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Background

Endoscopic ultrasound (EBUS) strain elastography can diagnose intrathoracic benign and malignant lymph nodes (LNs) by reflecting the relative stiffness of tissues. Due to strong subjectivity, it is difficult to give full play to the diagnostic efficiency of strain elastography. This study aims to use machine learning to automatically select high-quality and stable representative images from EBUS strain elastography videos.



Methods

LNs with qualified strain elastography videos from June 2019 to November 2019 were enrolled in the training and validation sets randomly at a quantity ratio of 3:1 to train an automatic image selection model using machine learning algorithm. The strain elastography videos in December 2019 were used as the test set, from which three representative images were selected for each LN by the model. Meanwhile, three experts and three trainees selected one representative image severally for each LN on the test set. Qualitative grading score and four quantitative methods were used to evaluate images above to assess the performance of the automatic image selection model.



Results

A total of 415 LNs were included in the training and validation sets and 91 LNs in the test set. Result of the qualitative grading score showed that there was no statistical difference between the three images selected by the machine learning model. Coefficient of variation (CV) values of the four quantitative methods in the machine learning group were all lower than the corresponding CV values in the expert and trainee groups, which demonstrated great stability of the machine learning model. Diagnostic performance analysis on the four quantitative methods showed that the diagnostic accuracies were range from 70.33% to 73.63% in the trainee group, 78.02% to 83.52% in the machine learning group, and 80.22% to 82.42% in the expert group. Moreover, there were no statistical differences in corresponding mean values of the four quantitative methods between the machine learning and expert groups (p >0.05).



Conclusion

The automatic image selection model established in this study can help select stable and high-quality representative images from EBUS strain elastography videos, which has great potential in the diagnosis of intrathoracic LNs.





Keywords: endobronchial ultrasound, strain elastography, machine learning, lymph nodes, image selection



Introduction

The differential diagnosis of malignant and benign intrathoracic lymph nodes (LNs) is an important medical problem related to the diagnosis and prognosis of intrathoracic diseases. Compared with surgical examination, needle techniques are recommended as the first choice to obtain tissues (1, 2). Endobronchial ultrasound guided transbronchial needle aspiration (EBUS-TBNA) is an important minimally invasive tool to evaluate the benign and malignant intrathoracic LNs.

Previous literature mentioned that ultrasonographic features were suggested to be used for predicting benign and malignant diagnosis of patients undergoing EBUS-TBNA (3). EBUS imaging includes three modes of grayscale, blood flow Doppler and strain elastography. Studies indicated that strain elastography had the best diagnostic value among the three modes (4, 5). Elastography has been widely used in breast lesions, thyroid, pancreas, prostate, liver and endoscopic ultrasound (6–11). Through exerting repeated and slight pressure on the examined lesions, elastography can quantify the elasticity of tissues by measuring the deformation and present it in the form of various colors (12–14). The colors from yellow/red, green to blue represent tissues from lower to higher relative stiffness, respectively (13). Malignant infiltration of tumor cells can alter cell morphology and overall histology of tissues resulting in a stiffer property. Elastography can indirectly predict malignant lesions by reflecting its relative stiffness (15). EBUS strain elastography plays an important role in differentiating intrathoracic benign and malignant LNs (16). The bronchoscopist can select the target LN and possible metastatic sites within the LN for biopsy according to strain elastography during EBUS-TBNA (17, 18).

With respect to qualitative analysis of strain elastography image, the five-score grading method had specific classification and when score 1–3 was defined as benign and score 4–5 as malignant, the diagnostic accuracy in predicting malignant LNs can reach 83.32% (4). Quantitative methods include stiff area ratio (SAR), elasticity ratio of blue/green (B/G), mean hue value and mean gray value can comprehensively evaluate the quality of elastography images (4, 5, 18–23). Qualitative methods are more convenient for clinical application, but strong subjectivity exists inevitably. Therefore, doctors with various experience may have different judgement on the same strain elastography video. Although the quantitative method are relatively objective, the images used for quantitative analysis are still selected subjectively. Moreover, ultrasound imaging is the specialty of ultrasound doctors, and endoscopists may not make full use of strain elastography due to the limited experience.

In recent years, with the development of machine learning algorithm, machine learning has shown an important role in the field of medical imaging with favorable performance, such as skin cancer, retinal fundus photographs, gastrointestinal endoscopy, chest CT and other aspects (24–27). By extracting multiple quantitative image features which may be difficult for doctors to observe, machine learning can give a likelihood of each case and classify images accurately. Research demonstrated that machine learning combined with colorectal endoscopy for colorectal lesions diagnosis was comparable to that of experts (28). In the field of bronchoscopy, a computer-assisted diagnosis (CAD) system has been used to classify normal mucosa, chronic bronchitis and lung tumors under the white-light bronchoscopy, which achieved a classification rate of 80% (29). In addition, a machine learning texture model can get an accuracy of 86% in classifying cancer subtypes using bronchoscopic findings (30). However, there are few applications of machine learning on EBUS strain elastography. Therefore, the purpose of this study was to establish a machine learning model which can realize automatic selection of representative images from strain elastography videos.



Materials and Methods


Patients and LNs

Patients who met the following criteria and underwent EBUS-TBNA examination in Shanghai Chest Hospital from June to December 2019 were enrolled in this study (1): At least one enlarged intrathoracic LNs (short axis >1 cm) based on computed tomography (CT), or at least one positive 18F-FDG uptake detected (standardized uptake value >2.5) by positron emission tomography (2); Pathological confirmation was clinically required and EBUS-TBNA examination was feasible (3); Patients who did not have contraindications to EBUS-TBNA and signed informed consent. LNs with qualified strain elastography videos were analyzed in the study. LNs in December were used as the test set to assess the automatic representative images selection model and the remained were used as the training set and validation set. This study was approved by the local Ethics Committee of Shanghai Chest Hospital (No. KS1947) and registered at ClinicalTrials.gov PRS (NCT04328792).



EBUS Strain Elastography Procedure

LNs were examined by the ultrasound bronchoscopy (BF-UC260FW, Olympus, Tokyo, Japan) and EBUS strain elastography videos were recorded by the ultrasound processor (EU-ME2, Olympus, Tokyo, Japan). The operator detected the location of the target LN and measured the EBUS size at the maximal cross-section of grayscale mode. After observing the grayscale and blood flow Doppler modes, the operator switches to the strain elastography mode and elastography imaging was formed through the patient’s respiration, cardiac impulse and blood vessel pulse generally. In the case of unsatisfactory imaging, the operator shall exert appropriate pressure to the target LN by pressing the up-down angle lever of bronchoscope at a frequency of three to five times per second to obtain better imaging. The maximal cross-section of the LN was recorded and two 20-second videos were saved (4). Subsequently, EBUS-TBNA was performed to obtain the cytological specimens for pathological examination. All operators retained strain elastography videos and sampled LNs according to the above standard steps. The final diagnosis of LNs was determined on EBUS-TBNA, thoracoscopy, mediastinoscopy, transthoracic thoracotomy or other pathological examinations, microbiological examination or clinical follow-up for more than one year.



Development of Automatic Representative Images Selection Model for Strain Elastography Videos

The training set and validation set were randomly divided at a quantity ratio of 3:1 to train the model with optimal hyper-parameters. The same proportion of benign and malignant LNs was maintained in the two datasets. We developed models with various values of hyper-parameters on the training set and assessed these models on the validation set to determine the hyper-parameter according to the performance. Once the hyper-parameter was determined, we used both the training set and validation set to train the model for prediction and evaluation on the test set. In this paper, the hyper-parameters included the number of representation patterns and whether adopting the update-and-predict strategy or not. The candidate numbers of representation patterns included 32, 64, and 128. Blind to the final diagnosis of LNs, two experts with experience of EBUS images observation >500 LNs assessed the image quality of the validation sets together as following: score 1 (scattered soft, mixed green-yellow-red), score 2 (homogeneous soft, predominantly green), score 3 (intermediate, mixed blue-green-yellow-red), score 4 (scattered hard, mixed blue-green), score 5 (homogeneous hard, predominantly blue). Scores 1–3 are classified as benign and 4–5 as malignant (4). Four quantitative methods were also used to verify the diagnostic performance of the validation sets. Assessments on the validation set showed that we could yield the highest accuracy when adopting run-twice strategy and using 64 representative patterns (Supplementary Tables 1 and 2). When we trained the model with determined hyper-parameters, we used it to make prediction on the test set. Note that the test set is not used in the phase of training.

Figure 1 illustrated the process of representative strain elastography images selection with the proposed machine learning algorithm. Initially, the elastography video was converted into a sequence of frames with quality evaluated. According to the proportion of colored pixels and relative intensity of a frame (Supplementary Material and Supplementary Figure 1), the original frames were divided into qualified and unqualified, and only qualified frames were kept for succeeding procedures. Additionally, to avoid overwhelming qualified frames and reduce complexity, the adjacent two frames of selected qualified frame were dropped. Then, feature engineering was performed on the remaining frames. We constructed the features of each frame with the 512 bin color histogram to describe the color distribution of elastography images (31). Further, the principal component analysis (PCA) algorithm was applied to reduce the feature dimension, and a 40-dimension feature space was obtained. The number of dimensions depended on the training set, and 40-dimension was capable to keep 99% component in this study. Clustering plays an important role in video analysis (32–35). Considering the selective principle of experts that the most repeatable pattern across the video is selected as representative frames, we employed the k-means clustering algorithm in this study. In the phase of training, the k-means clustering was performed on the training set to obtain representative patterns (cluster centers). In the phase of prediction, the frame features from the test video were allocated to patterns extracted from the training set. Given a test video, the pattern owning most frames was regarded as the representative pattern and three frames closest to the representative pattern were selected as the representative images.




Figure 1 | The process of automatic selection of representative images. Frames were extracted from the video stream to construct a frame pool initially. Then, inferior frames are dropped during the quality evaluation procedure, and the eligible frames are kept as candidates for representative images. Next, the PCA was employed for dimension reduction. Ultimately, the clustering model select representative images from candidates. PCA, principal component analysis.



In real-world applications, however, it is hard to collect a training set that has sufficient examples to cover all possible situations and guarantee the generalization ability of the trained model. Consequently, a limited training set usually leads to a performance gap, when applied to the real data. To narrow this gap, in the phase of prediction, we proposed an update-and-predict strategy that ran the trained model twice on the test set. The first run produced the initial predictions of test videos which were used for updating the cluster centers in the model. Subsequently, the updated model was used to obtain the final predictions on the test set. Note that the K-means clustering is an unsupervised learning algorithm that does not require manual annotation or ground truth. Therefore, we leveraged K-means clustering in this paper to update our model using only the predictions of test videos rather than accessing their labels. The label information was not leaked in the phase of prediction. As a result, we can narrow the gap between the training set and test set and do not cause the leakage of label (supervision) information by using the update-and-predict strategy.



Evaluation of Representative Images

For the three images selected by the automatic image selection model on the test set, the same two experts evaluated grading score together. Expert group and trainee group (experience of CP-EBUS image observation less than 30 LNs) were employed to select representative images which were used for comparison with that of machine learning. The three experts reviewed two elastography videos of each LN and selected one representative image for qualitative evaluation, respectively. Qualified images shall cover the maximal cross-section of the target LN and have good repeatability (4). Three trainees selected representative frames and evaluated qualitative score of corresponding pictures in the same way. The quantitative measurement of the three groups of images was operated by the elastography quantitative system (Registration number: 2015SR191866) developed by Matlab and the region of interest was outlined by an expert (Figure 2). Results of four quantitative methods including SAR, B/G, mean hue value and mean gray value were output by the program. The first method SAR was the ratio of blue pixels to pixels of the whole LN (5, 18–20). RGB is a color space model which represents the red, green and blue channel colors, and B/G was calculated in this study (21). Hue histogram analysis was performed for selected images and the third method mean hue value corresponds to the global elasticity of the LN (22). The fourth method mean gray value has been studied in the diagnosis of breast cancer and intrathoracic LNs (4, 23). All above procedures carried by experts and trainees were in the situation of blind to the clinical information and pathological results of target LNs.




Figure 2 | Delineation of ROI on strain elastography images and output of quantitative parameters. Representative images of the machine learning group, expert group and trainee group were all input into a computer program developed by Matlab™. The schematic diagram showed an elastography image of a LN with nonspecific lymphadenitis in 4R station, and ROI was outlined on the elastography image. Results of the four quantitative methods including SAR, RGB, mean hue value and mean gray value were then output by the program. ROI, region of interest; LN, lymph node; SAR, stiff area ratio; B/G, elasticity ratio of blue/green; B/R, elasticity ratio of blue/red; G/R, elasticity ratio of green/red.





Statistical Analysis

For qualitative score, the Friedman test was used for the differences among the three images selected by the automatic image selection model and experts, and the Wilcoxon signed-rank test was used for the pair comparison. For quantitative variables, receiver operating characteristic (ROC) curve was used to obtain the area under the curve (AUC) and the cut-off value with the best diagnostic performance. The paired t-test was used for quantitative mean values comparison between images of the machine learning model and experts. The stability of the quantitative results within the three groups was evaluated using the coefficient of variation (CV), and the comparison of the CV among the three groups was further analyzed by the paired t-test. The p value <0.05 was considered statistically significant for above statistical analyses. Sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), and accuracy for differentiating benign and malignant LNs were calculated by the corresponding formulas. All statistical analyses were performed by SPSS version 25.0 (IBM Corp., Armonk, NY, USA).




Results


Patients and LNs

A total of 415 LNs from 351 patients (247 men, 104 women; age: 60.45 ± 11.31 years) were analyzed in the training and validation sets, and 91 LNs from 73 patients (52 men, 21 women; age:58.82 ± 10.95 years) were used as the test set (Table 1). 311 LNs were included in the training set and 104 LNs in the validation set. Malignant LNs accounted for 61.69% in the training and validation sets and 58.24% in the test set. Figure 3 displayed the representative images selected by machine learning, expert and trainee groups.


Table 1 | Characteristic of LNs in the training, validation and test sets.






Figure 3 | Representative images selected by machine learning, expert and trainee groups. (A) 1–3 are representative images selected by the machine learning model; (B) 1–3 are representative images selected by the three experts; (C) 1–3 are representative images selected by the three trainees.





Stability and Diagnostic Performance Analysis by the Qualitative Grading Score

To evaluate the stability of machine learning selected images, we analyzed the differences between the three pictures of machine learning, expert and trainee groups, respectively. Results demonstrated that there was a statistical difference in the expert group, while the images of machine learning and trainee groups were relatively stable (Table 2). Besides, diagnostic performance in Table 3 showed that the diagnostic accuracies of machine learning group were 82.42, 79.12 and 75.82% respectively, slightly lower than experts (p = 0.121), but significantly higher than trainee group (p <0.001).


Table 2 | Differences between images within each group by qualitative grading score.




Table 3 | Diagnostic efficiency of the three groups by qualitative grading score.





Stability Analysis by Quantitative Methods

In order to assess machine learning selected images more objectively, paired t-test was conducted on quantitative results of machine learning and expert groups. No statistical difference between the two groups was found which demonstrated that images selected by machine learning can reach the expert level (Table 4). In terms of the stability analysis of the images within and between the three groups, Table 5 showed that CV values of machine learning group were lower than expert and trainee groups for each indicator, and among which the trainee group had the highest CV values. Besides, for SAR and B/G, there were statistical differences between machine learning and the other two groups, indicating that machine learning selected images in the test set were more stable than those selected by expert and trainee groups (Table 5).


Table 4 | Comparison of quantitative mean values between machine learning and expert groups.




Table 5 | Differences in CV values of quantitative methods among the three groups.





Diagnostic Performance Analysis by Quantitative Methods

The ROC curves were performed on quantitative results of the three groups and cut-off values with the best diagnostic performances were drawn (Figure 4). Table 6 reflected that the accuracies of four quantitative methods including SAR, B/G, mean hue value and mean gray value in the machine learning group were 83.52%, 78.01%, 80.22% and 80.22% respectively. Correspondingly the expert groups were 80.22%, 81.32%, 82.42% and 82.42% respectively. By contrast, the best indicator in the trainee group was B/G, with the highest accuracy of only 73.63%.




Figure 4 | ROC curves of four quantitative methods for machine learning, expert and trainee groups. (A–D) illustrate four quantitative indicators including SAR, B/G, mean hue value and mean gray value, respectively. ROC, receiver operating characteristic; SAR, stiff area ratio; B/G, elasticity ratio of blue/green.




Table 6 | Diagnostic efficiency of the three groups by quantitative methods.






Discussion

Lung cancer is the leading cause of cancer associated morbidity and mortality around the world (36). Pulmonary diseases can be diagnosed by draining LNs, therefore the diagnosis of intrathoracic LNs is related to subsequent treatment strategies. EBUS strain elastography imaging is a useful noninvasive tool in differentiating benign from malignant LNs. The machine learning algorithm was used to automatically select representative images from the EBUS strain elastography videos in this study and the image quality was equivalent to the expert level.

Traditional qualitative methods are convenient for clinical application, but subjectivity and the difference in experience between different doctors can affect the accurate diagnosis. Images used for quantitative analysis are still manually selected which cannot avoid subjectivity. The CV values in Table 5 reflect the instability of manual selection, and the images selected by doctors with different experience had various quality. For qualitative results, there was a statistical difference between the images selected by experts (p = 0.036) but not by trainees (p = 0.205) (Table 2). However, a bigger difference presented in diagnostic accuracies among trainees than experts. This was because the diagnosis performance was calculated based on the dichotomy, that is, 1–3 were classified as benign and 4–5 as malignant, yet the differences of qualitative score were counted according to the five categories. Besides, regarding the diagnostic performance among the three groups, the qualitative diagnostic performance of expert group was the highest in the whole study. However, the quantitative results were similar to that of machine learning group, possibly due to the subjectivity of qualitative assessment among different experts. Compared with the qualitative results, the quantitative methods can evaluate the image quality selected by machine learning more objectively. Elastography can only reflect the relative hardness of target lesion, and fibrosis within sarcoidosis may result in stiffer tissue and necrosis within malignant LNs may lead to softer lesions (37, 38). Thus, the highest diagnostic accuracy of automatic image selection model by qualitative and quantitative methods can only reach 83.52%, which was not only due to inaccurate image selection but also the property of the lesion itself. In addition to the four quantitative methods used in this study, strain ratio and strain histogram are also quantitative methods and study found that strain histogram showed better predictive value than strain ratio with a diagnostic rate of 82% in malignant LNs prediction (39). It can be seen that different quantitative methods can lead to various diagnostic results, and there is no unified quantitative method at present. In this study, different results were produced by the four methods in the three groups, but the quality of the images had more effect than the quantitative method on the final results. Notably, the machine learning algorithm in this study was valid for representative images selection of EBUS strain elastography videos, but the implementation of this algorithm needed integration by the manufacturer to become clinically applicable.

This study still had some limitations. Since there was no restriction on the type of disease included, the machine learning model was only suitable for the diagnosis of intrathoracic LNs enlargement, and further studies were need to determine whether or not this technique is valid to the stage of lung cancer. Besides, although high-quality images were selected from elastography videos, no diagnosis was made by the model for these images, and EBUS modes of grayscale and blood flow Doppler were not applied. The automatic EBUS multimodal image selection and diagnosis may be more convenient for clinical application. Moreover, this was a single-center retrospective study with limited number of LNs and some diseases accounted for limited proportions. Prospective studies and more LNs to train, validate and test the model may acquire more stable models and more convincing results. Thus, it was worthwhile to carry out multi-center studies to improve the outcome of the model (40).

In conclusion, through the application of machine learning algorithm to EBUS strain elastography, we realized the automatic selection of high-quality and stable images from strain elastography videos. The automatic image selection model needs further prospective clinical validation and has potential value in guiding the diagnosis of intrathoracic LNs.
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Purpose

Clinical evidence suggests radiation induces changes in the brain microenvironment that affect subsequent response to treatment. This study investigates the effect of previous radiation, delivered six weeks prior to orthotopic tumor implantation, on subsequent tumor growth and therapeutic response to anti-PD-L1 therapy in an intracranial mouse model, termed the Radiation Induced Immunosuppressive Microenvironment (RI2M) model.



Method and Materials

C57Bl/6 mice received focal (hemispheric) single-fraction, 30-Gy radiation using the Leksell GammaKnife® Perfexion™, a dose that does not produce frank/gross radiation necrosis. Non-irradiated GL261 glioblastoma tumor cells were implanted six weeks later into the irradiated hemisphere. Lesion volume was measured longitudinally by in vivo MRI. In a separate experiment, tumors were implanted into either previously irradiated (30 Gy) or non-irradiated mouse brain, mice were treated with anti-PD-L1 antibody, and Kaplan-Meier survival curves were constructed. Mouse brains were assessed by conventional hematoxylin and eosin (H&E) staining, IBA-1 staining, which detects activated microglia and macrophages, and fluorescence-activated cell sorting (FACS) analysis.



Results

Tumors in previously irradiated brain display aggressive, invasive growth, characterized by viable tumor and large regions of hemorrhage and necrosis. Mice challenged intracranially with GL261 six weeks after prior intracranial irradiation are unresponsive to anti-PD-L1 therapy. K-M curves demonstrate a statistically significant difference in survival for tumor-bearing mice treated with anti-PD-L1 antibody between RI2M vs. non-irradiated mice. The most prominent immunologic change in the post-irradiated brain parenchyma is an increased frequency of activated microglia.



Conclusions

The RI2M model focuses on the persisting (weeks-to-months) impact of radiation applied to normal, control-state brain on the growth characteristics and immunotherapy response of subsequently implanted tumor. GL261 tumors growing in the RI2M grew markedly more aggressively, with tumor cells admixed with regions of hemorrhage and necrosis, and showed a dramatic loss of response to anti-PD-L1 therapy compared to tumors in non-irradiated brain. IHC and FACS analyses demonstrate increased frequency of activated microglia, which correlates with loss of sensitivity to checkpoint immunotherapy. Given that standard-of-care for primary brain tumor following resection includes concurrent radiation and chemotherapy, these striking observations strongly motivate detailed assessment of the late effects of the RI2M on tumor growth and therapeutic efficacy.
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Introduction

Radiotherapy combined with immunotherapy is an active area of investigation in the treatment of brain tumors. Active areas of study include investigations of (i) radiation dose and fractionation required to induce immunologic cell death (1); (ii) concurrent vs. sequential therapies (2–4); and (iii) outcomes following whole brain radiation therapy vs. stereotactic radiosurgery.

Clinical evidence suggests radiation induces changes in the brain microenvironment that affect subsequent response to treatment. Studies of patients with metastatic brain tumors noted metastatic lesions that progress after initial irradiation are often less responsive to subsequent treatment. Previously irradiated melanoma and NSCLC brain metastases failed to respond to pembrolizumab, while non-irradiated lesions had similar response rate to those of extracranial disease (5). Similar observations were noted in a separate cohort of patients with melanoma brain metastases, in which the cohort with lesions that progressed following prior irradiation had a substantially lower response rate to immunotherapy compared to the cohort with irradiation-naïve lesions (6). In recurrent glioblastoma, PD-1 monotherapy and PD-1/CTLA-4 combination therapy alone failed to demonstrate clinical benefit or objective response rates (7–9). These patients were all treated previously with chemoradiotherapy per standard-of-care. Together, these clinical observations suggest that late effects of prior irradiation to the brain microenvironment may be associated with resistance to immune checkpoint inhibition (ICI) therapy.

We have developed a novel, Gamma Knife® (GK) enabled, focal (hemispheric) brain-irradiation mouse model (10), termed the Radiation-Induced Immunosuppressive Microenvironment (RI2M) model, that provides a powerful platform for investigation into the late effects of irradiation on the brain parenchyma microenvironment. Earlier studies of GK-enabled focal-irradiation of mouse brain from this laboratory employed substantially greater radiation doses and were purposefully designed to reliably elicit late-time-to-onset radiation necrosis in an experimentally tractable time frame, with radiation necrosis consistently appearing approximately four to eight weeks post-irradiation (11–17). Importantly, the resultant radiation necrosis in the mouse brain recapitulated all of the key histologic hallmarks of the clinically observed pathology, giving strong confidence regarding the platform’s clinical relevance.

In a recent study (10), we observed that non-irradiated DBT glioblastoma cells, implanted into the RI2M of syngeneic mice six weeks post-irradiation – thus, absent acute radiation effects – showed remarkable changes in growth characteristics. Specifically, tumors displayed aggressive, invasive growth, characterized by viable tumor and large regions of hemorrhage and necrosis, resulting in decreased survival compared to tumors growing in non-irradiated brain. Importantly, for these studies, we employed irradiation doses that elicit no frank/gross evidence (MRI and H&E histology) of radiation necrosis, or other outward pathology (e.g., behavior), in the post-irradiation setting. Thus, these data suggest that orthotopic tumors originating from naïve (non-irradiated) glioblastoma cells growing in the previously (six weeks) irradiated brain show many of the histologic hallmarks of recurrent GBM in patients.

Utilizing this model, we are able to evaluate the effects of prior irradiation of the brain parenchyma on the efficacy of a known immune checkpoint sensitive orthotopic transplant glioblastoma model, GL261. We demonstrate that mice challenged intracranially with non-irradiated (naïve) GL261 cells after prior (six weeks) intracranial irradiation with a dose eliciting no frank/gross evidence of radiation necrosis or other pathology are unresponsive to anti-PD-1/PD-L1 directed therapy. The observations of enhanced tumor growth and resistance to checkpoint inhibitors for tumors growing in RI2M are distinct from studies employing combined radiation and immunotherapy to treat existing tumors (18, 19). The most prominent immunologic change in the post-irradiated brain parenchyma is an increased frequency of activated microglia, suggesting they may play a role in the immunosuppressive effects observed. These striking findings have important implications regarding the clinical effects of prior, standard-of-care irradiation on the brain parenchyma and on the subsequent use of ICI therapy in patients with brain tumors. Specifically, a better understanding of the delayed effects of irradiation on the brain/tumor microenvironment will be crucial to identifying effective therapies that can safely synergize with immune checkpoint inhibitors to enhance immune responsiveness and improve outcome for brain tumor patients.



Materials and Methods


Animals

All experiments were performed in accordance with the guidelines of Washington University’s Institutional Animal Care and Use Committee and were approved by that committee. Seven-to eight-week-old female C57Bl/6 mice (Envigo Laboratories, Indianapolis, IN), housed five per cage in a light- and temperature-controlled facility, were used in this study. These mice were observed daily to ensure that interventions were well tolerated. A subset of healthy-appearing mice was sacrificed for histology, and mice were also euthanized if they lost more than 20% body weight or suffered obvious behavioral deficits (e.g., ataxia).



Gamma Knife Irradiation

Mice were anesthetized and restrained on a custom-built platform mounted to the stereotactic frame that attaches to the treatment couch of the Leksell GK Perfexion™ (Elekta, Stockholm, Sweden), a device used for stereotactic radiosurgery of patients with malignant brain tumors. Mice were anesthetized with a mixture of ketamine (25 mg/kg) and xylazine (5 mg/kg), injected intraperitoneally (IP) five minutes before the start of irradiation. Single 30-Gy radiation fractions (50% isodose), generated using the GK’s 4-mm collimator, were focused on the left cortex at a site ~ 3 mm posterior to bregma.



Tumor Implantation

Tumor cells were implanted in mice, as described previously (20). Briefly, mice were anesthetized with isoflurane and secured in a stereotactic head holder. Murine GL261 glioblastoma cells were implanted (~50,000 cells suspended in 10 μL per mouse) over three minutes in the striatum at a site 2-mm posterior and 3-mm to the left of bregma, 2-mm below the cortical surface.



Experimental Scheme

These experiments were designed to assess tumor growth and response to anti-PD-L1 immunotherapy in the setting of previously irradiated brain tissue. Cohorts of mice received a single fraction dose of 0 or 30 Gy (50% isodose), respectively, of GK radiation. At a radiation dose of 30 Gy, no frank radiation necrosis is observed, visualized by either anatomic MR imaging or standard H&E staining, up to 20 weeks post irradiation (19). Naïve (non-irradiated) GL261 tumor cells were implanted into the ipsilateral hemisphere six weeks post-brain-irradiation – thus obviating acute radiation effects – to evaluate the consequences for tumor growth and immuno-therapeutic response imposed by the RI2M. Mice treated with anti-PD-L1 antibody received IP injections on days 3, 6, 9, 12, and 15 post tumor implantation; untreated mice received injections of PBS vehicle on these same days (21).



Magnetic Resonance Imaging

Imaging was performed with a 4.7-T small-animal MR scanner (Agilent/Varian, Santa Clara, CA) employing an actively decoupled coil pair: a 9-cm inner diameter volume coil (transmit) and a 1.5-cm outer diameter surface coil (receive). Before all imaging experiments, mice were anesthetized with isoflurane/O2 [2% (vol/vol)] and maintained on isoflurane/O2 [1% (vol/vol)] throughout the experiment. Mice were restrained in a laboratory-built, three-point, Teflon head holder and were placed on a water pad with circulating warm water to maintain body temperature at approximately 37 ± 1°C. Before being placed into the magnet, each mouse was injected intraperitoneally with 0.25 mL of MultiHance (gadobenate dimeglumine; Bracco Diagnostics Inc, Princeton, NJ) contrast agent, diluted 2:10 in sterile saline. This procedure highlights regions of impaired blood brain barrier integrity via vascular leakage of contrast agent into the parenchyma.

Mice were imaged on post-implantation (GL261 cells) days 10, 14, and 18, and then, every two-to-three weeks, until they were sacrificed, or died due to disease progression. Post-contrast T1-weighted images were acquired with the following parameters: time-to-repetition (TR) = 650 ms, time-to-echo (TE) = 11 ms, number of transient (NT) = 4, field of view = 15 x 15 mm2, matrix size = 128 x 128, slice thickness = 0.5 mm, 21 slices to cover the whole brain. T2-weighted images were collected with time-to-repetition (TR) = 1200 ms and time-to-echo (TE) = 50 ms, with all other parameters the same as for the T1W images.



Histology

Mice were sacrificed and their brains were immediately removed from the skulls and immersed in formalin. After 24 hours, brains were transferred to a 20% alcohol solution. A 3-mm thick transaxial block, centered at the irradiation site (~3 mm behind the bregma), was obtained from each brain. The blocks were then processed through graded alcohols and embedded in paraffin. All paraffin-fixed blocks were sectioned from the center, at a thickness of five microns. Tissue sections were stained with hematoxylin and eosin (H&E) according to standard protocols.

To measure levels of activated microglia, 5-micron thick tissue sections were immunostained using a rabbit monoclonal anti-IBA-1 antibody (1:1000; Abcam, Cambridge, MA USA), followed by incubation with SuperPicture Polymer Detection Kit, HRP (Life Technologies, Frederick, MD, USA). Slides were viewed with a Hamamatsu NanoZoomer 2.0-HT whole slide imaging system (Hamamatsu Photonics, Bridgewater Township, NJ USA). All histologic and immunohistochemical analyses were performed by a board-certified neuropathologist (S.D.).



Isolation of Tumor-Infiltrating Lymphocytes and Flow Cytometry Analysis

Flow cytometry experiments were performed on a separate cohort of animals that was not included in the survival study. Mice were sacrificed at post-implantation day 14 and intracranial tumors were harvested. Tumor-infiltrating leukocytes (TIL) were isolated by generating a single cell suspension through mechanical dissociation of the tumor tissue. Myelin was removed using a 30% Percoll density gradient. Red blood cells were removed using ACK lysis buffer. The resulting cell pellet was stained with fluorophore-conjugated antibodies to CD45, CD3, CD4, CD8, NK1.1, CD11b, Gr-1, and Zombie NIR (live/dead). All antibodies were obtained through BioLegend (San Diego, CA). Flow cytometry was performed on a BD LSRFortessa flow cytometer (BD Biosciences, San Jose, CA). Analysis was performed through FlowJo software (BD Biosciences). Statistical analysis was performed using the Student t-test in Prism (GraphPad Software, San Diego, CA).

Live CD45+ TIL were subgated into lymphoid and myeloid subsets to determine relative frequency among total TIL. Lymphoid cell populations were defined as CD4 or CD8 T cells (CD3+ NK1.1- CD11b), NK cells (CD3- NK1.1+ CD11b-), or NKT cells (CD3+ NK1.1+ CD11b-). Myeloid cell populations were defined as CD3- NK1.1- CD11b+, and further gated on granulocytic MDSC (Gr-MDSC; CD11blo Gr-1hi), monocytic MDSC (M-MDSC; CD11bhi Gr-1lo), or tumor-associated macrophage/microglia (CD11b+ Gr-1-). Gating on resting microglia (CD45lo), activated microglia (CD45int), and tumor-associated macrophage (CD45hi) was performed on the CD11b+ Gr-1- subset.



Antibody Treatment

Monoclonal mouse anti-PD-L1 antibody (InVivoMAb, clone 10F.92G) was purchased from Bio X Cell (West Lebanon, NH) and diluted in Bio X Cell InVivoPure dilution buffer prior to use. 500 µg of antibody per mouse was injected IP on days 3, 6, 9, 12, and 15 post-tumor-implantation.



Data Analysis and Statistics

Tumor volumes were derived using ImageJ (https://imagej.nih.gov/ij/), with regions of interest (ROIs) for the tumor lesions being drawn manually on the post-contrast T1-weighted images. In calculating lesion volumes, hypointense regions within the tumor were also treated as part of the lesions. MR-derived lesion volumes were calculated as the sum of the number of lesion voxels multiplied by the voxel volume. Changes in lesion volume over time were described using a linear mixed model, to account for potential correlation among multiple measurements from the same mouse, followed by ad hoc comparisons for between-group differences at each time point. Square-root transformation of lesions volumes was performed to better satisfy the normality and homoscedasticity assumptions for the linear mixed model. Distributions of survival times were described using the Kaplan-Meier (K-M) product limit method, and between-group differences were compared using a weighted log-rank test (22). All tests were two-sided and significance was set at a p-value of 0.05. Statistical analyses were performed using SAS 9.4 (SAS Institutes; Cary, NC).




Results


Tumor Implanted Into Previously Irradiated Brain Grows More Aggressively and Hemorrhagically

Figure 1A shows representative contrast-enhanced, T1-weighted images of GL261 tumors growing in RI2M (top panels) and non-irradiated (bottom panels) mouse brain. Irradiated brains received 30 Gy (50% isodose) of GK radiation six weeks prior to tumor implantation. As demonstrated in Figure 2, which shows T2-weighted images and contrast-enhanced, T1-weighted images of mouse brain collected ten weeks post-GK-irradiation (30 Gy @ 50% isodose), no acute radiation effects or blood-barrier breakdown are observed at the time of tumor implantation (10, 14). Nonetheless, as is evident in the images in Figure 1A, tumors in previously irradiated brain grow more aggressively than corresponding tumors in non-irradiated mice as reflected in the increased size and invasiveness of the lesions. Figure 1B shows plots of mean lesion volume as a function of time post-tumor-implantation for cohorts of irradiated (n=9) and non-irradiated (n=10) mice. A trend in lesion volumes (irradiated vs. non-irradiated brain) is observed on post-implantation day 14, and the difference is statistically significant on day 18 (p=0.03).




Figure 1 | (A) Representative, contrast-enhanced T1-weighted MR images of GL261 tumor-bearing C57Bl/6 mice, collected 18 days after tumor implantation. The top panel shows three contiguous image slices for two animals whose brains were focally irradiated with 30-Gy (50% isodose) Gamma Knife radiation six weeks prior to GL261 cell implantation in the RI2M. The bottom panel shows similar images for non-irradiated mice. Tumors growing in the RI2M are larger and more hyperintense (reflecting greater leakage of contrast agent) compared with tumors growing in non-irradiated brain. (B) Plots showing mean lesion volume (+/- SEM) for tumors growing in irradiated (n = 9; black) and non-irradiated (n = 10; white) brain at post-implantation days 10, 14, and 18. At post-implantation day 14, there is a trend toward larger lesion volumes in irradiated brain (p = 0.07). At post-implantation day 18, the difference in lesion volumes is statistically significant (*p = 0.030).






Figure 2 | (top) Contrast-enhanced T1-weighted and (bottom) T2-weighted MR images of a C57BL/6 mouse 10 weeks following hemispheric 30-Gy (50% isodose) GK-irradiation. Each panel shows twelve contiguous, 1-mm thick transaxial slices. Both the T1W and T2W images are indistinguishable from the corresponding images of non-irradiated mice and show no evidence of radiation-induced tissue damage.





Tumors Growing in Previously Irradiated Mouse Brain Do Not Respond to Anti-PD-L1 Immunotherapy

Figure 3 (left) displays representative contrast-enhanced, T1- and T2-weighted MR images of tumors growing in mouse brain, collected on post-implantation day 21, for subjects treated with anti-PD-L1 mouse monoclonal antibody on post-implantation days 3, 6, 9, 12, and 15. Early therapeutic intervention prior to establishment of visible tumors was chosen to minimize the impact of the differences in growth kinetics observed at later time points. By post-implantation day 21, the therapeutic responsiveness to anti-PD-L1 inhibition of tumor in non-irradiated brain, compared with irradiated brain, is clearly evident. Figure 3 (right) shows Kaplan-Meier survival curves for cohorts of tumor-bearing, anti-PD-L1-treated mice. The survival of tumor-bearing mice whose brains were not irradiated (n=15; dashed line) is significantly greater than for mice whose brains were irradiated six weeks prior to tumor implantation (n=14; solid line). The ~50% survival of anti-PD-L1-treated, non-irradiated mice is consistent with previously published studies of ICI-treated mice (21, 23–25).




Figure 3 | (A) Representative contrast-enhanced, T1- and T2-weighted MR images of the brains of C57Bl/6 mice, previously irradiated focally, or not, implanted with GL261 cells in the irradiated hemisphere and treated with anti-PD-L1 therapy; (B) Kaplan-Meier curves show that survival of tumor-bearing mice whose brains were not irradiated (n = 15; dashed line) is significantly greater than for mice whose brains were irradiated six weeks prior to tumor implantation (n = 14; solid line), p = 0.031 [extended log-rank test (22)]. + signs indicate mice that were sacrificed for histology; numerals near the bottom of the plot reflect the number of surviving mice in groups A (Anti-PD-L1; RI2M) and B (Anti-PD-L1; non-irradiated brain).





Activated Microglia Are More Prevalent in Irradiated Mouse Brain

Immunohistochemical staining utilized IBA-1 antibodies to identify activated microglia and macrophages. Figure 4A compares IBA-1 staining of non-irradiated and (focally) irradiated mouse brain, in the absence of tumor. Increased levels of activated microglia and macrophages are found in the irradiated hemisphere, which looks normal by standard H&E staining. Populations of activated microglia and macrophages on the non-irradiated side are comparable to those seen bi-hemispherically in non-irradiated mice.




Figure 4 | (A) H&E (left column) and IBA1 images (middle, right columns) from non-irradiated (0 Gy; top panel) and focally irradiated (30 Gy; bottom panel) mice in the absence of tumor. Increased IBA1 staining, indicative of increased levels of activated microglia and macrophages, is observed in the irradiated hemisphere, which looks normal by standard H&E staining. (B) H&E (left column) and IBA1 (all other columns) images from non-irradiated (0 Gy; top panel) and irradiated (30 Gy; bottom panel) tumor-bearing mice. Non-irradiated mice generally have well-circumscribed tumor with microglial activation both within the tumor and at its periphery. Tumors implanted into RI2M are characterized by large areas of hemorrhage and necrosis with lesser viable tumor. However, there was marked activation of microglia within the tumor and surrounding it.



Figure 4B displays IBA-1 staining of tumor-bearing mouse brain, with the top panel showing tumor growing in non-irradiated brain, and the bottom panel tumor growing in RI2M. Non-irradiated mice generally had solid well-circumscribed tumor with activated microglia/macrophages within the tumor and at the periphery. Rarely, cuffing of macrophages/microglial cells at the interface of tumor with normal parenchyma was also observed. When present, it was thin or partial and never as complete/circumferential and dense as seen in the irradiated groups. Outside of the tumor, there were substantial numbers of activated microglia and macrophages on the ipsilateral side, with little IBA-1 staining on the contralateral side. Tumors implanted into the RI2M were characterized by large areas of hemorrhage and necrosis with lesser viable tumor. However, a thick cuff of macrophages/microglial cells formed around the tumor and at its interface with the normal brain parenchyma. Interestingly, for larger tumors/lesions, the contralateral side also had increased numbers of activated microglia and macrophages compared to tumor in non-irradiated brain. Microglia/macrophages within the tumor itself were comparable in the two groups (data not shown).

Having observed a thick circumferential cuffing of activated macrophages/microglia surrounding tumor implanted in previously irradiated brain, we hypothesized that one mechanism of acquired resistance to anti-PD-L1 inhibition therapy in previously irradiated mice is exclusion of effector T cells from homing into the tumor microenvironment. Using fluorescence-activated cell sorting (FACS), changes in immune cell populations in orthotopic mouse tumors grown in RI2M vs. non-irradiated brain were compared. There were no differences in absolute number or relative frequency of T cell subsets or NK/NKT cells (Figure 5A). However, there were significant differences in the relative frequency of myeloid subpopulations in tumor-bearing mice. Figure 5B is a representative flow plot demonstrating the gating strategy used to identify resting microglia (CD45lo), activated microglia (CD45int), and macrophages/monocytes (CD45hi) within the CD11b+ Gr-1- subpopulation. Figure 5C quantifies the relative frequency of CD11b+ Gr-1- TIL that are CD45hi, CD45int, or CD45lo. Overall, the difference in total number of microglia (resting + activated) between irradiated and non-irradiated groups is not statistically significant (data not shown), suggesting that irradiation does not induce proliferation of microglia. However, there is a significant difference in the relative frequency of activated vs. resting microglia in the irradiated tumor-bearing mice. Thus, these results suggest that the impact of irradiation on the brain parenchyma is primarily in changing the activation state of microglia.




Figure 5 | (A) quantifies the relative frequency of CD45+ tumor-infiltrating leukocytes (TIL) that are NK cells (CD3-NK1.1+), NKT (CD3+NK1.1+), total T cells (CD3+), CD8 T cells (CD3+CD8+), and CD4 T cells (CD3+CD4+). (B) is a representative flow plot demonstrating the gating strategy to identify resting microglia (CD45lo), activated microglia (CD45int), and macrophages/monocytes (CD45hi). Cells are gated on lineage negative (i.e., Non-T cells, Non-NK cells), CD11b-positive, Gr-1-negative TIL). (C) quantifies the percentage of CD11b+ Gr-1- TIL that are CD45hi, CD45int, or CD45lo. Data are representative of two independent experiments with 4-5 mice in each experiment. Black bars represent non-irradiated mice; white bars previously irradiated mice. Differences in CD45int and CD45lo are statistically significant (***p < 0.0005).






Discussion

Radiation is a key component of early therapeutic strategies for many malignant brain tumors and improves overall survival in newly diagnosed glioblastoma. The late effects of irradiation on the tumor microenvironment have an important impact on response to subsequent systemic therapies for treatment of recurrent malignant tumors. A better understanding of the immune and vascular components of the brain microenvironment is needed for improving clinical treatment strategies in patients with recurrent tumors.

We have developed a novel GK-enabled focal brain-irradiation mouse model (10) that provides a powerful platform for investigation of the late (six weeks) post-irradiation induced immunologic modulation of the brain tissue microenvironment. We emphasize that ours is not a model of radiotherapy aimed at treating existing brain tumors, but instead was developed for studying the growth and response to immunotherapy of tumors growing in previously irradiated brain. Consistent with our recently published study of naïve (non-irradiated) DBT tumors growing in the RI2M of Balb/C mice (10), naïve GL261 cells orthotopically implanted in the RI2M of C57Bl/6 mice show similarly remarkable changes in growth characteristics (Figure 1). Specifically, such tumors display aggressive, invasive growth, characterized by viable tumor and large regions of hemorrhage and necrosis, compared to tumors growing in non-irradiated brain. In short, tumors originating from naïve (non-irradiated) tumor cells orthotopically implanted in previously irradiated brain show many of the histologic hallmarks of recurrent glioblastoma in patients, features that are not observed in tumor cells growing in non-irradiated brain parenchyma. The model has direct clinical relevance because recurrent GBM is almost always growing in previously irradiated brain. Prior irradiation dramatically affects the growth and histologic features of tumors in the orthotopic mouse model.

Previous radiation altered the brain microenvironment, resulting in dramatic loss of sensitivity to anti-PD-L1 treatment in our mouse model. We remind the reader that our studies were designed to explore the effects of previous brain irradiation on the efficacy of immunotherapy, as distinct from therapy studies on existing tumors employing concomitant radiation and checkpoint inhibition (18, 19). The survival data reported in Figure 2 are consistent with radiation generating an increased immunosuppressive tumor microenvironment that promotes therapeutic resistance and loss of sensitivity to PD-L1 therapy in aggressive recurrent mouse gliomas. This finding has significant implications for the rational design of immunotherapy trials in brain tumors. Specifically, a better understanding of the late effects of radiation on the brain/tumor microenvironment will be crucial to identifying effective therapies that can safely synergize with immune checkpoint inhibitors to enhance immune response and improve outcome for brain tumor patients.

Given the differences in tumor growth kinetics between tumor cells implanted in irradiated and non-irradiated brains, we initiated PD-L1 inhibition therapy early (day 3) post-implantation to avoid confounding variables associated with differences in tumor size. Thus, to see differences in survival following PD-L1 inhibition therapy was somewhat surprising. We reasoned that the impact of prior irradiation on the microenvironment and its impact on responsiveness to PD-(L)1 inhibition therapy was present at the time of implantation of tumor cells, rather than after the tumor was established. Therefore, we initially evaluated the primary immune cell subset present within the brain parenchyma at steady state, the microglia. As demonstrated by IBA-1 staining in Figure 4, microglia/macrophages do not proliferate in response to irradiation but rather acquire an activated phenotype (i.e., IBA-1 positive) in post-irradiated brain parenchyma, even in the absence of tumor. The observation of increased activated microglia following radiation is aligned with the chronic activation of microglia reported following irradiation in adult rats (26) and in C57BL/6 mice (27). In previously irradiated, tumor-bearing mice, there was significant activation of microglia and macrophages in and around the tumor, forming a thick ring of macrophages/microglial cells around the tumor and at its interface with the normal brain parenchyma. These IHC observations were further corroborated with flow cytometry experiments. Results reported in Figure 5 demonstrate that there is a statistically significant increase in the relative frequency of activated microglia and a decrease in resting microglia among TIL isolated from irradiated compared to non-irradiated tumor microenvironment. The FACS results are consistent with and provide complementary support to the conclusions drawn from IBA-1 IHC. The changes in the orthotopic tumors growing in previously irradiated brain are consistent with an increased immunosuppressive environment and subsequent loss of response to immune checkpoint blockade.

The tumor-permissive and immunosuppressive characteristics of tumor-associated macrophages (TAM) have driven interest in development of novel therapeutic strategies to target these cells. Colony stimulating factor (CSF-1) is an important cytokine involved in survival, proliferation, and differentiation of tissue macrophages and their precursors. As a consequence, there has been considerable interest in CSF1 and its receptor (CSF1R), and various approaches targeting either the ligand or the receptor are currently in clinical development. In addition to CSF-1/CSF-1R pathway inhibition, other myeloid-directed targets are also being developed. Kaneda and colleagues demonstrated that administration of a PI3K-gamma inhibitor resulted in improved responsiveness of the tumor (28). In addition to the CSF-1 pathway and PI3K-gamma, CD40 agonists (29) have also been shown to remodel the myeloid compartment and are being explored as microenvironment modulators to combine with ICI. Likewise, CD47 agonists are thought to have a similar effect on remodeling the myeloid compartment (30). Thus, identifying novel agents that target the microenvironment, namely the myeloid compartment, to sensitize tumors to PD-L1 inhibition therapy is an active area of investigation and may be particularly needed in the post-irradiation setting.

To summarize, in our GK-enabled hemispheric brain irradiation mouse model, the persistent (six weeks post-irradiation) effects of the irradiation on the brain microenvironment are shown to induce substantial changes in tumor growth characteristics and response to immunotherapy. Specifically, naïve (non-irradiated) GL261 tumors growing in the RI2M grew markedly more aggressively, with tumor cells admixed with regions of hemorrhage and necrosis, and showed a dramatic loss of response to anti-PD-L1 therapy compared to tumors in non-irradiated brain. IHC and FACS analyses demonstrated increased relative frequency of different myeloid cell infiltration and increased activated microglia, which correlated with the loss of sensitivity to checkpoint immunotherapy. We are currently performing experiments using high-dimensional single-cell techniques to define changes in myeloid cell populations. Metabolism studies can also contribute important insights towards understanding the enhanced tumor growth and lack of responsiveness to checkpoint inhibitors observed in our model. Ongoing studies in our lab are directed at developing Deuterium Metabolic Imaging (DMI) (31, 32) for characterization of the RI2M. While there are well-recognized imperfections in murine models vs. the human condition, the changes in tumor growth and loss of sensitivity to checkpoint inhibitors are not subtle and provide a framework that motivates further analysis of the late effects of the irradiated brain/tumor microenvironment on tumor growth and therapeutic efficacy.
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The differential diagnosis of lymphadenopathy is important for predicting prognosis, staging, and monitoring the treatment, especially for cancer patients. Conventional computed tomography and magnetic resonance imaging characterize lymph node (LN) with disappointing sensitivity and specificity. Conventional ultrasound with the advantage of high resolution has been widely used for the LN evaluation. Ultrasound elastography (UE) using color map or shear wave velocity can non-invasively demonstrate the stiffness and homogeneity of both the cortex and medulla of LNs and can detect early circumscribed malignant infiltration. There is a need of a review to comprehensively discuss the current knowledge of the applications of various UE techniques in the evaluation of LNs. In this review, we discussed the principles of strain elastography and shear wave-based elastography, and their advantages and limitations in the evaluation of LNs. In addition, we comprehensively introduced the applications of various UE techniques in the differential diagnosis of reactive LNs, lymphoma, metastatic LNs, and other lymphadenopathy. Moreover, the applications of endoscopic UE and endobronchial UE are also discussed, including their use for improving the positive rate of diagnosis of fine-needle aspiration biopsy.
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Introduction

Various benign and malignant disorders can result in lymphadenopathy; the differential diagnosis of lymph node (LN) is important for predicting prognosis, staging, and monitoring the treatment. Conventional computed tomography (CT) and magnetic resonance imaging (MRI) characterize LN relying on size and topographic distribution, but with disappointing sensitivity and specificity, since it is not rare that malignant LN infiltration occurs in normal-sized LN.

Conventional ultrasound (US) with the advantage of high resolution has been widely used for imaging superficial organs, particularly for the LN evaluation. Compared with conventional CT and MRI, B-mode US can provide more detailed information on shape, contour, inner texture, maximum short axis diameter, long to short axis ratio, absence of hilus, and presence of necrosis. Color Doppler US and spectral Doppler US can image the hemodynamic characters of LN and add values for the differentiation of malignant from benign LNs. Benign LNs often show hilar predominant vessel architecture and have lower resistive index (RI), while malignant LNs usually show peripheral or mixed vascularity and disappearance of hilar vascularization and have higher RI. However, Doppler techniques have limitations in small LN since the vascularity is often undetectable (Figures 1–3).




Figure 1 | Reactive lymph nodes. Typically, the architecture (A) and predominant vessel architecture (B) are preserved.






Figure 2 | Malignant lymph nodes (carcinoma infiltration). The eccentric hypoechoic cortical thickening (A) and vessel destruction (B) in the lymph node are observed.






Figure 3 | Non-Hodgkin’s lymphoma. The destroyed architecture, approximate sphere, and pseudocystic appearance (A) and rich vascularity (B) are observed.



US elastography (UE) is a new technique that uses color map or shear wave velocity (SWV) to non-invasively demonstrate stiffness and homogeneity. It has rapidly become one of the most popular US-based techniques. Clinically, it can be used in the early detection and differential diagnosis of focal diseases; in improving the accuracy for diagnosing diffuse diseases, such as fibrosis and atherosclerosis; and in the assessment of response to treatments, such as thermal ablation and chemotherapy (1).

UE is able to demonstrate the stiffness of both the cortex and medulla of LNs and to detect early circumscribed malignant infiltration. Studies have been published on the evaluation of LNs by strain elastography (SE) or shear wave elastography (SWE). This review aims to comprehensively discuss the current knowledge of the applications of various UE techniques in the evaluation of LNs.



Principles and Techniques of Ultrasound Elastography

UE is a technique in which the stiffness of the tissue can be imaged as color map or SWV. The principle of UE is based upon tissue reactions, such as changes in displacement, strain, or speed, by applying an external or internal static (quasi-static) or dynamic excitation. Differences in tissue reactions are calculated, identified, and reflected by computers.

Depending on the type of excitation applied, UE is classified into two categories, i.e., 1) SE, which is composed of static or quasi-static strain imaging and acoustic radiation force impulse (ARFI) imaging; and 2), SWE which is composed of SWV measurement and SWV imaging (Figure 4).




Figure 4 | Ultrasound elastography (UE) techniques. UE techniques can be classified by the type of excitation applied: 1) strain elastography (top) and 2) shear wave elastography (bottom). Excitation methods of strain elastography include constant force-induced displacement (static/quasi-static imaging) or acoustic energy-induced physiologic motion (ARFI). Excitation method of shear wave elastography where the shear waves are produced by a transducer. Shear wave elastography is classified as transient elastography (TE), point shear wave elastography (pSWE), two-dimensional shear wave elastography (2D-SWE), and three-dimensional shear wave elastography (3D-SWE), according to different measurement and imaging methods.




Strain Elastography


Technique

SE includes static/quasi-static imaging and ARFI imaging. It is based upon the fact that hard tissue is more difficultly compressed than soft tissue. SE is a technique that measures the tissue deformation generated by compression, which may be applied with a probe on the body surface for static/quasi-static imaging and may also be applied with acoustic radiation force for ARFI imaging. The tissue deformation is measured by US system and displayed as a color or gray map. On the screen of the US system, both the B-mode image and corresponding elastography image could be simultaneously displayed.

The parameters commonly used to indicate tissue hardness include elasticity score and strain ratio (SR). The elasticity score indicates the strain (with color or brightness) distribution within a selected area. The SR refers to the ratio of strain between area A (usually a mass) and area B (usually a normal surrounding tissue, fat, or muscle tissue) within the region of interest (ROI).



Advantages and Limitations

SE, especially static/quasi-static imaging, is suitable for superficial organs and thus is the most commonly used method for the evaluation of superficial LNs. The operation method of SE is simple, and the operation skills can be mastered in a short time of training. However, SE is a qualitative analysis technique, and it is not able to analyze tissue hardness quantitatively. The performance of static/quasi-static imaging is not good at analyzing the deep LNs. Moreover, SE is user dependent and subjective (2, 3).




Shear Wave Speed Measurement


Techniques

Shear wave speed measurement technology is a method to generate shear waves and measure SWV. Based on the principle of fast propagation of shear wave speed in hard tissue and slow propagation in soft tissue, the hardness of tissue is indirectly reflected by measuring shear wave speed. Shear wave speed can be converted to Young’s modulus by Young’s model formula:

	

where E represents stiffness (Young’s modulus [kPa]), ρ is the density (kg/m3, approximately equal to 1), and C is the shear wave speed (m/s).

The shear wave speed measurement techniques mainly include transient elastography (TE) and point SWE (pSWE). TE is the first shear wave speed measurement technology applied in clinical practice, but it is only used in the liver so far; therefore, this technique is not discussed in this review. The principle of pSWE is similar with ARFI: the probe applies an acoustic radiation force to the ROI of the tissue and generates transverse vibration shear waves. The receiver can detect the speed of shear wave in ROI, which is expressed by speed or by kPa value through Young’s model formula.



Advantages and Limitations

pSWE can detect both deep organs (the liver, etc.) and superficial organs (the thyroid, etc.) (4–6), and therefore, this technique is suitable for both superficial and deep LNs. However, the ROI is with fixed size; it can only measure one part of a LN but may be too large if the LN is very small.




Shear Wave Speed Imaging


Techniques

The principles of shear wave speed imaging are that the US probe sends out the multipoint focused acoustic radiation force pulse, which makes the tissues at different depths along with the acoustic axis shift at almost the same time, producing plane shear wave, and then the image processing technology detects the SWV, forms color image, and calculates Young’s modulus (elasticity index (EI)) (7). So compared with that of pSWE, the size of ROI in 2D-SWE can be adjustable. Some US diagnostic instruments are equipped with 3D probes with high-speed acquisition capability of mechanical scanning 2D-sensor sequences, which can conduct 3D reconstruction of tissue hardness.



Advantages and Limitations

The diagnosis of shear wave speed imaging is less influenced by the operator’s experience and operation than SE, because it does not rely on freehand compression (8). It can display the conventional US images and elastic US images synchronously and measure SWV in real time. However, multicenter studies have shown that the repeatability of shear wave elastic imaging is affected by the size, location, depth, and other factors (9, 10).





Clinical Applications of Elastography


Reactive Lymph Nodes (Inflammation)

Acute or chronic inflammation is the prime cause of LN enlargement (Figure 5). The elastographic architecture of LNs is kept in most inflammatory processes. Therefore, like in normal LNs, the cortex is also stiffer than the hilum in inflammatory LNs.




Figure 5 | Reactive lymph nodes. Both the strain elastography (A) and shear wave-based elastography (B) reveal uniform and symmetrical soft tissue (green).




Strain Elastography

Both elasticity score and SR have been studied to evaluate the stiffness of reactive LN. Firstly, due to the lack of a unified classification method for US elastograms, different researchers classified US elastograms of LNs into a 4-point, 5-point, 6-point, 7-point, or 8-point rating scale. Secondly, some researchers compared the strain in target region with adjacent reference region to differentiate benign from malignant LNs.

Lyshchik classified US elastograms of LNs with a 4-point rating scale according to visibility, brightness compared with surrounding neck muscles, regularity, and definition of outline (11). Several studies classified elastograms of the LNs into five patterns according to relative distribution and ratio of soft or hard regions of the LN: pattern 1, absent or very small blue (hard) areas; pattern 2, total blue areas of less than 45%; pattern 3, total blue areas of greater than 45%; pattern 4, peripheral blue area and central green (soft) area; and pattern 5, blue area with or without a green rim. Tan et al. found that 87.9% of benign LNs manifest pattern 1 or pattern 2 (3).

Besides, Lyshchik defined the surrounding neck muscles to LN SR as strain index; using strain index value of <1.5 in benign LN classification, SE showed 79% accuracy, 85% sensitivity, and 98% specificity (11). Acu et al. calculated each LN with mean strain index. With the use of strain index value of <1.7, SE differentiates benign LNs from malignant ones with 75% accuracy, 71.6% sensitivity, and 76.5% specificity (12). Özel et al. reported that elastography SRs were lower in benign LNs than malignant LNs (13). Many studies have shown that SE has potential diagnostic value in lymphadenopathy (Table 1); however, high user dependence is the limitation, especially using SR. Adjacent reference region was selected differently for SR measurement of LNs in different regions; in general, muscles as adjacent reference tissues were usable in cervical region, and fat tissue as an adjacent reference region may be a good choice in the axilla.


Table 1 | The diagnostic performance of ultrasound elastography in differentiating benign and malignant LNs.





Shear Wave-Based Elastography

Compared with SE, shear wave-based elastography is regarded as potentially more objective. In most published researches, virtual touch tissue imaging (VTI) grade and SWV of ARFI imaging were used to evaluate reactive LNs, and the diagnostic performance of VTI is higher than that of SWV (19). In a study including 263 pediatric LNs, Bayramoglu et al. found that median elasticity and velocity values were higher in reactive LNs compared with normal LNs; with the use of the cutoff median elasticity and velocity values of >15 kPa and 2.24 m sn−1 for differentiating reactive LNs from normal LNs, sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), and diagnostic accuracy were 27%, 96%, 82%, 74%, and 74% and 25%, 97%, 82%, 73%, and 74%, respectively. Many studies should be conducted on the evaluation of reactive LNs by shear wave-based elastography to explore the significance of SWE in the evaluation of reactive LNs and to analyze the potential factors affecting SWE imaging (24).




Malignant Lymph Nodes (Carcinoma)

Malignant tumor cells proliferate rapidly, causing internal pressure and increasing tissue stiffness in LNs. Therefore, the elastographic architecture of LNs changed compared with reactive LNs. Typically, the well-differentiated carcinoma initially infiltrates LNs in a circumscribed manner (focally stiffer and harder), whereas the undifferentiated carcinoma leads to a diffuse (mostly or completely stiffer and harder) infiltration (Figure 6).




Figure 6 | Malignant lymph nodes (LNs) (carcinoma infiltration). The strain elastography reveals typically harder (blue) area in the LN than the surrounding tissues (green); strain ratio = 2.74 (A). The shear wave-based virtual touch tissue imaging quantification reveals a harder (red) area in the LN, and the maximum shear wave velocity (6.37 m/s) is much higher than that of surrounding tissues (2.96 m/s) (B).




Strain Elastography

Several pilot studies have evaluated the ability of SE to detect LN metastases in the cervical or axillary LNs (11, 14, 20–22, 27). Both elasticity score and SR have been studied, which showed that SE and conventional US may play complementary roles in differentiating malignant LNs and assessing the risk of metastatic LNs.

Firstly, suspected cervical LN metastases from hypo-pharyngeal and thyroid carcinomas have been recently investigated using SE (real-time elastography (RTE)) (11). An EI has been created by comparing the elasticity of the LN with the surrounding head and neck muscle tissue (muscle to LN SR). With the use of a ratio of >1.5 as an indicator of malignant infiltration, the sensitivity was 85% and the specificity was 98%, which are superior to the best B-mode criteria (11). These data have been reproduced by Tan et al. Moreover, inter-observer agreement with SE was very high (kappa 0.88–0.946) (3).

Secondly, some researchers qualitatively classified US elastograms of LNs into a 4-point, 5-point, 6-point, 7-point, or 8-point rating scale. Metastatic LNs were mostly evaluated to 3–4 points in a 4-point rating scale. Suzan (15) found that the sensitivity, specificity, and accuracy of RTE in differentiating benign LN from squamous cell carcinoma and malignant melanoma group were 91%, 70%, and 86%, respectively.

In a 5-point rating scale (3, 12, 16, 18), Tan et al. reported that 50 of malignant and 74.5% of metastatic LNs manifested pattern 3 or 4, while all primary malignant LNs manifested pattern 2 (3). In another study including 97 axillary LNs, using the criteria of score 1 and 2 as benign and scores 3, 4, and 5 as metastatic, the sensitivity, specificity, PPV, NPV, and accuracy were 78%, 93%, 93%, 79%, and 86%, respectively (16). Although qualitative strain methods based on elasticity score and SR have been widely studied all over the world for axillary and cervical LNs (17), SR >1.5 or hard composition over 50% can be a good indicator of malignancy. However, as compared with SWE, its dependence on operators cannot be overcome, and absolute quantitative elastic measurement cannot be provided; and for LNs with deep vertical distance and small volume, the judgment of RTE on LNs hardness is prone to false-positive results, which affects the accuracy of SE (16).



Shear Wave-Based Elastography

Clinically and theoretically, SWE seems to be an effective, quantitative tool for differential diagnosis of malignant and benign LNs in many researches, especially in small LNs (28). Based on previous researches, the maximum SWV (2.93 m/s) (23) and elastic value ratio (29) can be used as reliable indices to predict benign and malignant lymphatic nodes. Kılıç A et al. conducted a prospective study comparing conventional US with VTI quantification (VTIQ), and when using a cutoff value of 3.03 m/s, VTIQ differentiates malignant LNs from benign ones with 75% accuracy, 93% sensitivity, and 59% specificity (30).

Some researchers (25, 26) qualitatively classified SWE images of axillary LN (ALN) into 4-point patterns, which was similar to SWE patterns of breast lesions (31): color pattern 1, homogeneous pattern; color pattern 2, filling defect within LN; color pattern 3, homogeneous within LN with a localized colored area at the margin; and color pattern 4, filling defect within LN with a localized colored area at the margin (25). The benign ALNs usually manifest color pattern 1, while ALN metastases (ALNMs) usually manifest color patterns 2–4, and the sensitivity, specificity, PPV, NPV, and area under the receiver operating characteristic (ROC) curve (AUC) were 96.7%, 100%, 100%, 96.8%, and 98.3%, respectively (25). In addition, Luo et al. (25) and Lin et al. (26) directly compared the diagnostic performance of qualitative and quantitative SWE, and they found that qualitative SWE had better diagnostic performance than quantitative SWE in detecting ALNM.

However, a meta-analysis compared the diagnostic performance of qualitative elastography with quantitative elastography for ALNM in breast cancer and found that quantitative and qualitative elastography had similar diagnostic performance and good clinical utility (32). More studies with SWE should be conducted to get more reliable cutoff values of SWV and elastic value ratio in different sites.




Lymphoma

Lymphomas are a primary malignant tumor of LNs, lymphoid tissues outside LNs, and mononuclear macrophage system (Figure 7). Because of a highly heterogeneous group of lympho-proliferative malignancies, the biological behavior and pathological types of lymphomas are different, especially for non-Hodgkin’s lymphoma. But the incidence of lymphomas represents approximately 4%, and newly diagnosed cancers increases each year; moreover, lymphomas are more commonly seen in developed countries, which may seriously endanger people’s health (33). Knowledge of elastography in lymphoma is very limited. So far, different lymphomas cannot be differentiated. Initial experience suggests that focal LN infiltration (Figure 7A) is indicative of low-grade follicular lymphoma, whereas diffuse and homogenous LN infiltration is typically found in high-grade lymphoma (Figure 7B).




Figure 7 | Non-Hodgkin’s lymphoma. The strain elastography reveals a focal harder (blue) area in the lymph node (A) and a diffuse harder (blue) area in the lymph node (B).




Strain Elastography

Few studies have reported on the evaluation of lymphoma with SE. With a 5-point rating scale of US elastograms of LNs, Acu et al. reported that most lymphoma manifested patterns 1 and 2 (16). Clinically and theoretically, the stiffness degree of lymphoma is different from that of metastatic and benign LNs (34). In most studies, the hardness of the lymphoma was low. Thus, when metastasis and lymphoma were considered as positive, reactive LNs were considered as negative in the differential diagnosis; and the sensitivity, specificity, and accuracy with a point rating scale of US elastograms were affected (35). With quantitative analysis of SE, elasticity parameter strain index showed high diagnostic accuracy for distinguishing lymphoma from lymphadenitis; the cutoff value of the strain index of the cervical LNs compared with sternocleidomastoid muscle has been reported to be 1.18 in a recent study (36). Though it is difficult to differentiate different lymphomas, the treatment effect evaluation with SE in Hodgkin’s disease may be useful.

In the study on the efficacy of refractory and recurrent Hodgkin’s disease, it has been shown that the hardness of some lymphoma nodules changes with the treatment effect. It indicates that SE could be reliable for therapy response monitoring of Hodgkin’s lymphoma (37).



Shear Wave-Based Elastography

Currently, there are few studies on the evaluation of lymphoma by SWE. The number of enrolled lymphoma in these studies was small, including several case reports. Soo et al. qualitatively categorized shear speed map in a of total five SWE patterns in cervical LNs: pattern 1, absent or very small red (stiff) area; pattern 2, small scattered red areas, which mean total red area less than 45%; pattern 3, large red area, equal or more than 45%; pattern 4, peripheral red area and central green (soft) area, suggesting central necrosis; and pattern 5, almost red area with or without a green rim. None of lymphoma manifested pattern 4 and pattern 5; and absolute values and ratio of both elasticity and speed were significantly lower in lymphomas than metastatic LNs (38). Based on a recent study in pediatric LN with quantitative evaluation of SWE, elasticity values higher than 17 kPa and velocity values higher than 2.45 m/s would be considered as lymphoma rather than lymphadenitis in an enlarged LN with at least a 91% diagnostic accuracy (24). Several case reports have evaluated uncommon different lymphomas with SWE. A report used SWE to evaluate primary B-cell lymphoma of the breast. The study showed that the mass of primary B-cell lymphoma on SWE was considerably stiff but softer than typical invasive ductal cancers. In the future, a prospective study with large-scale samples should be conducted to investigate quantitative or qualitative SWE features of primary B-cell lymphoma (39).




Other Lymphadenopathy

In the preliminary study of reactive and metastatic LNs, the AUC for combined evaluation is 0.97, which is much higher than that for B-mode US or elastography alone (28). The analysis of parameters can be used to quantitatively evaluate the characteristics of different LN diseases; it shows that LNs of tuberculosis (TB) are softer than metastatic LNs but harder than benign LNs (40). However, LNs of TB have a wide range of stiffness; the stiffness is related with internal structures, increased fibrous tissue and calcification can account for high stiffness, and liquefaction necrosis can decrease the stiffness. Cheng et al. found that only 50% LNs of TB can be correctly diagnosed by elastography (41).

In further studies, the combination of B-mode US and elastography may have important clinical value in differential diagnosis. Few researches have been done on relapsing or chronic lymphadenitis or rare benign diseases such as Kikuchi or Kimura disease (KD). The research shows that the LNs with KD show malignant signs in conventional US, but benign signs in SE; therefore, SE can help patients avoid unnecessary needle biopsy and inappropriate treatment (42). In a study of children’s cervical LNs, the stiffness of the largest LNs in patients with bacterial cervical lymphadenitis (BCL) was significantly higher than that in patients with LN-first presentation of Kawasaki disease (NFKD) and healthy children, with a cutoff of 14.55 kPa; the sensitivity, specificity, and AUC were 89%, 76%, and 88.5%, respectively (43). So SWE is a potential method to differentiate early NFKD.




Applications of Endoscopic Ultrasound and Endobronchial Ultrasound Elastography

Endoscopic US (EUS) and endobronchial US (EBUS) are important tools to assess the digestive tract and surrounding organs, but the limited capacity to determine the exact pathological results is the major limitation. As a non-invasive technique, EUS and EBUS elastography have been proven to be able to provide complementary stiff information added to conventional EUS and EBUS imaging, becoming promising examination methods to differentiate benign from malignant LNs (44–46).


Differentiation of Benign and Malignant Lymph Nodes

Recently, an increasing number of literatures focused on the use of EUS and EBUS to diagnose mediastinal LNs and peritoneal lymphadenitis.

EUS elastography was originally used for the differential diagnosis of pancreatic lesions. Studies on the difference between benign and malignant pancreatic masses and LNs by SE showed that EUS elastography had more advantages than conventional US (47).

Similar to superficial LNs, physiological and reactive peritoneal LNs manifest homogeneous or scattered soft pattern with delineated vascular structures of LN hilum. And the LN medulla may manifest as slightly softer than the LN cortex. Malignant LNs are the most characterized by a homogeneous hard elastographic pattern, especially in diffuse metastatic infiltration; however, malignant LNs may display inhomogeneous but hard patterns because of incomplete metastatic infiltration and focal necrosis. More and more studies differentiated benign from malignant LNs with EUS; most of them were qualitative with elastographic histogram, using EUS–fine-needle aspiration biopsy (FNAB), histology, and/or surgical pathology as a reference standard.

Multiple studies have demonstrated that EUS and EBUS elastography can effectively identify the benign and malignant mediastinal and peritoneal LNs (Table 2) (47–51, 53–59). In addition, under the guidance of elastographic imaging, EUS-FNAB or EBUS-FNAB can improve the positive rate of diagnosis and avoid false-positive results.


Table 2 | The diagnostic performance of EUS or EBUS elastography in differentiating benign and malignant LNs.



With qualitative analysis of elastographic histogram, elasticity pattern and SR have been studied to evaluate the stiffness of LNs. Giovannini et al. firstly evaluated the ability of EUS elastography to differentiate benign from malignant LNs with elasticity pattern in 2006 (56). In this color-coded scale of elastographic patterns, yellow means normal tissue, green fibrosis, red fat, and blue malignant tissue. They conducted a multicenter study in 2009 and found improved specificity of 82.5% compared with 50% in the previous study (47). What is more, the sensitivity, specificity, PPV, NPV, and global accuracy of EUS elastography were 91.8%, 82.5%, 88.8%, 86.8%, and 88.1%, respectively, which were significantly better than the respective parameters of B-mode (56). In a study including 40 patients with a 4-point elasticity score, using the criteria of elasticity scores 1 and 2 as benign and elasticity scores 3 and 4 as malignant, the sensitivity, specificity, PPV, NPV, and diagnostic accuracy were 87.5%, 41.7%, 83.3%, 50%, and 60%, respectively (53).

Besides, some researchers qualitatively classified EBUS elastograms into three patterns (48, 50, 51): pattern 1, predominantly non-blue (green, yellow, and red); pattern 2, partly blue and non-blue (green, yellow, and red); and pattern 3, predominantly blue. With the use of the criteria of pattern 1 elastogram as benign and pattern 3 as malignant for differentiating malignant and benign mediastinal LNs with EBUS elastography, the sensitivity, specificity, PPV, NPV, and diagnostic accuracy were 90.6%, 82.6%, 71.6%, 94.7%, and 85.2%, respectively. But the central necrosis within malignant LNs and the fibrotic component within benign LNs may influence the accuracy of elastographic evaluations. What is more, the definitions of elastography patterns were subjective and may be hard to repeat by other researchers.

When judging malignant LNs with SR, previous research showed that with the cutoff point of SR >2.5, EUS elastography can differentiate benign from atypical malignant mediastinal LN sensitively (56). Okasha et al. reported that there were 89.8% sensitivity and 83.3% specificity in differentiating malignant LNs from benign ones with endoscopic UE while using the SR cutoff value >4.61 (55). Altonbary et al. found that the sensitivity, specificity, PPV, NPV, and diagnostic accuracy for differentiating benign LNs from malignant LNs were 57.1%, 99.9%, 99.9%, 64%, and 77.5%, respectively, with the mean SR cutoff value >6.7 (53). These studies reported the SR was more accurate than conventional EUS or EBUS, and EUS elastography combined with other sonomorphologic features is a potentially useful prognostic index differentiating malignant from benign LNs (Figure 8). Besides, a meta-analysis found that the sensitivity and specificity of UE in differentiating benign and malignant LNs were 88% and 85%, respectively (54).




Figure 8 | Colorectal carcinoma with presacral circumscribed lymph node metastasis in endoscopic ultrasound. The strain elastography reveals a typically harder (blue) area in the lymph node.



However, the SR was generally calculated by two selected target regions, which makes it hard to precisely represent the stiffness of the whole LN. Thus, some studies used software to semiquantitatively analyze the color distribution of LN elastogram. Nakajima and his colleagues analyzed 49 LNs with stiff area ratio; they found that the sensitivity and specificity were 81% and 85%, respectively, for predicting metastatic disease, using a cutoff value of 0.311 for stiff area ratios (57). Sun et al. used a software and transformed the elastographic image into gray scale, which varied form 0 (all red pixels) to 255 (all blue pixels). This method could calculate the mean gray value inside the target and reflect the stiffness of the targeted LN. They found that non-small cell lung cancer (NSCLC) showed a higher gray value than small cell lung cancer (SCLC) (201.33 versus 196.37) (58). Ma et al. found that the blue color proportion (BCP) of LNs containing benign diseases was higher than that of normal LNs containing lymphatic tissue (33.3%, 49.0%, and 42.9% versus 27.0%), which revealed that the LN stiffness would increase in some diseases with a higher density of cells and vessels, like granulomas and pulmonary infection. These LNs might show the features of metastatic LNs if assessed solely by EUS elastography. However, the BCP in malignant LNs was remarkably higher than benign LNs (p < 0.001, 57.1% versus 31.1%). The highest average BCP was shown in lung squamous cell carcinoma (71.6%) (59).

According to published studies on the qualitative EBUS elastography in differentiating benign from malignant LNs, Korrungruang et al. found that two methods had similar diagnostic performances (49), but Lin et al. considered that qualitative EBUS elastography may be more suitable for clinical practice (50).

In the future, more studies should be conducted to compare the qualitative and quantitative EUS elastography in differentiating benign from malignant LNs, in order to find a more suitable, accurate method for clinical practice.




Conclusion

UE is a promising method for measuring tissue hardness and has been widely used in differentiating reactive LNs, lymphoma, metastatic LNs, and other lymphadenopathy. Besides, EUS and EBUS elastography are non-invasive techniques and have been proven to be able to provide complementary stiff information for conventional EUS imaging; the positive rate of diagnosis of EUS-FNAB or EBUS-FNAB can be improved under the guidance of elastographic imaging. There are some studies that used elastography in cervical, axillary, mediastinal, and peritoneal LNs, but further studies with unbiased large-scale samples in different sites are still required. Also, the direct comparison between qualitative and quantitative elastography and new solutions for current elastographic limitations should be pursued. The current consensus for LNs diagnosis is that no single parameter has sufficient diagnostic performance, and the combination of UE and traditional US technology is conducive to the differential diagnosis of LNs (Table 3). In conclusion, UE can aid in the differentiation of benign and malignant LNs and has immense potential clinical values.


Table 3 | Criteria on lymph node characterization using different ultrasound modes.
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Purpose

This study aimed to develop a radiomics nomogram based on contrast-enhanced ultrasound (CEUS) for preoperatively assessing microvascular invasion (MVI) in hepatocellular carcinoma (HCC) patients.



Methods

A retrospective dataset of 313 HCC patients who underwent CEUS between September 20, 2016 and March 20, 2020 was enrolled in our study. The study population was randomly grouped as a primary dataset of 192 patients and a validation dataset of 121 patients. Radiomics features were extracted from the B-mode (BM), artery phase (AP), portal venous phase (PVP), and delay phase (DP) images of preoperatively acquired CEUS of each patient. After feature selection, the BM, AP, PVP, and DP radiomics scores (Rad-score) were constructed from the primary dataset. The four radiomics scores and clinical factors were used for multivariate logistic regression analysis, and a radiomics nomogram was then developed. We also built a preoperative clinical prediction model for comparison. The performance of the radiomics nomogram was evaluated via calibration, discrimination, and clinical usefulness.



Results

Multivariate analysis indicated that the PVP and DP Rad-score, tumor size, and AFP (alpha-fetoprotein) level were independent risk predictors associated with MVI. The radiomics nomogram incorporating these four predictors revealed a superior discrimination to the clinical model (based on tumor size and AFP level) in the primary dataset (AUC: 0.849 vs. 0.690; p < 0.001) and validation dataset (AUC: 0.788 vs. 0.661; p = 0.008), with a good calibration. Decision curve analysis also confirmed that the radiomics nomogram was clinically useful. Furthermore, the significant improvement of net reclassification index (NRI) and integrated discriminatory improvement (IDI) implied that the PVP and DP radiomics signatures may be very useful biomarkers for MVI prediction in HCC.



Conclusion

The CEUS-based radiomics nomogram showed a favorable predictive value for the preoperative identification of MVI in HCC patients and could guide a more appropriate surgical planning.





Keywords:  microvascular invasion, hepatocellular carcinoma, contrast-enhanced ultrasound, radiomics, nomogram



Introduction 

Hepatocellular carcinoma (HCC) is the most common primary hepatic malignancy and ranks third among all cancer-related deaths (1, 2). It has always been a major international health problem. Hepatectomy is recognized as the preferred treatment for primary HCC (3). However, recurrence occurs in 30%–50% of patients within 2 years after surgery, resulting in a lower overall survival rate (4). Therefore, it is very important to detect high-risk factors for early recurrence before surgery to enable the formulation of individualized treatment plans.

The definition of microvascular invasion (MVI) is the presence of microscopic metastatic hepatocellular carcinoma emboli within the smaller intrahepatic vessels (5). Some studies have confirmed that MVI is an essential determinant for predicting early recurrence and evaluating the long-term survival of HCC patients (6, 7). The presence of MVI is considered an aggressive pathological indicator (8). Larger resection margins are required for hepatectomy in high-risk patients with MVI (9). Accurate assessment of the presence of MVI before surgery can help surgeons choose appropriate surgical methods. Unfortunately, unlike macrovascular invasion, which can usually be detectable with preoperative imaging, MVI can only be determined according to postoperative pathological specimens (10). Preoperative biopsy is also unreliable due to sampling errors (11).

Imaging examination is an indispensable means of the preoperative evaluation of HCC, some studies have attempted to assess the relationship between preoperative imaging features and MVI status. Several recent reports have suggested that tumor size/number, non-smooth tumor margins, arterial peritumoral enhancement, higher mean kurtosis values, irregular circular enhancement, and radiological characteristics of the capsule may serve as predictors of MVI (12–15). Although these imaging features represent different rates of evaluation, the identification of imaging features mainly depends on the subjective judgment of the radiologist. The accuracy of diagnosis will be affected by the differences in the experience of radiologists. Therefore, a quantitative method is needed to identify MVI non-invasively and accurately before operation.

Radiomics is a process of converting images containing pathophysiology-related information into mineable high-dimensional data, enabling the quantification of diseases using unique imaging algorithms for the diagnosis, prediction, and prognostic evaluation at the molecular level (16–18). Previous studies have demonstrated the potential of radiomics to pre-operatively predict the status of MVI in patients with HCC (19–22). However, most of the radiomics signatures in these studies were based on computed tomography (CT) or magnetic resonance imaging (MRI). Compared with contrast-enhanced CT/MRI, contrast-enhanced ultrasound (CEUS) is a real-time imaging technology with no radiation and fewer limitations in liver examination (23–25). Zhou et al. reported that combined with the tumor number and tumor size, the washout rate of CEUS was significantly associated with the MVI status of HCC patients (26). To better interpret CEUS, we built a radiomics strategy.

Nomograms can be used for the multi-index joint diagnosis or prediction of disease onset or progression. Some studies have demonstrated that the nomograms incorporating clinical risk predictors such as serum α-fetoprotein level (AFP), tumor size, and platelet count (PLT) can be helpful in predicting preoperative MVI status for HCC (13, 27–29). To the best of our knowledge, there have been no previous studies to determine whether a nomogram containing CEUS radiomics would allow a superior prediction of the MVI status.

Thus, the aim of the present study was to develop and validate a radiomics nomogram that is based on the CEUS imaging and clinical risk factors for a preoperative prediction of the MVI status in patients with HCC.



Materials and Methods


Patients

This retrospective study was approved by the Institutional Review Board who waived the requirement of informed consent. For the datasets, we assessed the Xiangya Hospital Central South University medical records database between September 2016 and March 2020 to identify patients with a histologically confirmed HCC who underwent surgical resection. The inclusion criteria were as follows: (1) pathologically confirmed primary HCC after hepatic resection; (2) MVI status was confirmed by hepatectomy and histopathological results; (3) CEUS examinations were performed within the two weeks before surgery; (4) solitary tumor; and (5) no previous liver surgery or other treatments had been performed for the suspected HCC lesion. The exclusion criteria included: (1) preoperative anticancer therapy (e.g., radiotherapy, radiofrequency ablation, or transcatheter arterial chemoembolization) before CEUS examination; (2) recurrent HCC; (3) the CEUS image quality of target tumor was unsatisfactory for evaluation; and (4) incomplete clinico-pathological data. The flow diagram of the study population is presented in Supplementary Figure A1.

Patients who met the inclusion criteria were randomly allocated to a primary dataset and a validation dataset. The primary and validation datasets comprised 192 patients (166 men and 26 women; mean age, 55.1 ± 11.1 years; range, 27–83 years) and 121 patients (99 men and 22 women; mean age, 55.37 ± 12.1 years; range, 21–83 years), respectively.



Clinical and Pathologic Data

Baseline clinical information, including sex, age, tumor size, hepatitis, cholelithiasis, serum liver function as well as tumor markers, were derived from the medical records. Serological data including alanine aminotransferase (ALT), AFP, aspartate aminotransferase (AST), PLT, international normalized ratio (INR), albumin (ALB), total bilirubin (TBIL), and direct bilirubin (DBIL) were obtained a week before the surgery. We also collected postoperative pathological information, including the presence of MVI, pathologic differentiation of HCC (well, moderate, or poor according to the WHO histologic grade system), and the presence of liver cirrhosis. Positive MVI refers to cancer cell nests within the vascular lumen that can only be observed under the microscopy.



Contrast-Enhanced Ultrasound Examination

Image acquisition was performed within 2 weeks preoperatively. The CEUS images were acquired with the Aloka ARIETTA 70 (Aloka, Japan, C251 abdominal probe) ultrasound diagnostic instrument. All the CEUS examinations were performed by one of three experienced radiologists (each of whom had at least 15 years of hepatic CEUS experience).

First, the target tumor was detected and assessed by B-mode (BM) ultrasound, the transducer was fixed when the image showed the largest cross-section of the tumor, the maximum diameter measured was taken as the size of the tumor. Then, 2.4 mL of the second-generation ultrasound contrast agent (SonoVue, Bracco, Milan, Italy) was injected intravenously via the antecubital vein, followed by flushing with 5 mL of 0.9% normal saline solution. The timer was started immediately while the contrast agent was being injected. The target lesion was continuously observed on the largest cross-section, and each patient saved at least 4 minutes of digital movie clips on the hard disk. All the digital cine clips were recorded as digital imaging data and communications in medicine (DICOM) format and stored into the Picture Archiving and Communication Systems (PACS). Arterial phase (AP) images, portal venous phase (PVP) images, and delay phase (DP) images were obtained at 0–30 s, 31–120 s, and 121–240 s after intravenous injection of the contrast, respectively.



Tumor Segmentation and Radiomics Feature Extraction

Two board-certified radiologists (radiologist 1 and radiologist 2), both with more than 10 years of experience in abdominal CEUS interpretation and blinded to the pathological results and clinical data, independently reviewed the CEUS documents, including all the digital movie clips from this study. For each patient, four images were selected for analysis, including one of BM (before the start of CEUS), one of AP (approximately 25 s after contrast injection), one of PVP (approximately 60 s after contrast injection), and one of DP (approximately 180 s after contrast injection). All four images showed the largest cross-section of the tumor. The slice chosen for delineating the lesion was confirmed by the two radiologists in consensus. Regions of interest (ROI) were annotated manually around the target lesion margin on the selected BM, AP, PVP, and DP images using an open-source software (ITK-SNAP 3.8.0; http://www.itksnap.org) by radiologist 1. The histogram, morphology, intensity, laws, wavelet, and texture features were extracted by using an open-source software (Pyradiomics; http://pyradiomics.readthedocs.io/en/latest/index.html) through computing algorithms and stored as comma separated values (CSVs).

To evaluate the inter-observer and intra-observer reproducibility, 50 patients and their corresponding BM, AP, PVP, and DP images were randomly selected and independently delineated by the two radiologists (twice by radiologist 1 with an interval of 2 weeks and once by radiologist 2). After features extraction, the intraclass and interclass correlation coefficients (ICCs) were applied to assess the inter-observer and intra-observer reproducibility of the extracted features from the two radiologists. Features with an ICC < 0.80 were eliminated in the subsequent analyses.



Microvascular Invasion Status-Related Feature Selection and Radiomics Score Building

The Spearman rank-order correlation coefficient was implemented to evaluate the correlation and redundancy of radiomics features. The redundant features were eliminated with a Spearman rank-order correlation coefficient ≥ 0.8. Thereafter, the remaining features were selected by applying the minimum redundancy maximum relevance (mRMR) algorithm. Then, the key features related to the MVI status were selected by the least absolute shrinkage and selection operator (LASSO) logistic regression method using a five-fold cross validation after mRMR algorithm in the primary dataset. The LASSO algorithm was applied to weigh the linear combination of the selected features to generate a radiomics score (Rad-score). The formula for the BM, AP, PVP, and DP radiomics scores were established using the respective selected features. Then, the Mann-Whitney U test was applied in the primary and validation datasets to evaluate the potential association between the Rad-scores and MVI status.



Ultrasound Radiomics Nomogram Construction and Validation

To identify the clinical risk factor associated with the MVI status, we performed univariate analyses of the clinical parameters. Chi-square test was used on categorical variables and Student’s t independent test was used on continuous variables. We further implemented a multivariable logistic regression analysis of the Rad-scores and independent clinical risk factors, variable selection was implemented with p-values below 0.05 as the preservation criteria to confirm the ultimate predictors for the MVI status. Then, a radiomics nomogram was constructed based on the multivariable logistic regression analysis in the primary dataset. For comparison, we developed a clinical prediction model that only incorporated the independent clinical risk factors.

The calibration curve and Hosmer-Lemeshow test were performed to evaluate the calibration of the radiomics nomogram. The discrimination performance and the clinical usefulness of the nomogram were evaluated using receiver operating characteristic (ROC) curve analysis and Decision curve analysis (DCA), respectively. The difference between areas under the curve (AUCs) was compared by the DeLong test. For clinical use, the total score of each patient (defined as Nomo-score) was calculated according to the radiomics nomogram scoring method. Thereafter, the optimal cut-off value was assessed by maximizing the Youden index. The prediction performance of the optimal cut-off value of the total score was evaluated via the ROC, accuracy, sensitivity, specificity, positive and negative likelihood ratios as well as predictive values.



Statistical Analysis

All statistical analysis was conducted with the R software 3.6.1 (RStudio Inc.) and SPSS 24.0 software (SPSS Inc., Chicago, IL). Categorical variables were expressed as numbers or percentages, and continuous variables were expressed as mean ± SD or medians. The baseline clinical and pathologic data differences were compared by chi-square test for categorical variables and the Student’s t test or Mann-Whitney U test for continuous variables as appropriate between the primary dataset and validation dataset. All two-sided p-values less than 0.05 were considered statistically significant. The packages of R3.6.1 that were used are presented in Supplementary Table A1.




Results


Clinico-Pathological Information

The study flow chart is presented in Figure 1. The detailed clinico-pathological information of the two datasets is summarized in Tables 1, 2. Positive MVI patients accounted for 41.1% (79/192) and 40.5% (49/121) of the primary and validation datasets, respectively. There was no significant difference between the two datasets in the presence of MVI (p = 0.909) or other clinicopathological characteristics. Univariate analysis revealed that the tumor size and AFP level were significantly different between the MVI positive and MVI negative groups in the primary dataset (Table 2). Thus, we constructed a clinical model for predicting the MVI status using multivariate logistic regression analysis based on the two clinical risk predictors.




Figure 1 | Study flowchart of radiomics nomogram modeling for the MVI status prediction in patients with HCC and radiomics workflow. BM, B-mode; AP, arterial phase; PVP, portal venous phase; DP, delay phase; Rad-score, radiomics score; mRMR, minimum redundancy maximum relevance; LASSO, least absolute shrinkage and selection operator.




Table 1 |  Clinicopathological characteristics in the primary and the validation datasets.




Table 2 | Preoperative predictors for MVI in the primary and the validation datasets.





Establishment of Ultrasound Radiomics Score

A set of 479 radiomics features were extracted from the BM, AP, PVP, and DP images of each patient. Favorable inter-observer and intra-observer reproducibility of feature extraction were achieved, with 90.2% (432) of the BM features, 89.4% (428) of the AP features, 93.1% (446) of the PVP features, and 82.5% (395) of the DP features had an intra-observer ICCs ≥ 0.80, and 90.2% (432) of the BM features, 93.5% (448) of the AP features, 92.5% (443) of the PVP features, and 95.4% (457) of the DP features had an inter-observer ICCs ≥ 0.80. For BM, six features were selected after mRMR algorithm and LASSO regression in the primary dataset for radiomics score construction (Supplementary Figures A2A, B). Similarly, two, eight, and nine radiomics features were finally selected as the potential predictors by mRMR algorithm and LASSO regression for the AP, PVP, and DP radiomics score construction, respectively (Supplementary Figures A2C, D–H). The calculation formulas of the BM, AP, PVP, and DP radiomics scores are provided in Supplementary A1. The BM, AP, PVP, and DP Rad-scores were all significantly higher in the MVI positive group in both the primary and validation datasets than those in the MVI negative group (Table 2). The performance of the four Rad-scores in distinguishing MVI-positive and MVI-negative patients are provided in Supplementary Table 1.



Modeling and Evaluation of the Radiomics Nomogram

The PVP Rad-score, DP Rad-score, AFP level, and tumor size were identified as independent risk predictors of the MVI status in HCC patients by the results of the multivariate logistic regression analysis (Table 3). Thus, we constructed a radiomics nomogram incorporating the above four independent risk predictors (Figure 2A). The Hosmer-Lemeshow test (P = 0.872 and 0.606 for the primary and validation datasets, respectively) and calibration curve revealed a good calibration of the radiomics nomogram for predicting the MVI status in the primary and validation datasets (Figure 2B).


Table 3 | Variables and coefficients of the radiomics nomogram and clinical model.






Figure 2 | (A) A radiomics nomogram combining the AFP level, tumor size, PVP Rad-score, and DP Rad-score. (B) Calibration curves of the radiomics nomogram in the primary and validation datasets. AFP, α-fetoprotein; PVP, portal venous phase; DP, delay phase; Rad-score, radiomics score.



The optimal threshold of the Nomo-score to identify the MVI status was identified to be 0.452 according to the Youden index, and the performance of using the radiomics nomogram to predict the MVI status with the recommended cut-off value are summarized in Table 4. An AUC of 0.849 (95% CI, 0.795–0.902) for the primary dataset and 0.788 (95% CI, 0.704–0.872) for the validation dataset demonstrated a good discrimination ability of the nomogram (Figure 3).


Table 4 | Performance of the radiomics nomogram and clinical model for evaluating the preoperative MVI status.






Figure 3 | Performance of the radiomics nomogram in predicting the MVI status of patients with hepatocellular carcinoma. Differential diagnosis of MVI+ and MVI− groups with the cut-off value of Nom-score of 0.452 in the primary (A) and validation (C) datasets. Receiver operating characteristic curves of the radiomics nomogram and clinical model in the primary (B) and validation (D) datasets. MVI+, patients with microvascular invasion; MVI−, patients without microvascular invasion.



Moreover, the radiomics nomogram showed a superior discrimination to the clinical model in the primary dataset (AUC 0.849 vs. 0.690, P < 0.001) and validation dataset (AUC 0.788 vs. 0.661, P = 0.008) (Table 3). The DCA curve demonstrated that using the radiomics nomogram to predict the MVI status was more beneficial than using the clinical model when the threshold probability is between 0.1 and 0.8 (Figure 4). In addition, compared with the clinical prediction model which solely incorporated the independent clinical risk predictors, the utilization of the PVP and DP Rad-score significantly improves the prediction performance of the MVI status in terms of the NRI and IDI (Table 5). Besides, we further evaluated the performance of the radiomics nomogram in all patients. We classified the 313 patients into high- and low- risk subgroups according to whether the Nomo-score of each patient was above or below the optimal cut-off value (0.452). The results indicated that the high-risk group had a greater proportion of MVI positive in all patients (Figure 5). The radiomics nomogram also revealed a more favorable discriminatory ability than the clinical model in all 313 patients (AUC 0.825 vs. 0.678, P < 0.001).




Figure 4 | Decision curve analysis (DCA) of the radiomics nomogram and clinical model in predicting the MVI status for hepatocellular carcinoma derived from the all 313 patients.




Table 5 | Evaluation of the radiomics nomogram with respect to NRI and IDI.






Figure 5 | The risk-classification performance of the radiomics nomogram in all 313 patients. MVI+, patients with microvascular invasion; MVI−, patients without microvascular invasion.






Discussion

In the current study, we developed and validated a radiomics nomogram that incorporated preoperative CEUS information for the individualized prediction of the MVI status in patients with HCC. The easy-to-use graphic tool might provide useful information to facilitate clinical decision-making. Moreover, our study offers an alternative approach with no radiation while with a comparable performance compared to previous radiomics prediction models based on contrast-enhanced CT (19, 30).

The presence of MVI in patients with HCC is a key determinant associated with adverse tumor biology as well as poor outcomes (5, 31). Furthermore, MVI status has a negative influence on the recurrence and survival rate of HCC patients after transplantation or surgical resection (32, 33). In the Guidelines for Diagnosis and Treatment of Primary Liver Cancer in China (2017 Edition), MVI is an important factor that cannot be ignored in the selection of the treatment plan (34). Partial hepatectomy with a broader resection margin is recommended to improve the recurrence-free survival rate in HCC patients with MVI (21). Therefore, preoperative noninvasive and accurate identification of MVI is very helpful for the preoperative stratification of HCC patients.

In previous studies, some investigators attempted to predict the MVI status of HCC preoperatively by analyzing the clinical risk factors and combined imaging characteristics determined by radiologists (13, 35). However, the difference in the professional knowledge of operators cannot be ignored.

Radiomics utilizes quantitative medical image features to predict tumor biological behavior, providing a new method for the prediction of the MVI status. Hu and his colleagues developed a radiomics strategy based on preoperative grayscale ultrasound images to predict the MVI status of patients with HCC (36). Dong et al. found that gross-tumoral region and peri-tumoral region radiomics signatures based on ultrasound images were also feasible for the preoperative prediction of the MVI status (37). However, their research was only based on grayscale ultrasound images, and did not include image features of other modes. CEUS, which contains imaging information of different aspects of a tumor, is widely used to observe and evaluate microcirculation blood perfusion of liver cancer (23, 38). Therefore, in the present study, we used radiomics strategy to quantitatively extracted multiphase CEUS imaging features to evaluate the overall information related to the MVI status that may be contained in tumors. It is worth noting that the radiomics scores of BM, AP, PVP, and DP were all significantly correlated with the MVI status in the univariate analysis. However, BM and AP radiomics scores were not incorporated in the final radiomics nomogram. We discovered that in the final multivariate logistic regression analysis, the strong discriminatory capacity of the PVP and DP Rad-scores diminished the value of BM and AP Rad-scores. In a previous study, the washout patterns of CEUS in the PVP and DP were considered to be significantly associated with the MVI status. High levels of MVI reduced tumor microvessel density, resulting in a reduced enhancement, that is, the smaller the density of the microvessels, the smaller the amount of contrast agent entering the tumor, which leads to the reduced enhancement on CEUS, promoting washout (26, 39). This might be the reason why our CEUS radiomics signature focused more on the PVP and DP Rad-scores.

As far as we know, our study is the first to utilize the radiomics nomogram to predict the preoperative MVI status of HCC patients based on CEUS imaging. In the current study, tumor size, AFP levels, PVP, and DP radiomics scores were the independent risk predictors associated with the MVI status, and the radiomics nomogram involved the above four factors achieving a favorable predictive value for the MVI status prediction (AUC of 0.849 for the primary dataset and 0.788 for the validation dataset). The predictive calibration curves of the radiomics nomogram in both the primary and validation datasets showed an agreement with the ideal curve. In addition, the significant improvement of NRI and IDI demonstrated that the PVP and DP radiomics signatures may be very useful biomarkers for MVI prediction. Decision curve analysis also proved that the radiomics nomogram can improve the prediction of the MVI status preoperatively. Our CEUS-based radiomics nomogram showed a better discrimination performance compared with nomograms that combined clinical risk factors and imaging features in previous studies (26, 40, 41). Moreover, it is worth noting that in previous studies, all imaging features were based on visual analysis and relied on the subjective evaluation of individual radiologists, while radiomics reflects the texture information of tumor and provides a quantitative analysis of the image features. The nomogram based on the radiomics score is more conducive to the objective evaluation of clinicians of the MVI status.

Our study revealed that a tumor size greater than 5 cm and a preoperative plasma AFP level above 400 μg/L were significant predictive factors associated with the MVI status. Some evidence has suggested that AFP plays an important role in regulating tumor growth and cell differentiation, and may stimulate the proliferation of hepatoma cells through the AFP receptors (42). HCC clones from the same parental cell line showed higher serum AFP levels in nude mice carrying tumor implants with a high metastatic potential than nude mice with low metastatic tumor implants (43). Some previous studies have reported that the preoperative AFP level in HCC patients with MVI were significantly higher, plasma AFP level can be used as an independent predictor to establish a preoperative MVI prediction model (13, 44). A previous study showed that when the diameter of HCC increased, the number of DNA ploidy transformed from diploid to aneuploid increased significantly, and the probability of invasion and metastasis increased (45). The pathological study of Adachi et al. revealed that through the histological examination of surgically resected specimens, portal vein invasion of hepatoma cells was significantly related to tumor size (46). Some studies have also reported that the incidence of MVI increased with an increasing tumor size in HCC (36, 47). The results of our study were consistent with those findings. In the present study, we also constructed a clinical model involving the preoperative AFP level and tumor size. The addition of PVP and DP radiomics signatures to the clinical predict model significantly improved the AUC of the clinical model (from 0.690 to 0.849, 0.661 to 0.788 in the primary dataset and validation dataset, respectively). Moreover, the DCA curve demonstrated that the radiomics nomogram improves the benefit more than the clinical predict model, which implied that radiomics signature added accessorial value to the clinical risk factors in the clinical application. For the clinical application of the radiomics nomogram, we analyzed the sensitivity, specificity, positive and negative likelihood ratios as well as predictive values in evaluating the risk of MVI positive. We displayed that the patients with a total Nomo-score of 0.452 or above were the subgroup of high-risk MVI. Therefore, this subgroup of HCC patients may be more suitable for a larger resection margin during liver resection.

The present study has several limitations. First, the radiomics signature was based on multi-phase CEUS images, and some information might still have been missed in comparison with the CEUS video. It is necessary to further research the association of the radiomics features and video-based CEUS signatures (such as time intensity curve parameters), which may improve the prediction performance of radiomics. Second, this was a retrospective study, so some selection bias and data imbalance may inevitably exist and have influenced our results. In addition, since our research took place in a single institution using one vendor machine, prospective and longitudinal cohort validation with a larger group of patients and multi-vendor machines are still needed to verify the reliability of the developed radiomics nomogram. Third, although all the US examinations were performed by experienced radiologists, there may be heterogeneity in the image quality due to the differences in radiologist manipulation.



Conclusion

In conclusion, our study developed a non-invasive predictive nomogram that incorporates the radiomics signature of multi-phase CEUS imaging and clinical risk factors, it may provide useful information for the preoperative assessment of the MVI status in patients with HCC and guide a more appropriate surgical planning.
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Purpose

There is a major shortage of reliable early detection methods for pancreatic cancer in high-risk groups. The focus of this preliminary study was to use Time Intensity-Density Curve (TIDC) and Marley Equation analyses, in conjunction with 3D volumetric and perfusion imaging to demonstrate their potential as imaging biomarkers to assist in the early detection of Pancreatic Ductal Adenocarcinoma (PDAC).



Experimental Designs

A quantitative retrospective and prospective study was done by analyzing multi-phase Computed Tomography (CT) images of 28 patients undergoing treatment at different stages of pancreatic adenocarcinoma using advanced 3D imaging software to identify the perfusion and radio density of tumors.



Results

TIDC and the Marley Equation proved useful in quantifying tumor aggressiveness. Perfusion delays in the venous phase can be linked to Vascular Endothelial Growth Factor (VEGF)-related activity which represents the active part of the tumor. 3D volume analysis of the multiphase CT scan of the patient showed clear changes in arterial and venous perfusion indicating the aggressive state of the tumor.



Conclusion

TIDC and 3D volumetric analysis can play a significant role in defining the response of the tumor to treatment and identifying early-stage aggressiveness.





Keywords: 3D volumetric analysis, time intensity-density curve, perfusion analysis, pancreatic ductal adenocarcinoma, CT images



Introduction

Pancreatic cancer is one of the leading causes of cancer death globally (1). Due to conventional treatments having a minute impact on its natural progression, this disease is considered a major unresolved health problem. Metastases commonly develop in patients with pancreatic cancer resulting in high mortality (2). The average 5-year survival rate is less than 5% and death can occur to most patients 6 months after cancer diagnosis (1, 3). The incidence of pancreatic cancer is higher in developed countries due, in part, to the differences in diet and lifestyle (1). Risk factors for pancreatic cancer include smoking cigarettes, a family history of pancreatic cancer, diabetes mellitus (Type I or Type II), obesity, consumption of a diet high in fat, alcohol use, and a lifestyle categorized by physical inactivity (4). One of the factors that contribute to the high rate of mortality stems from the nonspecific nature of early presenting symptoms. When the symptoms become severe enough for the individual to seek treatment, 80%–85% of patients present with the advanced unresectable form of this cancer (4). Although these symptoms are not specific and difficult to control, screening methods to identify the earlier stages of cancer can be addressed. Our primary focus for this preliminary study was to identify an approach that used the Time Intensity-Density Curve (TIDC) graphs to show its application in the early detection of pancreatic cancer. There are different types of pancreatic malignancies with Pancreatic Ductal Adenocarcinoma (PDAC) being the most common and severe, accounting for over 85% (4, 5). The cure involves a complete removal of the tumor through surgery; however only 10%–20% of PDAC patients are surgically eligible at the time of diagnosis (4).To compound this problem further, there is a lack of effective early detection tools for pancreatic cancer in high-risk populations (those with greater than 5% lifetime risk of pancreatic cancer) (4). Due to the lack of available early detection screening methods for pancreatic cancer, the fatality rates are greater, and the life expectancies from the time of diagnosis are lower as compared to other types of cancer (5, 6). Early screening methods for PDAC include Endoscopic Ultrasound (EUS) and Magnetic Resonance Imaging (MRI), which have not demonstrated improvement in the long-term survival (7) of patients. Despite the inability to enhance the long-term survival rates overall, these efforts in screening have paved the way for research in the creation of other modalities to detect pancreatic cancer. One of the current modalities is Computed Tomography (CT). CT exams are more accurate and robust in defining cancer characteristics while being the most common imaging modality available compared to EUS and MRI (7). Table 1 provides a list of current diagnostic modalities and their respective advantages and limitations.


Table 1 | Benefits and limitations of pancreatic cancer diagnostic modalities i, ii.



The International Cancer of the Pancreas (CAPS) Consortium recommends individuals who fall into a high-risk group to get screened for cancer beginning at age 50 using EUS or MRI, with annual surveillance if no pancreatic lesions are identified on baseline assessment (4, 8). Both modalities are sensitive and specific for detecting small lesions or early cancer without the risks of radiation exposure. However, EUS performs better in cases of small solid lesions and provides an opportunity for tissue diagnosis by FNA, while MRI Cholangiopancreatography (MRCP) with and without contrast is preferred for cystic lesions and often used as a secondary form of screening in cases where there is a high clinical suspicion for pancreatic cancer despite a negative CT (7).

This study evaluated the use of 3D quantitative volumetric and TIDC analysis for detecting PDAC characteristics. We believed that the switch from 2D to 3D imaging would negate some of the limitations identified with 2D imaging. Multi-phase multi-detector computed tomography (MDCT) is the first line modality of choice for the diagnosis of pancreatic cancer (9). These tests must be tailored to the location of the area to be screened and use the available tools to complete the process, which can be difficult Pancreas-specific screening and diagnostic protocols involve the use of images in the pre-contrast, early arterial (CT angiography), pancreatic, and portal venous phases. The early arterial phase is useful in delineating the aorta and superior mesenteric artery and the portal venous phase can assess venous involvement and liver metastases. There is conflicting data from researchers regarding the optimal phase for enhancement of pancreatic lesions. Some studies suggest a better visualization of PDAC as low-attenuation lesions during the arterial phase due to its hypo-vascularity (4), whereas others demonstrated better pancreatic enhancement and attenuation differences between the normal pancreas and tumor in the portal venous phase (4).

Pancreatic tumors are often hypo-vascular and ill-defined, with irregular texture and abnormal morphology (10). To better understand the long-term outcomes and prognostic factors associated with PDAC, multi-phase CT images of patients undergoing treatment for PDAC were analyzed using advanced 3D imaging software to characterize the perfusion and radio density of tumors at various stages. Our goals were to identify imaging biomarkers to help detect pancreatic cancer early and define features of pancreatic cancer that correlate with disease severity and treatment response. The findings from this study might help define the mechanisms and growth patterns of PDAC while laying the groundwork for further research in early PDAC detection.



Materials and Methods


Patient Population

A quantitative, retrospective, and prospective study was done using 41 adult patients with unresectable treatment naïve PDAC who were either enrolled in a clinical trial at Honor Health Cancer Center (Phoenix, AZ) or treated at City of Hope Comprehensive Cancer Center (Duarte, CA) as Standard of Care (SOC) non-study patients between 2015 and 2019.Consent was obtained from all clinical trial patients for the use of their images gathered from medical records for imaging analysis. As a result, there was limited control over the way the images were taken or its time frames. All patients were over the age of 18 and had been diagnosed with PDAC. We divided the participant sample into two groups, labeled Cohort 1 and Cohort 2.

Cohort 1 consisted of 22 patients enrolled in the clinical trial treated at Honor Health Cancer Center. Patients within this sample group received neo-adjuvant therapy (paricalcitol, paclitaxel protein bound, cisplatin, and gemcitabine) for up to 6 months with standard of care CT multiphase imaging. The original purpose for the Honor Health clinical trial was to see the resectability and CA 19-9 status within non-metastatic pancreatic cancer but we decided to use the preliminary imaging findings in this ongoing study and assess the volumetric response in Cohort 1 as well as Cohort 2. Patients with a positive metastatic disease were excluded from the study. Furthermore, patients whose tumors were deemed resectable after the completion of neo-adjuvant therapy were likewise removed from the study to receive SOC treatment due to changes in their condition.

Cohort 2 consisted of 19 patients treated at the City of Hope Comprehensive Cancer Center. Patients within this sample group received SOC therapy only and the CT multiphase imaging exam was performed at least every 3 months as a follow-up scan. Like Cohort 1, neo-adjuvant rules were not applied since most images were obtained retrospectively. Cohort 2 was divided based on the location where participants received care to ensure that variations in treatment, tools, or other variables did not affect the participants within their given groups. To make sure that there was uniformity in the participant samples (i.e., each patient in a participant group was exposed to similar variables as the other patients within the same participant group), we worked to increase the overall reliability of the data collected during the image acquisition process.

We submitted the complete requests for information in conjunction with the Health Insurance Portability and Accountability Act (HIPPA) authorization to obtain the records of all participants from the Honor Health and City of Hope Medical Records Departments. Following the receipt of the images, we then analyzed the scans to ensure that the images fit the necessary criteria. However, since we had no control over the image collection process, most of the data obtained could not be used due to issues with the imaging protocol. Additional exclusion criteria for these images included poor image quality, variations in time between images (e.g., too far apart or non-comparable to others within the sample set), and the use of non-standard practices in image collection. These variations, especially the latter, occurred more frequently than we anticipated, leaving the image sample size for TIDC at 28 patients out of the anticipated 41 participants from which scans were requested.



Image Acquisition

For the PDAC cohorts, we required multiphase CT images for collection at Honor Health and City of Hope. All images from Honor Health and City of Hope used the same standard protocol to acquire the participant CT scans for analysis. First, the images were obtained from the imaging conducted with multi-phase CT. Most of the acquired images were scanned on a GE scanner with a standard pancreatic protocol which included pre-injection, arterial, and portal venous phases (11). Second, to maximize the coherency and accuracy of the analysis, the images must have used the standard iodinated contrast agent Isovue 370. Patient files from both cohorts indicated that each participant received a dose of 150 cc + 40 cc of saline that was injected at a rate of 5 cc per second into the antecubital vein of the participant.

For scanning parameters, the areas of interest were defined as the region above the diaphragm to the inferior liver margin for arterial phase images. The region from above the diaphragm to the superior aspect of the iliac crest was used for both pre-contrast and venous phase images. Multi-phase scanning parameter used in the image collection process was at 120 kV with a 0.5 second rotation time. All images were reconstructed as follows: pre-contrast phase images were reconstructed into 3-mm slices and images from arterial or venous phases into 2-mm slices. Images were reviewed by experienced radiologists to ensure that the image quality was sufficient but 3D Qi has some high-resolution issue which can be fixed in future upgrades. Of the 28 participant images obtained, 24 were of ample quality for analysis. Initial images were reconstructed into 0.625 x 1.25 mm-slices for 3D post-processing and uploaded from the Picture Archiving and Communication System (PACS) to advanced imaging software (GE Advantage Workstation 3.2) for volumetric analysis.



3D Volumetric Analysis

A 3D imaging software application called GE AW 3.2 USA was used on the 28 PDAC patient CT images to conduct the volumetric analyses. This method of analysis refers to the total amount of a given substance, in this case, the pancreatic tumor, which was determined by measuring the volume that the tumor occupied (12–14). Similar analytical approaches had promising outcomes when exploring various medical conditions involving the pancreas and liver, providing adequate justification for its use in the context of this study (12–17). To confirm the accuracy of this method, multiple series were registered and regions of interest were identified prior to receiving the requested study images to define volumetric tumor quantification. Edits to the regions of interest were performed when needed to ensure that volumetric analysis was as accurate as possible using the available tools (see Figure 1).




Figure 1 | Pancreatic Tumor Volumetric Mapping.



Images were imported to the Massachusetts General Hospital application called 3D Quantitative Imaging software (3DQI). The PDAC tumor was identified by a radiologist and radiology expert. All series were opened side by side to do a comparison for better visibility and quantitative assessment (See Figure 2). Elaboration on the perfusion imaging characteristics on multiphase CT was a major goal of this research. The standard CT protocol for the PDAC imaging requires non-contrast with arterial and venous phase imaging. This preliminary study was designed to observe changes occurring during the wash-in and wash-out rates seen in perfusion imaging. This application has been used successfully in hepatocellular carcinoma (HCC) (18–21). HCC shows a complete wash-out in the venous and late phase imaging but the PDAC tumor becomes more vascularized in the venous phase which indicates missing information that might be critical to how PDAC is defined.




Figure 2 | 3D Qi Software.





Marley Equation

The Marley equation was created and first investigated in the Rahmanuddin lab to describe the difference in the enhancement patterns between the arterial and venous phases (see Figure 3). This equation uniquely defines the characteristics of each pixel and flow inside the tumor which is aggressive in nature and can potentially be useable in the early detection of pancreatic cancer. In comparison to HCC imaging, PDAC has unique characteristics which are seen in the late arterial or venous phase imaging. It is visible in the venous phase which indicates the prolonged time of tumor vascularization. The longer the venous phase wash-out rate, the higher the tumor aggression. Marley equation helps to define the gap between the arterial and venous phases which can estimate the accurate change in the time on perfusion imaging. Our previous preliminary results showed that using the Marley Equation can be beneficial in observing the differences more precisely. This equation might be helpful in relating imaging perfusion to Vascular Endothelial Growth Factors (VEGF). Figure 3 provides a breakdown of the Marley equation, indicating how it was used in the assessment within the current study.




Figure 3 | The Marley Equation.





Time-Intensity-Density Curves

The potential in the application of TIDC, as a means of detecting tumor aggressiveness was seen using 3DQI software. Time-Density Curves for CT scans and Time-Intensity Curves for MRI scans provide a visual tool for the enhancement or reduction of a particular mass/lesion over time based on the intensity and density (22–25). Previous studies have demonstrated the utility of TIDC analysis in differentiating solid lesions in the pancreas using contrast-enhanced EUS (16), a first line diagnostic test (26–29). However, due to the limitations presented in the US examinations, compared to the test environment setting, and the associated concerns regarding accuracy across the application throughout treatment facilities in the United States, past researchers have noted the difficulties associated with standardizing these markers as a means of creating a unified evidence-based practice (EBP) for its use as a diagnostic modality (30–34).

Our focus was to identify an approach that used the TIDC to show how it can be applied in the early detection of pancreatic cancer. The identification of the TIDC patterns that correlate with PDAC responses to treatment would enable clinicians to better evaluate the severity of the disease, in addition to serving as a diagnostic screening modality. The TIDC model generated for the current study displayed information based on each pixel present in the multi-phase CT imaging within the tumors and tissues of interest in each participant. Through the integration of a computer-based software for pixel-by-pixel analysis, we were able to define the time-in and time-out quantitative numbers with a greater level of precision compared to past efforts (35–38). The artificial intelligence tool used was uniquely designed to differentiate the pixel-based change in contrast enhancement related to perfusion in multiphase imaging.




Results

The Marley equation has proven that it is applicable in quantifying tumor aggressiveness. Using this equation, we were able to generate normal distribution histograms based on the minimum, maximum, and average tumor radio density, as measured in Hounsfield Units (HU). Tissue radio density refers to the opacity of the tissue as measured by how readily the different types of electromagnetic radiation passes through the tissue itself. HU is a common scale used in assessing CT scans and refers to a linear transformation of the radio density of various materials. The common HU reference point is distilled water at a standard pressure and room temperature set as zero. The tissue radio density on CT images, measured in HU, changed with respect to time. Specifically, analysis showed that the difference in tumor perfusion during the arterial and venous phases increases with respect to time. This change continuously increases during the later stages of the venous phase without changing the tumor dynamic contrast enhancement.

Our preliminary study highlighted the following major areas based on perfusion imaging. The Marley equation showed that perfusion changes play a major role in tumor kinetics (see Figure 4). PDAC tumor morphology is unique with normal heterogeneous features which have characteristics opposite to that of liver tumor morphology (4, 6, 19, 21). This is an important result due to the application of this equation showing a distinct contrast between the healthy pancreas and tumor.




Figure 4 | Histogram Analysis of Normal Pancreas vs. PDAC. Histogram distribution of the normal pancreas (left) shows greater variation in density representative of its heterogeneous echotexture compared to a more homogenous pattern in PDAC (right).



TDIC analysis was performed on all patient images due to the limited availability of the multiphase standard imaging protocol. This was caused by missing scans including non-contrast images or series of the arterial or venous phases. However, 3D volumetric quantification was conducted on all images. Based on the pilot data, there are indications that perfusion in PDAC exhibits delays, showing a later response, as compared to a normal pancreatic tissue (see Figure 5). TIDC analysis shows that perfusion takes a longer time in the venous phase in PDAC imaging. These perfusion delays represent the active form of the tumor which might be significantly associated with tumor aggressiveness or VEGF-related activity. Longer perfusion time in the venous phase was directly correlated with the aggressiveness of the disease. This groundbreaking finding shows that TIDC analyses can observe PDAC in the venous phase manifesting in a manner opposite the normal pancreatic morphological TIDC which cleared the dynamic contrast in the late venous phase.




Figure 5 | Time Intensity/Density Curves.




3D Volumetric Analysis

3D tumor volume was measured in patients diagnosed with PDAC receiving standard treatment with or without neoadjuvant therapy. A correlation of disease burden decreasing with clinical treatment was seen predominantly in Cohort 1. Changes in arterial and venous perfusion were related to tumor aggression. These findings have the potential for integration to create new screening tools which may serve as potential imaging biomarkers for the early detection of PDAC. Due to the small sample size, we were unable to produce statistical analyses, but the hypothesis is completely based on the perfusion characteristics on the follow-up imaging. Based on the findings, the PDAC volume measure decreases constantly over time which is seen with eight of the patients in Cohort 1 (see Figure 6), which indicates that the neoadjuvant population had a better control on the disease compared to the SOC of Cohort 2. The graphs indicated that 3D volume measurements might be a potential imaging biomarker to identify the disease progression or regression status. 3D volumetrics can provide more precise pixels based on the quantitative assessment on follow-up imaging for the those previously diagnosed with PDAC.




Figure 6 | Decreases in PDAC Volume.



The average percent change in volume based on the images analyzed was explored (see Figure 7). Serial imaging in Cohort 1, who were receiving neoadjuvant therapy in addition to SOC treatment, showed steady decreases in tumor volume and venous vasculature. Imaging from Cohort 2, who were receiving standard therapy alone, displayed variable responses during treatment with an average decrease overall. This change does not display major differences compared to Cohort 1 but shows some change on the follow-up imaging. 3D volume could be a main indicator for the major and minor volumetric change compared to that of 2D analysis.




Figure 7 | Change in 3D volume which decreased over time.






Discussion

Pancreatic ductal adenocarcinoma (PDAC) accounts for over 85% of pancreatic malignancies (1). Despite the recent improvements to diagnostic imaging, conventional treatments, and newer targeted therapies, mortality remains high (4). The deep retroperitoneal location of the pancreas creates certain diagnostic uncertainties that limit current efforts in the early detection of pancreatic cancer (4). Multiphase CT is currently the standard modality for diagnostic testing (39–42). However, changes to tissue morphology that occur with PDAC make it difficult to define texture accurately with 2D CT imaging (39). This study evaluated the use of 3D quantitative volumetric and TIDC analysis for detecting PDAC treatment response.

The difference in tumor perfusion during the arterial and venous phases increased with respect to time. Results showed that volume- and perfusion-based imaging biomarkers could play a significant role in defining the aggressiveness of early-stage tumors and response to therapy. Further studies to identify additional 3D imaging biomarkers for pancreatic cancer could collectively increase the precision of early diagnostic imaging (See Figure 8). Based on the results, it is predicted that the longer the time spent in the venous phase might relate to the tumor aggressiveness behavior. This methodology in conjunction with the Marly Equation might be useful for the early detection of pancreatic cancer by quantifying the exact changes in the perfusion imaging. The larger the change, the more aggressive the disease. It can also be useful for comparing TIDC standard venous phase perfusion rates to PDAC cases.




Figure 8 | Pre- and Post-Treatment Tumor. (A) Pre-treatment tumor surrounded by vessels which indicates the increase in perfusion effect in tumor progression. (B) Post-treatment tumor volume decreases on the follow-up scan which shows that decreases in perfusion lessens the aggressiveness of the tumor.



Tissue radiodensity on CT images, measured in HU, changed with respect to time. Clear documentation of these changes, albeit in a small sample size, suggests that there is potential for application in the creation of a screening tool that might be used to detect PDAC; however, more information is needed. Conclusive evidence that finds this result as accurate across a larger and more diverse sample population might point toward the use of this application in diagnostic modalities. Perfusion delays represented the active form of the tumor which might be associated with VEGF-related activity. Longer perfusion time in the venous phase was directly correlated with the aggressiveness of the disease which might reflect an increased angiogenesis. In cancer, VEGF has been identified as one of the main culprits behind rapid angiogenesis which deprives healthy cells of sufficient nutrients and promotes metastases (43). Even though PDAC displays a poor perfusion, it might still have a considerable VEGF-related activity (44). Many tumors require angiogenic processes that are therapeutically targetable (45). However, this dependency indicates the demand for nutrients and oxygen exchange which is satisfied by the metabolic burden of tumor cells instead of a measure of angiogenic dependence (45). Future projects with larger patient populations might provide more insight into the relationship of PDAC aggressiveness and angiogenesis.

This was a retrospective study, which means that contact from two medical facilities from which the participant data were obtained was not standardized. As a result, several potential participants were excluded from this study due to variability in the acquisition times of images during the treatment regimens. Patients at one facility receiving a certain type of treatment may have images taken within a particular time frame after receiving treatment, while others may have images taken within a different time frame. This may cause imaging inconsistencies across the patient data that might not have been clearly documented, making it difficult to identify confounding variables and analysis less effective.



Conclusion

The clinical application of TIDC analysis is an emerging area of perfusion imaging. Previous studies have demonstrated the utility of TIDC analysis in differentiating pancreatic solid lesions using contrast-enhanced endoscopic ultrasound. However, technician-dependent ultrasound-based techniques have been shown, historically, to be difficult to standardize and can have limited accuracy. Variations in the way technicians complete their assigned imaging tasks can result in slightly different images. Similarly, differences in available imaging technologies within treatment facilities contribute to further variations in standardization. However, increased pushes for the integration of EBP within medical screening and diagnostic modalities could suggest that future efforts in this area could be better received, with a greater potential for application. Creating a unified standard set of protocols and procedures to assess multiphase CT scans is needed, regardless of instrumentation. Focus on the types of content to be included in the images, and the different views of the area should be increased in current screening methods. This information can then be translated into different diagnostic methods that can improve the effectiveness of early detection practices; however, the integration of EBP is only the first step.

TIDC analysis in six patients demonstrated a late venous perfusion delay, as compared to perfusion rates for a normal pancreas. It was hypothesized that the perfusion patterns in the late venous phase could be used to define the aggressiveness of pancreatic cancer. Our research was limited by the small sample size of the study. It was anticipated to collect and analyze data from all patient files; however, there was only enough uniformity in the imaging practices and time frames of six participants. This limitation is brought by a lack of imaging protocols with sufficient acquisition times suggesting an area in need for improvement. Several of these concerns can be decreased and possibly mitigated entirely with the integration of clear EBPs. The construction of TIDCs requires the availability of images taken from multiple phases over a longer period of time than that which is utilized most often in standard pancreatic imaging protocols. Among the study images obtained, the peak or maximum value of the curve was not visualized for pancreatic cancer images which suggests the need for extended acquisition times. It was suggested that the time-to-peak on TIDCs might provide important information about tumor aggressiveness. It might be helpful to define the precision-based imaging findings for the detection of the PDAC. Mostly patients who are diagnosed with cancer go the SOC protocol which provides the EBP clinical information.

Our preliminary results can be beneficial in acquiring more precise information for the tumor behavior using the perfusion imaging. Projects are currently underway that optimize imaging protocols for TIDC analysis in pancreatic cancer. With this study using a smaller population, we plan to take these new imaging techniques to a larger and more diverse population to test TIDC. Through the proliferation of research in this area, the creation of an early screening tool for pancreatic cancer becomes even more likely. Rahmanuddin lab is currently working on the discovery of several imaging biomarkers based on the perfusion imaging for PDAC.

Pancreatic cancer continues to have a high mortality due to the late detection and lack of effective screening methods. The novel radiomic biomarkers described here can be applied towards detecting variations in pancreatic cancer. A potential future screening tool for pancreatic cancer can involve a combination of standard imaging protocols, quantitative imaging biomarkers, and targeted molecular assays that allow the earlier detection of pancreatic cancer in high-risk patient populations. The completion of this study, combined with the efforts of other researchers in this and similar areas of research, serves as the first step in the creation of a screening tool of this nature. Using a smaller sample size, the potential effectiveness of TIDC in applications for screening was demonstrated.
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Objective

To develop and validate a computed tomography (CT)-based radiomics model for predicting tumor deposits (TDs) preoperatively in patients with rectal cancer (RC).



Methods

This retrospective study enrolled 254 patients with pathologically confirmed RC between December 2017 and December 2019. Patients were divided into a training set (n = 203) and a validation set (n = 51). A large number of radiomics features were extracted from the portal venous phase images of CT. After selecting features with L1-based method, we established Rad-score by using the logistic regression analysis. Furthermore, a combined model incorporating Rad-score and clinical factors was developed and visualized as the nomogram. The models were evaluated by the receiver operating characteristic curve (ROC) analysis and area under the ROC curve (AUC).



Results

One hundred and seventeen of 254 patients were eventually found to be TDs+. Rad-score and clinical factors including carbohydrate antigen (CA) 19-9, CT-reported T stage (cT), and CT-reported peritumoral nodules (+/-) were significantly different between the TDs+ and TDs- groups (all P < 0.001). These factors were all included in the combined model by the logistic regression analysis (odds ratio = 2.378 for Rad-score, 2.253 for CA19-9, 2.281 for cT, and 4.485 for peritumoral nodules). This model showed good performance to predict TDs in the training and validation cohorts (AUC = 0.830 and 0.832, respectively). Furthermore, the combined model outperformed the clinical model incorporating CA19-9, cT, and peritumoral nodules (+/-) in both training and validation cohorts for predicting TDs preoperatively (AUC = 0.773 and 0.718, P = 0.008 and 0.039).



Conclusions

The combined model incorporating Rad-score and clinical factors could provide a preoperative prediction of TDs and help clinicians guide individualized treatment for RC patients.





Keywords: tumor deposits, rectal cancer, radiomics, computed tomography, preoperative prediction



Introduction

Rectal cancer (RC) is one of the most common cancers and a leading cause of cancer-related death worldwide (1, 2). Tumor deposits (TDs) in RC have been shown to be an important marker of poor prognosis (3–5). This adverse association persists even in those patients with lymph node metastasis (LNM), strongly suggesting that their effect on prognosis is separate and additive (3). Detecting TDs in advance is very important for assessing prognosis of RC patients.

TDs, also called extranodal TDs, peritumoral deposits, or satellite nodules, are defined as discrete tumor foci in the pericolic or perirectal fat, without histological evidence of residual lymph node or identifiable vascular or neural structures (6, 7). According to the eighth edition of the American Joint Committee on Cancer (AJCC) TNM staging system, any T lesions with negative regional LNM and positive TDs are classified as N1c (8). Positive TDs can elevate clinical stages of RC patients. For example, a stage I patient (T1-2N0) with TDs should be reclassified and treated as stage III (T1-2N1c). The early identification of TDs is important for evaluating the stage and treatment plan.

Rectal magnetic resonance imaging (MRI), computed tomography (CT), and endorectal ultrasound are the first-line examinations in RC. However, no imaging modality has been proved to be reliable to predict TDs (9–12). Currently, the diagnosis of TDs still depends on the pathology after surgery, which is not conducive to the early evaluation of tumor characteristics (9). In recent years, radiomics has attained ability of processing medical images and understanding information invisible to human eyes, and it has been widely used in tumor research. Chen et al. (11) and Yang et al. (12) established radiomics models based on ultrasound or MRI for predicting TDs. However, the sample sizes in these studies were small (TDs+: 23-40). At present, there is still a lack of CT-based radiomics research in this field. Therefore, we aimed to evaluate predictive value of CT-based radiomics for TDs prediction in a bigger cohort of RC patients.



Materials and Methods


Patients

This study was approved by the local Institutional Review Boards (No. 2019-1159, Date: 2019/12/26), and the need for written informed consent was waived.

The institutional database of medical records was searched for suitable patients between December 2017 and December 2019. A total of 254 patients with pathologically confirmed RC (mean age 59.2 years, age range 32-86 years) were finally enrolled according to the following criteria. The inclusion criteria: (1) Patients with pathologically confirmed RC; (2) Sufficient clinical data [e.g., carcinoembryonic antigen (CEA), carbohydrate antigen (CA) 19-9, and CA125]; (3) no prior therapy before surgery. The exclusion criteria: (1) CT scanning was not performed (n = 234); (2) Image quality was poor (n = 2); (3) Lack of tumor markers (n = 8); (4) Patients with other malignant tumors besides RC; (5) Patients receiving neoadjuvant chemoradiotherapy (nCRT) (n = 73). The flowchart of patient recruitment is shown in Figure 1. The baseline characteristics and pathological data of patients are listed in Table 1. The patients were divided into two groups, namely the training set (n = 203) and the validation set (n = 51), at a ratio of 8:2 according to the scanning date.




Figure 1 | Flowchart of patients’ recruitment pathway.




Table 1 | Baseline characteristics of the study population.





CT Examination

In our hospital, the chest-abdomen-pelvis contrast-enhanced CT is routinely used in patients with clinically suspected RC for evaluating the primary tumor and metastasis. In this study, CT scanning was performed on a 128-MDCT scanner (Somatom Definition AS+, Siemens Healthcare Sector, Forchheim, Germany) and a dual-source CT system (Somatom Definition Flash, Siemens Healthcare Sector, Forchheim, Germany). Both CT scanners used the same main parameters, as shown in Supplementary Material. The radiomics features were extracted from the portal venous phase images.



Reference Standard for Pathology

TDs were pathologically proven based on surgical specimens. Pathological confirmatory reports were acquired from medical records of the Department of Pathology. The numbers of LN and TDs were calculated and reported in the pathological reports.



CT Evaluation

Two experienced radiologists (10 and 5 years’ experience in the diagnosis of RC) were assigned to review CT images, without any patient identification and clinicopathological information. Because of limited ability of CT to distinguish T1 from T2 lesions, T1 and T2 lesions were classified as one group (T1-2 group). The nodules with diameter > 3 mm within the lymphatic drainage space of RC on CT images were defined as peritumoral nodules. The inter-observer reliability of CT-reported T stage (cT) and peritumoral nodules (+/-) was evaluated by a weighted kappa statistics test. Then any disagreement between the two readers was solved by discussion during the image interpretation. The results of cT and peritumoral nodules (+/-) are shown in Table 1.



Feature Extraction and Model Building

The tumoral and peritumoral regions in all patients were separately drawn slice by slice to obtain intra- and peritumoral features (Figure 2). The radiologists selected 20 patients randomly for evaluating feature stability. For the intra-class correlation analysis, one radiologist drew volumes of interest (VOI) twice (one month apart). The inter-observer correlation coefficient was calculated by comparing VOIs of radiologist 1 (first time) and radiologist 2. It is commonly admitted that intra- and inter-class correlation coefficient (ICC) < 0.5 indicates poor reliability, 0.5 - 0.75: moderate reliability, and > 0.75: good or excellent reliability (13). Thus, the features with ICC ≤ 0.75 were excluded.




Figure 2 | Radiomics workflow.



The CT images were resampled to a pixel spacing of 1.0 mm in three anatomical directions. High-pass and low-pass wavelet filters, Laplacian of Gaussian (LoG) filters with different σ parameters, and the other image transformation methods such as square, square root, logarithm, exponential, gradient, lbp2d, and lbp3 were employed to pre-process original images. Then, we extracted radiomics features (i.e., the first-order, shape, and texture features) by using PyRadiomics (14). The texture features included the following types: the gray-level co-occurrence matrix (GLCM), the gray-level run-length matrix (GLRLM), the gray-level size zone matrix (GLSZM), and the gray-level dependence matrix (GLDM). Finally, a total of 2107 features were extracted from original and filtered images. To eliminate the differences in the value scales, all features were normalized by the z-score analysis. Redundant features were randomly removed by correlation analysis with a threshold of 0.5. Then different feature-selection and machine-learning methods were combined to form 84 classifiers, as shown in Supplementary Material. The optimal parameters of radiomics were adjusted to output the best classifier (Rad-score).

The Rad-score and clinical factors were assessed by the univariate logistic regression analysis. The features revealed as statistically significant were then involved into the multivariate logistic regression analysis for constructing the combined model. A nomogram was generated for the model visualization, graphical evaluation of variable importance, and the calculation of predictive accuracy. The Hosmer-Lemeshow test was performed to assess the goodness-of-fit of the nomogram. A calibration curve, obtained by plotting the actual TDs+ probability against the nomogram-predicted probability of TDs+, was used to assess the calibration of the nomogram (15). Decision curve first introduced in 2006 by Vickers et al. (16) was used to evaluate clinical utility of the nomogram. The receiver operating characteristic curve (ROC) analysis was performed to assess the predictive performance of the models.



Statistical Analysis

Student’s t test, non-parametric test, chi-squared test, and Fisher’s exact test (where appropriate) were used to analyze differences of baseline characteristics in Table 1. The area under the ROC curve (AUC) was compared by Delong’s test. The software used in this study included SPSS 21.0 software (IBM), Python 3.6, Stata 15.0, and Medcalc 15.2.2. The confidence level was set at P < 0.05.




Results


Patients’ Characteristics

A total of 254 patients were enrolled in this study, in which 117 patients were TDs+. As shown in Table 1, there were significant differences in volume (P = 0.042), cT (P < 0.001), peritumoral nodules (+/-) (P < 0.001), CEA (P = 0.006), CA19-9 (P < 0.001), and pathological factors [i.e., T stage (P < 0.001), N stage (P < 0.001), and grade (P = 0.008)] between the TDs+ and TDs- groups. Between the training and validation cohorts, there was a significant difference in gender. The weighted kappa coefficients of cT and peritumoral nodules (+/-) between two radiologists were 0.656 [95% confidence interval (CI): 0.570-0.741] and 0.679 (95%CI: 0.584-0.774) in the whole cohort, which showed substantial consistency according to the generally accepted knowledge: 0.41-0.60, moderate, 0.61-0.80, substantial, and 0.81-1.00, almost perfect (17).



Feature Selection and Model Building

For the consistency test of VOIs, 1490 tumoral and 1605 peritumoral features had good reliability with ICC > 0.75. Rad-score involving 10 peritumoral and 3 tumoral features was finally established by the logistic regression analysis. The 13 features and their coefficients are shown in Supplementary Material. Rad-score had statistical difference between the TDs+ and TD- groups (0.60 ± 0.19 vs 0.42 ± 0.20, P < 0.001).

A clinical model was composed of three factors selected by the logistic regression analysis, namely CA19-9, cT, and peritumoral nodules (+/-). The combined model was built by adding Rad-score to the clinical model [odds ratio (OR) = 2.378 for Rad-score, 2.281 for cT, 4.485 for peritumoral nodules (+/-), and 2.253 for CA19-9], as summarized in Table 2. Although volume and CEA were significantly different between the TDs+ and TDs- groups, they were both excluded by the multivariate logistic regression analysis (Table 2).


Table 2 | Risk factors selected by the logistic regression analysis.



A nomogram was generated for visualizing the combined model (Figure 3). In the nomogram, the point for each variable on the corresponding axis can be added to determine the risk of TDs+. Higher total score was associated with greater risk of TDs+. The combined model had a good fit according to the Hosmer-Lemeshow test (P = 0.642 > 0.05). The calibration curve of the nomogram demonstrated a good agreement between the predicted probability and actual observed probability (Figure 4A), because the solid line was close to the reference line (dotted line). However, this model underestimated actual risk of TDs+ (the range of the threshold probability: 30%-75%) and overestimated risk when threshold probability > 75%. The decision curve was performed to assess clinical usefulness of the combined model (Figure 4B), showing that the combined model obtained more benefit than “treat all”, “treat none”, Rad-score, and the clinical model, when the threshold probability was between 18% and 70%.




Figure 3 | Nomogram developed in the training cohort.






Figure 4 | Fit and usefulness evaluation of the nomogram. (A) Calibration curve of the nomogram. The calibration curve depicts the calibration of the model in terms of the agreement between the predicted risk of TDs (x axis) and observed outcomes of TDs (y axis). The blue solid line represents the performance of the nomogram (Note: a closer fit to the diagonal dotted line represents a better prediction). (B) The decision curve demonstrates that the model obtains more benefit than “treat all”, “treat none”, Rad-score, and the clinical model, when the threshold probability is in the range of 18% to 70%.





Model Comparisons

The AUCs of the clinical model were 0.773 (95%CI: 0.709-0.829) in the training cohort and 0.718 (95%CI: 0.575-0.835) in the validation cohort. Rad-score had similar AUCs with the clinical model (0.747, 95%CI: 0.681-0.805 and 0.717, 95%CI: 0.574-0.835). Improved predictive value was achieved by adding Rad-score to the clinical model. In detail, the AUCs of the combined model were higher than those of the clinical model in the training and validation cohorts (0.830 and 0.832; P = 0.008 and 0.039). As shown in Table 3 and Figure 5.


Table 3 | ROC analyses of the models in the training and validation cohorts.






Figure 5 | Comparisons of ROC curves. (A) in the training cohort. (B) in the validation cohort. The combined models had higher AUCs (0.830 and 0.832) than the clinical model (0.773 and 0.718).





Subgroup Analyses

The results of subgroup analyses were listed in Table 4. In our study, there were 35 patients with N1c in the TDs+ group. The values of the combined model were significantly different between the N1c group and the rest TDs+ (n = 82) (0.55 ± 0.27 vs 0.69 ± 0.19, P = 0.002). However, the clinical model had no significant difference between them (P = 0.113). For differentiating N1c from TDs- patients, the combined model had an AUC of 0.741 (95%CI: 0.669-0.805), which was not significantly higher than that of the clinical model (0.711, 95%CI: 0.637-0.778; P = 0.326). In the rest TDs+ group, the combined model outperformed the clinical model in identifying TDs+ from TDs- patients (AUC = 0.864 vs 0.781, P < 0.001).


Table 4 | Subgroup analyses of the models in the whole cohort.



In TDs+ group, there were 77 patients with 1-2 TDs and 40 patients with ≥ 3 TDs. The group with ≥ 3 TDs had higher values of both combined and clinical models than the 1-2 TDs group (P = 0.015 for combined model, and 0.08 for the clinical model). Moreover, the combined model outperformed the clinical model in both 1-2 and ≥ 3 TDs+ groups when differentiating TDs+ from TDs- patients (both P = 0.005).

The patients with peritumoral nodules on imaging were all classified as clinical stage III in this study. The combined model had moderate diagnostic performance (AUC = 0.771, 95%CI: 0.701-0.831) in the stage III patients. As for patients without peritumoral nodules on imaging, the combined model also showed moderate diagnostic performance with an AUC of 0.751. As for patients with different pathological T stages, the combined model had similar AUCs between the T1-2 and T3-4 groups (0.740 and 0.789).




Discussion

In this study, a combined model incorporating Rad-score, CA19-9, cT, and peritumoral nodules (+/-) was established based on CT in a bigger cohort (compared with the previous studies), showing potential to predict TDs in RC. This combined model outperformed the clinical model in predicting TDs (AUC = 0.830 vs 0.773, P = 0.008 in the training cohort; 0.832 vs 0.718, P = 0.039 in the validation cohort), indicating that adding Rad-score to the clinical factors improved the predictive value.

TDs are an important prognostic factor in RC. A meta-analysis reported that a total of 21 included studies all found a significantly worse prognosis in patients with TDs (3). Goldstein et al. (18) found that when patients with differing numbers of LNM were assessed separately, those with TDs still demonstrated a worse prognosis. For example, with one positive node 5-year survival was 62% with no TDs detected versus 44% with TDs. When six or more LNs were involved 5-year survival was 16% without TDs versus 3% with TDs. This result strongly suggests that the effect of TDs on prognosis is separate from that of LNM. Thus, preoperative prediction of TDs is of great significance to assess the prognosis of patients with LNM or without LNM (N1c). The selection of treatment strategies mostly depends on cancer staging. According to the eighth edition of the AJCC TNM staging system, the presence of TDs without LNM causes patients to be classified as N1c, and these patients are staged as III. That is, once TDs are present, nCRT is recommended. If TDs status is absent pretherapeutically, the treatment plan may be misguided.

Traditional imaging techniques, such as CT, MRI, and US, that depend on the naked eye cannot reliably assess the condition of TDs. Recently, radiomics has appeared as a potent tool for constructing decision-support models. Researchers have started to use radiomics to predict TDs in RC. Chen et al. (11) developed a ultrasound radiomics model with an AUC of 0.795 in a cohort of 127 patients (TDs+: n = 40). Yang et al. (12) established a MRI-based radiomics model in 139 RC patients (TDs+: n = 23), which had an AUC of 0.820. Our results showed a comparable AUC with the previous studies in a bigger cohort (254 patients; TDs+: n = 117). We included T stage in the combined model, which was consistent with Yang et al. (12). Different from Yang et al. (12) [two-dimensional (2D) region of interest (ROI)], we established the model based on 3D ROI, namely VOI. 2D ROI did not cover the whole lesion, and thus some information of tumor heterogeneity may be lost.

In this study, “peritumoral nodule” was defined as any nodule (diameter > 3 mm) within the lymphatic drainage space of RC, involving LNM and TDs. The CT-reported factors (i.e., cT and peritumoral nodule) were reviewed by two experienced radiologists, and thus reliable data were acquired. The volume in the TDs+ group was larger than that of the TDs- group (median: 15.1 vs 12.0 cm3), which was consistent with the conclusion of Wei et al. (19). Although elevated CEA was found in the TDs+ group, CEA was not included in the combined model. Peritumoral features accounted for the majority of features in Rad-score (10/13, 76.9%), suggesting the important role of environment around the rectum in the formation of TDs (20).

Although AJCC has not correlated a higher number of TDs with staging, which is unlike LNs (e.g., N1: 1 to 3 regional LNs, N2: ≥ 4 regional LNs) (8). Several authors have found a significant relationship between an increasing number and worsening of prognosis (18, 21, 22). For example, in patients with ≥ 3 TDs, none was alive at 5-year follow up. It is worthy of note that this is significantly worse than patients who had similar number of LNM (in fact even those with ≥ 6 positive LNs had a 5-year survival of 11%). In our study, the group with ≥ 3 TDs had higher value of the combined model than the 1-2 TDs group (P = 0.015), indicating that the combined model was helpful for predicting the number of TDs. Moreover, the N1c group had lower value of the combined model than the rest TDs+ group (P = 0.002), suggesting possibility of the combined model for predicting N1c. In the future, a large multicenter study is certainly needed to confirm these observations.

The patients with peritumoral nodules on imaging were all classified as clinical stage III in this study. The combined model had moderate diagnostic performance in the stage II and III patients, indicating the good stability of the model. There were 78 patients without peritumoral nodules on imaging, in which 14 patients were TDs+. Because of the small sample size, the diagnostic performance of the combined model (AUC = 0.751) was not accurate here. More cases are needed to verify this result.

Our study had several limitations. First, the selection bias existed due to the retrospective design. Second, prospective and external validation was not performed. Third, because it is impossible to achieve one-to-one correspondence between pathological and radiological peritumoral nodules in this study, we delineated the whole peritumoral area in the lymphatic drainage space of RC. Finally, we excluded nodules with diameter < 3 mm on imaging, while there was still a risk of TDs in these small nodules (23).

In conclusion, the CT-based radiomics model is helpful for the preoperative prediction of TDs in RC patients.
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Fibroblast activation protein (FAP), overexpressed on cancer-associated fibroblasts (CAFs), is a novel target for molecular imaging of various tumors. Recently, the development of several small-molecule FAP inhibitors for radiolabeling with 68Ga has resulted in the emergence of studies evaluating its clinical role in cancer imaging. Preliminary findings have demonstrated that, in contrast to radiotracers taking advantage of cancer-specific targets such as PSMA and DOTATATE, FAPs as a target are the most promising that can compete with 18FDG in terms of widespread indications. They also have the potential to overcome the shortcomings of 18FDG, particularly false-positive uptake due to inflammatory or infectious processes, low sensitivity in certain cancer types, and radiotherapy planning. In addition, the attractive theranostic properties may facilitate the treatment of many refractory cancers. This review summarizes the current FAP variants and related clinical studies, focusing on radiopharmacy, dosimetry, and diagnostic and theranostic applications.
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Introduction

Historically, cancer imaging has focused on morphological anatomy, as opposed to molecular imaging, which targets physiological activity in a specific tissue by utilizing modalities that use certain probes to overcome the poorly reflected biology of cancer by anatomical imaging. In this regard, the association between glycolysis and cancer cell metabolism has well been translated into PET imaging in cancer, and 18F-FDG PET/CT has revolutionized cancer imaging and gained widespread acceptance for managing various malignancies. More than 40 years of success of 18F-FDG has also led to the successful integration of specific radiotracers such as 68Ga-labeled somatostatin analogs and prostate-specific membrane antigens (PSMA) into clinical practice (1) in the last decade, resulting in an exponentially decreasing timeframe for widespread acceptance. Similarly, the recent emergence of radiolabeled fibroblast activation protein (FAP) inhibitors (FAPI) with pan-cancer targeting features hints at relatively rapid adoption. FAPs are overexpressed by cancer-associated fibroblasts (CAFs) found in the tumor stroma of various cancers, and several radiolabeled FAPI variants have already been introduced as promising targets for PET/CT imaging (2–6). The excellent imaging contrast, low activity in normal organs, and theranostic potential are encouraging; however, activated fibroblasts in benign conditions with inflammatory and wound-healing processes can also express FAPs. This review summarizes the pathophysiology of FAPs and clinical implications of FAP-targeted PET/CT data in malignant diseases focusing on radiopharmaceuticals and dosimetry. In this regard, a search of PubMed, MEDLINE, and Scopus databases with one or more combinations of the following terms: “FAPI”, “FAPI PET”, “cancer-associated fibroblast”, “fibroblast activation protein”, and “fibroblast activation protein inhibitor” was performed. All papers in English were evaluated and were included if they fell within the scope of this review.



Physiology and Pathology

FAP is a type II transmembrane serine protease expressed in activated tumor stroma and inflamed tissues during wound healing (7). Overexpression has been seen in most epithelial cancers, especially in tumors with a high degree of desmoplasia (8). FAP is not overexpressed by tumor cells themselves; it is overexpressed by CAFs that are responsible for tumor growth, aggressiveness, and migration, which consist of a high tumor volume within the tumor stroma (9); thus, a high expression of FAP on CAFs may be considered a factor of aggressiveness of tumor behavior and poor prognostication (10). The tumor microenvironment (TME) plays a crucial role in the survival, proliferation, and spread of tumor cells (11). FAP is overexpressed on the cancer-related fibroblast cell membrane and TME stromal cells. On the other hand, FAP is barely expressed in healthy adult tissues, except uterine stroma, particularly in the proliferative phase, pancreatic alpha cells, human placenta, and some dermal fibroblasts (12). Because of minimal expression in normal tissue, labeled FAP via radiopharmaceuticals is seen as a promising target in diagnosis as well as therapy in oncology (13).



Radiopharmaceuticals and Dosimetry

It has been over 30 years since Garin‐Chesa et al. proposed the surface glycoprotein of reactive stromal fibroblasts as potential antibody targets in human epithelial cancer (14). Consecutive attempts for imaging FAPs (15) acknowledged the disadvantages and challenges of the initial compounds, leading to the introduction of small-molecule FAP inhibitors with more favorable characteristics, particularly increased selectivity and affinity (16, 17). The preliminary human applications using the early FAP inhibitor, namely FAPI02, demonstrated high tumor specificity but declining uptake over time. Consequently, Lindner et al. (18) evaluated a group of novel tracers derived from FAPI02 to improve tumor uptake and retention and accordingly proposed FAPI04 as a more suitable tracer with the potential for theranostic applications. A dosimetry study including 50 patients with various cancers by Giesel et al. also confirmed the higher tumor retention time of 68Ga‐FAPI04 than 68Ga‐FAPI02. The estimated effective doses for 68Ga‐FAPI04 and 68Ga‐FAPI02 PET/CT were reported as 1.80E−2 mSv/MBq and 1.64E−2 mSv/MBq, respectively, which is similar to that of clinically established PET imaging procedures. These values are comparable or lower than the effective dose of PET/CT imaging with 18F-FDG (1.9E−2 mSv/MBq) (19), 68Ga-labeled somatostatin analogs (2.1E−2 mSv/MBq) (20), and 68Ga-PSMA (1.71E−2–2.3E−2 mSv/MBq) (21).

Further research on FAPI molecules has been conducted to improve the therapeutic efficacy through higher-dose delivery. Higher tumor-to-organ/blood ratios achieved with FAPI21 and FAPI46, as reported by Loktev et al. (3), were promising; however, due to increased uptake of FAPI21 in the oral mucosa, thyroid, and salivary glands, FAPI46 was presumed more favorable. Accordingly, clinical imaging studies with 68Ga-FAPI46 in a cohort of 69 patients by Ferdinandus et al. (22) and six patients by Koerber et al. (20) have demonstrated encouraging results. Another novel FAP inhibitor with a different structure based on the squaric acid motif, DOTA.SA.FAPi has also been introduced (23). Human studies also confirmed high target-to-background ratios achieved with colorectal cancer xenograft mouse model in a cohort of 54 patients (24). The mean effective dose equivalent was 1.64E−2 mSv/MBq, similar to other FAPI PET studies.

Most FAP inhibitors have been labeled using the DOTA derivatives; nevertheless, NOTA chelators have also been studied. A FAP inhibitor, FAPI74, which allows labeling with 18F and 68Ga, has also been studied in a cohort of 10 patients (4). High contrast imaging and low radiation burden using 18F-FAPI74 were reported (effective dose rate of 1.4E−2 mSv/MBq). Wang et al. (6) also introduced a NOTA-FAPI, Al18F-NOTA-FAPI, with comparable affinity with several other FAPI probes. They reported successful imaging of 10 cancer patients and calculated the whole-body effective dose of 1.24E−02 mSv/MBq. Another FAPI molecule that allows 18F labeling is the glycosylated FAP inhibitor (18FFGlc-FAPI). Toms et al. (25) evaluated 18FFGlc-FAPI in the preclinical setting and proposed it as a candidate that can take advantage of extended PET imaging provided by the longer physical half-life of 18F and higher tumor retention of Glc-FAPI. The only non-PET radiotracer is reported by Linder et al. (23). The authors have studied novel FAPI variants for labeling using the theranostic pair, 99mTc, and 188Re. FAPI34 was labeled with 99mTc, and SPECT scans of two patients were comparable with PET imaging with 68Ga-FAPI46.

Despite the enthusiasm that FAPI agents have gained in cancer imaging, the experience on targeted radionuclide applications is mainly restricted to a small number of cases. Thus, data on effective dose rates for therapeutic radionuclides is far limited. In the clinical setting, two metastatic breast cancer patients tolerated treatments very well with 177Lu-DOTA.SA.FAPi (26) and 90Y-FAPI0418, and preliminary results indicated that the treatment was safe. Linder et al. (23) and Kratochwil et al. (27) have treated two patients with 90Y-FAPI46 and one with 153Sm-FAPI46; however, no dosimetric results were reported. Despite the preliminary patient reports on FAP-targeted radionuclide treatments, the data on dosimetry of normal organs is still lacking. Recently, Kuyumcu et al. (28) reported estimated radiation-absorbed doses to normal organs using low-dose 177Lu-FAPI04. The estimated radiation dose to critical organs was significantly low compared with clinically established targeted radionuclide therapies, particularly 177Lu-DOTATATE and 177Lu-PSMA. Bone marrow was the dose-limiting organ, and the authors concluded that up to 50 GBq of cumulative activity could be tolerated. These results are expected regarding the high image contrast; however, the relatively short tumor retention time requires dose increase to achieve tumoricidal effects. Therefore, further research is necessary to optimize the therapeutic efficacy and determine the safety of high-dose radionuclide treatments. Baum et al. (29) reported comparable estimated radiation dose to critical organs using 177Lu-labeled FAP-2286; however, a higher radiation dose to tumoral lesions was achieved, justifying further investigation.



Fibroblast Activation Protein-Targeted Imaging in Oncology

Early clinical trials have evaluated patient groups with various cancers. In 2018, the first PET imaging of FAPs in three patients was reported by Loktev et al. (30) as a proof-of-concept study. Tracer uptake with a high tumor-to-background ratio was noted in breast, lung, and pancreatic cancers. Consequently, Kratochwil et al. (31) from the same team reported the remarkable 68Ga-FAPI PET/CT results of 80 cancer patients with 28 different tumor types. The uptake values highly varied between different tumor types as well as individuals. The highest uptake of 68Ga-FAPI (SUVmax >12) was detected in sarcoma, esophageal, breast, cholangiocarcinoma, and lung cancer patients, while pheochromocytoma, renal cell, differentiated thyroid, and gastric cancers were the lowest (SUVmax <6). The low background activity resulted in excellent image contrast despite the intratumoral and interindividual variability even with low tumor activity. In a preliminary study, Giesel et al. (2) evaluated different FAPI variants in a cohort of 50 cancer patients. Similarly, high 68Ga-FAPI uptake was observed in esophageal, pancreatic, head and neck, nonsmall cell lung, and colon cancers in contrast to low or no uptake in dedifferentiated thyroid cancer. The authors have demonstrated the first comparative evaluation of 68Ga-FAPI PET/CT imaging with 18FDG PET/CT in six patients as distinct from other preliminary studies.

Chen et al. (32) compared 68Ga-FAPI04 PET/CT with 18FDG PET/CT in a larger cohort of 75 patients. 68Ga-FAPI04 PET/CT was superior to 18FDG PET/CT in newly diagnosed 54 patients with 12 tumor types. Similarly, 68Ga-FAPI04 was superior in 21 patients with eight cancer types who underwent PET/CT for restaging. The uptake of 68Ga-FAPI04 was significantly higher and resulted in high contrast images with the highest uptake in sarcoma, pancreatic, liver, and esophageal cancers. Ten patients with high FAPI04 uptake were negative on 18FDG PET/CT, particularly hepatocellular, gastric, and pancreatic cancers. The sensitivity of 68Ga-FAPI04 PET/CT was significantly higher than 18FDG in detecting bone, visceral, and lymph node metastases; however, the specificity was lower. Therefore, false positivity also applies to 68Ga-FAPI04 as a potential diagnostic pitfall and requires careful evaluation. However, 68Ga-FAPI04 PET/CT outperformed 18FDG PET/CT in patients with liver metastasis and peritoneal carcinomatosis. Another comparative study by Chen et al. (33) evaluated 68 cancer patients with inconclusive 18FDG-PET/CT findings. Fifty-nine of the patients had histopathologically confirmed malignant disease, and most of the FDG-negative or inconclusive patients, mainly gastric and liver cancers, presented significantly increased 68Ga-FAPI04 uptake. Higher uptake was also noted with peritoneal carcinomatosis, liver, and skeletal metastases. On the other hand, despite high 18FDG uptake in the metastatic brain lesions, the tumor-to-background ratio on 68Ga-FAPI04 PET/CT was higher due to lack of background activity. The authors have highlighted the complementary role of 68Ga-FAPI04 imaging in patients with inconclusive 18FDG PET/CT findings.

The encouraging results of studies investigating various cancers have led to the emergence of 68Ga-FAPI PET studies in specific cancer types. Head and neck cancers are among the most investigated cancers as a target of FAP-directed PET imaging. In a cohort of 45 patients with nasopharyngeal cancers, 68Ga-FAPI04 PET/CT was superior to 18FDG PET/CT in detecting primary tumors, lymph nodes, and metastatic disease, resulting in management changes in 18% of the patients (34). Qin et al. (35) compared 68Ga-FAPI04 with 18FDG PET/MR in 15 patients with nasopharyngeal carcinoma. 68Ga-FAPI04 uptake in the primary tumors was lower than 18FDG uptake, although not statistically different. On the other hand, lower 68Ga-FAPI04 uptake in the metastatic lymph nodes was statistically significant; however, 68Ga-FAPI04 imaging outperformed 18FDG in detecting unknown distant metastases and improved primary tumor delineation for differentiation of skull-base and intracranial invasion. Another study (36) evaluated 14 patients with head and neck cancers and compared 68Ga-FAPI04 PET/CT with 18FDG-PET/CT for differentiating between healthy and tumor tissue. In a cohort of 12 patients with adenoid cystic carcinomas, Röhrich et al. (37) reported that 68Ga-FAPI PET/CT increased staging accuracy. 68Ga-FAPI04 PET/CT was also proposed as a feasible imaging method in 10 patients with oral squamous cell carcinoma by Linz et al. (38), although they did not reach a firm conclusion.

Another cancer group of interest for FAP-targeted imaging is the gastrointestinal malignancies. The advantages of 68Ga-FAPI04 over 18F-FDG PET/CT in the imaging of esophageal cancer were reported as single-case studies (39, 40) and two small cohort studies which investigated the potential of 68Ga-FAPI04 PET/CT on target volume delineation for radiotherapy planning. Overexpression of FAPs in gastric carcinomas has also been demonstrated (41–43). Quin et al. investigated 20 gastric cancer patients and described the superiority of 68Ga-FAPI04 PET/MR over 18F-FDG PET/CT in visualizing the primary tumors and most metastatic lesions (44). Pang et al. (45) evaluated 68Ga-FAPI04 PET/CT of 20 patients with gastric carcinoma and reported higher detection rates and mean SUVmax than 18FDG PET/CT. The authors have also evaluated patients with duodenal (n = 2) and colorectal cancers (n = 13). The duodenal adenocarcinomas were 18FDG negative and demonstrated 68Ga-FAPI04 uptake. On the other hand, 68Ga-FAPI04 and 18FDG PET/CT detected all primary lesions in colorectal cancer patients; however, significantly higher SUVmax and higher tumor-to-background contrast resulted in more precise tumor delineation. In an investigation into lower gastrointestinal tract tumors, Koerber et al. (20) evaluated the role of FAPI PET/CT in colon, sigmoid, rectal, and anal cancers. The authors concluded that primary and metastatic tumors could be accurately detected by 68Ga-FAPI PET/CT changing TNM status and disease management. Peritoneal carcinomatosis patients (n = 46) were evaluated by Zhao et al. (46), and the authors reported sensitivity of 68Ga-FAPI04 PET/CT superior to 18F-FDG PET/CT in detecting diffuse or nodular type disease. They also noted that significantly higher tracer uptake was mainly observed in peritoneal carcinomatosis from gastric cancer.

The characteristics of FDG uptake in primary liver malignancies are unpredictable, particularly in hepatocellular carcinoma (HCC) due to factors such as low metabolism and physiological liver activity (47). In a cohort of 17 patients, Shi et al. reported higher 68Ga-FAPI04 uptake in malignant liver nodules than in benign nodules (48). The authors have also evaluated hepatocellular carcinoma (n = 14) and intrahepatic cholangiocarcinoma (n = 3) patients in another study (49) and concluded the superiority of 68Ga-FAPI04 PET/CT over 18F-FDG PET/CT in the detection of primary hepatic malignancies. Guo et al. (50) confirmed the superiority of 68Ga-FAPI04 PET/CT in 20 patients with hepatocellular carcinoma and 12 patients with intracellular cholangiocarcinoma with a sensitivity equivalent to that of contrast-enhanced CT and MRI. They also reported two patients with benign nodules that were 68Ga-FAPI negative and highlighted its potential in differentiating benign from malignant lesions. Similarly, the ability of dynamic 68Ga-FAPI04 PET/CT in differentiating HCC from non-HCC lesions has also been demonstrated in a brief report (51). 68Ga-FAPI04 PET/CT was compared with contrast-enhanced CT in 19 pancreatic ductal adenocarcinoma patients, and 68Ga-FAPI04 PET/CT results changed TNM staging in 10 patients. However, the authors have noted challenges of differentiating pancreatitis from adenocarcinoma (52). In another study, Liermann et al. (53) compared 68Ga-FAPI04 PET/CT with ceCT in seven recurrent pancreatic patients for radiotherapy planning. However, both studies did not use 18F-FDG PET/CT for comparison.

In a study by Komek et al. (54), the authors compared the 68Ga-FAPI04 with 18F-FDG PET/CT of 20 breast cancer patients and concluded that 68Ga-FAPI04 was superior to 18F-FDG in detecting the primary tumor and the metastatic lesions with high sensitivity and tumor-to-background ratio. In a study by Dendl et al. (55), investigating patients with various gynecological malignancies, 14 patients had breast cancer, and the authors have reported strong to moderate FAP expression in the stroma of breast carcinomas. FAP expression in ovarian (n = 9), cervical (n = 4), endometrial (n = 2), and tubal cancers (n = 1) in addition to one patient with uterine leiomyosarcoma was also investigated. High tracer uptake and low background activity in gynecological tumors resulted in excellent image contrast compared with 18F-FDG, and the authors recommended further research on clinical applications.

Koerber et al. (56) evaluated the role of 68Ga-FAPI imaging in a cohort of 15 patients diagnosed with various sarcoma subtypes. The excellent tumor-to-background ratio was achieved in primary tumors and metastases, including low-grade sarcomas, where 18F-FDG PET/CT has limitations. Accordingly, 68Ga-FAPI PET/CT was highlighted as a promising probe with the potential for the theranostic approach. Kessler et al. (57) evaluated 47 patients with bone or soft tissue sarcomas and measured a significant association between tracer uptake and histopathological FAP expression. High sensitivity and PPV of FAPI PET resulted in upstaging in eight (13%) patients and management change in 13 (30%) patients compared with FDG-PET.

18F-FDG PET/CT has a limited role in diagnosing malignant brain tumors and is particularly useful in distinguishing recurrent tumors from radiation necrosis. On the other hand, lack of background activity in FAP-targeted imaging provides high image contrast, and this advantage over FDG PET has been addressed in various reports, particularly for brain metastases. Regarding primary brain tumors, two studies have evaluated FAP-targeted imaging for glioblastomas. Windisch et al. (58) has studied 14 glioblastoma patients in the setting of radiotherapy planning. A diagnostic study by Rohrich et al. (59) in 18 glioma patients evaluated FAP-specific imaging as a promising new tool to differentiate between low-grade and high-grade diseases. In this regard, PET imaging of FAPs may potentially be used as a noninvasive probe for predicting malignant progression of IDH-mutant WHO grade II gliomas to grades III and IV over time, which may have severe therapeutic consequences.

18F-FDG PET/CT has a well-established impact on high-grade lymphoma management; however, its role in indolent, low-grade disease is controversial. Recently, Jin et al. (60) investigated 11 Hodgkin lymphoma and 62 non-Hodgkin lymphoma patients, and increased radiotracer uptake was observed in Hodgkin lymphoma. Indolent lymphomas showed mild uptake in contrast to aggressive non-Hodgkin lymphomas with high uptake, which resulted in a positive association between the corresponding clinical classification of non-Hodgkin lymphomas.

In a recent meta-analysis, Sollini et al. (61) evaluated 23 studies that included 17 oncologic and six non-oncologic articles to evaluate the potential role of 68Ga-FAPI imaging. They found that the superiority of 68Ga-FAPI over 18F-FDG was observed especially in abdominal cancers in detecting either the primary tumor or the nodal and distant metastases. They demonstrated estimated pooled sensitivity and specificity of patient-based 68Ga-FAPI imaging were 0.99 (95% CI, 0.97–1.00; I2 = 0.00%; p = 0.75) and 0.87 (95% CI, 0.62–1.00; I2 = 0.00%; p = 0.51) with negligible heterogeneity, respectively. On the contrary, the lesion-based analysis revealed high heterogeneity in sensitivity and specificity. Meanwhile, pooled sensitivity for the primary tumor and distant metastases was found 1.00 (95% CI, 0.98–1.00; I2 = 0.00%; p = 0.51) and 0.93 (95% CI, 0.88–0.97; I2 = 0.00%; p = 0.41) with negligible heterogeneity, respectively, whereas pooled sensitivity and specificity of nodal metastases had high heterogeneity (I2 = 89.18% and I2 = 95.74). Consequently, FAPI PET was demonstrated as a promising radiopharmaceutical, especially in some malignancies with low FDG uptake in the primary tumor or its metastasis. Table 1 summarizes the studies evaluating FAP-targeted imaging and Figure 1 illustrates intraindividual comparison of 18FDG and 68Ga-FAPI04 PET/CT in various cancer entities.




Figure 1 | Intraindividual comparison of 18F-FDG and 68Ga-FAPI04 PET maximum-intensity projection images of seven patients with various histopathologically proven tumors. The uptake of 68Ga-FAPI04 is superior or equal to 18F-FDG in the metastatic lesions.




Table 1 | Summary of studies evaluating FAP-targeted imaging of various cancer types.





Radiotherapy Planning

Radiotherapy can be used as neoadjuvant or adjuvant therapy in many tumors. Accurate tumor delineation is the most critical part of therapy planning because it directly affects therapy response. Although computed tomography (CT) is the most commonly used modality, numerous studies in literature showed that 18F-FDG PET/CT could be used for delineating metabolic tumor volume to predict tumor response and tumor delineation for radiotherapy planning (62, 63). On the other hand, there is no consensus on the optimal method with 18F-FDG PET/CT imaging because of false-positivity/negativity-like infection/inflammation or masking of the FDG uptake due to tumor location. For this reason, FAPI PET/CT can be a useful alternative radiopharmaceutical to 18F-FDG in radiotherapy planning.

Currently, a limited number of articles are available related to radiotherapy planning in the literature. In one of these, Zhao et al. compared the usefulness of 68Ga-FAPI with 18F-FDG PET/CT imaging in evaluating gross tumor volume (GTV) delineation in 21 locally advanced esophageal cancer patients (64). They showed that 68Ga-FAPI had significantly higher radiotracer uptake than 18F-FDG, especially when the primary tumor was in the middle or lower thoracic esophagus. Moreover, the authors showed that 68Ga-FAPI PET/CT had a higher success rate than 18F-FDG PET/CT for detecting metastatic lymph nodes. In addition to this study, Ristau et al. also evaluated the impact of primary staging with 68Ga-FAPI PET/CT on radiotherapy planning in esophageal cancer patients (65). They showed that primary tumors demonstrated high FAPI uptake with excellent tumor-to-background ratios that resulted in accurate target volume delineation.

Syed et al. compared GTV between 68Ga-FAPI PET/CT and conventional radiologic imaging methods such as contrast-enhanced CT and MRI in head and neck cancer in 14 patients (36). Of these, two patients had taken additive radiotherapy after surgical resection for macroscopic residual tumors, whereas the rest of the 12 patients received radiotherapy in the definitive setting with a prior biopsy for histopathological confirmation. They have used four different thresholds (three-, five-, seven-, and tenfold increased uptake) of FAPI uptake in the primary tumor and normal tissue. Eventually, the authors showed that primary tumors had high FAPI avidity, while low background uptakes were shown in healthy tissues in the head and neck region. GTV was found to have significant disparities between all threshold levels of FAPI-GTV to CT-GTV. Also, Röhrich et al. compared the clinical potential of conventional imaging and 68Ga-FAPI PET/CT for staging and radiotherapy planning in a total of 12 (seven primary, five recurrent) adenoid cystic carcinoma patients in the head and neck region (37). They demonstrated that 68Ga-FAPI PET/CT led to upstaging in two of 12 patients and to the detection of additional metastases in three patients and thus staging was altered in 42% of patients with 68Ga-FAPI PET/CT. Moreover, they showed that when compared with conventional imaging, the accuracy of target volume delineation for radiotherapy improved with FAPI PET. In addition, in a pilot study, 13 glioblastoma patients who were candidates for radiotherapy were evaluated with FAPI PET compared with MRI (58). FAP-specific GTV was created using a five-, seven-, and tenfold threshold of increased uptake compared with normal tissue, and MRI-specific GTV was created based on T1-weighted images. They demonstrated that FAP-specific GTV were significantly different from the MRI-GTV for FAP fivefold threshold but not with FAP seven- and tenfold thresholds. FAP-specific PET target volume delineation was not found covered by MRI-GTVs in this study. All of these studies need to be supported by further studies with larger sample sizes.



Theranostics

FAP-targeted diagnostic imaging has so far shown promising potential for a broad spectrum of cancers. However, taking theranostic properties and low tracer uptake in nontarget organs into account, the possibility of radionuclide treatments of cancers that are currently not in the scope of nuclear medicine is most appealing. The knowledge of theranostic applications using therapeutic radionuclides such as 177Lu, 90Y, and 225Ac in metastatic neuroendocrine and prostate cancers will likely accelerate new research data on FAP-targeted radionuclide treatments. Still, the therapeutic applications are limited. The first reported FAP-targeted radionuclide treatment using 90Y-FAPI04 was administered to a metastatic breast cancer patient by Lindner et al. (18). The posttreatment bremsstrahlung images were in line with 68Ga-FAPI04 PET images, and the treatment was well tolerated with no adverse effects observed. A significant reduction in pain medication proved the potential efficacy of the treatment. Dendl et al. (55) reported temporary stable disease in patients with metastatic breast and colon cancer after receiving four cycles of 90Y-FAPI04 treatment. Another progressive metastatic breast cancer patient was reported by Ballal et al. (26). The authors used a novel FAP agent based on the squaric acid motif with improved structural features and administered the patient with 3.2 GBq of 177Lu-DOTA.SA.FAPi on compassionate grounds. The primary tumor and the metastatic brain lesion received 1.48E mGy/MBq and 3.46 mGy/MBq absorbed dose. Jokar et al. (66) also reported a metastatic breast carcinoma patient who had failed conventional treatments and received two cycles of 177Lu-FAPI46. Kratochwil et al. (27) treated a metastatic sarcoma patient using 153Sm and 90Y, reaching a cumulative dose of 20 GBq 153Sm-FAPI46 and 8GBq 90Y-FAPI46 in three cycles. The authors reported 8 months of stable disease, encouraging further studies. So far, two comprehensive studies of FAP-targeting radionuclide treatment have been reported. Baum et al. (29) studied FAP-2286 and administered 177Lu-labeled FAP-2286 to 10 patients with pancreas, breast, ovarian, and rectal cancers. Although a treatment response was not achieved, the authors concluded the reasonable toxicity profile with well-tolerated adverse effects. Assadi et al. (67) have administered 177Lu-FAPI46 to 21 patients with various cancers and reported stable disease in 12 of the patients, emphasizing the tolerability and safety of the treatment. The results of both studies agreed that current results warranted further investigation. In summary, the preliminary studies (Table 2) have reported low estimated radiation dose to nontarget organs compared with well-established radionuclide therapies such as PSMA and DOTATATE. The tumor retention time of FAP inhibitor compounds has evolved since their first introduction; however, dose-escalation studies to achieve tumoricidal effects and optimize the therapeutic efficacy for different tumors require further research.


Table 2 | Summary of studies evaluating FAP-targeted radionuclide treatments.





Limitations

Although there is emerging FAP-targeted PET/CT data available for cancer imaging, activated fibroblasts, particularly in tissue-remodeling processes, can also express FAPs. As a result, circumstances such as the differentiation of chronic inflammatory or wound-healing processes and malignancy limit the specificity of FAPI PET imaging for certain cancer entities such as pancreatic cancer (52). On the other hand, this allows its use in non-oncological diseases; however, other than the case reports, FAPI PET imaging of nonmalignant conditions has focused on cardiovascular (69–71) and rheumatological (68, 72, 73) diseases. Eventually, clinical adoption of FAPI PET requires understanding the limitations of FAPI PET, its use in cancer-specific and non-oncological applications, which can be achieved in the long term.



Conclusion

In diagnostic oncology, targeting increased glucose uptake as a hallmark of cancer-associated metabolic changes by 18FDG PET/CT is unrivaled. Its capability in detecting metabolic changes even in the absence of anatomical changes has led to high sensitivity; however, increased glycolysis is also common in various nonmalignant diseases and physiological processes, which causes low specificity. Several PET radiotracers have been developed in the last decades; however, they targeted specific cancer types. FAPIs have the potential to compete with FDG for diagnosis, staging, treatment planning, and therapy response assessment in many human solid tumors. In addition, it has the potential to be a theranostic modality for these tumors and likely transform the therapeutic options available, outside standard treatments, to millions of patients, in the future.
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Objective

To evaluate the efficacy and safety of thermal ablation, including radiofrequency ablation (RFA), microwave ablation (MVA), and laser ablation (LA), for treating lymph node metastasis (LNM) from papillary thyroid carcinoma (PTC).



Design and Methods

PubMed and EMBASE were searched for studies reporting the efficacy and safety of thermal ablation for treating LNM in PTC. After selecting the relevant literature (including 11 papers, 208 patients, 412 lymph nodes), the QUADAS-2 tool was used to evaluate its quality. Then, both the fixed-effects and random-effects models combined with subgroup analysis were used to calculate data on volume changes in metastatic lymph nodes and changes in serum thyroglobulin (Tg) levels. We pooled the proportion of major and overall complication rates and complete disappearance rates and used subgroup forest plots and funnel plots for visual representation. Because of publication bias, we also performed a trim-and-filled model for correction. The rate of recurrence and distant metastasis with ablated details were pooled.



Results

In the 11 articles (208 patients and 412 diseased lymph nodes), all thermal ablation methods showed effectiveness in reducing lymph node volume (P = 0.02) and serum Tg levels (P < 0.01) which showed no between-group difference. The pooled proportion of major complications was 0%(95% CI: -0.14; 0.15, P = 1) and the overall complication rate was 5% (95% CI: -0.09; 0.20, P = 1), which revealed no significant difference among modalities. The pooled proportion of the complete disappearance rate was 82% (95% CI: 0.43; 0.96, P < 0.01) and the data with statistical significance which contains RFA and LA showed complete disappearance rate was 59% and 81% respectively.



Conclusion

All thermal ablation methods, including RFA, MWA, and LA, were effective and safe for treating LNM in PTC and were especially suitable for nonsurgical patients. Besides, subgroup analysis showed no significant difference, except for LA is better than RFA in complete disappearance rate.
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Introduction

Thyroid cancer has become the most common endocrine malignancy, and its incidence has increased faster than that of many other malignant tumors in many other countries in recent decades. Despite the sharp rise in the incidence, the mortality rate of thyroid cancer has remained stable. Papillary thyroid carcinoma (PTC) is the most common subtype of thyroid cancer. It is a typically indolent disease with a high cure rate; however, related lymph node metastasis (LNM) is frequently observed after resection of the PTC (1, 2). Surgery and/or radioactive iodine therapy is currently the preferred treatment, but due to many factors, a considerable proportion of patients cannot undergo surgery or radioactive iodine therapy, such as those who have had many previous surgeries, an inaccessible tumor position or small size, and poor nutritional status (3).

In many cases related to neck diseases, thermal ablation, including radiofrequency ablation (RFA), microwave ablation (MWA), and laser ablation (LA), have performed well. Complications of surgical treatment include nerve injury (the superior laryngeal nerve and recurrent laryngeal nerve), thyroid dysfunction, significant blood loss, and slow recovery. Compared to surgical treatment, thermal ablation is a relatively safe and economical treatment due to its low complication rate and cost (4–8). Therefore, it can be used to treat more patients with related diseases and be applied repeatedly instead of performing many surgeries over time to deal with newly discovered PTC lymph node metastases.

Recent studies come from many regions and hospitals that have shown the safety and effectiveness of thermal ablation for treating PTC and LNM from PTC (9–22). Our purpose is to verify the efficacy and safety of thermal ablation for patients with metastatic lymph nodes from PTC, and the results obtained through this verification can provide a certain degree of guidance for clinical practice.



Materials and Methods


Literature Search Strategy

We searched the PubMed and EMBASE databases to find published articles on the review topic. We used the following search terms: [(“Metastatic” AND “Lymph nodes”) AND (thyroid) AND (“carcinoma” OR “cancer” OR “malignancy”) AND (“radiofrequency ablation” OR “RFA” OR “laser ablation” OR “LA” OR “microwave ablation” OR “MWA” OR “thermal ablation”)]. The search was updated until 28 February 2021, with English language only. Then, we applied a rigorous screening of the articles. After deleting duplicates, we reviewed their abstracts to obtain relevant articles. Finally, the full-text review was carried out, and studies with sample sizes that were too small were excluded.



Inclusion Criteria

(a) Both retrospective and prospective studies were included. (b) The study population was patients with LNM of PTC who had undergone thyroidectomy, and the diagnosis was confirmed by ultrasound-guided fine-needle aspiration biopsy (FNAB). (c) Patients received only one modality of LA, RFA, or MWA. (d) Detailed data were reported, including the number, size, and volume of affected lymph nodes at the initial diagnosis and follow-up, the rate of recurrence and distant metastasis, complications, and serum Tg level.



Exclusion Criteria

(a) Cases that were given more than one treatment. (b) Lack of a detailed description of the lymph nodes and patient numbers, effective rate, recurrence rate, metastasis rate, and complications. (c) There was only a primary lesion without lymph node metastasis. (d) The follow-up was less than six months.



Data Extraction

We extracted the following data from the 11 studies into the data form: (a) First author, affiliation, year of publication, study design; (b) The number, age, and sex ratio of the cases; (c) Ablation treatment, the type, size, and volume of metastatic lymph nodes, ablation time and energy, changes of lymph nodes during follow-up (1 month, 3 months, 6 months, 12 months, 18 months, and 24 months); (d) The incidence of complications, local recurrence rate, distant metastasis rate, the proportion of complete disappearance of lymph node metastasis, the average volume reduction rate, the Tg level.

Complications: There were two kinds of complications: major complications and minor complications. Major complications may lead to permanent sequelae or death, while minor complications do not cause sequelae and can be corrected in a short time (23, 24). For example, hypothyroidism and irreversible voice changes are regarded as major complications, while bleeding, fever, cough, and temporary hoarseness are minor complications.

In the included studies, “no cancer seeding”, “lymph nodes undetectable”, “complete remission”, “nodes were negative”, “completely disappeared” mean complete disappearance; “remained detectable”, “partial response”, “nodes positive”, and “scar-like” implied that they had not disappeared completely. FNAB detects local recurrence in the ablated lymph nodes’ central and marginal areas; “no regeneration” represents no local recurrence. Words such as “local control” refer to the absence of distant metastases.



Data Synthesis and Statistical Analysis

We conducted a meta-analysis on the extracted data to obtain the average volume reduction rate and subgroup analysis of the reduction rate of Tg levels in serum at same time. Then, we analyzed and described the proportion of complete disappearance, local recurrence rate, distant metastasis rate, and incidence of complications of metastatic lymph nodes of primary PTC after the main treatment. To calculate and guarantee the objectivity of the data, the fixed-effects model and random-effects model were both adopted (25). Also, we conducted between-group difference by analyzing part with sufficient data. After that, we calculated heterogeneity using the inconsistency index I2 (I2 > 25% suggests low heterogeneity; I2 > 50%, moderate; and I2 > 75%, high) with the Q statistic and P value (26). When P > 0.05 and I2 < 50%, we chose the fixed-effects model; in contrast, we used the Hartung-Knapp-Sidik-Jonkman random-effects model to avoid false-positives when there was high heterogeneity and low quality of the studies, with P ≤ 0.05 and I2 > 50% (27–29).

For the pooled estimated outcome, we used the correlation analysis method to calculate the major complication rate and overall complication rate, as well as the complete disappearance rate, with forest plots and subgroup plots. We also drew 2 funnel plots to show the publication bias of the overall complication rate and complete disappearance rate. Considering that the number of included documents was greater than 10, we used Peter’s examination to evaluate the publication bias. After deleting invalid data, both the major complication rate and disappearance rate were corrected using the trim and fill method, and a funnel plot was used to show the publication bias (30, 31). Peter’s linear regression asymmetry test was used to test the statistical significance (32, 33) (P < 0.01 means a significant bias).

Quality assessment of the statistical analyses was calculated by RevMan 5.4 software, and other statistical analyses were calculated by R studio 1.4 (R version 3.6.2) with the “meta” and “metafor” packages.




Results


Literature Search

The search process is shown in Figure 1. We searched 1449 papers, of which 11 papers, 208 cases, and 412 lymph nodes were finally selected after applying the inclusion/exclusion criteria. After removing 675 duplicated records, we excluded 743 studies, including those not in the field of interest (684), case reports (36), and review articles (23). The full-text screening was conducted on the remaining 31 studies, and only 11 met the inclusion criteria. Although the publication date of the articles was not restricted, the selected studies were all published after 2009, with a certain degree of timeliness and adaptability.




Figure 1 | Flow diagram of study screening.





Literature Quality

The data were extracted by one author and verified by another to ensure accuracy and validity.

With the help of the built-in tailored questionnaire system and criteria provided by the Quality Assessment of Diagnostic Accuracy Studies-2 (QUADAS-2), as well as the image generation tool of Review Manager 5.4 software (34, 35), the two reviewers independently evaluated the methodological quality of the 11 included studies. The outcome is shown below (Figure 2).




Figure 2 | Quality Assessment of Diagnostic Accuracy Studies-2.





Characteristics of the Included Studies

The detailed features of the 11 included studies (3, 4, and 4 studies treated with RFA, MWA, and LA, respectively) are shown in Table 1; 9 studies were retrospective, and 2 were prospective. After a preliminary study of the demographic characteristics of the patients, we found that the mean ages of these patients ranged between 37.2 and 63.2 years, and approximately 64.0% (133/208) of the patients were women. Among the 11 studies, 3 were European (44 cases), and the remaining 8 were Asian (164 cases). The mean follow-up time after the treatment was greater than 8.4 months.


Table 1 | Characteristics of the included studies.





Changes in the Lymph Nodes Volume After LA, RFA and MWA

The overall pooled estimates for the standardized mean difference (SMD) of tumor volume (the unit is mm3) from baseline or before thermal ablation to the last follow-up after therapy (6 studies involved) are summarized in Figure 3A with corresponding forest plots. Using the random-effects model, RFA, MWA, and LA all induced a statistically significant reduction in nodule volume after ablation (I² = 64%, τ² = 0.3438, P = 0.02). Pooled SMD is 1.53 (95% Confidence interval(CI): -2.24; -0.82). Figure 3B also shows a great reduction rate (the unit is %) of lymph node volume change (I² = 71%, τ² = 0.1439, P < 0.01). We used both the fixed-effects model and the random-effects model to calculate the pooled reduction rate, which was 0.94 (95% CI: 0.92; 0.96) and 0.93 (95% CI: 0.87; 0.97), respectively.




Figure 3 | (A) Before and after changes in the volume of lymph nodes. (B) The reduction rate of lymph nodes volume.





Changes in the Serum Tg Level After LA, RFA and MWA

Figure 4A indicates that the serum Tg level (8 studies involved) showed a statistically significant decrease after thermal ablation (I² = 79%, t2 = 0.4953, P < 0.01). The pooled SMD is -1.41 (95%CI: -2.08; -0.73) and no difference between groups. From the funnel diagram in Figure 4B, it can be seen that the points are evenly distributed, but there is great heterogeneity, which cannot be avoided.




Figure 4 | (A) Before and after changes in serum Tg level. (B) Revised funnel plots of changing in serum Tg level.





Frequencies of Complete Disappearance and Effective Rate After LA, RFA and MWA

The comparison between frequencies of complete disappearance (7 studies involved) is shown in Figure 5A (I² = 72%, τ² = 4.9612, P < 0.01) (correlation coefficient(COR) = 0.72, 95% CI: 0.66; 0.76; COR = 0.82, 95% CI: 0.43; 0.96) and Figure 5B. The outcome of subgroup analysis showed complete disappear rate which LA is higher than RFA, while MWA cannot entail in the conclusion because of its statistical significance. Since the number of data points was less than 10, we used Peters’ test to calculate publication bias. After using the trim and filled model for correction, the outcome is presented in the form of forest plots, with low publication bias (Figure 5B) (36). Wang (2014) and Mauri (2013) have effective rates of 0.75 and 0.73, and Han did not report this data, but all of the other studies have an effective rate of 100%. So, the overall effective rate is 97.67% (210/215). In the analysis, we can see that the effective rate is very high, while the complete disappearance rate is relatively low.




Figure 5 | (A) Pooled complete disappearance rate. (B) Revised funnel plots of complete disappearance rate.





Frequencies of Recurrence and Distant Metastasis After LA, RFA and MWA

After resection of the primary tumor, a series of ablation treatments for metastatic lymph nodes was performed. Theoretically, there is still a certain probability of local recurrence and distant metastasis. In these 11 studies (Table 2), six had no local recurrence or distant metastasis. Other studies had a small number of local recurrences or distant metastases. However, they were all effectively controlled after further LA, RFA, or MWA treatment. Regarding the ablation time and energy, 7 studies mentioned times ranging from 12 s to 1200 s, and 6 studies mentioned energies ranging from 70 J to 36000 J. Guo (16) thought that the ablation approach should be adjusted for the individual nodes, and we think this may be the reason for the wide variation in ablation time and energy.


Table 2 | Recurrence rate and distant metastasis situation associated with ablated time and energy.





Frequencies of Complications From LA, RFA and MWA

The major complication rate and overall complication rate are compared in Figure 6 and Figure 7A, in which we can see I² = 0%, P = 1.00, showing that there is no statistically significant difference (P > 0.05), although the heterogeneity is low (Figure 7B). Therefore, there was no difference between the two complication ratios. On the other hand, the incidence of the major complication rate was 1/208 (0.48%), and the overall complication rate was 11/208 (5.29%). The incidence of complications remains low, and the safety of the treatment is guaranteed and there is no subgroup difference.




Figure 6 | Pooled major complication rate.






Figure 7 | (A) Pooled overall complication rate. (B) Funnel plots of overall complication rate.






Discussion

This meta-analysis showed that US-guided thermal ablation is a valid therapeutic method for LNM of PTC. RFA, MWA and LA all resulted in a significant reduction in metastatic lymph nodes (P = 0.02), and the reduction rate was 93%-94% (P < 0.01). In addition, during the follow-up process ranging from 6 to 24 months, the patient’s diseased lymph node size was effectively controlled, and the serum Tg level was also effectively improved (P < 0.01), this is similar with a latest meta-analysis (37). However, we performed a pooled summary analysis of the main complications and overall complications, and a detailed subgroup analysis of the complete disappearance rate was performed. In the pooled analyses of the complete disappearance rate, the effective rate, and the major and overall complications (including major and minor complications), we found that there were few complications after thermal ablation (P = 1 not statistically significant). Almost all complications were minor and disappeared over time. Furthermore, almost all subgroup analysis showed no significant difference among thermal ablation methods, only except for LA is better than RFA in complete disappearance rate. In addition, we carried out the bias correction of the funnel plot for each forest plot, so that the bias of the article cases can be more clearly reflected. We use statistical analysis to specify each P value, and the results are more reliable and have certain clinical significance.

In some other documents, these three thermal ablation treatments were compared with surgical treatments for different thyroid diseases, and they all showed effectiveness and safety at different levels, including lower complication rates and only minor side effects. Therefore, they are considered to be better alternatives to surgical treatment (6–8, 38–40). In all of the analyses performed, statistically significant data showed the effectiveness of all three thermal ablation methods. Although there were some metastases and complications in some literature reports, all of them returned to normal after intervention during the follow-up process, so they were classified as minor complications. In addition, in this meta-analysis, no case reported life-threatening or irreversible complications, so thermal ablation is suitable for treating LNM of PTC. These findings are consistent with previous research findings, many literatures have shown the effectiveness and safety of the three thermal ablation methods for various types of thyroid nodules and lymph nodes (41, 42). In the ablation of thyroid nodules, some literatures have compared RFA with LA and found that RFA is faster than LA which led to a conclusion that regeneration is less but requires higher energy (43, 44). There is also literature comparing RFA and MWA, suggesting that RFA may have a better long-term effect in reducing nodule volume (45).

Based on the results of this systematic review and meta-analysis, we still feel very encouraging and confident for clinicians to perform promising and innovative treatment methods for patients who cannot tolerate surgery or explicitly refuse surgery. This ought to improve patient outcomes and allow them to avoid the physical and mental trauma caused by multiple surgeries. During the execution of thermal ablation therapy, patients received local anesthesia, and injected an isolation fluid around the lymph nodes to prevent thermal injury to important anatomy such as peripheral blood vessels and nerves (16, 18). This also ensures the effectiveness and safety of the treatment. In addition, percutaneous TA treatment has good feasibility and reproducibility, it can be performed many times until the desired therapeutic effect is achieved, and without increased technical difficulties due to the previous treatments. This is undoubtedly a gratifying gospel for patients with multiple recurrence of lymph nodes.

When summarizing the heterogeneity of all studies (46, 47), we found that the heterogeneity of the major complication rate and overall complication rate were 0 (but not statistically significant), but the rest of the outcomes showed the characteristics of medium-to-high heterogeneity (I2 > 50%). Although we used both fixed-effects and random-effects models, subgroup analysis should also be used to obtain each characteristic of the three thermal treatments. However, since there are relatively few studies reporting on each modality at present, the cases we have obtained are relatively limited. We hope that we can obtain more comprehensive information on thermal ablation in the future.

The present meta-analysis also has several limitations. First, the sample size of the studies was limited, and most were retrospective, which may have affected the accuracy of the results. Second, after summarizing the data of these three thermal ablation methods (RFA, MWA, LA), we found that doctors use different ablation strategies for different patients (including the time, frequency, and energy of ablation). Therefore, a multicenter and large sample study is needed to determine a more standardized and unified ablation strategy. In addition, our research regards the situation of last control as the final result, so detailed analysis during long-term follow-up was not conducted. For clinical guidance, we can conclude that the use of thermal ablation has a good therapeutic effect on LNM of PTC. It can reduce the volume of the lymph nodes to a large extent, but it requires additional long-term follow-up to pay attention to the disease factors.

In general, by analyzing the three thermal ablation treatments, we found that thermal ablation is safe and efficacious and will be an option for treatment with great potential for LNM in the future. However, its limitations include a lack of standardized procedures and the requirement for experienced doctors, and longer-term follow-up periods are necessary.
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Background

Patients with different primary tumor oligometastases can obtain survival benefits from external radiotherapy. The study was conducted to explore the efficacy and safety of transarterial chemoembolization (TACE) plus iodine 125 seed (TACE-I) implantation for hepatocellular carcinoma (HCC) oligometastases.



Methods

187 patients who received TACE-I in our institution were retrospectively reviewed from January 2014 to December 2018. Thirty-two patients were included in the analysis. The primary endpoints of the study were overall survival (OS) and progression-free survival (PFS). The secondary endpoints of the study were tumor response and PFS of the metastatic sites.



Results

The median OS (mOS) of patients was 18 months, and the median PFS (mPFS) was 7 months. The objective response rate (ORR) and disease control rate (DCR) of patients three months after receiving TACE-I were 34.4% and 71.9%, respectively. The ORR and DCR of patients for metastatic sites were 50% and 81.3%, respectively. The mPFS of patients for metastatic sites was 14 months. The univariable and multivariable regression analyses indicated that the ECOG score was an independent predictor for mOS and mPFS. The number of iodine seeds and ECOG scores were independent predictors for mPFS for metastatic sites. After patients received TACE-I, the most common adverse events were abdominal pain, fever, and appetite. The adverse events of patients were relieved after receiving symptomatic treatments.



Conclusion

Iodine 125 seed implantation may be an effective and safe treatment for patients with hepatocellular carcinoma with oligometastasis, thereby providing a new selective option for these patients.





Keywords: hepatocellular carcinoma, oligometastasis, transarterial chemoembolization, iodine 125, efficacy, safety



Introduction

Liver cancer is one of the most common and fatal cancers (1). There are 905677 new cases of liver cancer worldwide in 2020 (2). Of these patients, approximately 90% are diagnosed with hepatocellular carcinoma (HCC) (3). Radical treatments, such as transplantation, liver resection or ablation, are recommended as the first-line treatments for patients with early HCC because they can improve the 5-year survival rate of patients (4). However, approximately 80% of patients are diagnosed with intermediate to advanced HCC because the symptoms of patients with early HCC are not obvious (5). Previous studies have shown that patients with early HCC have potential tumor metastasis, which is one of the reasons why patients with early-stage tumors still have tumor recurrence after surgery (6). HCC patients with invasion of distant organs are considered to be in an advanced stage (4). For patients with advanced HCC, Atezolizumab plus Bevacizumab therapy is recommended as a strong first-line treatment because the median overall survival of patients after Atezolizumab plus Bevacizumab therapy is 19.2 months, which is longer for patients treated with sorafenib or lenvatinib alone (7–9).

Recently, patients with tumor metastases to three organs with no more than five tumors or HCC metastases to a single organ with no more than 3 tumors were considered that they had tumors oligomestases (10). These patients have not been considered at an advanced stage because their survival times can be extended if they receive suitable treatments (11–15). Oligomestases are considered the transitional state from the intermediate to advanced stage. For these patients, the guideline does not provide exact treatments (4). However, some randomized controlled studies have shown that HCC patients with oligometastases may obtain survival benefits from external radiotherapy (16–19).

The results of external radiotherapy in the treatment of HCC patients with oligometastases are encouraging, but no study has focused internal radiotherapy on treating HCC patients with oligometastases. Iodine 125 seed implantation is an internal radiotherapy. The seeds are implanted into the tumor under the guidance of CT or ultrasound. After being implanted, the seeds emit rays to the tumor cells, which alter the DNA to kill the tumor cells (20, 21). Previous studies have shown that patients with HCC obtain survival benefits from iodine 125 seed implantation, especially when combined with transarterial chemoembolization (TACE) (22–24). However, it remains unknown whether patients with oligometastases obtain survival benefits from TACE plus iodine 125 seed implantation (TACE-I). The present study was conducted to explore the efficacy and safety of TACE-I in the treatment of HCC patients with oligometastases.



Materials and Methods


Patient Selection

From January 2014 to December 2018, a total of 187 HCC patients who received TACE-I were retrospectively reviewed. Thirty-two patients were included in the study based on the inclusion criteria and exclusion criteria. The study was conducted in accordance with the Declaration of Helsinki, and it was approved by the Ethics Committee Board of Tongji Medical College, Huazhong University of Science and Technology. Informed consent from the patients was waived by the board because the study was a retrospective study.

The inclusion criteria were as follows: (1) patients were diagnosed with HCC according to the EASL guidelines by imaging or biopsy (4); (2) patients received TACE-I treatment; (3) patients without portal vein tumor thrombus.

The exclusion criteria were as follows: (1) patients with no oligometastases; (2) patients received TACE or iodine 125 seed implantation before included in the study; (3) patients with Child-pugh C; (4) patients with ECOG score larger than 2; (5) patients with platelet count less than 60×10^9/L; and (6) patients lost to follow-up (Figure 1).




Figure 1 | The flowchart of patient selection.





TACE Procedure

TACE was performed for the treatment of intrahepatic tumors. First, a 5F catheter was introduced to the femoral artery by the Seldinger method, and it was then placed into the celiac trunk. Celiac angiography was conducted to relocate the tumor. A 5F catheter or 3F microcatheter was then introduced into the tumor feeding artery. Finally, lipiodol (10-20 ml), epirubicin (20-40 mg) and subsequent absorbable gelatin sponge particles with diameters ranging from 350 to 560 μm were injected into the tumor feeding artery.



Iodine 125 Seed Implantation Procedure

Three to seven days after the TACE protocol, iodine 125 seed implantation was performed for the treatment of extrahepatic tumors. Iodine 125 seeds, which were enclosed in NiTinol capsules, were purchased from the Institute of Atomic Energy, Beijing. Before the implantation of iodine 125 seeds, patients received a computed tomography (CT) scan, and the images were then transmitted to the treatment-planning system (TPS). The number of iodine 125 seeds was determined by TPS in accordance with the minimum peripheral dose (90–165 Gy). Under the guidance of CT and ultrasound, the iodine seeds were implanted into the tumor at intervals of 1 to 1.5 cm by 18 G needles and a turntable implantation gun (XinKe Pharmaceutical Ltd., Shanghai, China) (Figure 2).




Figure 2 | A 63-year-old woman with HCC oligometastases. (A) The CT scan showed HCC oligometastasis (red arrow) in the right adrenal gland; (B) Under the guidance of CT, iodine 125 seeds were implanted into the metastatic by a 18G needle and turntable implantation gun (red arrow); (C) The CT scan showed that the Iodine 125 seeds were evenly distributed (red arrow).





Study Endpoints

The primary endpoints of the study were overall survival (OS) and progression-free survival (PFS). The secondary endpoints were PFS of the metastatic sites and disease control rate (DCR). OS was defined as the interval from the time of initial TACE to the time of patient death or the end of the study. PFS was defined as the interval from the time patients received the first treatment of iodine 125 seed implantation to the time of overall tumor progression or the end of the study. The PFS of the metastatic sites was defined as the interval from the time of the initial iodine 125 seed implantation to the time of metastatic site progression or the end of the study. The DCR was defined as the ratio of patients with tumor complete response (CR), partial response (PR) or stable disease (SD) to all patients. The ORR was defined as the ratio of patients with tumor complete response (CR) or partial response (PR) to all patients. PFS and DCR were evaluated based on the modified Respond Evaluation Criteria in Solid Tumors (mRECIST) (25).



Follow Up

All patients who received TACE or iodine 125 seed implantation in the institution were followed. Patients were diagnosed with HCC oligometastases based on PET-CT, enhanced CT, enhanced MRI or whole body bone imaging. In the study, patients were required to undergo CT, MRI, ultrasound or laboratory examination every month after the initial iodine 125 seed implantation and then once every two or three months. The tumor response was evaluated by two radiologists (one with 15 years of experience and another with 8 years of experience) and one interventional radiologist (with 32 years of experience). The patients were recommended to receive another TACE or iodine 125 seed implantation if the imaging of the patients showed primary tumors, metastatic site progression or remaining tumors. The end time of the study was June 2021.



Statistical Analysis

The continuous variables were compared by the paired sample t test. The Kaplan–Meier method was used to plot the survival curves. Cox regression analysis was used to evaluate the variables that may influence the outcomes. The variables with P less than 0.05 in the univariable regression analysis were included in the multivariable regression analysis. A nested graph was used to show the changes in liver function before TACE-I and after TACE-I. All P values were two-tailed, and a P value less than 0.05 was considered statistically significant. All statistical analyses were conducted by SPSS. 26.0 (IBM Corp., Armonk, NY, USA).




Results


Patient Characteristics

A total of 187 patients received TACE plus iodine 125 seed implantation from January 2014 to December 2018. Based on the inclusion criteria and exclusion criteria, 32 patients were included in the study. Among them, 5 patients received sorafenib and 2 patients received apatinib before been included into the study. 26 patients had single organ metastases, and 6 patients had multiple organ metastases. Single primary tumor was present in 14 patients, and multiple tumors were present in 18 patients. Eight patients received TACE once, and 24 patients received TACE multiple times. 25 patients received one iodine 125 seed implantation, and 7 patients received multiple iodine seed implantations (Table 1).


Table 1 | The baseline characteristics of patients with TACE-I.





Survival Outcomes and Tumor Response

The median OS of patients with TACE-I was 18 months (95% CI: 13.9-22.1 months) (Figure 3A). The median PFS of patients was 7 months (95% CI: 2.8-11.2 months) (Figure 3B), and the median PFS of the metastatic sites was 14 months (95% CI: 10.8-17.2 months) (Figure 3C). The overall DCR three months after the treatment was 71.9%, and the DCR of metastatic sites was 81.3% (Table 2).




Figure 3 | Kaplan-Meier curves for OS, PFS and PFS of metastatic sites. (A) Kaplan-Meier curves for OS; (B) Kaplan-Meier curves for PFS; (C) Kaplan-Meier curves for PFS of the metastatic sites.




Table 2 | The tumor response for overall tumor burden and metastatic sites.





Predictors for OS PFS and PFS of Metastatic Sites

In the Cox regression analysis for OS, the univariable regression analysis showed that primary tumor size (HR: 1.223, 95% CI: 1.058-1.413, P=0.006) and ECOG (1 vs. 0: HR: 12.857, 95% CI: 2.664-62.043, P=0.001; 2 vs. 0: HR: 70.286, 95% CI: 11.547-427.833, P<0.001) were predictors for OS. In the multivariable regression analysis, only ECOG (1 vs. 0: HR: 13.024, 95% CI: 2.687-63.114, P=0.001) was an independent predictor for OS (Table 3).


Table 3 | Univariable regression analysis and multivariable regression analysis for OS.



In the Cox regression analysis for PFS, the univariable regression analysis showed that age (HR: 0.969, 95% CI: 0.939-0.999, P=0.046), metastatic sites (HR: 0.366, 95% CI: 0.136-0.985, P=0.047) and ECOG (2 vs. 0: HR: 10.693, 95% CI: 3.135-36.466, P<0.001) were predictors for PFS. In the multivariable regression analysis, the results showed that ECOG (2 vs. 0: HR: 9.038, 95% CI: 2.300-35.521, P=0.002) was an independent predictor for PFS. (Table 4)


Table 4 | Univariable regression analysis and multivariable regression analysis for PFS.



In the Cox regression analysis for PFS of the metastatic sites, the univariable regression analysis showed that age (HR: 0.953, 95%CI: 0.918-0.989, P=0.011), number of iodine 125 seeds (HR: 1.023, 95%CI: 1.002-1.044, P=0.035) and ECOG (2 vs. 0: HR: 8.214, 95%CI: 2.152-31.345, P=0.002) were independent predictors for PFS of the metastatic sites. In the multivariable regression analysis, the results showed that the number of iodine 125 seeds (HR: 1.042, 95% CI: 1.014-1.071, P=0.004) and ECOG (2 vs. 0: HR: 15.365, 95% CI: 3.137-75.272, P=0.001) were independent predictors for PFS of metastatic sites (Table 5).


Table 5 | Univariable regression analysis and multivariable regression analysis for PFS of metastatic sites.





Change of Liver Function and Blood Index

In the present study, the liver function and blood index before treatment and one month after treatment were evaluated. There was no statistically significant difference in alanine aminotransferase (ALT), aspartate aminotransferase (AST), leukocyte count, neutrophil count or platelet count. However, the lymphocyte count in the patients one month after receiving the treatments was lower than that in the patients before receiving the treatments (Figure 4).




Figure 4 | Nested figures for changing of liver function and blood index of patients before the treatment and one month after the treatment. (A) Change of ALT; (B) change of AST; (C) change of lymphocytes; (D) change of neutrophils; (E) change of leukocyte; (F) change of platelet.





Adverse Event Analyses

In the present study, nine adverse events of patients after receiving the treatments were reported. The most common adverse event was postembolism syndrome, including fever (53%), abdominal pain (75%), nausea (56.3%), vomiting (21.9%) and poor appetite (78.1%). There were 4 patients with headache, 5 patients with leukopenia, 3 patients with bleeding and 2 patients with radiation pneumonia. For grade III or IV adverse events, 2 patients had severe fever, 5 patients had severe abdominal pain, 1 patient had severe nausea, 1 patient had severe vomiting and 3 patients had a severely poor appetite. The adverse events were alleviated after the patients received symptomatic treatments (Table 6).


Table 6 | Adverse events of patients after receiving the treatments.






Discussion

Iodine 125 seeds alone or combined with TACE have been used in the treatment of different stages of HCC with encouraging results (22, 23). Patients with oligometastases are considered to have a transition state between an intermediate stage and an advanced stage. High-quality studies have demonstrated that these patients may obtain survival benefits from external radiotherapy (12, 17, 18). However, it remains unclear whether these patients obtain survival benefits from internal radiotherapy. The present study was conducted to explore the efficacy of TACE plus iodine 125 seed implantation in patients with HCC oligometastases.

The main findings of the present study were that patients with HCC oligometastases obtain survival benefits from TACE-I and can tolerate the treatments. In the present study, the mOS of patients was 18 months, and the mPFS of patients was 7 months. In addition, the mPFS of metastatic sites was 14 months. The mOS and mPFS of the patients in the present study were longer than the mOS and mPFS of patients with advanced HCC in previous high-quality studies. Recently, atezolizumab plus bevacizumab has been recommended as a strong first-line treatment for patients with advanced HCC instead of sorafenib and lenvatinib (weak first-line treatment) because the mOS of patients with advanced HCC who received the combination treatment was 19.2 months and the mPFS was 6.8 months (3, 7, 9). The mOS and mPFS of the present study were similar to the results from the IMbrave 150 study (7). However, the patients included in the present study and the IMbrave study were different. It remains unclear whether patients with HCC oligometastases obtain survival benefits from immunotherapy plus tyrosine kinase inhibitors, and more studies are required to explore this treatment. Chen JB et al. studied 40 HCC patients with pulmonary oligometastases who received sorafenib plus regional therapies (radiofrequency ablation, iodine 125 seeds and resection) (26); they reported that the mOS was 18.37 months, which was similar to the mOS in the present study, and the median time to progression was shorter than the mPFS in the present study. The differences may be due to the inclusion of patients with macrovascular invasion in their study, which may influence the tumor response. In the present study, the overall ORR and DCR were higher than those in previous studies (14, 27, 28), indicating that the combination treatment may limit tumor progression. Additionally, we evaluated the metastatic tumor responses after the treatment. The mPFS, ORR and DCR of metastatic sites were longer than the overall mPFS in the present study and the mPFS in previous studies, demonstrated that iodine 125 seeds control metastatic tumors.

After exclusion of potential variables that might influence the results, the Cox regression analysis showed that higher ECOG scores were independent worse predictors for OS, PFS and PFS of metastatic sites. Thus, for patients with HCC oligometastases, lower ECOG scores of patients with HCC oligometastases before they receive TACE-I might result in more survival benefits.

In the evaluation of the safety of patients included in the study, a total of nine adverse events were reported. Most of the patients had mild adverse events, but some patients were reported to have severe adverse events (grades III or IV). The adverse events of patients were alleviated after they received symptomatic treatments. Moreover, the dynamic changes in liver functions and blood indices were evaluated. Only lymphocyte counts of patients one month after the treatment were significantly lower than those before the treatment. For future follow-up, the lymphocyte count was within the normal range. In the study, 2 patients had radiation pneumonia after they receiving iodine 125 seeds implantation. It might be that there were 5 patients with HCC metastasized to lung. And the iodine 125 seeds were implanted in the tumors located in lung, which lead to radiation pneumonia. The results of the adverse event analyses showed that patients with HCC oligometastases may tolerate TACE-I.

There present study had several limitations. First, the study was a retrospective study, which led to inevitable selection bias. Second, the sample size was small, which may lead to a low level of evidence. Thus, future prospective studies or large sample retrospective studies are needed to confirm the conclusion of the present study.



Conclusion

TACE-I may be effective and safe in the treatment of patients with hepatocellular carcinoma oligometastases, thereby providing new evidence for clinics to select suitable treatment for these patients.
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Radiofrequency ablation (RFA) is an alternative treatment for early-stage hepatocellular carcinoma (HCC). The production of gas bubbles by RFA indicates threshold temperature of tissue necrosis and results in changes in backscattered energy (CBE) when ultrasound monitors RFA. In this study, ultrasound single-phase CBE imaging was used as a means of monitoring RFA of the liver tumor by analyzing the backscattering of ultrasound from gas bubbles in the liver. A total of 19 HCC patients were enrolled in the study. An ultrasound system was used during RFA to monitor the ablation process and acquire raw image data consisting of backscattered signals for single-phase CBE imaging. On the basis of single-phase CBE imaging, the area corresponding to the range of gas bubbles was compared with the tumor sizes and ablation zones estimated from computed tomography. During RFA, ultrasound single-phase CBE imaging enabled improved visualization of gas bubbles. Measured gas bubble areas by CBE were related to tumor size (the Spearman correlation coefficient rs = 0.86; p < 0.05); less dependent on the ablation zone. Approximately 95% of the data fell within the limits of agreement in Bland-Altman plots, and 58% of the data fell within the 95% CI. This study suggests that single-phase CBE imaging provides information about liver tumor size because of the abundant vessels in liver tumors that promote the generation of gas bubbles, which serve as natural contrast agents in RFAs to enhance ultrasound backscattering. Ultrasound single-phase CBE imaging may allow clinicians to determine if the required minimum RFA efficacy level is reached by assessing gas bubbles in the liver tumors.
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Introduction

The most common form of liver cancer is hepatocellular carcinoma (HCC) (1, 2). Surgical resection and liver transplantation are the two main treatment options for HCC, depending on whether the patient is a suitable transplant candidate (3). HCC patients who are ineligible for surgery or liver transplantation may choose to undergo radiofrequency ablation (RFA) or microwave ablation (MWA), alternative therapies with a minimal invasiveness (3). RFA and MWA have similar therapeutic effects, complication rates, and rates of residual foci of untreated disease; however, RFA can be applied to tumor ablation with fewer sessions (4) and was recommended for safe and effective first-line treatment of early-stage HCC (5–7).

Physicians typically use computed tomography (CT) or ultrasound imaging guidance to place a needle electrode into a liver tumor (8, 9). A contrast-enhanced CT could further be used to monitor the progress of RFA and to assess its efficacy (10). Compared to CT, ultrasound provides a more portable method of guiding needle electrode insertion without radiation concerns. Notably, ultrasound can be difficult to detect the ablation zone for the following reasons: RFA heats up the tissue nearly to boiling point, resulting in gas bubbles which degrade image quality and obscure the ablation zone (11, 12). This is because gas bubbles are acoustically strong scatterers that contribute significant backscattered echoes when interacting with ultrasound. However, studies have shown that the areas of gas bubbles under high-temperature RFA correlates with those being treated by RFA (13–16), implying that the quantitative information obtained from temperature distribution and gas bubbles may be helpful in achieving ultrasound-guided RFA with intraoperative feedback of ablation zone measurements. Therefore, ultrasound monitoring of gas bubbles is critically meaningful and of potential during RFA in spite of not being widely used in clinical applications yet.

Echo time shift, changes in the backscattered energy (CBE), statistics of backscattered signals, and nonlinear parameters of the medium are commonly seen acoustic parameters that assist in the estimation of ultrasound temperature (17). Due to its recent improvements in technical developments and characteristics as described below, CBE may have greater potential in monitoring RFA of liver tumors. The CBE method was initially developed for noninvasive thermometry (18). The underlying mechanism for the temperature dependence of CBE is explained by thermal effects on the scatterers’ backscatter coefficients (19, 20). The accurate estimation and imaging of CBE require corrections for temperature-related signal motion effects (i.e., echo time shift); however, motion compensation is not necessary if CBE imaging is positioned solely to visualize thermal distribution (21). In order to use uncompensated CBE to monitor nonuniform heating with an improved contrast resolution and lower computational complexity, integrated CBE imaging (ICBE) utilizing sliding window processing and a polynomial approximation has also been proposed (22). As CBE artifacts are prevalent at the location of the RFA electrode, a recent study proposed ultrasound single-phase CBE imaging based on positive CBE values; an in vitro validation demonstrated that single-phase CBE imaging suppressed artifacts and was more accurate in estimating the ablation zone (23). Moreover, RFA-induced gas bubbles may be used as natural contrast agents in CBE imaging, as changes in the level of backscattered signals are susceptible to tissue-air interfaces due to their large difference in acoustic impedance. Therefore, ultrasound single-phase CBE imaging could be a feasible strategy for intraoperative monitoring of clinical RFA for liver tumors.

This study aims to evaluate the effectiveness of ultrasound single-phase CBE imaging in monitoring RFA treatment of liver tumors for HCC patients. To clarify the clinical relevance and position of ultrasound CBE, the range of gas bubbles measured by the proposed method is compared with the tumor size and the ablation zone.



Materials and methods


Subjects

The Institute Review Board (IRB) of National Taiwan University Hospital (NTUH) approved this study (IRB number: 201804053RINC). Subjects signed informed consents and experiments were conducted in accordance with approved protocols. In total, 19 patients (age: 62.3 ± 11.5 years, range: 42 to 88 years) with newly diagnosed HCC with the Milan criteria who are scheduled for RFA treatments have been recruited, and their demographic information is shown in Table 1.


Table 1 | Demographic data of the patients and RFA parameters used in the study.





Experimental procedures

Refer to Figure 1 for experimental procedures. For each patient, CT-guided RFA using iodized oil (Lipiodol, Andre Guerbet, Aulnay-sous-Bois, France) was performed as described in the previous study (24). The tumor size was measured firstly. Depending on the size of the tumor, approximately 2 to 5 mL of iodized oil was applied. An abdominal angiography was conducted, and the infused iodized oil was observed through fluoroscopy until the tumor staining was determined. Afterwards, the patient was transferred to a CT room (Ingenuity 128 CT, Philips, Amsterdam, Netherlands), placed supine, and underwent anesthesia. A commercially available RFA system (Cool-tip, Covidien, Mansfield, MA, USA; BigTip & V-tip, RF Medical, Seoul, Korea; VIVA RF generator, STARmed, Goyang, Korea; LeVeen, Boston Scientific, Natick, MA, USA) was used in the study. Several CT scans were performed to confirm the position of the RFA needle using a 21-gauge Chiba needle. Using a needle electrode (2 cm or 3 cm active tip), tumor ablations were performed until the ablation zones cover the entire tumor.




Figure 1 | Illustration of the experimental procedure. (A) CT was used to measure the size of the liver tumor and guide the placement of the RF needle electrode. (B) After determining the electrode position, the RFA system was activated and ablation was performed. (C) An ultrasound system was used to monitor RFA. The ultrasound transducer was held in a freehand fashion. (D) Following RFA, the patient received a contrast injection and CT scans were performed to examine the ablation area.



During the RFA procedure, an ultrasound scanner (Model 2000, Terason, Burlington, MA, USA) and convex array transducer (Model 10L5, Terason) were used to monitor the ablation by an experienced radiologist. The ultrasound transducer was placed axially along the RF electrode and held in a freehand fashion without movement in order to ensure that the needle tip would be clearly visible in the B-scan. The raw data consisted of 256 scan lines of ultrasound backscattered signals at the sampling rate of 12 MHz which were acquired every minute until the RFA was completed. After this, the patient was scanned with a contrast-enhanced CT and the application IntelliSpace Portal (Philips), which is part of the workstation, was used to determine the ablation zone, as shown in Figure 2.




Figure 2 | The CT scan was utilized to view (A) the tumor and (B) the ablation zone, as indicated by red arrows. The application IntelliSpace Portal (Philips) was utilized to measure the tumor size and ablation zone size, as shown in the CT images segmented by green contour lines.



It should be noted that the inflammatory response will cause peripheral rim enhancement in hepatic artery phase CT images. Therefore, to minimize the effect of inflammation, porto-venous phase images were used to measure tumor sizes and ablation zones. Moreover, CT and contrast-enhanced ultrasound (CEUS) images can be applied to post-RFA evaluations. However, the CEUS images have relatively lower spatial resolution; comparatively, CT images are still regarded as the gold standard for measuring tumors and ablation zones.



Ultrasound single-phase CBE imaging

Raw data from the image was then used for ultrasound single-phase CBE imaging. In contrast to conventional CBE imaging which derives its information from the ratio of backscattered energy at each temperature relative to the reference at each pixel (20, 21), single-phase CBE imaging is based on a window-to-window computational scheme which reduces the effects of speckle motion and simplifies the algorithm for practical applications (23). It is illustrated in Figure 3 and briefly described below how the detailed algorithm described in the previous study (23) operates.




Figure 3 | The algorithmic scheme for ultrasound single-phase CBE imaging. The uncompressed envelope signals were processed by the sliding window technique to obtain CBE|ηs>0 images at different time points, which were further combined by temporal compounding. Polynomial approximation of the temporal compounding CBE|ηs>0 image (denoted by  ) was subsequently applied to visualize temperature distributions and heat conduction behaviors.



Each raw data set was processed to form an envelope image using an analytic expression for the backscattered signal, and the corresponding B-mode image was constructed using logarithm-compressed envelope images with a dynamic range of 40 dB. Initially, a window is positioned at the upper-left corner of the uncompressed envelope image Rk at each time point (k = 0, 1, 2, … min; R0 is the preablation data) for acquiring local envelope data  . The regional CBE value (denoted by ηs) is calculated using equation (1) and assigned as the new pixel corresponding to the window location.



where E[·] denote the statistical mean. Let the window move throughout Rk and R0 in steps of a certain number of pixels corresponding to a window overlap ratio (WOR) for calculating regional CBE values. After data interpolation, a CBE image with the same size as the original image can be obtained. It should be noted that both positive and negative pixels (denoted by CBE|ηs>0 and CBE|ηs<0, respectively) simultaneously exist in a CBE image. Single-phase CBE imaging was defined as CBE|ηs>0 parametric imaging, which was achieved by adjusting negative values in CBE image 0. Using a technique known as temporal compounding, we were able to collect sufficient information about backscattering from gas bubbles and improve the visualization of ablation zones (25); that is, CBE|ηs>0 maps acquired at various time points are used for summing and averaging to obtain the temporal compounding CBE|ηs>0 imaging. Polynomial approximation of the temporal compounding CBE|ηs>0 image (denoted by   ) was subsequently applied to visualize temperature distributions and heat conduction behaviors.

In the computational settings, the order of performing polynomial approximation was set to 12, based on empirical data previously obtained (23). The WOR was set to 50%, and the side of the sliding window was three times the pulse length of the ultrasound transducer (6.9 mm).



Data analysis and statistical analysis

In the analysis of   images, the areas within the contours of −1 to −6 dB were segmented to qualitatively measure the regions of shading change within the single-phase CBE image (denoted by   with mm2 as the unit). The values of   were compared with those of tumor sizes and ablation zone sizes using Spearman correlation coefficients rs (significant differences were identified at p < 0.05). Furthermore, data of  , the tumor sizes, and the ablation zone sizes were compared by using paired sample t test, and the Bland-Altman plot was used to compare measurements   with tumor size and ablation zone size, respectively, in order to evaluate the applicability of ultrasound single-phase CBE imaging in monitoring RFA. Statistical analyses were conducted using SigmaPlot 14.0 (Systat Software, Inc., CA, USA) and MedCalc software (MedCalc Software Ltd, Ostend, Belgium).




Results

Figures 4A, B depict the B-mode and CBE|ηs>0 images obtained during RFA of the liver tumor at different time points. Due to the generation of gas bubbles associated with the ablation zone, hyperechoic areas were observed in the B-mode image. Although there was no significant change in the image brightness of the ablation zone over time, the spatial distribution of speckle patterns in hyperechoic areas seemed to have increased, presumably due to heat conduction in the liver tumor reflected in increased gas bubble levels. This phenomenon can be revealed in each CBE|ηs>0 image, which were further combined as the temporal compounding CBE|ηs>0 and   images, as shown in Figures 4C, D, respectively. Compared with B-scan,   imaging largely suppressed information related to nonablated tissues, and artifacts were also not found to enable estimations of the ablation zone.




Figure 4 | (A, B) depict the B-mode and CBE|ηs>0 images obtained during RFA of the liver tumor at different time points. CBE|ηs>0 images were further temporally combined as (C) CBE|ηs>0 and (D)   images, respectively. Compared with B-scan,   imaging largely suppressed information related to nonablated tissues, and artifacts were also not found to enable estimations of the ablation zone.



Figure 5 shows the tumor size, ablation zone size, and   for each subject estimated according to various contour criteria. By adjusting the criteria from −1 to −6 dB contours,   increased accordingly and approximated the size of the tumor. However, both tumor sizes and   were smaller than the ablation zone sizes, suggesting that the liver tumors were completely covered by the ablation zones;   was less dependent on the size of the ablation zone. Figures 6, 7 illustrate the dependence of   , respectively, on the size of the ablation zone and the size of the tumor. The values of   using various contour criteria correlated with the size of the liver tumor (p < 0.05; rs = 0.81 to 0.86 corresponding to −1 to −6 dB contours). No significant differences between   (−4 to −6 dB contours) and the tumor size were found, as shown in Table 2. Comparatively, rs between   and the ablation zone size were approximately 0.3 for each contour criterion, which indicates that   is not able to characterize the ablation zone. Figure 8 shows the Bland-Altman plots of the differences between the tumor sizes and   values against the averages of the two sets of measurements. The red lines represent the 95% confidence interval (CI) of the mean difference. The black lines mean the limits of agreement, which are defined as the mean difference plus and minus 1.96 times the standard deviation of the differences. About 95% of the data points fell within the limits of agreement, indicating good agreement between real tumor size and the value estimated by ultrasound single-phase CBE imaging. In particular, 58% of the data fell within the 95% CI when the contour criteria of −6 dB was used. In contrast, less than 30% of the data fitted into the 95% CI when Bland-Altman plots were used to compare the ablation zone size and  , as shown in Figure 9. According to the correlation analysis and Bland-Altman plots, the contour criteria of −6 dB was suggested for using single-phase CBE imaging to measure tumor size.




Figure 5 | The data of the tumor size, ablation zone size, and   for each subject estimated according to various contour criteria. By adjusting the criteria from −1 to −6 dB contours,   increased accordingly and approximated the size of the tumor; nevertheless, the ablation zone size was smaller and less dependent on the ablation zone size.






Figure 6 | The relationship between the tumor size and   obtained according to various contour criteria. (A) −1 dB; (B) −2 dB; (C) −3 dB; (D) −4 dB; (E) −5 dB; (F) −6 dB. The values of   using various contour criteria correlated with the size of the liver tumor (p < 0.05; rs = 0.81 to 0.86 corresponding to −1 to −6 dB contours).






Figure 7 | The relationship between the ablation zone size and   obtained according to various contour criteria. (A) −1 dB; (B) −2 dB; (C) −3 dB; (D) −4 dB; (E) −5 dB; (F) −6 dB. The correlation rs between   and the ablation zone size were approximately 0.3 for each contour criterion, which indicates that   is not able to characterize the ablation zone.




Table 2 | Comparisons of data between   (−1 to −6 dB contours), the tumor sizes, and the ablation zone sizes by using paired sample t test.






Figure 8 | Bland-Altman plots of the differences between the tumor sizes and   values against the averages of the two sets of measurements obtained according to various contour criteria. (A) −1 dB; (B) −2 dB; (C) −3 dB; (D) −4 dB; (E) −5 dB; (F) −6 dB. The red lines represent the 95% CI of the mean difference. The black lines mean the limits of agreement. About 95% of the data points fell within the limits of agreement; in particular, 58% of the data fell within the 95% CI when the contour criteria of −6 dB was used.






Figure 9 | Bland-Altman plots of the differences between the ablation zone sizes and   values against the averages of the two sets of measurements obtained according to various contour criteria. (A) −1 dB; (B) −2 dB; (C) −3 dB; (D) −4 dB; (E) −5 dB; (F) −6 dB. The red lines represent the 95% CI of the mean difference. The black lines mean the limits of agreement. In comparison with the results in Figure 8, less than 30% of the data fitted into the 95% CI, indicating that   is inappropriate for estimating the ablation zone size.





Discussion

A successful RFA relies on the application of a thermal dose sufficient to cause coagulation necrosis of the liver tumor (26). Local tumor progression rates may be reduced by generating an adequate ablation zone surrounding the target tumor (27). Therefore, intraoperative monitoring of RFA and estimating the size of the ablation zone and the range of the target tumor should be considered as pointers that clinicians can use to make more precise evaluations of RFA effectiveness. In light of the advances made in CBE imaging, it is now possible to monitor RFA by ultrasound in a clinical setting. During this study, we validated the use of ultrasound single-phase CBE imaging for monitoring RFA of liver tumors. It has been demonstrated that ultrasound single-phase CBE imaging offers better visualization of gas bubbles generated during RFA than conventional B-scan. Further, the assessment of the spatial distribution of gas bubbles according to single-phase ultrasound CBE imaging directly correlated with tumor size; less dependence was seen on the ablation zone. This is the first study that reports in vivo CBE-based imaging for the clinical assessment of hepatic tumors. The following sections will discuss physical interpretations, possible underlying mechanisms, implications, applications, and limitations.

According to two kinds of existing theories, the physical meanings of ultrasound single-phase CBE imaging in the RFA procedure are involved in a number of effects. Straube and Arthur (18) proposed their first theory whereby the behavior of CBE is determined by the properties of scatterers (i.e., the thermal effects on the backscatter coefficient). When the temperature increases, the backscattering energies measured from lipid-based scatterers linearly increase, and those returned from aqueous-based scatterers linearly decrease (18–20). Besides temperature, CBE sensitivity is also affected by ultrasound frequency (28), which is an important factor affecting ultrasound backscattering strength (29). CBE is partially explained by the second theory (30), where local changes in speckle patterns are caused by thermal effects to further alter the sound speed and the waveform features of the backscattered ultrasound signal. However, we should note that the above interpretation models are only applicable for temperatures between 30°C and 50°C. Currently, there is no appropriate model to explain the behavior of CBE imaging at high temperatures; however, the previous study suggested that stiffness increases, tissue necrosis, and gas bubble formation might be dominant reasons for CBE under high-temperature RFA (23).

Studies have indicated that the spatial distribution of gas bubbles caused by RFA correlates with the size of the ablation zone (13–16). An in vitro study using porcine muscle samples has shown that the range of gas bubbles corresponds to the ablation zone (31). Validation in vitro using the porcine liver model also demonstrated that the area of gas bubble distribution observed on ultrasound single-phase CBE imaging was correlated with the size of the ablation zone (23). However, clinical validation in this study indicated that ultrasound single-phase CBE imaging reflected tumor size rather than ablation zone size. Discrepancy between this finding and previous reports should be discussed for clarification of considerations regarding the proposed method in clinical applications. For the liver, when the tissue temperature rises above 60°C and remains for a few seconds, irreversible damage may occur due to coagulation necrosis (32). A temperature of 60°C was also a critical temperature for generating gas bubbles (31). Therefore, gas bubbles may be considered as a sign of coagulation necrosis.

Note that water content is related to the efficiency of gas bubble formation to some extent, since gas bubbles are a direct result of water vaporization under high-temperature ablation. As previously noted, liver cancer growth requires the formation of new blood vessels (angiogenesis) (33) and HCC is a typically hyper-vascular tumor that exhibits abundant and tortuous vessels (34). Consequently, liver tumors have a relatively high water content, which facilitates significant gas bubble formation when the temperature reaches the threshold level. In practice, a complete ablation zone includes the target tumor that is heated, as well as an adequate margin that is free of tumor tissue for the successful completion of RFA (35). In comparison with the liver tumor, the density of the vascular structures in non-tumor tissues may be relatively low, resulting in less concentration of gas bubbles during RFA, which cannot contribute significant backscattered signals for CBE imaging. Single-phase CBE is unable to describe the ablation zone accurately, however, its ability to depict the tumor size may be considered as a new strategy to evaluate RFA. As the tumor size estimated by ultrasound single-phase CBE imaging corresponds to CT examinations prior to RFA, it indicates that the thermal dose distributed within the target tumor is sufficient to generate gas bubbles, which represent tissue necrosis and fulfill the minimum RFA efficacy requirement.

The study has some limitations. The first issue is that the number of patients is not sufficient. There is a need to conduct large-scale clinical trials to more precisely calibrate the correlation between tumor sizes obtained from ultrasound single-phase CBE imaging and CT scans. Additionally, the proposed CBE technique is based on the analysis of ultrasound backscattered echoes returned from gas bubbles, which are however not available in residual tumors due to insufficient thermal dose or unsuccessful ablation. Under this circumstance, CBE is unable to detect residual tumors. Also, CBE-based imaging may not be suitable for monitoring RFA of lower water-content tissues that do not generate gas bubbles easily. Third, freehand handling of the transducer may result in measurement error. Further development of a probe fixer or RF needle guide attached to the ultrasound transducer is needed to improve measurement accuracy by increasing needle visibility and stability. In addition, the monitoring of RFA using single-phase CBE requires an ultrasound imaging system capable of accessing raw image data. The majority of clinical systems are unable to output raw data, so further development of algorithms for ultrasound CBE imaging using B-scan data may be needed to facilitate clinical applications.

In conclusion, the single-phase CBE method is able to detect gas bubbles, which serve as natural contrast agents during RFA to enhance ultrasound backscattering, enabling the use of ultrasound imaging to estimate the tumor size and establish whether the minimum level of RFA efficiency has been achieved.
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Purpose

It is difficult to contour nerve structures with the naked eye due to poor differentiation between the nerve structures with other soft tissues on CT images. Magnetic resonance neurography (MRN) has the advantage in nerve visualization. The purpose of this study is to identify one MRN sequence to better assist the delineation of the lumbosacral plexus (LSP) nerves to assess the radiation dose to the LSP using the magnetic resonance (MR)/CT deformable coregistration technique.



Methods

A total of 18 cases of patients with prostate cancer and one volunteer with radiation-induced lumbosacral plexopathy (RILSP) were enrolled. The data of simulation CT images and original treatment plans were collected. Two MRN sequences (Lr_NerveVIEW sequence and Cs_NerveVIEW sequence) were optimized from a published MRN sequence (3D NerveVIEW sequence). The nerve visualization ability of the Lr_NerveVIEW sequence and the Cs_NerveVIEW sequence was evaluated via a four-point nerve visualization score (NVS) scale in the first 10 patients enrolled to determine the better MRN sequence for assisting nerve contouring. Deformable registration was applied to the selected MRN sequence and simulation CT images to get fused MR/CT images, on which the LSP was delineated. The contouring of the LSP did not alter treatment planning. The dosimetric data of the LSP nerve were collected from the dose–volume histogram in the original treatment plans. The data of the maximal dose (Dmax) and the location of the maximal radiation point received by the LSP structures were collected.



Results

The Cs_NerveVIEW sequence gained lower NVS scores than the Lr_NerveVIEW sequence (Z=-2.887, p=0.004). The LSP structures were successfully created in 18 patients and one volunteer with MRN (Lr_NerveVIEW)/CT deformable registration techniques, and the LSP structures conformed with the anatomic distribution. In the patient cohort, the percentage of the LSP receiving doses exceeding 50, 55, and 60 Gy was 68% (12/18), 33% (6/18), and 17% (3/18), respectively. For the volunteer with RILSP, the maximum irradiation dose to his LSP nerves was 69 Gy.



Conclusion

The Lr_NerveVIEW MRN sequence performed better than the Cs_NerveVIEW sequence in nerve visualization. The dose in the LSP needs to be measured to understand the potential impact on treatment-induced neuropathy.





Keywords: lumbosacral plexus, contouring, radiation-induced plexopathy, MR neurography, multi-modality registration



Introduction

The use of stereotactic body radiation therapy (SBRT) has been increasing for the treatment of abdominal and pelvic malignancies, including prostate cancer and its abdominal/pelvic lymphatic drainage sites (1–4). Although SBRT showed comparable outcomes and toxicities with intensity-modulated radiation therapy in general, there are reports that some patients treated with SBRT developed neurological symptoms, which has prompted us to better delineate the lumbosacral plexus (LSP) for accurate dosimetry analysis during the high-dose irradiation of pelvic tumors (5).

Radiation-induced lumbosacral plexopathy (RILSP) is rare but can cause severe signs and symptoms following pelvic radiation, which often manifests as lower leg pain, numbness, weakness, and paralysis in extreme cases (6). It has been assumed that the pathogenesis of RILSP is related to the fibrosis of the neurovascular bundle following radiation therapy (RT) (7). Limiting the dose to the LSP is therefore considered to reduce the incidence of RILSP, which requires an accurate delineation of the LSP for dosimetric analysis during the high-dose irradiation of pelvic tumors.

The challenge of LSP contouring lies in the poor differentiation between nerves and other soft tissues with similar Hounsfield unit (HU) values (e.g., vessels and muscles) on simulation CT (8). There are generally two methods to contour the LSP at present. The first method is to contour a range of LSPs using anatomical reference points on CT (7). The second method is to contour single or multiple nerves under the guidance of MR via image fusion techniques. The former method requires the knowledge of gross/imaging anatomy, which is often not precise, whereas in the latter method, finding the nerve structures on traditional MRI sequences (without the specialized nerve visualization method) is also not easy.

MR neurography (MRN) is a specialized MR technique that visualizes the peripheral nerves via suppressing the signals of the fat and blood flow, with the advantage of a high contrast of nerve signals relative to other soft tissues, enabling physicians to identify and track nerve travel more easily on MR (9–11). Furthermore, considering the fact of the change in the spinal curvature between CT and MR examinations, rigid registration may not achieve satisfying results. Deformable registration can match organs with position or shape variations due to body position changes and has been widely applied during clinical RT practice (12–14). The combination of the two novel techniques may be able to address the challenges of LSP nerve contouring. The purpose of this study is to identify one special MR neuroimaging sequence to better delineate the LSP to assess the radiation dose to the LSP using an MR/CT deformable coregistration technique.



Materials and methods


Participants

This prospective study was approved by the Institutional Review Board of the Peking University First Hospital (No. 2021-313). The study design is shown in Figure 1.




Figure 1 | Study design flowchart. The flowchart boxes represented by dashed lines refer to the case when cs_NerveVIEW performed better than Lr_NerveVIEW in the assessment of nerve visualization ability, which did not occur in this study. Pt #., patient number; dMR, deformed MR.



Any adult patients with prostate cancer who were required to receive radiation treatment to the pelvis and gave consent to MRN examination were eligible for this study. The inclusion criteria included simulation CT and MRN images ranging from minimally T12 vertebrae to the femoral neck and treatment plan with dose constraints to the conventional pelvic organ at risk (OAR) only (not including dose constraints to LSP nerves). Additional exclusion criteria were general contraindications to MR imaging (e.g., claustrophobia and metal implants) and an interval between MR and CT scanning of more than 2 weeks.

In addition to the patient cohort, one volunteer with RILSP also participated in this study. This volunteer was diagnosed with prostate cancer with bone metastases to the right sacrum and the left iliac bone and treated with RT to both the primary site and the metastatic lesions. One month after the completion of RT, the patient developed mild persistent motor weakness in both lower extremities, which is considered as RILSP.

The MRN sequence was applied to 18 patients (patient #1 to #18) as well as the volunteer (#19) with RILSP. To determine the better MRN sequence for this study, the first 10 patients enrolled (#1 to #10) underwent MRN examinations with two different MRN sequences (Lr_NerveVIEW sequence and Cs_NerveVIEW sequence). After determining the sequence that was performing better in the nerve visualization ability, the remaining eight patients (#11 to #18) and the volunteer (#19) underwent this one particular sequence only. Tumor, imaging, and treatment details for all 19 participants are summarized in Table 1.


Table 1 | Participants, tumor, imaging, and treatment.





Imaging technique and magnetic resonance neurography sequences

All MRN images were obtained from a Philips Ingenia 3.0 T (Philips Healthcare, Amsterdam, Netherlands) using a dStream Torso phased array coil. The patients were scanned in the supine position on a plane table with arms crossed on the chest, ranging from the T12 vertebrae to the superior border of the femoral neck. The plane table was used to mitigate the spinal curvature change between CT simulation and MRN examinations.

Two MRN sequences (Lr_NerveVIEW sequence and Cs_NerveVIEW sequence) were established from the optimization of the parameters of an existing MRN sequence, the 3D NerveVIEW sequence (9). The Lr_NerveVIEW sequence is a heavy T2-weighted fast spin-echo MRN sequence with a small voxel of 1.22 mm × 1.25 mm × 2.00 mm. The short tau inversion recovery technique was used as a fat suppression method, and the motion-sensitized driven-equilibrium technique was used to suppress the signals of blood flow to further enhance the contrast of nerve signals to the background. Compared with the 3D NerveVIEW sequence, the field of view of Lr_NerveVIEW was extended to cover from the T12 vertebral body superiorly, the superior margin of the femoral neck inferiorly, the anterior superior iliac spine anteriorly, and the entire lumbosacral foramens posteriorly. The voxel of the Cs_NerveVIEW sequence was further narrowed to 1.2 mm isotropically on the base of the Lr_NerveVIEW sequence to investigate whether a smaller voxel could result in better nerve visualization. To compensate for the weakening of the signal intensity and the prolonged scanning time due to voxel reduction (15, 16), the spectral attenuated in-version recovery technique and the compressed sensing technique were applied to improve the signal-to-noise ratio and reduce the scanning time, respectively.



Evaluation of nerve visualization ability

The MRN images of patients #1 to #10 were reviewed on a PACS system (Philips Healthcare, Netherlands) by a radiation oncologist with over 10 years working experience (XBQ) and a resident (XC). The ability of nerve visualization was evaluated using a four-point grading scale [nerve visualization score (NVS)]: 4, excellent (the entire LSP structure is clearly visualized and is of excellent signal intensity); 3, good (the entire LSP structure is visualized and is of good signal intensity); 2, moderate (a part of the LSP structure is visualized and is of moderate signal intensity); and 1, poor (the LSP structure is not visualized and is of poor signal intensity) (17).



Delineation of lumbosacral plexus with magnetic resonance/CT deformable registration

The MRN sequences with better performance in terms of nerve visualization and simulation CT were imported into the software package MIM (V6.9.4, MIM Software Inc., Cleveland, OH, USA). The workflow “MR to CT—Deformable Registration (Multi-modality method)” was used to achieve the deformable registration of two sets of images. The aligned secondary image (deformed MR), as well as the original simulation CT, was sent to Eclipse v13.5 (Varian Medical Systems, CA, USA).

Deformed MR and simulation CT were automatically registered in Eclipse because they shared the same DICOM frame of reference. The windows and the display ratio of the two images were adjusted to a state in which the nerves “light up” on the CT images (Figure 2). The nerves were contoured by the following steps. First, contour the L2–L4 nerve roots on the axial view and track down (move the plane downward) to contour the femoral nerve as far as possible (the structure contoured in this step was named as “FN”). Second, contour the L5 to S3 roots and track down to contour the sciatic nerve to the superior border of the femoral neck (the structure contoured in this step was named as “SN”). Sometimes, the coronal view may be used to determine the confluence points of the nerve roots and trace these nerves’ travel if unclear on the axial view. Finally, move the plane to the top and contour the L1 and T12 roots.




Figure 2 | Example of the lumbosacral plexus (LSP) in three-dimensional (3D) and axial views. (A) LSP in the 3D view: white, T12 nerve root; yellow, L1 nerve root; green, L2–L4 nerve roots and femoral nerve; purple, L5–S3 nerve roots and sciatic nerve. (B–E) Axial view of the LSP on the level of L2 intervertebral foramina (B), L4 intervertebral foramina (C), sacrum (D), and the femoral head (E). The first column presented the original simulation CT images. The second column presented deformed MR in the axial view. The third column presented the automatically registered CT and deformed MR images on Eclipse with the display ratio adjusted to a state in which the nerves “light up” on the fusion images. The last column presented the contours of nerves on fusion images.





Dosimetric data from dose–volume histogram

All dosimetric analyses were done retrospectively without influencing the original treatment dose planning. The prescription isodoses of the original treatment plan were transferred from Eclipse v13.5. The volumes of the LSP, FN, and SN were calculated. The maximum dose, the mean dose of the LSP, and the percentage of the volume receiving dose ≥50, ≥55, and ≥60 Gy were calculated and recorded. The equivalent dose in 2 Gy per fraction (EQD2) was calculated using a linear quadratic model with α/βperipheral nerve = 2 (18).



Statistical analysis

All analyses were done using SPSS v24.0 (IBM, Armonk, NY, USA). A nonparametric test for two related samples (Wilcoxon signed mean rank test) was performed with the NVS during the comparison of the nerve visualization ability, with p < 0.05 considered statistically significant. Descriptive statistics were performed with the LSP volume and DVH parameters for patients #1–18 and the volunteer #19.




Results

The whole LSP structures were successfully created in 18 patients and one volunteer utilizing the method described above. An example of this OAR structure in the axial view and the three-dimensional (3D) view is shown from patient #1 in Figure 2.


Nerve visualization

Of the 20 MRN images of patients #1–10, 19 were scored as “4” or “3” by two observers, which means that 95% (19/20) of the MRN images showed clear LSP nerve structures with an excellent or good intensity of signals. There was no statistical difference in the NVS between the two observers (Z = -1.633, p > 0.05). However, Lr_NerveVIEW gained a higher score than cs_NerveVIEW (median: 4, average: 3.65 vs. median: 3, average: 3.15, Z = -2.887, p = 0.004), which indicated that the Lr_NerveVIEW sequence performed better in this study. An example of MRN and traditional MR sequences is shown from patient #7 in Figure 3.




Figure 3 | Example of the LSP structure in Lr_NerveVIEW (A), cs_NerveVIEW (B), T1-weighted (C) sequences, and T2-weighted fat-suppressing sequence (D) in the coronal view from patient #7. The purple arrow indicated the left S1 nerve root. The S1 nerve root was clearly seen on Lr_NerveVIEW and Cs_NerveVIEW sequences but appeared slightly “brighter” on the Lr_NerveVIEW sequence. Meanwhile, the same nerve root on T1WI and T2WI sequences appeared vaguer and had worse differentiation with surrounding tissues.





Dose–volume histogram parameters

In the patient cohort (#1–18), the mean LSP volume, the mean FN volume, and the mean SN volume were 52.6 ± 6.5 cm3 (range, 41.4–68.2 cm3), 17.5 ± 3.2 cm3 (range, 13.2–23.5 cm3), and 33.4 ± 3.7 cm3 (range, 27.0–42.0 cm3), respectively. The median maximal dose to the LSP was 53.0 Gy (range: 5.1–74.3 Gy). The percentage of patients whose LSP nerves received a dose over 50, 55, and 60 Gy was 68% (12/18), 33% (6/18), and 17% (3/18), respectively. After excluding the five patients who did not receive prophylactic whole-pelvic radiotherapy (WPRT), the percentage of patients receiving doses exceeding 50, 55, and 60 Gy to the LSP nerves was 92% (12/13), 46% (6/13), and 23% (3/13), respectively (Figure 4). For the volunteer (#19), the maximum doses occurred at the right (69 Gy in actual dose, EQD2 79.4 Gy) and left (62 Gy in actual dose, EQD2 71.3 Gy) sacral nerve roots, respectively (Figure 5).




Figure 4 | Dose–volume histogram (DVH) of LSP nerves for patients #1–18. (A) Patients #1–10. (B) Patients #11–18. (C) Patient with the dose delivered to LSP ≥ 50 Gy.






Figure 5 | (A) DVH of the volunteer (#19) with radiation-induced nerve injury after radiation. (B) Isodose level lines and contours of the nerves on simulation CT. Yellow circle: the femoral nerves and sacral nerve roots.






Discussion

It has been long recognized that high-dose radiation therapy can cause neurotoxicity (19). To avoid delivering unexpected high-dose radiation to the LSP nerves, accurate contouring is the first and foremost condition. In this study, we identified the Lr_NerveVIEW sequence as a suitable MRN sequence for LSP nerve contouring and successfully contoured the LSP nerve structures in 19 participants based on the MRN/CT deformation registration technique. Further dosimetric analysis showed that a considerable proportion of patients (3/13) who underwent regular pelvic radiation had unexpected high-dose radiation to their LSP nerves, which could have been avoided if the LSP nerves were contoured and protected during treatment planning. This is also the case for the patient with RILSP.

In 2012, Sun K. Yi et al. first proposed an empirical method for contouring the LSP based on anatomy and imaging atlas (20). Anatomic structures such as the great vessels and muscles were used as reference points to define the range of LSPs. Although it is a pioneering proposal, there are still several problems associated with complex pelvic anatomy such as a steep learning curve and poor contouring consistency in certain areas (21). Our protocol integrates the advantage of the intuitive nerve visualization of MRN into simulation CT directly, which lowers the requirement for the knowledge of the complex anatomy. It is also not necessary to contour the whole LSP in a case when the tumor is only close to a certain nerve root or nerve. Our protocol enables physicians to personalize the contouring of the LSP as indicated.

Studies concerning radiation-induced plexopathy have been mainly focused on the brachial plexus (BP) in recent years. While contouring guidelines and dose constraints for BP have been well developed (22–24), there are few studies focused on the LSP. Due to the lack of a widely acknowledged method for LSP nerve contouring in the past, the relationship between the dose to LSP nerves and the development of LSP nerve injury was poorly understood. The incidence of RILSP is approximately 1.3%–6.7% (25, 26), but this rate might be underestimated due to the lack of routine screening (6). Most RILSP cases occur when Dmax exceeds 60 Gy (6, 27), but nerve injury can also occur at a maximum dose at as low as 37 Gy (28). Taking the tolerance dose for BP, 66 Gy in conventionally fractionated RT, as a reference (22, 23), it may be reasonable to constrain the LSP dose to 60–66 Gy.

To the best of our knowledge, this is the first study that used MRN to aid the contouring of LSP nerves. Traditional MRI sequences were mainly used in previous studies about MRI-assisted nerve contouring (29–32). A 3D MRN sequence such as Lr_NerveVIEW with superior nerve-to-background contrast could provide improved assistance in LSP nerve contouring. Furthermore, the scanning time of the Lr_NerveVIEW sequence was 7 min and 40 s, which is more clinically acceptable compared with the sequences of research purpose with even smaller voxels but longer scanning time (33). Another originality of this study lies in the deformable registration technique to achieve the precise fusion of images (Supplement Table 2). The use of deformable registration addresses the limitation of rigid registration in real clinical scenarios; that is, the patient is rarely in the same position during two examinations because thermoplastic masks are not used during MR scanning. Compared with rigid registration, deformable registration can provide a better localization of LSP nerves.

One limitation of our study is the lack of direct comparison of MRN and traditional MRI sequences. Although not supported by data, MRN does outperform traditional MRI sequences in nerve visualization based on clinical experience and a direct impression of MR images. Additionally, although MRN sequences are available in routine clinical protocols, they are not as widely used as traditional MR sequences. There is also a concern about the economic burden of this additional examination. Both factors limit the wide application of this MRN-based protocol to the daily clinical routine. However, for those who prioritize the protection of LSP nerves (e.g., patients with long life expectancy or patients with strong desire for nerve function preservation), they should be fully informed of this option to perform an MRN as an aiding method to contour LSP nerves for protection.

It is also unclear whether a large dose of radiation delivered to these smaller nerve branches can cause severe neurologic symptoms or not. Even with the Lr_NerveVIEW sequence, we are still unable to assess smaller nerve branches due to the inadequate spatial resolution and suppression of slow-flowing vessels. To address this challenge, more advanced imaging techniques, such as the use of gadolinium-based contrast agents to improve small nerve conspicuity, could be implemented (34).

The small number of patients enrolled is also one of the limitations. Moreover, the cases enrolled all received moderately hypofractionated radiation therapy, although the contouring of the LSP may be more meaningful in the setting of SBRT because SBRT provides an even higher biological equivalent dose. However, considering that this study focused only on the contouring, whether patients received MHRT or SBRT did not affect the conclusion. As for treatment planning, we are now working on collecting more SBRT cases and hope that this method still shows its superiority in correlation with clinical outcomes.



Conclusions

This study identified the Lr_NerveVIEW sequence as a suitable MRN sequence to aid the contouring of LSP nerves. Contouring LSP nerves via the MRN/CT deformable registration technique is practical and operable.
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Various types of cancer
Various types of cancer
Various types of cancer
Various types of cancer
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carcinoma
Gastric carcinomas

Gastric, duodenal, and
colorectal cancers
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Bone and soft tissue
sarcomas
Glioblastoma
Gliomas

Different subtypes of
lymphomas
Various types of cancer

80

50

75

68

45

10

20

35

22

46

17

20
34

20

31

47

14
18

73

482

Study outcome

FAPI allows rapid and quality imaging and labeling with therapeutic isotopes in tumors with high stromal
content.

The highly selective tumor uptake of FAPI may reveal new applications for noninvasive tumor characterization,
staging imaging, or radioligand therapy.

FAPI-targeted PET does not require any diet or fasting; it has better image quality than "8F-FDG, and
acquisition can be obtained earlier.

%8Ga-FAPI PET/CT showed superior diagnostic efficiency compared with 18F-FDG PET/CT, particularly in the
diagnosis of liver metastases, peritoneal carcinomatosis, and brain tumors.

In patients with inconclusive '8F-FDG PET/CT findings, ®®Ga-FAPI may have a complementary role in
differentiating malignant lesions, locating the primary site of unknown malignancy.

%8Ga-FAPI PET/CT can diagnose primary and metastatic nasopharyngeal carcinoma and supplement MRI for
T staging and radiotherapy planning.

%8Ga-FAPI shows better diagnostic performance than '8F-FDG in patients with nasopharyngeal carcinoma.

A novel approach of tumor detection, contouring, and targeted radiotherapy of head and neck cancers using
%5Ga-FAPI PET.

®8Ga-FAPI PET/CT is a promising imaging modality for adenoid cystic carcinomas, increasing the accuracy of
staging exams and radiotherapy planning volumes compared with conventional CT and MRI.

Compared with "®F-FDG and cenvical MRI, ®®Ga-FAPI can reduce patient morbidity, minimizing the number of
neck dissections due to false-positive cervical lymph nodes.

%8Ga-FAPI PET/MR showed better diagnostic performance than 18F_-FDG PET/CT in visualizing the primary
and metastatic lesions of gastric cancer.

®8Ga-FAPI PET/CT showed superior diagnostic performance. To compare the diagnostic efficacy of 68Ga
FAPI PET/CT and '®F-FDG PET/CT in primary and metastatic cancers of the gastrointestinal tract.

%8Ga-FAPI PET/CT imaging of lower gastrointestinal tract primary and metastatic tumors resulted in changes
in TNM staging and treatment management.

®8Ga-FAPI04 PET/CT showed superior diagnostic performance compared with '®F-FDG PET/CT to detect
peritoneal carcinomatosis, particularly in gastric cancer.

®8Ga-FAPIO4 has demonstrated high sensitivity, particularly in the detection of poorly differentiated hepatic
malignancies.

%8Ga-FAPI PET/CT has superior potential for imaging of hepatic tumors compared with 8F-FDG PET/CT.
The sensitivity of ®Ga-FAPIO4 PET/CT in detecting primary and metastatic liver lesions is equivalent to that of
contrast-enhanced CT and MRI and better than '®F-FDG PET/CT.

Dynamic %8Ga-FAPI PET scan allows differentiation between hepatocellular carcinoma and non-HCC lesions
%8Ga-FAPI PET/CT allowed restaging in half of the patients with PDAC and the majority of patients with
recurrent disease compared with standard-of-care imaging.

FAPI PET/CT seems to be a superior imaging modality to contrast-enhanced CT, which is the current gold
standard in pancreatic cancer with the potential as a tool for automatic target volume definition before
radiotherapy.

%8Ga-FAPIO4 PET/CT is superior to 18F-FDG PET/CT in detecting primary tumors and metastases in breast
cancer patients.

%8Ga FAPI PET/CT seems to be a more promising imaging modality for staging and follow-up of gynecological
tumors compared with "®F-FDG PET/CT

%8Ga-FAPI PET/CT has a high potential for clinical use in patients diagnosed with sarcoma as a staging probe
and tumor characterization.

There is a correlation between tumoral FAPI uptake intensity and histopathological FAP expression in sarcoma
patients, and FAPI PET has a high sensitivity.

For target volume delineation, ®*Ga-FAPI PET outperformed MRI in detecting gross tumor volumes.

Using FAP-specific PET imaging may allow a noninvasive distinction between low-grade IDH-mutant and high-
grade gliomas.

%8Ga-FAPI imaging may be an alternative method for detecting FAP expression in lymphoma lesions and
characterizing lymphoma profiles.

68Ga-FAPI PET appears to be a suitable method for the detection of primary lesions and distant metastases
of malignancies that are not particularly suitable for 18F-FDG PET imaging.
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Variable

p value
SAR 0.801
B/G 0.693
Mean hue value 0.862
Mean gray value 0.514

SAR, stiff area ratio; B/G, elasticity ratio of blue/green.
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Radiopharmaceutical ~Administered dose

Tumor absorbed dose

Cycles

Response

Reference Malignancy  n
Lindner et al. (18) Breast 1
Ballal et al. (26) Breast 1
Kratochwil et al. (27) ~ Sarcoma 1
Baum et al. (29) Various 10
Dendl et al. (55) Breast and 1
colon
Jokar et al. (66) Breast 1
Assadi et al. (68) Various 21

SD, stable disease; PD, progressive disease; n/a,

OY-FAPIO4 2.9 GBq
77Lu-DOTASAFAPI  32GBq

153Sm-FAPI46 and 20 GBq '*°Sm- and 8

OY-FAPI46 GBq ®Y-FAPI46
(cumulative)

177 U-FAP-2286 5.8 + 2.0 GBq (mean)

OY-FAPI n/a

TTLu-FAPI46 3.7 GBq (per cycle)

77Lu-FAPI46 3.7GBq (mean)

not available.

n/a

1.48 and 3.46 mGy/
MBq

n/a

3 + 2.7 Gy/GBq (mean)

n/a

n/a
n/a

1
1

(mean)

Reduction in pain medication
Decrease in the intensity of
headaches. No adverse effects
Stable disease for 8 months

PD (n = 10), SD (0 = 1); well
tolerated, no adverse symptoms
PD

n/a
SD(7=12)and PD (1 = 6)
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Characteristic of LNs Training and validation Test set

sets No. (%) No. (%)

EBUS size

Long axis, mean + SD, mm 2155 +6.71 22.48 +
7.18

Short axis, mean + SD, mm 17.90 + 9.56 17.23 +
6.45

CT size™

Long axis, mean + SD, mm 25.50 + 9.48 2435 +
8.49

Short axis, mean + SD, mm 16.70 + 6.73 16.45 =
7.02

Station
2L 1(0.24) 0(0.00)
2R 8(1.93) 1(1.10)
3P 2 (0.48) 0(0.00)
aL 19 (4.58) 7 (7.69)
4R 135 (32.53) 30 (32.97)
7 160 (38.55) 26 (28.57)
10L 2(0.48) 1(1.10)
10R 3(0.72) 1(1.10)
1L 32 (7.71) 10 (10.99)
11Rs 32 (7.71) 5 (5.49)
11Ri 19 (4.58) 10 (10.99)
12L 1(0.24) 0(0.00)
12R 1(0.24) 0(0.00)

Diagnosis

Malignant 256 (61.69) 53 (68.24)
Adenocarcinoma 110 (26.51) 25 (27.47)
Squamous carcinoma 39 (9.40) 5(5.49)
NSCLC-NOS 13 (3.13) 4 (4.40)
Small cell lung cancer 60 (14.46) 15 (16.48)
Large cell neuroendocrine 1(0.24) 0(0.00)
carcinoma
NET-NOS 11 (2.65) 2(2.20)
Unknown type of lung cancer 13 (3.13) 1(1.10)
Carcinosarcoma 1(0.24) 0(0.00)
Lymphoma 3(0.72) 0(0.00)
Metastatic tumors (non-lung 5(1.20) 1(1.10)
primary malignancy)

Benign 159 (38.31) 38 (41.76)
Nonspecific lymphadenitis 97 (23.37) 16 (17.58)
Sarcoidosis 53 (12.77) 15 (16.48)
Tuberculosis 9(2.17) 7 (7.69)

*The size of LNs on CT images was measured on 393 LNs in the training and validation
sets and 88 LNs in the test set. A total of 25 LNs were missing on CT in both groups.
LNs, lymph nodes; NSCLC-NOS, non-small cell lung cancer not otherwise specified;
NET-NOS, neuroendocrine tumor not otherwise specified.
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p value

Machine learning group Expert group Trainee group

Image 123 0.210 0.036 0.205
Image 12 0.134 0.058 0.862
Image 13 0.088 0.029 0.105

Image 23 0.637 0.366 0.059
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Not in the field of interest(684
Case reports(36)

Review articles(23)
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Model The training cohort P value The validation cohort P value
AUC SEN (%) SPE (%) AUC SEN SPE

Rad-score 0.747 (95%Cl: 0.681-0.805) e 59.6 0.001 0.717 (95%Cl: 0.574-0.835) 91.3 60.7 0.054

Clinical model 0.773 (95%Cl: 0.709-0.829) 80.9 63.3 0.008 0.718 (95%Cl: 0.575-0.835) 82.6 60.7 0.039

Combined model 0.830 (95%Cl: 0.771-0.879) 80.9 76.2 0.832 (95%Cl: 0.701-0.922) 783 7.4

P values: compared with the combined model. P values less than 0.05 are shown in bold.
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The clinical model

The combined model

Subgroups
value
TD+
Nic (n=35) 0.56 + 0.21

TDs* except N1c (n =82) 0.62 +0.18
Number of TDs

1-2 (N =77) 0.58 +0.21

>3 (n = 40) 0.64 +0.16
Pathological T stage

T1-2

13-4
Peritumoral nodules on CT

+(n=176)

-(h=78)
Clinical stage

Il (n = 49)

Il (n = 176)

AuC

0.711 (95%Cl
0.781 (95%Cl

0.732 (95%Cl
0.814 (95%Cl

0.519 (95%Cl
0.732 (95%Cl

0.661 (95%Cl
0.667 (95%Cl

0.550 (95%ClI
0.661 (95%Cl

: 0.637-0.778)
: 0.721-0.834)

: 0.668-0.790)
: 0.749-0.869)

: 0.375-0.661)
: 0.665-0.791)

: 0.586-0.730)
: 0.5652-0.770)

:0.401-0.692)
: 0.586-0.730)

SEN

74.3%
82.9%

75.3%
90.0%

57.1%
86.4%

91.3%
85.7%

M.7%
91.3%

SPE

67.2%
67.2%

67.2%
67.2%

52.3%
55.9%

38.4%
42.2%

73.0%
38.4%

value

0.55 + 0.27
0.69 £ 0.19

0.62 +0.24
0.72 +0.19

AuC

0.741 (95%Cl: 0.669-0.805)
0.864 (95%Cl: 0.812-0.907)

0.800 (95%Cl: 0.740-0.852)
0.880(95%Cl: 0.823-0.924)

0.740 (95%Cl: 0.598-0.853)
0.789(95%Cl: 0.726-0.843)

0.771 (95%Cl: 0.701-0.831)
0.751 (95%Cl: 0.640-0.842)

0.721 (95%Cl: 0.574-0.839)
0.771 (95%Cl: 0.701-0.831)

SEN

80.0%
87.8%

84.4%
90.0%

57.1%
80.9%

86.4%
57.1%

50.0%
85.4%

SPE

59.9%
74.5%

66.4%
75.9%

97.7%
65.6%

57.5%
82.8%

89.2%
57.5%

0.326
<0.001

P value: comparison between the clinical model and combined model. P values less than 0.05 are shown in bold.
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Author Local recurrence Distant metastasis Ablated time (s)

Guo (2020) (16) 0 0 Depend on individual nodes
Teng (2018) (12) 0 0 75.63 + 45.44 (12-174)
Zhou (2019) (11) 0 0 93.9 + 56.9 (30-190)
Cao (2020) (18) 0 0 NA

Han (2020)* (19) 0 0 206.55 + 193.59

Guang (2017)* (9) 0 1 140.7 + 88.4 (24-447)
Wang (2014)* (10) 0 1 162 (30-360)

Papini (2013) (14) 0 2 NA

Mauri (2013) (13) 5 3 NA

Mauri (2016) (15) 4 3 300-600

Lim (2015) (22) 0 0 243.5 + 264.7 (33-1200)

Han (2020)*: Patients with local recurrence or distant metastasis during follow-up were excluded.
Guang (2017)*:During the 12-month follow-up, distant metastasis was found in one patient, and was successfully ablated later.
Wang (2014)*: Two new cervical recurrent lymph nodes occurred in one case, which was finally ablated.

Ablated energy (J)

Depend on individual nodes
1512.5 + 908.8 (240-3480)
NA

NA

NA

426.7 + 279.8 (70-1320)
NA

942 + 342 (573-1574)
1200-4200

1200-4200

3936.4 + 5960.9 (370-36000)
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187 patients received TACE plus iodine 125 seed

implantation from January 2014 to December 2018 were
included into analysis

39 non-hepatocellular carcinoma patients were
excluded

148 patients with hepatocellular carcinoma were included

into analysis

Excluded
83 patients had no oligometastases
10 patients received TACE or iodine 125 seed
implantation before been included in the
study

8 patients had Child-Pugh C

5 patients had ECOG score larger than 2

3 patients had platelet less than 60X 1079/L
7 patients were lost to follow-up

32 patients were included into the study
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A
Study Events Total Proportion 95%-Cl
method = RFA b
Guang(2017) 33 54 —— 0.61 [0.47;0.74]
Lim(2015) 50 61 —— 0.82 [0.70; 0.91]
Wang(2014) 5 20 —%— 0.25 [0.09; 0.49]
Fixed effect model 135 : 0.65 [0.57; 0.73]
Random effects model — 0.59 [0.09; 0.95]
Heterogeneity: 1 = 89%, v* = 0.9780, p < 0.01 >
method = MWA
Zhou(2019) 21 21 1.00 [0.84; 1.00]
Teng(2018) 24 24 1.00 [0.86; 1.00]
Cao(2020) 17 38 —— 0.45 [0.29; 0.62]
Fixed effect model 83 * 0.75 [0.64; 0.83]
Random effects model 0.99 [0.99; 0.99]
Heterogeneity: /2 = 0%, 1* = 16.2052, p = 1.00
method = LA
Papini(2013) 4 8§ —E— 0.50 [0.16;0.84]
Mauri(2013) 19 24 0.79 [0.58;0.93]
Mauri(2016) 46 46 1.00 [0.92; 1.00]
Guo(2020) 6 18 —&—— 0.33 [0.13;0.59]
Fixed effect model 96 a 0.78 [0.69; 0.85]
Random effects model — 0.81 [0.08; 0.99]
Heterogeneity: /2 = 64%, v = 4.8126, p = 0.04 : i

'

Vo
Fixed effect model 314 < 0.72 [0.66; 0.76]
Random effects model —— 0.82 [0.43; 0.96]

Heterogeneity: 1 = 72%, ©* = 4.9612, p < 0.01

02 04 06 08 1
Test for subgroup differences (random effects): x§ =56.87,df =2 (p <0.01)

Standard Error

05 1.0 15

Fisher's z transformed correlation
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Study Events Total Proportion 95%-Cl

Guang(2017) 0 33 '—— 0.00 [0.00; 0.11]
Lim(2015) 0 39 —— 0.00 [0.00; 0.09]
Wang(2014) 0 S 0.00 [0.00; 0.37]
Zhou(2019) 0 148 0.00 [0.00; 0.23]
Teng(2018) 0 ME—— 0.00 [0.00; 0.28]
Cao(2020) 0 14 '— 0.00 [0.00; 0.23]
Han(2020) 0 37— 0.00 [0.00; 0.09]
Papini(2013) 1 5 %—f— 0.20 [0.01; 0.72]
Mauri(2013) 0 100 — 0.00 [0.00; 0.22]
Mauri(2016) 0 2406 0.00 [0.00; 0.14]
Guo(2020) 0 8 0.00 [0.00; 0.37]

[l

|
Fixed effect model 208 '!> 0.00 [0.00; 0.03]
Random effects model [>e_ee [0.00; 1.00]

Heterogeneity: 1> = 0%, t° = 13.8427, p-16 | | | | | | |
0O 0.1 020304050607
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First
author

Guang
etal. (9)

Lim et al.

(22)
Wang
etal. (1
Zhou

etal. (11

Teng
etal (1

Cao
etal. (1
Han
etal. (1

Papini

et al. (14)

Mauri
etal. (1
Mauri
etal. (1
Guo
etal*
(16)

0

)

2

8)
9

)

3
5)

Affiliation (study period)

Chinese PLA General Hospital,China (2013~2014)

Department of Radiology, Seoul Soonchunhyang University
Hospital, Yongsan-Gu Seoul, Korea (2008~2012)
Zhejiang Cancer Hospital, Hangzhou, China (2013~2014)

Rui Jin Hospital of Shanghai Jiao Tong University,China
(2017~2018)

China-Japan Union Hospital of Jilin University,China
(2014~2015)

China-Japan Friendship Hospital, Beijing, China (2015~2018)

Chinese People's Liberation Army General Hospital (2015~2020)

Italian thyroid center (2009~2010)
A public hospital (2010~2012)

Division of Interventional Radiology, European Institute of
Oncology, Milan, Italy. (2010~2013)

The First Affiliated Hospital of Guangxi Medical University
(2016~2017)

Year

2017

2015

2014

2019

2018

2020

2020

2013

2013

2016

2020

Design

retrospective
retrospective
retrospective
retrospective

retrospective

retrospective

retrospective

prospective
retrospective
retrospective

prospective

Type of
thermal
ablation

RFA

RFA

RFA

MWA

MWA

MWA

5 5 &5 5

No.
Patients MLN

33

39

37

No.

54

61

20

21

24

38

98

24

46

18

Age
mean=SD

437£10.7
(22-67)
52.8+ 16.7
(21-92)
43.6+9.3
(30~58)
45.1£12.1
(30~64)
40.36
+10.52
(31~59)
469 +11.9
(28-73)
43.58
+13.77
(14-74)
53.6:18.3

62414
(32-80)
63.2:13.2
(32-80)
37.2+15.94
(18~72)

male/
female

11/22

14/25

177

3/11

3/8

311

17/20

1/4

1113

3/5

follow-up
(months)
meanSD

2144
(12-24)
26.4+13.7

9.4+5.1
(6-20)
8.4+4.1
(3-18)
32 (no
details)

23.6:9.3
(12-36)
11.09
£9.21

12 (no
details)
12 (no
details)
30+11
(12-45)
12 (no
details)

*Paper from Guo et al. have been deleted benign nodes data.
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A

Last follow-up  Baseline or before

thermal ablation Standardised Mean

Study Total Mean SD Total Mean sD Difference SMD
method = RFA
Guang(2017) 33 1.10 0.8000 33 10.20 5.1000 -2.46
Lim(2015) 39 0.50 0.8000 39 1.21 1.9100 -0.48
Wang(2014) 8 3.40 4.3000 8 7.70 5.5000 -0.82
Common effect model 80 80 -1.09
Random effects model -1.26
Heterogeneity: I* = 92%, ©* = 1.0562, p < 0.01
method = MWA
Zhou(2019) 14 128 1.7400 14 4.31 3.3100 -1.11
Teng(2018) 11 043 01100 11 11.81 7.5000 .06
Common effect model 25 25 1.46
Random effects model ————t5?
Heterogeneity: I? = 48%, ©* = 0.2192, p = 0.16 H
method = LA
Papini(2013) 5 2.00 2.5000 5 8.00 32000 ——T— -1.89
Mauri(2016) 24 273 40000 24 8.40 9.2500 ol
Guo(2020) 8 0.12 0.0400 8 10.60 5.9000 ———
Common effect model 37 37 <
Random effects model
Heterogeneity: /? = 63%, v° = 0.5356, p = 0.07
Common effect model 142 142
Random effects model

Heterogeneity: /2 = 79%, v = 0.4953, p < 0.01

32101 2 3

Test for subgroup differences (random effects): 3 = 0.13, df = 2 (p = 0.94)

Weight Weight

95%-Cl (common) (random)
[-3.11;-1.82) 16.5% 14.9%
[-0.93; -0.03] 34.0% 16.4%
[-1.86; 0.21] 6.5% 11.6%
[ -1.44; -0.74] 57.0% o
[-3.93; 1.41] - 429%
[-1.92;-0.31] 10.7% 13.5%
[-3.13; -0.99] 60%  11.3%
[ -2.10; -0.81] 16.7% -
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Variable

Cut-off value

AUC

Sensitivity, %
Specificity, %

PPV, %

NPV, %

PLR

NLR

Diagnostic accuracy, %

Value (95% Cl)

Clinical model

Primary dataset

0.362
0.690 (0615 to 0.766)
72.15 (61.99 to 82.28)
56.64 (47.79 to 65.49)
53.77 (44.28 to 63.26)
74.42 (66.20 to 83.64)
1.66 (1.29 t0 2.14)
0.49 (0.34 10 0.71)
63.02 (55.77 to 69.86)

Validation dataset

0.362
0.661 (0.561 to 0.760)
7347 (61.22 10 85.71)
52.78 (41.67 t0 65.28)
51.43 (39.72 t0 63.14)
74.51 (62.55 t0 86.47)
1.56 (1.16 0 2.09)
0.50 (0.31 t0 0.82)
61.16 (51.87 t0 69.88)

Radiomics nomogram

Primary dataset

0.452
0.849 (0.795 10 0.902)
78.48 (69.62 to 87.34)
78.76 (71.66 to 85.84)
72,09 (62,61 t0 81.57)
83.96 (76.98 t0 90.95)
370 (254 10 5.37)
027 (0.18 10 0.42)
7865 (72.17 to 84.22)

Validation dataset

0452
0.788 (0.704 t0 0.872)
7551 (63.27 t0 87.76)
70.83 (69.72 to 80.56)
63.79 (51.42 to 76.16)
80.95 (71.26 to 90.65)
2,59 (1.75 to 3.84)
0.35 (021 t0 0.57)
72.73 (63.88 to 80.43)

PPV, Positive predictive value; NPV, Negative predictive value; PLR, Positive likelihood ratio; NLR, Negative likelihood ratio; AUC, area under the receiver operating characteristic curve.
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Characteristic Primary dataset

Categorical NRI Continuous NRI
(95% CI) (95% Cl)
Radiomics nomogram vs. 0.511 (0.344 to 0.892 (0.636 to
clinical model 0.678) 1.148)
P-value <0.0001 <0.0001

NRI, net reclassification improvement; IDI, index integrated discrimination improvement.

IDI (95% ClI)

0.240 (0.178 to
0.302)
<0.0001

Categorical NRI
(95% Cl)

0.345 (0.132 to
0.557)
0.002

Validation dataset

Continuous NRI
(95% CI)

0.801 (0.478 to
1.125)
<0.0001

IDI (95% CI)

0.185 (0.108 to
0.262)
<0.0001
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Characteristics TD positive (n = 117) TD negative (n = 137) P value training cohort (n = 203) validation cohort (n = 51) P value
Age (mean + SD,years) 59+ 13 60 + 11 0.553 59+ 11 59 + 14 0.682
Gender (men/women) 62/55 89/48 0.056 112/91 39/12 0.006
Volume (median,cm?) 15.1 12.0 0.042 14.0 18.0 0.829
Location 0.078 0.157

upper 61 56 89 28

middle-lower 56 81 14 23
cT stage (T1-2/T3/T4) 11/84/22 57/70/10 <0.001 53/127/23 16/27/9 0.753
Peritumoral nodules (+/-)' 103/14 73/64 <0.001 140/63 36/15 0.822
CEA (+/-) 61/56 48/89 0.006 87/116 22/29 0.971
CA19-9 (+/-) 44/73 22/115 <0.001 50/153 16/35 0.326
CA125 (+/-) 11/106 6/131 0.110 13/190 4/47 07138
Rad-score 0.60 £ 0.19 0.42 £ 0.20 <0.001 049+ 0.21 0.53 £ 0.21 0.343
pT stage (T1/2/3/4) 0/7/91/19 7/37/86/7 <0.001 6/34/145/18 1/10/32/8 0.533
pN stage (NO/1/2) 0/69/48 80/43/14 <0.001 64/90/49 16/22/13 0.897
Histologic grade (1/2/3) 0/86/31 3/114/20 0.008 1/158/44 2/42/7 0.085

" Peritumoral nodule was defined as any nodule (diameter > 3mm) within the lymphatic drainage space of rectal cancer on CT images. P values less than 0.05 are shown in bold.
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Variables

Age

Gender

Volume

Location

cT stage

Peritumoral nodules (+/-)
CEA

CA19-9

CA125

Rad-score

If P> 0.1. variables were excluded from the combined model. P values less than 0.05 are shown in bold.

Univariate

OR

0.996
0.624
1.000
2.216
3.496
6.009
1.725
2.928
2779
2771

P-value

0.745
0.098
0918
0.006
<0.001
<0.001
0.057
0.002
0.098
<0.001

Multivariate

OR

0.677
2.281
4.485
2258

2378

P-value’

0.267
0.009
<0.001
0.045

<0.001
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Diagnostic modalities Advantages Limitations

MDCT Most commonly available Nephrotoxicity

89% sensitivity Best validated Radiation exposure

90% specificity Cheapest

MRI Superior imaging Expensive

89% sensitivity Depicts local pancreatic disease Less available

89% specificity lodine-free and no radiation Contraindicated with some metal implants
EUS +/- FNA Safe and less invasive Less available in some countries

85% sensitivity'™ High sensitivity Operator dependent

96% specificity™ Able to detect small lesions Inability to detect distant metastasis

Able to take histological sample

'Adapted from Zhang L et al., World Journal of Gastroenterology. 2018; 24:2047-2060.°

'CT, Computed tomography; MDCT, Multi-detector computed tomography; MRI, Magnetic resonance imaging; EUS, Endoscopic ultrasound; FINA, Fine needle aspiration; PET, Positron
emission tomography.

iiPooled sensitivity and specificity for EUS with FNA.
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Tumor size

Ablation area
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4x107 3x10°7* 0.12
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0.41
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*No significant differences between S0 (=4 to -6 dB contours) and the tumor size were found, representing that ultrasound single-phase CBE imaging reliably measured tumor size.
e

b < 0.05 significant difference.
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Characteristics

No. of participants
Age, years
Mean + standard deviation (range)
Median
Tumor size (mm?)
Mean + standard deviation (range)
Median
Heating conditions.
Power range, watt
Min - max
Last tip temperature, °C.
Mean + standard deviation (range)
Median
Heating time, minute
Mean + standard deviation (range)
Median

19

621 £ 121 (120 - 880)
610

1594 2 784 (71.1 - 427.0)

1420

56- 110

798491 (52-92)
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Study Study description LN SE SP PPV NPV Accuracy Gold standard
% ) ) (%)

Lo WC, European Radiology (14) Qualitative (4 patterns) 131 667 571 522 710 - Histology

Suzan Onol, Cureus (15) Qualitative (4 scores) 70 94 70 - - 86 Histology

Leyla Acu, J Ultrasound Med (12)  Qualitative (5 patterns) 220 821 562 451 87.8 64.1 Histopathology

Tsai WC, Ultrasound in Mediicine &  Qualitative (5 patterns) 90 86 90 91 84 88 Surgical pathology

Biology (16)

Xu'Y, Scientific Reports (17) Qualitative (5 patterns) 97 78 93 93 79 86 Surgical pathology

Muberra Pehlivan, Braz J Qualitative (5 patterns) 16 824 84.6 87 78 83.3 Histology

Otorhinolaryngol (18)

Zhang F, Medicine (Baltimore) (19)  Qualitative (6 patterns) 97 81.58 95.65 = - 86.89  Histology

Lenghel LM, Medical Qualitative (8 patterns) 69 667 96.7 = = 84.6 Follow-up, histology

Ultrasonography (20)

Lyshchik A, Radiology (11) Quantitative (strain index > 1.5) 141 85 98 & = 92 Histology

Leyla Acu, J Ultrasound Med (12)  Quantitative (strain index > 1.7) 220 716 765 5741 86.0 75.0 Histopathology

Miberra Pehlivan, Braz J Quantitative (strain index > 1.04) 16 100 84.62 - - 95 Histology

Otorhinolaryngol (18)

Zhang F, Medicine (Baltimore) (19)  Quantitative (SWV > 2.76 m) 97 57.89 86.96 - - 68.85 Histology

Fujiwara T, Ultrasound in Medicine ~ Quantitative (SWV > 1.9 m/s) 42 950 818 - - 88.0 Surgical pathology, Lymph node

& Biology (21) open biopsy

Meng W, European Journal of Quantitative (VTIQ value > 2.595 m/s) 181 829 931 - - 90.6 Surgical pathology, fine-needle

Radiology (22) aspiration

Azizi G, Ultrasound in Medicine & ~ Quantitative (VTIQ value > 2.93 m/s) 270 9259 75.49 48.54 97.60 78.9 Surgical pathology

Biology (23)

Zuhal Bayramoglu, Br J Radiol (24) ~Quantitative (elasticity > 17 kPa) (ymphoma 117 96 100 100 99 99 Histology

vs. lymphadenitis)

Shuyi Luo, Front Oncol (25) Qualitative SWE (4 scores) 121 967 100 100 96.8 98.3 Core needle biopsy, surgical
pathology

Wei Lin Ng, Acad Radiol (26) Qualitative SWE (4 scores) 107 96.0 56.1 - - 81.3 Histopathology

LNs, lymph nodes; SE, sensitivity; SP, specificity; PPV, positive predictive value; NPV, negative predictive value; SWV, shear wave velocity; VTIQ, virtual touch tissue imaging quantification;

SWE, shear wave elastography.
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Study

Knabe, Surg Endosc (46)

Izumo, Jpn J Clin Oncol (48)

Korrungruang P, Respirology (49)

Ching-Kai Lin, Journal of the Formosan Medical
Association (50)

Fournier C, Bronchology Interv Pulmonol (51)
He, Journal of Central South University Medical
Sciences (52)

Ahmed Youssef Attonbary, Diagn Ther Endosc
(53)

Giovannini, WJG (47)

Xu, Gastrointestinal Endoscopy (54)
Korrungruang P, Respirology (49)

Hussein, Arab Journal of Gastroenterology (55)

Ahmed Youssef Attonbary, Diagn Ther Endosc
(63)

Method

EUS
EBUS
EBUS
EBUS

EBUS
EBUS

EUS

EUS

EUS
EBUS

EUS

EUS

Study description

Qualitative (3 patterns)
Qualitative (3 patterns)
Qualitative (3 patterns)
Qualitative (3 patterns)

Qualitative (3 patterns)
Qualitative (4 patterns)

Qualitative (4 patterns)
Qualitative (5 patterns),
multicenter
Meta-analysis
Quantitative (SR > 2.5)
Quantitative (SR > 4.61)

Quantitative (SR > 6.7)

40
75
120
206

217
68

40

101

431
120

126

40

SE
(%)
100
100
100
64.7

87
85.7

87.5
91.8

88
100

89.8

99.9

SP
(%)
64.1
923
66.7
85.6

68
76.9

M.7
82.5

85
70.8

83.3

571

PPV
(%)
75
94.6
923
716

80
85.7

83.3

88.8
93.2
82.5

99.9

NPV
(%)

100
100
81.3

77
76.9

50
86.8
100
90.2

64

Accuracy

96.7
83
78.2

80.7
82.3

60

88.1

94.6
85

77.5

Gold Standard

Cytology, histology
Histology

Histology, surgical pathology
Histology, surgical pathology

Histology

Cytology, histology, surgical
pathology

Cytology, histology

Cytology, histology

Cytology, surgical pathology
Cytology, histology, surgical
pathology

Cytology, histology, surgical
pathology

Cytology, histology

EUS, endoscopic ultrasound; EBUS, endobronchial ultrasound; LNs, lymph nodes; SE, sensitivity; SP, specificity; PPV, positive predictive value; NPV, negative predictive value; SR,

strain ratio.
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MRN NerveVIEW

Lrand Cs
Lrand Cs
Lrand Cs
Lrand Cs
Lrand Cs
Lrand Cs
Lrand Cs
Lrand Cs
Lrand Cs
Lrand Cs

Lr

Lr

Lr

Lr

Lr
Lr

Lr

Lr

Lr

TNM Stage

cT4NOMO
cT2NOMO
cT2NxM0
CcT2cNOMO
PT3bNOMO
c¢T3bNOMO
pT2cNOMO
cT3bNOMO
cT2cNOMO
<T2aNOMO
pT2cNOMO
cT2aNOMO
cT1bNOMO
cT4NIMO

cT2cNOMO
cT4N1IMO

cT4NIMO

c¢T3bNIM1

cT2cNOM1

Purpose

Radical
Radical
Radical
Radical
Adjuvant
Radical
Adjuvant
Radical
Radical
Radical
Adjuvant
Radical
Radical
Radical

Radical
Radical

Radical

Radical

Radical

Prostate and seminal sac
Prostate and seminal sac’
Prostate and seminal sac
Prostate and seminal sac’

Tumor bed and seminal sac
Prostate and seminal sac

Tumor bed and seminal sac
Prostate and seminal sac
Prostate and seminal sac
Prostate and seminal sac’

Tumor bed and seminal sac

Prostate’

Prostate and seminal sac
Prostate, seminal sac
and iliac mLNs
Prostate and seminal sac’

Prostate, seminal sac
and pelvic mLNs

Prostate, seminal sac
and pelvic mLNs

Prostate, seminal sac
and pelvic mLNs
Left iliac bone metastasis
Prostate and seminal sec
Bone metastases

Dose

70Gy/25f; 2.8 Gy/f
70Gy/25f 2.8 Gy/f
70Gy/25F 2.8 Gy/f
70Gy/25F 2.8 Gy/f
62.75Gy/25f; 2.5 Gylf
70Gy/25F 2.8 Gy/f
62.75Gy/25f; 2.5 Gylf
70Gy/25f; 2.8 Gy/f
70Gy/25f; 2.8 Gy/f
70Gy/25f; 2.8 Gy/f
62.75Gy/25f; 2.5 Gylf
67.5Gy/25f; 2.7 Gy/f
67.5/256 2.7 Gylf
70Gy/25f; 2.8 Gy/f

70Gy/25F; 2.8 Gy/f
70Gy/25f; 2.8 Gy/f

70Gy/25f; 2.8 Gy/f

70Gy/25f; 2.8 Gy/f
50Gy/10f; 5 Gy/f

70Gy/25f; 2.8 Gy/f
65Gy/25f; 2.6 Gylf

Interval

3d
0d
1d
1d
1d
10d
14d
1d
2d
11d
1d
2d
0d
1d

5d
2d

0d

4d

No., patient number; GTV, gross tumor volume; CTV, clinical target volume; mLNs, metastatic lymph nodes; Interval, the time interval between the date of simulation CT and MRN. A total

of 15 patients in this cohort received radical RT, and 3 patients received adjuvant RT after prostatectomy. The median time interval of CT and MR scanning was 1.5 days.

l No prophylactic whole-pelvic radiation. Otherwise, treated with whole-pelvic radiation (47.5Gy/15f) simultaneously.
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Intercept and variable Clinical model Radiomics nomogram

B 0Odds ratio (95% Cl) P-value B 0Odds ratio (95% Cl) P-value
Intercept -1.263 4.744
Tumor size (=5 cm) 1.204 3.334 (1.775 to 6.263) <0.001 -1.170 0.310 (0.116 t0 0.833) 0.020
AFP (ug/l)
<20 Reference Reference
20-400 0.358 1.430 (0.669 to 3.062) 0.357 0.243 1.276 (0.523 t0 3.111) 0.593
2400 1.006 2.734 (1.313 to 5.695) 0.007 1.029 2.797 (1.164 to 6.726) 0.022
BM Rad-score NA NA NA NA NA NA
AP Rad-score NA NA NA NA NA NA
PVP Rad-score NA NA 0.214 1.239 (1.138 to 1.347) <0.001
DP Rad-score NA NA 1.261 3.529 (1.687 to 7.382) 0.001
AUC *P value
Primary dataset 0.690 (0.615 to 0.766) 0.849 (0.795 to 0.902) <0.001
Validation dataset 0.661 (0.561 to 0.760) 0.788 (0.704 to0 0.872) 0.008

*P value represents the difference of AUC between the radiomics nomogram and clinical model. AFP, o-fetoprotein; BM, B-mode; AP, arterial phase; PVP, portal venous phase; DP, delay
phase; Rad-score, radiomics score; AUC, area under the receiver operating characteristic curve; NA, not available.
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Characteristic Primary dataset (n = 192) Validation dataset (n = 121) P-value

Gender 0.267
Male 166 (86.5) 99 (81.8)
Female 26 (13.5) 22 (18.2)
Age, mean + SD, years 56.1 +11.0 56.37 + 12.1 0.840
Tumor size 0.103
<5cm 121 (63.0) 65 (53.7)
>5 cm 71(37.0) 56 (46.3)
MVI status 0.909
Positive 79 (41.1) 49 (40.5)
Negative 113 (58.9) 72 (59.5)
Pathologic grade 0.839
Well 30 (15.6) 22 (18.2)
Moderately 123 (64.1) 75 (62.0)
Poorly 39 (20.3) 24 (19.8)
Cirrhosis 0.568
Positive 122 (63.5) 73 (60.3)
Negative 70(36.5) 48 (39.7)
Cholelithiasis 0.993
Positive 38 (19.8) 24 (19.8)
Negative 154 (80.2) 97 (80.2)
Hepatitis 0.272
Positive 163 (79.7) 90 (74.4)
Negative 39 (20.3) 31(25.6)
ALT (U/L) 0.808
<40 109 (56.8) 67 (55.4)
=40 83(432) 54 (44.6)
AST (UL) 0.740
<35 83 (43.2) 50 (41.3)
>35 109 (56.8) 71 (58.7)
AFP (ug/L) 0.203
<20 74 (38.5) 58 (47.9)
20-400 57 (29.7) 34 (28.1)
>400 61(31.8) 29 (24.0)
PLT (10°L) 0674
<100 56 (29.2) 38 (31.4)
>100 136 (70.8) 83 (68.6)
ALB (g/L) 0.469
<40 84 (43.75) 58 (47.9)
240 108 (56.25) 63 (52.1)
INR 0.748
12 149 (77.6) 92 (76.0)
>1.2 43 (22.4) 29 (24.0)
TBIL (umol/L) 0.491
<174 131 (68.2) 78 (64.5)
>17.1 61(31.8) 43 (35.5)
DBIL (umol/L) 0.640
<6.8 102 (53.1) 61 (50.4)
>6.8 90 (46.9) 60 (49.6)
BM rad-score, median (interquartile range) -4.06 (-7.04 to -1.12) -3.69 (-6.43 to -1.44) 0.648
AP rad-score, median (interquartile range) -3.54 (-4.30 to -2.89) -3.48 (-4.00 to -2.58) 0.256
PVP rad-score, median (interquartile range) -3.98 (-9.23 to 1.08) -2.17 (-7.09 to 2.27) 0.115
DP rad-score, median (interquartile range) -3.50 (-3.97 to -3.03) -3.42 (-3.97 to -2.96) 0.336

ALT, alanine aminotransferase; AST, aspartate aminotransferase; AFP, a-fetoprotein; PLT, platelets count; ALB, albumin; INR, international normalized ratio; TBIL, total bilirubin; DBIL, direct
bilirubin; BM, B-mode; AP, arterial phase; PVP, portal venous phase; DP, delay phase; Rad-score, radiomics score. Unless otherwise specified, data in parentheses are percentages.
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Characteristic Primary dataset No. (%) Validation dataset No. (%)

MVI (+) MVI (1) P value MVI (+) MVI () P-value
Gender 0.467 0.600
male 70 (88.6) 96 (85.0) 39 (79.6) 60 (83.3)
female 9(11.4) 17 (15.0) 10 (20.4) 12 (16.7)
Age, mean + SD, years 540+ 115 55.9 + 10.6 0.224 53.8 + 13.7 56.5 + 10.8 0.232
Tumor size <0.001 0.018
<50m 37 (46.9) 84 (74.3) 20 (40.8) 45 (62.5)
>5 cm 42 (53.2) 29 (25.7) 29 (59.2) 27 (37.5)
Cirrhosis 0.503 0.093
Positive 48 (60.8) 74 (65.5) 34 (69.4) 39 (54.2)
Negative 31(39.2) 39 (34.5) 15 (30.6) 33 (45.8)
Cholelithiasis 0.893 0.552
Positive 16 (20.3) 22 (19.5) 11 (22.4) 13 (18.1)
Negative 63 (79.7) 91 (80.5) 38 (77.6) 59 (81.9)
Hepatitis 0.282 0.132
Positive 60 (82.3) 93 (86.7) 40 (81.6) 50 (69.4)
Negative 19(17.7) 20 (18.3) 9(18.4) 22 (30.6)
ALT (UL 0.584 0.961
<40 43 (54.4) 66 (58.4) 27 (55.1) 40 (55.6)
40 36 (45.6) 47 (41.6) 22 (44.9) 32 (44.4)
AST (U/L) 0.733 0.222
<35 33 (41.9) 50 (44.2) 17 (34.7) 33 (45.8)
>35 46 (58.2) 63 (55.8) 32 (65.3) 39 (54.2)
AFP (ug/L) 0.017 0.006
<20 24 (30.4) 50 (44.2) 20 (40.8) 38 (52.8)
20-400 21 (26.6) 36 (31.9) 10 (20.4) 24 (33.3)
>400 34 (43.0) 27 (23.9) 19 (38.8) 10 (13.9)
PLT (10%1) 0.192 0.580
<100 19 (24.1) 37 (32.7) 14 (28.6) 24 (33.3)
>100 60 (75.9) 76 (67.3) 35 (71.4) 48 (66.7)
ALB (/L) 0.897 0.575
<40 35 (44.3) 49 (43.4) 25 (51.0) 33 (45.8)
=40 44 (55.7) 64 (56.6) 24 (49.0) 39 (54.2)
INR 0914 0.328
<12 61(77.2) 88 (77.9) 35 (71.4) 57 (79.2)
>1.2 18 (22.8) 25 (22.1) 14 (28.6) 15 (20.8)
TBIL (umol/L) 0.108 0.001
<174 59 (74.7) 72 (63.7) 23 (46.9) 55 (76.4)
>17.1 20 (25.9) 41 (36.3) 26 (53.1) 17 (23.6)
DBIL (umol/L) 0.139 0.035
<6.8 47 (59.5) 55 (48.7) 19 (38.8) 42 (58.3)
>6.8 32 (40.5) 58 (51.3) 30 (61.2) 30 (41.7)

BM rad-score, median (interquartile range) -2.10 (-4.68 to 1.23) -5.45 (-8.22 to -2.61) <0.001 -2.24 (-4.80t02.01)  -4.72(-7.20 to -2.25) <0.001
AP rad-score, median (interquartile range) -3.07 (-3.88 to -2.04) -3.96 (-4.65 to -3.32) <0.001 -2.85 (-3.64 to -2.15)  -3.68 (-4.39 to -3.20) <0.001
PVP rad-score, median (interquartile range) 0.32 (-3.92 to 6.36) -7.04 (1250 to -3.18)  <0.001 1.83 (-2.79 to 4.47) -5.44 (-9.63 to -0.52) <0.001
DP rad-score, median (interquartile range) -3.13 (-3.52 to -2.82) -3.75 (-4.22 to -3.28) <0.001 -3.09 (-3.62 t0 -2.89)  -3.58 (-4.05 to -3.16) 0.001

ALT, alanine aminotransferase; AST, aspartate aminotransferase; AFP, a-fetoprotein; PLT, platelets count; ALB, albumin; INR, international normalized ratio; TBIL, total bilirubin; DBIL, direct
bilirubin. BM, B-mode; AP, arterial phase; PVP, portal venous phase; DP, delay phase; Rad-score, radiomics score; Unless otherwise specified, data in parentheses are percentages.
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Lymphadenopathy  Reactive lymph nodes Malignant infiltration Lymphoma Tuberculous

More (most) likely lymphadenitis
B-mode Preserved architecture, Eccentric hypoechoic cortical Destroyed architecture, focal or global hypoechoic Similar with
aspect ratio > 2, uniform thickening, aspect ratio < 2, boundary ~ cortical thickening, usually without echogenic hilum, malignant
cortex ambiguity, tissue edema around approximate sphere, pseudocystic appearance infitration
Color Doppler Lymphatic vascular structure  Peripheral or mixed vascularity, Rich vascularity Peripheral or
vascular distortion mixed
vascularity
Vascular resistance  Lower, Rl < 0.8, Pl < 1.6 Higher, Rl > 0.8, Pl > 1.6 Intermediate Rl and PI RI<0.8, Pl <
1.6
Strain elastography ~ 1-2 points in 4-point rating SR in difluse infiltration > 1.7 Patterns 1 and 2 in five pattern elastographic score, No data
elastography scale, SR in dynamic changes occur after treatment
diffuse infiltration < 1.7
Shear wave-based ~ No data, most often normal ~ Shear wave velocity > 3.03 m/s Shear wave velocity > 2.45 m/s No data
elastography architecture

R, resistive index; Pl, pulsatility index; SR, strain ratio.





