR project aims to increase the level of personalization of radiotherapy for the pediatric patient through a multidimensional approach. The project utilizes a standardized tool (Multidimensional Assessment for Pediatric Patients in Radiotherapy M.A.P.-RT schedule) to collect information on patients and their families during the first clinical evaluation; the results obtained allow clinicians to predict the need for sedation and the intensity of specific psychological preparation, and to plan supportive treatment.



MATERIALS AND METHODS


Design, Setting, and Inclusion Criteria

This pilot observational study enrolled pediatric patients with an oncological diagnosis for which radiation treatment had been prescribed. During the patient's first examination, the radiation oncologist, the nurse and the psychologist filled in the M.A.P.-RT form (Table 1), a multidimensional assessment form covering a selection of items and standardized tests.


Table 1. M.A.P.-RT scoring and items details.

[image: Table 1]

A preliminary set of data were collected from patients who accessed our center last year.

The form was administered to two groups of patients: one aged between 0 and 18 years and the other between 18 and 21 years with cognitive impairment. The M.A.P.-RT form provides for the calculation of several partial scores and of a final score, which could be useful in order to understand the various patients' RT-related needs. However, in this phase, the patient's care pathway did not undergo changes following the scoring of the instrument; patients underwent the preparation phase of the treatment with or without specific interventions and sedation, according to their needs.


Multidimensional Assessment for Pediatric Patients in Radiotherapy, M.A.P.-RT Schedule

The crucial areas in the preparation of children for radiotherapy were identified after 2 years of clinical observations by RT care providers and a psychologist, and on the basis of the literature.

Six areas of interest were identified (Table 1 and Figure 1):

A. Pain distress-Nursing observations: data collected when the patient enters the Unit for RT examination for the first time. These data are collected by the first nurse who meets and welcomes the child (Wong Baker Scale WBS—observer: 0–10); maximum value: 10;

B. Development-Discomfort age score: this score indicates the potential impact of age on the overall score in children from 0 to 10 years, due to the characteristics of the development and growth of children; maximum value: 10;

C. Medical-First Medical Evaluation: this area collects data on the amount of information provided and on the degree of collaboration and distress/pain noted by the RT specialist while taking the medical history and performing clinical evaluation; maximum value: 22;

D. Physical-Skills for RT: these are the specific skills required for the planned RT treatment, with particular regard to positioning and maintenance of posture during the RT fraction; maximum value: 26;

E. Emotional Distress-First entry to LINAC room (CEMS): behavioral and emotional reactions of the child on first entering the bunker; technician records by means of the Children's Emotional Manifestation Scale—CEMS; maximum value: 25;

F. Psychological-Psychological interview: this area reports scores assigned by the psychologist following the assessment of psychological areas that are deemed to influence the patient's compliance with RT in both the preparation and treatment phases; for example, past or current mental disorders, previous traumatic events, patient's tendency to implement internalizing or externalizing strategies in the management of distress/pain, family difficulties, etc. maximum value: 30.


[image: Figure 1]
FIGURE 1. Plot of Boruta feature selection process for the “anesthesia” outcome: the red boxes represent the not relevant items, the yellow are the uncertain ones, the green are the relevant items. Blue boxes are calculated as reference levels during the run of Boruta algorithm.





Statistical Analysis

We defined two outcomes: anesthesia and psychological support. Anesthesia was defined as a binary outcome (patients who needed anesthesia and patients who did not); psychological support was defined as a binary outcome (patients who needed an intensive course of psychological support and patients who did not); psychological support was defined as “intensive” or “standard” according to a threshold value of 1 support session every 3 days, which was calculated by dividing the median number of psychological sessions during the period of treatment by the number of RT fractions.

Modeling process was assessed in two phases: (12) we performed the feature selection among all the items of M.A.P. report using the Boruta method, which is a novel feature-selection algorithm for identifying all significant variables, designed as a wrapper around a random forest classification algorithm. This test iteratively removes those features which prove to be less significant than random probes, thereby yielding a series of graphs that contain a z-score. The p-value of the z-test is 0.01. All features (items in the M.A.P. report) were tested against the two outcomes listed above (13). The model chosen was the Elastic Net, a regularized generalized linear model; it was used because it enables to discriminate among the items more accurately and to pick out the most significant covariates, even in the presence of cross-correlation. With regard to the outcome “anesthesia,” our statistical model showed the population classified by a score related to the most significant items found in the M.A.P.-RT schedule: negative scores, i.e., lower than 0, were related to “no anesthesia,” while positive ones were found to be mostly associated to “yes anesthesia.” The value of each item, when multiplied by the coefficients and added together (linear predictor), returns a score that indicates the actual correlation between patients' characteristics and their need for anesthesia. The same process was used to identify patients who needed intensive psychological support and those who did not. The validation of the models has been performed by using area under the receiver operating characteristic curve (AUC) and confusion matrix statistics computing accuracy, McNemar's test p-value, 95% C.I. p-value, k statistic and P-value of binomial test to see if the accuracy is better than “no information rate” (accuracy > NIR).



Ethics Approval

This study was approved by the ethics committee of Agostino Gemelli Polyclinic, Rome.




RESULTS

The study involved 99 consecutive pediatric cancer patients (M.51; F:48), who underwent 99 RT courses (n° RT Fractions: 2097) between January and December 2019.

The M.A.P.-RT form was administered to all patients and data were collected for each area; 20 children who underwent retreatment were excluded from the study. Twenty-two patients needed sedation during radiation treatment. One patient (age 21) presented cognitive impairment. The median age was 7.5 years (range 1–21). Patients' characteristics are reported in Table 2.


Table 2. Descriptive statistics and epidemiology of patients population.
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The team involved in data collection was made up of two oncological radiotherapists, a child psychologist, a nurse, a technician and a resident.

Fourteen items proved to be predictive of the need for anesthesia: B, C4, C5, C6, C7, TOT C, D2, E1, E2, E4, E5, TOT E, TOT F, GENERAL TOT (Figure 1). The general total score, and, in particular, the total score of the first clinical medical evaluation and of emotional distress seemed to be the most predictive dimensions of the schedule. The single items that proved predictive were: patient age (see point B Table 1), level of collaboration of the patient during previous diagnostic tests (see point C4 Table 1), level of the patient's collaboration with the requests of parents and health workers (see point C5 Table 1), level of collaboration during separation from the parent (see point C6 Table 1), level of distress/pain detected during the first visit (see point C7 Table 1), and cognitive difficulties and/or deficits (see point D2 Table 1). Other variables that proved to be highly predictive were those related to the patient's psycho-physical attitudes at the time of first entry to the therapy room, specifically: the patient's facial expression (see point E1 Table 1), vocal expressions such as crying and screaming (see point E2 Table 1), the patient's interaction through verbal or non-verbal responses or possible absence of interaction (see point E4 Table 1), the patient's level of cooperation, i.e., whether the child actively participates or is indifferent to external requests (see point E5 Table 1).

With regard to the TS, the AUC of the ROC was 0.9875 (sensitivity = 0.91, specificity = 0.97) with a p-value = 7.986−12 (Figures 2, 3). Negative results in Figure 3 identified patients who underwent treatment without sedation, and positive results identified patients undergoing anesthesia. Confusion matrix statistics are summarized in Tables 3, 4.


[image: Figure 2]
FIGURE 2. Plot of ROC curve for the “anesthesia” model (AUC = 0.9875), showing possibility to identify patients who need anesthesia support with regards to the total score, achieved putting into the model the value of relevant items of M.A.P.-RT.



[image: Figure 3]
FIGURE 3. Distribution plot of “anesthesia” predictive model score (y axis) in the two groups of patients undergoing (YES) or not (NO) to anesthesia procedure. The red dots represent each patient in the two groups, the threshold line chosen to best split the two categories is the score 0.



Table 3. Model “anesthesia” performance table: the model shows very high accuracy (0.96), sensitivity (0.91), and specificity (0.97).
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Table 4. Model “psychological support” performance table: the model shows fair accuracy (0.88), optimal sensitivity (0.91), and specificity (0.94). Overall performance is slightly lower than the “anesthesia” model.

[image: Table 4]

We also analyzed the intensity and frequency of psychological support provided for patients. During 99 RT Courses, corresponding to 2097 fractions, 766 psycho-educational interventions were implemented (median: 6, range: 1–20). Moreover, 46 patients received intensive psychological support (>1/3) and 53 standard support (<1/3). In this secondary analysis, the items displaying a predictive value regarding the intensity of the psychological support to be provided were: B, C3, C5, C6, C7, TOT C, D1, D4, TOT D, E2, E3, E5, TOT E, GENERAL TOT (Figure 4). The information obtained from points C4–C7, which concern the patient's collaboration, detachment from the caregiver and level of distress/pain, seemed to correlate more closely than the others (C1–C3) with the need for psychological support. Age was also confirmed as a fundamental parameter.


[image: Figure 4]
FIGURE 4. Plot of Boruta feature selection process for the “intensive psychological support” outcome: the red boxes represent the not relevant items, the yellow are the uncertain ones, the green are the relevant items. Blue boxes are calculated as reference levels during the run of Boruta algorithm.


In this case, the model was less accurate; the AUC of the ROC was 0.8866, (sensitivity = 0.91, specificity = 0.84) with a p-value = 2.122−07, therefore indicating a higher risk of false negatives or false positives (Figures 5, 6).


[image: Figure 5]
FIGURE 5. Plot of ROC curve for the “psychological support” model (AUC = 0.8866), showing possibility to identify patients who need intensive support with regards to the total score, achieved putting into the model the value of relevant items of M.A.P.-RT.



[image: Figure 6]
FIGURE 6. Distribution plot of “psychological support” predictive model score (y axis) in the two groups of patients undergoing (YES) or not (NO) to intensive psychological support. The blue dots represent each patient in the two groups. Differently from “anesthesia” model no threshold line has been plotted, being wide overlapping between the two categories of patients despite fair model performances.




DISCUSSION

In pediatric oncology, RT, alone or in combination with surgery or chemotherapy, has become an important treatment option for several kinds of neoplasms. Although it does not cause any pain, the young patient must remain alone and motionless for several minutes during the time of irradiation, a situation that frequently causes distress reactions. Distress reactions are also aggravated by previous traumatic events experienced by patients and their families, such as painful experiences in hospital or at the hands of other healthcare personnel. Such conditions can make the new treatment even more traumatic for the child. Changes in the child's routine, owing to the need to attend the hospital daily, can also constitute an additional source of distress, which may determine the need for sedation. In the literature, some studies have described the experience of anxiety and distress of patients and parents in Pediatric Hematology/Oncology Units, while few studies have described the situation in RT units (7).

In children undergoing radiotherapy, anesthesia ensures adequate immobilization during verification of the patient's position and therapy delivery. With regard to acute and late risks, daily treatment under sedation (14) is associated with major changes in the child's daily routine, such as the need to fast for several hours (15).

Carrying out radiation treatment under sedation also involves specific and careful organization of the treatment room and the presence of the anesthesiologist and the nurse for the entire duration of the treatment; this increases the occupation time of the room and inevitably raises healthcare costs (9).

Some studies in the literature have shown the benefit of combining psychological interventions with standard therapies (11), while others have analyzed the specific activities that can be planned in order to help children to cooperate with RT (16); indeed, personalizing the child's preparation can reduce the need for sedation during radiation treatment (10). This problem has often been addressed in the literature, which has highlighted the need for specific scales that can record the levels of pain, anxiety and anguish of pediatric patients and their approach to radiation treatment under sedation. Several instruments have been used to predict pediatric distress in radiotherapy: the Behavioral Distress Observation Scale (OSBD) (8), parent report (7), and qualitative interview (17); other instruments have been applied more generally in the context of sedation (18) or during invasive medical procedures (19).

These tools have made it possible to carry out interventions to reduce emotional distress or monitor the sedation of the pediatric patient. Specifically, some studies have shown that adequate preparation through play activities and the presence of a child psychologist are effective in reducing anxiety and negative emotions (10, 20). For example, some authors have reported that engaging the patient in play activities at the hospital reduces negative emotions and lowers anxiety levels in comparison with normal care (21, 22). Moreover, psychological interventions have proved effective in reducing RT-related distress (as measured by heart rate) and have also been seen to be useful specifically in pediatric radiotherapy (23).

However, few studies have provided clinicians with effective tools to guide the therapeutic and care pathway of pediatric cancer patients undergoing RT. Inspired by the universally used bio-psychosocial model proposed by A. E. Kazak (24), the RADAR project aims to monitor and collect information on pediatric patients undergoing RT and to provide a rapid assessment tool that can identify the needs and risks of these patients.

In our center, the child psychologist, when required, plans psycho-educational intervention before the simulation of radiation treatment. The support plan includes weekly psychological sessions during the period of treatment. Patients defined as more complex, or who have crises during treatment, undergo several interventions per week, daily if necessary.

The introduction of the M.A.P.-RT schedule facilitates multidisciplinary assessment in the initial stages of treatment. To our knowledge, this is the first schedule to collect data in a standardized way in pediatric RT, in order to identify patients' needs; it can therefore optimize and personalize psychological support.

The results of our study identified those items that were predictive of the need for sedation during radiotherapy and for intensive psychological support. Some items were found to be common to both analyses, and proved to be fundamental parameters. For example, age (point B Table 1) was confirmed as a fundamental parameter; in our study, we did not establish an age cut-off, but younger children are usually those who most need to be sedated during treatment. In the literature, the study by Linda Scott, Fiona Langton and Joan O'Donoghue (25) considered 63 children aged between 2 and 5 years; their outcome data suggested that sedation could be minimized in this age-group through the implementation of an effective play preparation program.

Other predictive items were found in group C (“first medical evaluation”): the patient's degree of cooperation, the degree of cooperation in separation from parents, and the distress/pain level detected during the visit. In addition, the total score of F (“psychological interview” and the items in group E, the CEMS scale, had a strong impact on our schedule. The CEMS has been validated (26) and is already used in the field of pediatric radiotherapy (27). Recording patients' distress on entering the bunker for the first time helps the clinician and psychologist to immediately ascertain the complexity of the individual patient.

Patients who have initially cooperated may experience new side-effects, such as fatigue or crises, during treatment, and may therefore need subsequent psychological support and increased occupancy machine time. By contrast, patients who have difficulty in the preparation phases may rapidly overcome their initial fears or difficulties and require fewer interventions by the child psychologist.

To our knowledge, the M.A.P.-RT schedule is the first tool that has proved to be accurate in predicting, during the first clinical evaluation, the need for sedation during radiation treatment. In addition, it is well-known that administering RT to children requires a great deal of cooperation and that a specialized multidisciplinary team is necessary; the M.A.P.-RT schedule could allow quick, simple and codified communication among the members of this team.

Indeed, the use of the M.A.P.-RT schedule would enable the radiotherapist, child psychologist, residents, nurse and RT technician to understand the specific needs of the patient and to tailor their interventions during treatment preparation and delivery.

Another achievement of this first phase of modeling is that we were able to discern which items in the M.A.P.-RT schedule were the most important. Indeed, some items were not effective in predicting the need for anesthesia during treatment. Therefore, in the future, the form could be modified in such a way as to include only those items with the greatest predictive capability. This would reduce the time needed for its compilation, making it more manageable by the various professionals involved. Of course, the shorter version would need to be validated on a larger sample of patients, such as the sample that we are currently enrolling prospectively.

A limitation of our study is the fact that the tool does not accurately predict the intensity of the psychological support to be provided; this is partly because, during RT, the need for psychological support may change over time, owing to sideeffects, the influence of other sources of distress, interactions with drugs, clinical or family difficulties, etc. For this reason, psychological support during RT must be modulated over time and personalized, in terms of both type and frequency, according to the patients needs.

In the light of these observations, other scales or tools could be used to evaluate the evolution of patients' needs over time. In this regard, the Radar Project envisions the use of other tools that allow further evaluations during RT (daily evaluation by RT technicians; medical evaluation during RT, psychological scales, etc.). We think that, if the M.A.P.-RT schedule were integrated with data subsequently collected during RT, it would be possible to further customize psychological support, adjust it over time and verify its effectiveness.



CONCLUSIONS

The study shows that multidimensional assessment is an optimal strategy during the procedures of radiation oncology setup and RT delivery in pediatric patients. In particular, the M.A.P.-RT schedule proved to be a good and appropriate work tool capable of predicting, even at the time of the first visit, the pediatric patient's need for sedation. Moreover, its use could also improve cooperation among the specialists of the pediatric team.
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Purpose

Treatment of multiple brain metastases with single-isocenter volumetric modulated arc therapy causes unnecessary exposure to normal brain tissue. In this study, a longitudinal grouping method was developed to reduce such unnecessary exposure.



Materials and Methods

This method has two main aspects: grouping brain lesions longitudinally according to their longitudinal projection positions in beam’s eye view, and rotating the collimator to 90° to make the multiple leaf collimator leaves conform to the targets longitudinally group by group. For 11 patients with multiple (5–30) brain metastases, two single-isocenter volumetric modulated arc therapy plans were generated using a longitudinal grouping strategy (LGS) and the conventional strategy (CVS). The prescription dose was 52 Gy for 13 fractions. Dose normalization to 100% of the prescription dose in 95% of the planning target volume was adopted. For plan quality comparison, Paddick conformity and the gradient index of the planning target volume, and the mean dose, the V100%, V50%, V25%, and V10% volumes of normal brain tissue were calculated.



Results

There were no significant differences between the LGS and CVS plans in Paddick conformity (p = 0.374) and the gradient index (p = 0.182) of the combined planning target volumes or for V100% (p = 0.266) and V50% (p = 0.155) of the normal brain. However, the V25% and V10% of the normal brain which represented the low-dose region were significantly reduced in the LGS plans (p = 0.004 and p = 0.003, respectively). Consistently, the mean dose of the entire normal brain was 12.04 and 11.17 Gy in the CVS and LGS plans, respectively, a significant reduction in the LGS plans (p = 0.003).



Conclusions

The longitudinal grouping method can decrease unnecessary exposure and reduces the low-dose range in normal brain tissue.





Keywords: longitudinal-grouping, multiple brain metastases, VMAT, single-isocenter, decrease unnecessary exposure



Introduction

Brain metastases (BMs) are the most common type of intracranial tumors. About 20–40% of patients with cancer develop BMs in their tumor history (1), and multiple BMs are present in approximately 70% of patients with BMs. With recent advances in medical care, chemotherapy, and targeted therapies, overall survival has improved in patients with cancer. With advances in the control of systemic disease, treatment of BMs has become a greater challenge for oncologists (2).

With the continuous development of stereotactic radiosurgery (SRS) and hypofractionated stereotactic radiotherapy (HFSRT) technologies, several studies have found that patients with 5–10 BMs showed similar overall survival to patients with two to four BMs who were treated with SRS (3–5). The SRS and HFSRT has been an effective choice for patients with five or more BMs, especially those who have previously been treated with whole brain radiotherapy.

Traditionally, multiple BMs have been treated individually with SRS or HFSRT. For each lesion, the plan employs one isocenter with several arcs or static beams from a linac or uses several focuses with Gamma Knife shots. When the number of BMs reaches five, the duration of a complete treatment can be many hours. Furthermore, planning is more difficult and requires more care with an increased number of BMs.

Volumetric modulated arc therapy (VMAT), which has been developed in the past decade, has been widely used in tumor treatment at various sites because it produces highly conformal dose distributions and has short treatment delivery times (6). Clark GM et al. (7) contended that single-isocenter VMAT plans can deliver conformity equivalent to that of multiple-isocenter VMAT techniques. In recent years, many studies (8–11) have verified the quality of single-isocenter VMAT plans, and they have been an option in SRS or HFSRT for the treatment of multiple BMs.

However, two problems are introduced by employing single-isocenter VMAT in the treatment of multiple BMs using SRS or HFSRT. One problem is how to manage the rotational uncertainties of the patient setup. Many studies (12–15) have focused on this problem and provided advice to address it. Faught AM et al. (13) suggested that clinical medical physicists revisit the quality assurance tolerances of gantry and multi-leaf collimator (MLC) angles. Miao J et al. (15) proposed the method of expanding the nonuniform gross target volume (GTV) or clinical target volume by adding a planning target volume (PTV) margin. The other problem is how to reduce unnecessary exposure of normal brain tissue. In multiple-target single-isocenter VMAT treatment planning, it is common for a pair of targets to share MLC leaf pairs when they are aligned along the direction of MLC leaf travel [i.e., the “island-blocking” problem proposed by Jun Kang (16)]. The island-blocking problem and the larger jaw openings used in VMAT plans result in increased leakage of the dose between the leaves, which is the main reason for the increase in unnecessary exposure of normal brain tissue. Some researchers (16, 17) have proposed some new algorithms to select the optimal couch and collimator angles to reduce the island-blocking problem. However, those methods require couch rotation during treatment, which would not only increase treatment time but also introduce new errors during the patient setup procedure. If such methods are employed, the problem of increased dose leakage between the leaves caused by the larger jaw openings in single-isocenter VMAT plans still exists. Therefore, the existing methods have limitations.

Helical tomotherapy (HT) employs a small 6-MV linac mounted on a ring gantry. It benefits from its binary MLC, which is perpendicular to the transverse plane of the body and the helical treatment mode. It has excellent dose modulation ability and can deliver a complex dose distribution. The island-blocking problem and the larger jaw opening issue no longer exist when patients with multiple BMs undergo helical tomotherapy.

Inspired by the treatment mode of HT, we developed a longitudinal grouping method to reduce unnecessary exposure of normal brain tissue without couch rotation in single-isocenter VMAT technology for treatment of multiple BMs by SRS or HFSRT. The method can reduce the low-dose range of normal brain tissue, and it is easy to implement.



Materials and Methods


Method Description

In this study, we developed a longitudinal grouping method to reduce the impact of the island-blocking problem and the larger jaw opening problem in single-isocenter VMAT treatment of multiple BMs. In this method, multiple BMs were divided into several groups according to their locations. Then, treatment arcs were added, and dose optimization was performed. One therapeutic arc was added to each group. The number of therapeutic arcs depended only on the group number, not on the number of BMs in each group. The grouping technique is the most important aspect of this method. In general, the longitudinal positions of the targets on the beam’s eye views (BEVs) throughout all 360° of beam angles are the primary consideration. If the targets’ longitudinal projections overlap when the gantry rotates, they can be grouped together. If a target is located between two groups, and the two groups have targets that overlap with it, group assignment is more difficult. In such cases, the target can be viewed on CT images to observe its relationship to adjacent targets, and then it can be classified into the group that is closest to it on the CT images. After the grouping process, it should be verified that the distance between the adjacent surfaces of the longitudinal projections of any two lesions in the same group does not exceed 1 cm. Figure 1 is a grouping example shown in BEV. Then, the collimator can be rotated to 90° to align the MLC conformal to the targets in the longitudinal direction group by group, analogously to the treatment mode of HT. The difference is that in this method, the MLC leaf can stay in any position in the field, whereas the MLC leaves have only on and off modes in HT.




Figure 1 | An example of PTV groups in 0° and 90° BEVs. The patient had 14 BMs, which were longitudinally divided into four groups marked by different colors according to their longitudinal projections.



The method has four planning steps. First, all of the multiple BMs are grouped. For each patient, all BMs are composited as a structure named PTVall, and they are divided into several groups longitudinally according to the above grouping method. The associated lesions in each group are combined into a structure named PTV Gnumber, where PTVall is divided into PTV G1, PTV G2, PTV G3, etc. (Figure 1). Each PTV group corresponds to a prescription, and the prescriptions are also named according to the corresponding numbers of the PTV groups (e.g., prescription1, prescription2). Figure 2 shows four prescriptions for an example patient. Second, the isocenter is set, and the first arc is added. The isocenter is positioned at the centroid of all the targets. After the isocenter is set, the first full arc is added and combined with the first prescription in either the clockwise or counter-clockwise direction. The collimator of the arc is set to 90° to ensure that the MLC leaves longitudinally conform to the lesions in the first group. Third, the first arc is optimized. Only the lesions in the first group are added as the target objects. The organs-at-risk (OARs), the rings (i.e., the rings around PTVall), and normal tissue are set as constrained objects. Fourth, another arc is added and optimized group by group. After the optimization of the first lesion group, the second arc is added, the collimator is rotated to 90°, the second group of lesions replaces the first lesion group as the new target objects, and the constrained objects are adjusted according to the new situation. This process is repeated until all lesion groups are added and optimized.




Figure 2 | Example prescription settings.





Patient Selection and Treatment Planning

To evaluate the method’s effectiveness, 11 patients with 5–30 previously treated BMs were retrospectively studied in this work.

According to our clinical practice, patients were treated with HFSRT, and the prescription dose was 52 Gy delivered in 13 fractions for each patient. The CT images were acquired on a Somatom Definition AS 40 (Siemens Healthcare, Forchheim, Germany) or Brilliance CT Big Bore (Philips Healthcare, Best, Netherlands) system with 2-mm slice thickness. The MR images were fused with the CT images for GTV contouring, and the PTVs were derived using a 2-mm expansion from the GTVs. Each patient’s PTVs were combined into a PTVall for plan evaluation. The mean volume of PTVall was 24.49 cm3 (2.93–62.51 cm3).

In each patient, two VMAT plans were generated for comparison to verify the method’s ability to reduce the low-dose range of exposure to normal brain tissue. One plan was designed using the longitudinal grouping strategy devised in this work (named the LGS plan), and the other plan was developed using the conventional strategy, in which all lesions were optimized simultaneously (named the CVS plan). The isocenter and number of VMAT arcs were identical between the CVS and LGS plans. Except for the fact that PTVall was set as the target of optimization, the other constraint objectives were consistent with the final optimization objectives in the LGS plan, and the structures of the constrains were the same in the two planning methods. All plans were designed using the Pinnacle version 16.2 (Philips Healthcare, Best, Netherlands) treatment planning system and the adaptive convolution algorithm. We used a 6-MV flattening filter-free photon beam with a maximum dose rate of 1,400 MU/min. The MLC with 2.5-mm leaves (Varian HD120) was used for planning and delivery, and each plan was calculated with high-resolution dose grid spacing of 2 mm. All plans were normalized so that 95% of the PTVall volume received 100% of the prescription dose.



Plan Evaluation and Comparison

The dosimetric parameters of PTVall and the OARs were derived from the dose volume histograms for plan evaluation. According to International Commission on Radiation Units and Measurements reports 83 (18) and 91 (19), the conformity index (CI) and gradient index (GI) were quantitatively assessed as tumor evaluation parameters. The CI represents the degree to which the prescription dose region conforms to the surface of PTVall, and it is calculated using the Paddick formula (20): (TVPV)2/(TV × PV), where TVPV represents the volume of PTVall, which is covered by the prescription dose; TV represents the volume of PTVall; and PV represents the prescription isodose volume. The GI is used to evaluate the dose falloff, and it was defined as PVhalf/PV, where PVhalf denotes the volume enclosed by the isodose surface of half the prescription dose, and PV is the volume enclosed by the prescription isodose surface. The median absorbed dose (D50%), the near maximum dose (D2%), and the near-minimum dose (D98%) of PTVall were recorded for target evaluation.

To evaluate the method’s effectiveness at minimizing unnecessary exposure to normal brain tissue, the dose received by normal brain tissue was also recorded for statistical analysis, including V100%, V50%, V25%, V10%, and Dmean of normal brain. The decreased proportions of V25% (1 − V25%, LGS plan/V25%, CVS plan), V10% (1 − V10%, LGS plan/V10%, CVS plan), and Dmean (1 − Dmean, LGS plan/Dmean, CVS plan) of normal brain in LGS plans were calculated, and the relationships between the decreased proportions and the number of lesions were analyzed.



Statistical Analysis

Paired Wilcoxon signed rank two-sided tests were performed on all datasets with IBM SPSS Statistics 19 (SPSS, Inc., Chicago, IL, USA). Individual comparisons between dosimetric parameters were performed, and p-values of <0.05 were considered significant.




Results

All plans achieved 95% coverage of PTVall. Figure 3 shows representative axial, sagittal, and coronal dose distributions for the two plans. The LGS plan achieved better low-dose distribution. By checking the BEV of each arc (see Figure 4), we found that all of the control points of the LGS plan were shaped like narrow strips and did not have the island-blocking problem, whereas the jaw opening was much larger for the control points of the CVS plan, and the island-blocking problem could not be avoided in the CVS plan. Table 1 contains a summary of the plan evaluation parameters and the respective descriptive statistics.




Figure 3 | Transverse, sagittal, and coronal dose distributions of two plans for an example patient. The patient had 14 BMs, which were divided into four groups. The 100, 75, and 50% prescription isodose lines did not show much difference between the two plans, but the differences between the 25 and 10% prescription isodose lines between the two plans were obvious. The dark blue ovals mark the areas where there is a significant difference in dose distribution between the two plans.






Figure 4 | One segment of LGS and CVS in BEV. The control points in the LGS plan are shaped like narrow strips that do not have the island-blocking problem. However, in the CVS plan, the issues of the island-blocking problem and large jaw opening inevitably arise.




Table 1 | Statistics of plan evaluation parameters for the two plan types.



The LGS plans achieved a similar level of conformity to that of the CVS plans (CI = 0.80 ± 0.05 and 0.79 ± 0.06, respectively; p = 0.374). There was also no significant difference in GI between the plans (LGS: 6.35 ± 1.15; CVS: 6.53 ± 1.24; p = 0.182). Figures 5 and 6 show the relationship between CI value, GI value, and lesion number: there was no significant correlation between CI, GI, and the number of BMs. There was also no significant difference in the near-maximum dose (D2%) of PTVall between the two plans (p = 0.534). However, the near-minimum dose (D98%) of the LGS plan was slightly higher than that of the CVS plan, and the median absorbed dose (D50%) of the LGS plan was slightly but significantly lower than that of the CVS plan (p = 0.006 and p = 0.041, respectively).




Figure 5 | Conformity values of the two plans for the 11 patients.






Figure 6 | Gradient index values of the two plans for the 11 patients.



Consistently with the equivalence in GI values, no significant difference between the two plans resulted for V100% and V50% of normal brain: 1.61 ± 2.17 cm3 and 129.72 ± 109.82 cm3, respectively, for LGS plans and 2.13 ± 3.26 cm3 and 139.26 ± 121.21 cm3, respectively, for CVS plans (p = 0.266 and p = 0.155, respectively). Statistically significant improvement in favor of LGS plans was achieved for V25% and V10% of normal brain: the value decreased from (543.72 ± 353.44 cm3, 1015.68 ± 366.79 cm3), respectively, for CVS plans to (511.37 ± 342.54 cm3, 928.45 ± 385.76 cm3), respectively, for LGS plans (p = 0.004 and p = 0.003, respectively). Consistently, the LGS plans’ mean dose of normal brain tissue (1116.68 cGy) was significantly lower than that of CVS plans in statistics (1,204.35 cGy; p = 0.003).

As we mainly focused on evaluating the reduction of unnecessary exposure of normal brain tissue, we determined the relationships between the decreasing proportion of V25%, V10%, and Dmean of normal brain and the number of lesions in the two plans. Figures 7 and 8 show that there was no particular relationship between the decreased proportions of V25%, V10%, and Dmean of normal brain in the LGS plans and the number of lesions, but the decreased proportions in the Dmean value of normal brain tended to decrease with an increased number of lesions.




Figure 7 | The relationship between the decreased proportion of V25% and V10% of normal brain in LGS plans and the number of lesions. There was no obvious correlation between the two factors.






Figure 8 | The relationship between the decreased proportion of Dmean of normal brain in LGS plans and the number of lesions. It seemed that the decreased proportions in the Dmean value of normal brain tended to decrease with an increased number of lesions.





Discussion

In this work, we developed a practical method for application in single-isocenter VMAT treatment planning for multiple BMs. This method’s strategy is to mimic the treatment mode of HT in single-isocenter VMAT plans. In our department, HT has been used in multiple BMs radiotherapy and has obtained good clinical results (21). Accordingly, if the collimator setting of the C-arm linac is maintained at 90°, the motion of the MLC leaves would be similar to the motion of binary MLC in HT, but more flexible when the optimized target objective is limited to a group of lesions. Since the maximum adjacent surface distance between the longitudinal projections of lesions in the same group did not exceed 1 cm, even when two or more lesions shared the same MLC leaf pairs, there was no unnecessary exposure to normal brain because there was only a narrow exposure gap between the lesions. Furthermore, each VMAT arc only covered lesions in the same group, which indirectly mitigates the deleterious effects of large jaw-defined field sizes. This reduces the island-blocking problem, and reducing the area of the jaw opening also decreases the leakage dose between the leaves, is which caused by the large jaw opening. The present study’s results verify this reasoning.

The results of comparisons between the two plan types showed no differences in conformity or gradient between the two methods. This may be because except for the first VMAT arc, the other VMAT arcs were optimized with the previously optimized dose, which may affect the optimization results of the current arc. Although there was no statistical difference between the two plan types’ average values of CI and GI, the conformity and gradient of the LGS plan were slightly better than those of the CVS plan.

The method proposed in this study decreased the low-dose region of normal brain tissue in some patients, but in some patients, the magnitude of the decrease was small. We can analyze this method’s effectiveness according to the number and location distribution of the BMs. First, Figure 8 shows that this method’s effectiveness may decrease with an increased number of BMs, in line with our expectations. When the number of BMs increased, most BMs were adjacent to each other on BEVs. Even if the VMAT plan is created by conventional methods, this reduces the island-blocking problem, and most of the leakage between MLC leaves is also irradiated into tumors, reducing the impact on the low-dose range of normal brain tissue. The locations of BMs are also an influencing factor. The distribution of targets in BEVs can fall into the following three categories: (a) very concentrated; (b) very scattered; (c) partly concentrated, partly scattered. If the targets are very concentrated (i.e., all BMs show closely adjacent status on BEVs), there is no need to use this method because the impact of the problems mentioned above is very small. Thus, the longitudinal grouping method is mainly useful for the other two categories. Furthermore, if there is a large distance between the BMs in the cephalo-caudal direction, a large area of normal brain tissues between those targets may be exposed to low-dose irradiation if the VMAT plan is devised by conventional methods. In addition, the low dose region may be larger if the jaw is fixed during optimization. The longitudinal grouping method would be more advantageous in the latter situation.

Although the proposed method was applied to multiple BMs treated with VMAT, it can also be applied to other situations in which multiple target volumes are treated by either VMAT or IMRT.

In the current method, tumors are grouped manually. This makes the planning process more complicated and time-consuming than the conventional method, in which all of the lesions are planned at the same time. Automatic grouping could solve this limitation, but such methods would require cooperation from the vendors of treatment planning systems. This method can also be applied to non-coplanar situations, but the effects of that specific application require further research.

In conclusion, the longitudinal grouping method can decrease unnecessary exposure and reduces the low-dose range of exposure to normal brain tissue.
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Background

To explore the efficacy and toxicity of simultaneous modulated accelerated radiotherapy (SMART) concurrently with cisplatin (CDDP) and S1 (tegafur/gimeracil/oteracil) in elderly patients with esophageal squamous cell carcinoma (ESCC).



Methods

This single-arm, phase II study enrolled pathologically confirmed, stage II–IVa ESCC of 70–80 years old and Eastern Cooperative Oncology Group performance status (ECOG PS) 0–2. Patients received SMART (64 Gy to gross tumor volume and 48 Gy to clinical target volume in 30 fractions) with concurrent CDDP (day 1 of each week) and S1 (days 1–14, 22–35). The primary endpoint was objective response rate (ORR). The secondary endpoints included progression-free survival (PFS), overall survival (OS) and toxicities.



Results

Thirty-seven eligible patients were analyzed with median follow-up of 25.7 months for all and 46.1 months for survivors. The ORR was 88.9%. Patients with baseline weight loss <5% (p=0.050) and nutritional risk index (NRI) ≥105.2 (p=0.023) had better tumor response. Median PFS was 13.8 months with 2-year PFS of 37.5%. Median OS was 27.7 months with 2-year OS of 57.5%. OS was significantly associated with ECOG PS (p=0.005), stage (p=0.014), gross tumor volume (p=0.004), baseline NRI (p=0.036), baseline C-reactive protein (CRP) level (p=0.003) and tumor response (p=0.000). CRP level (p=0.016) and tumor response (p=0.021) were independently prognostic of OS. ≥grade 3 anemia, neutropenia and thrombocytopenia occurred in 2.7%, 10.8% and 13.5% of patients; ≥grade 3 esophagitis and pneumonitis occurred in 18.9% and 2.7% of patient, respectively.



Conclusion

SMART concurrently with CDDP/S1 yielded satisfactory response rate, survival outcome and tolerable treatment-related toxicities in elderly patients with ESCC. Further studies are warranted to validate the results.
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Introduction

Esophageal cancer is the sixth leading cause of cancer death worldwide (1). Approximately 30% of patients diagnosed as esophageal cancer are over 70 years’ old (2), so there is an urgent need to optimize the treatment strategy in elderly. Although RTOG8501 has established the role of concurrent chemoradiotherapy (CCRT) in locally advanced esophageal cancer, only 23% of the subjects in the clinical trial were over 70 years old (3). Given that the risk of ≥grade 4 side effects was 10% in the concurrent chemoradiotherapy group, significantly higher than that in the radiotherapy alone group, the concurrent treatment mode is more inclined to younger patients with better general conditions. Elderly patients have greater risk of serious treatment-related toxicities due to less physiologic reserve or more comorbidities, therefore are less likely to receive multimodality treatment compared with younger patients (4). The efficacy and tolerance of CCRT for esophageal cancer in the elderly have not been fully studied, with most of the available researches were retrospective studies or prospective studies with small sample sizes (5–8). How to balance treatment efficacy and safety remains a challenging topic.

Tumor response and locoregional control are vital for the relief of tumor-associated symptoms and the improvement of quality of life in elderly patients. Since most of the local failures after radiotherapy occurred in the location of gross tumor volume (GTV), advanced radiation technique might safely improve the local control by increasing the dose to GTV (9). Simultaneous modulated accelerated radiotherapy (SMART) simultaneously delivers a higher dose per fraction to gross tumor and a relatively lower dose to the elective regions. Dosimetry analysis showed that the SMART plan could increase the dose of GTV from 50.4 Gy to 64.8 Gy while keeping a similar dose to the normal tissue compared with IMRT plan (10). Clinical study also supported the efficacy and safety of SMART at a dose of 59.92 Gy to gross tumor and 50.40 Gy to elective regions in 28 fractions concurrently with paclitaxel and nedaplatin for unresectable esophageal cancer (11). Therefore, we hypothesized that SMART can effectively protect normal tissues while increasing the dose of GTV for esophageal cancer, offering an effective and safety choice for elderly patient.

Cisplatin (CDDP)/5-fluorouracil (5-FU) is one of the most common chemotherapy regimens used concurrently with radiotherapy for esophageal cancer. The use of CDDP/5-FU regimen in elderly patients is limited by its high incidence of adverse effects (7). S1 is an oral 5-FU derivate composed of tegafur, gimeracil and oteracil. It also acts as a RT sensitizer. Studies have shown that S1 has superior efficacy and lower risk of toxicities than 5-Fu (12, 13). In clinical studies, RT concurrently with CDDP/S1 achieved promising response rates of 64.4–89.7% with modest toxicities in non-age-selected esophageal cancer (14, 15). Based on its modest toxicities in esophageal cancer, we hypothesized that CDDP/S1 might be a feasible concurrent chemotherapy regimen for elderly patients.

Although SMART and CDDP/S1 showed promising results in esophageal cancer, the evidence in elderly patients is still very limited. Therefore, we carried out this prospective, phase II trial to explore the efficacy and toxicity of SMART concurrently with CDDP/S1 for elderly patients with esophageal squamous cell carcinoma (ESCC).



Materials and Methods


Study Design and Participants

This was a single-arm, phase II study. Eligibility criteria included pathologically confirmed ESCC; stage II–IVa (AJCC TNM staging system, 7th edition) confirmed by endoscopic ultrasonography, CT imaging, bone scan and/or PET scan; aging 70 to 80; ECOG performance status of 0–2; Charlson score ≤4; weight loss ≤15% within the past 6 months; forced expiratory volume in 1s≥1L; adequate bone marrow, hepatic and renal functions; and ability to provide informed consent. Patients with prior chemotherapy, radiotherapy or biological therapy were excluded. This study was approved by the review board of our center and conducted according to the Declaration of Helsinki. Written informed consent was obtained from all participants.



Treatment

Patients were immobilized using a vacuum bag in the supine position, and underwent a planning CT scan with 5-mm-thick slices. Four dimensional CT was performed to account for respiratory motion. GTV was contoured as visible primary tumors and positive lymph nodes based on endoscopy, CT and/or positron emission tomography (PET) scans. Clinical target volume (CTV) included GTV plus a lateral margin of 0.5–1.0 cm, a longitudinal margin of 3–4 cm and elective lymph nodes regions. The planning target volume for GTV (PTV-GTV) and CTV (PTV-CTV) covered the GTV and CTV with a 0.5 cm margin (10), respectively. SMART technique was used, and treatment plans were generated by the Monaco treatment planning system (Elekta). Radiation was delivered with 6-MV photons by a linear accelerator. The prescribed doses were 64 Gy for PTV-GTV (2.1 Gy/fraction) and 48 Gy for PTV-CTV (1.6 Gy/fraction) in 30 fractions. It was required that 95% of the PTV receive the prescribed dose. Dose constraints for normal structures included: mean lung dose <20 Gy and the total lung volumes irradiated above 20 Gy (V20) <30%; V40 of the heart <30%; maximum dose of spinal cord dose ≤45 Gy; D0.5cc of the small bowl ≤45 Gy; maximum dose of the stomach <54 Gy; and V18 of the kidney <30%. In case of grade 4 myelosuppression, or ≥grade 3 nonhematologic toxicities that lasted longer than one week, RT was stopped until the toxicities resolved to ≤grade 2. For patients with a break ≥2 weeks, a new plan for a dose boost to PTV-GTV would be given at clinical discretion.

CDDP (25mg/m2) was delivered intravenously on day 1 of each week of RT, and S1 (40 mg/m2, bid) was delivered orally on days 1–14 and 22–35 during RT. For patients who could not swallow S1 capsule, the powder of S1 would be administered through the tube. Chemotherapy administration could be interrupted in case of adverse effects. Then a dose adjustment on weekly basis was needed when the adverse effects resolved.

Routine nutritional support was performed from the start of CCRT, including oral nutritional supplements, enteral nutrition via nasogastric tube or percutaneous endoscopic gastrostomy, and/or parenteral nutrition.



Evaluation

Patient history, physical examination, complete blood count, serum chemistries, endoscopy, chest/upper abdomen CT, chest magnetic resonance imaging (MRI), bone scan and/or PET scan were obtained before CCRT. Nutritional risk index (NRI) was calculated as: 1.519 × serum albumin level (g/L) + 41.7 × (present/usual weight). Neutrophil-lymphocyte ratio (NLR) was calculated as: the absolute neutrophils count/the absolute lymphocyte count. Charlson score was used for the evaluation of comorbid condition (16). Complete blood count (CBC) and serum chemistries were obtained weekly during CCRT. Objective response was assessed by endoscopy, chest/upper abdomen CT and chest MRI two months after CCRT according the tri-modality criteria (17). Assessment of disease by endoscopy, chest/upper abdomen CT and chest MR were first performed two months after CCRT, and then every 3-4 months for the first 2 years, every 6 months for years 3 to 5, and yearly thereafter. Bone scan or PET scan were performed when the patient was suspected for distant progression. Treatment related toxicities were graded by the Common Terminology Criteria for Adverse Events version 4.0 (CTCAE 4.0) from the start of radiotherapy until 2 months afterward. In particular, pneumonitis was observed from the start until one year after radiotherapy. The maximum observable toxicities were recorded.



Statistical Analysis

The primary endpoint of this study was objective response rate (ORR). ORR was defined as the percentage of patients who achieved partial or complete remission two months after CCRT (17). We assumed that the ORR could be improved from 60% according to previous published data to 80% in the current study. Enrollment of 36 patients was required to yield 80% power to detect an expected improvement based on a one-sided 0.025 level test. Considering the rate of dropout as 10%, planned enrollment was 40 patients.

The secondary endpoints included overall survival (OS), progression-free survival (PFS), loco-regional recurrence-free survival (LRFS), distant metastasis-free survival (DMFS) and toxicities. Endpoints of OS, locoregional recurrence and distant metastasis were measured from the start of CCRT. Correlation between clinical variables and tumor response was performed by the Chi-square test. Survival analyses were performed using the Kaplan-Meier method. Correlation between clinical variables and survival was performed using Cox proportional hazards model. Variables with a p-value <0.05 in univariate analysis were included in the multivariate model. The statistical analysis was performed using SPSS 24.0. A p-value <0.05 was considered statistically significant.




Results


Patients

Between July 2015 and June 2018, 42 patients with stage II–IVa ESCC were enrolled in this study. Five patients were excluded from analyses because of distant metastasis before treatment (n=2), inappropriate histology (n=1) or patient withdrawal (n=2). Thirty-seven patients were included in the current analyses (Figure 1). The characteristics of the analyzed patients are detailed in Table 1. At the time of last follow-up (June 20, 2020), 16 patients (43.2%) were alive and 21 patients (56.8%) were dead. Median follow-up time was 25.7 months (range, 1.1-59.0 months) for all and 46.1 months (range, 19.5-59.0 months) for living patients.




Figure 1 | Trial profile. CCRT, Concurrent chemoradiotherapy.




Table 1 | Baseline characteristics (n = 37).





Treatment Compliance

Treatment compliance is detailed in Table 2. Of the 37 patients, 22 patients (59.5%) completed the planned RT as planned. Other than that, there were 13 patients (35.1%) who completed RT with a break ≥7days due to persistent grade 3 esophagitis (n=6), grade 3 fatigue (n=5) or weight loss ≥10% during treatment (n=2). Two patients (5.4%) discontinued treatment and received a radiation dose < 50 Gy due to grade 5 sepsis (n=1) or grade 3 pneumonitis (n=1). The median treatment duration was 43 days (range, 39-134 days) for those who completed RT.


Table 2 | Treatment compliance (n = 37).



Thirty-two patients (86.5%) completed ≥4 weeks of CDDP, and 27 (73.0%) completed 4 weeks of S1. The reasons for dose modification included myelosuppression (thrombocytopenia in 4 patients, neutropenia in 3 patients and both in 1 patient), gastrointestinal toxicities (n=5) and decline in nutrition status (n=2).

Enteral nutrition during CCRT was performed via oral supplements, nasogastric tube and percutaneous endoscopic gastrostomy in 21 (56.8%), 7 (18.9%) and 9 (24.3%) patients respectively.



Response to CCRT and Survival

Thirty-six (36/37) patients were assessed for response two months after the end of CCRT (one patient died during CRT due to septic shock). There were 22 (59.5%) with complete remission (CR) of disease, 10 (27.0%) with partial remission (12) and 4 (10.8%) with progressive disease (PD). Progressive disease occurred in distant sites in three patient and in locoregional site in one patient. The objective response (CR+PR) rate was 88.9% (32/36). Gross tumor volume change two months after the therapy is shown in Supplementary Figure 1. Gross tumor reduction >70% was achieved in all patients with PR. The correlation between clinical variables and tumor response was explored (Table 3). Patients with baseline weight loss <5% (p=0.050) and baseline NRI ≥105.2 (p=0.023) tended to have better tumor response two months after CCRT.


Table 3 | Correlation between tumor response and clinical variables (n = 36).



Twenty-four (64.9%) of 37 patients had disease progression or died at last follow-up. Median PFS was 13.8 months (95% CI, 9.3-18.4 months), with 1-year, 2-year and 3-year PFS rates of 59.5% (95% CI, 43.6-75.4%), 37.5% (95% CI, 21.8-53.2%) and 34.4% (95% CI, 18.9-49.9%), respectively (Figure 2A). Twenty-one (56.8%) died at last follow-up. The estimated median OS was 27.7 months (95% CI, 15.8-39.7 months), with 1-year, 2-year and 3-year OS rates of 70.3% (95% CI, 55.6-85.0%), 57.5% (95% CI, 40.8-74.2%) and 42.6% (95% CI, 25.0-60.2%), respectively (Figure 2B).




Figure 2 | (A) Progression-free survival and (B) overall survival curves for 37 patients.



As shown in Table 4, in univariable analysis, median OS was significantly correlated with ECOG performance score (2 vs 0-1, 1.1 vs 27.7 months, p=0.005), stage (III-IVa vs II, 22.1 months vs not reached [NR], p=0.014), pre-treatment GTV volume (≥60.5 vs <60.5 cm3, 16.5 months vs NR, p=0.004), baseline NRI (≥105.2 vs <105.2, 16.5 months vs NR, p=0.036), baseline CRP level (≥10 vs <10mg/L, 13.5 months vs NR, p=0.003) and tumor response (non-CR vs CR, 13.5 months vs NR, p=0.000). OS showed no significant difference between patients who completed RT as planned and those who completed RT with break ≥7 days (27.7 vs 34.1 months, p=0.787). In multivariable analysis, baseline CRP level (p=0.016) and tumor response (p=0.021) were independently prognostic of OS (Figure 3).


Table 4 | Univariable and multivariable analysis of prognostic factors for overall survival.






Figure 3 | Overall survival curves for patients with (A) different baseline CRP levels, and (B) different tumor responses two months after radiotherapy. CRP, C-reactive protein; CR, complete response; OS, overall survival.





Failure Patterns

At the time of analysis, 8 patients (21.6%) developed loco-regional recurrence. 2-year LRFS was 64.4% (95%CI, 44.2-84.6%). Thirteen patients (35.1%) developed distant metastasis. 2-year DMFS was 59.1% (95%CI, 40.7-77.5%). The failure pattern is detailed in Supplementary Figure 2. Distant metastasis was the main cause of treatment failure with lungs being the most common involved site.



Toxicities

Treatment related toxicities are listed in Table 5. ≥Grade 3 hematologic toxicities included anemia in 1 (2.7%) patient, neutropenia in 4 (10.8%) patients and thrombocytopenia in 5 (13.5%) patients. Grade 3 non-hematologic toxicities included esophagitis in 7 (18.9%) patients, pneumonitis in 1 (2.7%) patient, gastrointestinal toxicity in 1 (2.7%) patient, fatigue in 1 (2.7%) patient and bleeding in 1 (2.7%) patient. No grade 4 non-hematologic toxicities were developed. Grade 5 sepsis occurred in 1 (2.7%) patient.


Table 5 | Treatment related toxicities (n = 37).






Discussion

The treatment for ESCC in elderly patients remains challenging due to the decreased physiologic reserve, increased prevalence of cardiopulmonary comorbidities, and increased risk of treatment-related toxicities in this population. The current study prospectively assessed the efficacy and toxicity of SMART concurrently with CDDP/S1 in 37 elderly patients with ESCC. Thirty-five (35/37, 94.6%) patients completed the SMART, while approximately one third of them experienced a treatment break ≥7days. The ORR was 88.9%, beyond the assumption goal of 60%. The median OS and PFS was 27.7 and 13.8 months respectively. Toxicities were acceptable with ≥grade 3 esophagitis in 7 (18.9%) patients and pneumonitis in 1 (2.7%) patient. Grade 4 side effects included neutropenia in 1 (2.7%) patient and thrombocytopenia in 3 (8.1%) patients. Treatment-related death occurred in 1 (2.7%) patient due to septic shock.

Some studies have evaluated the efficacy and safety of definitive CCRT in elderly patients and indicated that CCRT was a feasible strategy (5–8, 19–24). More information details were shown in Table 6. These studies delivered RT at doses ranging from 50 to 60Gy. The RT technique included 2D, 3D and IMRT. Concurrent chemotherapy regimen included CDDP/carboplatin plus 5-fluorouracil (5-FU), CDDP plus paclitaxel, CDDP plus capecitabine and single-agent regimen. The ORR ranged from to 56.7 to 84%. The median OS ranged from 9 to 35 months, with 2-year OS rate of 27 to 78%. Small sample size, different inclusion criteria, different RT technique/dose, and diverse chemotherapy regimen might account for the difference in survival outcomes. To the best of our knowledge, our study is the first prospective study assessing SMART concurrently with CDDP/S1 in elderly patients. Wang et al. retrospectively evaluated the feasibility and efficacy of CCRT with CDDP/S1 for elderly ESCC patients (21). The radiation dose was lower than ours (54 vs. 64 Gy). The chemotherapy regimens were similar except that CDDP was delivered as a three-months manner in their study. We achieved a higher ORR (88.9 vs. 84.0%) and OS (27.7 vs. 18.2 months) possibly due to the higher radiation dose.


Table 6 | Previous studies of radiotherapy for elderly patients with esophageal cancer.



Despite emerging evidence of CCRT for elderly patients with ESCC, the optimal treatment strategy remains to be elucidated. The first question is the selection of proper concurrent chemotherapeutic drugs. Previous study showed CDDP and 5-FU concurrently with CCRT might not be an appropriate regimen for elderly patients because of frequent treatment discontinuation (57.6%) and substantial grade 3 hematological toxicities (7). S1, an oral fluoropyrimidine, showed several advantages over 5-FU when used as a radiosensitizer (13). It could prolong the half-life of 5-FU in plasma. The oral and daily delivery method shortens hospitalization and makes dose modification convenient. Several studies showed platinum/S1 concurrently with CCRT exhibited encouraging efficacy and manageable toxicity in non-age-selected esophageal cancer, with myelosuppression being the most common adverse effect (14, 15, 25). In a prospective study evaluating CCRT with nedaplatin/S1 in stage II/III esophageal cancer, CR was achieved in 80% of 20 patients, and the 3-year OS was 58.0% (25). Grade 3-4 neutropenia, thrombocytopenia and anemia occurred in 18%, 12% and 6% of patients, respectively. In another phase II study of CCRT with CDDP/S1 in 116 patients with stage II-IVa esophageal cancer, the median PFS and OS were 14.4 and 27.6 months respectively (14). Grade 3-4 neutropenia thrombocytopenia and anemia occurred in 37.9%, 13.8% and 9.5% of patients. The survival data of these studies seemed to be better than that using CCRT concurrent with CDDP/5-FU, with a median OS of 13-17.5 months (3, 26). Based on the above evidence, we chose CDDP/S1 as concurrent regimen in elderly patients. Considering the decreased reserve in this less-fit population, CDDP was delivered in a weekly manner. Compared with the above studies in non-age-selected patients, our study showed similar survival outcomes and hematological toxicities in elderly patients. It is noteworthy that about one third of patients needed chemotherapy dose reduction mostly due to hematological toxicities in our study. The weekly delivered CDDP and daily delivered S1 allowed for in-time modification of drug dose, which was important for elderly patients with decreased bone marrow reserve. The suboptimal compliance to chemotherapy in the current study indicates that a modified chemotherapy regimen, such as single-agent chemotherapy, might be better-tolerated in elderly patients.

The more frequent chemotherapy dose reduction in elderly patients was concerned to affect the response rate and locoregional control. Therefore, intensifying the radiation dose to compensate for the inadequate concurrent drug delivery might be an option to increase treatment efficacy. At the same time, treatment-related toxicities must be considered when escalating RT dose. A population-based analysis included 2553 elderly patients (>65 years) with esophageal cancer treated with either 3-dimensional radiotherapy (3DCRT) or IMRT (27). The use of IMRT was associated with lower cardiac mortality and all-cause mortality compared with 3DCRT. In the current study, we used SMART technique to deliver an escalated dose of 64 Gy to gross tumor with a fraction dose of 2.13 Gy. The relatively high biological effective dose may explain the promising response rate and loco-regional control. Meanwhile, ≥grade 3 pneumonitis occurred in 1 (2.7%) patient and no cardiopulmonary cause death was observed with median follow-up of 25.7 months. These results suggested that dose intensification via SMART could be a good choice for the treatment of elderly patients with ESCC, which enables improvement in tumor response and better preservation of organ function. Longer follow up was needed for a better understanding of late toxicities.

General health condition of elderly patients needed special attention before the delivery of CCRT. Nutrition status and systemic inflammatory response have been reported as prognostic factors independent of age, performance status and clinical stage in patients with esophageal cancer (28–30). NRI, calculated by serum albumin and weight, is an objective and simple tool for assessment of nutrition risk. This index has been proposed for the evaluation of nutrition status in patients with various chronic disease (31). Our study showed that patients with baseline weight loss <5% and baseline NRI ≥105.2 tended to have better tumor response two months after CCRT. Baseline NRI was also predictive of OS. This was consistent with the results from non-age-selected population. Inflammation factors were reported to correlate with survival outcome in various cancer types including esophageal cancer (29). We explored the potential role of inflammation-based prognostic factors including CRP and NLR on OS. Baseline CRP level was found to be independently prognostic of OS. These results suggest that the baseline assessment of nutritional and inflammation status using routine clinical variables could predict survival in elderly patients, and serves an important basis for the individualized anti-cancer and supportive therapy. It’s unclear how the dynamic changes of these factors during CCRT influence clinical outcomes and it remains to be further investigated in the future.

As indicated in the multivariate analysis for OS, tumor response two months after CCRT was prognostic of OS. It motivates to assess tumor response as early as possible to adjust the treatment accordingly. Alternative treatment approaches, such as immunotherapy could be investigated for patients that have a poor response to the initial treatment protocol. Advanced disease stage and large GTV volume adversely affects the objective tumor response with marginal significance (Table 3). They were also significantly associated with overall survival in univariate analysis. These results were in line with previous studies on esophageal cancer (32, 33).

The analysis of treatment compliance revealed that treatment break was common in CCRT for elderly patients who are more susceptible to treatment toxicities due to the decreased physiologic reserve (8, 21). In our study, about one third of patients had a break ≥7 days during RT due to toxicities. From radiobiologic perspective, prolonging overall treatment time results in decreased tumor control probability and is therefore not desirable. Nevertheless, for elderly patient, a planned treatment break might help reduce treatment-related morbidity and maintain good general condition. Univariable analysis in our cohort showed that delayed and normal timed patients did not show a difference in OS. The relatively high radiation dose compensating for tumor repopulation during the break might explain the result of univariable analysis. It also implies that maintaining good general condition was as important as treatment consistency in this less-fit population.

In conclusion, our study showed that the SMART concurrently with CDDP/S1 yielded satisfactory response rate, survival outcomes and tolerable treatment-related toxicities in elderly patients with ESCC. Baseline CRP and tumor response were prognostic of overall survival. This study was limited by the relatively small number of patients and single-arm design. Randomized studies with larger sample size are warranted to further evaluate the efficacy and toxicity of this treatment approach.
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Whole brain radiotherapy (WBRT) for brain metastases (BMs) was considered to be dose limited. Reirradiation of WBRT for recurrent BM has always been challenged. Here, we report a patient with multiple BMs of non-small-cell lung cancer (NSCLC), who received two courses of WBRT at the interval of 5 years with the cumulative administration dose for whole brain as 70 Gy and a boost for the local site as 30 Gy. Furthermore, after experiencing relapse in the brain, he underwent extra gamma knife (GK) radiotherapy for local brain metastasis for the third time after 5 years. The overall survival was 12 years since he was initially diagnosed with NSCLC with multiple brain metastases. Meanwhile, each time of radiotherapy brought a good tumor response to brain metastasis. Outstandingly, during the whole survival, he had a good quality of life (QoL) with Karnofsky Performance Score (KPS) above 80. Even after the last GK was executed, he had just a mild neurocognitive defect. In conclusion, with the cautious evaluation of a patient, we suggest that reirradiation of WBRT could be a choice, and the cumulative radiation dose of the brain may be individually modified.
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Introduction

Brain metastases (BMs) occur in 40% of patients with systemic cancer, among which lung cancer is the most common primary tumor (1). Radiation therapy is the cornerstone of modern brain metastases treatment (2), and whole brain radiotherapy (WBRT) is the standard option for multiple BMs. As a result of advances in systemic therapy management, there shows greater rates of recurrence of BMs, as patients with lung cancer have been living longer.

The management of recurrent cranial metastatic disease previously treated with WBRT represents a challenge owing to the potential high risk of radionecrosis and neurocognitive deterioration, especially when choosing reirradiation of WBRT (3). The reported data on the topic of retreatment with WBRT is fractured and without a clear consensus (4, 5).

In this report, we presented a case of a patient with multiple BMs of NSCLC who underwent repetitive WBRT treatment during the course of the disease. The cumulative administration dose for the whole brain was 70 Gy, and a boost for the local site was 30 Gy. Meanwhile, during the whole survival, he had a good quality of life (QoL) and mild neurocognitive defects. Then, we discussed how we chose the strategy of reirradiation for brain metastasis.



Case Presentation

A 42-year-old Chinese man presented with cough, sputum, and facial paralysis in May 2006. The fibrobronchoscope demonstrated adenocarcinoma at the site of the inferior lobe of the left lung. At the same time, the initial magnetic resonance imaging (MRI) showed that the tumor had already invaded the brain with multiple intracranial metastases. The clinical staging was stage IV (cT4bN2M1 IVb), so surgery was not indicated. After careful evaluation, we suggested a combination of chemotherapy and radiotherapy as the optimal therapy for him. After one cycle of Gemcitabine and Cisplatin (GP) chemotherapy has been completed, the patient underwent radiotherapy for the primary site with a total dose of 70 Gy in 35 fractions, using the two-dimensional radiotherapy (2DRT) technique. The WBRT with a dose of 40 Gy in 20 fractions was delivered initially using 2DRT with two opposing lateral fields and a rotated collimator to fit the whole brain to shield the lens. Subsequently, we measured the depth and size of metastatic sites on diagnostic CT and marked them on the body. Then, a boost plan that employed an anterior field and a lateral field with a 45° wedge was delivered for intracranial metastatic sites with 10 Gy in five fractions based on these marks and measurements. After that, he was treated with three cycles of TP (Paclitaxel and Cisplatin) chemotherapy. After the treatment, the symptoms alleviated apparently, and the serological tumor markers decreased apparently. The radiographic tumor response was evaluated as a complete remission (CR). In addition, he had no prolonged fatigue and/or neurocognitive defects. It is a pity that because it has been a long time, he could not supply his medical information in details.

Without regular follow-up, the complete radiological remission lasted almost 5 years; in July 2011, the patient experienced the first intracranial relapse of multiple lesions, located in the right temporal lobe, parietal lobe, occipital lobe, and the left frontal lobe regions (Figures 1A, B), which had already received a boost of radiotherapy in 2006. He was found to have disturbance of consciousness by his family. The routine scan of the whole body showed that extracranial lesions were stable. Even though the patient’s epidermal growth factor receptor (EGFR) mutation status was unknown, he chose to accept erlotinib 150 mg daily. Meanwhile, he received reirradiation of the whole brain with a dose of 30 Gy in 15 fractions adopting three-dimensional radiotherapy (3DRT). The patient was immobilized with a thermoplastic mask. We contoured the target volume on the fusion images of CT/MRI and delivered a single isocenter coplanar intensity-modulated radiation therapy (IMRT) boost plan with a dose of 20 Gy in 10 fractions for metastatic intracranial tumors. Then, four cycles of nimustine (125 mg per 3 weeks) and maintenance erlotinib were followed. A follow-up MRI scan in September 2011 revealed that metastatic brain lesions regressed significantly (Figures 1C, D).




Figure 1 | Magnetic resonance imaging (MRI) with contrast enhancement of brain metastasis. (A, B) July 2011, before radiotherapy on brain. (C, D) September 2011, after radiotherapy on the brain.



There were no signs of progression until January 2016, when a relapse was located on the left parieto-temporal lobe (Figures 2A–C). Then, GK radiotherapy was performed focusing on the intracranial single lesion of the patient, which was executed at the Third Military Medical University Hospital, China, with an 18-mm collimator. The central dose of the target was 25.4 Gy, and the isodose line of 14 Gy (55% of the central dose) covered the whole tumor. The tumor response of this patient was a partial response (PR) at initial treatment, but just after 3 months, other new intracranial lesions have been observed in the frontal lobe (Figures 3A–D). Due to tumor progression in such a short time after radiotherapy, we chose chemotherapy with nimustine (125 mg per 4 weeks) as the palliative treatment modality. From then, recurrent pulmonary infection bothered the patient, and he eventually died of respiratory failure in August 2018.




Figure 2 | Magnetic resonance imaging (MRI) with contrast enhancement of brain metastasis. (A–C) January 2016, before GK radiotherapy on the brain.






Figure 3 | Magnetic resonance imaging (MRI) with contrast enhancement of brain metastasis. (A–D) April 2016, after GK radiotherapy on the brain, new intracranial lesions have been observed.



Outstandingly, during the whole survival, the patient had a good QoL with Karnofsky Performance Score (KPS) above 80. Even after the last GK was executed, he had just a mild neurocognitive defect in March 2018 after neuropsychological testing including 13 questionnaires in the Department of Geriatrics (File 1). Together with the brain MRI (slight necrosis and cerebromalacia), we found that the reirradiation of the whole brain did not bring severe neurocognitive defects as we worried before. It is noteworthy that no serious toxicity was observed throughout the entire survival, although the administered dose was far beyond the limits.



Discussion

Brain metastasis management is a complicated task. In this case, we chose WBRT as the first-line therapy, as it is the conventional option for multiple BMs. Generally accepted treatment for WBRT is 30 Gy in 10 fractions (6, 7). Additional radiation doses may be executed depending on the patient prognosis. Because this patient was diagnosed initially at 43 years old, we finally chose WBRT with a dose of 40 Gy in 20 fractions and a boost for intracranial metastatic sites with 10 Gy in 5 fractions, considering his life expectancy.

Treatment should be decided individually, and the appropriate patient selection is very important to benefit from reirradiation. It is most essential to evaluate the prognosis of patients with BMs. The prognostic index that has now become the most prominent is the diagnosis-specific Graded Prognostic Assessment (DS-GPA) (8). As defined by DS-GPA classes, our patient is a male of younger age (<65 years) with a good KPS (KPS >70), control of primary disease, and absence of extracranial metastases. Theoretically, even though the EGFR mutation status was unknown, he was supposed to deserve a better prognosis. Thus, when he had a brain relapse, we chose a positive strategy for him.

For recurrent cranial metastatic disease, the optimal treatment option is not clear. There is an increasing number of reports on the topic of reirradiation with WBRT, but still no clear consensus has been reached. Radiotherapy oncologists agreed that several factors must be considered simultaneously in the process of selecting patients (9, 10), including previous treatment details, such as dose, fractionation, volume, and the interval between the two irradiations, and the current patients’ condition, such as the cranial lesions’ number, location, and size, patient’s performance score, the status of extracranial disease, and patients’ life expectancy. One of the earliest, large retrospective cohorts of patients undergoing repeat WBRT was conducted by Cooper et al. in 1990 (11). He concluded that reirradiation with WBRT for cerebral metastases is a viable option for patients who experience cranial relapse more than 4 months after a satisfactory response to initial WBRT. Meanwhile, those patients also stayed in a good general condition when they experienced the cranial relapse. After reirradiation of WBRT, most patients had better survival outcomes and resolution of neurological symptoms. This conclusion was further supported by more studies. Researchers found that stable extracranial disease was associated with improved survival in patients undergoing reirradiation of WBRT (3, 12, 13). What is more, patients with higher KPS scores had a significantly better prognosis after reirradiation with WBRT (14, 15). In this case, our patient is a male of younger age (<65 years) with a good KPS (KPS >70), control of primary disease, and absence of extracranial metastases. Thus, when he had brain relapse, we chose reirradiation of WBRT for him with a dose of 30 Gy in 15 fractions and a boost for intracranial metastatic sites with 20 Gy in 10 fractions.

Except for the response ratio and survival benefits, the potential toxicity of reirradiation with WBRT is another significant consideration in choosing this treatment option for patients. However, few studies have reported severe toxicities from reirradiation with WBRT till now (4, 5). Radiation-induced brain injury was generally classified into three phases: acute, early-delayed, and late-delayed injury (16), among which we cared about most was the late-delayed injury, commonly observed from 6 months to several years after radiation therapy, because it is usually irreversible and progressive (17). Previous studies reported that cognitive deficiency was one of the most frequent consequences of radiation-induced late-delayed injury (18), occurring in 50%–90% of brain tumor survivors, and it could directly decline the quality of life of the long-term survivors (19). Currently, our knowledge on the mechanisms underlying radiation-induced brain injury is still limited, but it is believed that high radiation doses are responsible for permanent injury, especially the biologically effective dose (BED) (20). What is worth our attention in this case report is that this patient got the cumulative administration dose for the whole brain as high as 70 Gy and a boost for a local site as 30 Gy, without calculating the definite dose of the GK. The BEDcumulative of this case is approximately 166.7 Gy (α/β = 3) or 200 Gy (α/β = 2) in total. Even as the total BED is far beyond the conventional limits, this patient ultimately benefited from the repeated radiation of the whole brain and had a good quality of life with just a mild neurocognitive defect. As mentioned above, a break of more than 6 months till the second treatment would be a factor in clinics, as it may allow tissues to recover from occult injury. In this patient, the time interval between two WBRT was as long as 5 years. This could better help to explain his outcomes. Certainly, this time interval was usually accepted in the spinal cord, while rare data were shown in the brain. Considering the similarity in morphological and biological characteristics between the spinal cord and brain, we made this recommendation. What could help us better in the future is that choosing the WBRT technique, no matter for initial or repeated treatment with hippocampal avoidance, could be beneficial to protect neurocognitive function (21).

In fact, during the past decades, some developments have surged into the area of treating multiple BMs. The remarkable expansion of stereotactic radiosurgery (SRS) has been administered to patients with BMs, which was historically been utilized for some benign lesions. SRS is supposed to be particularly suitable for metastatic tumors because most are well-circumscribed. Kann et al. (22) reported that the overall utilization rate for SRS rose from 9.8% to 25.6% from 2004 to 2014. The most widely accepted technique of SRS is GK, while various innovations in linear accelerator (Linac)-based systems are now being well-used worldwide. For a long time, the upper limit of SRS alone without WBRT is generally considered to be four lesions. However, more and more studies have demonstrated that the number could not be the limitation. A trend for patients with ≥5 tumors to be considered for SRS alone is already apparently accepted early in this century (23). The prospective observational JLGK0901 study clearly showed the non-inferiority of SRS with GK for those with 5–10 BMs versus patients with 2–4, no matter in terms of overall survival (OS) or most secondary endpoints (24). Before this, the team of Yamamoto has presented two patients with more than 10 BMs who accepted treatment of GK alone and had a good outcome in the follow-up (25). Meanwhile, due to the technological advancement of Linac, there was a continuous increasing interest in SRS Linac-based applications. In the 1980s, several studies showed similar results in terms of accuracy between 4–10 MV Linac-based SRS and GK (26, 27). Alongi compared the two approaches for BMs in multiple dimensions and found that there were no differences in terms of local progression-free survival, survival rates, toxicity, and cost effectiveness. Even if GK remains superior in terms of deep isotropic dose fall-off out of the target, the integration of IGRT tools for SRS Linac-based treatment guaranteed the option of a frameless SRS safe and reliable similar to GK. Magnetic-resonance-guided radiotherapy (MRgRT) marks the beginning of a new era further (28). Due to the lack of device in this case, we chose WBRT to reirradiate, while a number of retrospective studies have documented re-SRS to be safe and effective (29, 30). Especially with the Linac-based SRS, whether with the non-coplanar mono-isocenter (HyperArc™) technique or the multiple non-coplanar arcs technique, they were demonstrated to improve survival outcomes (31, 32).

In summary, the case report showed that reirradiation of WBRT for patients with multiple BMs even as high cumulative dose still can contribute to good survival and showed slight neurocognitive defects. Therefore, careful selection of the appropriate patient for reirradiation will be needed, and new strategies for BMs would be a better indication. All of these could help to make a proper therapeutic choice.



Conclusion

Management of BMs has changed substantially in the past 5–10 years, with varied treatments that have a greater focus on disease control and mitigating the effects of treatment, especially on the role of reirradiation of BMs. However, in reality, lots of departments could not afford the new and expensive equipment so that WBRT is still the cornerstone of modern brain metastases treatment. We report the administration of >70 Gy cumulative activity of WBRT without serious toxicity. This case underscores the therapeutic potential of WBRT therapy in metastatic disease and interindividual dose-tolerance variability. This, to our knowledge, represents a high reported value of reirradiation with whole brain radiotherapy for recurrent brain metastases. In an individual attempt to palliate metastatic disease, the high cumulative activity of radiotherapy should not preclude the patient from repeat treatment.
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Background

Information about radiation-induced liver disease (RILD) in hepatocellular carcinoma (HCC) patients preexisting hepatitis B cirrhosis with portal vein tumor thrombus (PVTT) extended to the main portal vein treated with stereotactic body radiotherapy (SBRT) is still inadequate and the predictive markers for RILD have not been cleared in these patients. The aim of the study is to identify factors that can be used to predict RILD and to evaluate the influence of RILD in these patients.



Methods

In our study, 59 patients were analyzed and evaluated from December 2015 to June 2019, according to the entry criteria. After treatment, 59 patients were followed up within the first month and then every 3 months. Hematology test, tumor markers, three-phasic CT scan of the lungs, and CT or MRI scan of the liver were performed at each follow up.



Results

Median overall survival time was 10.7 months (range, 5.8 to 14.9). RILD appeared in 17 of the 59 patients (28.8%) at the 3rd month after SBRT. In the univariate analysis, not only the CP score class (A or B) but also each different pretreatment CP score (p < 0.05) was a significant predictive factor of RILD. More RILD cases were detected with the increase of CP score. The recovery rate decreased as the baseline CP score increased (p < 0.05). It was found that the overall survival time was affected by only baseline CP score and RILD (p < 0.05).



Conclusions

The development of RILD has a dependency on the CP score in these patients. CP scores before treatment and RILD are significantly associated with overall survival. SBRT is an effective and safe method for patients with CP ≤ B7. For patients with CP-B8, liver function should be monitored more frequently. It is not safe enough for the SBRT treatment in CP-B9 patients.





Keywords: HCC, SBRT, PVTT, RILD, radiation-induced liver disease



Introduction

Hepatocellular carcinoma (HCC) is a kind of tumor with very high malignancy. The incidence of HCC ranked 6th among all types of cancer worldwide. It has ranked third in the causes of cancer-related death in China up to now (1, 2). The first choice of treatment for small HCC is surgical resection. However, when being diagnosed many patients are unsuitable or hard for resection or other local treatments, especially the cases with macrovascular invasion (MVI) (3, 4). The most common form of MVI in HCC is portal vein tumor thrombus (PVTT), patients with which have a very short survival time, with an incidence ranging from 44 to 62.2%, and the prognosis for patients with PVTT remains poor till now (5). The treatment of HCC with extensive portal vein involvement remains disputed and intricate. In previous studies, patients with PVTT presented in the main or contralateral branch of portal vein had no survival benefits from surgical resection, whose survival times were generally even shorter (6). Treatments of HCC with PVTT extended to the main portal vein are multidisciplinary and include surgery, intervention such as trans-arterial chemoembolization (TACE), radiotherapy, tyrosine kinase inhibitors (TKIs), and programmed cell death protein 1 inhibitors (PD-1) (7, 8).

It can be learned from previous studies that in the cases of PVTT extended to the main portal vein, radiotherapy (RT) was often considered as a secondary treatment that might be effective (9, 10). Stereotactic body radiotherapy (SBRT), as an emerging technology, delivers high doses of radiation to the target in a few fractions, coupled with a high degree of accuracy in target delineation, which takes advantage of the advancements in precise radiation dose delivery, respiratory motion management, and precise image guidance (11–13). Nowadays, for the small HCC patients who are not qualified for surgery or other local treatments, SBRT has already been adopted as an effective treatment (14). By now, few studies have explored the efficacy and risk of SBRT for the treatment of PVTT involving the main trunk. Among the treatments of HCC patients in our center, SBRT is adopted for the patients who have unresectable HCC with PVTT now.

Meanwhile, side effects must be considered and managed in the use of SBRT. Because of limited effective treatments to cure various kinds of side effects, radiation-induced liver disease (RILD) is so important in the use of SBRT that more attention should be drawn to it. So, determining predictive factors for RILD seems important in clinical work. For some kinds of tumors, a few studies have found that dose-volumetric parameters were predictive factors of RILD (12, 15, 16). In addition, some clinical factors were related to the occurrence and development of RILD have been reported (13, 15–17). But the research is even less about RILD in patients with HCC, especially patients with PVTT extended to the main portal vein who were treated with SBRT. Many factors may increase the risk of RILD. In China, the main cause of liver cancer is hepatitis B cirrhosis. In clinical work, the great majority of patients with HCC in China have been preexisting hepatitis B, which also affects the occurrence and development of RILD (12). Information about RILD in HCC patients preexisting hepatitis B cirrhosis with PVTT presented in the main portal vein treated with SBRT remains inadequate.

The purpose of the study is to investigate suitable markers that affect RILD in patients who have been preexisting hepatitis B cirrhosis with PVTT presented in the main portal vein who are treated with SBRT and we followed the methods of Kim et al., 2018 (18).



Data and Methods


Ethics Statement

This study was approved by the Institutional Review Board of The Fifth Medical Center of PLA General Hospital and was conducted in accordance with the Declaration of Helsinki and internationally accepted ethical guidelines. All patients signed written informed consent for their information to be stored in the hospital databases and used for research.



Clinical Data

From December 2015 to June 2019, 59 HCC patients with PVTT treated by SBRT in the Fifth Medical Center of PLA General Hospital were finally enrolled. The inclusion criteria were as follows: primary HCC with hepatitis B cirrhosis, pretreatment Child-Pugh (CP) class A or B with good performance status (0 or 1 score), HCC with PVTT presented in the main portal vein at the time of diagnosis, no evidence of extrahepatic metastasis, the follow-up studies ≥ 3 months, no other treatments were performed before SBRT, no other local treatment was taken within 3 months after SBRT, more than 700 cc of uninvolved liver.



Therapeutic Method

Target tracking was provided by 4 to 6 golden fiducials implanted before receiving SBRT treatment (CyberKnife, Accuray, USA). Dynamic respiration tracking and fiducial tracking were applied simultaneously in the treatment. CT localization: A plain CT scan was done one week after implantation. Except for benchmark images, the additional images were chosen based on patients’ conditions, and these images were enhanced CT scans, magnetic resonance imaging (MRI), positron emission tomography-computed tomography (PET-CT), or hepatic arteriography, etc. SBRT treatment plan design: The gross tumor volume (GTV) represented the tumor thrombosis visualized on the contrast-enhanced CT or MRI. The gross tumor volume (GTV) and organs at risk (normal liver, kidneys, esophagus, stomach, duodenum, bowel, and spinal cord) were contoured by an oncologist and the planning target volume (PTV) was expanded 3–5 mm around the GTV, which contoured 100% of GTV (14). All plans were designed by G4 CyberKnife MultiPlan (Version 4.0.2). A total dose of 49-54Gy was delivered in 7–9 fractions (49Gy/7f, 48Gy/8f, or 54Gy/9f). The normal tissue dose was within the normal radiotherapy tolerance dose (TG-101).



Follow-Up

Liver function assessment and routine blood examination were all done before treatment. After SBRT, the patients were followed up and liver function was examined within 1 month and then every 3 months until the death or necessary.



Evaluation of RILD

The liver toxicity reaction evaluation is based on the definition of RILD, of which there are two types: classic RILD and non-classic RILD. Non-classic RILD occurs in patients with underlying chronic hepatic diseases. So, we refer to the non-classic RILD definition which is divided into elevated liver transaminases increased by more than fivefold compared to normal levels, or worsening of Child-Pugh (CP) score by 2 or more within 3 months after SBRT. Meanwhile, a decrease of CP score or normalization of hepatic enzymes within 6 months could be defined as recovery from RILD (19). CP score was recorded at the beginning of SBRT within 1 week. The clinical data analyzed were age, gender, CP score, alpha fetoprotein (AFP), aspartate aminotransferase (AST), and alanine aminotransferase (ALT). Dose-volumetric data analyzed were SBRT dose and dose per fraction. Liver function, coagulation function, and routine blood tests were examined regularly during the SBRT procedure to evaluate acute toxicity every 3-5 days. After treatment, all patients were followed up within 1 month, and then every 3 months.



Statistical Methods

SPSS 26.0 software was used to perform statistical analyses. Differences between groups were compared according to the Chi-square test, or Student t test. The overall survival (OS) was calculated from the diagnosis to the date of either death or the last follow-up visit. Cox regression analysis was used to predict the effective markers for survival time. P-values less than 0.05 were considered to indicate statistically significant differences.




Results


Patient Characteristics

Baseline characteristics of the patients are summarized in Table 1. The follow-up time of the patients is 14.9 months. According to the admission criteria for this study, 59 patients were analyzed and evaluated. Overall survival time was defined as the time from diagnosis to death. The median overall survival time was 10.7 months (range, 5.8 to 14.9). The median age was 57 years old (range, 33 to 74). RILD was observed in 17 of the 59 patients (28.8%) in the 3rd month after the end of SBRT. An increase of CP score by 2 appeared in 13 of the 17 patients (76.5%). A liver transaminases increase by more than fivefold compared to normal levels appeared in 4 of the 17 patients (23.5%). By definition, CP Class A includes CP scores 5 and 6, and CP Class B includes CP scores 7, 8, and 9. Of all the patients, 27 were in CP Class A and 32 were in Class B. The number of initial AFP increased (> 10 ng/ml) was 53, the initial ALT increase (> 35 U/ml) was 31 and the initial AST increase (> 40 U/ml) was 26. A total of 48 patients (81.4%) received tyrosine kinase inhibitors (TKIs) (23 Sorafenib, 25 Lenvatinib) after SBRT. There were 2 (4.7%) patients that received programmed cell death protein 1 inhibitors (PD-1) alone after SBRT, 5 patients (11.6%) that received SBRT alone,7 (11.9%) patients that received both PD-1 inhibitors and TKIs after SBRT, and 23 (38.9%) patients that received TACE when progression happened after SBRT.


Table 1 | Baseline characteristics of the patients.





Markers of RILD

In the univariate analysis, not only CP score class (A or B) but also different pretreatment CP score (p < 0.05) is the significant predictive factor of RILD. By analyzing, it is found that age, gender, baseline AST, baseline ALT, baseline AFP, SBRT dose, and dose per fraction do not have an obvious correlation to RILD (Table 2). Different scores are found to be significantly associated with RILD (p < 0.05). From the data analyzed separately, compared with CP-A5 patients, the incidence of RILD in CP-A6 patients and CP-B7 patients does not increase statistically, while the increase of the incidence of RILD in CP-B8 and CP-B9 patients has statistical significance. For the incidence of RILD, the CP-B7 patients may be a watershed in the treatment of the patients who have been preexisting hepatitis B cirrhosis with PVTT extended to the main portal vein [CP score 6 (CP-A6): 95% confidence interval (CI), -0.407–0.243; p=0.613] [CP score 7 (CP-B7): 95% CI, -0.550–0.068; p=0.123] [CP score 8 (CP-B8): 95% CI, -0.747–0.110; p=0.009] [CP score 9(CP-B9): 95% CI, -1.566–0.291; p=0.005] (Table 3).


Table 2 | Patient characteristics in relation to the risk of RILD.




Table 3 | Each different score in relation to the risk of RILD.





RILD and CP Score

The occurrence of RILD is correlated with the baseline CP score, especially the CP > B7 patients. The incidence of RILD after SBRT is 7.14% (1 of 14 patients) in CP-A5 patients, 15.38% (2 of 13 patients) in CP-A6 patients, 31.25% (5 of 16 patients) in CP-B7 patients, 50.00% (7 of 14 patients) in CP-B8 patients, and 100.00% (2 of 2 patients) in CP-B9 patients. The incidence of RILD increases clearly above CP-A6, and it has statistical significance above CP-B7. The recovery rate decreases as baseline CP score increases. The recovery rate is 100.00% (1 of 1 patients) in CP-A5 patients, 50.00% (1 of 2 patients) in CP-A6 patients, 40.00% (2 of 5 patients) in CP-B7 patients, 28.57% (2 of 7 patients) in CP-B8 patients, and 0.00% (0 of 2 patients) in CP-B9 patients. The recovery rate decreases evidently in patients above CP-B7 (Figure 1 and Table 4).




Figure 1 | The incidence of RILD and recovery rate after SBRT in different CP scores.




Table 4 | Incidence and recovery rate.





Changes of Liver Function

We examined patients’ liver function and calculated CP scores at the 3rd and 6th months after SBRT (Figure 2 and Table 5). With the increase of CP score stage, the variance of CP score after SBRT became larger. The change in CP score is 0.64, 0.15, 0.63, 0.64, and 1.5 points in patients with CP-A5, CP-A6, CP-B7, CP-B8, and CP-B9 at the 3rd month, respectively. The change in CP score is -0.21, 0.16, 0.12, 0.29, and 0.5 points in patients with CP-A5, CP-A6, CP-B7, CP-B8, and CP-B9 at the 6th month compared to those at the 3rd month, respectively. We can see that in the 6th month, with the increase of baseline CP score, the change range of CP score also increases. There was 1 patient with CP-B9 who died within 6 months because of hepatic failure.




Figure 2 | The change of CP score at the 3rd and 6th month.




Table 5 | Variance of CP score.





Investigation of Survival Time

In the Cox regression analysis, the overall survival time is affected by baseline CP score and RILD. The relationship between age, baseline ALT/AST/AFP, and survival time is not statistically significant (p>0.05) (Table 6). For these patients treated with SBRT, with the increase of baseline CP score, the survival time decreases significantly. And for the patients with similar basic characteristics, the occurrence of RILD affects the survival time. This means that once RILD occurs, survival may be impaired. For patients with low CP scores and without RILD, the survival time is longer (CP-A6: hazard ratio (HR), 0.003; 95% CI, 0.000 to 0.107; p = 0.001) (CP-B7: HR, 0.009; 95% CI, 0.000 to 0.208; p = 0.003) (CP-B8: HR, 0.023; 95% CI, 0.001 to 0.372; p = 0.008) (CP-B9: HR, 0.094; 95% CI, 0.004 to 0.645; p = 0.022) (RILD: HR, 1.007; 95% CI, 0.347 to 2.880; p = 0.04) (Figure 3 and Table 6). Of the 17 RILD patients, 1 (5.88%) died of RILD within 6 months after SBRT. Death related to RILD occurred only in patients with CP-B9.


Table 6 | Analysis of overall survival.






Figure 3 | Overall survival in different CP scores.





Possible Effects of Follow-Up Treatment

Overall survival time is 10.93 months for those who received TKIs after SBRT, 9.78 months for those receiving PD-1 inhibitors after SBRT, and 11.94 months for those who received TACE after SBRT when progression happened. Although the overall survival time is not statistically significant in this study, we can still find some trends. The use of systemic therapy may help improve survival under the premise of fully considering the possible toxic reactions.




Discussion

For HCC patients, in addition to the malignant degree of the tumor, the survival time is also affected by the degree of liver cirrhosis. The more severe the liver cirrhosis is, the worse the liver function is, and the worse tolerance to various anti-tumor treatment methods is. In China, the main cause of liver cirrhosis is hepatitis B cirrhosis. In addition, for patients with PVTT, the pressure of the portal vein increases, and the incidence of liver failure and gastrointestinal bleeding increases significantly. Previous studies have shown that when the cancer thrombus existed in the main portal vein, the median survival time was only 5.6 months, especially in patients with liver function grade B, whose median survival time was less than 3 months (20). It can be concluded from the above that if there is a main portal vein tumor thrombus in hepatitis B related HCC patients, there is a great challenge in the anti-tumor treatment, as such patients have short survival periods, limited treatment options, and a high risk of hepatic failure. Therefore, we consider that for such patients, the implementation of SBRT for portal vein tumor thrombus may open up a new situation. In present studies, the patients with PVTT, especially involving the main trunk, were unsuitable for surgery or TACE due to the failure in prolonging the survival time, while traditional radiotherapy might improve the risk of hepatic failure. In recent years, SBRT has emerged to be a critical treatment for such patients. But the risk of RILD for SBRT is still uncertain for those patients. So, markers to predict RILD need to be established to help us to avoid the occurrence of RILD as far as possible. In some literatures, RILD is divided into “classic” and “non-classic” types (19). Classic RILD typically occurs at about 1 month after the completion of radiotherapy. Some previous studies showed that non-classic RILD was discovered in patients with underlying chronic liver disease, so RILD is defined as the non-classic in our study (15, 21, 22). In our study, RILD was found in 17 of the enrolled 59 patients. The results showed that CP score before treatment was significantly associated with the occurrence of RILD. Compared with CP-A5 patients, the incidence of RILD in CP-A6 patients and CP-B7 patients did not increase statistically, while the increase of the incidence of RILD in CP-B8 and CP-B9 patients had statistical significance. Previously, some studies also reported that ALT and AST were important factors to predict RILD (17, 23), but we did not find the relevance in our study. According to Kimura T et al. (23), the incidence rate of RILD was higher in the CP class B than class. A. Jung J et al. (17) have found that the marker related to grade 3 liver toxicity or greater was CP score. We followed the methods of Kim et al. to find more information about RILD in HCC patients preexisting hepatitis B cirrhosis with PVTT extended to the main portal vein treated with SBRT (18). In our study, we chose a group of patients who were prone to radiation injury, as all the patients enrolled had hepatitis B cirrhosis. The patients with different CP scores do not have the same liver function in clinical work. We analyzed the relation of the incidence rate of RILD and CP score. The probability of RILD is related to the stage of CP score (p < 0.05) (Table 3). This suggests that for patients in our study, especially in cases of CP class B, there may be differences in the development of RILD. For the incidence of RILD, the CP-B7 patients may be a watershed in the treatment of these patients. Some studies have reported that the liver function of patients with CP-A6 may be inferior to that of CP-A5 patients because of fibrosis (24, 25). So, there are reasons to believe that CP > B7 patients have a higher probability of RILD than others. Patients with different CP scores have different risk probabilities. There may be differences between CP-A5, CP-A6, and CP-B7, but perhaps due to the number of cases, there is no statistical difference in our study.

The recovery rate from RILD is examined and the dynamic changes of CP score after SBRT are described. The recovery rate is 100% in CP-A5 patients. It is moderate in CP-A6 (50%) and CP-B7 (40%) patients. The recovery rate is clearly lower in CP ≥ B8 patients: 28.57% in CP-B8 patients and 0% in CP-B9 patients (Figure 1 and Table 4). That RILD is not safe enough in CP-B9 patients can be concluded due to the high possibility of RILD and low recovery rate from it. For the CP-B8 patients, treatment should be evaluated carefully because the risk of RILD is high and liver function should be assessed more frequently because the recovery rate is clearly lower than the CP < B8 patients. Several other studies also supported that it was not safe enough in CP ≥ B8 patients during the treatment of SBRT. Nabavizadeh N. suggested that only CP ≤ B7 patients may be suitable for SBRT because of the moderate liver toxicity (26). Another study has reported that CP ≥ B8 is associated with serious liver toxicity or death (p = 0.030) (23). We can conclude that in our study, for the patients with PVTT extended to the main portal vein, more attention should be given during and after the treatment of SBRT in CP ≥ B8 patients.

It is obvious that SBRT could affect liver function. However, few studies about it have been done. Wo JY et al. have reported that decline in CP classification in HCC patients is the most important and common change after SBRT (27). In this study, we evaluate CP score and liver function at the 3rd and 6th months after SBRT. In patients with CP-A5, CP-B7, and CP-B8, the CP score changes by 0.5-1 point at the 3rd month. However, different from the other two groups, the scores of CP-A5 patients dropped at the 6th month. So, we find that the change in function of the liver is more clear in CP ≥ B7 patients than it in CP < B7 patients. But for the CP-B9 patients, the CP score changes by 1.5 points at the 3rd month. The CP class evolves from class B to C (Figure 2 and Table 5). The results show that the CP-A5 and CP-A6 patients with PVTT extended to the main portal vein are safe, in contrast, as they can tolerate the liver toxicity caused by SBRT. In the patients with CP-B7, it is neccessary to monitor liver function carefully to avoid RILD as far as possible. In patients with CP-B8, more methods should be tried to adjust dose per fraction and total dose and monitor liver function more frequently. In patients with CP-B9, it is not safe enough for the SBRT treatment.

The results show that CP score before treatment and RILD are significantly associated with overall survival. Previously, Xu ZY et al. (16) and Son SH et al. (28) have shown that the overall survival time could be shorted by RILD. It can be concluded in our study, the overall survival is also related to RILD statistically for the hepatitis B patients with PVTT extended to the main portal vein. Especially in the patients with poor baseline liver function (CP ≥ B8, especially B9), RILD seems an important factor that can influence overall survival time. The correlation between initial CP score and survival time is obvious too. Patients with different scores have different survival times. It was reported by Kimura T et al. that CP ≥ B8 patients were more probably subjected to severe liver toxicity and the death rate was rising (23). In some other research, the CP-B7 patients had a longer survival time and less toxicity caused by radiotherapy than CP ≥ B8 patients (29). In the light of these studies, CP ≥ B8 patients might have irreversible damage of liver function, thus the survival time could be shorted. Therefore, once RILD occurs, it is hard for these patients to reverse the damage. For these patients treated with SBRT, with the increase of baseline CP score, the survival time decreases significantly. And for the patients with similar basic characteristics, the occurrence of RILD affects the survival time. The survival time of patients with poor liver function is shorter as we know. While the occurrence of RILD means that these patients have poor tolerance to SBRT. So, it is not hard to understand the impact of these two factors on survival time.

Our study also has some limitations. First, it is a retrospective study. Second, the number of cases is relatively small, because we include only HCC patients who have been preexisting hepatitis B cirrhosis with PVTT extended to the main portal vein treated by SBRT. More CP-B Class patients need to be treated with SBRT to find more markers to reduce the incidence of RILD for clinicians. Further prospective investigation is needed to clarify more relationships between liver function, RILD, and survival time. Due to the small number of cases and the lack of previous experience, the combined therapy of TKIs, PD-1 inhibitors, and SBRT failed to show a clear survival advantage, statistically. If there is no contraindication, TACE is still a better choice for patients with tumor progression after SBRT. After we have accumulated the experience of treatment, multidisciplinary treatment needs to be proven to be the direction of the future in more prospective investigations.



Conclusion

CP score is closely related to the development of RILD in patients who have been preexisting hepatitis B cirrhosis with PVTT extended to the main portal vein. CP score before treatment and RILD are significantly associated with overall survival. SBRT is a safe and effective treatment for patients with CP ≤ B7. For patients with CP-B8, more methods should be tried to adjust dose per fraction and total dose and monitor liver function more frequently. It is not safe enough for the SBRT treatment in CP-B9 patients. The use of systemic therapy may help improve survival under the premise of fully considering the possible toxic reactions.
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Objective

The aim of this study was to investigate the efficacy and safety of combined applications of local consolidative radiation therapy (LCRT) and first-line tyrosine kinase inhibitors (TKIs) for the treatment of primary tumors and oligometastatic sites in oligometastatic NSCLC harboring Epidermal Growth Factor Receptor (EGFR) activating mutations.



Patients and Methods

Elderly patients with oligometastatic NSCLC (≤5 metastases) harboring EGFR activating mutations at the time of diagnosis were identified. They were treated with first-line TKIs alone or in combination with LCRT. Progression‐free survival (PFS) and overall survival (OS) were estimated through the Kaplan–Meier method.



Results

A total of 122 elderly patients were enrolled between February 2010 and January 2018. Among them, 41.0% (n = 50) received TKIs combined with LCRT (TKIs + LCRT group), whereas 59.0% (n = 72) received TKIs monotherapy (TKIs alone group). Patients were followed up for a median length of 34 months (ranging from 7.0 to 64 months). The median PFS in TKIs + LCRT group was 17 months (95%CI: 15.37–18.63), which was significantly longer than that of the TKIs-alone group (12 months; 95%CI: 11.05–12.95) (p <0.001). Median OS in TKIs + LCRT group was 38 months (95%CI: 35.61–40.39), while that of the TKIs-alone group was 29 months (95%CI: 26.86–31.14) (p <0.001). Multivariate analyses revealed that LCRT, one to two metastases, and good ECOG PS were independent predictors for better PFS (p <0.001, p = 0.004, and p = 0.027). Moreover, LCRT, good ECOG PS, and T1-2 stage were independent predictors for better OS (p <0.001, p = 0.007 and p = 0.007). Most of the patients suffered from grade 1 to 2 toxicities, and treatment-related deaths were not recorded.



Conclusion

First-line TKIs combined with LCRT may improve survival outcomes for elderly patients with oligometastatic NSCLC harboring EGFR activating mutations. This approach was not associated with much toxicity, therefore, it can be used for the treatment of elderly patients with oligometastatic disease.





Keywords: EGFR mutant NSCLC, local consolidation radiation, residual disease, oligometastatic, elderly patients



Introduction

The prevalence of non-small cell lung cancer (NSCLC) among elderly people has been increasing. Approximately 50% of NSCLC patients present with distant metastases at the time of diagnosis (1). In advanced NSCLC patients with sensitizing EGFR mutations, EGFR-TKIs have been found to effectively improve clinical outcomes, relative to cytotoxic chemotherapies (2–5). However, within 9–12 months of treatment, most patients develop resistance to EGFR-TKIs (6, 7). In 1995, Hellman proposed the concept of “oligometastasis”, which is the transition stage between local primary tumors and extensive metastasis. Several randomized clinical trials have evaluated the efficacy of different treatments for patients with oligometastatic NSCLC (8–10). However, available treatments are not effective for geriatric patients with NSCLC harboring EGFR mutations, without T790M-mediated resistance to their initial EGFR inhibitor. Unlike younger patients, elderly patients are often administered with less aggressive treatments, possibly due to resistance to EGFR-TKIs. Therefore, there is a need to develop treatment options that can suppress tumor progression among elderly patients. A combination of local consolidation therapy and EGFR-TKIs in patients with oligometastatic NSCLC harboring EGFR activating mutations significantly prolonged PFS and overall survival (OS), relative to TKIs alone (11). Currently, the efficacy and safety of combined local consolidative radiation therapy (LCRT) and first-line EGFR-TKIs in elderly patients with oligometastatic NSCLC harboring EGFR activating mutations have not been clearly defined. In this study, we tested the hypothesis that elderly patients with oligometastatic NSCLC harboring EGFR mutations may benefit from combined treatments of LCRT and first-line EGFR-TKIs.



Materials and Methods


Patients

Stage IV EGFR-mutant NSCLC patients with oligometastatic disease within 1 month of diagnosis at the Beijing Geriatric Hospital and Air Force General Hospital were retrospectively analyzed between January, 2010 and February, 2018. The inclusion criteria were: 65 years or older (elderly), pathologically confirmed NSCLC harboring EGFR-sensitizing mutations, patients with synchronous oligometastatic disease (≤5 metastases) confirmed by comprehensive imaging examinations (namely, brain magnetic resonance imaging (MRI) + whole-body positron emission tomography computed tomography (PET-CT) or brain MRI + thoracic/abdominal/pelvic CT, and bone scan when necessary), Eastern Cooperative Oncology Group Performance Status (ECOG PS) score of 2 or less, after initial treatment with first-line EGFR-TKIs, the primary tumor and all metastases were stable.

Treatment responses were assessed 6–8 weeks after treatment with first-line TKIs, in accordance with response evaluation criteria for solid tumors, Revised RECIST guidelines (version 1.1). The EGFR-TKIs used in this study were gefitinib (250 mg daily) and erlotinib (150 mg daily). Patients that responded well to first-line TKIs followed by treatment with local consolidative radiation therapy (LCRT) to primary tumor and all oligometastatic sites were designated as the TKIs + LCRT group. Patients treated with first-line TKIs alone were designated as the TKIs-alone group. Progression‐free survival was defined as the time from initiation of TKIs treatment to progression or death from any cause. Overall survival was defined as the duration between the date of TKIs initiation and date of death.



Local Consolidative Radiation Therapy Procedure

The application of local consolidative radiation therapy was decided by a multidisciplinary team (namely, oncologists, radiation oncologists, radiologists, orthopedic surgeons, neurosurgeons, cardiologists, respiratory physicians, and geriatricians) at each center. Clinical assessment included the evaluation of factors such as age, cardiopulmonary functions, underlying diseases, pathological fracture risk, nutritional status, central nervous system symptoms, and risk–benefit ratio. The local consolidative radiation therapy regimen was determined by radiation oncologists based on general conditions, tumor locations, tumor sizes, tumor boundary, pulmonary functions, bone marrow, hepatic, and renal functions.

The primary tumor was subjected to hypofractionated radiotherapy (70 Gy in 10–15 fractions, the biologically effective dose was 103–119 Gy) or conventional fractionated radiotherapy (70 Gy in 30–35 fractions, the biologically effective dose was 84.0–86.3 Gy). Vertebral metastases were treated with conventional fractionated radiotherapy (30 Gy in 10 fractions or 40 Gy in 20 fractions), isolated brain metastases were treated with gamma knife radiosurgery (50% Isodose line 22 Gy/1f), multiple brain metastases were treated with conventional fractionated radiotherapy (60 Gy in 20 fractions to brain metastases) or conventional fractionated radiotherapy plus whole-brain radiation therapy (50 Gy in 20 fractions to brain metastases plus WBRT 40 Gy in 20 fractions). Liver metastases were managed via hypofractionated radiotherapy (65 Gy in 20 fractions or 60 Gy in 15 fractions). Contralateral lung metastases were treated with gamma knife radiosurgery (70% Isodose line70–78 Gy/10–14 f), hypofractionated radiotherapy (70 Gy in 15 fractions or 60 Gy in 15 fractions) or conventional fractionated radiotherapy (60 Gy in 20 fractions). Non-regional lymph node metastases were controlled by conventional fractionated radiotherapy (70 Gy in 30–35 fractions or 60 Gy in 30 fractions).



Toxicity Assessment

Acute and long-term toxicities were defined before and after 90 days using the Common Terminology Criteria for Adverse Events (CTCAE) version 5 in accordance with the National Cancer Institute (NCI). TKIs-related acute toxicities included skin rash, diarrhea, pneumonitis, neutropenia, fatigue, vomiting, and elevated ALT levels. Radiotherapy-related acute toxicities included pneumonia, fatigue, thrombocytopenia, anemia, leukopenia, dermatitis, and esophagitis.



Statistical Analysis

Statistical analyses were performed using the IBM Statistical Package for Social Sciences (SPSS) software 25 (SPSS Inc., Chicago, IL, USA), and GraphPad Prism 7 version 7.04 (GraphPad Software, Inc., La Jolla, California USA). Normally distributed quantitative data are expressed as mean and standard deviation (M ± SD). Categorical variables are presented in percentages and frequency distributions. Kaplan–Meier analysis with the log-rank test was used to calculate and analyze survival curves. A Cox proportional hazards model was used for univariate and multivariate analyses to assess possible prognostic factors and calculate survival hazard ratios (HRs) for PFS and OS at 95% confidence intervals (95%CI). The significant parameters identified in univariate analyses (p <0.05) were incorporated into multivariate Cox regression analysis to determine the independent prognostic factors. A two-sided p <0.05 was considered statistically significant.




Results


Patient Characteristics

A total of 122 patients with oligometastatic NSCLC (≤5 metastases) harboring the EGFR sensitizing mutation and treated with first line TKIs without progression were enrolled between February 2010 and January 2018 (Figure 1). Table 1 shows the general clinical characteristics for the enrolled patients. The patients had a median age of 72.5 years, with 39.3% (n = 48) of them being older than 75 years. Majority of the patients (n = 102, 83.6%) had adenocarcinoma histology, 4.9% (n = 6) had squamous cell carcinoma, 54.9% (n = 67) had Exon 21 L858R mutations, 59% (n = 72) were present or former smokers, 80.3% (n = 98) had underlying diseases, 63.9% (n = 78) had hypertension, 39.3% (n = 48) had diabetes, 28.7% (n = 35) had chronic obstructive pulmonary disease (COPD), 52.5% (n = 64) had ECOG PS 0 or 1, 46.7% (n = 57) had N0–1 stage, while 51.6% (n = 63) had T1–2 stage. Most of the patients (77.9%, n = 95) received gefitinib as first-line treatment. Regarding the quantity of oligometastatic lesions in the 122 patients, 55.7% (n = 68) had one to two metastases, with 8 patients having the brain as the only site for metastases. Moreover, 44.3% (n = 54) of the patients had three to five metastases. With respect to oligometastatic sites, 50.8% (n = 62) patients had brain metastases, 48.3% (n = 59) had bone metastases, 34.4% (n = 42) had contralateral lung metastases, 28.7% (n = 35) had adrenal metastases, 7.4% (n = 9) had liver metastases, while 6.60% (n = 8) had non-regional lymph nodes metastases.




Figure 1 | Flowchart showing selection process for patients. EGFR, Epidermal Growth Factor Receptor; TKIs, Tyrosine Kinase Inhibitors; LCRT, Local Consolidative Radiation Therapy.




Table 1 | Baseline patient characteristics.



Overall, 41% (n = 50) of the patients received local consolidative radiation therapy to primary tumor and all oligometastatic sites (Table 2). Thirty two patients in the TKIS + LCRT group received hypofractionated radiotherapy (BED10 ≥100 Gy) for the primary tumor (Table 3), 4 patients received gamma knife radiosurgery for isolated brain metastases, 13 patients received conventional radiotherapy plus whole-brain radiation therapy, 8 patients received gamma knife radiosurgery for contralateral lung metastases, 4 patients received hypofractionated radiotherapy for adrenal metastases, while 2 patients received hypofractionated radiotherapy for liver metastases.


Table 2 | Patients characteristics of tkis alone group and LCRT + TKIs group.




Table 3 | Local radiation therapy for primary tumor and oligometastatic sites mode.





Survival Outcomes

The median length of follow-up time was 34 months (range, 7.0–64 months). The median progression free survival (mPFS) time in the TKIs + LCRT group was 17 months, while that of the TKIs-alone group was 12 months (p <0.001). The median overall survival (mOS) time in the TKIs + LCRT group was 38 months, while that of the TKIs-alone group was 29 months (p <0.001) (Figure 2). The mPFS in the entire study population was 13 months, while mOS was 34 months (95%CI: 30.3–37.7).




Figure 2 | Progression free survival (A) and overall survival (B) of patients treated with TKIs + LCRT or TKIs alone for oligometastatic NSCLC harboring EGFR activating mutations.





Univariate and Multivariate Analyses of PFS and OS

Univariate analysis revealed that LCRT for primary tumor and all oligometastatic sites resulted in better PFS (HR = 0.30, p <0.001). A similar observation was made for one to two metastases (HR = 0.49, p <0.001), and good ECOG PS (HR = 0.68, p = 0.035). Multivariate analysis revealed that LCRT for primary tumor and all oligometastatic sites was an independent predictive factor for better PFS (HR = 0.32, 95%CI: 0.20–0.51, p <0.001). This was the case for one to two metastases (HR = 0.57, 95%CI: 0.39–0.83, p = 0.004), and good ECOG PS (HR = 0.67, 95%CI: 0.46–0.96, p = 0.027) (Table 4).


Table 4 | Factors associated with progress free survival in univariate and multivariate analyses.



Univariate analysis showed that patients who received LCRT to primary tumor and all oligometastatic sites were associated with better OS (HR = 0.48, p <0.001), T1–2 stage (HR = 0.60, p = 0.008), good ECOG PS (HR = 0.46, p <0.001), second-line treatment (HR = 0.67, p = 0.045), and presented with one to two metastases (HR = 0.62, p = 0.016). Multivariate analysis showed that patients that received LCRT to primary tumor and all oligometastatic sites was an independent prognostic factor for better OS (HR = 0.41, 95%CI: 0.27–0.63, p <0.001), good ECOG PS (HR = 0.54, 95%CI: 0.34–0.85, p = 0.007), and T1–2 stage (HR = 0.56, 95%CI: 0.37–0.85, p = 0.007) (Table 5 and Figure 3).


Table 5 | Factors associated with overall survival in univariate and multivariate analyses.






Figure 3 | Overall survival of ECOG PS 0–1 vs. 2 (A), T1–2 vs. T3–4 (B), Second line treatment yes vs. no (C) and no. of metastases 1–2 vs. 3–5 (D). Progression free survival of ECOG PS 0–1 vs. 2 (E), and no. of metastases 1–2 vs. 3–5 (F).



In the TKIs + LCRT group, clinical factors for primary tumor, BED ≥100 Gy, were associated with better OS and PFS in univariate analyses (p = 0.004 and p = 0.031, respectively) (Figure 4). However, multivariate analysis revealed that the difference was not significant (p = 0.19 and p = 0.61, respectively).




Figure 4 | Overall survival and progression free survival of primary tumors treated with BED10 ≥100 Gy (A) or BED10 <100 Gy (B) in the TKIs + LCRT group.





Toxicity

For non-hematological adverse effects during EGFR-TKIs therapy, the most common events were skin rash, diarrhea, fatigue, nausea, vomiting, increased ALT levels, and pneumonitis. Most of the patients presented with grade 1–2 toxicities. Incidences of >grade 3 skin rash was 4.9% (n = 6). For radiotherapy-related acute side effects, most of the patients exhibited grade 1–2 toxicity, with very few patients exhibiting grade 3 toxicities. The incidence of grade 1–2 radiation pneumonitis in the TKIs + LCRT group was 26% (n = 13), while grade 3 pneumonia (n = 3, 6%) was only found in COPD patients. Two patients treated with head gamma knife (22 Gy/1 f) were subjected to asymptomatic radiation necrosis.




Discussion

Clinical incidence for metastatic NSCLC among NSCLC patients is approximately 50%. Metastatic NSCLC is more common in older patients than in younger patients (12). This is because, in elderly patients, the disease is at a more advanced stage at the time of diagnosis. In this study, the median age for the 1,857 metastatic NSCLC patients at the time of diagnosis was 63.5 years. Approximately 20–50% of advanced NSCLC patients were oligometastatic NSCLC (13). There is no universally accepted definition of oligometastases. However, recent studies have described oligometastases as 3–5 metastases (8–10). PET-CT has an excellent sensitivity in detecting distant and occult metastases. Detection of oligometastatic disease can be more accurate when combined with brain MRI (14, 15). Approximately, 70% of patients (n = 85) received PET-CT examinations. This enabled precise determination of clinical stages of oligometastatic NSCLC. Few clinical trials have included elderly patients with advanced tumors. Therefore, it can be difficult to choose appropriate therapeutic approaches for elderly patients with advanced tumors, leading to insufficient and inappropriate treatment (16). Apart from surgery and chemotherapy, radiotherapy is one of the most important methods for cancer treatment. Very elderly patients have been shown to tolerate radiotherapy, both in definitive and palliative settings (17, 18). Schmid et al. (19) reported that adoption of novel treatment approaches for the elderly population is lagging. This study was retrospective in nature, therefore, based on clinical records, we concluded that elderly patients treated with TKIs alone at the time did not receive radiation therapy because of: fear and anxiety regarding radiotherapy; lack of radiotherapy information resources; concerns regarding acute and long-term side effects; lack of symptoms of pain and a low willingness for radiation treatment.

NSCLC patients with EGFR activating mutations and who are treated with TKIs exhibit longer PFS and higher response rates, compared to those with EGFR mutation-negative tumors treated with conventional chemotherapies (20, 21). Elderly patients and patients with poor PS have been shown to have similar clinical benefits as younger and fitter patients, therefore, they should be offered targeted treatments in case of oncogenic driver alterations (22). However, within a year, majority of the patients eventually progress, primarily due to acquired resistance in the EGFR kinase domain. Elderly patients treated with TKIs and LCRT exhibited longer mPFS and mOS, relative to those treated with TKIs alone (17 vs.12 months, p <0.001; 38 vs. 29 months, p <0.001, respectively). Multivariate analysis showed that LCRT constitutes one of the independent favorable prognostic factors for PFS (HR = 0.32, 95%CI: 0.20–0.51, p <0.001), and OS (HR = 0.41, 95%CI: 0.27–0.63, p <0.001). These results are in accordance with recent studies, which reported that among 231 patients with EGFR mutant stage IV NSCLC, mPFS and mOS were significantly longer for the local consolidation therapy (surgery or radiotherapy) plus TKIs group than the TKIs monotherapy group (23).

Traditionally, local radiotherapy is considered to be a palliative care for elderly patients with advanced metastatic tumors. However, treatment goals and strategies have changed from palliative care to improvement of PFS and OS. This is attributed to the introduction of the concept of oligometastatic disease. A retrospective study found that in EGFR mutant oligometastatic NSCLC patients, administration of EGFR-TKIs with local consolidation radiation therapy resulted in significantly longer mPFS, compared to TKIs monotherapy (36 vs.14 months, p = 0.0024) (24). A phase 2 randomized trial involving 29 patients reported significant benefits in PFS with addition of consolidative radiotherapy to maintenance chemotherapy for patients with oligometastatic NSCLC (9.7 vs. 3.5 months) (25). Studies have reported that patients with EGFR-positive NSCLC are more likely to develop brain metastases (26, 27). In this study, 50.8% of the patients (n = 62) had brain metastases. Survival analysis did not reveal statistically significant differences in survival probabilities between patients with or without brain metastases (p = 0.342). However, in the subgroup with brain metastases, OS was significantly improved by LCRT for brain metastases (38 vs. 25 months, HR = 0.38, 95%CI: 0.21–0.69, p = 0.001).

Significant comorbidities can limit life expectancy, decreasing potential survival benefits from cancer treatment (28, 29). In this research, 80.3% of the elderly patients (n = 98) had underlying diseases. Only three patients died of acute myocardial infarction, with no tumor progression. Survival analysis showed that there was no evident effect of comorbidities on prognostic outcomes (HR = 1.23, 95%CI: 0.83–1.82, p = 0.300). This may be relevant in relation to how underlying diseases are controlled. In oligometastatic NSCLC, a good quality of life, a small number of metastatic sites, a small primary lung mass size and local consolidation therapy are favorable prognostic factors (30, 31). In this study, good ECOG PS (HR = 0.54, 95%CI: 0.34–0.85, p = 0.007) was established to be an independent favorable prognostic factor for OS and PFS, consistent with a previous study by Sheu et al. (32). A good physical score indicated that the quality of life was satisfactory, nutritional intake was sufficient, and body immune function played a partial role. This ensured treatment continuity as the disease progressed. Moreover, we found that one to two metastases (HR = 0.57, 95%CI: 0.39–0.83, p = 0.004) were independent prognostic factors for better PFS. This implies that patients with a small number of metastatic sites have a relatively low probability for widespread metastatic disease from localized diffusion. Survival analysis revealed that LCRT to primary tumor and all oligometastatic sites is an independent favorable prognostic factor for OS and PFS, in tandem with findings from previous studies (8, 33). A study reported a high local control rate in hypofractionated radiotherapy (BED10 ≥100 Gy) lesions (34). In this study, 64% (n = 32) of the patients in the TKIS + LCRT group were subjected to hypofractionated radiotherapy (BED10 ≥100 Gy) for primary tumor. In subgroup survival analysis (TKIs + LCRT group), patients who received BED10 ≥100 Gy for primary tumor exhibited significantly better survival benefits in OS (39 vs. 31 months, p = 0.004), and PFS (17 vs. 13 months, p = 0.031). This shows that a high local control rate for primary tumor can translate into a survival benefit for elderly patients with oligometastases. Herrera et al. reported that by performing stereotactic body radiation therapy (SBRT) to the local tumor, the body can activate systemic anti-tumor immune effects, enhancing cellular immunity (35).

SRS (Gamma Knife, CyberKnife, and standard linear accelerator) for the intracranial oligometastatic disease has shown promising results. SBRT, a non-surgical alternative for oligometastatic disease, is associated with low reported toxicity and impact on the quality of life. Compared to conventional radiotherapy, SRS and SBRT have numerous advantages that increase the probability of local control while maintaining the risk of normal tissue toxicity at acceptable levels (36). Cuccia et al. (37) reported that 61 elderly patients (median age 82 years) with 90 oligometastases were treated with SBRT with a median BED10 100 Gy (range, 48–180 Gy). Local control rates at 1- and 2-years were 98.8 and 88.2%, respectively, and there were no grade 2 or higher adverse events. In this study, most patients received SBRT, stereotactic radiosurgery (SRS), or hypofractionated radiotherapy, while some patients received conventional fractionated radiotherapy. When the primary tumor was close to the esophagus or in combination with severe chronic obstructive pulmonary disease, the primary tumor was treated with conventional fractionated radiotherapy (70 Gy in 30 or 35 fractions). Most of the patients experienced grade 1–2 radiation-related esophagitis, while none of the patients developed grade 3–4 esophagitis. Vertebral metastases were treated with 30 Gy in 10 fractions or 40 Gy in 20 fractions, since the planning target volume (PTV) encompasses the entire vertebra. Meanwhile, metastasis of superficial lymph nodes was treated with conventional fractionated radiotherapy to reduce incidences of severe radiation dermatitis.

In the FLAURA study, osimertinib showed superior clinical outcomes, compared to standard EGFR-TKIs in EGFR-mutated NSCLC (38). Osimertinib became a preferred first-line treatment modality in previously untreated advanced NSCLC harboring EGFR activating mutations. Zeng et al. (39) reported that 108 patients treated with osimertinib later developed oligometastatic disease. They also reported that for 14 patients who received local consolidation therapy, mPFS was significantly longer than for the osimertinib alone group (NR vs. 12.8 months, p = 0.01), and were independently associated with prolonged PFS (HR = 0.29, 95%CI: 0.12–0.68, p = 0.004). In this study, most of the patients (77.9%) received gefitinib as first-line treatment, while only 7 patients received osimertinib as subsequent treatment. This may be attributed to clinical guidelines, heavy cost of treatment, individual treatment strategies, and family treatment wishes. Approximately 50% of patients in both groups did not receive any second line treatment, including next-generation TKIs. This was attributed to reluctance to accept intensive chemotherapy and cost implications. For instance, before November 2018, the cost of osimertinib was mostly met by households through out-of-pocket expenditure. However, with the cost of osimertinib being covered by health insurance, more EGFR-mutated NSCLC patients received osimertinib as the first-line treatment. In this study, after initial first-line TKIs treatment, 72 patients in the TKIs alone group were not subjected to any radiotherapy in case there was no progression. Fourteen (19.4%) patients with symptomatic brain metastases received palliative radiotherapy (WBRT 40 Gy in 20 fractions or WBRT 30 Gy in 10 fractions). Twelve (16.7%) patients received local radiotherapy for palliation of painful bone metastases (30 Gy in 10 fractions or 40 Gy in 20 fractions).

This study had several limitations. i. The sample size was small, making it difficult to detect statistical differences in some subgroups. ii. It is a retrospective study, and the patients were from two centers. Patients from the Beijing Geriatric Hospital were older than those from the Air Force General Hospital (median age 73 vs. 68 years). Moreover, patients from the Beijing Geriatric Hospital had more comorbidities, compared to those from the Air Force General Hospital. Therefore, the center spends more time dealing with comorbidities before performing LCRT. Segmentation plans and doses of LCRT were also different in the two centers. Aggressive treatment approaches were performed at the Air Force General Hospital. iii. Elderly patients were not evaluated by comprehensive geriatric assessment (CGA) and did not further clarify which type of oligometastatic NSCLC benefited more from LCRT.



Conclusion

LCRT for primary tumor and all oligometastatic sites in elderly patients with oligometastatic NSCLC harboring EGFR activating mutations during first-line EGFR-TKIs treatment may improve their survival outcomes with tolerable toxicity. This is a potential treatment approach for elderly patients with oligometastatic disease.
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Objective

To conduct a meta-analysis of the efficacy and safety of 225Ac-PSMA-617 in the treatment of metastatic castration-resistant prostate cancer based on existing clinical evidence.



Methods

Search for retrospective studies about 225Ac-PSMA-617 in the treatment of metastatic castration-resistant prostate cancer from establishment to July 2021 in PubMed and EMBASE. The primary endpoint was 225Ac-PSMA-617 biochemical response evaluation criteria after treatment [any prostate specific antigen (PSA) decrease and PSA decrease >50% from baseline] to evaluate the treatment effect. Secondary endpoints included assessment of overall survival (OS), progression-free survival (PFS), molecular response, and toxicity for all studies. Two researchers conducted literature screening, data extraction and quality evaluation according to the inclusion and exclusion criteria. Use stata16.0 software for analysis, fixed-effects model for data merging and forest plots for display.



Results

A total of 6 retrospective studies, namely, 201 patients, were included in the final analysis. The pooled proportions of patients with decreased PSA and PSA decreased by more than 50% were 87.0% (95% confidence interval, 0.820 to 0.920) and 66.1% (95% confidence interval, 0.596 to 0.726), respectively. The pooled proportions of OS and PFS were 12.5 months (95%CI: 6.2–18.8 months) and 9.1 months (95%CI: 2.6–15.7 months). The patients showing molecular responses were 54% (95% confidence interval: 25–84%). In all studies, the most common side effect of 225Ac-PSMA-617 TAT was xerostomia, with any degree of xerostomia occurring in 77.1% (155 out of 201), and grade III only accounted for 3.0%. The second was 30.3% (61 out of 201) anemia of any degree, and grade III accounts for 7.5% (15 out of 201). Grade III leukopenia and thrombocytopenia were 4.5% (9 out of 201) and 5.5% (11 out of 201), respectively. Only 6 (3.0%) of 201 patients had Grade III nephrotoxicity.



Conclusion

225Ac-PSMA-617 is an effective and safe treatment option for mCRPC patients, and the toxicity caused by it is relatively low. However, future randomized controlled trials and prospective trials are required in the future to judge the therapeutic effects and survival benefits compared with existing clinical treatments.



Systematic Review Registration

PROSPERO: CRD42021281967.
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Introduction

Prostate cancer is one of the most common malignant tumors in men around the world. According to the latest report of global cancer statistics in 2020, the incidence and mortality rates of prostate cancer rank the 2nd and 5th among malignant tumors in men around the world (1). At present, the main treatment methods for prostate cancer include radical surgical resection, radiotherapy, chemotherapy, local radiotherapy, androgen deprivation therapy, targeted therapy, and immunotherapy. As the condition of the patient progresses, the efficacy of these therapies will gradually decrease or even be completely ineffective (2). For advanced prostate cancer, androgen deprivation therapy has an effective effect. In the stage of metastatic emasculation-sensitive prostate cancer (mCSPC), combination therapy can improve survival rate than ADT alone (3). But there is still a lack of consensus on the best treatment options. Studies have shown that compared with docetaxel, androgen receptor axis targeting (ARAT) drugs may better improve the outcome of OS. However, the best treatment option remains to be determined (4). Most patients will become castration resistant after a period of 1 to 2 years of androgen sensitivity. The emergence of a state of castration resistance will lead to rapid progress of the disease, accelerate the metastasis of prostate cancer, and eventually progress to metastatic castration-resistant prostate cancer, leading to the ineffectiveness of chemotherapy and castration treatment. This is also the main cause of death in prostate cancer patients (5). Drugs such as abiraterone acetate, enzalutamide, carbachol, and apalutamide have good treatments for patients with mCRPC.In addition, olaparib and rucaparib can be used to treat mCRPC with BRCA gene mutations. Pembrolizumab is the first PD-1 inhibitor approved to treat prostate cancer. However, these drugs have unclear resistance mechanisms, and most patients will develop congenital or acquired resistance after treatment. The first α nuclide radiopharmaceutical approved by the US FDA for clinical treatment, 223Ra-dichloride, is suitable for the treatment of patients with CRPC with symptomatic bone metastases and no known visceral metastases. In order to improve the clinical symptoms, overall survival (OS) and quality of life of patients, new drugs are being studied and are developing rapidly. However, the demand for effective treatments for mCRPC has not yet been met. We still lack effective treatments to treat patients at this stage of the disease. Therefore, there is an urgent need to find a new method with high efficiency, safety and low recurrence rate to treat mCRPC.

In recent years, radionuclide-labeled prostate-specific membrane antigen ligands have been used in the diagnosis and treatment of prostate cancer, and have achieved promising results. Prostate-specific membrane antigen is a membrane glycoprotein that is overexpressed on prostate cancer cells. Compared with normal prostate tissue, its expression level in prostate cancer tissue has increased by about 100–1,000 times. There is a direct correlation between androgen independence, metastasis, and disease progression, making PSMA an ideal target for diagnosis and treatment. 177Lu-PSMA-617, which emits beta rays, has shown good effectiveness, safety, and easy availability for mCRPC, and has high clinical value and application prospects (6, 7). However, most patients still tolerate 177Lu treatment or their condition continues to progress after 177Lu and this treatment is contraindicated for patients with diffuse red bone marrow infiltration (8).

The half-life of 225Ac is 10.0 d and the decay can produce 6 daughter nuclides, and each decay process releases 4 alpha particles, 2 beta particles and 2 gamma photons (9). Compared with 177Lu, 225Ac ray has higher energy, shorter range, and stronger killing effect on tumor cells. In addition, 225Ac-PSMA-617 also has the advantage of targeting any metastatic tissue, and it has a good application prospect for small tumors, scattered cancers and micrometastasis (10). At present, 225Ac-PSMA-617 for mCRPC has been gradually undergoing clinical trials in multiple centers to evaluate its efficacy and safety. However, due to the small sample size, population heterogeneity and different results, there are few systematic reviews or meta-analysis studies on the efficacy and safety of 225Ac-PSMA-617 targeted therapy for mCRPC in the published literature. This study will meta-analyze the current published clinical studies on the treatment of mCRPC with 225Ac-PSMA-617, in the hopes of providing evidence-based medicine for the efficacy and safety of 225Ac-PSMA-617 in the treatment of mCRPC.



Materials and Methods

This systematic review followed the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) guidelines (11). The registration number on PROSPERO is: CRD42021281967.


Search Strategy

Articles were searched in PubMed and Embase for articles published until July 2021 about 225Ac-PSMA-617 in the treatment of metastatic castration-resistant prostate cancer. The search keywords were as follows: [prostate* neoplasm* (Mesh) OR prostate cancer] AND [Actinium-225 (Mesh) OR 225Ac OR 225Actinium OR Ac-225]. All retrospective studies were searched and appropriate data were included for analysis. If the article meets the research criteria, the full text will be searched. If there were duplications (patient data from the same trial or institution), only the most complete, up-to-date and relevant studies were selected.



Study Selection and Quality Assessment

We only selected studies that meet the following criteria: Participants (P) were no less than 10 people who had been diagnosed as mCRPC through 68Ga-PSMA-11 PET/CT. Interventions (I) were completed at least 1 cycle of 225Ac-PSMA-617 treatment; If data came from the same study group, the study with the highest number of patients will be included. The main outcome endpoint (O) was any decrease in PSA and Greater than 50% PSA decline. The type of study (S) included in the article was retrospective research. Exclusion criteria include: mCRPC patients suffering from severe leukopenia, low platelets, renal failure, and those who cannot tolerate 225Ac-PSMA-617 treatment in the terminal stage of cancer; Patients with hormone-sensitive prostate cancer receive 225Ac-PSMA-617 targeted radiotherapy; Repeated studies, meta-analysis, reviews, case reports, brief communications, abstracts, letters to the editor. The Newcastle–Ottawa Scale (NOS) scale was used to evaluate the literature methodological quality of the selected studies. The quality scale was divided into three categories: selectivity (1 to 4 points), comparability (1 to 2 points), and results (1 to 3 points). According to the scores from these three aspects, the quality of the literatures with NOS ≥6 points was better (Table 1).


Table 1 | Quality assessment of the included studies based on the Newcastle–Ottawa Scale.







Data Extraction

Two researchers independently conducted a literature search and extracted data. If there was a dispute, this was discussed and resolved with a third person. The basic research data extracted included: author name, publication year, patient demographics, Gleason score, Eastern Cancer Cooperation Group performance score, and baseline level (Table 2). Observation indicators included tumor markers (PSA), number of 225Ac-PSMA-617 treatment cycles, follow-up interval, dose and drug activity, and primary outcome endpoint was biochemical response. Secondary outcome endpoints included overall survival (OS), progression-free survival (PFS), molecular reactions, and toxicity (Tables 3–5). The biochemical response was evaluated according to the criteria defined by the Prostate Cancer Clinical Trials Working Group 3 (PCWG3) (18). Patients with greater than 50% PSA decline from baseline were defined as a biochemically significant response, and any decrease in PSA level was recorded. The molecular response was scanned on 68Ga-PSMA PET/CT, evaluated according to adjusted PERSIST 1.0 (19), and the proportion of patients with complete response (CR) and partial response (PR) was combined as the molecular response rate. PFS was defined as the time from the first dose of 225Ac-PSMA-617 to the first evidence of progression or death or the end of the study period; OS was defined as the time from the first dose of 225Ac-PSMA-617 to death from any cause. Toxicity was defined according to the Common Terminology Standard for Adverse Events Version 5.0 (CTCAE 5.0) (20).


Table 2 | Basic characteristics of the included studies.






Table 3 | The treatment characteristics of the included studies.






Table 4 | The treatment characteristics of the included studies.






Table 5 | Treatment-related toxicity of the included studies.







Statistical Analyses

Stata16.0 was used for meta-analysis. The main endpoint was to evaluate the treatment effect through the biochemical response evaluation standard after 225Ac-PSMA-617 treatment (any decrease in PSA and greater than 50% PSA decline). Secondary endpoints included OS, PFS, molecular reactions, and toxicity, and drawing forest maps for analysis. I2 statistic was used for heterogeneity test. If there was no significant heterogeneity among studies (I2 ≤50%, P <0.10), a fixed effect model was used to merge data. If there was significant heterogeneity among the studies (I2 >50%, P ≥0.10), the random effect model was used to merge the data. The funnel chart and Egger test were used to evaluate the publication bias of the biochemical response after 225Ac-PSMA-617 treatment, and P ≤0.05 was considered statistically significant.




Results


A Systematic Review of Literature

According to the prescribed search strategy, a total of 176 related articles were first checked out. A total of 64 duplicate articles were excluded. A total of 99 articles were excluded by reading titles and abstracts, namely, 43 reviews, 22 preclinical studies, 9 radiochemistry, 8 case reports and brief communications, and 8 dosimetry and imaging related articles, 5 other alpha nuclide therapies and not related to 225Ac-PSMA treatment, 2 meta-analysis, 1 225Ac-PSMA resistance gene sequencing, and 1 225Ac-PSMA-I&T treatment. After further reading the full text, and according to the inclusion and exclusion criteria designed in this study, 7 articles were excluded. An article by Sathekge et al. (21) reported about 225Ac-PSMA-617 in chemotherapy-naive patients. Two articles by Kratochwil et al. (22, 23), first discussed about only 2 patients, and the other on a dose escalation study of 225Ac-PSMA-617. A prospective study was also done by Yadav et al. (24). Three articles reported using 225Ac-PSMA-617/177Lu-PSMA-617 tandem treatment (25–27). Finally, a total of 6 articles were included (12–17), as shown in Figure 1.




Figure 1 | Flowchart of literature screening.





Any PSA Decline

A total of 4 articles (12, 13, 16, 17) were included in the analysis. Among 201 patients, 175 patients were evaluated with a decline of PSA level, and 149 patients had any decline of PSA. The result of heterogeneity analysis showed that there was no significant heterogeneity (I2 = 0.0%, P = 0.948), so the fixed effect model was used to merge the PSA reduction rate. The result of meta-analysis showed that the pooled rate of PSA decline after treatment with 225Ac-PSMA-617 was 0.870 (95%CI: 0.820–0.920), as shown in Figure 2.




Figure 2 | Forest plot for any PSA decline after treatment.





Greater Than 50% PSA Decline

A total of 6 articles (12–17) were included in the analysis. Among 201 patients, 199 patients were evaluated, and 131 patients had PSA >50% decline. The results of heterogeneity analysis showed that there was no significant heterogeneity (I2 = 0.0%, P = 0.771), so the fixed effect model was used to merge the PSA reduction rate of greater than 50%.The forest plot indicated (Figure 3) that the pooled rate of greater than 50% PSA decline was 0.661 (95%CI: 0.596–0.726).




Figure 3 | Forest plot for >50% PSA  decline after treatment.





Survival

OS and PFS were reported in 5 studies (12–14, 16, 17). But in only 3 studies,137 patients, the median of OS and PFS and 95% confidence interval were reported (13, 16, 17). The pooled estimates of median OS and PFS were 12.5 months (95%CI: 6.2–18.8 months) and 9.1 months (95%CI: 2.6–15.7 months).



Molecular Response

The molecular response was evaluated according to the adjusted PERSIST 1.0, and the complete reaction (CR) and partial reaction (PP) were combined as molecular response. There were 3 studies that met the evaluation requirements (13, 14, 17), namely, 124 patients, and the pooled proportion of patients with molecular response was 54% (95%CI: 25–84%).



Toxicity

According to the Common Terminology Standard for Adverse Events Version 5.0 (CTCAE 5.0), the toxicity of 225Ac-PSMA-617 TAT was analyzed in 6 studies. Xerostomia was the most common side effect. Xerostomia of any degree accounted for 77.1% (155 out of 201 people), and only 6 people had grade III xerostomia, occurring in 3.0%. Then anemia was 30.3% (61 out of 201 people), and grade III anemia was 7.5% (15 out of 201 people). Leukopenia and thrombocytopenia of any degree were 14.9 (30 out of 201); grade III leukopenia and thrombocytopenia were 4.5% (9 out of 201) and 5.5% (11 out of 201). Only 6 (3.0%) of 201 patients had Grade III nephrotoxicity. Other adverse reactions included weight loss 26.9% (54 out of 201), fatigue 25.9% (52 out of 201), anorexia 16.9% (34 out of 201), nausea 12.9% (26 out of 201), and constipation 10.4% (21 out of 201). In addition, in the study of Sathekge (13), 4 patients had symptoms of xerophthalmia, and the study of Sen (17) reported 2 patients with hearing loss. Among the evaluable patients, treatment-related deaths were reported in only one study (15), and 3 of 11 patients had treatment-related deaths.



Risk of Bias

The qualitative and quantitative evaluation of publication bias used funnel chart and Egger test (Figures 4, 5). The results of any PSA decline indicated that there was no significant publication bias (P = 0.081). The Egger test result of greater than 50% PSA decline suggested that there was no significant publication bias (P = 0.105).




Figure 4 | Funnel plot for any PSA decline after treatment.






Figure 5 | Funnel plot for >50% PSA decline after treatment.






Discussion

Currently, 225Ac-PSMA-617 targeted therapy for prostate cancer is undergoing trials in different countries. 225Ac has shown encouraging effect in the study of mCRPC patients, but since most of the trials are small samples and mostly retrospective, there are only few systematic reviews of 225Ac-PSMA-617 TAT. This meta-analysis evaluated the efficacy and safety of 225Ac-PSMA-617 TAT in mCRPC patients from retrospective studies published so far. The results showed that 225Ac targeted therapy for prostate cancer patients had a significant therapeutic effect and low toxicity. More than 80% of patients had any PSA decline, and more than 60% of patients had greater than 50% PSA decline. All patients who received this treatment had previously received second/third-line treatments such as abilaterol, enzalutamide, apalutamide or 177Lu-PSMA-617 and all failed. With 225Ac as a rescue treatment attempt, the results showed that OS and PFS were 12.5 months and 9.1 months. Approximately 54% of patients had complete or partial molecular reactions. After the failure of previous androgen receptor inhibitor (ARPI) treatment of prostate cancer, treatment with abiraterone or enzalutamide had an OS of 4 months, and cabazitaxel OS was 13–14 months. In contrast, the OS treated with 177Lu was 15.3 months (28). This study showed that the OS of 225Ac treatment of prostate cancer was better than the standard second-line/third-line treatment. Another study reported that giving 177Lu before docetaxel treatment produced a better PSA response than after docetaxel treatment (29). In a meta-analysis of randomized controlled trials in patients with mCRPC, the benefits and harms of eight third-line (L3) treatments for prostate cancer were evaluated. Compared with treatment with abiraterone, enzalutamide, mitoxantrone or cabazitaxel, PSMA PRLT resulted in a higher rate of PSA decline and a 1.1-fold increase in PFS (30). Although it was a preliminary study, it had shown the great potential of targeted radionuclide therapy. The decrease of PSA reflected the killing ability of cells during the treatment, and the progression-free survival reflected the comprehensive effects of cell killing and regeneration during the treatment cycle. The overall survival rate reflected the comprehensive effect of progression-free survival and treatment. The decline in PSA cannot predict OS and PFS. On the contrary, when PSA progressed, it indicated shorter OS and PFS (12, 24). These results had important implications for the extensive terminal stages of cancer, especially for patients with mCRPC. Among clinical relevant toxic reactions, xerostomia was the most common adverse reaction. More than 70% of patients had different degrees of xerostomia, but most were mild and transient. Significant treatment-related toxicities were only seen in a few patients. Grade III anemia, leukopenia, thrombocytopenia, and nephrotoxicity were only seen in 7.5, 4.5, 5.5, and 3.0% of the patients. In addition, toxicities such as nausea, fatigue, dysgeusia, indigestion, and constipation could be observed. Only 3 treatment-related deaths were reported in one article (15).

In the treatment of mCRPC, health-related quality of life is an important parameter to evaluate the subjective experience of the disease and its treatment. Most patients with mCRPC have bone metastases, which can lead to a significant incidence of bone pain and bone-related events. In addition, there will be a lot of general symptoms, such as fatigue, anorexia, bladder and intestinal disorders, nausea, vomiting, and sleep disturbances. Treatment-related adverse reactions may aggravate the deterioration of the quality of life of these patients. In this case, any new therapeutic drug not only needs to prove its survival benefit, but also needs to prove its impact on the quality of life of the patient. 225Ac-PSMA-617 treatment significantly improved health-related quality of life. Examples include physical symptoms such as pain, difficulty urinating, fatigue, and limited physical activity. In the van der Doelen, Feuerecker, and Sen studies, the European Organization for Cancer Research and Treatment (EORTC-QLQ30) quality of life questionnaire was used to evaluate patients (31). In the questionnaire assessment of van der Doelen and Sen, compared with baseline, pain was significantly improved, the use of analgesics was reduced, and the responses to analgesics were also improved. In addition, Sen et al. used the Standard Pain Numerical Scale (NPS) and Brief pain Inventory Questionnaire (BPI) for multidimensional pain assessment (32). Eight weeks after the second dose of 225Ac-PSMA-617 treatment, the NPS score dropped from baseline 5 points to 1 point. BPI measures the interference of pain on general activities, sleep, and mood, and had a significant improvement compared with baseline. The NCCN-FACT-FPSI-17 (version 2.0) (FACIT.org, Ponte Vedra, Florida, USA) questionnaire was used by Satapathy for evaluation (33), and the results showed that pain had also been significantly improved. For other aspects, van der Doelen showed greater improvement in fatigue and dyspnea; Satapathy showed significant improvement in dysuria, bone pain, fatigue and physical activity limitation; Feuerecker showed improvement in social function; Sen Showed significant improvement in fatigue, insomnia and constipation compared with baseline.

The PERCIST is only standardized for 18F-FDG PET/CT imaging. The complete and partial molecular responses observed on 68GA-PSMA PET/CT scans are still controversial. Therefore, it is challenging to accurately assess the treatment response of mCRPC patients. Velez et al. (34) showed that PERCIST 1.0 could provide important prognostic information for mCRPC patients receiving systemic chemotherapy, especially when combined with PSA treatment response criteria. More large-scale trials are needed to test the accuracy of 68GA-PSMA PET/CT in the evaluation of treatment response. In addition, the choice of treatment regimen and dosage is empirical. Most studies use 100 KBq/kg, and the treatment cycle ranges from 1 to 8 cycles. However, the effect of this targeted therapy is related to the expression level of PSMA. Although the expression of PSMA is closely related to hormone resistance and disease progression, the expression of PSMA in different metastases is heterogeneous. Moreover, the interaction between systemic therapy and PSMA expression has not been studied clearly (35), so the individualized treatment plan and dose selection for patients still need to be explored continuously. The current study inclusion criteria are all patients with positive PSMA expression, and the results showed a good treatment effect. However, for patients with lack or low expression of PSMA, whether these patients can still benefit from PSMA RLT, and how to choose a reasonable and effective combination treatment plan still needs continuous follow-up research.

This study also has certain limitations. All included studies were single-arm retrospective observational studies, the sample size of the trial was small, and the risk of bias was high. In addition, these trials were heterogeneous in terms of research design, other diseases, the course of prostate cancer, previous treatments, and the degree of PSMA expression. The follow-up time was short, and there were few studies on the comprehensive evaluation of molecular response and survival, which limited the accuracy of observation and evaluation of these indicators.



Conclusion

225Ac-PSMA-617 is an effective and safe treatment option for mCRPC patients, and the treatment-related side effects caused by it are relatively low. However, 225Ac-PSMA-617 is in the clinical trial stage, and the efficacy and safety of its treatment plan still need to be evaluated in a high-quality, multi-center and prospective multi-arm randomized controlled trial.
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Purpose/Objective(s)

Multimodality treatments together with local proton therapy (PT) are commonly used in unresectable primary bone malignancies in order to provide better tumor control rate while maintaining good feasibility. The aim of this study is to provide data on outcome of PT for the challenging cohort of pelvic and lumbar bone tumors.



Methods and Materials

This retrospective study includes all patients with primary bone malignancy of the pelvis and lumbar spine receiving PT in our institution between May 2013 and December 2019 enrolled in the prospective registries KiProReg and ProReg collecting information on demographics, treatment, tumor characteristics, toxicities, and outcome.



Results

Eighty-one patients were enrolled with a median age of 19.7 years (1.3–85.8). The median follow-up time was 27.5 months (1.2–83.2). The majority of patients was male (64.2%), ECOG status of 0–1 (75.2%), underwent only biopsy (50.6%), received chemotherapy (69.1%) and was assigned for definite PT (70.4%). The predominant tumor characteristics were as follows: Ewing’s sarcoma histology (58%), negative nodal involvement (97.5%) and no metastasis at diagnosis (81.5%). Median maximal diameter of tumor was 8 cm (1.4–20). LC, EFS and OS rate were 76.5, 60, and 88.1% at two years and 72.9, 45.7, and 68.9% at three years, respectively. Age over 20 years was a significant negative factor for LC, EFS, and OS. Metastatic disease at initial diagnosis affected OS and ECOG status of 2–4 affected EFS only. Regarding 17 relapsed cases (21%), isolated distant relapse was the most common failure (46.9%) followed by local failure (40.6%). Eleven out of 14 evaluable patients relapsed within high-dose region of radiotherapy. Acute grade 3–4 toxicity was found in 41 patients (50.6%) and all toxicities were manageable. Late grade 3 toxicity was reported in 7 patients (10.4%) without any of grade 4. Most common higher grade acute and late side effects concerned hematologic and musculoskeletal toxicity.



Conclusion

Proton therapy resulted in good oncological outcomes when being part of the multimodality treatment for pelvic and lumbar primary bone malignancies. However, distant metastases and local failures within the high-dose region of radiotherapy are still a common issue. Acute and late toxicities of combined therapy were acceptable.
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Introduction

Primary bone malignancy is a rare malignant disease (1, 2). Resection is still the main curative local treatment for bone tumors (3), but not all patients are suitable for total tumor removal with adequate margins, especially for tumors of difficult locations as pelvis and lumbar spine (4, 5). Due to the close proximity to important normal structures, complete surgery of the tumor in these regions can cause unacceptable morbidity to patients. However, worse survival rates have been reported in patients not having total resection (3, 5, 6). Thus, radiotherapy will play a major role in these patients to improve local control and survival rates. However, high doses of radiotherapy are needed due to the radioresistant nature of bone tumor potentially leading to relevant toxicity (7–10). One way to minimize this risk for treatment complication is the use of proton therapy (PT). While proton passes through the body of a patient, it releases kinetic energy in the certain depth without any dose exposure to normal tissue distal to this area. The peak of kinetic energy deposited in tissue is called Bragg peak. Due to this physical advantage, PT offers the chance to increasing RT doses while lowering the burden to the surrounding normal tissues (11, 12).

While clinical data on proton therapy in primary bone malignancy of the pelvic and lumbar area is still limited, this study provides clinical tumor outcome, toxicity and pattern of failure after treatment with proton therapy from our prospective registries embedded in a large interdisciplinary sarcoma center and the national study framework.



Materials and Methods


Patient Selection

Patients from both the prospective ProReg (Registry number: DRKS00004384) and KiProReg registries (Registry number: DRKS00005363) with primary diagnosis of Ewing’s sarcoma, chondrosarcoma, chordoma, osteosarcoma, and osteoblastoma with tumor locations of the pelvis and lumbar spine who started proton treatment in our institution between May 1, 2013 and December 31, 2019 were included in this analysis. Approval of the local ethics committee for ProReg (12-5143-BO) and for KiProReg (13-5544-BO) had been obtained. All patients had signed informed consent for enrollment into the respective registry. Database covered data collection on demographics, treatment, tumor characteristics, survival and toxicities.



General Treatment Approach

All the files of the patients were discussed in a multidisciplinary tumor board with regard to the appropriate treatment decision including surgical approach for each patient before starting PT. The treatment was applied according to the recommendation from the tumor board and European treatment protocols such as the EURO-EWING for Ewing’s sarcoma and the EURAMOS for osteosarcoma, respectively. In addition, patients with chordoma and chondrosarcoma were treated according to in-house standard of practice (SOP) (13). In these protocols, wide or marginal resection was recommended for patients if the risk of surgery was manageable and acceptable post-operative morbidity was expected. For histologies such as Ewing’s sarcoma, high-graded chondrosarcoma and osteosarcoma, chemotherapy was given to patients according to the protocol. If gross total tumor resection with oncologically appropriate surgical margins could not be achieved or poor response to chemotherapy was reported, radiotherapy was introduced. Therefore, adjuvant radiotherapy was still considered for chordoma and chondrosarcoma patients who achieved gross total (R0 or R1) resection. The radiation dose and volume depended on the extent of resection, histopathology and timing of radiotherapy.



Radiotherapy Concept

Patients were set-up either in supine or prone position depending on dorsal or ventral location of tumor. Immobilization was assured with individually customized vacuum casts. In pelvic tumors, bladder filling protocol, either via drinking or suprapubic cystostomy (the latter particularly for pediatric patients), were considered case by case in accordance with the location of tumor. All patients with lumbar tumors were planned for treatment with empty bladder. After performing planning CT with internal or external planning MRI, import and matching of diagnostic MRI at first diagnosis and during course of treatment to the Raysearch (RaySearch Laboratories, Stockholm, Sweden) planning system were done for target volume delineation. GTV1 was contoured according to the initial tumor volume and defined as the tumor bed after adaptation to any geometrical changes. Gross residual tumor at the time of PT was contoured as GTV2. CTV1 was generated from tumor bed plus a CTV margin depending on histology: 1.5–2 cm for Ewing’s sarcoma, 1 cm for chordoma and chondrosarcoma, 2 cm for osteosarcoma and 0.5–2 cm for osteoblastoma. The next level of prescription dose was defined differently according to histology. Whereas CTV2 of chordoma, chondrosarcoma and osteosarcoma was GTV2 (CTV2 = GTV2), CTV2 of Ewing’s sarcoma was tumor bed (CTV2 = Tumor bed). No CTV2 was defined for osteoblastoma. Subsequently, additional boost to GTV2 as CTV3 was considered for Ewing’s sarcoma patients with gross residual disease (see Supplementary 1). Safety PTV margin of 5 mm was used in the pelvic and lumbar location of tumor.

The dose of proton therapy was calculated taking into account the RBE expressed in Gy (RBE), which equals the absorbed dose in Gray of protons multiplied by 1.1. Thus, dose constraints for plan evaluation were all determined in Gy (RBE). Proton treatment can be planned either sequentially boost, which we used homogenous dose and reduced volume for the boost in the later phase, or simultaneous integrated boost (SIB), which we boost to high-risk region simultaneously by using heterogenous dose distribution. Equivalent biological dose was calculated for SIB planning to provide same radiobiological effect as sequential treatment. Dose to organ at risks (OARs) was determined as a maximal dose of 50 Gy (RBE) to spinal cord, maximal dose of 66 Gy (RBE) and mean dose of 55 Gy (RBE) to caudal sac, mean dose 45 Gy (RBE) to femoral heads in adults and 26 Gy (RBE) in children, mean dose of 50 Gy (RBE) to penile bulb and mean dose of testis of 3 Gy. Volume of bowel exposure to a dose of 45 Gy (RBE) or more should be kept below 195 ml. Mean dose of kidneys should be kept below 18 Gy and volume exposure to a radiation dose of 15 Gy or higher should be kept below 65% for one side or below 20–25% for both sides. Volume of bladder and rectum receiving doses of more than 50 Gy should be kept below 60% and 50%, respectively. Whole involved vertebras were covered with at least 20–30 Gy in case of pre-puberty patients to stop bone growth symmetrically and reduce scoliosis in the future.



Staging and Follow-up

For all patients, relevant staging information was requested before treatment. Information included initial, postoperative and recent MRI imaging, surgery reports, general medical report, neurological status, blood count, lung and bone screening and additional investigations if appropriate like rectoscopy, or for bladder and kidney function. All of the patients had clinical base-line evaluation before starting PT. Weekly clinical assessments were performed in all patients during proton therapy. Blood count was requested and performed on a regular basis if chemotherapy was applied or if the field of PT was considered to potentially affect bone marrow. After completion of treatment, all patients should have personal appointment at the institution at 90 days after PT and then yearly on basis. If they were not able or willing to have their check-up in person, written inquiries by questionnaires and telephone interviews were performed. At the same time points, all relevant medical documents and imaging including reports were requested. During COVID-19 pandemic, appointments by telephone without personal visits were suggested.



Pattern of Failure Evaluation

Pattern failure was also reported within the registries. In case of local recurrence, the MRI at time of progression was imported and fused with planning CT in Raysearch planning system. Local failure pattern was scored according to Dawson et al. (14). High-dose region recurrence was defined if local tumor progression of more than 20% in size or relapse was situated with more than 95% volume inside 95% of total cumulative prescription dose. Lower-dose region recurrence was defined if more than 95% volume of relapsed tumor was covered by 95% of the prescription dose for CTV1. Local failure was considered “marginal” if 20 to 95% of recurrent tumor volume was within 95% of the dose to CTV1. If image data at time of progression was not available, it was specifically requested. If finally only report was available, local recurrence was registered but not scored according to type of local recurrence.



Toxicity Evaluation

All toxicities were assessed and graded prospectively according to the Common Terminology Criteria for Adverse Events (CTCAE) version 4.0. All patients were evaluated before the start of PT, weekly during PT and then as explained above. Higher-grade toxicities were defined as CTCAE grade 3 or higher. Whereas acute toxicities were defined as any adverse events occurring during PT and before 3 months after completion of PT, late toxicities were defined as any adverse event occurring since 3 months after completion of PT.



Statistics

This study analyzed data retrospectively. Qualitative data were presented as frequency and percentage, quantitative data was reported as median and range. Follow-up time was calculated from first diagnosis to last contact of patient or death. Overall survival (OS—time from diagnosis to dead of any cause) was the primary objective. Both local control (LC—time from diagnosis to local recurrence or progression) and event-free survival (EFS—time from diagnosis to any event) were the secondary objectives for this study. They were all analyzed with the Kaplan–Meier Method. Any recurrence or death of any cause was defined as an event. After univariate analysis with log-rank test, multivariate analysis for factors which have or tend to have effect on local control, EFS and OS was conducted with Cox regression test, respectively.

All statistical analyses were performed in 95% confidence interval (5% alpha risk) using IBM SPSS Statistics version 27.




Results

Eighty-one patients were eligible for this study. Characteristics of patients are displayed in Table 1. Median and mean age were 19.7 and 30.5 years (1.3–85.8 years). The majority of patients were male (64.2%) with good ECOG performance status of 0-1 (71.6%) treated with curative intent (97.5%). The most common histopathology was Ewing’s sarcoma family tumor (58%), followed by chordoma (24.7%), chondrosarcoma (7.4%), osteosarcoma (7.4%) and osteoblastoma (2.5%). Tumors were located either in pelvic and sacral sites (84%) or the lumbar region (16%). The median tumor size was 8 cm (1.4 – 20 cm). The majority of patients did not have any nodal involvement (97.5%) or other metastatic disease at time of diagnosis (81.5%). Nodal involvement was found in only 2 patients and all of them were diagnosed with Ewing’s sarcoma.


Table 1 | Patient Demographics, Tumor and Treatment Characteristics.



With regard to the surgical approach, the majority of patients underwent only biopsy (50.6%), in 14.8% R0-resection was achieved, whereas in 3.7% R1-resection and in 23.5% R2-resection was confirmed, respectively. Six patients who underwent total resection, resection status could not be categorized either R0 or R1 (Rx). In the present cohort, more than half of the patients received concurrent chemotherapy (53.1%) and even more (69.1%) received some chemotherapy at any time. Regarding all patients in this cohort, 67.9% had chemotherapy before receiving PT and 55.6% received chemotherapy following PT. Despite neoadjuvant chemotherapy, only 12 patients received definite surgery. In eleven of them pathological reports were available. While seven patients of them showed good response (more than 90% necrosis of tumor), in four patients response to chemotherapy was poor. Whereas all patients diagnosed with Ewing’s sarcoma and osteosarcoma were treated with chemotherapy according to the respective protocol, none of the chordoma patients or any osteoblastoma patients received any chemotherapy. In chondrosarcoma, however, half of the patients who had high-graded chondrosarcoma with a higher risk for distant metastasis received chemotherapy as part of the multimodality treatment.

With regard to radiotherapy, most patients had 1st course radiotherapy treatment (97.5%) with curative intent. Approximately 86.4% of patients received radiotherapy only at primary lesion for the first course of treatment at initial diagnosis, 5% at both primary and metastatic sites and 8.6% at primary location after recurrence. In 70.4% of the cohort, radiotherapy was given as definite local therapy. Postoperative radiotherapy was given in 22.2% and pre-operative radiotherapy in 7.4% of the patients, respectively. Prescription doses differed according to histopathology, extent of resection and timing of radiotherapy. Median radiotherapy dose of 59.4 Gy in Ewing’s sarcoma, 74 Gy in chordoma, 69.3 Gy in chondrosarcoma, 70 Gy in osteosarcoma and 54 Gy in osteoblastoma were applied (see Supplementary 2). Sixty-six patients (81.5%) were treated with sequential cone-down technique and 15 patients (18.5%) were treated with SIB technique (Table 1).

Median time from surgery to radiotherapy was 147.5 days (34–519) for post-operative treatment, and median time from radiotherapy to surgery was 69.5 days (20–153) for pre-operative radiotherapy, respectively.


Survival

Median follow-up time for all 81 patients in this cohort was 27.5 months (12–83.2 months). Two-year and 3-year OS for all patients in this cohort were 88.1 and 68.9%, respectively. While 2-year and 3-year EFS were 60 and 45.7%, 2-year and 3-year LC were 76.5 and 72.9%, respectively (Figure 1). Regarding non-metastatic patients, 2-year and 3-year OS were 89.1 and 77.4%. EFS rates at 2 and 3 years were 60.2 and 48.5%, whereas LC rates at 2 and 3 years were 72.9 and 68.8%, respectively.




Figure 1 | Kaplan–Meier estimates of overall survival (A), event-free survival (B) and local control (C) rates for all patients of this study.



Within univariate analysis for the whole cohort (Supplementary 3), age older than 20 years displayed an impact on LC and EFS and metastatic disease impacted on OS (Figure 2). Furthermore, ECOG performance status of 0–1, tumor of 10 cm in size or lower and any resection of tumor showed borderline significance with regard to superior EFS. Nodal metastases tended to have impact on survival. Accordingly, those factors were analyzed also within multivariate analysis except for nodal metastasis due to very low number of patients on nodal positive arm (n = 2). Within the multivariate testing, age older than 20 years had a significant detrimental effect on LC (HR 8.77, p <0.01), EFS (HR 4.37, p <0.01) and OS (HR 4.8, p = 0.02), respectively. Furthermore, metastatic patients had significantly inferior OS (HR 3.72 p = 0.02) and worse performance ECOG status, scored 2–4, had significantly poorer EFS (HR 2.38, p = 0.04 (Table 2). However, we also analyzed correlation between local relapse and surgical status. Whereas, 11 of 41 (26.8%) patients who underwent only biopsy developed local relapse, six of forty patients who underwent any surgery (15%) also experienced local relapse. Anyway, no statistical significant difference was observed between both groups and even in patients who achieved R0-resection, two of twelve patients (16.7%) still experienced local relapse.




Figure 2 | Kaplan–Meier estimates of overall survival rates for all patients of this study according to metastatic status (A) and age (B).




Table 2 | Multivariate analysis of all patients.



Ewing’s sarcoma patients represented the largest subgroup in this cohort (n = 47 patients) and were analyzed separately. The results of both 2-year and 3-year LC were 80.2%. Whereas, 2- and 3-year EFS were 61.7 and 50.1%, OS rate at 2 and 3 years were 88.7 and 67.7%, respectively (Figure 3). Tumor larger than 10 cm showed negative impact on LC and EFS. While, patient older than 20 years showed poorer EFS rate and patient with nodal metastasis had impact on survival, radiotherapy at primary as initial treatment showed better EFS and OS than radiation after recurrence (Supplementary 4). Nodal metastasis was not included for the further multivariate analysis due to the same reason as mentioned before. As a result of multivariate analysis, only significant adverse effect on EFS was found for older age (>20 years of age) (HR 4.51, p <0.01), Tumor of more than 10 cm (HR 4.16, p = 0.02) and radiation for recurrence versus initial therapy (HR 7.59, p <0.01). However, none of the factors showed any significant effect on LC or OS (Supplementary 5).




Figure 3 | Kaplan–Meier estimates of overall survival (A), event-free survival (B) and local control (C) rates according to histology.



Concerning other histology, 2-year and 3-year LC rate were 73.2 and 61% in chordoma group. Whereas both 2-year and 3-year LC rate were 50% in chondrosarcoma patients, 83.3% LC rate in osteosarcoma patients and 100% LC rate in osteoblastoma patients were found in both 2 and 3 years (Figure 3).



Pattern of Failure

During follow-up, 32 patients experienced progressive disease. The most common cause of progression was distant failure in 15 patients (46.9%), followed by local failure in 13 patients (40.6%) and combined local and distant failure in 4 patients (12.5%), respectively.

Median time to local relapse was 14.7 months (6.2–34.9). Out of the 17 patients experiencing local relapse with or without distant metastasis, in 14 all required information for matching of relapse imaging data with RT plan was available. Eleven (64.7%) had progression or relapse in the high-dose region of PT. Two patients had local failure within the lower dose region and 1 patient had marginal failure of tumor. The later patient unfortunately experienced synchronous extensive metastatic failure, too.



Toxicity

During the course of PT, overall higher-grade acute toxicity was documented in 41 patients (Table 3). The most common acute higher-grade toxicity was hematologic toxicity, occurring in 34 patients out of 72 patients having blood counts on a regularly basis. In 15 patients, higher-grade gastrointestinal toxicity, and in 7 higher-grade skin toxicity occurred. Regarding hematologic toxicity, all concerned 34 patients with higher-grade toxicity received chemotherapy before or concurrent to proton treatment. The most common type of hematologic toxicity was leukopenia occurring as grade 3 or 4 in 33 patients. One patient presented with ileostomy before the beginning of the radiotherapy session, which was defined as non-radiotherapy-related grade 4 gastrointestinal toxicity. Three patients needed unplanned hospitalization for reasons other than receiving chemotherapy (due to febrile neutropenia, accident, and hematoma of left knee of unknown cause, respectively). Five patients had more than three days of treatment interruption, either due to toxicity or to machine issues.


Table 3 | Acute toxicity report for all patients.



After radiotherapy, data on late toxicity (Table 4) during follow-up was available for 67 patients (82.7%) so far. Higher-grade toxicities were found in seven out of 67 patients (10.4%). The most common toxicity was found regarding the musculoskeletal system for three patients (bone pain in 2, bone deformity in 1).


Table 4 | Late toxicity report for all patients.






Discussion

Due to the rarity of primary malignant bone tumors, data on RT are sparse, particularly with regard to modern RT technologies. This study was performed in retrospective manner to provide clinical data of 81 patients treated with modern PT, focusing on primary bone malignancy located in the pelvic and lumbar region. In general, RT for bone tumors is challenging due to the need for high doses at delicate sites. Principally, PT can provide some benefits due to the advantage of physical characteristics in order to spare normal tissue. However, clinical data for proton therapy treatment is still limited today.

When compared to other studies, our patient cohort seems to display unfavorable risk factors. All patients included in this analysis had tumors located in the pelvic and lumbar region, which is known to have worse prognosis when compared to those in the extremities (15–18). Furthermore, majority of our patients had large tumor size which also understood as a negative predicting factor (5, 15) and complete tumor resection was not considered feasible. Some patients also had nodal or distant metastatic disease at diagnosis which considered as high-risk in sarcoma patients. So, chemotherapy and relatively high doses of radiation for treatment were required in majority of patients in this cohort.

Still, the results of the survival analysis were satisfactory in this study. Overall, the results of our study were similar or even somewhat superior when compared to other studies despite the particularly unfavorable cohort we had investigated. Systematic review outcomes of primary pelvic bone sarcoma from 2018 showed 5-year LC of 81.7% and 5-year OS of 55% (19). In addition, Kerr, et al. (2019) studied the treatment outcomes of primary spinal bone malignant tumor and reported 5-year OS in different histological types of primary bone tumor. The best prognosis was observed in chordoma patients with 5-year OS of 70%, followed by chondrosarcoma with 5-year OS of 69% and Ewing’s sarcoma with 5-year OS of 62%. The most unfavorable outcome was reported for osteosarcoma, with only 38% survival rates at 5 years (5). When comparing our study with some surgical series, the results are still very much alike. Laitinen et al. reported 5-year LC and 5-year disease-specific survival (DSS) of 58 and 70.2%, respectively, and 10-year DSS of 62.9% (6). Another surgical series from 2016 reported on patients very high local control and survival at 5 years of 91.3 and 84.4%, respectively (20). However, this surgical series included only 23 patients with some of them having had only benign tumors. Tumor sizes were small and could be resected totally. While in 17 patients (73.9%) negative margins could be achieved, six had contaminated margins; adjuvant radiotherapy was given to seven patients in that study. Supposedly, this was the reason why this study reported favorable treatment outcomes.

Due to Ewing’s sarcoma patients being the largest subgroup in this study, we also analyzed outcomes for Ewing’s sarcoma treatment separately. Therefore, local control and survival results are comparable to former series reporting 5-year OS of 50.3–73% and 5-year LC of 72–88% (7, 21–23). Only one report from Japan, in which multimodality treatment combined with proton therapy was used, showed substantially higher survival rate at 3 years of 92% and a high local control rate of 89.7% (24). Among all 35 non-metastatic Ewing’s sarcoma patients in the Japanese study, five had initially unresectable tumor of more than 8 cm and therefore had to receive higher radiotherapy dose. Whereas one of them received 59.4 Gy, the other four patients received even 64.8 Gy. None of the patients received doses in excess of 59.4 Gy encountered local relapsed of the disease. In our present study, the median total dose for Ewing sarcomas was 59.4 Gy, but in the majority of our cases the tumor was unresectable and had maximal diameter of more than 8 cm tumor. In addition, it included metastatic patients. This could explain the slightly superior treatment results of the Japanese study.

Regarding the outcome of osteosarcomas, our study resulted in high local control and survival rates with LC of 83.3% and both EFS and OS of 66.7% similarly at 2 years and 3 years even though this study had only one patient who underwent gross total surgery. These results are superior when compared to previous reports of pelvic osteosarcoma treated with photons (10, 25). When looking at previous proton therapy studies, findings are comparable (26). However, the number of patients with osteosarcoma in our study was limited and the median follow-up time for osteosarcomas was still limited with 16.4 months (9.3–55.6 months).

We also analyzed the factors potentially influencing on oncological outcome. Older patients have poor prognosis in all oncological outcomes. This negative impact of higher age has already been described in other studies indicating that younger patients have better survival after treatment particularly in Ewing’s sarcoma comprising the largest group in our analysis (5, 9, 16, 23). However, there is no definite cut-off level of age and a variety of cut-off levels were used in different studies. In our analysis, we used an age of 20 (young adult) as cut-off. However, we have to acknowledge that in patients of 20 years and more had a higher proportion of pelvic tumor sites (27), while younger cut-off level showed no significant impact on survival in the whole cohort patients. Besides higher age, also metastatic disease showed negative impact on survival in our study. This negative impact on survival outcome was observed across all sarcomas (28–31). Interestingly, also poor performance status was associated with decreased EFS. However, surgery did not show significant better local control or survival in our cohort which might because of insufficient number of patients in subgroup analysis. Among Ewing’s sarcoma patients alone, patients who were older than 20 years and tumor larger than 10 cm had worse prognosis for EFS. In accordance with our findings, the negative impact of older age and tumor size on survival has been revealed in other historical studies already (15, 16, 31). However, 8 cm of size which was used in many previous studies and TNM staging did not display any significant impact in our study. Radiotherapy given to the primary tumor for the first course of treatment showed better EFS in Ewing’s sarcoma patients when compared to patients who had radiotherapy at time of recurrence or when irradiated for metastatic sites which considered as higher risk disease. Surprisingly, none of the factors impacting on EFS appeared to affect overall survival. However, observation time may be too short to display the effect of the EFS on overall survival.

This study reported on 32 patients having relapsed. The most common pattern was isolated distant failure. However, local failure concerned more than half of all patients with or without dissemination. These results reflect the need for effective local therapy despite the high risk for dissemination for the majority of bone tumors. When highlighting the results of local PT, pattern of relapse with regard to high dose volume seems of particular importance. Our data suggest that the predominant site of failure was inside the high-dose region of PT. Only one patient experienced marginal failure but having synchronous widespread metastasis. Therefore, it is difficult to distinguish local marginal relapse from metastatic disease in this patient. This might be explained by the well-known radio-resistance of primary bone malignant tumors. It may be required to explore even higher dose or hypofractionation in the future to overcome of this radio-resistant nature. Presently, several studies are going to address dose escalation particularly in Ewing tumors with bulky residual disease (32).

Regarding toxicity profile, acute grades 3-4 toxicity were reported in 41 patients. The most common toxicity was hematological toxicity, which is not surprising as 69% of patients in this cohort received chemotherapy. All acute toxicity was manageable. Only three patients needed short-term hospitalization apart from receiving chemotherapy and only 2 patients had more than 3 days of PT interruption due to any toxicity-related. Furthermore, late toxicity of any higher grade was observed in only seven patients but not exceeding grade 3. Even though some data were missing, we still gathered about 82.7% of toxicity reports displaying a low rate of late toxicity so far. Two patients had undefined pain and bone pain, respectively. One patient treated osteosarcoma with total resection and adjuvant PT at age of 17 developed bone deformity, one patient had neuromotor problems, one patient had urinary incontinence and the last two patients had chronic diarrhea and fecal incontinence, respectively. Despite, one-third of patients received high dose radiotherapy of almost 70 Gy, low rate of late toxicity can be observed. This finding supports the idea of dose escalation of PT in this region can be well-tolerated.

It has to be acknowledged, that this analysis is limited due to its retrospective nature even if data collection within the registry was performed prospectively. Furthermore, selection bias cannot be excluded as the trial was not generated in a randomized fashion against other local therapies. Patients’ characteristics were also somewhat heterogeneous and difficult to compare because of the unbalanced nature of the data. In addition, some follow-up data were missing and could not be obtained. For surgical status, the recorded data did not distinguish between R0 or R1 status in some of patients who underwent gross total resection. Another limitation is the relatively small number of patients in our study particularly making statistical analyses difficult. We also have to acknowledge the limited follow-up periods. The median follow-up of this study was 27.5 months, and further investigation after longer follow-up will have to be done. Overall, longer follow-up and a greater number of patients is desirable to provide better evidence in the future.



Conclusion

Multimodality treatment of pelvic and lumbar primary bone malignancy combined with proton therapy provided high local control and overall survival rates in a high-risk population despite limited extent of surgery for most of the patients. Isolated distant metastasis was the major cause of failure. However, local recurrence was occurring in more than half of the patients, predominantly situated within the high-dose radiotherapy region suggesting to further exploring dose escalation concepts for subcohorts of high-risk patients. Proton therapy was well feasible on a short term even when combined with chemotherapy and applied to typically large volumes. Therefore, not surprising, hematological toxicity was the most common acute toxicity followed by gastrointestinal toxicity. However, late toxicity has to be considered when applying locally intensive therapy. In our study, late complications were reported in less than 10% of our patients but after limited follow-up time and concerned predominantly musculoskeletal issues.
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Introduction

Metastatic cutaneous squamous cell carcinoma (cSCC) is a very rare condition. The lack of definition of an oligometastatic subgroup means that there is no consensus for its treatment, unlike the mucosal head and neck counterpart. Like the latter, the cutaneous form is able to develop bulky tumor masses. When this happens, the classic care approach is just for palliative intent due to a likely unfavorable benefit–risk balance typical of aggressive treatments. Here we proposed a novel radiotherapy (RT) technique to treat bulky metastases from cSCC in the context of an overall limited tumor burden and tried to explain its clinical outcome by the currently available mathematical radiobiological and ad hoc developed models.



Methods

We treated a case of facial cSCC with three metastases: two of them by classic stereotactic RT and the other by lattice RT supported by metabolic imaging (18F-FDG PET) due to its excessively large dimensions. For the latter lesion, we compared four treatment plans with different RT techniques in order to define the best approach in terms of normal tissue complication probability (NTCP) and tumor control probability (TCP). Moreover, we developed an ad hoc mathematical radiobiological model that could fit better with the characteristics of heterogeneity of this bulky metastasis for which, indeed, a segmentation of normoxic, hypoxic, and necrotic subvolumes might have been assumed.



Results

We observed a clinical complete response in all three disease sites; the bulky metastasis actually regressed more rapidly than the other two treated by stereotactic RT. For the large lesion, NTCP predictions were good for all four different plans but even significantly better for the lattice RT plan. Neither the classic TCP nor the ad hoc developed radiobiological models could be totally adequate to explain the reported outcome. This finding might support a key role of the host immune system.



Conclusions

PET-guided lattice RT might be safe and effective for the treatment of bulky lesions from cSCC. There might be some need for complex mathematical radiobiological models that are able to take into account any immune system’s role in order to explain the possible mechanisms of the tumor response to radiation and the relevant key points to enhance it.
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Introduction

The main aim of reporting this experience is to inform insiders about the possibility to safely and aggressively irradiate difficult-to-treat bulky tumors, even large metastases from cutaneous squamous cell carcinoma (cSCC), with a particular radiotherapeutic option. An interpretation of its clinical results is provided, as well as of its ambiguities, likely needing new radiobiological investigations.

Facial cSCC is one of the most frequent skin cancers, especially among elderly patients who most commonly report a history of prolonged occupational exposure to ultraviolet radiation from sunlight (1). It is able to develop disfiguring and ulcerating bulky lesions and regional lymph nodes and, occasionally, distant metastases through the bloodstream (2). Oligometastatic status was described for the mucosal counterpart of the head and neck squamous cell carcinoma (HNSCC), but not for its cutaneous form (3). However, these two variants are often grouped together in some cancer registries (4, 5) and share some chemo- and immunotherapy regimens in locally advanced/metastatic stages (6). The rarity of the metastatic disease and the low risk of cancer-specific death for cSCC (7) do not allow to rule out the existence of an oligometastatic stage whereby radiotherapy (RT) could be employed with a curative purpose, as it has been successfully done for other metastatic cancers by adopting the stereotactic approach (8–10). Moving from a low palliative radiation dose prescription toward a higher radical one causes some concerns about normal tissue tolerance, especially for the treatment of bulky tumors. Spatially fractionated RT (SFRT), specifically lattice RT, overcomes such an issue by delivering a highly heterogeneous radiation dose to large targets in order to spare the neighboring organs at risk (OARs) (11). Such a peculiar dose delivery method could face the typical non-homogeneous tumor growth by selecting the hypoxic regions to be boosted for overcoming their relative radioresistance (12). In these scenarios, choosing the best dose prescription could be very difficult for the radiation oncologist who must strike a balance between an optimal tumor control probability (TCP) and an acceptable NTCP (13). Actually, the classic RT protocols can be unable to achieve a clinical complete response (cCR), likely due to a radiation dose insufficient to eradicate any residual cancer cell (14). Tumor behavior may be described by mathematical models, as regards both the initial cancer cell proliferation and the repopulation dynamics following the oncologic treatments. Some of these models, including the popular linear-quadratic (LQ) one, can assist the radiation oncologist in the radiobiological determination of dose escalation to improve TCP, as well as of the most suitable fraction size and interval to avoid normal tissue damage (15).

Here we report a case of metastatic facial cSCC with three separate distant lesions, two of which were radically treated with stereotactic body RT (SBRT) and the remaining one with lattice RT (Figure 1). For the latter case, we present four different treatment plans that are inter-compared by dose volume histograms (DVHs). Furthermore, in order to evaluate the effectiveness of each plan, TCP values according to Poisson’s model as well as NTCP distributions according to the Lyman–Kutcher–Burman (LKB) model were calculated. Furthermore, we developed a numerical analysis based on the cell regrowth model to try to explain some aspects of the observed clinical outcome taking also into account the tumor heterogeneity.




Figure 1 | Patient 18F-FDG PET at presentation.





Case Presentation

A 75-year-old patient with no significant comorbidities was submitted to surgical removal of a growing reddish and hard skin nodule located on the inner canthus of the left eye in December 2017. The histology report showed a moderately differentiated cSCC, which was totally resected with negative margins (R0). No adjuvant therapies were deemed necessary since it was an early-stage cancer. Long-term follow-up was negative up to February 2021, when the patient required medical attention due to the appearance of a suspicious red, painful, and semi-soft lump in the left axilla. The nature of such a lesion was then clarified by means of a needle biopsy, which found the same histology of the previous facial tumor. A complete head and neck clinical workup (i.e., physical and fiber-optic examination) allowed us to exclude a mucosal origin. A contrast-enhanced CT scan showed that the palpable axillary lump was just the tip of an inhomogeneous bulky lesion with a semi-fluid core [maximum diameter was 10.4 cm, volume 171.3 cm3, Hounsfield units range −115 to 24.4 ( ± 17.3)] and revealed two further lesions: one was lymphadenopathy of 2-cm diameter located at the II left Robbins level of the neck and the other was a painless metastasis of 3.5-cm diameter at the second left sternocostal joint. An 18F-FDG PET confirmed the three sites of metastatic disease. The axillary bulky lesion had a highly inhomogeneous radioactive tracer distribution due to the presence of a “photopenic area” (SUVmean 0.9) in the inner region, corresponding to the low-density area [Hounsfield units range −100 to 22.9 ( ± 13.8)] on the CT image: such characteristics suggested a necrotic core, surrounded by a super-avid actively proliferating thick ring, in a way that we were able to segment two subvolumes for this lesion (Figure 1). We attributed such differences to a heterogeneous oxygen landscape within the tumor. Consequently, we named three concentric subvolumes (Figure 2): the innermost was the “necrotic core” (86.8 cm3), the outermost was the “normoxic subvolume” (71.5 cm3), and the transitional mid-layer was arbitrarily established as the “hypoxic subvolume” (13 cm3) in an analogous way as previously done by Tubin et al. (16). The latter volume was derived from a 2-mm isometric expansion of the clinically detected necrotic area from which then a ring-shaped subvolume has been subtracted. We considered the disease as in oligometastatic status and proposed an aggressive treatment, keeping us away from a purely palliative intent. The two smallest lesions were treated with SBRT for a total dose of 30 Gy in five consecutive daily fractions of 6 Gy. We deemed the bulky axillary lesion as not approachable by SBRT due to its exceeding size. Therefore, we decided to treat this lesion with SFRT by using a single-shot dose of 15 Gy precisely conformed to five small vertices, followed by 30 Gy in 10 daily fractions of 3 Gy delivered to the entire gross volume. The patient completed the RT schedule in 17 days in total (from April 21 to May 7) with no toxicity. An 18F-FDG PET was performed 1 month later for a very early assessment of tumor response to treatment: according to the PERCIST criteria (17), the neck node was stable, sternocostal metastasis had a partial response (PR), and the bulky axillary lesion had a complete response. The co-registered CT scan documented stable disease for the lymphadenopathy, a slight increase in the skeletal lesion (still fitting the RECIST criteria for stable disease), and a smaller residual liquid-like axillary mass without any solid component all around (Figure 3). Five weeks after completion of RT, the patient started systemic treatment with cemiplimab (350 mg i.v. q3weeks administered by intravenous infusion over 30 min). After 15 weeks from the start of cemiplimab (20 weeks after the end of RT), an 18F-FDG PET/CT was performed for a new assessment of tumor response, showing a complete response in both neck node and sternocostal metastases; the axillary lesion maintained a complete absence of pathological metabolism. On a co-registered CT scan, a further reduction in the size of the axillary mass was detected (from the initial size mm 70 × 46 × 104 to mm 52 × 35 × 83) (Figure 4). At the last follow-up, October 29, 2021 (after 25 weeks from the end of irradiation), the patient developed no treatment-related toxicity and complete pain relief in the axillary site. Cemiplimab was well-tolerated. The patient’s timeline is shown in Figure 5.




Figure 2 | Schematic representation of the axillary GTV: necrotic core (black), mitotic area (red), whole hypoxic area (blue), and vertices targeted by large dose boost (purple). GTV, gross tumor volume.






Figure 3 | Patient 18F-FDG PET 1 month after treatment.






Figure 4 | Patient 18F-FDG PET at 4.5 months after treatment.






Figure 5 | Patient’s timeline from the beginning of the disease to the last follow-up accompanied by the SUV evolution of the 18F-FDG PET scans through the various steps.





Methods


Target Volume Definition

A neck and thorax 1.25-mm thickness slice CT simulation without contrast medium was performed after modeling a thermoplastic mask on the patient for immobilization of the head, neck, and shoulders in a reproducible setup. Regarding the metabolic imaging, PET/CT scans were acquired with a GE Discovery five-ring PET tomography 50 min after i.v. of 185 MBq of 18F-FDG and processed with software Q Clear. Thanks to this software, it was possible to calculate not only the SUVmax and the SUVmean but also the metabolic tumor volume (MTV) and the total lesion glycolysis (TLG = MTV × SUVmean).

For the left axillary site, the gross tumor volume (GTV) was the entire bulky lesion as defined on the CT scan. We contoured three concentric subvolumes: the innermost was the “necrotic core” (86.8 cm3), the outermost the “normoxic subvolume” (71.5 cm3), and the transitional mid-layer was arbitrarily established as the “hypoxic subvolume” (13 cm3) (Figure 6). The vertices were five spheres of 1-cm diameter, astride the boundary between the metabolically active external ring and the necrotic core, that is, where a transitional hypoxic zone may be assumed. The other two GTVs (neck lymph node and sternocostal joint) were defined on the CT images with the support of an 18F-FDG PET. Three clinical target volumes (CTVs) were created by an isometric expansion of 0.5 cm for each GTV in order to target also the subclinical disease around the macroscopic one.




Figure 6 | Simulation CT scan images in the axial (top left), coronal (lower left), sagittal (lower right) planes. In the top right picture, a 3D rendering of the spatial relations of target subvolumes with the skin and chest wall (portions included in the NTCP calculation) is shown. The purple line encloses the necrotic subvolume, the light-blue one represents the hypoxic ring, the red line contains the gross tumor volume, and the green lines are for OARs, i.e., chest wall and skin. NTCP, normal tissue complication probability; OARs, organs at risk.





Treatment Planning

For the axillary bulky lesion, three couple of plans were generated using Treatment Planning Software Eclipse® (version 13.7.14 powered by Varian) in a Volumetric Modulated Arc Therapy (VMAT) technique; the treatment unit used for this work was a Novalis-TrueBeam STx linear accelerator equipped with a high-definition multi-leaf collimator (MLC) and an X-ray image guidance system including a six degrees of freedom robotic couch (ExacTrac, BrainLab®, Munich, Germany). The high-dose vertex volume was arbitrarily configured using five spherical high-dose vertices with a diameter of 1.0 cm placed within the GTV and with at least 2.0 cm of separation (center to center). The optimized monoisocentric plan resulted in at least 99% of the prescribed dose covering 100% of each vertex volume (D100vertex ≥ 14.85 Gy).

Each couple of plans was made a planned sum.

The four plans were named as follows:

	Plan A: 30 Gy in 10 daily fractions of 3 Gy each to the CTV (Figure 7), every time summed up to one of the following three.

	Plan B: 15 Gy to the GTV in one fraction (Figure 8).

	Plan C: 15 Gy to the hypoxic ring in one fraction (Figure 9).

	Plan D: 15 Gy to the vertices in one shot (Figures 10, 11).






Figure 7 | Plan A: 30 Gy to the entire CTV. Black line is for GTV, red for CTV, light-blue for the chest wall, and yellow for the skin. CTV, clinical target volume; GTV, gross tumor volume.






Figure 8 | Plan B: 15 Gy to the GTV. GTV, gross tumor volume.






Figure 9 | Plan C: 15 Gy to the hypoxic ring (light-blue area).






Figure 10 | Plan D: 15 Gy to the vertices (red circles).






Figure 11 | 3D rendering of vertices within the GTV enclosed between the skin and chest wall. GTV, gross tumor volume.



For each plan, 2 half coplanar arcs (0°–179° CW/CCW) were used with jaw tracking technique, i.e., a specific technique that was provided by the Varian TrueBeam series (Varian, Crawley, UK), where the jaw can track the aperture of the MLC to reduce the leakage and transmission and thus reduce doses to normal tissues around the tumor.

For the other two disease sites, the above equipment and procedure were used for delivering an SBRT treatment with a dose of 30 Gy in five daily fractions of 6 Gy each.

The algorithm used for the plans was Anisotropic Analytical Algorithm (AAA version 13.7.14).



Numerical Analysis

Computational analyses were performed in order to evaluate the ability of tumor control and the risk for OARs for the various plans considered.

In particular, two independent analyses were carried out: 1) calculation of the TCP using Poisson’s model (empirical model) and the NTCP adopting the LKB model; 2) ad hoc developed radiobiological model considering the different regions present within the tumor.


Tumor Control Probability and Normal Tissue Complication Probability Modeling

Structure sets and calculated three-dimensional (3D)-dose matrices of the RT plans were exported as DICOM files.

In order to calculate the TCP and NTCP values, the equivalent dose in 2 Gy per fraction, EQD2, was evaluated using the following expression:

	

where D is the total dose in Gy, d is the dose per fraction, and α/β is the ratio of linear to quadratic cell killing probability according to the LQ model. In particular, for a tumor, the value of α/β=10.5Gy was used (18), and the values of α/β=8.8Gy (19) and α/β=3.5Gy (20) were adopted for the skin and chest wall, respectively. Since the spatial resolutions of the various plans considered were not identical, all plans were re-sampled to the highest resolution (1.5 × 1.5 × 1.5 mm3).

TCP was calculated based on the LQ Poisson’s model (21, 22) through the use of the pyradiobiology software (23, 24). The values of the parameters TCD50 and γ are those for head and neck squamous cells, at 51.77 Gy and 2.28, respectively (25).

For NTCP calculation for the skin and chest wall, the LKB model was applied (26). The parameters adopted for these calculations are n = 0.1, m = 0.21, and TD50 = 68.00 Gy for the case of pathological fracture of the chest wall and n = 0.1, m = 0.12, and TD50 = 70.00 Gy for the case of necrosis/ulceration of the skin (27).



Ad Hoc Radiobiological Model

The above-described analysis does not completely take into account the heterogeneity of the tumor region, and, therefore, the reliability of TCP values is limited. For this reason, a numerical radiobiological model able to consider various aspects of the complexity of the system was provided.

The proposed analytic method proposed to analyze the different radiobiological treatments is based on the following points:

	Tumor spheroid approximation since the volumes of the cell subpopulations are more relevant than their shapes;

	The radiation effect is described by the LQ model;

	The radioresistance of the hypoxic area is taken into account by the oxygen enhancement ratio (OER) approach;

	The vertices are localized in partial overlap with the necrotic and hypoxic volumes;

	The effects of the initial large dose (15 Gy) on the normoxic and hypoxic cells is described by average doses;

	10 daily doses of 3 Gy follow the initial treatment.



The detail of the calculations is reported in Supplementary Material 1, and the final results compare (see Discussion) different methods of delivery of the large initial dose.





Results

The effectiveness in tumor control and damage to healthy tissues was evaluated for the four different RT approaches by means of the two numerical studies mentioned above.

The analysis was performed via the pyradiobiology software, which calculates the TCP using Poisson’s model, and the NTCP adopting the LKB model. The results are reported in (Table 1).


Table 1 | TCP values for tumor cells and NTCP values evaluated for the chest wall and skin.



From this analysis, it is evident that NTCP for the chest wall for Plan D (lattice) is comparable to that for Plan A (30 Gy in 10 fractions), and it is an order of magnitude smaller than that for Plan C (which is a combination of SBRT-PATHY as employed by Tubin et al. and a sequential palliative 30-Gy dose in 10 fractions of 3 Gy/day to the entire tumor volume) and 2 orders of magnitude smaller than that for Plan B (a single dose of 15 Gy homogeneously delivered to the entire tumor volume followed by 30 Gy in 10 fractions of 3 Gy/day).

Analogous behavior is observed for NTCP values related to skin exposure. Therefore, the lattice configuration of irradiation allows sparing healthy tissues better than hypoxic ring irradiation (Plan C) and entire volume irradiation (Plan B).

Regarding TCP analysis, Plan B is characterized by a high value (i.e., 87%), and this is related to the total volume irradiation with preliminary 15-Gy exposure, whereas in the case of Plan C (hypoxic ring irradiation), this probability is more than halved, and in the case of lattice irradiation (Plan D actually delivered to the patient), it is equal to about 3%. In order to consider also the heterogeneity of the tumor regions and to further model the response of this tumor to the RT procedure chosen, plans C and D were compared by means of an ad hoc developed radiobiological model, providing the respective cancer cell survival probability (CCSP) predictions. For such models, we used the α, β, and α/β values for cSCC suggested by van Leeuwen et al. (28). The numerical analysis in Supplementary Material 1 carried out a detailed quantitative comparison between methods C and D, by evaluating the survival fraction before and after the standard treatment for the normoxic and hypoxic subpopulations. The results are reported in Tables S2, S3 (Supplementary Material 1) where you can observe that the initial radiation dose of 15 Gy delivered to the whole hypoxic area (model C), rather than to the vertices (model D), gives a smaller survival probability, i.e., a better tumor control, but with a very large average dose (Dmean_normoxic_subvolume equal to 10.44 Gy for Plan C and to 4.3 Gy for Plan D) distributed in the nearby normoxic area.



Discussion


Background and Radiobiological Issues

This case report presents a novel technique to treat bulky tumors, generally treated with palliative-only RT. The peculiarity of the RT technique here presented is mainly linked to the ability to deliver high radiation doses to small areas of the GTV, so that radiation oncologists can treat with a higher total dose the GTV as compared to other techniques using lower homogeneous radiation doses due to the close proximity of OARs. Furthermore, as regards the treatment planning, this is no more difficult than the other volumetric plans; it is likely more time-consuming because the radiation oncologist has to choose the vertex positioning within the GTV and to co-register PET/CT images with simulation CT images. Finally, the time to deliver radiation doses to the vertices is no different than that of other modulated/stereotactic techniques. The palliative radiation approach could not achieve a satisfying TCP, thus adversely affecting the patient survival chances. This issue is particularly relevant when a large mass develops in the context of an overall limited tumor burden, as in the present case, where it is reasonable to expect a better outcome than a multimetastatic setting (29–32). Currently, the oligometastatic disease is effectively treated by stereotactic RT, that is, with an approximately homogeneous radiation dose delivered to the entire tumor volume (33). Such an approach would appear to allow a deferral in the use of aggressive chemotherapy regimens even among those patients affected by oligometastatic mucosal HNSCC (34). The advanced and/or metastatic cSCC counterpart may be treated with targeted therapies, but such a consideration does not rule out a key role for ablative RT (35, 36), not yet extensively tested due to the low rate of metastatic disease (37). However, bulky masses could not be treated with high-dose stereotactic RT without exceeding the normal tissue tolerance (38). Alternative solutions to deliver ablative radiation doses are under study, and SFRT is among them (39). Such a method is supposed to trigger a killing bystander effect (Figure 2) on the underdosed tumor subvolumes (40). Bulky tumors are characterized by a heterogeneous oxygen supply that generates an alternation of well-oxygenated proliferating areas and hypoxic “dormant” areas. Notoriously, tumor hypoxia represents the main obstacle to the full effectiveness of RT (41). For a given dose, such a condition increases the cancer cell survival fraction both in vitro and in vivo. This issue may occur for two reasons: 1) due to a spatial limit of oxygen diffusion to cells that are more distantly located from newly formed vessels during disordered neoangiogenic sprouting or 2) to a transient mechanic occlusion of such capillaries because of endothelial cell abnormalities, starving harder the innermost cells. Both phenomena determine a significant reduction in the partial pressure of oxygen (pO₂) that, for the aforesaid reasons, is inhomogeneous within the tumor tissue. Considering that the oxygen path is mostly stopped at a depth from the vessel of 100–200 μm, it explains how, beyond this threshold, cell cascades culminating in necrosis may be triggered (42). Thus, it is not infrequent to find a necrotic core surrounded by a vital cell ring. It is reasonable to assume that between normoxic and necrotic areas, hypoxic cell clones exist. These cells, for example, through—but not only—the hypoxia-inducible factor 1α (HIF-1α) signaling pathway, develop a metabolic adaptation to hypoxia and survive (43). They may be not actively proliferating but still viable and able to escape from the radiation effects. In fact, oxygen enhances free radical formation and fixes chemical damages induced by ionizing radiations, especially double-strand DNA breaks. The variability of cell survival rate at different levels of pO₂ is summarized by the OER parameter. Therefore, oxygen deprivation, by increasing tumor cell survival, could impair oncologic outcomes, such as local control (LC) and, consequently, also overall survival (OS). Indeed, the clearance of normoxic cells by radiation could recruit previously hypoxic cells to be exposed to a better promitotic pO₂, thus enhancing their proliferative and metastatic potential. Such cell behavior is at the root of radiation dose fractionation in clinical practice. In fact, the tumor redox landscape constantly changes in parallel with variations in cellular density (44). However, total removal of all cells is not always achievable. This applies especially to bulky tumors whose absolute number of hypoxic cells may be very high. In this scenario, another issue becomes evident: as expected, the unintended dose delivered to nearby healthy tissues (OARs) increases when the target volume increases due to a deleterious dose–volume effect (45). Then, radiation oncologists face daily this dose-limiting factor associated with a poor radiosensitivity of the hypoxic components. To counteract the depletion of tumor oxygen, various strategies such as the use of radiosensitizers have been tested to improve the therapeutic ratio of radiation dose. Unfortunately, practical results have not always confirmed the theoretical assumptions, likely because the topic is even more complex (46). Regarding the dose fraction size, it is known that large ones could overcome hypoxia-related radioresistance, but these could not be easily deliverable in a uniform manner to the entire tumor due to the aforementioned dose–volume effect that puts a strain on the tolerance of neighboring OARs. A compromise solution could be to deliver a high radiation dose/fraction solely in some tumor subvolumes, namely, the hypoxic ones. This is the actual basis for oxygen-guided RT. This novel concept is based on the detection of hypoxic subvolumes within tumor tissue for a selective radiation boost while limiting the unnecessarily escalated dose to well-oxygenated and radiosensitive ones. Such a pattern of radiation dose delivery is shared with another treatment strategy, the SFRT, basically known in two main forms: the GRID and the lattice one (39). These two differ by a more rigorously geometric arrangement of high-dose regions in the first respect to the second one. Both treatments were created as non-oxygen guided. We believe that an SFRT technique based on hypoxia tracking could enhance the synergy between high radiation dose, able to eradicate hypoxic clones, and the subsequently elicited radiobiological effects, which could promote tumor regression also in low-dose regions as well as distantly in non-targeted lesions (11). However, cell interactions against the background of the host immune system are not fully known and, consequently, not purposely engageable to lead an antitumor response. On the other hand, by adopting an in silico model to explain the interaction (that is, the killing effect) between radiation dose and hypoxic cells, the radical dose to eliminate them all, even after taking into account the time between a fraction and the next one, could be approximately predicted (12).



Clinical Implications and Perspectives

In clinical practice, the finding of bulky tumors is not uncommon. A large part of them sometimes presents a necrotic core, detectable as a deeper hypodense region on CT scans (47, 48) or as photopenic on 18F-FDG PET images (49). The most common approach used in these cases, especially when these masses are metastases, is to treat the total volume with a homogeneous palliative dose, so as not to exceed the tolerance of OARs at the boundary with the target periphery. Clearly, such a strategy is unable to produce a durable LC and, subsequently, could address the need for re-treatment, obviously not without serious concerns regarding toxicities. Conversely, a uniform high-dose delivery could be not deliverable without a hazardous dose–volume effect. Hence, the radiation oncologist is often forced to settle for the first option. To circumvent these risks, recently, Tubin et al. proposed an unconventional irradiation technique for partially treating inhomogeneous bulky tumors (SBRT-PATHY): to deliver a high radiation dose to hypoxic areas with a sharp dose fall-off toward the outside of the tumor in order to spare the normoxic portion and, above all, the peripheral microenvironment for evoking immune radiobiological effects (bystander and abscopal) (50). This strategy achieved great clinical results in terms of tumor volume regression with no additional toxicity as compared to conventional palliative treatment (16). In this technique, the low-dose region represented by the normoxic peripheral tumor ring acts as a “buffer” between the high-dose hypoxic rim and the adjacent OARs to spare. However, further clinical trials with a larger sample size are needed prior to translating these preliminary results to routine clinical practice. In fact, partially uncovering some tumor subvolumes could be at least controversial or even hazardous from the radiation oncologist’s point of view. The concern about the difficulty in precisely mapping the hypoxic areas for selective irradiation could deter the implementation of this strategy. After all, the spatial resolution of current clinical imaging could be unable to detect all minor hypoxic regions. The consequence of missing out on the required radiation dose to one of these areas may be poor tumor control. For this reason, an alternative to SBRT-PATHY could be to selectively boost detectable hypoxic areas while maintaining a low effective dose in the remaining normoxic areas. Such an approach could balance the need for a booster dose in radioresistant hypoxic regions with the need to cover the overall tumor volume with an adequate radiation dose to hamper a rapid tumor regrowth while preserving nearby normal tissues. This strategy is calling for a mathematical model that can help to determine the required radiation dose to overcome hypoxic radioresistance. For this purpose, we have chosen a single dose of 15 Gy because this dose size has proven to be more effective in terms of tumor regression when compared to lower doses (51). Moreover, the single shot allowed us to bypass the redistribution in tumor oxygenation, following each radiation dose in fractionated schedules. In fact, the tumor oxygen map constantly evolves after radiation due to the recovery from vaso-occlusive events in tumor vessels on the one hand and to the prothrombotic effect associated with the swelling of irradiated tumor endothelial cells on the other (52). Among the non-invasive techniques currently available for measuring oxygen levels in tumor tissues, we find optical methods, those based on NMR, and nuclear medicine techniques. PET/CT has several advantages: a good intrinsic resolution, a 3D representation of the tumor, the possibility of making semiquantitative evaluations of the hypoxic tumor load, the ease of execution, the reproducibility of the data, and above all the highest diagnostic specificity in the characterization of the hypoxic tissue (53). A large number of PET tracers have now been developed for the identification of hypoxia. 18F-fluoromisonidazole is the most studied PET tracer for hypoxia imaging, but the accumulation of the tracer in the hypoxic tissues is rather slow, and the tumor/background ratio is still quite low. Therefore, only a few radiopharmacies produce specific tracers for hypoxia, and procurement is very difficult. 18F-FDG is the most widely used PET tracer in oncology, as cancer cells usually show an increase in their metabolism and in particular in glycolysis, even in conditions of aerobiosis (Warburg effect). The increase in the expression of glucose transporters and glycolytic enzymes can also be activated by hypoxia, through the factor HIF-1α (anaerobic glycolysis, the Pasteur effect) (53). Apart from the constitutive photopenia of large tumor necrosis, the uptake of FDG under both normal and reduced oxygen pressure conditions obviously makes FDG non-specific for hypoxia. However, FDG-PET/CT proved to be a good tool in staging patients with cSCC as well (54). Other studies have reported nodal involvement sensitivities ranging between 91% and 100% and change in management in 6.25%–40% of patients (55–57). A recent study in node-positive cSCC patients calculated the positive and negative predictive values for nodal detection in preoperative FDG-PET/CT as 91.1% and 66.7%, respectively (56). As a consequence of this, the use of such an imaging to study and characterize the tumor disease in our patient was appropriate.



Mathematical Radiobiological Models: A Call For New Ones?

Taking into account the different dose prescriptions and a more and more detrimental dose–volume effect as the irradiated volume increases, Plan A would have an excellent NTCP but the worst TCP. Conversely, Plan B would be likely characterized by an excellent TCP and a not negligible NTCP for the chest wall (2%) when compared to plans C and D (58) and at the expense of the target dose coverage as evidenced by the cumulative DVH shown in Figure S1 of Supplementary Material 2 (see the smoother slope of the orange curve nearby the dose prescription value). As these outcomes do not fit a radical and safe curative purpose, we developed an ad hoc mathematical radiobiological model only for plans C and D in order to further investigate their respective CCSPs. Interestingly, the numerical results about the cell survival rate according to the LQ model show a strong reduction of the subpopulation volumes, although with a TCP that could be small for a large clonogenic number (see Tables S2, S3 on the cell survival fraction). This means that the LQ model could not be able to explain the reported cCR after lattice RT delivery. Such a finding supports our assumption about immune intervention even more. After all, the involvement of immune response, specifically the recruitment of effector immune cells at the distant disease sites, needed to be adduced to explain the abscopal effect reported in a case with multiple nodules of cSCC, of which only one was irradiated (59). As Plan A employed a palliative dose by definition and Plan B a not safely deliverable uniform high dose, respectively, we deemed it useless to provide CCSP for them. Conversely, we elaborated NTCP for the skin and chest wall for all four dose prescriptions, purposely rescaled in EQD2 (Equivalent Dose in 2 Gy/Fx) value. As evidenced by cumulative EQD2-DVHs in Supplementary Material 2, the volume of the skin and chest wall for Plan D was constantly lower than that for Plans B and C at each dose level. In other terms, the addition of vertices dose has an almost negligible effect over the two OARs when compared to the other two plans. This was particularly evident at the highest dose levels, as inferred from the differential DVHs. However, all plans have a very-low near-zero risk of damage for both the chest wall and skin. Indeed, as a more detailed examination shows, the near-zero risk of Plan D is of another order of magnitude in comparison with that of Plans B and C, e.g., up to 10,000 times smaller for the skin. In fact, on the NTCP curve, the value of risk for Plan D is just beyond that of Plan A and significantly distant from that of Plans B and C, which, conversely, are closer to the curve section with the greatest slope that indicates a very real danger for the chest wall and skin. Also regarding the chest wall, the largest volume to be boosted in Plan B entails a low but significant risk (≈2%) when compared to the risks of Plans C and D. This means that Plan D is a more precautionary method of radiation delivery. Such a finding could be mainly useful in case of the need for re-treatment or treatment of neighboring metachronous metastases. Moreover, it has to be emphasized that NTCP predictions are largely influenced by the amount of OAR volume under investigation. We considered a very large portion of the skin and chest wall, namely, the one approximately exposed to at least 2 Gy because no dose is without sequelae. Thus, in the NTCP simulation, the risk prediction related to the highest doses could be underrated if such doses are computed as scattered in a very large volume rather than as concentrated in a small one. Starting from these considerations, the lattice approach could be even more advantageous than it appears in this particular case. The flexibility for high-dose vertices positioning permits to maximize tumor control without threatening the surrounding healthy tissues. This assumption can be valid also for other tumor histology and high-risk locations. Of particular note, the lattice dose delivery permitted a more rapid tumor response than the other two disease sites treated with classic stereotactic RT.



Advantages From This Preliminary Experience

As cSCC is prevalent among very elderly and frail patients, our SFRT solution could be valuable also for the treatment of primary bulky lesions in those cases not eligible for radical surgery due to a high anesthetic risk or technical complexity (60). In this patient setting, the treatment option here presented could be safer and more tolerable than the multi-drug systemic therapies investigated in currently ongoing trials (61). Besides, such immuno- and chemotherapeutic agents may struggle to penetrate within hypo-vascularized hypoxic tumor subdomains with a consequent decline in LC. Also, well-established drug protocols, like the one here used, based on cemiplimab, are not without serious concerns about toxicities and still have a poor overall response rate (62). To improve the latter, a combination of cemiplimab with hypofractionated RT has been already tested with encouraging results (63).



Limitations

We are fully aware that this study has several limitations. First of all, one swallow does not make a summer: a case report does not allow to draw any definitive conclusions. Secondly, all the numerical analyses are based on the estimated number of cells contained in each voxel, in a way that their computation is, of course, largely approximate. Thirdly, the failure to use clinical imaging that was specifically devoted to accurately distinguishing the different subvolumes (normoxic, hypoxic, and necrotic ones) represents another weakness. In any case, in this regard, on the basis of 18F-FDG tracer distribution, it is reasonable to assume that a transitional layer populated by oxygen-starved cells rings an innermost photopenic area due to necrosis. Fourthly, the whole procedure of target contouring, particularly the choice of vertex number, size, dose, and positioning, was strictly operator-dependent and this could undermine the reproducibility of the result. Fifthly, the role of lattice RT in achieving the reported results may be overestimated due to the use of cemiplimab following the RT course, although it must be emphasized that the cCR in the bulky axillary lesion was documented already prior to the drug administration. However, we did not just present our successful approach but even tried to provide a reliable scientific insight, in agreement with the currently available mathematical radiobiological models. It is indeed worth stressing that the LQ model predicted a very small value of TCP for the delivered plan (3%), but nevertheless, we observed a very positive outcome: actually, there is the possibility that we described just one of the three cases out of 100 with tumor control. Further investigations on large series with similar tumors should be performed in order to confirm the reliability of this model in describing this type of RT planning.



Final Considerations

To the best of our knowledge, this is the first report about lattice RT in which the vertex positioning was based on the 18F-FDG PET-detected metabolic heterogeneity within a large tumor mass as a surrogate of its oxygen landscape and whose clinical outcome was attempted to be explained either by the currently available mathematical radiobiological models or an ad hoc developed one. Neither the first nor the second could be sufficient to exhaustively explain the reported outcome, likely calling for more complex radiobiological models.

The list of successful lattice RT applications now includes bulky cSCCs.




Conclusions

Lattice RT might be safe and effective for the treatment of bulky locally advanced or metastatic cSCCs. Large trials are needed to draw up tailored RT for difficult-to-treat cancer patients, and wide investigations are needed to deeply evaluate the effectiveness of the lattice RT. Moreover, more theoretical analyses with existent and/or novel radiobiological models could be useful to explain lattice RT effects, also taking into account the reaction of the host immune system to this particular radiation dose delivery.
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This is a prospective, single center study aimed to evaluate the predictive power of peritumor and intratumor radiomics features assessed using T2 weight image (T2WI) of baseline magnetic resonance imaging (MRI) in evaluating pathological good response to NAC in patients with LARC (including Tany N+ or T3/4a Nany but not T4b). In total, 137 patients with LARC received NAC between April 2014 and August 2020. All patients were undergoing contrast-enhanced MRI and 129 patients contained small field of view (sFOV) sequence which were performed prior to treatment. The tumor regression grade standard was based on pathological response. The training and validation sets (n=91 vs. n=46) were established by random allocation of the patients. Receiver operating characteristic curve (ROC) analysis was applied to estimate the performance of different models based on clinical characteristics and radiomics features obtained from MRI, including peritumor and intratumor features, in predicting treatment response; these effects were calculated using the area under the curve (AUC). The performance and agreement of the nomogram were estimated using calibration plots. In total, 24 patients (17.52%) achieved a complete or near-complete response. For the individual radiomics model in the validation set, the performance of peritumor radiomics model in predicting treatment response yield an AUC of 0.838, while that of intratumor radiomics model is 0.805, which show no statically significant difference between then(P>0.05). The traditional and selective clinical features model shows a poor predictive ability in treatment response (AUC=0.596 and 0.521) in validation set. The AUC of combined radiomics model was improved compared to that of the individual radiomics models in the validation sets (AUC=0.844). The combined clinic-radiomics model yield the highest AUC (0.871) in the validation set, although it did not improve the performance of the radiomics model for predicting treatment response statically (P>0.05). Good agreement and discrimination were observed in the nomogram predictions. Both peritumor and intratumor radiomics features performed similarly in predicting a good response to NAC in patients with LARC. The clinic-radiomics model showed the best performance in predicting treatment response.




Keywords: rectal cancer, treatment response, neoadjuvant chemotherapy, nomogram, magnetic resonance imaging radiomics



Introduction

Rectal cancer is one of the most common malignant neoplasms and the second leading cancer-related cause of death worldwide (1). Locally advanced rectal cancer (LARC) accounts for approximately 70% of newly diagnosed rectal cancer cases annually, which is defined as T3-4Nany or TanyN+, regardless the status of the CRM (2). Following neoadjuvant fluorouracil-based chemoradiotherapy (CRT), total mesorectal excision (TME) and adjuvant chemotherapy are the recommended standard treatments for LARC before. However, several large prospective trials, including RAPIDO (3), PRODIGE 23 (4) have brought neoadjuvant chemotherapy to the fore as a new standard to LARC. Furthermore, recent results indicated that, compared to nCRT, neoadjuvant chemotherapy (NAC) showed no statistically significant difference in terms of 3-year local recurrence (8.3% vs 7.0%~ 8.0%), disease-free survival (DFS) (73.5% vs 72.9%~77.2%), and overall survival (OS) (90.7% vs 89.1%~91.3%) between the three arms (5). Even Habr-Gama and colleagues suggest the ‘wait and watch’ strategy for patients with LARC with a clinical complete response (cCR) after neoadjuvant chemoradiotherapy (nCRT) (5). Although the rate of pathological complete response (pCR) in the CRT group was higher than that in the NAC group, higher toxicity and more postoperative complications were observed in patients who received only radiotherapy (6, 7). Predicting patients who could achieved CR undervent NAC before operation is of great clinically meaning. It may indicates that the specific patients could avoid the unnecessary radiotherapy (8).

However, pCR (pathology complete response) can only be confirmed in the resected specimens after surgery.Magnetic resonance imaging (MRI) has merged as a dominant method of pelvic imaging in rectal cancer for its superb soft tissue contrast between tumor and other soft tissue (9). Besides, MRI is particular accurate in assessing the distance between the tumor and the mesorectal fascia with sensitivity and specificity up to 94% and 76% respectively (10). Furthermore, 3.0T MRI scanner perform better than the 1.5T MRI in the visual assessment of the complete response patients of rectal cancer (10). In spatially and temporally heterogeneous solid cancers, invasive biopsies specimens cannot reflect the overall characteristics of the tumor, which limits the use of invasive biopsy based molecular assays but gives huge potential for medical imaging (11). Radiomics, as a new term, was first proposed by Lambin et al. in 2012 (12). Radiomics can convert traditional radiological images into data that can be further analysis. The workflow includes multi-steps: images acquisition, image segmentation, features extraction and selection, model construction and validation. The aim of radiomics is to translate medical images into quantitative data, which may reveal a deeper information of the tumor (13). With its ability to perform high-throughput extraction of image features derived from radiographic images, radiomics can provide a non-invasive method of describing intra-tumoral heterogeneity (12). Previous studies (14–18) have estimated the predictive performance of magnetic resonance imaging (MRI) or computed tomography (CT) features to evaluate tumor treatment response. In these studies, most examinations were focused on LARC after nCRT, which is of little significance for making decisions regarding NAC. In addition, previous radiomics studies of LARC focused on the intertumoral region alone, and information regarding peritumoral radiomics features was overlooked. Recently, in other cancers, the peritumoral area has been used to predict the treatment response. For example, Khorram et al. (19) used combined peri- and intratumoral radiomics models to predict the response to chemotherapy in lung adenocarcinoma and indicated that radiomic features extracted within the nodule and border (from the baseline CT scan) performed well in predicting treatment response in association with time to progress (TTP) and overall survival (OS). Hu et al. (20) showed that, in patients with esophageal squamous cell carcinoma, a model combining intra- and peritumoral radiomics showed good performance in predicting pCR following NAC (0.852 (95% CI, 0.753-0.951). At present, to the best of our knowledge, only a few studies have focused on peritumor radiomics research, and its role in predicting treatment response to NAC has not been definitively demonstrated. Therefore, we aimed to establish the model based on radiomics of the intratumor and peritumor to predict the efficacy of NAC in LARC. Prediction of good response to NAC can reduce radiotherapy-related toxicity and the economic burden of the patients. Our findings, if confirmed, may help identify good response patients and lower the overtreatment rate.



Materials and Methods


Patient Population

The study was approved by the Ethical Committee of the Sun Yat-sen University Cancer Center. This was a secondary analysis based on prospective research data (Approval no. 5010-2014-013). The ethical principles of the Declaration of Helsinki were followed in conducting work involving human participants enrolled in this study. Informed consent was obtained from each patient prior to treatment and participation. The study cohort was enrolled between April 2014 and August 2020. The patients were recruited based on the following inclusion criteria: (1) pathologically confirmed single primary rectal cancer; (2) clinical diagnosis of LARC (defined as the tumor invading the muscularized layer of the intestinal wall with positive peripheral lymph node metastasis (T2 N+) or primary tumor invading the subserosa regardless of the status of the lymph node (T3-4aNany); (3) no distant metastasis; (4) initial pretreatment MRI of the pelvis; (5) no other malignant cancers; (6) no anti-cancer treatment in other clinical centers; (7) an Eastern Cooperative Oncology Group score of 0–1; (8) age between 18 and 75 years. The exclusion criteria were as follows: (1) preoperative staging evaluating whether the tumor had invaded the surrounding tissues or organs (T4b); (2) severe hypertension with poor control; (3) history of viral infection, including human immunodeficiency virus or chronic hepatitis B or C; (4) arrhythmia requiring antiarrhythmic treatment (except via blockers or digoxin), myocardial ischemia (i.e., myocardial infarction in the last 6 months), or symptomatic coronary artery disease with heart failure exceeding New York Heart Association level II criteria; and (5) a history of pelvic or abdominal radiotherapy to exclude the influence of other serious diseases and treatment history on the treatment outcomes. The patient selection process for this study is summarized in Figure 1. A total of 302 eligible patients were recruited from April 2014 and August 2020. Of these, a further 165 patients were ineligible and were excluded, including 157 patients received CRT, 6 patients quitted the clinical trial, 1 patient died before treatment and 1 patient didn’t perform surgery, and finally data collection could be complete on a total 137 participants (83 men and 54 women).




Figure 1 | Flow chart of the study.



The following variables were obtained from patient medical charts: age, sex, body mass index (BMI), history of smoking, initial carcinoembryonic antigen (CEA) and carbohydrate antigen 19-9 (CA19-9) levels (as determined by MRI), the date and cycle of chemotherapy, surgery date, and tumor regression grade (TRG). Blood samples were collected from all patients within one week of treatment. In addition, the date of the baseline MRI, clinical T and N staging, the distance from the tumor to the anal edge, the long and short diameter of the tumor, the status of mesorectal fascia (MRF) invasion, and extramural vascular invasion as determined by MRI were obtained.



Neoadjuvant Chemotherapy and Pathological Assessment

The chemotherapy regimen implemented within the current study was the CapeOx plan (oxaliplatin 30 mg/m2, day 1; capecitabine 850–1,000 mg/m2, bid, days 1–14). There were breaks of three weeks between cycles. The total number of cycles ranged between two and four. Upon completion of chemotherapy, TME surgery was performed.

Two experienced gastrointestinal cancer pathologists (Dr. Xi and Dr. Wu) with 8 and 12 years of diagnosis experience, respectively, reviewed and evaluated all resected specimens. Clinical and MRI data were also evaluated by these pathologists. TRG was evaluated based on the TRG system proposed by Mandard et al. (21) TRG was quantitated in five grades: TRG1 (complete regression) showed absence of residual cancer and fibrosis extending through the different layers of the bowel wall; TRG2 was characterized by the presence of rare residual cancer cell scattered through the fibrosis; TRG3 was characterized by an increase in the number of residual cancer cells, but fibrosis still predominated; TRG4 showed residual cancer outgrowing fibrosis; and TRG 5 was characterized by absence of regressive changes. Considering that a good response to NAC can lead to avoiding radiotherapy and that poor responders may need further treatment or assess other treatment options, patients were divided into two response groups: good responders (TRG 1–2 disease, no or rare tumor cells remaining) and poor responders (TRG 3–5 disease, moderate to extensive residual cancer cells). A consensus was reached in cases involving uncertainties in evaluating the pathology specimens.



MRI and Image Evaluation

Patients underwent rectal MRI prior to NAC. The time from the MRI to the start of therapy was less than 2 weeks. Response: thank you very much for your question. All the MRI examinations were performed without bowel preparation, endorectal gel or spasmolytic drugs. Pretreatment MRI was performed using a 3.0 T MR scanner (Trio Tim, Siemens Healthcare, Malvern, PA, USA; Achicva 781-278, Philips, Cambridge, MA, USA) using two elements of the body matrix coil as well as two elements of the spine matrix coil, or was performed using a 3.0 T system (Discovery 750, 750 W, SIGNA Pioneer GE Healthcare, Chicago, IL, USA; uMR 780, United Imaging, Shanghai, China) equipped with an eight-channel phased-array body coil in the supine position. A conventional rectal MRI protocol including diffusion-weighted imaging (DWI) and axial, coronal, and sagittal T2W images was implemented in all patients. Contrast-enhanced sequences were obtained. Detailed MRI protocol were list in Table 1.


Table 1 | Detailed MRI protol.



The features of tumor location, MRF, and extramural venous invasion (EMVI) were evaluated by two radiologists (Dr. Cai and Dr. Li with 12 and 16 years of experience respectively in rectal cancer imaging), and the double-blind principle was applied. The rectum extends from the anal verge (AV) to a distance 15 cm cranially and can be divided into upper rectum (10.1-15cm from AV), mid rectum (5.1-10cm from AV) and lower rectum (0 to 5 cm from AV). The MRF positive was defined that the distance was less than 1mm from the tumor to mesorectal fascia. The extramural venous invasion was assess based on the EMVI scoring system raised by Smith et al. (22). Score 0-2 was defined EMVI negative and score 3-4 was defined EMVI positive.



Tumor Segmentation

All regions of interest (ROIs) were manually evaluated via the T2 Weighted image (T2WI) in each slice of the MRI for 3D segmentation. The ROI 1 is the segmentation for the whole tumor and ROI 2 was the segmentation for the tumor bed, which was defined the area that the tumor invaded to the mesorectal. Image segmentation was performed using the open-source software ITK-SNAP (version 3.8.0, www.itksnap.org/; developed at the University of Pennsylvania and the University of North Carolina at Chapel Hill). Digital imaging and communications in medicine images were obtained prior to treatment. Small field of view, high-resolution axial T2W sequence is a priority for segmentation. If this sequence could not be obtained, the T2W sequence best displaying the tumor was used for segmentation (including coronal, sagittal, or large field images of the non-high-resolution axial).



Radiomics Feature Extraction

ROI segmentation was used for radiomics feature extraction. Radiomics feature extraction was performed using the “PyRadiomics” package in Python (version 3.0, Wilmington, DE, USA; https://pyradiomics.readthedoc s.io/). Features extracted from the volume of the entire tumor were defined as intertumoral features. Based on the whole tumor, peritumor features were acquired by expanding 5 mm from the border of the tumor to the tumor bed. The process of intratumor and peritumor ROI segmentation is shown in Figure 2.




Figure 2 | The segmentation process of the region of interest for intratumor and peritumor. (A) The whole tumor was manually segmented on axial T2-weighted images and labeled as “intratumor” area (the red area). (B) Manually outline the area of the tumor bed (the green area), which is defined as the mesorectal area that the tumor has invaded. (C) Show the outline of the entire tumor. (D–F) The edge link to the “tumor bed” of “tumor” was dilated by 5 mm and subtracted to obtain the “peritumor” tissues (the blue area).



To avoid data heterogeneity bias, all MRI data were subjected to imaging normalization (the intensity of the image was scaled to 0–100) and resampled to the same resolution (1mm×1mm×1 mm) before feature extraction. For each ROI, six feature classes [251 first order statistics, and texture classes (including 336 gray level cooccurrence matrix, 224 gray level run length matrix, 224 gray level size zone matrix, 196 gray level dependence matrix, and 70 neighboring gray tone difference matrix)] were calculated, which resulted in a total of 1301 radiomics features for each scan. The file for the extraction process is included in the Supplementary Material.



Feature Selection

The selection process was as follows to screen valuable features and reduce redundant, irrelevant features. First, it was necessary to perform standard scaling of the extracted features. Second, the inter-reader agreement was estimated using the interclass coefficient (ICC) between features extracted from the two segmentations. Only features with an ICC >0.70 were selected for the feature selection process. Third, after conducting Pearson correlation, univariate analysis, and the application of the least absolute shrinkage and selection operator (LASSO) algorithm, the most useful predictive parameters were selected to construct the delta-radiomics signature. Finally, multivariate logistic regression was used to generate the prediction model. The workflow of the radiomics model construction was showed in Figure 3.




Figure 3 | The workflow of the radiomics model construction.





Statistical Analysis

X2 or Fisher’s exact tests were used for comparing categorical variables, while the Kruskal–Wallis test was used to compare numeric variables. A receiver operating characteristic curve (ROC) analysis was performed to estimate the predictive performance of different models, which was calculated as the area under the curve (AUC). Calibration curve were evaluated using calibration and decision curves. Univariate and multivariate logistic analyses were performed to clarify the relationship between clinical parameters and pCR. Statistical significance was defined as a two-tailed p-value of <0.05. Python (version 3.7) and R statistical software (version 3.3.3; Vienna, Austria) were used for graphical depiction and statistical analysis, respectively.




Results


Clinical Characteristics

The clinical characteristics of the enrolled patients are summarized in Table 2. In total, 137 patients were recruited in this study. Participants were randomly divided into training (n=91) and validation sets (n=46). The mean age of the patients was 57 (range: 30–77) years; 83 (60.1%) were men, and 55 (39.8%) were women. There was no statistically significant difference in the good response rate between the training and validation cohorts (16.5% vs. 19.5%, p=0.834). Except for maximal lymphnode (max LN), statistically significant differences were not observed in all clinical features when comparing the training and validation cohorts. mulivariate factor analysis revealed that the CEA level, T stage, and tumor invasion circumference (TIC) were relative to TRG (p<0.05). (Table 3).


Table 2 | Clinical characteristics of patients in the training and validation set.




Table 3 | Univariate and multivariate analyses of the clinical characteristics.





Feature Selection and Radiomics Signature Construction

In total, 1,301 radiomics features were retrieved from intratumor and peritumor images conducted via T2WI. We performed Pearson correlation and univariate analyses to screen the correlative features and eliminate features with low reproducibility. LASSO analysis was then used to select the features from among the screened features (Supplementary Figure 1). Finally, following backward elimination, 9 and 10 features were selected from the peritumor and intratumor images, respectively (Table 4). The remaining features are listed in Supplementary Table 1.


Table 4 | Numbers of features that remained after each selection step for radiomics signature construction.



Eventually, the traditional clinical characteristics, selective clinical characteristics and radiomics signature were used to constructed the predictive model, including the traditional clinical model (including T and N stage), selective clinical model (including T stage, CEA level, TIC), intratumor radiomics model, peritumor radiomics model, combined radiomics model (including intra-peritumor radiomics) and clinic-radiomics model (selective clinical characteristics combined intra-peritumor radiomics).



Models Performance

The traditional clinical model yields an AUC of 0.677 (95% confidence interval [CI] 0.527–0.827) in training set and an AUC of 0.701 (95% CI 0.565-0.837) in validation set. When considering the selective clinical model, the results suggest that the AUC in the training set is 0.775 (95% CI 0.637-0.913) and that is 0.596 (95% CI 0.637-0.913) in validation set. In the training cohort, intratumor radiomics features model yielded an AUC of 0.932, whereas that of the peritumor model was 0.921. Furthermore, the two models yielded an AUC of 0.805 and 0.838, respectively, in the validation set (Table 5).


Table 5 | The AUC value of clinical characteristics and radiomics model.



Compared to selective clinical model and the intratumor radiomics model individually, the combined selective clinic-intratumor radiomics model achieved the highest AUC (0.940, 95% CI 0.882–0.997) in the training set, whereas the AUC value is 0.781(95% CI 0.603–0.959) in the validation set. Besides, The AUC of the selective clinic-peritumor radiomics model for training set is 0.932 (95% CI 0.871–0.992) and that of the validation set is 0.844 (0.667-1.000), which is statistically significantly higher than that of the selective clinical model (p=0.025) (Table 6).


Table 6 | The AUC of selective clinical model compared to radiomics model.



The AUC of the combined radiomics model was 0.949 (95% CI 0.887–0.998) in the training cohort and 0.844 (95% CI 0.650–1) in the validation cohort, which was higher than that of the individual radiomics model. Compared to the combined radiomics model, the combined clinic-radiomics model, improved the AUC from 0.844 to 0.871 in the validation set (Table 7).


Table 7 | The AUC of radiomics model and clinics model.



The nomogram of clinics-intratumor and clinics-peritumor for predicting good response as well as the calibration curve are presented in Figures 4, 5 respectively. The nomogram showed good performance in predicting the response to NAC. Good discrimination and good calibration for the probability of TRG were observed in the validation set with respect to clinics-peritumor radiomics, with an AUC of 0.838. However, in the validation set, our nomogram for the clinics-intratumor models did not achieve better discriminatory efficiency than that of the peritumor models. The nomogram of the clinic-radiomics model showed good discrimination in predicting treatment response in the validation set as well (Figures 6 A–E).




Figure 4 | Nomogram based on the clinical characteristics and peritumor radiomics features in the prediction of response to neoadjuvant chemotherapy in locally advanced rectal cancer (LARC). (A) Nomogram based on peritumor radiomics clinical features. (B) The calibration curve for peritumor radiomics and clinical features in predicting treatment response for LARC in the training set. (C) The calibration curve for peritumor radiomics and clinical features in predicting treatment response for LARC in the validation set.






Figure 5 | Nomogram based on the clinical characteristics and intratumor radiomics features in the prediction of response to neoadjuvant chemotherapy in locally advanced rectal cancer (LARC). (A) Nomogram based on clinical features and intratumor radiomics. (B) The calibration curve for intratumor radiomics and clinical features in predicting treatment response for LARC in the training set. (C) The calibration curve for intratumor radiomics and clinical features in predicting treatment response for LARC in the validation set.






Figure 6 | ROC and nomogram based on the clinical characteristics and intra-peritumor radiomics features in the prediction of response to neoadjuvant chemotherapy in locally advanced rectal cancer (LARC). (A) The receiver operating characteristic curve (ROC) for different models in predicting treatment response for LARC in the training set.(B) The ROC for different models in predicting treatment response for LARC in the validation set. (C) Nomogram based on the clinical characteristics and combined-radiomics features in the prediction of response to neoadjuvant chemotherapy in locally advanced rectal cancer (LARC). (D, E) The calibration curve for the models in predicting treatment response for LARC in the training set and validation set.






Discussion

Pretreatment prediction of good treatment response is of great significance in pre-therapeutic decision-making. These models demonstrated that the performance of the radiomics signature model in predicting treatment response was far superior to that of the traditional or selective clinical features model. In addition, we found that peritumor radiomics model performed as well as intratumor radiomics model in predicting good treatment response after NAC. The combined clinic-radiomics model showed superior performance in predicting treatment response.

MRI is the image modality of choice when dealing with the primary staging and restaging after treatment in LARC. Although high-resolution MRI is recommended for T and N staging in patients with rectal cancer, the accuracy of staging is still unsatisfactory (18). The main challenge of MRI in assessment of pretreatment T stage is that differentiating early RC (T1-T2) from LARC (12). The study of Detering et al. showed that the accuracy of T stage of early RC evaluated by MRI is poor, with a 54% agreement to pathology (23). For the total T category, the sensitivity, specificity and accuracy of MRI assessment are 87%, 75% and 85% (24). In the assessment of N staging, a poor accuracy of 69% was observed in Detering’s study. Radiomics, which were obtained from the primary image of tumor, reflect number of characteristics, not only the shape and location, but also the tumor heterogeneity. Due to the lower accuracy of the staging of RC, it may lead to the poor performance in predicting the prognosis or the treatment response in rectal cancer. This hypothesis is consisted with our findings. Our study revealed that radiomics model has higher predictive performance than clinical model, no matter the traditional or the selective model, suggesting that radiomics could be a practical image biomarker for patients with LARC in predicting treatment response. However, lack of the standard protocol for MRI acquisition and uncertainties in tumor segmentation adversely limit the clinical application of radiomics.

Previous studies have identified that pretreatment T2W images play an important role in predicting treatment response (15, 16) in patients with LARC. However, these studies focused on patients with LARC who received nCRT. The rate of pCR to nCRT was higher than that to NAC in patients with LARC (6). In consideration of individual therapy strategies, screening patients who are likely to achieve a good response to NAC is important to avoid over-treatment. Moreover, most previous studies on radiomics in patients with LARC concentrated on whole tumor features in patients treated with nCRT. Palmisano and colleagues (25) analyzed the apparent diffusion coefficient (ADC) and imaging via DWI and T2WI before, during, and after nCRT in patients with LARC and demonstrated that changes in the ADC value and tumor volume at different times could help identify pCR. Shaish et al. (26) reported that T2WI radiomics could be used to predict pCR, neoadjuvant rectal scores, and TRG in patients with LARC receiving nCRT. Furthermore, Petresc et al. (27) reported that T2WI radiomics showed good predictive performance for LARC non-response. In our research, we proposed a pretreatment MRI-based peri- and intratumor features model combining clinical and radiomic features to predict a favorable response to NAC in patients with LARC. Interestingly, the model combining intratumor and clinical features did not show statistically significant improvement in the predictive performance compared to that of the radiomics model. The reason for this may be that the radiomics model yielded good performance in predicting treatment responses in patients with LARC, and the partial clinical characteristics were reflected in the radiomics. Although prediction performance varied in the validation cohort, the model incorporating peritumor features performed as well as that incorporating intratumor features in predicting good treatment response.

To our knowledge, this is the first study to evaluate the performance of a model including both peritumor and intratumor radiomics features in predicting a good response to NAC in LARC. Delli Pizzi et al. (28) reported that a model combining primary staging and radiomics, including information on tumor cores and borders, performed best in predicting the response to CRT. In that study, they included 72 patients with LARC who received nCRT for analysis, and those with TRGs of 1 or 2 were defined as good responders (this was the definition within our study as well). For image feature analysis, machine-learning approaches were adopted to establish the model. Models evaluating tumor core and tumor border radiomics and clinical features yielded AUC values of 0.689 and 0.541, respectively; the combined model improved the AUC to 0.793 (z=4.00, p=5.6×10-5). The tumor border model performed poorly in predicting treatment response. However, in our study, the model combining peri- and intratumor radiomics features did not improve the AUC significantly compared to the individual radiomics models. This may be because of differences between the treatment program and image processing. In contrast, a study by Hu et al. (20) found that the performance of the peritumor model was better than that of the intratumor model in predicting treatment response within the training set among patients with esophageal squamous cell carcinoma; the performance of the two models was similar in the test set as well. Our results showed that there were no significant differences in performance between peritumor and intratumor radiomics models, which was in agreement with the study conducted by Hu et al. (20). Li and colleagues (29) constructed a multimodal model to predict good treatment response in patients with LARC receiving NAC, including CT, HR-T2WI, DCE-T1WI, and ADC and demonstrated that the HR-T2WI model showed the best performance. However, in that study, the authors did not include peritumor information. Braman and colleagues (30) observed that a model combining intra- and peritumor radiomic features showed good performance in predicting pCR to NAC based on pretreatment breast DCE-MRI and suggested that the radiomic feature performance for predicting response was associated with breast tumor receptor subtypes. Furthermore, Wu and colleagues (22) identified that the enhancement patterns of the tumor-adjacent tissue obtained via DCE-MRI might be related to the signaling pathways involved in tumor necrosis as well as a worse prognosis in patients with breast cancer. Thus, peritumor imaging features contain overlooked information related to treatment response. Combining intra-peritumor radiomics features and clinical characteristics can thus be expected to improve prediction performance.

Peritumor characteristics were associated with treatment response, which may be related to the peritumor stroma, lymphocyte infiltration, and immune microenvironment. This suggests that the stroma in rectal cancer contains important information concerning the prognosis and treatment response. Various studies have also revealed that the response to chemo- or radiotherapy may be related to stoma cells or lymphocytes in other malignant neoplasms (31). Our results demonstrate that a peritumor radiomics model performs similarly to an intratumor radiomics model in predicting treatment response. This indicates that peritumor tissue might contain components that influence the treatment response and implies the importance of predictive information within peritumor radiomics features.


Limitations

Our study proved that combining peri- and intratumor radiomics could predict a good response to NAC. However, our study has several limitations. First, because of the single-center design, small sample design study, selection bias is inevitable during patient recruitment. Besides, lack of standard protocol of acquisition of image also leads to selection bias. Second, Evaluating the peritumor area relies on experienced radiologists and requires substantial time and effort. The variability between the inter-reader may lead to poor reproducibility. Third, we only analyzed the impact of peritumor features on neoadjuvant treatment response at the theoretical level and have not further confirmed these findings at the molecular level. Thus, it is impossible to clarify the pathophysiological process underlying the impact of the tumor perimeter on neoadjuvant treatment response.




Conclusions

Our study demonstrated that peritumor radiomics features contained important information related to a favorable response to NAC. We found that a model combining the clinical characteristics and intra-peritumor radiomics features could improve predictive capability in terms of identifying a good response to NAC in patients with LARC. Predictive models are commonly used in precision medicine. The results of our study inform future research directions and, if confirmed, will inform medical guidelines and optimal clinical decision-making in personalized medicine.
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Purpose/Objectives

The abscopal effect could theoretically be potentiated when combined with immunomodulating drugs through increased antigen production. The optimal dosing and schedule of radiotherapy with immunotherapy are unknown, although they are actively investigated in laboratory and clinical models. Clinical data in patients treated for metastatic disease with both modalities may guide future studies.



Materials and Methods

This is a single-institution retrospective review of all patients treated with stereotactic body radiotherapy (SBRT)/stereotactic radiosurgery (SRS) and immunomodulating therapy within 6 months before or after SBRT/SRS for metastatic cancer. Clinical and tumor characteristics were recorded, as well as SBRT/SRS details, immunotherapy details, and survival. Log-rank tests on Kaplan–Meier curves for overall survival (OS) that were calculated from the end of SBRT/SRS were used in univariate analysis and Cox proportional hazards regression for multivariate analysis.



Results

A total of 125 patients were identified who met the inclusion criteria; 70 received SBRT, and 57 received SRS. Eighty-three patients were treated for non-small cell lung cancer, 7 patients for small cell lung cancer, and 35 patients for other cancers, with the most common one being melanoma. Fifty-three percent of patients received nivolumab, 29% pembrolizumab, 13% atezolizumab, 5% other. Twenty percent received immunotherapy before SBRT/SRS, 39% during SBRT/SRS, 41% after. Eighty-six patients had died by the time of the analysis; the median OS for the whole cohort was 9.7 months. Patients who had completed immunotherapy prior to SBRT/SRS had worse OS than those who received concurrent therapy or immunotherapy after SBRT/SRS, with a difference in median OS of 3.6 months vs. 13.0 months (p = 0.010) that was retained on multivariate analysis (p = 0.011). There was no significant difference in OS between patients receiving SRS vs. SBRT (p = 0.20), sex (p = 0.53), age >62 years (p = 0.76), or lung primary vs. others (p = 0.73) on univariate or multivariate analysis. When comparing before/concurrent to after/concurrent administration, there is a difference in survival with after/concurrent survival of 8.181 months and before survival of 13.010 months, but this was not significant (p = 0.25).



Conclusions

OS appears to be worse in patients who complete immunotherapy prior to SBRT/SRS compared to those receiving it concurrently or after. The design of this retrospective review may be prone to lead time bias, although the difference in median survival is longer than the 6-month window before SBRT/SRS and could only account for part of this difference. Further analysis into causes of death and toxicity and prospective studies are needed to confirm the results of this analysis.





Keywords: SBRT, SRS, immunotherapy, abscopal effect, radiation



Introduction

Cancer remains a leading cause of death in developed countries. One therapeutic technique that has yet to be optimized is the combination of local radiation therapy and immunotherapy, which is thought to have a synergistic effect (1–4). Since 1953, radiation therapy has been found to aid antitumor activity outside of the irradiated site in a phenomenon known as the abscopal effect (5–8). The exact mechanism behind the abscopal effect is unknown, but current research suggests that local radiation generates tumor-specific antigens that are processed and presented to T cells for systemic antitumor activity (2, 6, 8, 9). However, the inability to predict when the abscopal effect will happen had led to clinical limitations. In addition, the posited idea of antigen generation by radiation may be limited by modulators of the immune system including program cell death protein-1 (PD-1) and program cell death protein ligand-1 (PD-L1) (6, 8–10). For instance, Park et al. (10) showed that the abscopal effect induced by stereotactic ablative radiotherapy (SABR) was minimized by PD-1 in preclinical mouse models of melanoma and renal cell carcinoma. New immunotherapy medications that target immune modulators such as PD-1 and PD-L1 have led to a new interest in the abscopal effect with radiation. For instance, Smilowitz et al. (11) showed in 2016 that combining radiation therapy with immune checkpoint inhibitors improved outcomes in a mouse model of intracerebral melanoma. As such, it is thought that immune checkpoint inhibitors present a way to circumvent the immunosuppressive components that limit the influence of abscopal effects.

There remain a lot of unknowns about the relationship between immunotherapy and the abscopal effect. In particular, the optimal sequence of immunotherapy with radiation remains unknown (12). Specifically, is immunotherapy best to give before, concurrently, or after localized radiation? Various studies have indicated that the optimal sequence remains unknown (12).

To analyze the optimal sequence, we conducted a retrospective review at our institution of the best time to administer immunotherapy targeting PD-1 and PD-L1 with localized radiation. A preclinical study in 2014 suggested that concurrent delivery of radiation with PD-L1 antagonism was better than subsequent administration of immunotherapy (13). Initial experience at our hospital also suggested similar results with the use of PD-1 inhibitors and stereotactic body radiotherapy (SBRT) or stereotactic radiosurgery (SRS) (14). Our hypothesis was that administering immunotherapy concurrently with SBRT (i.e., a sandwiched approach) would produce the best improvement in overall survival (OS) compared to administering immunotherapy before SBRT/SRS or after SBRT/SRS.



Materials and Methods

We conducted a single-center retrospective chart review for this study. The study was conducted with institutional review board (IRB) approval under UMC IRB 15-001726.


Patient Selection

Patients were selected for review if they had received PD-1 or PD-L1 immunotherapy and SBRT/SRS within 6 months of each other from January 1, 2014, to December 31, 2019. This was initially established from an institutional lung database, but we expanded our data set to include cancers other than lung (14).



Patient Data Collection

The selected patients’ charts were reviewed to collect the following information: age, gender, date of birth, date of cancer diagnosis, cancer pathology, cancer stage at diagnosis, any metastasis that existed at the time of immunotherapy administration, site of radiation treatment, type of radiation treatment (SBRT vs. SRS), date(s) of radiation treatment, fractionation or dose of radiation treatment, immunotherapy drug used, immunotherapy dates of treatment, the date it was decided to start immunotherapy, failure or progression following immunotherapy, if a patient was alive or deceased, and date last known alive or date of death. If the patient was still alive on December 31, 2019, this date was chosen as his or her last known alive/death date.

Patients were then classified into one of three categories as to when they received their immunotherapy relative to their radiation treatment: before radiation, after radiation, or sandwiched with radiation treatment. To encompass patients who may experience the abscopal effect, only patients who received immunotherapy concurrently, 6 months before, or 6 months after radiation treatment were included in the study. This time frame was based on discussions with multiple clinicians at our site and the time frame they would use to combine radiation with immunotherapy to induce the abscopal effect, although reports of the abscopal effect lasting up to 12 months have been reported (15). Some patients received multiple rounds of immunotherapy and radiation treatment during their cancer care between the 2014 and 2019 time frame. Since this study’s hypothesis focused on the sandwiched radiation to immunotherapy effect, if a patient received immunotherapy sandwiched with radiation, then this was the prioritized time frame used for this study. In such cases where a patient received multiple courses of immunotherapy concurrently with radiation, then the immunotherapy course closest to radiation was used. If a patient did not receive radiation and immunotherapy concurrently, then the most recent course of radiation/immunotherapy was used.



Data Analysis

Our primary endpoint was OS as calculated from the end of SBRT/SRS to a patient’s last known alive date. Significance was defined as a p-value <0.05. All statistical analyses were performed using MedCalc Statistical Software (v20.013, Acacialaan 22, B-8400 Ostend Belgium). Kaplan–Meier survival analysis was conducted using the log-rank test. Multivariate analysis was performed using Cox multiple regression analysis.




Results


Patient Demographics

In total, we found 125 patients who fit our inclusion criteria, and the results are summarized in Table 1. There were 56% men and 44% women. Ninety (72%) patients had lung cancer with adenocarcinoma (47.2% patients), squamous cell carcinoma (19.2%), or small cell carcinoma (5.6%). Thirty-five (28%) patients had other histological cancers including 9 patients with melanoma (7.2%). About 55% received SBRT, and 45% received SRS. In this study, 54.4% of the patients received nivolumab, 31.2% received pembrolizumab, 12.8% received atezolizumab, and 0.8% received avelumab or durvalumab as immunotherapy.


Table 1 | Patient demographics including sex, cancer type (divided into subclassifications for lung cancer), type of radiation therapy, timing of immunotherapy, and exact immunotherapy used.





Primary Endpoint

We calculated OS from the end of radiation therapy to the patient’s last known alive date or his/her death. We found that the OS of patients receiving immunotherapy before radiation was 3.285 months compared to 13.010 months for patients who received immunotherapy concurrently or after radiation (p = 0.014). The curve can be seen in Figure 1 and results in Table 2. This difference in OS was maintained on multivariate analysis accounting for patient age (p = 0.76), sex (0.53), cancer type (lung vs. non-lung) (0.73), and modality of radiation (SBRT/SRS) (p = 0.20) as seen in Table 3. In comparison, the median OS from SBRT/SRS was not significantly different in other comparisons. For patients who received immunotherapy before/concurrently with radiation, OS was 8.181 months compared to 12.682 months for those patients who received immunotherapy after radiation (p = 0.33). For patients who received immunotherapy concurrently with radiation, OS was 13.010 months vs. 8.641 months for those who received it before or after radiation (p = 0.46).




Figure 1 | Kaplan–Meier curve showing overall survival (OS) from the end of stereotactic body radiotherapy (SBRT)/stereotactic radiosurgery (SRS). Comparing immunotherapy when given during/after SBRT/SRS compared to before SBRT/SRS. p = 0.014.




Table 2 | Median OS from SBRT in months as calculated from the end of radiation treatment.




Table 3 | Multivariate analysis results showing that immunotherapy timing remained significant when accounting for age, sex, type of cancer (lung vs. other), and type of radiation treatment.



Due to the potential for lead time bias in our calculation, we also calculated OS starting from the end of all SBRT/immunotherapy treatment and starting from the decision to treat with immunotherapy. These results are noted in Figures 2, 3, respectively. OS as calculated from the end of treatment of either radiation or immunotherapy was longer for those who received immunotherapy concurrently/after at 9.331 months compared to those who received immunotherapy before radiation at 3.088 months, but that result was not significant (p = 0.064). This difference in OS between these cohorts is not present when OS is calculated from the decision to start immunotherapy. Those who received immunotherapy before survived 10.02 months compared to 12.65 months for those who received immunotherapy concurrently or after radiation (p = 0.81). These can be seen in Figure 3 and Table 4.




Figure 2 | Kaplan–Meier curve showing overall survival (OS) from the end of treatment. OS separated based on immunotherapy given during/after stereotactic body radiotherapy (SBRT)/stereotactic radiosurgery (SRS) compared to before SBRT/SRS. p = 0.064.






Figure 3 | Kaplan–Meier curve showing overall survival (OS) from the decision to start immunotherapy. OS based on immunotherapy given during/after stereotactic body radiotherapy (SBRT)/stereotactic radiosurgery (SRS) compared to before SBRT/SRS. p = 0.81.




Table 4 | Median OS as calculated from the end of treatment (immunotherapy or radiation) or decision to start immunotherapy.



We tested the difference between immunotherapy given before radiation vs. being given concurrently/after radiation at a shortened interval between immunotherapy and radiation of 3 months and 1 month, respectively. Within 3 months, the OS for patients who received immunotherapy before radiation was 1.971 months compared to 9.725 months for those who received it concurrently or after radiation. This difference was smaller at 1 month with an OS of 3.285 months for those who received immunotherapy before radiation compared to 9.593 months for those who received immunotherapy concurrently or after radiation. Of note, the differences in OS at 3 months (p = 0.17) and 1 month (p = 0.57) were not statistically significant.

We also calculated the difference in OS of those with non-small cell lung cancer (NSCLC), as this group comprised most of our population. Interestingly, although the difference in OS was present, it was not statistically significant (p = 0.16). The results can be seen in Figure 4. Finally, we tested SBRT/SRS comparisons of survival. While SBRT had a trend toward a difference in OS, there was a statistical difference in terms of SRS patients. This can be seen in Table 5. This result is intriguing and opens the possibility of studying SRS timing with immunotherapy in more detail.




Figure 4 | Kaplan–Meier curve showing overall survival (OS) from the end of stereotactic body radiotherapy (SBRT)/stereotactic radiosurgery (SRS) for non-small cell lung cancer (NSCLC) patients only. OS based on immunotherapy given during/after SBRT/SRS compared to before SBRT/SRS. p = 0.16.




Table 5 | Median OS as calculated from the end of radiation treatment based on the type of radiation.






Discussion

Based on our analysis, we see that the OS was significantly greater for those patients receiving immunotherapy concurrently or after radiation compared to those who received immunotherapy prior to radiation. This contrasts with previous preliminary data we had that suggested that immunotherapy sandwiched between SBRT/SRS was more beneficial, but the data were more limited in that abstract (14). A recently published phase 2 trial also showed improvement for patients who received pembrolizumab after SBRT for NSCLC (16). However, results did not meet significance as defined by the trial and were influenced by patients with PD-L1-positive tumors. Therefore, the data on how to combine therapies are still inconclusive. With respect to OS based on the decision to start immunotherapy, our results were not significant. We suspect that this may also be confounded due to differing times between the decision to start immunotherapy and the patient actually receiving immunotherapy, but this is a valuable clinical decision point. As such, the applicability of our results to clinical decision-making remains limited.

Our data expand on existing knowledge about the optimal timing of radiation therapy and immunotherapy. Secondary review of the KEYNOTE-001 trial suggested that receiving pembrolizumab after radiation promoted greater progression-free survival and OS for NSCLC. This was for any amount of time prior to pembrolizumab treatment (17). A year later, a phase 1 trial that treated urothelial carcinoma with radiotherapy and pembrolizumab demonstrated that the sandwiched approach was more effective than immunotherapy after radiation (18). Interestingly, our results also show that either a sandwiched approach of immunotherapy and radiation or providing immunotherapy after radiation shows benefit.

Of note, there are several limitations to our study. As mentioned above, external application is limited clinically because there is no significant difference in OS in the timing of immunotherapy/radiation when analyzed from the decision to start immunotherapy. While the end of radiation is a usable point in a retrospective review, its use as a clinical decision point is not feasible.

Additionally, as a retrospective review, we attempt to limit inherent differences in the groups of selections. However, the OS of those patients who received immunotherapy prior to SBRT/SRS was significantly lower than those who received immunotherapy concurrently or after. This suggests a difference in the groups outside of the parameters chosen for inclusion and exclusion in the study.

Furthermore, our study has analyzed several different types of cancer in addition to combining SBRT and SRS, and this leads to concerns over its applicability. Overall, our results show the need for clinical trials with robust methodology that specifies sequencing of immunotherapy and radiation and does so for a particular cancer. Chemotherapy regimens are currently delineated for specific cancers, and the same approach should be applied when using immunotherapy and radiation.

Our results raise more questions about determining the optimal sequence for radiation and immunotherapy. There needs to be a wider collection of retrospective data combined with randomized trials to determine what sequence is best for what cancer. In addition to the timing of SBRT/SRS with immunotherapy, there is a need to optimize other portions of SBRT/SRS and immunotherapy administration including the optimal dose of radiation and fractionation. Overall, more data are needed to elucidate the optimal timing of immunotherapy with SBRT/SRS. There are several studies currently exploring this topic (2–4), and it is important that the full benefit of this combination is understood to improve clinical care.
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Radiotherapy (RT) is an important therapeutic option in patients with localized prostate cancer (PC). Unfortunately, radiation treatment causes a decrease in peripheral lymphocytes and, consequently, influences the patients’ immune status. Our aim was to study changes in peripheral blood immune cell subpopulations after RT and during 6 months’ follow-up in 2 groups of PC patients irradiated with different techniques and dose fractions with curative intent. We also investigated the presence of correlation between immune cell modulation and genitourinary or gastrointestinal toxicity. We enrolled 44 patients treated with curative RT (RapidArc/hypofractionation regimen or 3D conformal/conventional fractionation) for localized PC. Total white blood cell (WBC), absolute lymphocyte counts (ALCs), and peripheral immune cell subpopulations were analyzed at baseline, at the end of RT, and 3 and 6 months after the end of RT. WBC and ALC greatly decreased at the end of RT with a trend to recover at 6 months’ follow-up in the hypofractionation group but not in the conventional one. Furthermore, B, total T, T CD4+, T CD8+, and NK cell values dropped significantly in both groups at the end of RT, with a minor decrease detectable in the hypofractionation group for B, total T, and T CD4+ lymphocytes with respect to the other technique/fractionation group. Double-negative T (DNT), double-positive T (DPT), and NKT cells significantly decreased at the end of RT with a slight tendency to recover values during follow-up, particularly in the hypofractionation group. No correlation with genitourinary or gastrointestinal toxicity was found. In this study, we showed, for the first time, the effects of RapidArc/moderate hypofractionation RT on immune cell subsets in patients treated for localized PC. Due to the growing interest in minority T-cell subpopulations for immunotherapy, we also reported longitudinal monitoring of the effects of RT on DNT, DPT, and NKT, which was never studied before. Our preliminary data highlight the importance of considering the effects of different RT techniques/fractionation regimens on peripheral immune cells, in the era of RT and immunotherapy combination.




Keywords: prostate cancer, radiotherapy, conventional fractionation, peripheral immune cells, toxicity, hypofractionation



Introduction

Prostate cancer is the second most frequently diagnosed malignancy in men worldwide (1). Radiotherapy (RT) is an important treatment modality in patients with localized prostate cancer (2). Conventionally, RT is delivered using single doses of 1.8–2.0 Gray (Gy) and a total dose range from 76 to 80 Gy (3). After Brenner and Hall (4) showed that prostatic cancers appear more sensitive to changes in fractionation than most other cancers, as they contain a low proportion of proliferating cells and an α/β value of 1.5, several trials have evaluated the suitability of hypofractionated RT confirming its clinical efficacy and the economic and logistic advantages (5–10).

Unfortunately, during whole-pelvis radiotherapy (WPRT), radiation impairs radiosensitive tissues such as bone marrow (11). The resulting decrease in peripheral leukocyte count, particularly lymphocytes, has been widely reported in literature (12–16). Several authors (17–24) have yet to observe, in different types of cancer, the changes of lymphocyte subpopulations after RT. In particular, Lissoni et al. (17) evidenced that in patients affected by uterine tumors that underwent WPRT, T lymphocyte, CD4+, CD8+, and natural killer (NK) cell mean absolute values significantly decreased but with different behavior. In breast cancer patients, differential effects of RT with and without adjuvant chemotherapy were shown on lymphocyte counts and lymphocyte subpopulation composition (18). Prostate cancer patients treated with carbon ion radiotherapy (CIR) (22) experienced a gradual decrease of CD19+ cells and an increase of CD4+ cells during RT. These variations, together with those of CD3+ and CD8+ counts, can be predictive of outcome for prostate cancer patients after CIR (22). Eckert et al. (23) observed in 18 patients affected by prostate cancer that during the course of standard RT (70–78 Gy) combined (in 83.3% of the cases) with anti-hormonal therapy, percentage of T cells, CD8+ and naïve CD4+ T cells, and B cells decreased while regulatory T and NK cells increased. A further study on a group of 33 prostate cancer patients (24) investigated the different effects of definitive or salvage RT on peripheral lymphocyte subsets. The authors found that they cause similar effects and, in particular, that B lymphocytes are more sensitive to both type of RT with respect to T and NK cells.

Moreover, Yuan and Wang (25) found that T, B, and NK lymphocytes reacted differently to different RT regimens in breast cancer patients.

In addition to the well-known CD4+ T helper and CD8+ T cytotoxic populations, other smaller subgroups of T cells exist in peripheral blood: regulatory T cells (Tregs), a subset of CD4+ T cells with immune suppression functions (26); NKT cells, a subset of T lymphocytes that expresses NK markers (27); and double-negative T (DNT) cells, a subset of T lymphocytes negative for CD4, CD8, and NK cell markers. DNT cells are involved in immune response regulation (28, 29).

The other rare T-cell population present in peripheral blood is CD4+ CD8+ double-positive T (DPT). Its function is controversial, with studies reporting a cytotoxic or suppressive role for these cells (30, 31).

We studied changes of peripheral blood immune cell subpopulations after RT and during 6 months’ follow-up, in a group of PC patients undergoing RapidArc and moderate hypofractionated RT with curative intent. The RT immune effects in these patients were compared with those in a second small group of PC patients treated with 3D conformal/conventional fractionation RT.



Materials and Methods


Study Characteristics

Forty-four male patients candidate to curative RT for localized prostate cancer (median age, 76; range, 54–91), who had not received chemotherapy, were prospectively enrolled into our single-institute study that was examined and approved by the local ethics committee (Comitato Etico Unico Regionale per la Basilicata). All the enrolled patients gave their informed consent prior to their inclusion in the study. Thirty-two patients (hypoF group) underwent moderate hypofractionation using volumetric arc intensity modulated radiation therapy technique (RapidArc, RA), with a daily dose/fraction of 3.1 Gy and a total dose to the planned target volume (PTV) of 62 Gy. Twelve patients (standard group) underwent conventional daily fractionation of 2 Gy using a 3D conformal technique (3D-CRT) and a total prescription dose to PTV of 78 Gy (Table 1). Patients were selected for the technique in a casual manner, based on the instrumentation availability. During the study, according to our institutional standards, the 3D-CRT has no longer been used for the treatment of this type of patients, in favor of RA. This resulted in the small number of patients in the standard group. Twenty-four (54.5%) patients received hormone therapy, 8 (66.6%) in the standard group and 16 (50%) in the hypoF group.


Table 1 | Patients’ characteristics.





Treatment Characteristics

The patients were simulated using Combifix (CIVCO, Orange City, IA, USA) and treated by RA RT with Trilogy Linac (Varian Medical System, Palo Alto, CA, USA) and for 3D conformal RT with Clinac 2100 (Varian Medical System, Palo Alto, CA, USA).

The clinical target volume (CTV) was composed of the prostate gland with or without the seminal vesicles. The corresponding PTV was defined as CTV + 8 mm margin in each direction, with the exception of the posterior direction.



Planning Parameters

The planning object was to cover 95% of each PTV with at least 95% of the prescribed dose and Dmax < 107%. For RA RT, the organ at risk (OAR) planning objectives were as follows: V43.4 Gy < 50%, V51 Gy < 40%, and V59.5 Gy < 25% for the rectum; V51 Gy < 35% for the bladder; Dmean < 45 Gy for the femoral heads; 410 cc < 45 Gy, 740 cc < 30 Gy, and 1,050 cc < 15 Gy for the intestinal cavity. The beam energy used to perform the treatment plans was equal to 6 MV.

For 3D conformal RT, OAR objectives were as follows: V46.5 Gy < 50% and V64.5 Gy < 15% for the rectum; V46.5 Gy < 50% and V64.5 < 20% for the bladder; 410 cc < 45 Gy, 740 cc < 30 Gy, and 1,050 cc < 15 Gy for the intestinal cavity. The beam energy used to perform the treatment plans was equal to 15 MV.



Flow Cytometry

For flow cytometry analysis, peripheral blood samples were collected before RT (t0), at the end of RT (t1), which is the day when the RT planning was completed, and at follow-up time of 3 (t2) and 6 months (t3) after the end of RT for each patient. At the same time points, absolute counts of white blood cells (WBCs) and lymphocytes (ALC) were determined with a Beckman Coulter DXH800.

The peripheral blood immune cell subpopulations of total T cells (CD3+), T helper cells (CD3+ CD4+), T cytotoxic cells (CD3+ CD8+), regulatory T cells (Tregs) (CD4+ CD25+ CD127low/-), DNT cells (CD3+ CD4- CD8- CD16- CD56-), DPT cells (CD3+ CD4+ CD8+), NKT cells (CD3+ CD16+ CD56+), NK cells (CD3- CD16+ CD56+), and B cells (CD19+) were analyzed by a FACSCanto II flow cytometer (BD Biosciences), as previously reported (32). In brief, fluorescence-labeled antibodies (BD Biosciences) were mixed with 100 µl of peripheral blood and incubated for 15 min in the dark. The antibody combinations were CD3-FITC/CD16CD56-PE/CD45-PerCP/CD8-PE-Cy7/CD4-APC/CD19-APC-Cy7; CD127-PE/CD4-PerCP/CD25-PE-Cy7/CD45-APC-Cy7. For each combination, 50,000 to 100,000 CD45-positive cells were analyzed. Each immune cell subpopulation was indicated as the percentage of the total lymphocyte population, gated using CD45 and SSC data. The absolute number of each cell subpopulation was obtained using the percentage and the ALC values (data summarized in Table 2).


Table 2 | Cell populations’ values at baseline (µl−1, median, range).





Statistical Analysis

We evaluated, at every time point, the possible relationship between the clinical covariates and the variation of lymphocyte subpopulations by the linear regression model. We applied a false discovery rate (FDR) approach and the Benjamini–Hochberg method for multiple comparisons correction.

We have checked the normal distribution of immune cell subpopulation values by Shapiro–Wilk’s normality method. Since not all data had a normal course, we chose to represent them by median and interquartile range (IQR) and to apply the non-parametric statistical Kruskal–Wallis test and Wilcoxon test. Statistical significance was considered on a 0.05 cutoff. All the statistical analyses were performed by R software and CRAN packages (33); customized images were processed by the ggpubr package (34).




Results

Considering the entire group of patients (44), the absolute values of WBC, of lymphocytes, and of all the peripheral immune cell subpopulations (total T, B, NK, Tregs, T CD4+, and T CD8+) displayed significant variations (p-value < 0.001) during the 4 time points considered (Figures 1, 2). Percentages of total T, B, NK, Tregs, and T CD4 cells significantly changed (p-value < 0.05) during the four time points considered, too (Figure 3). RT significantly affected the absolute values of the three small T-cell populations of DNT, DPT, and NKT, as shown in Figure 4 (p-value < 0.05).




Figure 1 | Boxplots of the absolute white blood counts (WBCs) and absolute lymphocyte counts (ALCs) of the entire group of prostate cancer patients (44) who underwent curative RT. The data shown evidenced variations statistically significant during the four time points considered (Kruskal–Wallis test, p-value < 0.001). t0: before RT; t1: end of RT; t2: 3 months after RT; t3: 6 months after RT. All values are expressed as cells/µl.






Figure 2 | Boxplots of the absolute values of total T, B, NK, Tregs, T CD4, and T CD8 cells of the entire group of prostate cancer patients (44) undergoing curative RT. The data shown evidenced variations statistically significant during the four time points considered (Kruskal–Wallis test, p-value < 0.001). t0: before RT; t1: end of RT; t2: 3 months after RT; t3: 6 months after RT. All values are expressed as cells/µl.






Figure 3 | Boxplots of the percentages, among total lymphocytes, of total T, B, NK, Tregs, T CD4, and T CD8 cells of the entire group of prostate cancer patients (44) undergoing curative RT. The data shown evidenced variations statistically significant during the four time points considered (Kruskal–Wallis test, p-value < 0.05), except for T CD8+ cells that did not undergo significant changes. t0: before RT; t1: end of RT; t2: 3 months after RT; t3: 6 months after RT.






Figure 4 | Boxplots of the absolute values of double-negative T (DNT), double-positive T (DPT), and NKT cells of the entire group of prostate cancer patients (44) undergoing curative RT. The data shown evidenced variations statistically significant during the four time points considered (Kruskal–Wallis test, p-value < 0.005). t0: before RT; t1: end of RT; t2: 3 months after RT; t3: 6 months after RT. All values are expressed as cells/µl.



When comparing the two groups of patients (hypoF and standard), at 6 months’ follow-up time (t3), the hypoF group showed significantly higher absolute values of total T (linear regression model, adjusted p-value: 0.03) and T CD4+ cells (adjusted p-value: 0.005) than the standard group. We observed this difference between the two groups also for the absolute values of B cells (adjusted p-value: 0.014) but, in particular, at the end of RT (t1). Treg values were also higher in the hypoF group with respect to the standard one at the t2 time point (adjusted p-value: 0.03). No statistically significant differences, in terms of WBC, ALC, or peripheral immune cell subpopulations, were found when comparing patients who received hormone therapy with those who did not (data not shown).

As shown in Figure 5, ALC dropped significantly in both groups at the end of RT (t0 vs. t1, standard: adjusted p-value: 0.0042; hypoF: adjusted p-value: 5.18e-06). At t3, ALC (median: 1,450/µl, IQR: 1,885–1,099/µl) partially recovered with respect to t1 (median: 1,200/µl, IQR: 1,300–900/µl) in the hypoF group (adjusted p-value: 0.0094), but not in the standard one in which we did not observe any statistically significant difference at t1 (median: 1000/µl, IQR: 1,150–875/µl) with respect to t3 (median: 1,000/µl, IQR: 1,350–875/µl) (adjusted p-value: 0.418). For B cells also, as depicted in Figure 6A, there was a significant decrease at the end of RT (t1) with respect to the basal values (t0), in both groups (t0 vs. t1, standard: adjusted p-value: 0.00097; hypoF: adjusted p-value: 1.49e-07). This subpopulation, in the hypoF group, at t3 was 88.8% (median: 120/µl, IQR: 174–73/µl) of the t0 value (median: 135/µl, IQR: 251–97/µl). In the standard group, instead, at t3, the B-cell absolute value was still 48.2% (median: 66/µl, IQR: 97–30/µl) of the t0 value (median: 137/µl, IQR: 198–95/µl). Total T cells (t0 vs. t1, standard: adjusted p-value: 0.00097; hypoF: adjusted p-value: 1.49e-07) and subpopulations of T CD4+ (t0 vs. t1, standard: adjusted p-value: 0.00097; hypoF: adjusted p-value: 1.88e-07) and T CD8+ (t0 vs. t1, standard: adjusted p-value: 0.0015; hypoF: adjusted p-value: 5.21e-07) also decreased significantly at t1 with respect to t0 in both groups (Figures 6B–D). The values of these three peripheral immune cell populations partially recovered at t3 with respect to t1 only in the hypoF group (statistically significant only for T CD8+ cells, adjusted p-value: 0.0091) (Figures 6B–D). As regards the NK lymphocyte population, there was a great difference in values, but not statistically significant, before the beginning of RT between the two groups of patients, not detected for ALC or for the other immune cell subpopulations. At the end of RT, the NK cell absolute values significantly dropped in both groups of patients (t0 vs. t1, standard: adjusted p-value: 0.0055; hypoF: adjusted p-value: 5.24e-07), and during follow-up, such values partially recovered only in the hypoF group (Figure 6E). We found no significant difference in Treg lymphocyte absolute values between the two groups (data not available for all patients and all time points) during the 4 time points considered. As shown in Figure 6F, their values were lower at 6 months’ follow-up (t3) than at the end of RT (t1).




Figure 5 | Boxplot of the absolute lymphocyte counts, expressed as cells/µl, in standard (n = 12) and hypoF (n = 32) RT groups of patients during the four time points considered. Statistically significant differences were marked (Wilcoxon test, *adjusted p-value < 0.01).






Figure 6 | Boxplots of the peripheral immune cell subpopulation values, expressed as cells/µl, in standard (n = 12) and hypoF (n = 32) RT groups during the four time points considered. (A) CD19+ B cells; (B) CD3+CD16-CD56- T cells; (C) CD4+CD3+ T helper cells; (D) CD8+CD3+ T cytotoxic cells; (E) CD3-CD16+CD56+ NK cells; (F) CD4+CD25+CD127- T reg cells. Statistically significant differences were marked (Wilcoxon test, *adjusted p-value < 0.01).



As regards DNT cells (Figure 7A), in the hypoF group, we found that their values decreased significantly following RT (t1) (t0 vs. t1, adjusted p-value: 0.00079). During follow-up time points, we observed a statistically significant increase in values (t1 vs. t3, adjusted p-value: 0.0073). We observed the same trend of the DNT values (Figure 7A) also in the standard group at the end of RT (t0 vs. t1, adjusted p-value: 0.0087), with an increase in values (not statistically significant) during follow-up time. For the immune cell population of DPT (Figure 7B), in the hypoF group, we observed a reduction of values at t1 (t0 vs. t1, adjusted p-value; 0.028) and a recovery of values (t1 vs. t2, adjusted p-value: 0.037). In the standard group, DPT values dropped down significantly at t1 (t0 vs. t1, adjusted p-value: 0.038), and they remained almost stable during follow-up (Figure 7B). NKT cells decreased in the hypoF group at the end of RT but not significantly, probably due to large variability in baseline values. In the standard group, we registered a statistically significant reduction of NKT values at t1 with respect to t0 (adjusted p-value: 0.0058) (Figure 7C).




Figure 7 | Boxplots of the 3 small T-cell population values, expressed as cells/µl, in standard (n = 12) and hypoF (n = 32) RT groups during the four time points considered. (A) CD3+CD4-CD8-CD16-CD56- double-negative T cells (DNT); (B) CD3+CD8+CD4+ double-positive T cells (DPT); (C) CD3+CD16+CD56+ NKT cells. Statistically significant differences were marked (Wilcoxon test, *adjusted p-value < 0.05).



Considering the entire group of patients enrolled, the median follow-up time was 18 months (range, 6–36 months), in particular 28 months (range, 6–36 months) for the standard group and 18 months (range, 6–36 months) for the hypoF group. Biochemical free-survival (BFS) was 97.7% (100% for the standard group and 96.8% for the hypoF group) as only one patient, in the hypoF group, relapsed 6 months after the end of RT.

As regards genitourinary (GU) and gastrointestinal (GI) toxicity (35), we did not find any significant difference between the two techniques/fractionation regimens, as also none of the immune cell subpopulations, ALC, or WBC values correlated to acute or late GU or GI toxicity. We registered, instead, a significantly higher number of late Grade 1 leukopenias (35) at t3 time points in the standard group with respect to the hypoF group (81.8% vs. 21.4%, linear regression model, adjusted p-value: 0.0065). All toxicity data are reported in Table 3.


Table 3 | Toxicity data.





Discussion

Leukopenia and lymphopenia are two side effects of WPRT, well known by radiation oncologists and well documented in literature (15, 17, 36, 37). The purpose of our study was to compare the modulation of peripheral immune cell subpopulation values by two different RT technique/fractionated regimens commonly used to treat localized prostate cancer patients. We found that WBCs, and particularly ALCs, are significantly affected by RT and greatly decreased at the end of the treatment. Sanguineti et al. (38) have recently reported a WBC count depression in prostate cancer patients following RT treatment in moderate hypofractionation with respect to conventional fractionation. In our study, ALC values showed a trend to recover 6 months after the end of RT in the hypoF group but not in the standard group, in which the number of Grade 1 leukopenias was significantly higher at this time point. Hematologic toxicity, in particular lymphopenia, in this setting of patients was also found to be prolonged and not negligible by Cozzarini et al. (37), who, anyway, did not find differences among 3 different intensity modulated radiation therapy (IMRT) modalities (Helical Tomotherapy, RA, Static Field-IMRT). The same authors showed that a higher risk of acute or late lymphopenia was associated with higher bone marrow volumes receiving ≥40 Gy (V40) (15). With regard to the different immune cell subpopulations, we found less toxicity of the RA/hypofractionation technique for B cells at t1 and for total T and T CD4+ at t3 with respect to conformal/conventional fractionation RT. The B-cell population was the only one that decreased in both percentage (Figure 3) and absolute (Figure 2) values after RT and appeared to be mostly affected at the end of RT with both technique/fractionation regimens (Figure 6A). This finding is in line with previous studies that documented the effects of RT on lymphocyte subpopulation composition, and in particular on B cells, in breast cancer patients (18, 25) and in patients undergoing pelvis RT (17, 19, 20), particularly for prostate cancer (21–24). Since they mature in the bone marrow (39), in fact, B cells are the most vulnerable to RT directed towards the pelvis bones. Moreover, we found that B cells display the highest rate of recovery 6 months after the end of RT (t3) (89% and 48% of the baseline values in the hypoF and standard group, respectively) with respect to the other lymphocyte subpopulations. Three and six months after the end of RT, total T, T CD4+, T CD8+, and NK lymphocytes, in fact, tended to have almost the same absolute values observed at the end of RT in the standard group and showed a limited recovery in the hypoF group. The only exception was the Treg population that displayed lower absolute values at the follow-up time of 6 months with respect to the end of RT in both groups. A previous study (23) conducted on 18 PC patients who underwent normofractionated RT reported that the percentage of total T cells, T CD8+, and T CD4+ decreased during RT, while Treg and NK cells increased. The proportion of NK and total T cells remained significantly altered at 3 months’ follow-up. They did not investigate the absolute values of the single immune population in the peripheral blood.

Changes in immune cell subpopulations, in particular T lymphocytes, following RT is currently a topic of interest. In this context, a recent meta-analysis by Wang et al. summarized the effects of RT in different types of tumor, concluding that during the first month of RT, the values of T lymphocytes undergo an evident reduction due to apoptosis (40).

Our study is the first to perform a longitudinal monitoring of the effects of RT on small populations of T lymphocytes DNT, DPT, and NKT.

These populations have already been previously studied in the cancer setting. Two different groups reported a significant decrease in peripheral DNT cells, respectively, in metastatic melanoma and multiple myeloma patients compared to healthy controls (41, 42). DPT cells with cytotoxic potential were found in great numbers in pleural effusion in human breast cancer patients and were described to play a suppressive role in colorectal cancer (31). NKT-like cell values were also reduced in colorectal cancer (27). Regarding DNT, in both groups, we found a significant decrease in values at the end of RT treatment. DNT values then tend to increase during 6 months’ follow-up. The DPT cells also dropped down significantly in both groups at the t1 time point, but then remained almost stable during follow-up in the standard group while they have an increase in the hypoF group. The NKT cell values, after the decrease observed at the end of RT, remained stable up to 6 months after the end of RT.

To the best of our knowledge, this is the first study to discuss the effects of RapidArc/moderate hypofractionation curative RT on immune cell subsets in patients treated for localized prostate cancer. Furthermore, we also tried to compare these effects with those due to 3D conformal/conventional fractionation RT, albeit in a limited number of patients.

In the future, we intend to also elucidate the possible correlation between changes in immune cell populations and irradiated volumes as well as other RT parameters.

In conclusion, our preliminary findings, obtained in a small subset of prostate cancer patients, suggest a lower hematologic and immunologic toxicity of the RA/hypofractionation technique with respect to conformal/conventional fractionation RT in terms of ALC as well as of the different peripheral immune cell subpopulations, which play several roles in innate and adaptive immunity. In the era of personalized medicine, it is challenging to study the different RT effects on immune system cells, particularly in those clinical settings in which there is a possibility to combine RT with immunotherapy.
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Background

To identify a computed tomography (CT) derived radiomic signature for the options of concurrent chemo-radiotherapy (CCR) in patients with non-small cell lung cancer (NSCLC).



Methods

A total of 226 patients with NSCLC receiving CCR were enrolled from public dataset, and allocated to discovery and validation sets based on patient identification number. Using CT images of 153 patients in the discovery dataset, we pre-selected a list of radiomic features significantly associated with 5-year survival rate and adopted the least absolute shrinkage and selection operator regression to establish a predictive radiomic signature for CCR treatment. We performed transcriptomic analyzes of the signature, and evaluated its association with molecular lesions and immune landscapes in a dataset with matched CT images and transcriptome data. Furthermore, we identified CCR resistant genes positively correlated with resistant scores of radiomic signature and screened essential resistant genes for NSCLC using genome-scale CRIPSR data. Finally, we combined DrugBank and Genomics of Drug Sensitivity in Cancer databases to excavate candidate therapeutic agents for patients with CCR resistance, and validated them using the Connectivity Map dataset.



Results

The radiomic signature consisting of nine features was established, and then validated in the dataset of 73 patients receiving CCR log-rank P = 0.0005, which could distinguish patients into resistance and sensitivity groups, respectively, with significantly different 5-year survival rate. Furthermore, the novel proposed radiomic nomogram significantly improved the predictive performance (concordance indexes) of clinicopathological factors. Transcriptomic analyzes linked our signature with important tumor biological processes (e.g. glycolysis/glucoseogenesis, ribosome). Then, we identified 36 essential resistant genes, and constructed a gene-agent network including 10 essential resistant genes and 35 candidate therapeutic agents, and excavated AT-7519 as the therapeutic agent for patients with CCR resistance. The therapeutic efficacy of AT-7519 was validated that significantly more resistant genes were down-regulated induced by AT-7519, and the degree gradually increased with the enhanced doses.



Conclusions

This study illustrated that radiomic signature could non-invasively predict therapeutic efficacy of patients with NSCLC receiving CCR, and indicated that patients with CCR resistance might benefit from AT-7519 or CCR treatment combined with AT-7519.
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Introduction

Lung cancer was the first most commonly diagnosed cancer (1), with non-small cell lung cancer (NSCLC) accounting for 80% to 85% of cases (2). More than 30% of patients with NSCLC have locally advanced and unresectable disease, and the 5-year survival rate is less than 15% (3). International guidelines recommend concurrent chemo-radiotherapy (CCR) as a standard first-line treatment option for locally advanced stage NSCLC patients (4). However, the prognosis achieved with CCR remains unsatisfactory with the 5-year survival rate of less than 25% (5, 6). Therefore, it is imperative to develop a clinically feasible signature to stratify patients who might benefit from CCR treatment, avoiding these side effects of unnecessary treatment.

Currently, most predictive signatures for CCR therapeutic efficacy were constructed based on molecular characterization using genomic and proteomic technologies (7–9). However, these techniques are limited due to tumors are spatially and temporally heterogeneous, which could not provide a complete characterization of the tumor (10). In contrast, medical imaging can be used to non-invasively and cost-effectively visualize the characteristics of entire tumor, providing dynamic information that can be used to monitor the occurrence and development of tumors (11, 12). Currently, computed tomography (CT), which is the most commonly used imaging modality in oncology, especially lung cancer, allows non-invasive detection of tissue density and describes tumor spatial heterogeneity (12).

Radiomics converts medical images into high-throughput quantitative features; this is a new field that could be the vanguard of precision medicine (10, 13), which offers the possibility to minimize adverse effects and optimize the efficacy of treatments (14). Current, most researchers firstly developed prognostic signatures (15–17) for patients not receiving CCR and then demonstrated that only the high-risk patients predicted by the signatures showed significantly survival benefit after CCR treatment. Obviously, such prognostic signatures were just able to identify patients with poor prognosis who need CCR treatment, but unable to identify patients who might be sensitive to treatment. In order to provide support in patient management and achieve maximum clinical benefit, the development of CT derived radiomic signature for predicting the patients sensitive to CCR need to be assessed to predict the therapeutic efficacy of CCR treatment.

In this study, using CT images of patients, we develop a non-invasive radiomic signature for patients with locally advanced stage NSCLC receiving CCR, which might help to accurately predict therapeutic efficacy for CCR treatment with improved 5-year survival rate. Subsequently, based on the dataset with matched CT images and gene expression profiles, we characterized the underlying functional pathways reflected by the radiomic features in the signature and tentatively captured the potentially beneficial agents required for the treatment of patients with CCR resistance based on cancer cell lines dataset.



Materials and Methods


Data Sources

In this study, the NSCLC-Radiomics (NR) dataset (10) with DICOM CT scans was downloaded from The Cancer Imaging Archive (TCIA, https://www.cancerimagingarchive.net/, 2020), including 422 patients previously treated with CCR or radiotherapy. The inclusion criteria of the samples for CCR treatment planning were as follows: 1) available treatment-naive CT scans; 2) confirmed NSCLC; 3) patients treated with CCR; 4) available survival information. Finally, 226 patients with locally advanced stage NSCLC receiving CCR were preselected and divided into discovery (n = 153) and validation (n = 73) datasets based on patient identification number (pid), that is, the 153 patients whose pid wasn’t divisible by 3 were used as a discovery dataset to develop a radiomic signature for CCR treatment, and the remaining 73 patients were assigned to the validation dataset. These details and applications of the analyzed datasets are displayed in Table 1 and Supplementary Figure S1.


Table 1 | Baseline clinical characteristics of patients in the analyzed datasets.



NSCLC-Radiogenomics (NRG) dataset (18) with DICOM CT scans and matched gene expression profiles were downloaded from TCIA, including 67 NSCLC patients treated with different therapeutic strategies, which was used to understand the biological processes linked to the radiomic signature.

Genome-wide CRISPR screening of NSCLC cells (n = 87) was downloaded from the DepMap portal (https://depmap.org/portal/download/; 2019). Dependency scores for around 17,000 candidate genes were calculated using the CERES algorithm (19). Essential genes for NSCLC were defined as the genes with a CERES score of <−1 across 75% of NSCLC cell lines. The DrugBank database (https://go.drugbank.com/) was used to identify therapeutic agents targeting essential genes.

Genomics of Drug Sensitivity in Cancer dataset (20)  (GDSC, https://www.cancerrxgene.org, release-8.2), which contains responses to 345 anticancer agents across 917 cancer cell lines, with gene expression profiles and half-maximal inhibitory concentrations (IC50) values of cell lines were used to identify potential therapeutic agents.

Gene expression profiles of 27 samples treated with different concentrations (0.01 - 10 µM) of AT-7519 for 24 hours and the corresponding 124 untreated control samples were downloaded from Connectivity Map dataset (21) (CMap, https://clue.io/data/CMap2020#LINCS2020), including 12,328 genes. These samples were derived from A549 and HCC515 NSCLC cell lines. The samples treated with AT-7519 were divided into three dose groups: Low (dose < 1 µM), Middle (1 < dose < 10 µM) and High (dose = 10 µM), which was used to validate therapeutic efficacy of AT-7519.



Image Segmentation and Radiomic Feature Extraction

The regions of interest (ROI) of CT scans in the NR and NRG datasets were publicly available. In general, the three-dimensional radiomic features that enabled quantification of the tumor characteristics were divided into ten groups according to the following: I) Tumor intensity, II) Shape, III) Texture, IV) wavelet filters, V) Laplacian of Gaussian filters, VI) Logarithm filters, VII) Square filters, VIII) Exponential filters, IX) Gradient filters and X) Squareroot filters features. For the NR and NRG datasets, radiomic feature extraction was performed for each CT scan with ROIs using free and open-source PyRadiomics (v2.2.0) libraries. An extraction intensity bin width was set at 25 HU and the slice thicknesses of all scans were interpolated to a voxel size of 1×1×1 mm3. The quantitative values of 1781 radiomic features (Supplementary Table S1) were calculated according to feature definitions in the PyRadiomics documentation (https://pyradiomics.readthedocs.io/en/latest/index.html) by the Imaging Biomarker Standardization Initiative (22). 



Construction of the Radiomic Signature for CCR Treatment

In the discovery dataset, radiomic features whose quantitative values were significantly associated with the 5-year survival rate were identified as CCR-associated features. Based on the CCR-associated features, we adopted the least absolute shrinkage and selection operator (LASSO) regression (23) using “glmnet” R package to establish an optimal predictive model, and defined it as a predictive radiomic signature for CCR treatment. “Cox” was set as the family in the model. Ten-fold cross-validation was performed using cv.glmnet function to select lambda minimum to give the minimum cross-validated error. The resistant score of the signature for each patient was calculated via a linear combination of features in the signature that were weighted by their respective coefficients as follows:

	

where i represents the i-th feature in the signature; wi represents the weight of the i-th feature derived from LASSO model; FeatureValuei represents the quantitative value of the i-th feature; and n represents the number of features contained in the signature.

The median value of resistant scores of the radiomic signature in the discovery dataset was used as the cut-off value for dividing patients into the resistance (≧ Median) and sensitivity (< Median) groups.



Statistics Analyzes

The 5-year survival rate of the patients was used as the end point of interest. Patients with more than 5 years follow-up were censored at 5 years because deaths occurring past five years were not likely to be related to CCR treatment. Survival curves were estimated using the Kaplan-Meier method and statistically compared using the log-rank test (24). To analyze the associations between the different influencing factors and the 5-year survival rate of the patients, a univariate Cox regression model was used, and to test the independent association of the radiomic signature with the 5-year survival rate after adjusting for the clinical parameters recorded in the data, a multivariate Cox regression model was used. Hazard ratio (HR) and 95% confidence interval (CI) were generated using the Cox proportional hazards models, and the concordance index (C-index) (25) was also used to estimate the predictive performance of clinical factors. Time-dependent receiver operating characteristic curve (ROC) analysis (26) and the area under the curve (AUC) were performed to evaluate the radiomic signature’s performance in predicting the 1-, 3- and 5-year survival rates.

To assess the complementary effect of the radiomic signature on the clinical model in predicting the therapeutic efficacy in patients with NSCLC receiving CCR treatment, a radiomic nomogram was constructed using multivariate linear regression analysis (“rms” R package). Additionally, the predictive performance of the radiomic nomogram was evaluated based on C-index, calibration curve, and the decision curve analysis. The net reclassification improvement (NRI) (27) index was determined to quantify the radiomic signature’s incremental improvement using the “nricens” R package.

Spearman’s rank correlation was applied to investigate the association between the radiomic signature and clinical parameters. The “clusterProfiler” R package was used to conduct the functional enrichment analysis of the genes that were correlated with the radiomic features based on the current Kyoto Encyclopaedia of Genes and Genomes (KEGG) database, wherein a hypergeometric test was employed.

ESTIMATE (28) was introduced to estimate the immune score for a given sample by performing ssGSEA (29), based on its mRNA expression profiles using an “estimate” R package. The ssGSEA was also utilized to quantify the relative infiltration levels of 28 immune cell types in the tumor microenvironment by using a “GSVA” R package. The relative infiltration levels of each immune cell type were represented by an enrichment score in the ssGSEA analysis.

Student’s t-test was used to examine the intergroup difference by comparing samples treated with potential therapeutic agents and the corresponding untreated control samples. Binomial distribution was used to examine the difference in the distribution of the down-regulated and up-regulated resistance genes induced by the potential therapeutic agents.

Statistical analyzes were performed using R, version 3.5.3; P values were adjusted using the Benjamini-Hochberg procedure for multiple tests to control the false discovery rate (FDR). Statistical significance was defined as two-sided P<0.05 or FDR<0.05 for multiple tests.




Result


Construction and Validation of a Radiomic Signature for CCR Treatment

Figure 1 describes the flowchart of this study. In the discovery dataset, comprising 153 patients with NSCLC receiving CCR, we extracted 398 CCR-associated radiomic features which were potentially significantly associated with 5-year survival rate (Univariate Cox regression, P < 0.05). The CCR-associated features were selected as inputs for LASSO regression to generate a radiomic signature consisting of nine weighted features (denoted as CCR-9RS, Figure 2A and Table 2). The weighted sum of these nine radiomic features gave a resistant score for each sample (Supplementary Table S2). Using the median value (0.6241) of the 153 samples as the cut-off value, the patients were divided into resistance and sensitivity groups, respectively, with significantly 5-year survival rate differences (resistance vs. sensitivity = 77: 76, log-rank P = 2.38E-06, HR = 2.33, 95% CI: 1.63-3.34, C-index = 0.61, Figure 2B) in the discovery dataset. The time-dependent ROC curve of CCR-9RS in predicting the 1-, 3-, and 5-year survival rates were shown in Figure 2C, and the area under the curve (AUC) was 0.69, 0.73, and 0.74, respectively. In the multivariate Cox regression model, CCR-9RS remained significantly associated with the 5-year survival rate (P = 7.40E-06, HR = 2.45, 95% CI: 1.66-3.62, Figure 2D) after adjusting for TNM stage, age, gender and histologic subtype.




Figure 1 | Flowchart of developing and validating of a radiomic signature derived from computer tomography (CT) for the patients with NSCLC receiving CCR treatment.






Figure 2 | Feature selection and survival analyzes for patients with NSCLC receiving CCR in the discovery dataset. (A) Tuning parameter (λ) selection in the least absolute shrinkage and selection operator (LASSO) Cox model used a 10-fold cross-validation via minimum criteria. The area under the receiver operating characteristic (AUC) curve was plotted versus log(λ). (B) Kaplan–Meier curves of the 5-year survival rate for 153 patients. (C) Time-dependent receiver operating characteristic curve (ROC) of CCR-9RS in predicting the 1-, 3- and 5-year survival rates. (D) Multivariate Cox analyzes of CCR-9RS after adjusting for clinical factors.




Table 2 | Composition of CCR-9RS.



The predictive performance of CCR-9RS was validated in the validation dataset, consisting of 73 patients with NSCLC receiving CCR. According to the trained cut-off (0.6241) of CCR-9RS, the 35 patients were classified into the resistance group, and exhibited significantly shorter 5-year survival rate than the 38 patients classified into the sensitivity group (log-rank P = 0.0005, HR = 2.52, 95% CIs: 1.47-4.30, C-index = 0.61, Figure 3A). The time-dependent ROC curve confirmed that CCR-9RS had a good performance for predicting 1-, 3- and 5-year survival rates in the validation dataset (Figure 3B). Multivariate Cox analysis revealed that 5-year survival rate was independently predicted by CCR-9RS after adjusting for the clinical factors in validation dataset (Figure 3C). Additionally, in order to exclude the influence of the not otherwise specified (NOS) subtype of NSCLC, CCR-9RS was also validated in the patients with clarifying histologic subtypes (Adenocarcinoma, Squamous cell carcinoma and Large-cell lung carcinoma) in the discovery dataset (n = 131, log-rank P = 4.81E-05, HR = 2.19, 95% CI: 1.49-3.22, C-index = 0.60, Supplementary Figure S2A) and validation dataset (n = 60, log-rank P = 0.0013, HR = 2.55, 95% CI: 1.42-4.61, C-index = 0.62, Supplementary Figure S2B), respectively.




Figure 3 | Validation of CCR-9RS. (A) Kaplan–Meier curves of 5-year survival rate for patients in the validation dataset (n = 73). (B) Time-dependent receiver operating characteristic curve (ROC) of CCR-9RS in predicting 1-, 3- and 5-year survival rates in the validation dataset. (C) Multivariate Cox analyzes of CCR-9RS after adjusting for clinical factors in the validation dataset.





Incremental Value of CCR-9RS

To further investigate whether CCR-9RS could provide incremental value for therapeutic evaluation of patients with NSCLC receiving CCR, we generated a radiomic nomogram (Figure 4A) that incorporated clinical factors (TNM stage, age, gender and histologic subtype) and CCR-9RS. The radiomic nomogram showed a significantly higher C-index relative to that of the clinical nomogram (Supplementary Figure S3A) and CCR-9RS alone based on the NRI index (P < 0.05, Supplementary Figures S3B, C) in the discovery dataset (C-index = 0.65, Table 3) and validation dataset (C-index = 0.66, Table 3). The calibration curves corresponding to the radiomic nomogram at 1-, 3-, and 5-year survival rates 7 showed good agreement between the estimations and the clinical outcomes in the discovery (Figure 4B) and validation datasets (Figure 4C). Furthermore, the decision curve analysis showed that the radiomic nomogram exhibited superior performance compared with the clinical nomogram across the majority of the range of reasonable threshold probabilities in the discovery (Figure 4D) and validation datasets (Figure 4E).




Figure 4 | Radiomic nomogram and its performance for patients with NSCLC receiving CCR treatment. (A) Survival radiomic nomogram that incorporated with CCR-9RS and the clinical factors trained in the discovery cohort (n=153). The points of CCR-9RS and the clinical factors were obtained based on the top ‘points’ bar (scale: 0–100). The total point was calculated by summing the two points, and a line was drawn downward to the survival axes to determine the likelihood of 1-, 3-, or 5-year survival rate. (B, C) Calibration curves for the radiomic nomogram in the discovery and validation datasets; the diagonal gray line represents an ideal evaluation. (D, E) Decision curves for the radiomic nomogram in the discovery and validation datasets.




Table 3 | Performances of different models.





Biological Function of CCR-9RS

The biological basis of CCR-9RS was evaluated in the independent NRG dataset (n = 67) with matched CT images and gene expression profiles. Using Spearman’s rank correlation analysis, we identified the significantly correlated genes of each feature in CCR-9RS (P < 0.05) and performed functional enrichment analysis for these correlated genes. It was observed that 6 of the 9 features were significantly enriched in 20 functional pathways (hypergeometric test, FDR < 0.05; Figure 5A and Supplementary Table S3), including “glycolysis/glucoseogenesis” (30), “ribosome” (31) and other functional pathways related to CCR treatment resistance. For example, we observed that “wavelet_HHL_glszm_SizeZoneNonUniformityNormalized” showed a strong positive correlation with genes enriched in “ribosome”, “glycolysis/glucoseogenesis” (Supplementary Table S3). The feature measures the variability of size zone volumes throughout the image, and a higher value of this feature represents a higher level of tumor heterogeneity, which might reflect the high glycolysis ability of a tumor with high CCR resistant capability (30, 32).




Figure 5 | Molecular characteristics associated with CCR-9RS in NSCLC. (A) Gene-enrichment analysis of correlated genes with 6 radiomic features in CCR-9RS based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) database in the NRG (NSCLC-Radiogenomics) dataset. (B) Molecular lesions and immune landscapes along with the resistant scores calculated by CCR-9RS. The correlation was estimated by Spearman rank correlation. The histogram on the right represents the significantly correlation with the resistant scores of CCR-9RS; the orange-dotted line represents P = 0.05.



We also investigated the association of CCR-9RS with the molecular lesions (EGFR mutation, KRAS mutation and ALK translocation) and immune landscapes based on Spearman’s rank correlation analysis (Figure 5B). The resistant scores of CCR-9RS were not observed to be significantly associated with EGFR mutation (P = 0.3685), KRAS mutation (P = 0.8272) and ALK translocation (P = 0.6256). The result indicated that patients with CCR resistance might not benefit from the currently molecular-targeted therapies. Furthermore, we observed that patients with CCR resistance exhibited marginally significantly negatively correlated with immune scores (29) (Rho = -0.2222, P = 0.0707), and significantly negatively correlated with some immune cells (28), such as Activated dendritic cell (Rho = -0.2488, P = 0.0423), Activated B cells (Rho = -0.2387, P = 0.0517) and Central memory CD4 T cell (Rho = -0.2968, P = 0.0147). The result suggested that patients with CCR resistance had lower infiltration levels predicted by CCR-9RS, who might also not benefit from immunotherapy.



Identification of Potential Therapeutic Agents for Patients Resistant to CCR Treatment

To further screen candidate therapeutic agents for patients resistant to CCR treatment, we first identified 470 resistant genes responsible for their resistance, whose expression values were significantly positively associated with the resistant scores of CCR-9RS in the NRG dataset (Spearman’s rank correlation, Rho > 0 and P < 0.05, Figure 6A). Second, we investigated genome-wide CRISPR-based loss-of-function screens derived from DepMap to pinpoint 689 essential genes for maintaining survival in 87 NSCLC cell lines and found 36 resistant genes to be essential genes for NSCLC.  The correlations among ;the 36 resistant genes is displayed in Supplementary Figure S4. Therefore, the 36 essential resistant genes could be the potential targets of patients with CCR resistance. Third, taking advantage of the DrugBank database, we extracted 35 candidate therapeutic agents targeting 10 essential resistant genes and constructed a gene-agent network (Figure 6B). Finally, we input the 35 candidate therapeutic agents of gene-agent network into the GDSC cancer cell line dataset, and searched for 4 overlapped therapeutic agents (Seliciclib, AT-7519, Vinorelbine and Vinblastine) with completely IC50 values corresponding to two essential resistant genes (CDK1 and TUBB). Using Spearman’s rank correlation analysis, we found that only the IC50 value of AT-7519 therapeutic agent was significantly negatively associated with the mRNA expression of the target gene (CDK1) in the GDSC dataset (Rho = -0.1548, P = 5.86E-06, Figure 6C). Therefore, AT-7519 was selected as a candidate therapeutic agent for the patients resistant to CCR treatment.




Figure 6 | Identification of potential therapeutic agents for the patients resistant to CCR treatment. (A) Venn diagram of the resistant genes identified in tumor tissues (NSCLC-Radiogenomics dataset) and essential genes identified by CRISPR dataset. The blue circle represents the essential genes screened by CRISPR dataset and the red circle represents the resistant genes significantly positively associated with the resistant scores of the CCR-9RS in the NSCLC-Radiogenomics dataset. (B) A gene-agent network of essential resistant genes and candidate therapeutic agents using DrugBank database. The blue dotted line represents the significantly correlated essential resistant genes (Pearson correlation, FDR < 0.05, Figure S4) and the red dotted line represents the candidate therapeutic agents targeting essential resistant genes in DrugBank database. (C) The correlation analysis of four overlapped therapeutic agents corresponding to two essential resistant genes using GDSC cancer cell line dataset. (D) Binomial distribution for the down-regulated and up-regulated resistance genes induced by AT-7519. (E) The number of down-regulated resistance genes induced by AT-7519 in three dose groups (left to right: Low, Middle and High).



Finally, using the CMap dataset, we collected 27 samples treated with AT-7519 and the corresponding 124 untreated control samples to tentatively validate the therapeutic efficacy of AT-7519 for samples with CCR resistance. The detailed information of cell line samples treated with AT-7519 have been described in the Supplementary Table S4. Among the 341 resistant genes measured in the CMap dataset, we found that 183 resistant genes were significantly differently expressed between the AT-7519-treated and control groups (Student’s t-test, FDR < 0.05). Herein, 124 of the 183 resistance genes were significantly down-regulated induced by AT-7519, including the targeted CDK1 gene of AT-7519 (Student’s t-test, P = 0.0046, Supplementary Figure S5), and showed a significant difference in the resistance genes distribution of the down-regulated induced (67.76%) and up-regulated induced (32.24%) by binomial distribution (P = 1.76E-06, Figure 6D). Furthermore, we divided the samples treated with AT-7519 into three dose groups: Low (n = 15), Middle (n = 8) and High (n = 4), and found that significantly more resistant genes (Low, 59; Middle, 93; High, 118, Figure 6E) were down-regulated induced by AT-7519, and the degree was gradually increased with the enhanced doses.




Discussion

Radiomics is an emerging technique that converts traditional medical images into high-dimensional features, and has been widely applied in early diagnosis, prognosis and therapeutic efficacy evaluation, guiding clinicians develop individualized treatment plans for patients. In this study, we established a CT derived radiomic signature (CCR-9RS), which is the predictor of the therapeutic efficacy in patients with locally advanced stage NSCLC receiving CCR treatment. The radiomic signature successfully stratified NSCLC patients into the resistance and sensitivity groups with significantly different 5-year survival rate when they receiving CCR treatment. The combination of clinical factors with the radiomic signature in a radiomic nomogram could significantly improve the predictive performance of the clinical evaluation system in the discovery and validation datasets. These results indicated that CCR-9RS could provide additional predictive information for patients within the same clinical factors, and it will be worthwhile to develop this signature as a non-invasive predictive tool for clinical application.

Additionally, we tentatively estimated the predictive performance of CCR-9RS in early stage (stage I-II) NSCLC patients receiving radiotherapy, which is a guideline-recommended treatment for some early stage patients, based on the hypothesis that patients who were resistant to CCR should be resistant to both chemotherapy and radiotherapy. Here, we collected 93 stage I and 40 stage II NSCLC patients receiving radiotherapy in the NR dataset, and found that the resistance patients predicted by CCR-9RS also had significantly shorter 5-year survival rate than the predicted sensitivity patients (resistance vs. sensitivity = 55 vs. 78, log-rank P = 0.0138, HR = 1.61, 95% CI: 1.10-2.35, C-index = 0.57, Supplementary Figure S6A) when they receiving radiotherapy only. The time-dependent ROC curve confirmed the good performance of CCR-9RS in predicting 1-, 3- and 5-year survival rates of patients receiving radiotherapy (Supplementary Figure S6B). Multivariate Cox analysis revealed that 5-year survival rate was independently predicted by CCR-9RS after adjusting for the clinical factors in the radiotherapy dataset (Supplementary Figure S6C). This result indicated that CCR-9RS might also predict the efficacy of radiotherapy for early stage NSCLC patients, which needs further validation.

The underlying biological progression of the radiomic signature for CCR treatment is favorable for clinical application. Therefore, we first revealed that several known cancer-related functional processes, including “glycolysis/glucoseogenesis”, “ribosome” and other functional pathways related to CCR resistance, might be reflected by radiomic features in CCR-9RS. Next, we found that patients with CCR sensitivity were characterized by a higher immune score and levels of some immune cell infiltration (such as Activated dendritic cell and Activated B cells), providing evidence that patients sensitive to CCR treatment with higher infiltration levels might benefit from CCR treatment in the molecular mechanism. In contrast, patients with CCR resistance might not benefit from targeted therapy or immunotherapy, which requires further analysis of the benefit from other therapeutic agents.

In order to further screen potential therapeutic agents for the patients with CCR resistance, we first identified resistant genes significantly positively associated with the resistant scores of CCR-9RS in the tumor tissues (NRG dataset). Thereafter, via the leveraging the genome-scale CRIPSR data, we pre-selected a set of essential resistant genes, which could be the potential targets of the patients with CCR resistance. Then, we extracted candidate therapeutic agents targeting essential resistant genes and constructed a gene-agent network using the DrugBank database. Finally, we identified AT-7519 as a therapeutic agent for samples with CCR resistance in GDSC dataset. Furthermore, we tentatively validated the therapeutic efficacy of AT-7519 for samples with CCR resistance using the CMap dataset that significantly more resistant genes, positively correlated with the resistant scores of CCR-9RS, were down-regulated induced by AT-7519, and the degree was gradually increased with the enhanced doses of AT-7519. The results suggest that the patients with CCR resistance might benefit from AT-7519 or CCR treatment combined with AT-7519. We additionally explored the underlying correlation of AT-7519 and immunetherapy, and found that AT-7519 induced significant increases in the expression levels of 17 immune inhibitor/checkpoint genes (33) in CMap dataset (Student’s t-test, P < 0.05, Supplementary Figure S7), such as CTLA4 (P = 0.0002), PDCD1 (P = 0.0298) and IDO1 (P = 6.61E-06). The correlation between AT-7519 and immunotherapy has not been mentioned yet, which merits further exploration. AT-7519 is an ATP competitive CDK inhibitor with effective anti-proliferative activity and has been undertaken or are undergoing the phase I and II clinical trials in a variety of solid tumors, including colorectal cancer (34), cervical cancer (35) and ovarian cancer (36). Therefore, AT-7519 would be a practical therapeutic agent for NSCLC patients with CCR resistance, because the conventional drug in new use can avoid the time-consuming and expensive procedure of new drug development (37).

This study still had some limitations. First, as a single-center retrospective study, the predictive estimation of CCR-9RS still need to be further validated in multicenter clinical trial studies. Second, our study indicated that the NSCLC patients with CCR resistance might benefit from AT-7519 or CCR treatment combined with AT-7519, which should be further validated in the phase of clinical development for cancer treatment.

In conclusion, the radiomic signature developed in this study could be applied to identify patients with NSCLC, who might benefit from CCR treatment prior to treatment, thus allowing clinicians to monitor the progress of patients. Furthermore, AT-7519 was captured as a potentially therapeutic agent for NSCLC patients with CCR resistance, which is worth exploring in future studies.
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Background

Clinical T4 stage (cT4) esophageal tumors are difficult to be surgically resected, and definitive radiotherapy (RT) or chemoradiotherapy (dCRT) remains the main treatment. The study aims to analyze the association between the status of lymph node (LN) metastasis and survival outcomes in the cT4 stage esophageal squamous cell carcinoma (ESCC) patients that underwent treatment with dCRT or RT.



Methods

This retrospective study analyzed the clinical data of 555 ESCC patients treated with dCRT or RT at the Shandong Cancer Hospital and the Liaocheng People’s Hospital from 2010 to 2017. Kaplan–Meier and Cox regression analyses was performed to determine the relationship between LN metastasis and survival outcomes of cT4 and non-cT4 ESCC patients. The chi-square test was used to evaluate the differences in the local and distal recurrence patterns in the ESCC patients belonging to various clinical T stages.



Results

The 3-year survival rates for patients with non-cT4 ESCC and cT4 ESCC were 47.9% and 30.8%, respectively. The overall survival (OS) and progression-free survival (PFS) rates were strongly associated with the status of LN metastasis in the entire cohort (all P < 0.001) and the non-cT4 group (all P < 0.001) but not in the cT4 group. The local recurrence rates were 60.7% for the cT4 ESCC patients and 45.1% for the non-cT4 ESCC patients (P < 0.001). Multivariate analysis showed that clinical N stage (P = 0.002), LN size (P = 0.007), and abdominal LN involvement (P = 0.011) were independent predictors of favorable OS in the non-cT4 group. However, clinical N stage (P = 0.824), LN size (P = 0.383), and abdominal LN involvement (P = 0.337) did not show any significant correlation with OS in the cT4 ESCC patients.



Conclusions

Our data demonstrated that the status of LN metastasis did not correlate with OS in the cT4 ESCC patients that received dCRT or RT. Furthermore, the prevalence of local recurrence was higher in the cT4 ESCC patients.





Keywords: esophageal carcinoma, cT4 disease, tumor recurrence, prognosis, patient survival



Introduction

Esophageal carcinoma (EC) is the sixth leading cause of cancer-related mortality worldwide (1). Esophageal squamous cell carcinoma (ESCC) is the main EC type in Asia and South America, whereas esophageal adenocarcinoma is the most frequent type of EC in Europe and the USA (2). The low survival rate of ESCC patients is primarily attributed to diagnosis in the advanced stages (3). The clinical T4 (cT4) EC tumors are characterized by tumor invasion into the adjacent anatomical structures. Despite significant advances in the surgical techniques, cT4 ESCC is considered inoperable. Currently, definitive chemoradiotherapy (dCRT) or radiotherapy (RT) is the standard therapy for ESCC patients who refuse surgery or are ineligible for surgical resection (4, 5). It is a clinical challenge to determine the clinical target volume (CTV) of elective nodal irradiation (ENI) or involved-field radiotherapy (IFRT) Furthermore, the optimal RT strategy for EC patients at different clinical T stages is unclear.

The number of metastatic lymph node (LN) is associated with survival of ESCC patients that have undergone surgery (6, 7). However, the effect of LN metastasis status on the survival for the non-surgical ESCC patients remains unclear, especially those in the cT4 stage. In order to provide clinical information to individualized RT strategies for different cT stages, we investigated the relationship between the status of LN metastasis and the survival outcomes in the cT4 and non-cT4 ESCC patients.



Methods


Patients

The clinical data of 555 patients with ESCC without distant metastasis who were treated with dCRT or RT at the Shandong Cancer Hospital and the Liaocheng People’s Hospital between April 2010 and December 2017 was analyzed retrospectively. The pre-treatment staging was based on data from the physical examinations, barium swallow test, tissue biopsy, and imaging data from endoscopic ultrasonography, contrast-enhanced computed tomography (CT), and/or 18F-fluorodeoxyglucose imaging (18F-FDG). Tumor staging was performed by three experienced radiologists based on the guidelines from the American Joint Committee on Cancer (AJCC) Cancer Staging Manual (Eighth edition) (8). This study included ESCC patients with the cT2–4 stages that were classified into the following three groups: (1) Total (cT4+non-cT4) group; (2) cT4 group, and (3) non-cT4 group. Patients with metastatic LNs > 2 cm showed higher rates of tumor recurrence and poor treatment response (9). The extent of LN involvement was classified into three groups based on the number of anatomical positions (cervical, thoracic, and abdomen) involved. Then, the relationship between patient survival and the status of LN metastasis was analyzed. The status of LN metastasis was based on multiple characteristics, namely, (1) the number of metastatic LNs: cN0, cN1, cN2 and cN3; (2) the extent of LN metastasis: cN0, involvement of one anatomical region, involvement of two anatomical regions, and involvement of three anatomical regions; (3) LN size: cN0, ≤2 cm, and >2 cm; (4) abdominal LN involvement: cN0, with or without abdominal LN involvement. This study was approved by the Medical Ethics Committees of the Shandong Cancer Hospital and the Liaocheng People’s Hospital.



Criteria for LN metastasis and cT4 stage

In this study, the cT4a stage was defined as tumor invasion into the pleura, pericardium, azygos vein, diaphragm, or the peritoneum. The cT4b stage was defined as tumor invasion into additional surrounding structures such as the aorta, the vertebral body, and the trachea (10). Patients with cT4 stage demonstrated loss of fat plane between the primary tumor and the adjacent mediastinal structures (11). Tracheobronchial invasion was defined as a tumor protrusion into the lumen of the trachea or the bronchus on the CT scans. Aortic invasion was defined as > 90 degree contact between the aorta and the tumor or loss of fat plane in the triangular space between the esophagus, spine, and the aorta on the CT scans (12).

Regional LNs were defined as those in the periesophageal tissue from the upper esophageal sphincter to the adventitia of the celiac artery as previously described (10). LN metastasis was confirmed as positive if the short axis diameter of the LNs was >10 mm or if the short axis diameter of the paraesophageal, tracheoesophageal sulcus, pericardial angle, or the abdominal LNs was > 5 mm in the CT or magnetic resonance imaging (MRI) scans. LNs were considered as metastatic if they demonstrated a round shape, hypoechoic pattern, and visible borders in the endoscopic ultrasonography, or demonstrated high maximum standardized FDG uptake. The diagnostic accuracy of CT in the cT4 esophageal cancer patients was 80%. In this study, CT examination was used to diagnose all the patients with cT4 ESCC.



Treatment details

The gross tumor volume (GTV) was delineated on the 3-dimensional (3D) planning system by the supervising radiation oncologist using data from the CT/MRI fusion scans, diagnostic CT scans, and endoscopic ultrasonography scans. The GTV included all the visible macroscopic esophageal lesions and the clinically positive LNs. The CTV included 3–5 cm cephalic and caudal margins of the primary tumor, 0.8–1.0 cm radial margins, and the regional high-risk LNs. The CTV for IFI included the clinically positive lymph nodes with metastasis and the CTV for ENI included regional high-risk LNs. Most patients were treated with ENI in our study. The organs at risk, including the heart, spinal cord, and the lungs, were outlined. All the patients received a total dose of 50.4–66 Gy in 28–33 fractions (1.8/2.0-Gy fractions once daily, 5 days a week). All the patients received 3D-conformal or intensity-modulated RT. In this study, 309 patients received concurrent platinum-based chemotherapy and 246 patients received definitive RT alone due to advanced age, complications, or refusal to receive chemotherapy. All the patients underwent dCRT received at least 2 cycles of chemotherapy (a combination of platinum and 5-fluorouracil or platinum and taxanes or other commonly used protocols).



Follow up

The patients were examined 1-month after treatment completion, every 3 months for the first 2 years, and every 6 months until loss of follow-up or death. Each follow-up assessment included a physical examination, blood test, esophageal endoscopy, enhanced CT scans, and the barium swallow test. The patients who missed their follow-up schedule were sent reminders by phone. Patients with suspected recurrence were subjected to histology or cytology testing. Local recurrence was defined as recurring tumor at the primary tumor site or the regional LNs. Recurrence at any other site was defined as distant recurrence. Overall survival (OS) and progression-free survival (PFS) were calculated from the day of pathologic diagnosis until an event or censorship.



Statistical analysis

The statistical analysis in this study was performed using the SPSS version 24.0 software (SPSS, Chicago, IL, USA). Survival analysis was performed using the Kaplan–Meier method. The chi-square test was used to compare the differences in local recurrence and distant recurrence between the cT4 and non-cT4 patients with ESCC. Log-rank tests and Cox proportional risk regression models were used to assess the relationship between patient survival and the clinical factors. A two-sided p-value <0.05 was considered statistically significant.




Results


Patient characteristics

This retrospective study analyzed the clinical data of 555 ESCC patients that were treated between April 2010 and December 2017 at the Shandong Cancer Hospital (n=406) and the Liaocheng People’s Hospital (n=149). Among these, 107 (19.3%) patients were diagnosed with the cT4 stage disease and 448 (80.7%) patients were diagnosed with the non-cT4 stage disease. The median follow-up time was 41.5 months. The median age at diagnosis was 66 years (range: 38–90 years) and included 421 (75.9%) males and 134 (24.1%) females. Furthermore, 309 (55.7%) patients received dCRT and 246 (44.3%) patients received definitive RT alone. LN metastasis was diagnosed in 394 (71.0%) patients. Moreover, 161 (29.0%), 211 (38.0%), 152 (27.4%), and 31 (5.6%) patients were classified as cN0, cN1, cN2, and cN3, respectively. The detailed characteristics of the included patients are listed in Table 1.


Table 1 | Total group (cT2-4) patients’ characteristics of prognostic factors.





Recurrence patterns in cT4 ESCC patients compared to the non-cT4 ESCC patients

The follow-up showed that the prevalence of local recurrence was 48.1% (267 cases), the prevalence of distant recurrence was 22.8% (127 cases) in all the included ESCC patients, and 7.6% (42 cases) both in. The relationship between the clinical T stages and the tumor recurrence patterns is shown in Table 2. Local recurrence was significantly higher in patients with cT4 disease compared to those with non-cT4 ESCC (60.7% vs. 45.1%; P <0.001). However, distant recurrence rates were statistically insignificant between cT4 ESCC and non-cT4 ESCC patients (26.2% vs. 22.1%; P = 0.368).


Table 2 | Correlation between cT stage and patterns of failure.





Survival

The 1-, 3-, and 5-year OS rates for all the included patients in this study were 80.9%, 44.8%, and 33.3%, respectively. The median survival time was 30.2 months (range: 1.7-82.2 months). The 3-year OS rates in all patients with cN0, cN1, cN2, and cN3 disease were 56.9%, 46.2%, 37.8%, and 0%, respectively. The median OS rates in all patients with cN0, cN1, cN2, and cN3 disease were 46.0, 31.0, 26.0, and 11.0 months, respectively.



Effect of lymph node metastasis status on the survival outcomes

Kaplan–Meier survival analysis demonstrated that factors such as N stage (cN0, cN1, cN2 and cN3), extent of LN metastasis (cN0, 1 region, 2 regions, and 3 regions), size of the LNs (cN0, 2cm, and ≥ 2cm), and abdominal LN metastasis (cN0, with or without abdominal involvement) showed significant correlation with OS and PFS in the total (cT4+non-cT4) group (all P < 0.001; Figure 1).




Figure 1 | Kaplan-Meier representations of OS and PFS with respect to the N stage (A, B), lymph node extent (C, D), lymph node size (E, F), and abdominal lymph node (G, H) in cT2/3/4 patients (N=555). P values were all less than 0.001.



We then investigated the effect of the LN metastasis status on the survival outcomes in different clinical T stages. The advanced N stage, larger LNs, extent of LN metastasis, and presence of abdominal LN metastasis showed significant correlation with poor OS and PFS in the non-cT4 group (all P < 0.001; Figure 2).




Figure 2 | Kaplan-Meier representations of OS and PFS with respect to the N stage (A, B), lymph node extent (C, D), lymph node size (E, F), and abdominal lymph node (G, H) in cT2/3 patients (N=448). P values were all less than 0.001.



However, in patients with cT4 disease, OS and PFS did not show significant association with the N stage (P = 0.059 and P = 0.121; Figures 3A, B), LN size (P = 0.430 and P = 0.650; Figures 3E, F), and the abdominal LN involvement (P = 0.399 and P = 0.547; Figures 3G, H). Although the extent of LN metastasis showed a significant association with the OS of cT4 group patients (P =0.034; Figure 3C), the Kaplan-Meier curve analysis showed the survival curves of patients in cN0, 1, 2, and 3 anatomic regions were crossed. Furthermore, there was no significant association between the extent of LN metastasis and progression-free survival (PFS) in the cT4 group (P = 0.431; Figure 3D).




Figure 3 | Kaplan-Meier representations of OS and PFS with respect to the N stage ((A) p=0.059; (B) p=0.121), lymph node extent (C, p=0.034; (D) p=0.431), lymph node size ((E), p=0.430; (F), p=0.650), and abdominal lymph node ((G), p=0.399; (H), p=0.547) in cT4 patients (N=107).





Prognostic factors

Univariate analysis was performed to identify clinical factors associated with prognostic prediction in the total (cT4+non-cT4) group, the non-cT4 group and the cT4 groups. Then, factors with P-values < 0.2 were included in the multivariate analysis and the results are shown in Table 3. Of note, the lymph node metastasis status as a prognostic factor differed among the total group, non-cT4 and cT4 ESCC group. The clinical N stage (hazard ratio [HR], 1.534; 95% CI, 1.189–1.980; P = 0.001), LN ≥2 cm (HR, 1.502; 95% CI, 1.060–2.129; P = 0.022), and abdominal LN metastasis (HR, 1.462; 95% CI, 1.026–2.085; P = 0.036) were independent predictors of favorable OS for the total group. Furthermore, clinical N stage (HR, 1.599; 95% CI, 1.195–2.140; P = 0.002), LN ≥2 cm (HR, 1.737; 95% CI, 1.167–2.587; P = 0.007), and abdominal LN involvement (HR, 1.681; 95% CI, 1.126–2.512; P = 0.011) were independent predictors of favorable OS in patients with non-cT4 disease. However, none of these node-related factors were independent predictors of OS in patients with cT4 ESCC.


Table 3 | Cox regression of OS for total group (cT2/3/4), non-T4 group(cT2/3) and cT4 group ESCC patients.






Discussion

This study investigated the association between LN metastasis and survival outcomes in ESCC patients who underwent RT and the prognostic differences between ESCC patients belonging to the cT4 and non-cT4 stages. The study cohort of ESCC patients was categorized into sub-groups based on multiple criteria such as the number of metastatic LNs according to the AJCC recommendations, the size of LNs, and others. The results of this study highlighted significant differences in the survival outcomes of ESCC patients based on the metastatic LN status.

Tumor staging is essential for determining the optimal treatment strategy for the EC patients. Previous studies reported the association between the number of metastatic LNs and the survival outcomes of ESCC patients that underwent esophagectomy (13, 14). This study investigated the correlation between the number of metastatic LNs and the survival outcomes of ESCC patients receiving RT according to the AJCC guidelines for EC. The results showed significant differences in the survival outcomes between the cT4 and the non-cT4 ESCC patients. Our data demonstrated that the advanced N stage non-cT4 patients were associated with worse OS and PFS. However, we did not observe the association between N stages and the survival outcomes in the cT4 ESCC patients. Furthermore, the prognostic value of N staging based on the number of metastatic LNs is a matter of debate for EC patients that underwent surgery (15–17). Therefore, in the clinic, other LN staging strategies have been used for the ESCC patients.

The size of LNs is one of the factors used for N staging in the non-surgically treated patients with head and neck tumors. It has been demonstrated that the size of LNs correlates with treatment outcomes and prognostic prediction in EC patients treated surgically (18–20). Furthermore, in our previous study regarding ESCC patients treated with RT, the objective response rates (ORRs) of patients with metastatic LNs > 2cm were significantly worse compared to those with metastatic LNs ≤ 2 cm (P = 0.038) (9). In ESCC, the size of LNs shows significant prognostic value and positive correlation with the extra-nodal spread (21, 22). Therefore, we evaluated the relationship between LN metastasis status and the survival outcomes using the size of LNs in patients with ESCC at different cT stages as a parameter. We observed significant differences in the OS and PFS rates of patients belonging to the N0, LN ≤ 2cm, LN > 2cm categories in the non-cT4 ESCC group. However, it was not observed that the correlation between the size of LNs and the survival outcomes had significant differences in the cT4 ESCC group.

The frequency of cross-regional LN metastasis is high in ESCC because of the abundant lymphatic channels in the lamina propria and submucosa of the esophagus. Several studies have investigated the association between the anatomical regions of LN metastasis and the survival outcomes of patients with ESCC, and recommend the extent of lymph node metastases as the basis for N staging (15, 23, 24). Our results demonstrated that the OS and PFS rates varied significantly in regard to the various extent (1,2,3 anatomical regions involved) of LN metastasis in the non-cT4 group. However, the various extent of LN metastasis was not associated with survival prediction in the ESCC patients of the cT4 group.

Abdominal LN metastasis was considered as distant metastasis in the 6th edition of the AJCC/UICC TNM staging guidelines and as regional metastasis in the 7th and 8th editions of AJCC/UICC TNM staging guidelines. Rutegard et al. (25) retrospectively analyzed 446 patients with stage III or IV EC that underwent surgical resection and demonstrated that the disease-specific mortality and OS rates of patients with celiac LN metastasis were comparable to those of patients with metastasis to the distant organs. Therefore, in this study, we stratified the ESCC patients into groups according to the presence of metastatic lesions in the abdominal LNs, which included LNs in the paracardial, left gastric artery, common hepatic artery, splenic artery, and the celiac trunk. Our results showed significant differences in the OS and PFS rates between non-cT4 patients with or without abdominal LN metastasis (all P < 0.001), but the differences in OS (P =0.399) and PFS (P =0.547) rates were not statistically significant between cT4 patients with or without abdominal LN metastasis.

Local recurrence was predominant among the ESCC patients in this study. Moreover, the prevalence of local recurrence was significantly higher in patients with cT4 ESCC compared to the patients with non-cT4 ESCC. Welsh et al. (26) reported that the T stage of patients with EC undergoing dCRT was associated with local control, and the local control rate in patients with T3 and T4 tumors was significantly lower than that of patients with T1 and T2 tumors (25% vs. 71%). Another study also confirmed more frequent local recurrence at the primary tumor site compared to the LNs in the EC patients receiving dCRT (27). Our data was consistent with results of the previously reported findings (26–28) and showed that local recurrence was more frequent than distant recurrence (outfield of the planning target volume recurrence) in EC patients treated with RT, and advanced T-stages were associated with poor local tumor control. Our preliminary data showed that the median PFS for primary progression in the cT4 ESCC patients was 7.63 months (range: 1.5-70 months) and 8.5 months (range: 2–32.87 months) for patients with distant metastasis. This suggested that local recurrence often preceded distant recurrence among the cT4 ESCC patients treated with RT. The effect of T stage may mask the impact of LN metastasis on the survival outcomes of the cT4 ESCC patients. Therefore, local control should be prioritized over irradiating distant LNs in such patients. Hence, local salvage treatments such as re-RT or salvage esophagectomy may be beneficial for ESCC patients with advanced T staging.

The CTV coverage for elective nodal irradiation (ENI) and involved-field radiotherapy (IFRT) is not clear in the advanced T-stage ESCC patients. Several studies have reported that ENI prevented regional LN recurrence but did not improve OS and local control of ESCC patients (29–31). Moreover, regional LN failure was not common in ESCC patients that received ENI or IFRT (32, 33). Our findings showed that the pre-treatment LN metastasis status did not correlate with the survival outcomes of cT4 ESCC patients. Therefore, we postulate that prophylactic LN irradiation may not significantly improve survival. Furthermore, IFRT was associated with reduced lung, esophagus and hematological toxicity, thereby enabling a higher number of EC patients to tolerate RT and chemotherapy (29). Because of the advanced disease stage and high local recurrence rates, involved-field irradiation (IFI) may be more beneficial for the cT4 ESCC patients.

This study has several limitations. First, this was a retrospective study that included patients with significantly different treatment plans including radiation doses and chemotherapy regimens. Second, LN metastasis in the study cohort was assessed by the non-invasive pre-processing staging methods such as endoscopic ultrasonography (EUS), computed tomography (CT), and fluorodeoxyglucose-positron emission tomography (FDG-PET) rather than histopathology methods. Third, the competitive risk model may be better at estimating the impacts of local and distal recurrence on LN metastasis and survival.



Conclusions

The status of LN metastasis characteristics such as the number of metastatic LNs, size of the metastatic LNs, and abdominal LN metastasis was associated with the survival prediction of patients with non-cT4 ESCC who have received radiotherapy. However, LN metastasis status was not associated with the survival outcomes of patients with cT4 ESCC. Our results suggested that the treatment strategy for cT4 ESCC patients may be different from the treatment strategy for the non-cT4 ESCC patients and may require strengthening the local control of the primary lesions for cT4 ESCC patients. Future prospective and randomized clinical trials are required to validate the feasibility and efficacy of high radiation doses and IFRT in patients with non-cT4 ESCC.
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Type of Immunotherapy Median OS from SBRT p-value

Radiation Timing (months)

SBRT Before 6.538 0.64
Concurrent/After 12.583

SRS Before* 3.088 0.0098
Concurrent/After* 9.5693

‘Indiicates significance. OS, Overall survival; SBRT, Stereotactic Body Radiotherapy; SRS,
Stereotactic Radiosurgery.
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Endpoint for OS Immunotherapy Median OS from p-value

Timing SBRT (months)
End of treatment Before 3.088 0.064
Concurrent/After 9.331
Decision to start Before 10.02 0.91
immunotherapy Concurrent/After 12.65

OS, Overall survival: SBRT, Stereotactic Body Radiotherapy.





OPS/images/fonc.2022.785350/table3.jpg
Multivariate Analysis p-value
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Immunotherapy Median OS from SBRT (months) p-value

Before* 3.285 0.014
Concurrent/After* 13.010
Before/Concurrent 8.181 0.33
After 12.682
Concurrent 13.010 0.46
Before/After 8.641

*Indicates significance. OS, Overall Survival; SBRT, Stereotactic Body Radiotherapy.





OPS/images/fonc.2022.785350/table1.jpg
DEMOGRAPHICS (n = 125)

Men
Women
Lung cancer
* Adenocarcinoma
* Squamous cell
e Small cell
Non-lung cancer
¢ Melanoma
* Poorly differentiated
* Head and neck
* Neuroendocrine
e Thymic
e Other (1 case of each)
TYPE OF THERAPY
SBRT
SRS

TIMING OF IMMUNOTHERAPY
Before

After

During

IMMUNOTHERAPY
Nivolumab (PD-1)
Pembrolizumab (PD-1)
Atezolizumab (PD-L1)
Avelumab (PD-L1)
Durvalumab (PD-L1)

70 (56%)
55 (44%)
90 (72.0%)
59 (47.2%)
24 (19.2%)
7 (5.6%)
35 (28.0%)
9 (7.2%)
4 (3.2%)
3 (2.4%)
2 (1.6%)
2 (1.6%)
15 (16%)

68 (54.4%)
57 (45.6%)

26 (20.8%)
51 (40.8%)
48 (38.4%)

68 (54.4%)

39 (31.2%)

16 (12.8%)
1(0.8%)
1 (0.8%)

SBRT, Stereotactic Body Radiotherapy; SRS, Stereotactic Radiosurgery.





OPS/images/fonc.2022.785350/fonc-12-785350-g004.jpg





OPS/images/fonc.2022.785350/fonc-12-785350-g003.jpg





OPS/images/fonc.2022.785350/fonc-12-785350-g002.jpg





OPS/images/fonc-11-621690/fonc-11-621690-t003.jpg
Confusion matrix and statistics for anesthesia prediction model

Outcome + Outcome -
Test + 20 2
Test - 2 75
Total 22 77

No information rate: 0.78
P-value [Acc > NIR]: 4.567¢-07
Kappa: 0.88

Mcnemar's Test P-value: 1

Point estimates and 95 % Cis

Accuracy 0.96 (0.90, 0.99)
Apparent prevalence 0.22(0.14,0.32)
True prevalence 022(0.14,0.82)
Sensitivity 091(0.71,0.99)
Specificity 097 0,91, 1.00)
Positive predictive value 091(0.71,0.99)
Negative predictive value 097 0.91, 1.00)
Positive ikelihood ratio 35.00 (8.86, 138.31)

Negative likelihood ratio 0.09(0.02,0.35)

Total

22





OPS/images/fonc-11-621690/fonc-11-621690-t004.jpg
Confusion matrix and statistics for psychological support

prediction model

Outcome +

Test + 50
Test - 5
Total 55

No information rate: 0.56
P-value [Acc > NIR]: 4.078¢-12
Kappa: 0.75

Menemar's test P-value: 1
Point estimates and 95 % Cis
Accuracy

Apparent prevalence

True prevalence

Sensitivity

Specificity

Positive predictive value
Negative predictive value
Positive likelihood ratio
Negative likelihood ratio

Outcome -

37
a4

088 (0.80, 0.94)
058 (0.47, 0.67)
056 (0.45, 0.66)
091 (0.80,0.97)
084(0.70,0.93)
088 (0.76, 0.95)
0.88(0.74, 0.96)
5.71(2.88, 11.33)
0.11(0.05,0.25)

Total

s7
a2





OPS/images/fonc.2021.578934/crossmark.jpg
©

2

i

|





OPS/images/fonc-11-621690/fonc-11-621690-g005.gif





OPS/images/fonc-11-621690/fonc-11-621690-g006.gif
®oo o amsase






OPS/images/fonc-11-621690/fonc-11-621690-t001.jpg
Dimension Contents Score
A Pain/distress Nursing observation 0-10
B Age Discomfort/age scoring 0-10
c Medical First medical evaluation 0-22
C1: Family information on 0-2
diagnosis
C2: Information on the 0-2
purpose of RT
G8: Information shared with 0-2
the patient
C4: Collaboration of the 02
patient with previous
radiography
C5: Collaboration with 0-2
requests from parents/health
workers
C6: Collaboration in 0-2
separation from parents
C7: Distress/pain level 0-10
detected during the visit
D Physical Report on skills for RT 0-26
D1: Physical diffioulties 02
D2: Cognitive difficulties 02
D3: Language difficulties 0-2
D4: Minutes required for the 5-20
RT
E Emotional First Entry to Linac Room 0-25
distress (CEMS Scale: Children’s
Emotional Manifestation
Scale)
EA: Facial expression 1-5
: Vocalization 1-5
£8: Activity 15
E4: Interaction 1-6
E5: Level of cooperation 15
F Psychological ~ Psychological interview 0-30
F1: Psychological difficulties 0-3
before diagnosis
F2: Recent loss of 03
mobility/autonomy
F3: Patient distress reactive to 03
diagnosis
F4: Patient externalizing 0-3
problem
£5: Patient intemalizing 03
problem
F6: Patient’s fear/anxiety (ast 03
2 weeks)
F7: Parent’s fear/anxiety (last 03
2 weeks)
F8: Parenting difficulties 03
FO: Family/Social/Work 03
difficulties
F10: Traumatic events before 0-3
diagnosis
Total Score M.AP-RT 0-123

The values without bold are the ranges of the scores of the single items. The values in

bold are the ranges of the total scores of the contents A-F.
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Total number patients
Sex

Male

Female

Histological diagnosis
Brain neoplasm
Hematological neoplasm
Sarcomas

Wilms tumor
Nephroblastoma
Neuroblastorma

RT site

Brain

Abdomen

Thorax

Pelvis

ACS (Spinal-Skull-Axis)
TBI (Total Body Irradiation)
Other

Immobilization system
Thermoplastic mask
VAG-LOGC (Vacuum Locked)
Wing board

Other

Total

99

51
48

42

24

14

16

45

53
21

16

%

100%

51.5%
48.5%

42.4%
24.2%
14.1%
2.0%
2.0%
15.2%

45.5%
15.2%
9.1%
6.1%
8.1%
11.1%
5.1%

53.5%
21.2%
9.1%
16.2%
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Patient characteristic:

O'Amico risk group at frst diagnosis, n (%)
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N 13036%)
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odn (GF) 480.491)
Age a start of AT for nodial metastases, years
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M stage o start of RT for nodal metastases, n (%)
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Lymph node region n (%) Total cohort (N = 75)

Externa lac 28073%
Parazortic 24 (620%)
el fac 19253%
Perirectal 19 25.3%)
17@27%)

outside NRG (7/10 mm) 5(67%)12 2.7%)
Ooturator 15200%
Presacral 8(107%
inguinal 3(60%)
Provesical 3(80%)

Enclons indicalal s Dok are ok o of tha NRG Consanius iecoantiatba.
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Lymph node region n (%)

Extomal fac.
Parazoric
internal iac.
Perectal
Common itac
Obturator
inguinal
Provesical

Lot

19(25:3%)
20(26.7%)
15 (20.0%)
11 (14.7%)
10(13.3%)
567%)
1013%
2@7%)

Right

15(200%
19(253%
7(03%)
8(10.7%)
11(14.7%
10(133%
3(40%)
1(1:3%)
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Lymph Node Region Resection part of primary treatment

No Yes 3
Common iac, eft 50% 16.4% 0272
Common fac, right 250% 109% 0150
nternalac, ot 250% 18.2% 0526
nterna ac, right 100% 9.1% 1000
Extomal ac, lft 35.0% 21.8% 0388
External liac, right 450% 109% 0.002
Obturator, ot 50% 73% 1000
Obturator, right 100% 145% 1000
Peritectal loft 100% 16.4% on7
Perirectal, ight 100% 109% 1000
Prosacral 00% 145% 0.100

P, Fishers exact test.

Tho observed diforence in right extemal ifac involvement remained signiicant afe
Bonferron’ comection for mulio festing (o = 0.022).
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928 breast cancer patients with chest wall recurrence after mastectomy

L]

——

Excluded (n-602):
Prior relapse in other sites (n=426)
Regional or distant recurrence within 1 month of
the diagnosis of chest wall recurrence (n=176)

326 patients with isolated chest wall recurrence

Excluded (n=121):
Prior postmastectomy radiotherapy (n=102)
. Supraclavicular or internal mammary nodal

‘metastasis at initial diagnosis (n=15)

Second malignancies (n=4)

205 patients

cluded in the analysis

[ 1

157 patients received radiotherapy

48 patients did not receive radiotherapy

I

116 patients
received chest
wall plus RNI

41 patients received
chest wall

irradiation alone
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WBC

ALC

B cells

NK cells
Total T cells
T CD4+ cells
T CD8+ cells
Regulatory T cells
DNT cells
DPT cells
NKT cells

RA/hypofractionation RT group (n = 32)

7,285 (3,340-13,770)
2,150 (800-4,000)
134.6 (25.9-439.4)

314.5 (104.4-948.5)
1,490.8 (675.2-3,104.3)
987 (409.7-1,716.8)
537.6 (75.2-1,842.6)
37.1 (6.8-88.2)
308 (0.14-262.5)
13.8 (0.08-56.7)
128.4 (3.2-453.8)

3D conformal/conventional fractionation RT group (n = 12)

6,835 (5,100-9,700)
2,100 (1,200-3,300)
137.1 (35.1-260.7)
506.1 (200-1,120.6)
1,431.1 (868.8-2,039.4)
851.8 (542.1-1,531.2)
419.4 (231.6-792)
34.5 (8.7-57.2)
39.2 (20.8-80.6)
11.9 (3.2-97.3)
99.2 (47.9-564.6)

RA, RapidArc irradiation technique; WBC, white blood cell: ALC, absolute lymphocyte count; NK, natural killer: DNT, double-negative T: DPT, double-positive T.
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Characteristics

Median age (range)
Stage
T2a
T2b
T2c
T3a
Gleason
6(3+3)
7B+4)
7(4+3)
8(4+4)
Initial PSA (ng/ml, median, range)
Risk class
Low
Intermediate
High
Prescription dose to PTV and dose/fraction of 3D
conformal RT (Gy)
Prescription dose to PTV and dose/fraction of RA RT

Gy)
PTV. planned target volume; RA, RapidArc irradiation technique.

Observed values
(n = 44 patients)

76 (54-91)

1
13
12
18

13
13
5
13
.73 (0.046-48)

15

16

13
78;2.0

62; 3.1
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LGS plan CVS plan P
Range Median Mean Range Median Mean
PTVall D2% 6,026-6,365 6,229 6,210.55 5,820-6,506 6,253 6,236.82 0.534
D98% 5,048-5,103 5,072 5,074.36 4,983-5,119 5,035 5,037.45 0.006
D50% 5,683-5,805 5,689 5,690.91 5,569-5,950 5,755 5,760.82 0.041
@] 0.69-0.86 0.80 0.80 0.65-0.86 0.79 0.79 0.374
Gl 5.08-8.53 6.04 6.35 4.95-8.80 6.22 6.53 0.182
Normal brain V100% 0.24-7.81 1.02 1.61 0.20-11.28 1.1 213 0.266
V50% 18.85-367.44 91.95 129.72 18.92-383.79 91.07 139.26 0.155
V25% 87.81-1,047.50 434.11 511.37 100.48-1,048.71 505.99 543.72 0.004
V10% 348.24-1,389.17 921.81 928.45 403.40-1,414.54 1,164.37 1,015.68 0.003
Dmean 398.50-1,829.70 1,079.80 1,116.68 475.50-1,954.50 1,184.90 1,204.35 0.003
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Variables Total Group (cT2/T3/T4) non-T4 Group (cT2/T3) cT4 Group

Univariate Multivariate Univariate Multivariate Univariate Multivariate
analysis analysis analysis analysis analysis analysis

HR (95% P HR (95% P HR(@®5% P  HR(95% P HR (95% P HR (95% P
CI) value CI) value CI) value CI) value CI) value CI) value

Sex
Female 1 1 1
Male 1.342 (1.015- 0.039 NS 1.272 (0.937- 0.123 NS 1.478 (0.731- 0.277
1.774) 1.727) 2.989)
Age
<60 years 1 1 1
> 60 years 1.073 (0.828-  0.594 1.159 (0.856-  0.340 0.999 (0.602-  0.996
1.390) 1.571) 1.658)
Smoking
Never 1 1 1 1
Ever 1.348 (1.073- 0.010 NS 1.239 (0.958- 0.102 NS 1.829 (1.107-  0.018 1.829 (1.107-  0.018
1.694) 1.603) 3.022) 3.022)
Drinking
Never 1 1 1 1 1
Ever 1.440 (1.149- 0.002 1.424 (1.134- 0.002 1.315 (1.019- 0.035 1.334(1.031- 0.028 1.736 (1.049-  0.032 NS
1.803) 1.789) 1.698) 1.726) 2.872)
Tumor <0.001 0.001 <0.001 0.007 0.105 NS
location
Cervical/ 1 1 1 1 1
Upper
Middle 1.483 (1.146- 0.003 1.391 (1.063- 0.016 1.514 (1.123- 0.006 1.362 (1.003- 0.048 1.347 (0.759- 0.308
1.945) 1.820) 2.040) 1.848) 2.391)
Lower 2.238 (1.681- <0.001 1.818 (1.323- <0.001 2292 (1.658- <0.001 1774 (1.240-  0.002 1950 (1.053-  0.034
2.980) 2.499) 3.169) 2.540) 3.611)
RT dose
<60 Gy 1 1 1
>60 Gy 0.723 (0.557-  0.015 NS 0.770 (0.578-  0.073 NS 0.624 (0.318-  0.171 NS
0.939) 1.025) 1.225)
Treatment regimen
RT alone 1 1 1 1 1
CRT 0.854(0.680- 0.171  0.744 (0.589-  0.013  0.806 (0.624-  0.099  0.689(0.528- 0.006  0.989 (0.599-  0.967
1.071) 0.940) 1.041) 0.898) 1.634)
Clinical N stage
cNO-1 1 1 1 1 1
cN2-3 1733(1.324-  <0.001  1534(1.189-  0.001  1911(1.474- <0.001 1599(1.195-  0.002  1.060(0.637-  0.824
2.267) 1.980) 2.276) 2.140) 1.762)

Extent of LNs

0-1 region 1 1 1

2-3 regions 1.791(1.403-  <0.001 NS 1.871(1.419-  <0.001 NS 1.506(0.859-  0.153 NS
2.302) 2.468) 2.642)

Size of LNs

<2cm 1 1 1 1 1

>2 cm 2.160(1.566-  <0.001  1.502(1.060- 0.022 2.415(1.668-  <0.001  1.737(1.167- 0.007 1.336(0.696- 0.383
2.979) 2.129) 3.495) 2.587) 2.564)

Abdominal region-involved

NO 1 1 1 1 1
YES 2.411(1.784-  <0.001 1.462(1.026- 0.036 2.753(1.967-  <0.001 1.681(1.126- 0.011 1.392(0.709- 0.337
3.258) 2.085) 3.853) 2.512) 2.737)

LNs, lymph nodes; CI, confidence interval; CRT, chemoradiotherapy; RT, radiotherapy; HR, hazard ratio; NS, non-significant. Bold values indicate a statistically difference in statistical analysis.
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Patterns of failure

LR
yes

no

yes

no

cT4

65 (60.7%)
42 (39.3%)

28 (26.2%)
79 (73.8%)

non-cT4

202 (45.1%)
246 (54.9%)

99 (22.1%)
349 (77.9%)

LR, local recurrence; M, metastases; cT4, clinical T4; Bold values indicates a statistically difference in statistical analysis.

P value
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Variables

All

Age (years)
<60 years

> 60 years

Sex, n (%)
Female

Male

Smoking, n (%)
Never

Ever

Drinking, n (%)
Never

Ever

Tumor location, n (%)
Cervical Upper
Middle

Lower
Treatment regimen,
n (%)

RT alone

CRT

RT dose, n (%)
<60 Gy

> 60 Gy
Clinical <N
cNO

cN1

cN2

cN3

Extent of LNs
0

1 region

2 regions

3 regions

Size of LNs

0

<2cm

>2 cm

Abdominal region-involved

NO
Without
With

Total Group (T2/T3/T4)

555

143 (25.8%)
412 (74.2%)

134 (24.1%)
421 (75.9%)

263 (47.4%)
292 (52.6%)

311 (56.0%)
244 (44.0%)

243 (43.8%)
190 (34.2%)
122 (22.0%)

246 (44.3%)
309 (55.7%)

397 (71.5%)
158 (28.5%)

161 (29.0%)

211 (38.0%)

152 (27.4%)
31 (5.6%)

161 (29.0%)

258 (46.5%)
112 (20.2%)
24 (4.3%)

161 (29.0%)
329 (59.3%)
5 (11.7%)

161 (29.0%)
322 (59.0%)
72 (13.0%)

non-cT4 Group (T2/T3)

448 (80.7%)

106 (23.7%)
342 (76.3%)

114 (25.4%)
334 (74.6%)

213 (47.5%)
235 (52.5%)

261 (58.3%)
187 (41.7%)

199 (44.4%)
153 (34.2%)
96 (21.4%)

200 (44.6%)
248 (55.3%)

312 (69.6%)
136 (30.3%)

135 (30.1%)

168 (37.5%)

123 (27.5%)
22 (4.9%)

135 (30.1%)

202 (45.1%)
90 (20.1%)
21 (4.7%)

135 (30.1%)
268 (59.8%)
45 (10.1%)

135 (30.2%)
255 (56.9%)
58 (12.9%)

cT4 Group

107 (19.3%)

37 (34.5%)
70 (65.5%)

20 (18.6%)
87 (81.4%)

50 (46.7%)
57 (53.3%)

50 (46.7%)
57 (53.2%)

44 (41.1%)
37 (34.6%)
26 (24.3%)

46 (42.9%)
61 (57.1%)

85 (79.5%)
22 (20.5%)

26 (24.3%)

43 (40.2%)

29 (27.1%)
9 (8.4%)

26 (24.3%)

54 (50.4%)

22 (20.6%)
5 (4.7%)

26 (24.3%)
63 (58.9%)
18 (16.8%)

26 (24.3%)
66 (61.7%)
15 (14.0%)

LNs, lymph nodes; RT, chemoradiotherapy; CRT, chemoradiotherapy; T4, clinical T4; Bold values indicates a statistically difference in statistical analysis.

P Value

0.020

0.142

0.879

0.031

0.762

0.757

0.044

0.380

0.667

0.104

0.490
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C-index (95% Cls)

Discovery dataset Validation dataset
Radomic nomogram 0.65 (0.60 - 0.71) 0.66 (0.59 - 0.74)
CCR-9RS 0.61 (0.57 - 0.65) 0.61 (0.55 - 0.68)

Clinical nomogram 0.57 (0.51 - 0.63) 0.58 (0.50 - 0.66)
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Radiomic feature name HR P-value C-index

squareroot_gldm_DependenceVariance 1.06 0.0011 0.58
wavelet_LHH_glcm_JointAverage 1.10 0.0067 0.55
wavelet_LHH_glcm_SumAverage 1.05 0.0067 0.55
wavelet_LHH_firstorder_Range 1.01 0.0053 0.55
wavelet_LHH_glszm_ZoneEntropy 167 0.0051 0.56
wavelet_LLH_glrim_LongRunHighGrayLevelEmphasis 1.01 0.0005 0.57
wavelet_LLH_glszm_SizeZoneNonUniformity 1.01 0.0002 0.58
wavelet_HHH_glszm_SizeZoneNonUniformity 1.02 2.91E-05 0.56
wavelet_HHL_glszm_SizeZoneNonUniformityNormalized 5370.36 0.0042 0.57

HR and P-value are the statistics calculated using a univariate Cox regression model. HR represents the risk coefficient of the quantitative values for the feature; P-value represents the
significance of the quantitative values for radiomic feature.
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RA/hypofractionation RT group (n = 32) 3D conformal/conventional fractionation RT group (n = 12)

Grade 1 Grade 2 Grade 1 Grade 2
Acute toxicity
Genitourinary 9 (20.4%) 2 (4.5%) 6 (13.6%) 2 (4.5%)
Gastrointestinal 11 (25%) 3(6.8%) 6 (13.6%) 3(6.8%)
Hematological (lymphopenia) 4 (9%) 4 (9%) 4 (9%) 1(2.3%)
Late toxicity
Genitourinary 9 (20.4%) 0 1(2.3%) 0
Gastrointestinal 3(6.8%) 1(2.3%) 1(2.3%) 1(2.3%)
Hematological (lymphopenia) 0 1(2.3%) 3(6.8%) 1(2.3%)

RA, RapidArc irradiation technique; RT, radiotherapy.
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Discovery dataset (n = 153) Validation dataset (n = 73)

Age (years)

<65 78 (51.0%) 35 (47.9%)

>65 70 (45.8%) 34 (46.6%)
Gender

Female 54 (35.3%) 28 (38.4%)

Male 99 (64.7%) 45 (61.6%)
TNM stage

| — -

I —- -

1} 153 (100%) 73 (100%)
T stage

T 20 (18.1%) 20 (27.4%)

T2 68 (44.4%) 24 (32.9%)

T3 21 (13.7%) 0(18.7%)

T4 41 (26.8%) 9 (26.0%)
N stage

NO - =

N1 - -

N2 97 (63.4%) 44 (60.3%)

N3 56 (36.6%) 29 (39.7%)
Histologic subtype

ADC 8 (11.8%) 1(16.1%)

scc 53 (34.6%) 22 (30.1%)

LCC 53 (34.6%) 3 (31.5%)

NOS 2 (14.4%) 3 (17.8%)
Average survival (Month) 28.65 34.78

ADC, Adenocarcinoma; SCC, Squamous cell carcinoma; LCC, Large-cell lung carcinoma; NOS, Not otherwise specified subtype.
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Variable 95%ClI p value

Child-Pugh score

5 - -
6 -0.407-0.243 0.613
7 -0.550-0.068 0.123
8 -0.747-0.110 0.009
9 -1.566-0.291 0.005
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Variable

RILD (n=17) Non-RILD (n=42) p value
Sex 0.518
Male 12 33
Female 5 9
Age (year) 57 (42-69) 57 (33-73) 0.881
CP score 0.047
5 1 138
6 2 11
7 5 "
8 7 7
9 2 0
CP score class 0.009
A 3 24
B 14 18
Radiation dose (Gy)
Median 48 49 0.102
Range 45-49 45-49
Fraction
Median 8 8 0.197
Range 79 7-9
Baseline markers
AFP 43 (128 + 49.991) 14 (40 = 10.680)  0.179
ALT 45 (561.176 + 5.757) 32 (45.615 + 6.074) 0.919
AST 54 (48.471 + 3.988) 54.5 (40.154 + 6.270) 0.584
Overall survival
Median 7.8 9.4 <0.001
Range 4.7-9.2 4.7-125
Recovery
Yes 6

No

1
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Characteristics

No. of patients (n = 59)

Age (years)
Median
Range
Sex
Male
Female
RILD
yes
no
Child-Pugh class
A
B
Child-Pugh score
5
6
7
8
9
Radiation dose (Gy)
Median
Range
Fraction
Median
Range
Treatment after SBRT
TKis alone
PD-1 alone
TKls and PD-1
TACE
Baseline marker levels
AFP>10ng/ml
ALT>35U/L
AST>40U/L
Overall Survival
Median
Range

57
33-74

45
14

17
42

27
32

14
13
16
14

48

45-49

7-9

41

23

53
31
26
10.7
5.8-14.9
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Study Study N Age Stage Treatment Radiation Radiation Chemotherapy Median 2- ORR >3 grade >3 grade

nature group technique therapy regimens 0S (mo) year (%) esophagitis pneumonitis
dose 0os (%) (%)
prescription rate
(%)
Takeuchi (7) Retrospective 33 =71 |-l CCRT = 60 Gy/30 CDDP/5-FU 14.7 47* 636 9.1 -
fractions (CRR)
Tougeron Retrospective 109 =70 I-IV  CCRT - 50-55 Gy CDDP/5-FU or 15.2 355 57.8 - -
(5) (1.80r2Gy/ CDDP (CRR)
day) -+irinotecan
Rochigneux Retrospective 58 =75 1IB- CCRT 3D-CRT The mean CDDP or CDDP/ 14.5 269 - - -
(6) nc dose was 5-FU or 5-FU
50.9 Gy
(range, 27—
72 Gy)
Zhang (24)  Retrospective 128 =65 |-V CCRT 3D-CRT 60 Gy Docetaxel 22 55*  69.9 5.5 27
RT alone or IMRT (range, 46-  +CDDP or 13 42" 473 3.6 1.8
70 Gy)/25-  CDDP/5-FU
35 fractions
Servagi- Prospective 30 =75 Il CCRT = 50 Gy/25 CDDP or 14.5 28" 783 N =
Vernat (23)  phase Il fractions oxaliplatin
single-arm
study
Li (22) Retrospective 116 =70 |-V CCRT 3D-CRT The median  Docetaxel or 223 50" S 25 0
sCRT or IMRT dose was CDDP/5-FU or 18.0 38" = 16.7 0
RT alone 60Gy (range, carboplatin 124 80" - 13.3 0

20-70 Gy)/ +paclitaxel or
1.8-2Gy per  doxifluridine

fraction
Song (8) Retrospective 82 =70 |-V CCRT 3D-CRT 60 Gy/30 Paclitaxel+CDDP ~ 26.9 - 69.1 8.5 -
fractions
Wang (21)  Retrospective 56 =70 I-IV  CCRT = 54 Gy/27-30 CDDP/S1 18.2 44* 84 14.3 36
fractions
Chen (20) Retrospective 90 =65 bl CCRT 3D-CRT 56.0-59.4 CDDP/S1 30.6 78" 735 26.5 6.1
RT alone Gy/30-33 18.7 20" 512 14.6 9.8
fractions
Huang (19)  Retrospective 271 =65 |-V RT alone 2D-RT, The mean Single agents: 5- 15.6 39 603 204 (G2-3) 0.9 (G2-3)
single- or 3D-CRT dose was FU, platinum, 28.8 59 672 321 (G2-3) 3.6 (G2-3)
agent- or IMRT 58.4 + 6.4 and docetaxel 278 57 821 427 (G2-3) 3.2 G2-3)
based Gy (range, Double agents:
CCRT 40-74 Gy) platinum
double- combined with
agent- 5-FU or
based paclitaxel or
CCRT docetaxel
Our study Prospective 37 70- I-Va CCRT SMART 64 Gy/30 CDDP/S1 277 575 88.9 18.9 27
phase Il 80 fractions

Study

*Estimating from the survival curve.
3D-CRT, 3D conformal radiotherapy; 5-FU, 5-fluorouracil; CCRT, concurrent chemoradiotherapy; CDDP, cisplatin; CRR, complete response rate; IMRT, intensity modulated radiotherapy;
ORR, objective response rate; OS, overall survival: RT, radiotherapy; sCRT, sequential chemoradiotherapy; SMART, simultaneous modulated accelerated radiation therapy.
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Toxicity Grade, No. (n/37%)
1 2 3 4 5
Non-hematologic
Esophagitis 10 (27.0) 20 (54.1) 7(18.9) 0 0
Pneumonitis 24 (64.9) 2(5.4) 1(2.7) 0 0
Gastrointestinal 14 (37.8) 9(24.3) 127 0 0
Arrhythmia 2 (5.4) 12.7) 0 0 0
Fatigue 7(18.9) 3(8.1) 1@27) 0 0
Skin 8(21.6) 3(8.1) 0 0 0
Weight loss 3(8.1) 1@27) 0 0 0
Bleeding 2(5.4) 0 1(2.7) 0 0
Sepsis 0 0 0 0 2.7)
Hematologic
Anemia 12 (32.4) 18 (48.6) 1@27) 0 0
Neutropenia 6(16.2) 8(21.6) 3(8.1) 127) 0
Thrombocytopenia 7(18.9) 10 (27.0) 2(5.4) 3(8.1) 0
ALT elevation 3(8.1) 0 0 0 0
AST elevation 2(5.4) 0 0 0 0
Creatinine elevation 1(2.7) 2(5.4) 0 0 0

Toxicities were graded by CTCAE version 4.0.

ALT, alanine aminotransferase; AST, aspartate aminotransferase.
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Variables Univariable analysis Multivariable analysis

HR, 95% CI p value HR, 95% CI p value
Sex (male vs. female) 3.376, (0.980-11.626) 0.054
Age (273 vs. <73 yrs) 1.028, (0.414-2.549) 0.953
ECOG performance status (2 vs. 0-1) 9.774, (1.958-48.801) 0.005 4.036, (0.365-44.661) 0.255
Charlson score (0-1 vs. 2-3) 0.5086, (0.067-3.796) 0.508
Percent weight loss at diagnosis* (=5% vs. <6%) 2.206 (0.920-5.287) 0.076
Stage (Ill, IVa vs. Il) 12,555, (1.669-94.463)  0.014  3.977, (0.398-39.734)  0.240
GTV volume (60.5 vs. <60.5cm°) 4.022, (1.547-10.460) 0.004 1.149, (0.352-3.746) 0.818
Baseline NRI (=105.2 vs. <105.2) 0.377, (0.151-0.938) 0.036 0.918, (0.252-3.345) 0.936
Baseline NLR (>2.56 vs. <2.56) 1.157, (0.490-2.732) 0.739
Baseline HGB (=129 vs. <129g/L) 1.318, (0.563-3.137) 0.533
Baseline CRP (210 vs. <10mg/L) 3.981, (1.588-9.977) 0.003 1.020, (1.004-1.037) 0.016
Completion of RT (Completion of RT as planned vs. completion of RT with break >7days) 1.143, (0.435-3.005) 0.787
Tumor response (non-CR vs. CR) 6.632, (2.978-14.772) 0.000 4.088, (1.236-13.518) 0.021

ECOG PS, Eastern Cooperative Oncology Group (ECOG) performance status; GTV, gross tumor volume; NRI, nutritional risk index; NLR, neutrophil-lymphocyte ratio; HGB, hemoglobin;
CRP, C-reactive protein. *Percent weight loss at diagnosis was defined as the percentage of weight loss in the past three months before diagnosis (18).
The bold values mean these p-values are statistically significant (o < 0.05).
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Variables ]

value
Sex (male vs. female) 0.301
Age (273 vs. <73 yrs) 0.318
ECOG performance status (2 vs. 0-1) 0.263
Charlson score (0-1 vs. 2-3) 0.304
Percent weight loss at diagnosis *(>5% vs. <5%) 0.050
Stage (lll, IVa vs. Il) 0.056
GTV volume (60.5 vs. <60.5cm?) 0.067
Baseline NRI (>105.2 vs. <105.2) 0.023
Baseline NLR (>2.56 vs. <2.56) 0.497
Baseline HGB (=129 vs. <129g/L) 0.478
Baseline CRP (=10 vs. <10mg/L) 0.908

Completion of RT (Completion of RT as planned vs. completion of RT 0.554
with break >7days vs. Discontinue RT)

ECOG PS, Eastern Cooperative Oncology Group (ECOG) performance status; GTV, gross
tumor volume; NRI, nutritional risk index; NLR, neutrophil-lymphocyte ratio; HGB,
hemoglobin; CRP, C-reactive protein. *Percent weight loss at diagnosis was defined as
the percentage of weight loss in the past three months before diagnosis (18).

The bold values mean these p-values are statistically significant (p<0.05).
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RT compliance (n, %)
Completion of RT as planned

Completion of RT with break of 7-80 days

Completion of RT with break >80 days
Discontinue RT
RT dose received by PTV-GTV (n, %)
64 Gy
<64 Gy
RT durations (days, n = 35)
Median
Range
CDDP delivery (weeks)
2

oo s w

S1 delivery (weeks)

W N =

4
Enteral nutrition

Oral supplements

Nasogastric tube

Percutaneous endoscopic gastrostomy

22 (59.5)

12 (32.4)
1(2.7%)
2(5.4)

35 (84.6)
2(5.4)

43
30-134

7(18.9)
7(18.9)
18 (48.7)
4(10.8)
12.7)

1@2.7)
5 (13.5)
4(10.8)
27 (73.0)

21 (56.8%)
7 (18.9%)
9 (24.3%)

RT, radiotherapy.
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Characteristics n (%)

Age (years)

Median (Range) 73 (70-77)
Sex

Female 10 (27.0)

Male 27 (73.0)
ECOG performance status

0-1 35 (94.6)

2 2(5.4)
Charlson score

0 28 (75.7)

1 6(16.2)

2 2(5.4)

3 127
Percent weight loss at diagnosis*

<5% 25 (67.6)

>5% 12 (32.4)
Primary tumor location

Cervical 4(10.8)

Proximal third 8(21.6)

Middle third 21 (56.8)

Distal third 3(8.1)

Multiple origin 1@2.7)
Primary tumor length (mm)*

Median (Range) 58 (12-125)
cTNM stage

I 10 (27.0)

I 21 (56.8)

IVa 6(16.2)
GTV volume (cm?)

Median (Range) 60.5 (7.5-176.8)
Baseline NRI

Median (Range) 105.2 (95.4-111.6)
Baseline NLR

Median (Range) 2.56 (1.10-5.42)
Baseline HGB

Median (Range) 129 (98-152)
Baseline CRP

<10mg/L 27 (73.0)

>10mg/L 10 (27.0)

ECOG PS, Eastemn Cooperative Oncology Group (ECOG) performance status; GTV, gross
tumor volume; NRI, nutritional risk index; NLR, neutrophil-lymphocyte ratio; HGB,
hemoglobin; CRP, C-reactive protein. *Percent weight loss at diagnosis was defined as
the percentage of weight loss in the past three months before diagnosis (18). *Primary
tumor length was the endoscopically measured tumor length.
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42 patients enrolled

5 Excluded from analyses
2 Inappropriate staging
1 Inappropriate histology
2 Patient withdrawal

37 Included in the survival and toxicity analyses
35 Finished CCRT
2 Discontinued treatment
1 Septic shock
1 Grade 3 pneumonitis
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Risk stratification Aim Dose

Low and intermediate risk*  Remnant ablation 1,110 MBq
High risk Adjuvant therapy 3,700-5,550 MBq
Therapy for persistent disease  3,700-7,400 MBq

“For patients with low risk of recurrence, RAl was administered based on patient’s
preference, although the ATA guideline did not routinely recommend RAI therapy for
these patients.





OPS/images/fonc-10-01297/fonc-10-01297-t002.jpg
Primary cohort (n = 683) Matched cohort (n = 186)

Non-ICM (n = 532) ICM (n = 151) P-value Non-ICM (n = 93) ICM (n = 93) P-value
Age at diagnosis [n (%)] 415148 415£130 0989 388+ 139 421£136 0.105
Gender [n (%)) 0.138 0213
Female 362 (68.0%) 93 (61.6%) 66 (71.0%) 58 (62.4%)
Male 170 (32.0%) 58 (38.4%) 27 (29.0%) 35 (37.6%)
Multfocality [n (%)) 0228 0552
No 230 (43.2%) 57 (37.7%) 41 (44.1%) 37 (39.8%)
Yes 302 (66.8%) 94.(62.3%) 52 (65.9%) 56 (60.2%)
T stage [n (%)) <0.001 0.069
! 335 (63.0%) 55 (36.4%) 47 (50.5%) 55 (59.1%)
T2 86 (16.2%) 2(1.3%) 9(0.7%) 1(1.1%)
T 94(17.7%) 80(63.0%) 28(30.1%) 29 (31.2%)
T4 17 (3.2%) 14(9.3%) 9(0.7%) 8(8.6%)
N stage [n (%)) <0.001 0247
NO 86(16.29%) 7(4.6%) 5(5.4%) 7(7.5%)
Nia 347 (65.2%) 31(205%) 42 (45.2%) 31(33.3%)
Nib 99 (18.6%) 113 (74.8%) 46 (49.5%) 55 (69.1%)
Delay time [n (%)) 0.742 0.883
1-2 months 100 (18.8%) 27 (17.9%) 14 (15.1%) 18 (19.4%)
2-3 months 211(39.7%) 54 (35.8%) 35(37.6%) 31(33.3%)
3-4 months 97 (18.2%) 33 (21.9%) 16(17.2%) 18 (19.4%)
4-5 months 82 (16.4%) 22 (14.6%) 19 (20.4%) 16 (17.2%)
5-6 months 42 (7.9%) 15(9.9%) 9(0.7%) 10 (10.8%)
Histologic subtype [n (%)) 0980 0.601
Papilary 500 (94.0%) 142 (94.0%) 86/(92.5%) 84/(90.3%)
Folicular 32 (6.0%) 9(6.0%) 7(7.5%) 9(9.7%)
99mTe-pertechnetate uptake [n (%)) 0.187 0.240
Negative 253 (47.6%) 81(63.6%) 40 (43.0%) 48 (61.6%)
Positive 279 (62.4%) 70 (46.4%) 53 (67.0%) 45 (48.4%)
TSH (lU/mL), mean 103.6 +34.9 99.1 281 0.151 101.1£343 1005 + 285 0.895
Ps-Tg (ng/mi), mean 43£42 51£46 0042 46£42 5647 0.122

Ul (ng/L), mean 8294309 96.5 +32.1 <0.001 95.6 + 36.0 91.1+304 0.356
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Parameters Al patients No. of patients with <6 No. of patients with 26

(n =3,445) positive lymph nodes positive lymph nodes
(n=2,735) (n=710)
HR 95% CI P HR 95% Cl P HR 95% Cl P

PORT

No 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)

Yes 0.931 0.830-1.045 0.226 1.012 0.886-1.156 0.858 0.724 0.574-0.914 0.007
Age at diagnosis

<60 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)

260 1822 1.158-1.510 <0001 1803 1.114-1.524 0001 135  1051-1.748 0019
Gender

Male 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)

Female 0696  0.626-0.775 <0001 0667 05890755 <0001 0776  0.627-0.961 0020
Race

Black 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)

White 1001 0907-1.312 0357 1104 0889-1.372 0371 1090  0.765-1.553 0632

Other 0.833 0.639-1.085 0.175 0.757 0.551-1.039 0.085 1.084 0.661-1.777 0.749
Year of diagnosis

2010 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)

2011 1028 0888-1.189 0713 1089 0877-1282 0657 0971 0.725-1.301 0844

2012 1026 0880-1.196 0.745 1066 0891-1.276 0.483 0943 0.603-1.281 0.706

2013 0964 0810-1.146 0675 0987 0.808-1.206 0900 0884 0619-1.264 0500

2014 0871 0708-1.073 0.194 0870 0.680-1.111 0264 0846 0572-1.253 0.404

2015 0799 0564-1.132 0207 0819 0538-1.246 0351 0772 0.413-1.444 0418
Primary tumor site

Meain bronchus 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)

Upper lobe 1078 0.628-1833 0.797 1202 0608-2.498 0563 0857  0.372-1.976 0717

Middle lobe 1119 0624-2.006 0.705 1280 0.600-2.734 0523 0831 03252125 0699

Lower lobe 1.274 0.744-2.181 0.377 1.461 0.719-2.968 0.295 1.016 0.439-2.353 0.970

Overlappinglesion ~ 1.487  0.799-2.768 0211 1523 0680-3.411 0306 1663 0.609-4.536 0321

Unknown 0802 0394-2.020 0.784 1926 0.737-5.035 0.181 0148 0017-1.251 0079
Pathology

Adenocarcinoma 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)

Squamous cell 1159 1022-1.316 0022 1194 1085-1378 0015 1087 0.784-1.371 0800

Others 1244 0994-1.558 0057 1296 10091664 0043 0999 0587-1.698 0996
Pathological grade

| 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)

I 0960 0.750-1.228 0.745 0950  0.717-1.259 0722 0978 0580-1.650 0934

1 1159 0.006-1.483 0239 1419 0845-1.482 0432 1291 0.764-2.183 0341

% 1211 0.752-1.950 0432 1828 0.763-2.297 0319 1021 0382-2.729 0967

Unknown 1020 0.749-1.412 0861 0891 0617-1.285 0536 1516 0.790-2.906 0211
-

T 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)

T2 1.161 1.020-1.322 0.024 1210 1.044-1.403 0.011 1.021 0.773-1.347 0.886

3 1492 1.280-1.738 <0001 1581 1.284-1825  <0.001 1420 1085-1.947 0030
POCT

No 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)

Yes 0573 0507-0.648 <0001 0573 04980660 <0001 0605  0468-0.783 <0.001
No. of positive lymph nodes

<6 1.00 (Ref) — —

=6 1602 1420-1.807 <0001

Pathological grade I, wel-differentiated; I, moderately differentiated; Ii, poorly differentiated; IV, undifferentiated, anaplastic.
HR, hazard ratio; Ref, reference; PORT, post operative radiotherapy; POCT, postoperative chemotherapy; NSCLC, non-small cell lung cancer.
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Clinical parameters

Age at diagnosis
<60
>60
Gender
Male
Female
Race
Black
White
Others
Year of diagnosis
2010
2011
2012
2013
2014
2015
Primary tumor site
Meain bronchus
Upper lobe
Middle lobe
Lower lobe
Overlapping lesion
Unknown
Pathology
Adenocarcinoma
Squamous cell
Others
Pathological grade

Unknown
-
T
iF3
3
POCT
No
Yes
No. of positive lymph nodes
<6
26

No. of

patients who did not receive PORT

367 (19.6%)
1,510 (80.4%)

934 (49.8%)
943 (50.2%)

186 (9.9%)
1,534 (81.7%)
157 (8.4%)

345 (18.4%)
333 (17.7%)
309 (16.5%)
307 (16.4%)
291 (15.5%)
292 (15.6%)

16 (0.9%)
1,045 (55.7%)
82 (4.4%)
671(35.7%)
47 (2.5%)
16.(0.9%)

1,359 (72.4%)
47 (22.2%)
101 (5.4%)

111(5.9%)
802 (42.7%)
825 (44.0%)
24.(1.3%)
115 (6.1%)

510 (27.2%)
1,001 (53.3%)
366 (19.5%)

726 (38.7%)
1,151 (61.3%)

1,513 (80.6%)
364 (19.4%)

No. of

Patients who received PORT

467 (20.8%)
1,101 (70.2%)

797 (508%)
771 (49.2%)

139 (8.9%)
1,293 (82.5%)
136 (8.7%)

272 (17.3%)
261 (16.6%)
277 (17.7%
238 (15.2%)
260 (16.6%)
260 (16.6%)

18 (1.1%)
921 (58.7%)
93 (5.9%)
508 (32.4%)
21 (1.3%)
7(0.4%)

1,158 (73.5%)
333 (21.2%)
82 (5.2%)

67 (4.3%)
630 (40.2%)
675 (43.0%)
24 (15%)
172 (11.0%)

410 (26.1%)
820 (52.3%)
338 (21.6%)

101 (6.4%)
1,467 (93.6%)

1,222 (77.9%)
346 (22.1%)

No. of
patients

834 (24.2%)
2,611 (75.8%)

1,731 (60.2%)
1,714 (49.8%)

325 (9.4%)
2,827 (82.1%)
293 (85%)

617 (17.9%)
594 (17.2%)
586 (17.0%)
545 (15.8%)
551 (16.0%)
552 (16.0%)

34 (1.0%)
1,966 (57.1%)
175 (5.1%)
1,179 (34.2%)
68 (2.0%)
23(0.7%)

2,512 (72.9%)
750 (21.8%)
183 (5.3%)

178 (5.2%)
1,482 (41.6%)
1,500 (43.5%)
48 (1.4%)
287 (8.3%)

920 (26.7%)
1,821 (62.9%)
704 (20.4%)

827 (24.0%)
2,618 (76.0%)

2,735 (19.4%)
710 (20.6%)

<0.001

0.532

0.565

0.684

0.004

0.756

<0.001

0.320

<0.001

0.053

Pathological grade |, well-differentiated; ll, moderately differentiated; Ill, poorfy differentiated; IV, undifferentiated, anaplastic.
PORT, postoperative radiotherapy; POCT, postoperative chemotherapy.
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Parameters

PORT
No
Yes
Age at diagnosis
<60
260
Gender
Male
Female
Race
Black
White
Others
Year of diagnosis
2010
2011
2012
2013
2014
2015
Primary tumor site
Meain bronchus
Upper lobe
Middle lobe
Lower lobe
Overlapping lesion
Unknown
Pathology
‘Adenocarcinoma
Squamous cell
Others
Pathological grade

POCT
No
Yes

No. of positive lymph nodes
<6
>6

Pathological grade |, well differentiated; Il, moderately differentiated; Iil, poorly differentiated; IV, undifferentiated, anaplastic.

HR

0.793

1.497

0.671

1.180
0.902

1.031
0.994
0.928
0.849
0.800

0.833
0.837
1.039
1.259
0.933

1.336
1.367

0.978
1.247
1513
0.945

1.220
1.640

0.558

1.556

Al patients
(n=3,445)

95% Cl

1.00 (Ref)
0.715-0.881

1.00 (Ref)
1.316-1.702

1.00 (Re)
0.605-0.745

1.00 (Ref)
0.983-1.416
0.649-1.172

1.00 (Ref)
0.892-1.191
0.853-1.158
0.782-1.102
0.691-1.044
0565-1.133

1.00 (Ref)
0.491-1.412
0.471-1.488
0.611-1.767
0679-2.334
0.414-2.100

1.00 (Ref)
1.184-1.507
1.106-1.691

1.00 (Ref)
0.766-1.247
0.980-1.587
0954-2.399
0.694-1.286

1.00 (Ref)
1.073-1.386
1.412-1.905

1.00 (Ref)
0.499-0.624

1.00 (Ref)
1.382-1.752

<0.001

<0.001

<0.001

0.076
0.438

0.682
0.939
0.397
0.121
0.208

0.479
0.544
0.887
0.465
0.867

<0.001
0.004

0.855
0.073
0.078
0.718

0.002
<0.001

<0.001

<0.001

No. of patients

With< 6 positive lymph nodes.

HR

0.836

1.536

0.641

1.215
0.846

1.085
1.056
0.985
0.862
0.801

0.930
0.950
1.168
1218
1.642

1.419
1.474

1.023
1.266
1.664
0.878

1.220
1.640

0.561

(n=2,735)

95% Cl

1.00 (Ref)
0.741-0.943

1.00 (Ref)
1.319-1.786

1.00 (Ref)
0568-0.723

1.00 (Ref)
0.979-1.507
0.618-1.158

1.00 (Ref)
0916-1.283
0.884-1.262
0.808-1.200
0.075-1.100
0527-1.217

1.00 (Ref)
0.463-1.869
0.450-2.007
0.580-2.353
0547-2.711
0.634-4.257

1.00 (Ref)
1.288-1.625
1.165-1.865

1.00 (Ref)
0.774-1.352
0.961-1.668
0.979-2.831
0.614-1.255

1.00 (Ref)
1.065-1.411
1.381-1.949

1.00 (Ref)
0.494-0.638

0.004

<0.001

<0.001

0.077
0.296

0.345
0.545
0.878
0.232
0.208

0.839
0.894
0.663
0.630
0.307

<0.001
0.001

0.873
0.003
0.060
0.474

0.007
<0.001

<0.001

No. of patients

withz 6 positive lymph nodes.

HR

0.623

1.492

0.791

1.137
1.067

0.898
0.848
0.847
0.828
0.770

0.840
0.737
0973
1.947
0.169

1.227
1477

0.761
1.045
0.936
1.218

1.092
1.432

0.503

(n=1710)
95% CI

1.00 (Ref)
0.506-0.766

1.00 (Ref)
1.169-1.903

1.00 (Re)
0.644-0.972

1.00 (Ref)
0.804-1.607
0.663-1.718

1.00 (Ref)
0.676-1.192
0.629-1.145
0598-1.199
0561-1.220
0.412-1.439

1.00 (Ref)

0.872-1893
0.294-1.846
0.430-2.204
0.729-5.196
0.020-1.407

1.00 (Ref)
0.943-1507
0.711-1.949

1.00 (Ref)
0.453-1.244
0.636-1.719
0.369-2.377
0.656-2.247

1.00 (Ref)
0.835-1.429
1.056-1.942

1.00 (Ref)
0.401-0.631

<0.001

<0.001

0.026

0.467
0.789

0.456
0.282
0.348
0.339
0.413

0.673
0.515
0.948
0.183
0.100

0.127
0.526

0.266
0.861
0.889
0.539

0.519
0.021

<0.001

HR, hazard ratio; Ref, reference; PORT, postoperative radiotherapy; POCT, postoperative chemotherapy; NSCLC, non-small cell lung cancer.
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Variable Univariable Multivariable

HR 95%Cl P HR 95%Cl P

Gender

Male vs. Female 0.90 0.61-1.34 0.612
Age

65-75 vs. >75 0.79 0.53-1.16 0.224
EOCG performance status

0-1vs. 2 0.46 0.33-0.72 <0.001 0.54 0.34-0.85 0.007
Histology

Adenocarcinoma vs. Nonadenocarcinoma 0.88 0.52-1.48 0.620
EGFR mutation

Exon 19 deletion vs. Exon 21 L858R 0.99 0.68-1.46 0.999
Smoking status

Present or former smoker vs. Nonsmoker 1.38 0.93-2.02 0.115
Smoking Index

>600 vs.<600 1.06 0.72-1.55 0.777
Second-line treatment

Yes vs. No 0.67 0.45-0.99 0.045 0.95 0.63-1.46 0.833
Comorbidity

Yes vs. No 1.23 0.83-1.82 0.300
T stage

T1-2vs. T34 0.60 0.41-0.87 0.008 0.56 0.37-0.85 0.007
N stage

NO-1 vs. N2-3 0.80 0.54-1.18 0.258
CNS metastases

Yes vs. No 1.20 0.82-1.76 0.342
No. of metastases

1-2vs. 3-5 0.62 0.42-0.92 0.016 0.86 0.57-1.29 0.458
LCRT for both PT and OS

Yes vs. No 0.48 0.32-0.72 <0.001 0.41 0.27-0.63 <0.001

NSCLC, non-small cell lung cancer; Smoking Index, number of cigarettes smoked per day x years of smoking; ECOG PS, Eastern Cooperative Oncology Group Performance Status; CNS,
Central Nervous System; EGFR, Epidermal Growth Factor Receptor; PT, Primary Tumor; OS, Oligometastatic Sites; LCRT, Local Consolidative Radiation Therapy.
The bold values indicate significant P values.
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Variable

Gender
Male vs. Female
Age
B65-75 vs. >75
EOCG performance status
O-1vs. 2
Histology
Adenocarcinoma vs. Nonadenocarcinoma
EGFR mutation
Exon 19 deletion vs. Exon 21 L858R
Smoking status
Present or former smoker vs. Nonsmoker
Smoking Index
>600 vs.<600
Comorbidity
Yes vs. No
T stage
T1-2vs. T34
N stage
NO-1 vs. N2-3
CNS metastases
Yes vs. No
No. of metastases
1-2vs. 3-5
LCRT for both PT and OS
Yes vs. No

Univariable Multivariable

HR 95%Cl P HR 95%ClI P
097 0.67-1.41 0.871

0.78 0.55-1.14 0.792

0.68 0.47-0.97 0.035 0.67 0.46-0.96 0.027
0.93 0.57-1.49 0.750

1.05 0.74-1.51 0.776

1.09 0.75-1.55 0.682

1.02 0.71-1.46 0.924

1.16 0.81-1.67 0.413

0.84 0.59-1.21 0.348

097 0.68-1.40 0.900

1.10 0.77-1.56 0.623

0.49 0.33-0.71 <0.001 0.57 0.39-0.83 0.004
0.30 0.19-0.48 <0.001 0.32 0.20-0.51 <0.001

NSCLC, non-small cell lung cancer; Smoking Index, number of cigarettes smoked per day x years of smoking; ECOG PS, Eastern Cooperative Oncology Group Performance Status; CNS,
Central Nervous System; EGFR, Epidermal Growth Factor Receptor; PT, Primary Tumor; OS, Oligometastatic Sites; LCRT, Local Consolidative Radiation Therapy.

The bold values indicate significant P values.
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Sites of Disease/Treatment Regimen Patients No. of Patients (%)
Primary tumor and region lymph nodes 50
Dt 70 Gy/10 f 10 20.0%
Dt 70 Gy/15 f 22 44.0%
Dt 70 Gy/30-35 f 18 36.0%
Metastasis location
Brain 26
Dt 50% Isodose line 22 Gy/1 f* 4 16.4%
Dt 60 Gy/20 f 9 34.6%
Dt 50 Gy/20 f + WBRT 13 50.0%
Bone 19
Dt 30 Gy/10 f 10 52.6.%
Dt 40 Gy/20 f 9 47.4%
Lung 14
Dt 70% Isodose line70-78 Gy/10-14 * 8 57.2%
Dt 70 Gy/15 f 1 71%
Dt 60 Gy/15 f 2 14.3%
Dt 60 Gy/20 f 3 21.4%
Adrenal 12
Dt 70 Gy/10-15 f 4 33.3%
Dt 60 Gy/20 f 7 58.3%
Dt 45 Gy/15 f 1 8.40%
Liver 3
Dt 65 Gy/20 f 1 33.3%
Dt 60 Gy/15 f 2 66.7%
Non-region lymph nodes 2
Dt 70 Gy/30-35 f 1 50.0%
Dt 60 Gy/30 f 1 50.0%

Dt, Dose of Target; WBRT, Whole Brain Radiation Therapy.

*The Head Gamma Knife.
*The Body Gamma Knife.
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Imaging-based methods

Method: Advanced imaging modalities can provide information on tumor size (X-
ray computed tomography, ultrasound, magnetic resonance imaging) and give
an estimation of hypoxia and prolferation heterogeneity within different areas of
atumor (positron emission tomography). Imaging can be conducted pre-, during
and post-treatment.

Advantages: Non-invasive. Real-time measurements of response can be
obtained. Methods, protocols and criteria for visualizing and assessing changes
in tumor size are already established within the ciiic.

Disadvantages: Changes in tumor size can be gradual and slow which may only
be seen towards the end or after the treatment has finished; patients who fail to
respond will initially go undetected. Patient safety concerns over repeat exposure
to radiation and radioisotopes.

Cancer tissue-based biomarkers

Method: Evaluating the expression levels of genes or proteins using biopsy
samples.

Advantages: Pre-treatment biopsies are alieady taken as part of standard of
care treatment, meaning patients do not require an additional procedure. Protein
assessment using IHC can identify the location of protein expression and
provide information on functional status. Gene signatures may be prognostic and
predictive of responses to RT.

Disadvantages: Invasive. Unable to monitor response to treatment without
further invasive procedures, which can be difficult to obtain and hard to justify.
Some methods of analysis are cost prohibitive. Does not provide real-time:
measurements of response.

Blood-based biomarkers

Method: Measuring the presence or expression levels of CTCs or proteins using
fquid biopsy (blood) samples. Samples can be obtained readily pre-, during and
post-treatment.

Advantages: Non-invasive. Real-time measurements of response can be
obtained.

Disadvantages: Low sensitivity and specificity of tests developed to date.

Advantages and  disadvantages of each method are provided (IHC,
immunohistochemistry; RT, radiotherapy; CTCs, circulating tumor cells).
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Characteristics TKis Alone (n = 72) LCRT + TKIs (n = 50)

No. (%) No. (%)

Gender

Male 24 (33.3%) 17 (34.0%)

Female 48 (66.7%) 33 (66.0%)
Age

65-75 47 (65.3%) 27 (54.0%)

>75 25 (34.7%) 23 (46.0%)
EOCG performance status

0-1 39 (54.2%) 25 (50.0%)

2 33 (45.8%) 25 (50.0%)
Histology

Adenocarcinoma 72 (80.6%) 44 (88.0%)

Nonadenocarcinoma 14 (19.4%) 6 (12.0%)
EGFR mutation

Exon 19 deletion 32 (44.4%) 23 (46.0%)

Exon 21 L858R 40 (55.6%) 27 (54.0%)
Smoking status

Nonsmoker 34 (47.2%) 16 (32.0%)

Present or former smoker 38 (52.8%) 34 (68.0%)
Smoking Index

<600 47 (65.3%) 24 (48.0%)

2600 25 (34.7%) 26 (52.0%)
Comorbidity

No 31 (43.1%) 19 (38.0%)

Yes 41 (56.9%) 31 (62.0%)
N stage

NO-1 38 (52.8%) 19 (38.0%)

N2-3 34 (47.2%) 31 (62.0%)
T stage

T1-2 41 (56.9%) 22 (44.0%)

T3-4 31 (43.1%) 28 (56.0%)
Second-line treatment

No 34 (47.2%) 24 (48.0%)

Yes 38 (52.8%) 26 (52.0%)
No. of metastases

1-2 38 (52.8%) 30 (60.0%)

3-5 34 (47.2%) 20 (40.0%)
Metastasis location
Brain

No 36 (50%) 24 (48.0%)

Yes 36 (50%) 26 (52.0%)
Bone

No 32 (44.4%) 31 (62.0%)

Yes 40 (55.6%) 19 (38.0%)
Lung

No 44 (61.1%) 36 (72.0%)

Yes 28 (38.9%) 14 (28.0%)
Adrenal

No 49 (68.1%) 38 (76.0%)

Yes 23 (31.9%) 12 (24.0%)
Liver

No 66 (91.7%) 47 (94.0%)

Yes 6 (8.3%) 3(6.0%)
Non-region lymph nodes

No 66 (91.7%) 48 (96.0%)

Yes 6 (8.3%) 2 (4.0%)
PET-CT

No 25 (34.7%) 12 (24.0%)

Yes 47 (65.3%) 38 (76.0%)

NSCLC, non-small cell lung cancer; Smoking Index, number of cigarettes smoked per day x years
of smoking; ECOG PS, Eastern Cooperative Oncology Group Performance Status; TKIs, Tyrosine
Kinase Inhibitors; EGFR, Epidermal Growth Factor Receptor; PET-CT, Positron Emission
Tomography Computed Tomography; LCRT, Local Consolidative Radiation Therapy.
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Characteristics

Gender
Male
Female
Age
65-75
>75
EOCG performance status
0-1
2
Histology
Adenocarcinoma
Adenosquamous
Squamous cell
NSCLC
EGFR mutation
Exon 19 deletion
Exon 21 L858R
Smoking status
Nonsmoker
Present or former smoker
Smoking Index
<600
2600
Comorbidity
No
Yes
Comorbidity type
Hypertension
Diabetes
COPD
CHD
Atrial Firillation
N stage
NO-1
N2-3
T stage
T1-2
T3-4
Second-line treatment
No
Yes
No. of metastases
1-2
3-5
Metastasis location
Brain
Bone
Lung
Adrenal
Liver
Non-region lymph nodes
PET-CT
No
Yes
LCRT for both PT and OS
No
Yes

4
81

74
48

50
72

71
51

24
98

78
48
35
30
21

57
65

63
59

58
64

68
54

62
59
42
35
9
8

37
85

72
50

No. of Patients (%)

33.6%
66.4%

60.7%
39.3%

52.5%
47.5%

83.6%
7.4%
4.9%
4.1%

45.1%
54.9%

41.0%
59.0%

58.2%
41.8%

19.7%
80.3%

63.9%
39.3%
28.7%
24.6%
17.2%

46.7%
53.3%

51.6%
48.4%

47.5%
52.5%

55.7%
44.3%

50.8%
48.3%
34.4%
28.7%
7.40%
6.60%

30.3%
69.7%

59.0%
41.0%

NSCLC, non-small cell lung cancer; Smoking Index, number of cigarettes smoked per day x years
of smoking; ECOG PS, Eastern Cooperative Oncology Group Performance Status; COPD,
Chronic Obstructive Pulmonary Disease; CHD, Coronary Heart Disease; CNS, Central Nervous
System; BED, Biological Effective Dose; PET-CT, Positron Emission Tomography Computed
Tomography; PT, Primary Tumor; OS, Oligometastatic Sites; LCRT, Local Consolidative Radiation
Therapy; EGFR, Epidermal Growth Factor Receptor.
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Median PFS, months (95%CI)
—- TKIs+LCRT 17(15.37-18.63)

-
o

~l- TKis-alone  12(11.05-12.95)

=
®

Logrank  P<0.001

= S
ES o

Progression Free Survival (probability)
=
9

0 5 10 15 20 25
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3968 patients with advance non-small cell lung cancer in

Department of Radiation Oncology, Air Force General Hospital and
Beijing Geriatric hospital from February 2010 to January 2018

1857 patients with stage IV disease
966 patients harboring EGFR activating mutation

213 patients with oligometastatic disease (<5 sites)

91 patients excluded

60 less than 65 years

10 received radiotherapy
to either primary tumor or
metastases sites

10 Acute onset of
underlying diseases

9 lost to follow-up

2 had progression

A total of 122 older patients with oligometastatic disease who
were treated with first-line EGFR-TKIs without progression

50 older patients received

72 older patients received TKIs and Local Consolidative

TKIs treatment alone Radiation Therapy for Primary
(TKIs Alone group) Tumor and all Oligometastatic Sites
(TKIs+LCRT group)
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Variable HR 95%ClI p value
Age 1.011 0.951-1.075 0.726
AST 1.006 0.987-1.025 0.568
ALT 0.998 0.979-1.018 0.851
AFP 1.0002 0.999-1.004 0.155
Child-Pugh score 0.024
5

6 0.003 0.000-0.107 0.001
7 0.009 0.000-0.208 0.003
8 0.023 0.001-0.372 0.008
9 0.049 0.004-0.645 0.022
RILD 1.007 0.347-2.880 0.04
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Pretreatment 3 Months 6 Months
CP-A5 5 5.64 5.43
CP-A6 6 6.15 6.31
CP-B7 7 7.63 7.75
CP-B8 8 8.64 8.93
CP-B9 9 105 "
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Incidence rate of RILD (%) Recovery rate from RILD (%)

CP-A5 714 100.00
CP-A6 16.38 50.00
CP-B7 31.25 40.00
CP-B8 50.00 28.57

CP-B9 100.00 0.00
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System N (%) Grading of toxicity (N)

Grade Grade Grade Grade Grade

0 1 2 3 4
General 65 (80.2) 31 16 16 2. 0
Skin 64 (79) 26 25 13 0 0
Gl 65 (80.2) 50 9 4 2 0
GU 62 (76.5) 45 10 6 1 0
Musculoskeletal 66 (81.5) 44 10 9 3 0
Psychology 47 (58) 38 5 4 0 0
Neuro 48 (69.3) M 5 2 1 0
Hematology 0 0 0 0 0 0
Overall 67 (82.7) 12 19 29 7 0

Gl, gastro-intestinal;
GU, Genito-urinary.





OPS/images/fonc.2022.805051/table3.jpg
System N Grading of toxicity (N)

Grade 0 Grade1 Grade2 Grade3 Grade4

General 81 15 40 24 2 0
Skin 81 2 22 50 7 0
Gl 81 41 23 12 4 1
GU 79 52 14 " 2 0
Musculoskeletal 81 60 17 2 2 0
Psychology 31 27 4 0 0 0
Neuro 31 18 10 3 0 0
Hematology 72 14 1 13 18 16
Overall 81 0 8 32 24 17

Gl, gastro-intestinal: GU, Genito-urinary.
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Organs at Risk
Rectum

Bladdor

Penile bulb

Fomoral heads.

Volume segmented

Whoo organ

Whoa organ

Whoe organ

Whoe organ

Dose (Gy) or dose/volume parameters

Vico, <50%
Voso, <25%

Vico, <20%

Veso, <50%

Vo, <60%

Voo, <a5%

Mean dose 0 5% of gand <50 Gy
Dioron <706y

Vicoy <5%





OPS/images/fonc.2020.603994/table2.jpg
CT-based RT plan mpMRI-based AT plan Difterence P value

CTV (prostate bed) (em’)

patient 1 1950 120 830
Patient 2 2470 800 2670
patient 3 5100 072 2028
Patient 4 2030 564 1865
Patient 5 w222 2108 114 00002
Patient 6 235 1520 1715
Patient 7 3440 1630 1810
Patient 8 3030 1240 1790
patient 0 360 2700 1660
Patient 10 570 1930 1640
PTV (boost) Daes. (GY)

Patient 1 710 7490 080
Patiert 2 700 7490 090
Patient 3 70 7600 030
Patient 4 7880 7400 020
Patient 5 7636 785 214 078
patient 6 710 7620 010
patient 7 7610 7640 030
Patient 8 720 730 010
patient 0 7690 720 030

Patient 10 7700 7810 110
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CT-based RT plan mpMRI-based RT plan Difterence P value

Rectum Vroe, (%)

patient 1 510 490 020
Patient 2 1450 980 470

patient 3 1670 1380 290

patiert 4 1340 770 570

Patient 5 1300 950 350 0005
Patient 6 1330 810 520

Patient 7 1420 200 540

Patient 8 1260 870 39

patient 0 1530 2 4t

patient 10 1860 1030 350

Bladder Vsoe, (%)

patient 1 330 3500 230

Patient 2 1450 1020 420

Patient 3 330 800 030

Patient 4 200 2% 200

Pationt 5 2800 270 530 0210
Patient 6 2520 213 39

patient 7 2720 25 470

Patient 8 2120 2040 380

patient 0 2820 230 490

Patient 10 2820 240 580
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Major response  Non-response  p

(n=41) (=13 values
Male gender 33(805%) 1(646%) 074
Age (years)" 643289 599:89 012
Tumor location 010
Medal 15/(366%) 10.7%)
Distal 12(203%) 4(208%)
£GJ 14(34.1%) 8(61.5%)
Histological subtype o002
soc 18 (43.9% 10.7%
ADK 23(56.1%) 12 (92:3%)
Length of tumor (cm)” 54+21 68:15 003
Clinical T stage 090
TIT2 5 (12:2% 107%
78 33(805%) 11(846%)
T4 37.3%) 107%
Clinical N stage =
NO 2(49%) 0(00%)
Ne 39(95.1%) 13(100.0%)

%orvae of ohi-square tost, Fischer's exact testor Student’s T-tes,
Sttstcaly sgnfcant.
PSR s
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Factors Local control EFS os
HR (95% CI) p-value HR (95% CI) p-value HR (95% CI) p-value

Age 8.77 (1.99-38.66) <0.01 4.37 (1.95-9.8) <0.01 4.8 (1.31-17.6) 0.02
<20 vs >20

Performance status 2.16 (0.7-6.72) 0.18 2.38 (1.06-5.34) 0.04 2.26 (0.68-7.55) 0.19
0-1vs2-4

Tumor size 1.18 (0.37-3.78) 0.78 1.54 (0.67-3.53) 0.31 1.91 (0.565-6.59) 0.31
<10vs >10 cm

M staging 0.35 (0.04-2.93) 0.33 1.4 (0.53-3.69) 0.5 3.72 (1.21-11.44) 0.02
MO vs M1

Surgery 0.82(0.28-2.4) 071 0.65 (0.31-1.37) 0.25 0.88 (0.28-2.8) 0.83

No resection vs any resection
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N (%)

Number of patients (%)
Mean age at diagnosis (years)
Median age at diagnosis (years)
(range)
<20 years (n)
>20 years (n)
Sex
Female
Male
ECOG performance status
0-1
2
3
4
Unknown
Location of tumor
Pelvis and sacrum
Lumbar
Histology
Ewing’s sarcoma
Chordoma
Chondrosarcoma
Osteosarcoma
Osteoblastoma
Tumor size (median in cm)
(range)
N staging
NO
N+
M staging
MO
M+, Lung only
M+, Non-Lung
Combined
Surgery
Biopsy only
RO resection
R1 Resection
R2 Resection
Rx resection
Chemotherapy
No
Any chemotherapy
Any concurrent
Any before PT
Any after PT
PT Timing
First RT course
Re-irradiation
Location of PT
Primary tumor
Recurrence tumor
Primary and metastatic sites
Indication of PT
Definite
Adjuvant
Pre-operative
Median radiation dose
(range)
Definite
Adjuvant
Pre-operative
Technique of PT
Sequential
SIB
Median interval (range):
From surgery to PT
From PT to Surgery

81 (100)
305
19.7

(1.3-85.8)

42 (51.9)

39 (48.1)

29 (35.8)
52 (64.2)

58 (71.6)
9(11.1)

11 (13.6)
1(12)

2(2.5)

68 (84)
13 (16)

47 (58)
20 (24.7)
6(7.4)
6(7.4)
2(25)
8.00
(1.4-20)

79 (97.5)
2(2.5)

66 (81.5)
7(86)
2(2.5)
6(7.4)

41 (50.6)
12 (14.8)
3(3.7)
19 (23.5)
6(7.4)

25 (30.9)
56 (69.1)
43 (53.1)
55 (67.9)
45 (55.6)

79 (97.5)
2(25)

70 (86.4)
7(86)
4(5)

57 (70.4)
18 (22.2)
6(7.4)
59.4
(45-74)
59.4 (50.4-74)
565 (45-74)
50.4 (45-54)

66 (81.5)
15 (18.5)

147.5 (34-519)
69.5 (20-153)

PT, Proton therapy; SIB, Simultaneous integrated boost.
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Author and Year Patients (n) Hematological Nephrotoxicity Xerostomia, n/N (%) Other Manifestation
Toxicity n/N (%) n/N (%)
Any grade Grade >3  Any grade Grade >3 Any grade Grade >3
Kratochwil et al. (12) 40 NR NR 19/40 (47.5) NR NR
Sathekge et al. (13) 73 ®27/73 (37) 5/73 (7) 23/73 (32) 5/73 (7) 62/73 (85) 0/73 (0) Grade1/2 nause
®9/73 (12) 2/73 (3) 15/73 (21)
®7/73(10)1/73 (1) Anorexia 23/73
(32),
Constipation
19/73 (26),
Fatigue 37/73 (561),
Weightloss 28/73 (38),
Hypoalbuminemia
14/73 (19),
Dysuria 13/73 (18),
xerophthalmia 4/73 (6)
Van der Doelen et al. (14) 13 ®0/13(0)/ 0/13(0) / 3/13 (100) 0/13 (0) swallowing, speech, dysgeusia 13/13 (100)
®0/13(0)/
®0/13(0)/
Satapathy et al. (15) 11 ®8/11 (73)1/11 (9) 1/11 (9) 1/11 (9) 8/11(73) 1/11 (9) Grade1/2 nausea 2/11 (18),
@5/11 (46) 0/11 (0) Constipation 2/11 (18),
®5/11 (46) 2/11 (18) Fatigue 3/11 (27),
Weightloss 2/11 (18),
Anorexia 3/11 (27)
Feuerecker et al. (16) 26 ®15/26 (58) 9/26 (35) 5/26 (19) 0/26(0) 26/26 (100) 0/26(0)  GradeT fatigue
@13/26 (50) 7/26 (27) 12/26 (36),
@14/26 (54) 5/26 (19) Weightloss 3/26 (12),
anorexia 8/26 (31)
Sen et al. (17) 38 ®11/20 0/20 NR 37/38 (97) 5/38() Weightloss 21/38 (55),
@3/38 0/38 Grade IV
®4/38 3/38 Hearing loss 2/38 (),

@ Anemia; @ leucopenia; @ Thrombocytopenia;

NR, not reported.

Gradel/2 nausea 9/38,
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Author and Year Patients (n)
Kratochwil et al. (12) 40
Sathekge et al. (13) 73
van der Doelen et al. (14) 13
Satapathy et al. (15) 11
Feuerecker et al. (16) 26
Sen et al. (17) 38

Molecular Response
n/N (%)

NR
21/73 (29)
6/7 (86)
NR
NR
17/38 (45)

NR, not reported; OS, overall survival: PFS, progression-free survival.

0S (Months)
(Median, Range)

>12.0 (NR)
18 (16.2-19.9)
8.5 (NR)
NR
7 (4.5-12.1)
12 (9.1-14.9)

PFS (Months)
(Median, Range)

7.0 (NR)
15.2 (13.1-17.4)
5.5 (NR)

NR
35(1.8-11.2)
8(5.3-10.6)

Treatment Related Deaths,
n/N (%)

NR
NR
NR
3/11 (27)
NR
NR
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Author and year Patients Analyzed
for PSA Decline (n)

Kratochwil et al. (12) 38
Sathekge et al. (13) 73
van der Doelen et al. (14) 13
Satapathy et al. (15) 1
Feuerecker et al. (16) 26
Sen et al. (17) 38

Dose

100 KBa/kgBW
4-8 MBg/cycle
6-8 MBg/cycle
100 KBa/kgBW
9 MBg/cycle
100 KBa/kgBW

NR, not reported; BW, body weight; PSA, prostate-specific antigen.

Cycles of Therapy
(Median, Range)

1-3
“
“
(
(
(

o

B

1-4)
1-6)
2-5

NN W W

Follow-Up
(wk)

©
ool oo
N

Any PSA Decline
(%)

33/38 (87)
60/73 (83)
NR
NR
23/26 (88)
33/38 (87)

PSA Decline
>50%

24/38 (63)
51/73 (70)
9/13 (69)
5/11 (46)
17/26 (65)
25/38 (66)
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Author and year
Kratochwil et al. (12)
Sathekge et al. (13)

van der Doelen et al. (14)
Satapathy et al. (15)
Feuerecker et al. (16)

Sen et dl. (17)

Author and year

Kratochwil et al. (12)
Sathekge et al. (13)

van der Doelen et al. (14)
Satapathy et al. (15)
Feuerecker et al. (16)
Sen et dl. (17)

Patients (n)
40

73

26
38

Doce-taxel  Enzaluta-mide

70% 60%
NR 1%
100% 76.9%
91% 36%
96% 85%
100% 34%

Age (y) (Median, Range)
70
69 (45-85)
71(64-77)
68 (57-81)

72,5 (63-75.8)
68 (63-84)

Previous treatment (%)
Abirateronea-cetate

85%
1%
84.6%
64%
88%
63%

Baseline PSA (ng/mi) (Median)

169
572
878 (203-1611)
158 (35-840)

331 (142-682)
NR

Cabazit-axel  **Ra-Cly  Olaparib

17.5% 22.5% NR
NR NR NR
61.5% 30.8% 63.6%
27% NR NR
54% 23% NR
10.50% 5.20% 10.50%

Gs
NR
8(6-10)
28 6 (46.2%)
8(7-9)
8(7-9)
75 (10.5%)
>8 (89.5%)
TTLu-PSMA
NR
14%
15.4%
46%

100%
23.6%

ECOG

0-1(80%)
>2 (20%)
0-1(82%)
2-3(18%)
0(23.1%)
1-2 (76.9%)
0-1(64%)
2(36%)
100-1)
<2 (100%)

Site of metastases at baseline

Skeletal:97.5%iver:22; lung:22.5%;brain:5%; others: 7.5%
skeletal:90%Isolated lymph node: 10%; liver:5%;lung:3%:brain:1%
skeletal:100%;Lymph node: 77%;visceral: 62%

skeletal: 100%; Lymph node: 82°
skeletal:100%:Lymph node:88%iliver:19%; lung:23%; others: 19%
skeletal:47%;Lymph node:34%lung:11%; liver:8%

NR. not reported: PSA, prosiate-specilic antiven; ECOG, Eastem Cooperative Onicalogy Groun: GS, Gloason scors.
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variable

R1+R2+clinics
R1+R2

R1

R2

clinics

‘0 < 0.05.

Training
AUC 95%ClI P
0.961 0.922-0.999
0.949 0.887-0.998 0.547
0.921 0.852-0.990 0.822
0.932 0.870-0.995 0.445
0.775 0.637-0.913 0.010*

Validation
AUC 95%Cl P
0.871 0.706-1.000
0.844 0.650-1.000 0.353
0.838 0.661-1.000 0.789
0.805 0.633-0.977 0.588
0.596 0.396-0.796 0.001*
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variable Training Validation
AUC 95%Cl P AUC 95%Cl P
R1+clinics 0.932 0.871-0.992 reference 0.844 0.667-1.000 reference
R1 0.921 0.852-0.990 0.400 0.838 0.661-1.000 0.781
clinics 0.775 0.637-0.913 0.040 0.596 0.396-0.796 0.025*
R2-+clinics 0.940 0.882-0.997 reference 0.781 0.603-0.959 reference
R2 0.932 0.870-0.995 0.392 0.805 0.633-0.976 0.360
clinics 0.775 0.637-0.913 0.030 0.775 0.637-0.913 0.180

‘0 < 0.05.
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variable Training
AUC 95% Cl Pl P2
R1 0.921 0.852-0.990 reference 0.751
R2 0.932 0.870-0.995 0.751 reference
Clinis 0.775 0.637-0.913 0.066 0.044
T+N 0.677 0.527-0.827 < 0.001* <0.001*
variable Validation
AUC 95% ClI Pl P2
R1 0.838 0.661-1.000 reference 0.583
R2 0.805 0.633-0.976 0.583 reference
clinics 0.596 0.396-0.796 0.079 0.125
T+N 0.521 0.279-0.763 0.024* 0.047*

R1, stand for peritumor radiomics; R2, stand for intratumor radiomics. T, T stage; N, N stage; CEA, carcinoembryonic antigen; Clinics, combined the selective clinical characterisitics,

including CEA, Tstage and TIC.
P < 0.05.
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Feature selection steps

Peritumor Features

Intratumor Features

Before selection

ICC
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ICC, interclass correlation coefficient; LASSO, least absolute shrinkage and selection operator.
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Characteristics

Gender
Male
Female
Age
<60
=60
BMI
<18.5
18.5-24
>24
Smoking
Yes
No
Family history
yes
no
HB (9/)
<120
2120
CEA (ng/ml)
<56
25
CA19-9(u/mi)
<35
>35
T stage
T3a
T3b
T3c
T4a
LN metastasis
positive
negative
Distance (cm)
<5
5.1-10
>15
TIC
<2/4
3/4
4/4
MRF
positive
nagative
MRF invasion
Tumor
LN
tumor deposit
other
EMVI
positive
negative
max LN (mm)
<5
>5

univariate
HR

1.27

1.03

1.34
1.59

0.63

221

0.75

0.20

0.28

0.19
0.70
0.20

122
1.20

0.22
0.19

1.48

0.70
1.23
245

0.94

0.97

Cl195%

0.41-3.90

0.33-3.13

0.20-26.63
0.21-33.19

0.09-2.60

0.61-7.34

0.20-3.64

0.03-0.79

0.02-1.52

0.03-0.86
0.03-6.42
0.04-0.76

0.33-3.64

0.28-8.56
0.13-11.54

0.05-0.76
0.03-0.86

0.30-5.62

0.15-2.57
0.06-9.45
0.11-28.1

0.20-3.40

0.31-2.97

0.67

0.97

0.80
0.69

0.56

0.20

0.69

0.04*

0.23

0.05"
0.77
0.03"

0.81

0.81
0.87

0.02*
0.05*

0.59

0.61
0.86
0.48

0.93

0.96

Multivariate
HR

0.23

0.28
0.83
0.25

0.26
0.53

Cl 95%

0.03-1.05

0.03-1.15
0.03-12.02
0.05-1.09

0.06-1.02
0.06-3.39

0.08™

0.10
0.89
0.08**

0.06™
0.52

0 <0.05; "p <0.1.
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Characteristics Training Validation P

(N=91) (N = 46)

Gender 0.54
Male 53 30
Female 38 16

Age 0.90
<60 49 26
>60 42 20

BMI 0.64
<18.5 8 6
18.5-24 56 25
>24 27 16

Smoking 0.28
no 74 33
yes 17 13

Family history 0.85
no 72 35
yes 19 ihl

HB (g/) 0.78
<120 15 6
2120 76 40

CEA (ng/ml) 0.99
<5 56 28
=5 35 18

CA19-9 (u/mi) 053
<35 82 39
>35 9 7

T stage 0.42
T3a 28 138
T3b 24 16
T3¢ 4 0
T4a 35 17

Distance (cm) 0.55
<5 14 8
56.1-10 65 29
>10 12 9

TIC 0.69
1/4 1 1
2/4 26 11
3/4 41 25
4/4 23 9

MRF 0.64
negative 177 32
positive 14 14

EMVI 0.45
negative 72 32

positive 19 14

LN metastasis 0.20
negative 63 26
positive 28 20

max LN (mm) 0.04*
<5 48 16
=5 43 31

TRG 0.83
0 76 37
1 15 9

*n < 0.05.
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MRI protocol

Sequences

Axis T2WI without fat suppress, small FOV, thin layer, The upper bound included the entire sacral promontory, and the lower bound
included the entire anus, area larger than 320256

Axis T1WI without fat suppress, small FOV, thin layer, Turbo spin echo (TSE)

Axis DWI with fat suppress, b=800

Axis contrast-enhanced LAVA sequences with fat suppress
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ICM [n (%))
No
Yes
Age at diagnosis (years), mean
Gender [n (%))
Female
Male
Multifocaiity [n (%))
No
Yes
T stage [n (%))
T
T2
T
T4
N stage n (%))
NO
Nia
Nib
Delay time n (%))
1-2 months
2-3 months
3-4 months
4-5 months
5-6 months
Histologic subtype n (%))
Papillary
Folicular
99MTo-pertechnetate uptake [n (%)]
Negative
Positive
TSH (lU/mL), mean
Ps-Tg (ng/m), mean
Ul (ng/L), mean

NER (n = 256)

186 (72.79%)
70 27.3%)
4104161

176 (68.8%)
80 (31.2%)

102 (39.8%)
154 (60.29)

146 (57.0%)
32(12.5%)
65 (25.4%)
13(5.1%)

32(12.5%)
134 (52.3%)
90 (35.2%)

47 (18.4%)
88 (34.4%)
48 (18.8%)
47 (18.4%)
26 (10.2%)

240 (93.8%)
16 (6.2%)

99(38.7%)
157 (61.3%)
1028+ 33.7
72+49
86.7+£295

Primary cohort (n = 683)

ER (n = 427)

346 (81.0%)
81(19.0%)
418+ 140

279 (65.3%)
148 (34.7%)

185 (43.3%)
242 (56.7%)

244 (57.1%)
56 (13.1%)

109 (25.5%)
18 (4.2%)

61(14.3%)
244 (57.1%)
122 (28.6%)

80 (18.7%)
177 (41.5%)
82 (19.2%)
57 (13.3%)
31 (7.3%)

402 (94.1%)
25 (5.9%)

235 (55.0%)
192 (45.0%)
1025 + 335
36£36
85.4+329

P-value

0.011

0.462
0.360

0.372

0.958

0.194

0.176

0.833

<0.001

0916
<0.001
0.172

Matched cohort (n = 186)

NER (n = 81)

36 (44.4%)
45 (55.6%)
303+ 14.4

52(64.2%)
29(35.8%)

28(34.6%)
53 (65.4%)

51(63.0%)
4(4.9%)
21(25.9%)
5(6.2%)

5(6.2%)
29(35.8%)
47 (58.0%)

16(19.8%)
28(34.6%)
14 (17.3%)
15 (18.5%)
8(9.9%)

74 (91.4%)
7 8.6%)

28(34.6%)
53 (65.4%)
1012 £34.0
70+45
9194302

ER (n = 105)

57 (54.3%)
48(45.7%)
413+£133

72 (68.6%)
33(31.4%)

50 (47.6%)
55 (52.4%)

51(48.6%)
6(5.7%)
36 (34.3%)
12 (11.4%)

7(6.7%)
44.(41.9%)
54.(51.4%)

16 (15.2%)
38(36.2%)
20 (19.0%)
20 (19.0%)
11 (10.5%)

96 (91.4%)
9(8.6%)

60(57.1%)
45 (42.9%)

100.5 +£29.5

36+38
945+ 35.6

P-value

0.183

0.344
0.530

0.074

0.24

0.664

0.954

0.986

0.002

0.878
<0.001
0.595
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Crude model Risk adjusted Fully adjusted
model model

OR/g  P-value OR/f  P-value OR/g  P-value

(95%C1) (95%C) (95%Cl)
Primary cohort
Non-ICM ~ Reference Reference Reference
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Crude model: non-adjusted; Risk adjusted model: %™ Te-pertechnetate uptake and ps-Tg
were acjusted in the primary cohort and matched cohort.
Fully adjusted model: all factors were adjusted.
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Patients with LARC who met the inclusion criteria in Sun Yat-sen
University Cancer Center from April 2014 and August 2020 (n=302).

Exclude

Patients received neoadjunvant
chemoradiotherapy before surgery(n=157).
Patients quitted the clinical trial(n=6), died
before treatment(n=1), didn’t perform
surgery(n=1)

Patients eligible for analysis
(n=137)

Candidate clinical Intratumor radiomics and peritumor
characteristics radiomics before treatment
Univariate and Features selection

‘multivariate analysis

Independent factors

and radiomics features

response in model in LARC.

Predicting ability to predict treatment
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TCP Tumor NTCP Chest Wall NTCP Skin
Plan A 0.030 0.00040 20*107°
Plan B 0.870 0.020 0.000015
Plan C 0.400 0.0076 0.000013
Plan D 0.032 0.00047 2:3%90=%

Plan A: 30 Gy/10 fractions to GTV. Plan B: 15 Gy/1 fraction to GTV. Plan C: 15 Gy/1 fraction to “hypoxic ring.” Plan D: 15 Gy/1 fraction to 5 vertices.
TCP, tumor control probability; NTCP, normal tissue complication probabi

GTV, gross tumor volume.
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Covariate

Age
Gender

Stage T

Stage N

Stage M

Types of PVTT

HBsAg

Child-Pugh classification
ECOG

AFP

PLT

HGB

TBIL

ALB

AT

AST

HR (95% CI for HR)

1.04 (1.011-1.07)
1.728 (0.8304-3.598)
0.7244 (0.2225-2.368)
0.943 (0.5012-1.773)
0.936 (0.435-2.014)
0518 (0.276-0.971)
0.989 (0.9302-1.052)
1.914(1.086-3.537)
2.342 (1.282-4.453)
1(1)
1(0.9963-1.005)
0.9783 (0.9628-0.994)
1.007 (0.9957-1.018)
0.918 (0.8543-0.9865)
0.997 (0.993-1.002)
0.999 (0.9981-1.001)

P-value

0.006796
0.1435
05924
0.8546
0.8656
0.0403
0.7339
0.0243
0.009441
0.06224
08193
0.008954
0.2332
0.01982
0.2326
05197

PVTT, Portal vein tumor thombus; HBsAg, Hepatitis B surface antigen; PS,
Performance status; ECOG, Eastem Cooperative Oncology Group; AFP. Alpha-
fetoprotein; PLT, Platelet; HGB, Hemoglobin; TBIL, Totel birubin; ALB, Albumin; ALT,
Alanine aminotransferase; AST, Aspartate aminotransferase.
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References Purposes Type
Jietal. (24) RFS Early Stage HOC
Shan et al. (25) Predict early HCe

recurrence
Zhengetal. (26)  Predict recur- Solitary

rence and suvival  HCG
Peng et al. (27) Prediction of MV HBV-related HCC
In this study Predict sunvival HCG with PVTT

Treatment

Hepatectomy
Hepatectomy

Hepatectomy

SBRT

Imaging modality

Contrast-enhanced CT

Contrast-enhanced CT

Contrast-enhanced CT

Contrast-enhanced CT
Contrast-enhanced CT

Feature
selection model

LASSO
LASSO

LASSO

LASSO
LASSO

Main results

AUC 0.82
AUC 0.80

Recurrence AUC 0.64
Survival AUC 0.71

c-index 0.846
Survival AUC 0.859

RFS, recurrence-free survival; HCC, hepatocellular carcinoma; LASSO, least absolute shrinkage and selection operator; MVI, microvascular invasion; HBV, hepatitis B virus; SBRT,

stereotactic body radiotherapy.
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Characteristics n (%)

Age,y

=50 48 (68.6)

<50 22(31.4)
Gender

Male 59(84.9)

Female 11(15.7)
Stage T

] 65(92.9)

T4 5(7.1)
Stage N

NO 48(68.6)

Nt 22(31.4)
Stage M

MO 57(81.4)

M1 13(18.6)
Types of PVTT

[ 42 (60.0)

] 27(38.6)

v 1(1.4)
HBsAg

Negative 12(17.9)

Positive 58 (82.9)
Child-Pugh classification

A 45 (64.3)

B 24(34.3)

c 1(1.4)
ECOG

0 56(80.0)

1 14(20.0)
AFP, ng/L

<20 13(18.6)

21~399 17 (24.9)

>400 40 (67.1)
PLT, 10°/L

=100 39(85.7)

<100 31(44.9)
HGB, g/L

>120 42 (60.0)

<120 28(40.0)
TBIL, pmol/L

=20 34(48.6)

<20 36/(51.4)
ALB, g/L

>35 41(58.6)

<35 29 (41.4)
ALT, UL

250 25(35.7)

<50 45 (64.9)
AST, UL

250 48 (68.6)

<50 22(31.4)

PVTT, Portel vein tumor thombus; HBsAg, Hepatitis B surface antigen; PS,
Performance status; ECOG, Eastem Cooperative Oncology Group; AFP. Alpha-
fetoprotein; PLT, Platelet; HGB, Hemoglobin; TBIL, Totel birubin; ALB, Albumin; ALT,
Alanine aminotransferase; AST, Aspartate aminotransferase.





