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Editorial on the Research Topic 


Bottom-Up Approach: a Route for Effective Multi-Modal Imaging of Tumors



Preface

With the development of multidisciplinary integration, multi-modal imaging has become an important concept that is very popular in relevant research fields and has expanded to accommodate a wide range of advanced technologies. This change is something we are happy to see because it brings more possibilities, which further provide more perspectives and information for cancer research. This Research Topic gathers information about various technologies or methodologies, to consider the advantages of each and finally provide solutions for cancer diagnosis and treatment.



Current Status and Innovation of Multimodal Imaging

Imaging has become an indispensable means in the process of tumor diagnosis and clinically and the wide range of available imaging modalities, some of which are described herein, provide strong tools in discovering information about cancer. Among these available imaging modalities, magnetic resonance imaging (MRI), is a commonly used tool in clinical settings and is usually one of the first choices for tumor diagnosis. It has superior soft-tissue resolution to any other imaging modality, which makes it suitable for the diagnosis of most tumors. In addition, enhanced MRI detection can further strengthen its application. However, the relatively long scanning time and various types of artifacts sometimes limit its function. From the perspective of the articles in this Research Topic, exploiting advanced MRI sequences for better imaging effect is still necessary for tumor diagnosis.

Yuan et al. explore the diagnostic efficacy of the combination of different MRI sequences, including T2-weighted spectral attenuated inversion recovery (SPAIR) imaging, dynamic contrast-enhanced (DCE) imaging, and diffusion-weighted (DW) imaging. They found that T2 SPAIR and DCE plus DW imaging provided useful information for evaluating T staging and grading in bladder cancer. As a multi-parametric imaging modality, MRI can give far more information than we have ever thought. Zheng et al. found that the correlation between the parameters of intravoxel incoherent motion diffusion-weighted imaging (IVIM-DWI) and the expression of Ang-2 and TKT to be very useful for developing personalized treatment plans by non-invasive evaluation. Liu et al. examine the mono-exponential IVIM model. They outline that it is superior to the bi-exponential IVIM model in differentiating the pathological grades of esophageal squamous cell carcinoma (ESCC), proving it to be an ideal imaging modality for predicting pathological grades of ESCC.

Computed tomography (CT) is another commonly used imaging modality. Compared with MRI, it does not have an impressive soft tissue resolution, but the quicker scanning time for better temporal resolution and relatively low cost make it still a necessary inspection method for cancer diagnosis. Enhanced CT scanning is particularly sensitive to some tumors such as hepatoma and some abdominal tumors. Consequently, improving the performance of the CT devices and developing CT imaging agents with higher contrast and specificity are potential approaches to increasing the accuracy of CT in tumor diagnosis. Furthermore, similar to other imaging modalities, the radiomics model based on CT can excavate more information from a large number of images and effectively provide a prediction for the development of cancer.

Ultrasound (US) is an imaging modality with relatively high penetration that has the capability of real-time imaging. Based on contrast enhanced US, Tang et al. used a new index named time difference of arrival (TDOA), which uses the time difference between the contrast agent’s arrival time of the lesion and adjacent lung tissue to discriminate the pathologic types of peripheral pulmonary lesions (PPLs). This retrospective study found that TDOA significantly distinguished benign inflammation and malignant PPLs, which increased the diagnostic accuracy of CEUS. However, the properties of sounds restrict its performance when meeting the tumors surrounded by air or bones. Fortunately, some advanced US contrast agents and invasive US scanning methods can help solve these problems (1). Nuclear imaging relies on radioactive rays emitted by radionuclides and sometimes shares some characteristics of molecular imaging like cellular or molecular level specificity. More advanced fusion technology in nuclear imaging such as positive electron emission CT (PET/CT) and PET/MRI can simultaneously obtain metabolism information and anatomical structure, providing the precise location and behaviors of tumor development. In this field of concern, the development of new tracers is still very popular. Zhou et al. performed an intra-individual comparison and found that 18F-PSMA-1007 showed superiority over 18F-FDG because of its high detecting rate of PC lesions and excellent tumor uptake. Generally speaking, from this brief review above, it is clear that the commonly used imaging methods have different advantages, but there is still a lot of room for improvement.

Molecular imaging is another important branch of multi-modal imaging, which relies on composite probes integrating different parts with multiple functions to realize precise tissue imaging. The tumor occurrence is a multi-factor process at the cellular level, subcellular level, and molecular level, thus providing a huge stage for the application of molecular imaging. The recent innovation of molecular imaging generally includes aspects such as bimodal imaging, targeting, structure, synthesis, mechanism of drug release. Bimodal imaging requires the probe to be highly integrated and combines the advantages of different imaging modals, thus we can dig out more information with higher efficiency. For instance, Xie et al. reported a bimodal MRI/near infrared fluorescence (NIRF) imaging nanoprobe, DANG/Cy7-SPIONs (2) that used the retro-enantio isomer of angiopep-2 to mediate the nanoprobe targeting to glioma site. Due to the integration of Cy7 dye and SPIONs core, this nanoprobe finished the enhanced MR imaging and NIRF imaging of glioma with high specificity and sensitivity. The MRI/optical imaging bimodal imaging probe has been applied in many studies (3), because of its combination of high anatomical resolution from MRI, high sensitivity, and real-time imaging property from optical imaging (4).

In terms of the capability of targeting, finding new tumor targets with their corresponding ligands is an effective way to improve the targeting efficiency of the composite probes. Small molecules, like peptides, have become one of the most popular ligands for targeting, because they are small, easy to synthesize, and generally low immunogenic (5). Genomics research also helps in the discovery of more targets to develop new small molecule targeting ligands. Some research designed molecular probes with camouflage containing some intrinsic components in the body to deceive tumor cells. This biomimetic strategy has also achieved some impressive results. Deng et al. produced an aggregation-induced emission (AIE) probe coated with the NK cell membrane, NK@AIEdots, in which the NK cell membrane helped the probe cross the blood-brain barrier and target the glioma and finally realize through skull NIRF imaging and tumor treatment via photothermal effect (6). Then, the structure of the whole probe is strongly associated with its mechanism of drug release.

Recently, many composite probes with the activatable design have been developed, as they provide impressive lesion to normal tissue contrast, which is particularly valuable when we want to make a strict distinction between the two, for example during surgery. Zhan et al. designed an enzyme-activatable NIR-II nanoprobe unperturbed by tissue or background (A&MMP@Ag2S-AF7P) (7). In the normal state, the nanoprobe did not have effective imaging performance because of the quenching effects of its special structure. The structure of the nanoprobe would be destroyed by the MMP-14, which is an enzyme highly expressed on neuroblastoma, that can cleave to a part of the nanoprobe, resulting in the activation of the nanoprobe to emit significant NIRF imaging signals. As for the synthesis of the probes, a faster and simpler method is required. Therefore, the research seeking a product with faster and simpler synthesis while maintaining a similar efficacy is of particular concern.

In summary, as the potential innovations mentioned above indicate, there is still much room for the research and development of multi-modal imaging from a purely molecular imaging perspective. In the future, these composite probes will achieve incredible accuracy.

Many works in this Research Topic examine artificial intelligence (AI) methodologies such as radiomics, machine learning, and deep learning and apply them to the research of cancer imaging with impressive results, indicating the need to expand the concept of multi-modal imaging. Molecular imaging focuses on the characteristics of tumor changes at the cellular and molecular levels. AI methodology for imaging, a rapidly developing research field, can capture the feature and heterogeneity of the tumor across its whole volume. With certain processing, the extracted information from AI methodologies can be used as indicators for the diagnosis and prognosis of cancer. He et al. built a radiomics feature-based predictive model to predict the occurrence of microvascular invasion (MVI) in patients with hepatocellular carcinoma (HCC). They built the individual predictive nomogram including the Fradiomics score (Rad-score) and existing predictors (alpha fetoprotein, neutrophilic granulocyte, and preoperative hemoglobin) and found that its discrimination efficacy was higher than the existing predictors mentioned above, indicating that the radiomics feature-based predictive model could improve the preoperative prediction of MVI in HCC. Gu et al. developed a prediction model based on two clinical factors, namely the age and CA125 level and four radiological criteria by CT, which are abdominal bowel metastasis, spleen metastasis, diaphragmatic metastasis, and retroperitoneal lymph node enlargement (RLNE). Their results indicate that this model could predict unsatisfactory debulking surgery in patients with advanced ovarian cancer (AOC). Li et al. undertook a retrospective study to verify the efficacy of their radiomics model based on multi-parametric MRI on a diagnosis of prostate cancer (PCa). They found that when this model was added to PI-RADS, the performance of the PI-RADS was significantly improved for PCa diagnosis, suggesting the function of radiomics in improving the diagnostic performance of PI-RADS v2.1 in PCa. These studies prove that after the features in the images are extracted and processed by dimensionality reduction, the analyzed data can change the quality of the information provided by the traditional imaging modalities. Sometimes these features can be connected to other non-imaging features from laboratory indicators or genomics to improve the diagnosis and prognosis of cancer.

These imaging features can be associated with genomic, transcriptomic, and proteomic characteristics (8). From this point, we can build a bridge between molecular imaging and radiomics, because they can share and contribute critical information to each other. Chu et al. developed a model based on radiomics features to evaluate CXCL8 expression and found that the radiomics features reflected by tumor morphology could be influenced by gene expression, while CXCL8 is a gene that can regulate cytokine–cytokine receptor interaction and neutrophil migration pathway. Finally, they built a novel radiomics model that incorporated 12 radiomics features according to CXCL8 expression and tumor stage, which was a reliable approach to predict prognosis in colorectal cancer (CRC) patients. This type of study links the differences in genotypes with the heterogeneity in radiomics and found a correlation between them.

On the one hand, the findings in this Research Topic provide direct information for tumor imaging. On the other, the connection between differences in radiomics or other AI methodologies, as well as differences at the cellular and molecular levels, can also indirectly provide new targets for tumor molecular imaging. Moreover, given the rich information provided by AI methodologies, molecular imaging probes can also be more accurate in time and space, which not only identifies the location of the tumor but also specifically identifies the tumor staging and completes the time-specific imaging. At this level, multi-modal imaging is more like a new technology that integrates multiple imaging methodologies, where we can make full use of the information provided by images, computer science, materials, etc. to comprehensively re-consider the whole process of cancer development.



Epilogue

We are grateful to the authors for contributing to this collection, providing new ideas and perspectives that have also inspired us deeply. This Research Topic will continue to welcome diverse tumor imaging studies and encourage the integration of different imaging methods. We believe that multi-modal imaging will become one of the ultimate solutions for tumor diagnosis and treatment.
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Orbital cavernous hemangioma is the most common primary tumor in the orbit. With the development of histopathology, it has been confirmed that cavernous hemangioma is not a real tumor, but a special type of vascular malformation. Cavernous hemangioma malformation(CVM) is a more appropriate way to name it. At present, surgical resection is the main treatment for CVMs. The prognosis of the surgery mainly depends on the location and the size of the lesion as well as its relationship with the optic nerve. Therefore, effective imaging information is of great importance. This paper analyzes the radiological imaging characteristics and the advantages and disadvantages between them, including ultrasound, CT, MRI, and SPECT/CT imaging of CVMs, hoping to help improve our understanding of CVMs.

Keywords: orbital cavernous hemangioma, radiography, computed tomography, magnetic resonance imaging, SPECT/CT, 99mTc-RBC


INTRODUCTION

Cavernous hemangioma malformation (CHM) is the most common primary benign orbital tumor in adults, which constitutes 6–9% of orbital lesions. In a retrospective study of 1,264 patients with suspected orbital tumor during 1971–2002, Shields et al. (1) found that CHMs constituted 6.12% of all lesions. Furthermore, Bonavolont et al. (2) analyzed 2,480 patients with orbital lesions; they found that CHM constituted 9% of all lesions. Finally, in a pathological analysis of 455 patients with orbital soft tissue tumors, Liu et al. (3) revealed that 258 patients had CHMs, which constituted 75.9% of orbital vascular tumors and 56.7% of orbital soft tissue tumors. The locations and sizes of these lesions vary among patients; they can compress adjacent structures and cause corresponding symptoms (e.g., vision loss, visual field defect, and eye movement disorder). Currently, there is a consensus regarding treatment of CHMs; specifically, when lesions are found in eyes with other normal characteristics, follow-up observation should be performed. The risk of surgery was found to be greater than any theoretical benefit for patients without visual impairment, as well as for patients in whom it was unclear whether the lesion was stable or actively growing. In contrast, surgery should be considered if the patient has a serious visual field defect at the time of initial visit, or if the symptoms are mild with signs of active growth (e.g., new symptoms, changes, or aggravation of original symptoms) (4). The main approaches for surgical treatment of CHMs include: transconjunctival approach, lateral approach, skin approach, and lateral combined medial conjunctiva. The methods, efficacy, and safety differ among these approaches (5, 6). Accurate preoperative qualitative and localization diagnosis are important prerequisites for successful surgery. With the improvement of people's consciousness of health and the physical examinations become universal, much more ocular diseases were detected in early stages. Accurately diagnosing CHM is of great significance for clinicians. Fully grasping the progression of the patients' conditions through images not only reduces the occurrence of serious complications such as vision loss, but help clinicians to deal with the lesions and surrounding tissues more confidently during the operation. Recently, studies regarding the histological and hemodynamic characteristics of CHMs have become increasingly in-depth, thus improving understanding regarding imaging manifestations of CHMs. Current diagnostic imaging methods for CHM mainly include ultrasound, computed tomography (CT), and magnetic resonance imaging (MRI). With the development of molecular imaging, radionuclide imaging technology has also been used for diagnosis of CHMs. The clinical characteristics, pathological characteristics, and imaging analysis are summarized in this review.



CLINICAL CHARACTERISTICS

CHMs are more common among women (60–70%), potentially because of hormone level (7). The onset age ranges from 17 to 86 years (mean, 45 years). Most CHMs are unilateral single lesions, while unilateral multiple lesions and bilateral lesions are extremely rare; however, the incidence of bilateral lesions may higher than expected (8). The most probable location is the lateral region of the posteromedial orbital space. The main clinical manifestation is painless chronic progressive exophthalmos. Cytokine and hormonal stimulation during puberty or pregnancy may cause acute exophthalmos or orbital enlargement. If the lesion oppresses the optic nerve or affects blood supply to the optic nerve, visual field defects may appear. In a few patients, monocular vision loss has been caused by orbital apex involvement. Other uncommon symptoms include pain, eyelid swelling diplopia, and palpable mass (1).



HISTOPATHOLOGICAL AND HEMODYNAMIC CHARACTERISTICS

Histopathology has revealed that orbital cavernous hemangioma is not a real tumor. Its occurrence does not involve the proliferation of vascular endothelial cells, which suggests that it should be regarded as a unique type of vascular malformation. The components of the lesion mainly comprise veins, with a small number of small arterial vessels. In terms of blood flow mechanics, this lesion comprises a non-dilated arteriovenous malformation with low blood flow (9, 10). CHM is a tumor essence wrapped by a complete capsule, which is formed by outwardly extended fibrous tissue between vascular sinuses. Microscopy analysis demonstrates that the cavernous malformation is an expanded cavernous space, lined with flat endothelial cells. It is separated by fibrous intervals and surrounded by collagen trabeculae and smooth muscle cells. Occasionally, thrombus or hyaline degeneration are present, and calcification is rare (11).



RADIOLOGICAL IMAGING


Conventional Ultrasound and Color Doppler Ultrasound (CDI)

Because of the complete capsule, the CHM boundary in ultrasound images has a clear margin and is slightly compressible. In addition, the CHM is composed of thin-walled enlarged blood sinuses with blood flow. Thus, we can see a large number of punctate echoes inside the tumors on B-scan. While on A-scan, it showed steep wave peak (indicating there is a capsule), regular medium high wave of internal reflection, 45°kappa angle (the imaginary angle between the internal reflection and the baseline reflection: the greater the angle, the more obvious the reduction), and moderate sound attenuation. Occasionally when it's difficult to distinguish CHM from schwannoma, the low reflection image of schwannoma on A-scan may help. Furthermore, blood in the blood sinuses is relatively static. Through CDI, no color blood flow signals or only a small number of punctate red and blue blood flow signals can be visualized (12–15). A study by Zhao et al. (16) revealed that slow compression of the eyeball during CDI causes most CHMs to exhibit rich red and blue blood flow signals; when partial pressure is maintained and no additional force is applied, the blood flow signals disappear. During slow relief of the pressure, the blood flow signals reappear; however, the color is distinct from that of pressurization (i.e., the original red signals become blue, while blue signals become red). This phenomenon is more obvious when the internal jugular vein is compressed. When the pressure is completely relieved, the blood flow signal disappears again. This process suggests that when the lesion is compressed, blood flow in the blood sinus is accelerated; this leads to the appearance of blood flow signals. In addition, when the pressure is maintained, either the blood sinus is blocked or blood flow recovers slowly, resulting in the disappearance of blood flow signals; when the pressure is relieved, blood rapidly fills the sinus cavity, which leads to reappearance of blood flow signals. The opposite blood flow signals during pressurization, compared with relief, indicate that revascularization of vascular sinuses is caused by venous return. This discovery provides novel clues for differential diagnosis of CHMs.

The advantages of ultrasound are its speed, non-invasive nature, and low cost; it is a very effective diagnostic method for CHMs. Nagaraju et al. (17) reported that the sensitivity, specificity, positive predictive value, negative predictive value, and accuracy of ultrasound in the diagnosis of ocular diseases were 94.2, 98.8, 99.1, 92.2, and 94.9%, respectively. However, there are notable limitations of this method. Ultrasound has limited value in detecting the size, location, and relationship of lesions, relative to surrounding structures. CDI imaging with compression is not obvious when lesions are deep or exhibit a complex location. Diagnosis may be difficult when lesions exhibit a complex internal composition, such as when they are accompanied by other vascular malformation components or inflammatory changes (e.g., when inflammatory cell infiltration occurs within the lesions). Furthermore, ultrasound is less useful for identification of lesions without extensive vasculature, such as schwannomas and pleomorphic adenomas (18).



Ultrasonic Contrast

Also known as acoustic contrast, ultrasonic contrast is a technique that can enhance backscatter echo and improve the resolution, sensitivity, and specificity of ultrasound diagnosis using contrast agent. With the improvement of instrument performance and emergence of new acoustic contrast agents, ultrasonic contrast has increasing application in the diagnosis of ocular diseases, especially in retinochoroidal diseases. Because of the histological and hemodynamic characteristics of CHM, some clinicians have attempted to use contrast-enhanced ultrasound for its diagnosis. Ren et al. (19) reported that 49 of 52 patients (94.23%) diagnosed with CHMs showed typical enhancement patterns. Initial enhancement commonly appears at the periphery of the lesion, typically as small nodular protrusions. Occasionally, multiple nodular protrusions are fused; they slowly and gradually fill the lesion from the periphery to the center until reaching the peak of enhanced intensity, resulting in complete or incomplete filling of the whole lesion. After peak intensity is reached, it will be maintained for a short platform period, then gradually subside. This “snowball-like” dynamic enhancement pattern is the most characteristic manifestation of CHMs. Additionally, in ultrasonic contrast time-intensity curve, the enhancement pattern is slow onset and slow retreat (20). Contrast-enhanced ultrasound can directly reflect hemodynamic changes in the lesions; its advantages include absence of radiation, good repeatability, good patient tolerance, few adverse reactions, and usefulness for dynamic observation. However, thus far, ultrasonic contrast is more widely used in patients with chorioretinopathy, and there have been few studies regarding CHMs. Compared with traditional CT and MRI imaging, its advantages are unclear, and there remain inherent limitations of ultrasound imaging.



CT

CT imaging has high-density resolution, which allows it to clearly show the size, position, and shape of the lesion, as well as its relationship with surrounding structures. Under conventional CT, most CHMs exhibit a similar appearance: predominantly located in the retrobulbar cone; oval or round shape; lobulated when enlarged; well-circumscribed; and homogeneous with smooth margins. In most patients, the transparent triangle area can be observed in the orbital apex. These features are not characteristic and have limited value in distinguishing CHM from neurofibroma, solitary fibroma, schwannoma, histiocytoma, and other tumors that may appear morphologically identical to CHMs. With the development of image technology, enhanced CT has enabled more detailed evaluation and identification of orbital lesions through different enhancement patterns, as well as better understanding of images with blood flow characteristics of the lesions. In contrast-enhanced CT images, CHMs exhibit poor and heterogeneous enhancement in early arterial and venous phases, due to their low arterial blood flow. Then, the contrast agent slowly accumulates and enhancement gradually increases, eventually resulting in persistent homogeneous enhancement in the late or delayed phase (21). This feature was confirmed in previous studies; Young et al. (22) also reported that most enhanced CT images of CHMs showed heterogeneous enhancement or incomplete filling in the late or delayed phase (88.5%). This phenomenon may result from large blood sinuses in the lesion while the blood supply arteries are relatively small, which causes slow circulation in the lesion. Drainage veins are larger than the nutrient arteries; thus, when contrast agent from blood supply arteries initially enters the lesion, a portion of the contrast agent is already discharged. Therefore, it exhibits heterogeneous progressive enhancement. Dynamic contrast-enhanced CT is a very accurate and useful method for diagnosis of CHMs; generally, it is sufficiently effective to enable differential diagnosis relative to other lesions (e.g., schwannoma). Young et al. (22) have divided CHMs into three types (i.e., low speed, medium speed, and fast speed) according to the contrast agent filling speed; they found that the unique early spot or patchy enhancement on contrast-enhanced CT was more favorable for distinguishing lesions such as schwannoma, compared with contrast-enhanced MRI, which may demonstrate a confusing early diffuse enhancement pattern. However, contrast-enhanced CT increases the radiation dose to patients, which has partially limited its applications. Clinicians should consider the corresponding risks during selection of imaging methods.



MRI

As a popular imaging diagnosis method, MRI can detect and diagnose lesions by comparing signal strengths of differently weighted images, and obtain multi-directional images to clearly show tissues and structures as well as the anatomical relationships among them. Compared with CT, MRI can better display the relationships of orbital lesions with the optic nerve. Non-contrast MRI images of CHM are mainly manifested as follows: the lesion on T1-weighted images exhibits a signal hypointense to fat and isointense to extraocular muscle, while on T2-weighted images it exhibits a signal hyperintense to fat. This manifestation is difficult to distinguish CHMs from schwannoma and other lesions; thus, enhanced MRI is needed. On enhanced MRI, the enhancement pattern of lesions is similar to that of dynamic enhanced CT, with nodular enhancement in the early phase and continuous and homogeneous enhancement in the late and delayed phases. This feature can be used to distinguish isolated neurofibromas and schwannomas, which are characterized by diffuse heterogeneous or homogeneous enhancement in the early phase (21). However, Young et al. (22) found that in the early stage of contrast-enhanced MRI, one-fifth of CHMs exhibited diffuse and homogeneous enhancement, which was identical to that of schwannomas and other lesions. This differed from the results reported by Xian et al. (23), who found that early phase enhancement of CHMs always began from a small spot or a specific area. Young et al. (22) also found that in 43.3% of lesions, the enhancement was heterogeneous in the late or delayed phase, similar to the findings on dynamic enhanced CT. This phenomenon may be related to the slow internal blood flow of CHMs, which causes contrast agent to be unable to completely fill the lesions (even in the late or delayed phase). Nevertheless, MRI is of great value in the diagnosis of CHMs. In particular, using conventional MRI combined with enhanced MRI, the sensitivity was 79.4%; specificity was 100%; positive predictive value was 100%; negative predictive value was 83.7%; and accuracy was 90% (24). In quantitative dynamic magnetic resonance imaging, relevant parameters obtained based on the two-compartment dynamics model were further analyzed. With respect to the low internal blood flow characteristics of CHM and its abundant interstitium, as well as its relatively large extracellular space, the Ktrans (rate of contrast agent distribution from plasma to extracellular space of blood vessels) and Kep (rate at which contrast agents return from extracellular space to plasma) values were statistically significantly lower than those of schwannomas. Concurrently, resembling its enhancement pattern, the dynamic enhancement distribution pattern of the time intensity curve is mainly type I (i.e., continuously rising, such that signal strength increases slowly during observation; the curve exhibits a small ascending slope) (24–27). This feature aids in detection of the nature of the lesions and improves the reliability of diagnosis. However, the application of MRI also has limitations; in particular, patients with ferromagnetic implants or cardiac pacemakers, as well as patients with early pregnancy or claustrophobia, cannot undergo MRI. In addition, the gadolinium contrast agent used for contrast-enhanced MRI may cause renal systemic fibrosis in patients with renal insufficiency. Notably, accumulation of gadolinium contrast agent has been found during autopsies of individuals without renal dysfunction (28). In recent years, there has been increasing research regarding diffusion-weighted MRI, which is an important method for diagnosis of ischemic, infectious, and malignant diseases of the central nervous system. This non-invasive imaging method has a unique sensitivity for the free movement (diffusion) of water molecules in tissues. The apparent diffusion coefficient value of CHM is reportedly similar to that of solid tumors with medium density, which aids in differentiation from cystic lesions (28, 29). However, there have been few studies with relevant data and analysis regarding specific apparent diffusion coefficient thresholds for CHM, or regarding further differential diagnosis findings.



99mTc-RBC SPECT

Single-photon emission computed tomography (SPECT) is a modality used to achieve functional imaging of metabolic levels under pathological conditions, based on differences in blood circulation and tissue structure of lesions. It enables detection of cellular, molecular, and biochemical characteristics of lesions. Burroni et al. (30) reported that the characteristics of CHMs on SPECT imaging include the absence of intake during the early blood pool phase, followed by focal intake with persistent high consistency in the late phase. Additionally, false positive results were found within one hemangiopericytoma and one lymphangioma (both vascular diseases), which is consistent with the findings by Polite et al. (31); thus, more accurate CHM diagnosis is needed via combination with clinical manifestations, as well as CT and MRI manifestations. Nevertheless, the high sensitivity and specificity of SPECT imaging cannot be ignored. Dong et al. (32) performed further research regarding CHMs, using SPECT combined with CT imaging. They reported two false positive results regarding a venous hemangioma and a leiomyosarcoma with contrast agent concentration in late delayed imaging; the venous hemangioma was confirmed by hemorrhage and the leiomyosarcoma was confirmed by local bone destruction through postoperative pathological examination. Surprisingly, the sensitivity, specificity, accuracy, positive predictive value, and negative predictive value of radionuclide 99ctc-rbc SPECT plane imaging all reached 100% by further after-calibration analysis combined with visual analysis, semi-quantitative analysis, and receiver operating characteristic curve analysis (24). Although more large sample data are not available thus far, 99mTc-RBC SPECT plane imaging is considered to have very high diagnostic efficiency for CHMs. By combination with CT to provide anatomical information, the imaging accuracy of SPECT has been further improved; it even has the potential for use as a preoperative diagnostic modality for CHMs. However, limitations remain, such as poor diagnostic efficiency for other orbital lesions, relatively time-consuming nature, high cost, considerable equipment requirements, and radiation effects.




CONCLUSION

Applications of ultrasound, CT, MRI, and 99mTc-RBC SPECT imaging in diagnosis for CHMs were discussed in this review. Ultrasonography is a non-invasive, rapid, and inexpensive diagnostic method; by combination with color Doppler ultrasound (based on internal lesion blood flow dynamics), ultrasonography can provide additional information regarding lesion characteristics, especially when using the method of eyeball compression. Although the diagnostic effectiveness is sufficient for CHMs, it may be difficult to make a fine diagnosis when the internal lesion structure is complex. In addition, the limited ability to supply information regarding anatomical structures is an inherent disadvantage of ultrasonography. To the best of our knowledge, there have been few studies regarding the application of contrast-enhanced ultrasound in CHM diagnosis, and we mainly cited from Chinese domestic literature. The characteristic “snowball-like” enhancement pattern for CHMs is an intuitive reflection of the internal hemodynamic properties of CHMs. CT and MRI are the most commonly used clinical imaging diagnostic techniques for orbital lesions. CT has better density resolution, while MRI has higher tissue resolution. However, both techniques have specific limitations in the differential diagnosis of CHMs. The imaging characteristics of lesions, such as schwannomas and pleomorphic adenomas, overlap with those of CHMs. Additional information regarding the internal nature of the lesion can be obtained through contrast-enhanced imaging. Furthermore, a more detailed comparison of enhancement patterns in the early phase and the late and delayed phases can facilitate accurate diagnosis. Additionally, the parameters of MRI dynamic enhancement and diffusion-weighted imaging provide further evidence for differential diagnosis. However, radiation, contrast agent allergy, and adverse reactions should be considered in the application of CT and contrast methods. Notably, 99mTc-RBC SPECT is considered molecular imaging; planar imaging reflects metabolism within the lesions. The different patterns and dosage of contrast agent intake are the basis of diagnosis. Based on combination with CT imaging, which provides anatomical information, the high diagnostic efficiency of 99mTc-RBC SPECT has made it a reliable choice for diagnosis of CHMs. However, when it is applied for other orbital lesions, instead of CHMs alone, the diagnostic efficiency decreases markedly; thus, it is a good choice for analysis of patients with high suspicion of CHMs, or when other imaging modalities are unavailable. With the rapid development of imaging diagnosis methods, the concept of diagnosing only based on experience is no longer applicable. Through the storage and analysis of a large number of different medical records, we can speak with data, and conduct quantitative and semi quantitative analysis based on relevant parameters of image data, including blood flow rate and enhancement degree, so as to make best diagnosis. With further developments in imaging technology, more accurate data-based criteria may become a trend in preoperative diagnosis.
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Estrogen receptor (ER) expression level of human breast cancer often reflects the stage of disease and is usually monitored by immunohistochemical staining in vitro. The preferable non-invasive and real-time diagnosis in vivo is more accessible by PET scan using 16α-[18F]FES. The objective of this study was to develop a quick automatic method for synthesis of solvent-free 16α-[18F]FES using a CFN-MPS-200 synthesis system and compare the catalytic efficiency of two phase transfer catalysts, Kryptofix 222/K2CO3 (K222/K2CO3) and tetrabutylammonium hydrogen carbonate (TBA·HCO3). In this method, phase transfer catalysts K222/K2CO3 and TBA·HCO3 were used, respectively. The intermediate products were both hydrolyzed with hydrochloric acid and neutralized with sodium bicarbonate. The crude product was purified with semi-preparative HPLC, and the solvent was removed by rotary evaporation. The effects of radiofluorination temperature and time on the synthesis were also investigated. Radiochemical purity of solvent-free product was above 99% and the decay-corrected radiochemical yield of 16α-[18F]FES was obtained in 48.7 ± 0.95% (catalyzed by K222/K2CO3, n = 4) and 46.7 ± 0.77% (catalyzed by TBA·HCO3, n = 4, respectively). The solvent-free 16α-[18F]FES was studied in clinically diagnosed breast cancer patients, and FES-PET results were compared with pathology diagnosis results to validate the diagnosis value of 16α-[18F]FES. The new method was more reliable, efficient, and time-saving. There was no significant difference in catalytic activity between K222/K2CO3 and TBA·HCO3.

Keywords: 16α-[18F]fluoroestradiol, estrogen receptor, automatic synthesis, phase transfer catalyst, breast cancer


INTRODUCTION

Estrogen receptor (ER) expression level in breast cancer is known as a meaningful prognostic indicator. ER-positive breast cancer is considered less aggressive and more sensitive to appropriate hormone therapies (1, 2). The traditional method for monitoring ER expression level is immunohistochemical staining with tumor biopsy samples in vitro, which is an invasive technique and cannot reflect the real-time ER expression level of primary and metastatic breast cancer or other tissues. An ideal non-invasive method monitoring real-time ER expression in the whole body is preferable in clinical practice. 16α-[18F]FES, an ER imaging biomarker, shows high binding affinity to ER. The utility of 16α-[18F]FES, especially in conjunction with [18F]fluorodeoxyglucose, is considered of important diagnostic value.

It is a challenge for the routine synthesis of 16α-[18F]FES to meet clinical requirements. The first synthesis of 16α-[18F]FES was reported by Kiesewetter (3). In recent years, the synthesis of 16α-[18F]FES through different methods has been reported by several studies. However, most of these studies required more than 60 min with a low yield and mixed radiochemical impurities. Besides, whether K222/K2CO3 or TBA·HCO3 was the appropriate phase transfer catalyst for automated synthesis of 16α-[18F]FES has not been investigated in these studies. Clinical applications of 16α-[18F]FES as an important tool to non-invasively measure ER expression will depend on its ideal radiochemical purity and steady routine production with a high yield.

In this study, we developed an automated, reliable, and time-saving method for the synthesis of solvent-free 16α-[18F]FES using a rotatory evaporator-equipped module with a commercially available precursor. We also investigated whether K222/K2CO3 or TBA·HCO3 was the appropriate phase transfer catalyst and checked the quality of the radiopharmaceutical catalyzed by K222/K2CO3 or TBA·HCO3 for potential clinical use. The solvent-free 16α-[18F]FES was studied in clinically diagnosed breast cancer patients, and FES-PET results were compared with pathology diagnosis results to validate the diagnosis value of 16α-[18F]FES.



MATERIALS AND METHODS


General

Reagents and solvents were purchased from Aldrich (Sigma-Aldrich, MO, USA) without further purification. The precursor, 3-methoxymethyl-16β,17β-epiestriol-O-cylic sulfone (MMSE), Kryptofix 222 (K222), and 16α-[19F]FES reference standard were obtained from ABX (ABX advanced biochemical compounds GmbH, Radeberg, Germany). Cartridges were purchased from Waters (Waters, MA, USA). Before use, QMA cartridge was flushed with 10 ml of potassium carbonate followed by 40 ml of water.

For automatic synthesis, CFN-MPS-200 module (Sumitomo Heavy Industries, Tokyo, Japan) was used and modified. Synthesis software was programmed in the Cupid system (Sumitomo Heavy Industries, Tokyo, Japan). Radioactivity was counted in a dose calibrator (Capintec, NJ, USA). The semi-preparative HPLC (PU-2086 Plus, JASCO, Tokyo, Japan) equipped with a semi-preparative C18 column (YMC, YMC-Pack ODS-AM, 10 × 250 mm, 5 μm), UV/Vis detector (fixed wavelength 280 nm, UV-2075 Plus, JASCO, Tokyo, Japan), and a radiation detector was used to purify the crude product at a flow rate of 4 ml/min, using 30% acetonitrile:30% ethanol:40% water (v:v:v) as the mobile phase. Analytical HPLC (Shimadzu LC-15, Suzhou, China) was used for the quality control of the final product, equipped with a UV/Vis detector preset to 280 nm, an analytical C18 column (Shimadzu WondaSil, 4.6 × 250 mm, 5 μm), and a radioactive detector (Eckert & Ziegler, GA, USA). The column flow rate was 1 ml/min and was kept at approximately room temperature. The samples were eluted with a mobile phase of 30% acetonitrile:70% water (v:v).



Automated Synthesis of 16α-[18F]FES With Kryptofix 222

Based on 18O(p, n)18F nuclear reaction, 1.8 ml of target water containing [18O]H2O was irradiated with protons in a Sumitomo HM-10 cyclotron system (Sumitomo Heavy Industries, Tokyo, Japan) to produce [18F]fluoride. The energy of incident protons was 10 MeV, and the beam current was about 60 mA. After the irradiation, [18F]fluoride was transferred to the collection tube and then passed through a Sep-Pak light QMA cartridge. The trapped [18F]fluoride was eluted with 0.9 ml of a mixed aqueous K222/K2CO3 (22 mg of K222 in 0.7 ml of acetonitrile and 5.8 mg of potassium carbonate in 0.2 ml of ultrapure water) and then the mixed solution was dried up. To make sure that the fluorination reaction was in an anhydrous condition, the residue was further dried by azeotropic distillation with another 0.5 ml of anhydrous acetonitrile. Two milligrams of MMSE in 1 ml of anhydrous acetonitrile was added to the completely dried reactor, and the mixture was heated at 115°C for 15 min. Then, the intermediate product was subsequently hydrolyzed by 1.5 ml of 2 M HCl at 120°C for 3.5 min. After cooling to room temperature, 1.5 ml of 5.6% NaHCO3 solution was added to neutralize the reaction mixture. For purification, the crude product was injected into semi-preparative HPLC, and the purification took about 9 min. The purified product was collected in the rotary evaporator to remove solvents and then passed through a sterile 0.22-μm filter with 10 ml of saline containing 1 ml of ethanol.

The analytical HPLC system was adapted to measure the radiochemical and chemical purity of 16α-[18F]FES at a flow rate of 1 ml/min using 30% acetonitrile in water by comparing the HPLC spectrum of the 16α-[19F]FES reference standard in the same HPLC conditions. For stability test, 16α-[18F]FES in the final formula was tested 8 h after the synthesis using HPLC.

To discover how fluorination temperatures and times influence the yield, [18F]fluorination was carried out for 5, 10, and 15 min at 105, 115, 125, and 135°C. The overall radiochemical yield was determined by purifying the product by semi-HPLC.



Automated Synthesis of 16α-[18F]FES With Tetrabutylammonium

To compare chemical purity and radiochemical yield, 16α-[18F]FES synthesis processes catalyzed by tetrabutylammonium bicarbonate (TBA·HCO3) were the same compared with those catalyzed by K222 except that [18F]fluoride trapped in the QMA cartridge was eluted by 500 μl of 0.075 M TBA·HCO3 dissolved in ethanol, and fluorination was achieved at 135°C for 10 min.

Residual TBA content in the final product was determined by TLC. Silica plates were spotted with 5 μl of the final product, dried, and visualized with iodine. Brown spots will appear if TBA exists in the final product.



Patients and PET/CT Procedure

Nine patients (mean age ± SD, 50.2 ± 7.0 years; age range, 41–63 years) with a clinical diagnosis of breast cancer were enrolled in the study between May 2017 and July 2017. All patients underwent whole-body PET/CT scan with 16α-[18F]FES before surgery. Patients underwent the surgical operation within 1 month after the PET/CT scan, and definitive diagnosis was determined using postoperative pathohistology analysis. The study protocol was approved by the Sichuan Cancer Hospital Ethics Committee, and informed consent was obtained from all patients before the PET/CT scan.

All patients fasted 4 h before FES-PET. Approximately a dose of 148–222 MBq (4–6 mCi) 16α-[18F]FES was infused intravenously over 2 min. The whole-body scanning (2 min per table position) was performed 1 h after administration using a Siemens Biograph mCT-64 PET/CT scanner.



Statistical Analysis

Means were compared using the two-tailed paired Student's t test. P-values <0.05 were considered significant. Data analyses were carried out using GraphPad Prism Software Version 5.0 (GraphPad Software Inc., CA, USA).




RESULTS


[18F]Fluorination and Hydrolysis: K222 Catalyzed vs. TBA Catalyzed

The procedures for the one-pot synthesis of 16α-[18F]FES were optimized and successfully performed (Figure 1). A total of 13 times synthesis were all successful, and the method was stable (Table 1). Hardware and reagent kits for 16α-[18F]FES using the CFN-MPS-200 synthesis system are shown in Figure 2. The commercially available precursor MMSE was used, and acetonitrile was chosen as the radiofluorination solvent instead of DMSO. Two different phase transfer catalysts (K222/K2CO3 and TBA·HCO3) were used, respectively, while the purification methods were the same (by semi-preparative HPLC purification). As purification results show in Figure 3A (K222/K2CO3 catalyzed) or Figure 3B (TBA·HCO3 catalyzed), only one radioactive peak was detected and collected, with a retention time of 7.5 min (using K222/K2CO3) or 7.6 min (using TBA·HCO3). After removing solvents by a rotary evaporator, the decay-corrected radiochemical yield of the final product 16α-[18F]FES was 48.7 ± 0.95% (using K222/K2CO3, n = 4) or 46.7 ± 0.77% (using TBA·HCO3, n = 4).


[image: Figure 1]
FIGURE 1. Scheme for the production of 16α-[18F]FES catalyzed by K222/K2CO3 or TBA·HCO3.



Table 1. Investigation of synthesis conditions.

[image: Table 1]


[image: Figure 2]
FIGURE 2. Modified hardware and reagent kits for 16α-[18F]FES based on the CFN-MPS-200 synthesis system.



[image: Figure 3]
FIGURE 3. The semi-preparative chromatogram of crude 16α-[18F]FES, UV absorbance at 280 nm. (A) The chromatogram of the crude product (using K222/K2CO3). (B) The chromatogram of the crude product (using TBA·HCO3).




Quick Synthesis

16α-[18F]FES was synthesized rapidly in one pot with a high radiochemical yield and purity in this study. Overall, total K222-catalyzed synthesis time was 48 ± 2 min (n = 4) and total TBA-catalyzed synthesis time was 48 ± 3 min (n = 4); both included two azeotropic distillations of [18F]fluoride and acetonitrile, radiofluorination, hydrolysis, neutralization, HPLC purification, and desolventizing by rotary evaporator. In typical synthesis conditions, the six steps took the same time in both K222-catalyzed and TBA-catalyzed methods. Desolventizing by the rotary evaporator can reduce the solvent in the final formula to satisfy clinical use and takes about 10 min. If the synthesis of 16α-[18F]FES was aimed at research and development, omitting the desolventizing step could save 10 min and reduce product loss, which was stained with a rotary evaporator to obtain a high yield. Automated synthesis in commercially available synthesizer systems takes about 80 min, with a 10–20% uncorrected radiochemical yield (4–6).



Rapid Quality Control of Radiochemical Purity and Chemical Purity

16α-[18F]FES is well known as an ideal PET tracer binding to ER. Radioactive impurities in 16α-[18F]FES product solution will influence the imaging for ER expression in vivo, and the high radiochemical purity of 16α-[18F]FES guarantees the accurate diagnosis. The final product was confirmed by comparing the product with the authentic reference standard. The analytical HPLC chromatograms (Figure 4) showed that the retention time was 4.2 min and only one radioactive peak was detected, which suggested that the radiochemical purity of product was almost 100%. In this study, 6α-[18F]FES with ideal radiochemical purity was produced and the high radiochemical purity might be due to the semi-preparative HPLC purification system instead of SPE cartridges.


[image: Figure 4]
FIGURE 4. The analytic HPLC chromatogram of purified 16α-[18F]FES, UV absorbance at 280 nm. The UV absorbance and radioactive signals were both transformed into electrical signals. (A) UV absorbance of 16α-[18F]FES reference standard. (B) The chromatogram of product (using K222/K2CO3) measured by radioactive detector. (C) The chromatogram of product (using TBA·HCO3) measured by radioactive detector. (D) The chromatogram of product (using K222/K2CO3) measured by UV detector. (E) The chromatogram of product (using TBA·HCO3) measured by UV detector.


The content of residual TBA shown was below 50 μg/ml according to the spot test. The value of the residual catalyst was below the limits stated in USP or Ph.Eur. (7, 8). Saline containing ethanol was used for the final product formula according to Mori (4). Analytical HPLC was used to determine the stability of the final product synthesized 8 h ago. The results showed that the long-term radiochemical purity of 16α-[18F]FES in saline containing ethanol at room temperature did not show any decomposition. There was no increase of chemical or radiochemical impurities. According to our study, purity, radiochemical yield, and stability between 16α-[18F]FES catalyzed by K222 and TBA showed no significant difference.



16α-[18F]FES PET/CT and ER Expressions

Representative cases of clinically diagnosed breast cancer FES-PET are given in Figures 5, 6. Figure 5 shows a case with ER-positive breast cancer on the upper outer quadrant of the left breast. PET images showed high homogeneous 16α-[18F]FES accumulation, and immunohistochemical findings of this case are high expression of ER. The other case with ER-negative breast cancer on the right axillary lymph node (Figure 6) showed no uptake on PET images, and immunohistochemical findings of this case are no expression of ER.


[image: Figure 5]
FIGURE 5. Representative case of ER-positive breast cancer on the upper outer quadrant of the left breast (55 years). Immunohistochemistry staining images are shown for ER (A). 16α-[18F]FES PET/CT images (B–D) (red arrows) are shown. High accumulation of 16α-[18F]FES significantly corresponded with high expression of ER.



[image: Figure 6]
FIGURE 6. Representative case of ER-negative breast cancer on right axillary lymph node (49 years). Immunohistochemistry staining images are shown for ER (A). 16α-[18F]FES PET/CT images (B–D) (red arrows) are shown. Low accumulation of 16α-[18F]FES significantly corresponded with low expression of ER.





DISCUSSION

Because the synthesis of PET tracer is the key link of whole PET examination processes, the successful synthesis of 16α-[18F]FES needs to be guaranteed. In this study, the one-pot synthesis of 16α-[18F]FES including six steps, azeotropic distillation, fluorination, acidic hydrolysis, NaHCO3 neutralization, semi-preparative HPLC purification, and solvent removal, was successfully performed. The residual water in the reactor often causes failure of fluorination in routine synthesis of 16α-[18F]FES. Therefore, two improvements were developed: one was that the reactor was dried up with an additional 0.5 ml of anhydrous acetonitrile before fluorination; the other was that the precursor MMSE would not be added in the reactor until it is confirmed, with the use of a camera, that the solution in the reactor was dried up and input into the computer. Because semi-preparative HPLC purified 16α-[18F]FES was stained with a rotary evaporator flask while removing the solvents, the radiochemical yield in this study was a little lower than that in previously reported studies (4, 9–11).

Water is not a suitable solvent for the synthesis of FES because fluorine has a high hydration energy. A polar aprotic solvent such as acetonitrile should be used in this SN2 nucleophilic substitution reaction.

The phase transfer catalyst plays an important role in the synthesis of various PET tracers. Many attempts have been made to develop nucleophilic substitution, which include 18F-CsF, 18F-Et4NF, and 18F-KHF. However, breakthrough of radiofluorination was not made until K222 was used as catalyst. Usually, the 18F− washed out from the cyclotron target is accompanied by traces of metal ions from the surface of the target body. When passing through the light QMA anion exchange ion, the 18F− is retained and the metal ions will be lost in the 18O-water. Hence, it is necessary to introduce a positively charged counter ion to restore the 18F− reactivity before evaporation of residual 18O-enriched water (12). Several types of positively charged counter ions have been used, including potassium ion complexed by a large ring structure such as K222 and tetrabutylammonium salts (13). As Knott et al. (5) reported, using TBA·HCO3 in the synthesis of 16α-[18F]FES resulted in higher radioactive yield than using K222/K2CO3 when the fluorination condition was 8 min in 130°C. In this study, we further investigated whether K222/K2CO3 or TBA·HCO3 is the appropriate phase transfer catalyst for the automated synthesis of 16α-[18F]FES. The results showed that there was no significant difference in catalytic activity between K222/K2CO3 and TBA·HCO3 when the fluorination condition was 15 min in 135°C. It was a significant information for the routine synthesis of 16α-[18F]FES.

ERs are known as essential sex hormone receptors and are the predominant receptor in breast tissue. It is reported that 16α-[18F]FES PET can measure the in vivo ER expression of breast cancer noninvasively (14). In our study, 16α-[18F]FES uptake showed a significant correlation with ER expression in breast masses and axillary lymph node metastasis (Figures 5, 6). These results also reflect the successful synthesis of solvent-free 16α-[18F]FES in CFN-MPS-200 using module Kryptofix 222 or tetrabutylammonium bicarbonate.



CONCLUSION

In this work, 13 times fully automatic synthesis of solvent-free 16α-[18F]FES had been successfully performed in the CFN-MPS-200 synthesis system through a six-step one-pot procedure with high radiochemical yield and radiochemical purity within a short time (<50 min). Solvent-free 16α-[18F]FES with high radiochemical purity was obtained with HPLC purification and desolventizing by a rotary evaporator and shows significant correlation with ER expression in patients. Moreover, two phase transfer catalysts, Kryptofix 222 and tetrabutylammonium bicarbonate, did not show significant difference in catalytic activity, radiochemical yield, radiochemical purity, and product stability in our study. In conclusion, we present a quick automatic method for synthesizing solvent-free 16α-[18F]FES that could be used in a commercial synthesis module with either Kryptofix 222 or tetrabutylammonium bicarbonate.
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Introduction: Prognosis prediction is essential to improve therapeutic strategies and to achieve better clinical outcomes in colorectal cancer (CRC) patients. Radiomics based on high-throughput mining of quantitative medical imaging is an emerging field in recent years. However, the relationship among prognosis, radiomics features, and gene expression remains unknown.

Methods: We retrospectively analyzed 141 patients (from study 1) diagnosed with CRC from February 2018 to October 2019 and randomly divided them into training (N = 99) and testing (N = 42) cohorts. Radiomics features in venous phase image were extracted from preoperative computed tomography (CT) images. Gene expression was detected by RNA-sequencing on tumor tissues. The least absolute shrinkage and selection operator (LASSO) regression model was used for selecting imaging features and building the radiomics model. A total of 45 CRC patients (study 2) with immunohistochemical (IHC) staining of CXCL8 diagnosed with CRC from January 2014 to October 2018 were included in the independent testing cohort. A clinical model was validated for prognosis prediction in prognostic testing cohort (163 CRC patients from 2014 to 2018, study 3). We performed a combined radiomics model that was composed of radiomics score, tumor stage, and CXCL8-derived radiomics model to make comparison with the clinical model.

Results: In our study, we identified the CXCL8 as a hub gene in affecting prognosis, which is mainly through regulating cytokine–cytokine receptor interaction and neutrophil migration pathway. The radiomics model incorporated 12 radiomics features screened by LASSO according to CXCL8 expression in the training cohort and showed good performance in testing and IHC testing cohorts. Finally, the CXCL8-derived radiomics model combined with tumor stage performed high ability in predicting the prognosis of CRC patients in the prognostic testing cohort, with an area under the curve (AUC) of 0.774 [95% confidence interval (CI): 0.674–0.874]. Kaplan–Meier analysis of the overall survival probability in CRC patients stratified by combined model revealed that high-risk patients have a poor prognosis compared with low-risk patients (Log-rank P < 0.0001).

Conclusion: We demonstrated that the radiomics model reflected by CXCL8 combined with tumor stage information is a reliable approach to predict the prognosis in CRC patients and has a potential ability in assisting clinical decision-making.

Keywords: colorectal cancer, CXCL8, transcriptomics, radiomics, prognosis


INTRODUCTION

Colorectal cancer (CRC) is a common gastrointestinal tract malignancy. The incidence of CRC has a clear upward trend (1, 2) with the changes in human diet and lifestyle. In 2018, there were more than 1.8 million new cases of CRC worldwide, and accounting for about 850,000 deaths per year (3). Although great improvements have been achieved due to effective screening tools, refined surgical techniques, and molecular target drugs, the prognosis of CRC patients was not yet satisfactory. The 5-year survival rate of CRC patients with stage I or II cancer is >75%. However, more than 20% of patients have already progressed to a distant stage at the first diagnosis, and the 5-year survival rate was only 14% (4). Therefore, early prognosis prediction and subsequent individual therapy strategies are greatly beneficial for CRC patients.

CXCL8, also known as interleukin-8, is a member of the chemokine family and is involved in inflammation and immune response (5). Previous studies have revealed an abnormal high expression of CXCL8 in malignant tumors, which is mainly involved in tumor cell growth, apoptosis, invasion, and migration (6–12). Large-scale cohort studies have suggested that elevated plasma or serum CXCL8 was associated with worse prognosis in melanoma, metastatic urothelial carcinoma, and renal cell carcinoma patients (13, 14). In terms of CRC, some studies have demonstrated that a high level of CXCL8 could promote poor overall and disease-free survival. In vitro experiments implicated that CXCL8 modulated CRC cells anoikis or induced the epithelial–mesenchymal transition to result in poor outcomes (8, 15). However, the underlying mechanistic connections among CXCL8, phenotypes, and CRC prognosis are extensively unknown.

Radiomics is an emerging and effective method for quantitative analysis based on high-throughput features of medical imaging, which mainly involves four steps: image acquisition, imaging segmentation, feature extraction and quantification, and feature selection and modeling (16). Increasing evidence presents the advantages of radiomics as a noninvasive approach in early diagnosis, prognosis prediction, and curative effect evaluation of tumors (17–19). In CRC patients, studies have demonstrated the successful application of radiomics in the prediction of lymph node metastasis and of outcomes and evaluation of sensitivity to drug therapy (19–21). Many studies focused on radiomics features or combined clinical factors and gene expression with radiomics in CRC; however, to our knowledge, the potential associations between radiomics, gene expression, and CRC remain to be fully elaborated.

Therefore, in our study, we aimed to explore the potential connections between CXCL8 expression and imaging features and further develop and validate a radiomics model derived from CXCL8 expression for individual preoperative prediction of prognosis in CRC patients.



MATERIALS AND METHODS


Patients

This study included three studies (cohorts) with a total of 355 patients who were pathologically diagnosed with CRC at Dazhou Central Hospital. Study 1 consisted of 147 patients (87 males and 60 females, mean age: 60.73 years), who underwent surgery from February 2018 to October 2019. CRC tissues and their adjacent normal tissues were collected and stored immediately in liquid nitrogen for RNA sequencing (RNA-seq) after radical resection. Among them, the RNA-seq data of 95 paired tissues from 1 year were used for bioinformatic analysis. Study 2 included 45 patients (27 males and 18 females, mean age: 63.28 years) with paraffin-embedded tumor tissues at the Department of Pathology from 2014 to 2018. Study 3 contained 163 patients (95 males and 68 females, mean age: 63.94 years) from 2014 to 2018. The clinical stage of tumors was classified according to tumor–node–metastasis (TNM) staging system [American Joint Committee on Cancer (AJCC) 8th edition staging system]. All patients' clinical information was obtained by electronic medical record. Detailed information of these patients is shown in Table 1 and Supplementary Table 1. Patients in different studies have no significant difference in age, sex distribution, tumor stage, and tumor site proportion.


Table 1. Characteristics of patients in three studies.

[image: Table 1]

To explore the relationship between CXCL8 levels and overall survival in patients with tumors, data from two phase 3 clinical studies (CheckMate 067 and CheckMate 025) were downloaded (14). CheckMate 067 included 887 patients with melanoma treated with nivolumab or ipilimumab or nivolumab plus ipilimumab. CheckMate 025 included 392 patients with renal cell carcinoma treated with nivolumab.

The study was approved by the medical ethics review committee of Dazhou Central Hospital (IRB00000003-17003). Written informed consent was obtained from patients in study 1 and study 2. The medical ethics review board waived the need for informed consent for study 3. The workflow of this study is presented in Figure 1.


[image: Figure 1]
FIGURE 1. Workflow of the study. IHC, immunohistochemistry; CRC, colorectal cancer.




RNA-Sequencing

Total RNA of each sample was extracted by Trizol (TaKaRa Biomedical Technology, Beijing, China) according to the kit instructions. NanoPhotometer spectrophotometer and Agilent 2100 bioanalyzer were used to measure RNA purity and integrity, respectively. The mRNA was further enriched with Oligo (dT) magnetic beads and randomly interrupted with a bivalent cation in NEB Fragmentation Buffer. The library was constructed according to the NEB library construction method. After the library construction was completed, Qubit 2.0 Fluorometer was used for preliminary quantification. Subsequently, the insert size of the library was detected by Agilent 2100 bioanalyzer to ensure the quality of library. Qualified libraries were sequenced by Illumina with the sequencing strategy PE150. The original data file obtained by high-throughput sequencing was transformed into the raw data by CASAVA Base Calling analysis. Clean data for subsequent analysis were obtained by filtering the raw data, checking the sequencing error rate, and checking the GC content distribution. CXCL8 expression levels in 147 patients of study 1 (141 had CT data, 6 had no CT data) were reflected by relative TPM value (TPM value in CRC tumors/TPM value in adjacent normal tissues) in transcriptome analysis. Patients with relative value above 10 were included in the high expression group and below 10 were included in the low expression group.



Immunohistochemistry

Each paraffin-embedded tumor tissue was cut into 4-μm-thick sections by pathological sectioning machine (RM2245, Leica, Germany) and placed on a glass slide. The pathological sections were placed in a Water Bath-Slide Drier (PHY-III, China) and baked at 65°C for 2 h, and then after cooling, dewaxed twice with xylene for 20 min each time. The slices treated with different gradient concentrations of alcohol were repaired with EDTA repair solution. Then, 3% peroxidase blocker and blocking solution were added successively. CXCL8 antibody (1:100, Affinity, USA) was used to analyze the sections. The results were collected by microscope (BA600-4, Motic, China) after sealing. The immunohistochemistry (IHC) score was calculated as follows: total score = intensity score × percentage score. Intensity score was based on staining intensities and mainly classified into four levels: negative (0), weak (1), moderate (2), and strong (3). Percentage score was based on the percentages of positive cells in staining and classified into five levels: <5% (0), 5–25% (1), 25–50% (2), 50–75% (3), and >75% (4). The IHC score ranging from 0 to 4 was defined as low CXCL8 group and ranging from 5 to 12 was defined as high CXCL8 group.



CT Image Acquisition and Radiomics Signature Extraction

All patients underwent abdominal CT enhancement scan using SOMATOM Definition AS 64-slice CT (SIEMENS, Germany) before surgery. The parameters were as follows: 100 KV, CARE Dose4D, 0.5 s rotation time; detector collimation: 128 × 0.6 mm, field of view: 380 × 380 mm, matrix: 512 × 512. After the conventional CT scan, 60–80 ml of ioversol contrast agent (320 mgI/ml) was injected with a speed of 2–3 ml/s and a high-pressure syringe (Ulrich, Germany), and then injected normal saline (40 ml), arterial scan after 23 s, venous scan after 60 s, and delayed scan after 120 s. Prolong the delayed scan time appropriately according to the lesion. Contrast-enhanced CT reconstruction, the reconstruction thickness was 1 mm. DICOM data were retrieved from INFINITT Healthcare Co. Ltd. (Korea). The preoperative CT images of 349 patients enrolled in radiomics analysis from 2014 to 2019 were obtained and saved in DICOM format (Supplementary Figure 1). Among them, 141 patients with CT data were randomly divided into training cohort and testing cohort, 45 patients with IHC staining CXCL8 were grouped as the IHC testing cohort, 163 patients with prognostic information were grouped as the prognostic testing cohort. Two professional observers used the 3D Slicer software to delineate the tumor tissue under the guidance of a clinical imaging specialist for building a 3D tumor tissue (22). Finally, a total of 854 radiomics eigenvalue results derived from each patient's CT images were collected for analysis.



Statistical Analysis

Continuous data were presented as the mean ± standard deviation (SD), and Kruskal–Wallis rank test was performed to compare the difference among the three studies. Chi-square test was used to explore the difference in sex, tumor stage, and tumor site distribution. Differentially expressed genes (DEGs) were analyzed using the DESeq2 package in R software (Version: 3.6.3). |log2 Fold change| ≥ 1 and p-adjust < 0.05 were chosen as the cutoff value for identifying DEGs. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis were performed by Cytoscape (Version: 3.6.1) plug-in ClueGO and CluePedia, with adj_P-value (adjusted by Bonferroni) < 0.05. Mann–Whitney U test and Least absolute shrinkage and selection operator (LASSO) algorithm were performed for potential radiomics feature selection. The LASSO regression model was often adopted for feature selection in high-dimensional data (23). An appropriate tuning parameter selection (λ) with 8-fold cross validation was calculated in the LASSO, where radiomics features with LASSO coefficient unequal to zero were selected. Multivariable logistic regression analysis was used to establish the combined model. Kolmogorov–Smirnov (KS) curve and receiver operating characteristic (ROC) curve were conducted to evaluate the performance of the models. Figures were created using GraphPad Prism 8, Cytoscape, and R software. Rpackages “sampling” (version 2.8), “dplyr” (version 0.8.3), “pROC” (version 1.15.3), “purrr” (version 0.3.3), “tidyr” (version 1.0.0), “ggplot2” (version 3.2.1), “stringr” (version 1.4.0), “rmda” (version 1.6), “glmnet” (version 3.0-2), “survival” (version 3.1-8), “rms” (version 0.2.8.1), “givitiR” (version 1.3), and “data.table” (version 1.12.8) were used. P-value < 0.05 was considered statistically significant.




RESULTS


Identify the Role of CXCL8 in Colorectal Cancer

We analyzed the relationship between CXCL8 expression and the prognosis in two phase 3 clinical studies [CheckMate 067 (melanoma); CheckMate 025 (renal cell carcinoma)] (14). As shown in Figures 2A,B, patients with low CXCL8 levels had a better prognosis (N = 887, Log-rank p < 0.0001; N = 392, Log-rank p < 0.0001). In CRC patients, the study has reported that high CXCL8 levels in tumors were associated with poor prognosis (8). Furthermore, RNA-seq with 95 CRC tissues in our study was performed to explore the underlying mechanisms of different CXCL8 expressed levels in CRC. Compared with the low CXCL8 expressed group, 185 DEGs were identified in the high CXCL8 expressed group, with 112 genes upregulated and 73 genes downregulated (Figures 2C,D).


[image: Figure 2]
FIGURE 2. The effect of CXCL8 expression level on the prognosis of colorectal cancer (CRC) patients. (A) Overall survival of melanoma patients with low CXCL8 and high CXCL8 expression (CheckMate 067). (B) Overall survival of renal cell carcinoma patients with low CXCL8 and high CXCL8 expression (CheckMate 025). (C) Volcano plot of differentially expressed genes (DEGs) between low CXCL8 and high CXCL8 groups. (D) Heatmap analysis of DEGs between low CXCL8 and high CXCL8 groups. (E,F) Gene Ontology (GO) analysis of DEGs. (G,H) Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of DEGs.


GO and KEGG pathway enrichment analyses were performed on 185 DEGs to illustrate their biological functions in CRC. The GO analysis totally revealed 55 significantly enriched GO terms, mainly including biological process, cellular component, and molecular function analysis. The top 15 GO terms of biological process and all GO terms of both cellular component and molecular function are displayed in Figure 2E. In biological process analysis, neutrophil chemotaxis, neutrophil migration, signaling receptor activator activity, receptor regulator activity, leukocyte migration, and chemokine activity were the terms most related to CXCL8 (Figure 2F). There were 16 significant KEGG enrichment pathways, in which chemokine signaling pathway, cytokine–cytokine receptor interaction, nuclear factor (NF)-κB signaling pathway, NOD-like receptor signaling pathway, and IL-17 signaling pathway were highly associated with CXCL8 (Figures 2G,H). These results suggested that CXCL8 may affect CRC prognosis through regulating the above significant GO terms and KEGG pathways.



Link of Radiomics Features and CXCL8 Expression

To link the CXCL8 expression and radiomics features, we developed and validated a model based on radiomics features to evaluate the CXCL8 expression (detected by RNA-seq) in 141 CRC patients. Of the extracted radiomics features firstly screened by Mann–Whitney U test (P < 0.01), 12 of 87 features were finally selected as potential predictors by the LASSO regression model based on 99 patients in the training cohort, where the optimal log(λ) value of −3.66 was chosen according to 8-fold cross validation (Figures 3A,B). These features were displayed as an equation in Supplementary Files.


[image: Figure 3]
FIGURE 3. Development, validation, and performance of radiomics model for assessing CXCL8 expression in the training and testing cohorts. (A) Tuning parameter selection (λ) with 8-fold cross validation in the Least absolute shrinkage and selection operator (LASSO) model. The area under the curve (AUC) of receiver operating characteristic (ROC) curve is plotted against log (λ). The dotted vertical lines represent the optimal values by minimum criteria and the 1 standard error of the minimum (1-SE) criteria. (B) LASSO coefficient profiles of the 87 radiomics features. (C,D) Kolmogorov–Smirnov (KS) curve and ROC curve of radiomics model in assessing CXCL8 expression in the training cohort (N = 99). (E,F) KS curve and ROC curve of radiomics model in assessing CXCL8 expression in the testing cohort (N = 42). (G,H) Calibration belt of the radiomics model for CXCL8 expression assessment in the training and testing cohorts.


The radiomics model incorporated above 12 radiomics features, yielding a KS value of 0.519, AUC 0.829 (95% CI: 0.750–0.908), in the training cohort and KS value of 0.423, AUC 0.727 (95% CI: 0.570–0.884), in the testing cohort (Figures 3C–F). The sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), and accuracy of the model in the two cohorts are presented in Supplementary Table 2. The GiViTI calibration belt revealed no significant deviations by the GiViTI calibration test in both cohorts (P = 0.430, P = 0.986) (Figures 3G,H).

We further verified the results in the IHC testing cohort with IHC staining of CXCL8. The radiomics model also showed a good performance in this cohort (KS value = 0.292, AUC = 0.682, 95% CI: 0.525–0.838) (Figures 4A,B). The sensitivity, specificity, PPV, NPV, and accuracy are shown in Supplementary Table 2. Two examples displayed that the model prediction results were in good agreement with the IHC results (Figures 4C,D). These results indicated that parts of the radiomics features indeed associated with CXCL8 expression. The radiomics characteristics reflected by tumor morphology could be influenced by gene expression in the tumors.


[image: Figure 4]
FIGURE 4. Performance of radiomics model for CXCL8 assessment in the immunohistochemical testing cohort. (A,B) Kolmogorov–Smirnov (KS) curve and receiver operating characteristic (ROC) curve of the radiomics model for assessing the CXCL8 expression in the immunohistochemical testing cohort (N = 45). KS > 0.2 means that the model has a good prediction accuracy. (C,D) Two typical cases of patients with high and low CXCL8 in tumor tissues by immunohistochemistry and their radiomics score according to the radiomics model.




Prognosis Prediction With Combined Radiomics Model in Colorectal Cancer

To further investigate the possibility of radiomics features in clinical application, we performed above CXCL8-derived radiomics model for prognostic status prediction of CRC patients in a prognostic testing cohort with 163 patients. As demonstrated in Supplementary Figure 2, the radiomics model had certain ability in prognostic prediction (KS value = 0.308, AUC = 0.641, 95% CI: 0.527–0.756). Patients were predicted as low risk or high risk by the radiomics model. Kaplan–Meier survival analysis revealed a better prognosis in the low-risk group (Log-rank P < 0.0001) (Supplementary Figure 2).

Furthermore, we analyzed the combination of clinical tumor stage data and radiomics model and observed that the combined radiomics model (combined tumor stage data and radiomics model) results in better performances in prognosis prediction (AUC = 0.774, 95% CI: 0.674–0.874) than the clinical model (AUC = 0.721, 95% CI: 0.625–0.818) and radiomics model (Figure 5A and Supplementary Table 2). The combined radiomics model that incorporated the clinical tumor stage data and radiomics score is presented as the nomogram (Figure 5B). The decision curve analyses based on the clinical model, radiomics model, and combined radiomics model are shown in Figure 5C. The analysis revealed that the combined radiomics model had a higher net benefit than other schemes. Hence, we tend to choose the combined radiomics model in clinical utility.


[image: Figure 5]
FIGURE 5. Performance of the combined radiomics model for predicting prognosis in the prognostic testing cohort. (A) Nomogram of the CXCL8-derived combined radiomics model for prognosis prediction. (B) Receiver operating characteristic (ROC) curve comparison of the clinical model, CXCL8-derived radiomics model, and CXCL8-derived combined radiomics model for prognosis prediction in the prognostic testing cohort (N = 163). (C) The decision curve analysis for the above three models. (D) Kaplan–Meier analysis of the overall survival probability in CRC patients stratified by the CXCL8-derived combined radiomics model (High risk vs. Low risk). CRC, colorectal cancer.


In the prognostic testing cohort, patients were stratified into high-risk and low-risk patients based on the cutoff value of combined radiomics model. As shown in Figure 5D, Kaplan–Meier survival analysis demonstrated a significant poor OS (Log-rank P < 0.0001) in predicted high-risk patients, which suggested that the predictive value in prognosis of the CXCL8-derived combined radiomics model was reliable and practical.




DISCUSSION

Herein, we firstly identified CXCL8 as a hub gene related to prognosis in cancers. In two clinical study cohorts, patients with high CXCL8 levels showed poor prognosis. The underlying mechanisms of different CXCL8 levels in CRC involved neutrophil chemotaxis and leukocyte migration regulation based on RNA-seq analysis in 95 CRC patients. Subsequently, 12 radiomics features were screened by LASSO method for CXCL8 expression assessment in 99 CRC patients, and the novel model incorporating above 12 features showed good performance in training, testing, and IHC testing cohorts with AUC of 0.829, 0.727, and 0.682, respectively. We further evaluated whether the CXCL8-derived radiomics model had the ability of prognosis prediction in CRC patients. Our results found that the radiomics model could predict the prognosis of patients. Notably, the radiomics model with integrated tumor stage data has a better prognostic ability. Additionally, significant differences were found in survival probability between the high-risk and the low-risk patients based on the combined radiomics model.

CXCL8 has been shown to promote tumor development in humans in a variety of ways. Recent studies have suggested that this cytokine can significantly affect the accumulation of immunosuppressive and tumor-promoting immune cells by interfering with the infiltration of leukocytes into tumors (24, 25). Tumor-derived CXCL8 signaling can bias the tumor microenvironment toward immunosuppression through the transport of neutrophils and myeloid inhibitory cells [myeloid-derived suppressor cells (MDSCs)] with local resistance to antitumor immune responses (24, 26, 27). Large randomized studies revealed that elevated serum or plasma CXCL8 was correlated with reduced clinical benefit of immune-checkpoint inhibitors (13, 14). Interestingly, we firstly used radiomics features to approach the evaluation of CXCL8 expression levels, then applied the developed CXCL8-derived radiomics model to predict patients' prognoses in an independent testing cohort. The results demonstrated that high CXCL8 in tumor tissues was positively associated with poor prognosis, which is in line with the above studies. Transcriptome sequencing suggested that the underlying mechanism was through regulating immune- and inflammatory-related pathways, while the basic and animal experiments are needed to verify results in the future.

Radiomics can perform quantitative analysis of lesions through a large number of radiological characteristics, which effectively solved the problem that tumor heterogeneity is difficult to be quantitatively evaluated. This has an important clinical application value and has been widely used to predict the prognosis of various cancer patients and improve the treatment strategies (19, 28, 29). Besides, previous studies have proposed that gene expression and pathway status could be evaluated by radiomics features in lung cancer and glioblastoma (30, 31). To our knowledge, no study has explored the underlying connections of imaging features and CXCL8 expression in CRC. In this study, we identified and validated 12 imaging features with CXCL8 levels. Due to the significant association between CXCL8 and OS, we performed the CXCL8-derived radiomics model to predict the prognosis of CRC patients in a cohort with 163 patients. ROC analysis, decision curve, and Kaplan–Meier survival analysis demonstrated that the model had ability in poor prognosis prediction. Multiple perspectives data of tumors such as genomics, transcriptomics, metabonomics, clinical features, and radiomics have been combined to systematically describe the tumors. Clinically, the prognosis of cancers is closely related to the stage of tumors. Hence, in this study, we further compared the performance of clinical model, radiomics model, and combined radiomics model in prognosis prediction. The results revealed that the combined radiomics model had a higher AUC (0.774) compared with radiomics model (0.641) and clinical model (0.721). The decision curve demonstrated that the combined radiomics model achieved the best net benefit. Considering the effectiveness of clinical application, we finally recommend the combined radiomics model.

Although the CXCL8-derived combined model has been successfully applied in CRC prognosis prediction in our study, it had some limitations that need to be acknowledged. Firstly, this study is a hospital-based single-center retrospective analysis, in which the genes and clinical characteristics of patients may not be representative of the population. Although we randomly divided the participants into independent training and testing cohort at a 7:3 ratio, there was still a lack of generalization and robust evaluation of the model. Secondly, some clinical studies have shown that CXCL8 disorder is related to tumor prognosis. However, the specific mechanism of CXCL8 affecting tumor prognosis needs further investigation in cells and animals. Thirdly, the region of interest of the tumor is drawn manually by experienced professionals, which is time-consuming and may increase the variability between observers. In the future, our results should be verified in a prospective study of patients from multiple centers using more efficient and accurate lesion segmentation algorithms.



CONCLUSIONS

Our study demonstrated that radiomics features could perform CXCL8 assessment and prognosis prediction in CRC patients, which has a positive application value for guiding clinical decision by analyzing preoperative CT images.
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We aimed to develop a deep convolutional neural network (DCNN) model based on computed tomography (CT) images for the preoperative diagnosis of occult peritoneal metastasis (OPM) in advanced gastric cancer (AGC). A total of 544 patients with AGC were retrospectively enrolled. Seventy-nine patients were confirmed with OPM during surgery or laparoscopy. CT images collected during the initial visit were randomly split into a training cohort and a testing cohort for DCNN model development and performance evaluation, respectively. A conventional clinical model using multivariable logistic regression was also developed to estimate the pretest probability of OPM in patients with gastric cancer. The DCNN model showed an AUC of 0.900 (95% CI: 0.851–0.953), outperforming the conventional clinical model (AUC = 0.670, 95% CI: 0.615–0.739; p < 0.001). The proposed DCNN model demonstrated the diagnostic detection of occult PM, with a sensitivity of 81.0% and specificity of 87.5% using the cutoff value according to the Youden index. Our study shows that the proposed deep learning algorithm, developed with CT images, may be used as an effective tool to preoperatively diagnose OPM in AGC.
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Introduction

According to the GLOBOCAN 2018 data, gastric cancer (GC) remains the fifth most common cancer and the third most deadly cancer worldwide (1). Peritoneal metastasis (PM) occurs in ~53–66% of patients diagnosed with metastatic GC (2), especially in younger patients with advanced gastric cancer (AGC) (3). Patients with PM thus may be subject to late detection or even improper surgical treatment. Therefore, the early detection and diagnosis of PM in GC patients prior to surgery would be crucial for avoiding unnecessary resection and allow for optimal therapy selection in clinical practice (4–9).

Abdominal enhanced CT is considered the most common noninvasive modality of preoperative diagnosis in GC patients (5, 7, 9–11). Typical PM indications on CT images include omentum cake, extensive ascites, and parietal peritoneal thickening (12). Clinically, occult peritoneal metastasis (OPM) often refers to PM negativity on initial CT diagnosis that is revised to PM positivity following subsequent laparoscopy or surgery (12, 13). Due to the nature of OPM, it is often missed by radiologists when interpreting CT images alone, resulting in low detection sensitivity and diagnostic accuracy in AGC patients. It has been reported that approximately 16% of OPMs are missed on CT images (12, 14–16), even with multidisciplinary discussion (12, 13). MRI and PET/CT are considered second choices because they are less sensitive than abdominal enhanced CT in detecting peritoneal metastases (17–19). In addition, the costs of MRI and especially PET/CT are high. Recent advances in technology using laparoscopy have provided reliable preoperative methods to identify OPM in patients with AGC (5, 8–10, 20, 21). However, there are many medical concerns and adverse medical care issues due to its invasive and costly nature, and its application in appropriate patient selection remains controversial. Therefore, the development of a noninvasive method to facilitate the targeted diagnosis of OPM beyond conventional imaging is urgently needed.

Artificial intelligence (AI) technology, particularly deep learning, has shown remarkable progress in medical image interpretation (22–24). A typical deep learning approach, named convolutional neural network (CNN), is a novel and powerful tool for the image-based determination of complex relationships and has exhibited sophisticated performance for small feature detection and characterization (25–27). The literature has reported the use of CNNs in the detection and diagnosis of tumor diseases, such as prostate cancer, breast cancer, and lung cancer (28, 29), highlighting the value of deep learning in clinical practice.

We therefore aimed to develop a deep CNN (DCNN)-based model for the preoperative diagnosis of OPM in AGC patients and to compare its diagnostic performance with that of the conventional clinical model using logistic regression.



Materials and Methods

This retrospective study was approved by the Biomedical Research Ethics Committee of West China Hospital of Sichuan University, and the requirement for informed consent was waived.


Patients

The study was carried out at Surgical Gastric Cancer Patient Registry of West China Hospital (id: WCH-SGCPR-2019-08). Patients were enrolled based on the following inclusion criteria: (1) patients with AGC (cT ≥ 2) diagnosed by endoscopy–biopsy and CT; (2) patients who received whole abdominal enhanced CT scan preoperatively with a venous-image slice thickness of 2 mm; (3) patients without typical PM findings on CT, such as omental nodules or omental cake, extensive ascites, or irregular thickening with high peritoneal enhancement; and (4) patients with no other evidence of distant metastasis or other tumors. The exclusion criteria were as follows: (1) previous abdominal surgery; (2) previous abdominal malignancies or inflammatory diseases; (3) CT carried out more than 2 weeks before surgery; (4) poor stomach filling; (5) poor CT image quality due to artifacts; and (6) inability to visualize the primary lesion of gastric cancer on CT images. The selection process of patients included in this study is shown in Figure 1.




Figure 1 | Flow chart of the selection process for the included studies.



PM status confirmed: All patients were confirmed to have peritoneal metastasis by surgical or laparoscopic exploration. The laparoscopy procedure used here was a “Four-Step Procedure” of laparoscopic exploration for GC (30). During the procedure, the abdominal and peritoneal conditions were carefully examined. All suspicious peritoneal implants or ascites were sent for pathological biopsy or cytological examination. Existence of PM was determined using the American Joint Committee on Cancer guidelines in consensus between pathologists and surgeons.



CT Image Acquisition

Prior to CT examination, patients were requested to fast for at least 6 h and orally ingested 600–1000 mL water. Patients were first trained to hold their breath during scanning with the scan range covering the entire abdomen and then scanned using a 128-slice scanner (SOMATOM Definition AS+, Siemens Healthcare, Forchheim, Germany) and a dual-source CT system (Somatom Definition Flash, Siemens Healthcare, Forchheim, Germany) with the following parameters: tube voltage, 120 kV; amperage, 210 mAs; slice thickness, 2 mm; slice interval, 2 mm; field of view, 35–50 cm; matrix, 512 × 512; rotation time, 0.5 s; and pitch 1.0. With a trigger threshold of the aorta reaching 170 HU, a three-phase scan was obtained in the precontrast phase, the arterial phase at the trigger, and the portal vein phase 30 s after the trigger. Following an unenhanced scan, 1.2–1.5 mL/kg iodinated contrast agent [Iopamiro (370 mg I/mL), Shanghai Bracco Sine Pharmaceutical Corp Ltd, Shanghai, China] was injected intravenously at a flow rate of 2.5–3.0 mL/s using a high-pressure syringe (Medrad Stellant CT Injector System, Medrad Inc. Inianola, USA).



Data Preparation

Portal vein-phase CT images were first exported to ITK-SNAP software (version 2.2.0; www.itksnap.org) for manual segmentation. Gastric cancer lesions were then manually annotated by a radiologist (with 5 years of experience in gastroenterology imaging) and confirmed by another abdominal specialist (with 14 years of experience in gastroenterology imaging). Two radiologists reviewed all slices obtained from each patient, selected one slice with the largest tumor area and manually delineated the lesion to obtain the final regions of interest (ROIs) (Figure 2). The gastric lumen and artifacts were carefully avoided.




Figure 2 | ROI annotation (red line) on a representative CT image, with the largest area of the primary lesion drawn on the axial plane.





Image Preprocessing

We first converted the images into grayscale Joint Photographic Experts Group format based on each patient’s CT images and the corresponding ROI masks. Before training the DCNN model, we applied data augmentation techniques to create new pseudoimages to expand the training sample size and enhance the model generalizability (31). Details of the data augmentation are explained in the Supplementary Material.



DCNN Model

A simple workflow scheme for the development of the DCNN model is shown in Figure 3. The backbone of the DCNN model employs Xception (32), which had been pretrained on the ImageNet database (33, 34). The main structure contains a Depthwise Convolution block and a Depthwise Separable Convolution designed within the block. Considering the class imbalance among the number of PM-positive cases, we utilized a stacking strategy to train the model (35). Model training details and the stacking strategy are presented in the Supplementary Material.




Figure 3 | Proposed deep convolutional neural network (DCNN) workflow for OPM detection and prediction.



After the training was completed, the testing cohort was used as the input into the DCNN model, and the model performance was evaluated using receiver operating characteristic (ROC) analysis. Heatmaps generated by gradient-weighted class activation mapping (Grad-CAM) were applied to display activated areas of the presence of OPM predicted by the DCNN model.



Clinical Model

The preoperative characteristic features were applied to a multivariable logistic regression analysis to determine independent predictors of OPM. Backward stepwise selection was utilized based on the Akaike information criterion (AIC) (36). The clinical model was then developed based on the independent characteristic features and applied to the testing cohort. The diagnostic performance of the clinical model was assessed using ROC analysis. The cutoff for the ROC curve was determined by the Youden index.



Statistical Analysis

Considering the class imbalance in the testing cohort, we used bootstrapping (n = 1000) to calculate the 95% confidence intervals (CIs). A decision curve was plotted to evaluate model efficacy by quantifying the net benefits at different probability thresholds. Differences in continuous variables were analyzed with the independent t-test, and differences in categorical variables were analyzed with the chi-squared test. DeLong’s test was used to compare the ROC curves of models. The generalizability of the DCNN model was evaluated in subgroups of age and sex using ROC curves. All statistical analyses were performed with R software (version 3.5.0; http://www.Rproject.org) and SPSS 22.0 (IBM, Armonk, NY, USA). A two-tailed p value lower than 0.05 was considered statistically significant.




Results

Finally, a total of 544 patients (age, 17–87 years; median age, 60 years), including 359 men and 185 women, were enrolled in this study. All patients were confirmed with advanced GC based on end-point diagnoses, among who 79 patients were confirmed as OPM-positive using laparoscopy, while the rest (n = 465) were defined as PM-negative. Table 1 shows the enrolled patients’ demographic information. The determination of OPM presence is described in detail in the Supplementary Material. None of the patients were treated with neoadjuvant chemotherapy.


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



The entire cohort of 544 patients was randomly divided into a training set comprising 395 patients (58 OPM-positive and 337 PM-negative) and a testing set comprising 149 patients (21 OPM-positive and 128 PM-negative).


Clinical Characteristics in the Training and Testing Cohorts

As shown in Table 1, there were significant differences between lesion location and Borrmann type for the OPM-positive and PM-negative groups in the training cohort (p < 0.001). There was no significant difference in age, sex, carcinoembryonic antigen (CEA), or carbohydrate antigen 19-9 (CA19-9) between the OPM-positive and PM-negative groups in the entire cohort.



Diagnostic Performance Measurements


Clinical Model

As shown in Table 2, multivariable logistic regression analysis identified the Location-L/L+D and Borrmann type as independent predictors (p < 0.05) for OPM positivity and PM negativity. A clinical model that incorporated the independent predictors was developed, and a ROC curve was created. The area under the ROC curve (AUC) was 0.670 (95% CI: 0.615–0.739). The sensitivity of the clinical model for the testing cohort was 85.7%, with a specificity of 44.5% (Table 3).


Table 2 | Variables and coefficients of the clinical model.




Table 3 | Model performance and DeLong’s test.





DCNN Model

Along with the performance generated in the clinical model, Table 3 also shows the diagnostic performance of the DCNN model using the same testing cohort. In the bootstrapping validation, the DCNN model yielded an AUC of 0.900 (95% CI: 0.851–0.953), a sensitivity of 81.0% and a specificity of 87.5%. Comparison of the ROC curves of the models suggested that the DCNN model significantly outperformed the clinical model (p<0.001). The ROC curves of the DCNN model and clinical model are shown in Figure 4.




Figure 4 | ROC curves of the DCNN model and the clinical model on the testing dataset (n = 149).






Stratified Analysis of Sex and Age

Deep learning algorithms frequently suffer from issues of generalizability. To test the generalization ability of the proposed DCNN model, we performed stratification analysis on the testing set subgrouped by sex and age. As shown in Table 4, the DCNN model presented good accuracy in the discrimination of OPM positivity and PM negativity among the different subgroups.


Table 4 | Stratified analysis for DCNN model in the testing cohort.





Heatmap Analysis

Figure 5 shows two representative cases with a cropped Grad-CAM view superimposed heatmaps on the original CT images. The OPM-positive case 24 was diagnosed by the DCNN model with a prediction score of 0.768, exhibiting activated status in the highlighting subregions. Furthermore, PM-negative case 88 was diagnosed by the DCNN model with a prediction score of 0.015, exhibiting inactivated status in all subregions.




Figure 5 | Representative cases with cropped CT images and heatmaps generated by Grad-CAM. (A, B) An OPM-positive patient with pathologically confirmed peritoneal tumor implants during surgery. The DCNN model correctly diagnosed the OPM region with the highest probability of 0.7683. (C, D) A PM-negative patient who was misclassified by the DCNN model with a probability of OPM of 0.0147. The subsequent surgery confirmed the patient to have no PM in the peritoneum.





Clinical Use

The decision curve shown in Figure 6 was used to compare the benefit of the DCNN model, all-laparoscopy and no-laparoscopy schemes. We found that if the threshold probability for the clinical decision was less than 80% (i.e., if the improper surgical procedure for OPM-positive patients was considered more harmful than laparoscopic exploration), the patient would benefit more from the findings of the DCNN model than either the all-laparoscopy or no-laparoscopy schemes.




Figure 6 | Decision curve analysis for the DCNN model and the all-laparoscopy and no-laparoscopy schemes. Blue line: DCNN prediction model, where the probability of predicting OPM ranges from a minimum of 0 to a maximum of 80%; orange line: all-laparoscopy scheme, assuming all patients should undergo laparoscopy to confirm the presence of OPM; dotted line: no-laparoscopy scheme, assuming no possibility of PM in patients (i.e., the presence of OPM).






Discussion

In this study, we developed a DCNN model to identify OPM in AGC patients prior to surgical treatment. The DCNN model yielded an AUC of 0.900 and sensitivity of 81.0%, which was significantly greater than that of the clinical model (AUC of 0.532, p < 0.001). The proposed DCNN model was based on 2D images, focusing on the clinical characteristics of the primary AGC patients identified with OPM. To our knowledge, this is the first deep learning study for OPM detection and diagnosis in AGC patients.

Few published papers have focused on the preoperative assessment of PM status in GC patients (12, 14–16, 37). Previously, CT examination was chosen as the preferable diagnostic imaging modality for PM detection, while MRI and PET/CT were considered secondary choices (38). However, the reported detectability of PM on CT images varied substantially, with an average poor sensitivity of ~ 50% (13, 19). More recently, Dong et al. reported a radiomics study using CT phenotypes of primary tumors and nearby peritoneum to accurately predict OPM in AGC patients (39). While the concept of “seed and soil”, a classic theory of tumor metastasis (40), was applied in Dong’s study, the delineated ROI of the peritoneum may not have been representative of the entire “soil” condition. In our study, we focused on the characteristic features of primary tumors and their correlation with a high possibility of OPM to develop a predictive model powered by a DCNN.

Previous studies have shown that clinical factors, including Lauren type, Borrmann type, tumor location and differentiation degree, could be important predictors for PM (39, 41). However, preoperative biopsy findings do not typically include the Lauren type and the differentiation degree of GC; these are more often identified in postoperative pathological diagnosis. Therefore, Lauren type and differentiation degree were not included in our study. By incorporating the tumor location and Borrmann type (the independent predictors) in our clinical model, we found that the model had decreased diagnostic accuracy and an AUC of 0.670, suggesting that the involvement of only preoperative clinical features may not be effective for PM prediction in AGC patients. Compared to the clinical model, the proposed DCNN model yielded satisfactory performance and exhibited good generalization ability among patients of different ages and sexes (Table 4). Furthermore, the availability of heatmaps (Figure 5) provided a visual display of the PM detection estimated by the DCNN model, which could make it easier for surgeons and oncologists to make clinical assessments accordingly.

The decision of whether to begin surgical treatment in patients with gastric cancer is often a dilemma because of the ambiguity of the PM condition (4). Patients without PM on preoperative CT (but PM positivity at surgery) may undergo an unnecessary surgical procedure due to inadequate preoperative imaging and interpretation. The decision curve analysis (Figure 6) in our study provided an assessment of the value of the DCNN model. For patients with OPM (PM-negative) on conventional CT images, the proposed DCNN model is more suitable than the all-laparoscopy scheme or no-laparoscopy scheme based on the risk of PM. Similarly, if the DCNN model suggested a high possibility of OPM, it would be relatively beneficial to perform diagnostic laparoscopy for confirmation.

Our study indeed has several limitations. First, the delineated ROIs obtained from a single slice (2D) might not be representative of the entire tumor. ROIs extracted from 2D or 3D images may have an impact on model development and optimization. 3D analysis of the entire tumor is one of our further study interests. Second, we used retrospective datasets to develop the DCNN model and examined a relatively small number of clinical factors. Other factors, such as serological tumor markers, are not initially available on CT scans and may account for any incomplete data. Third, OPM samples were enrolled in the study cohort based on the combined results from initial CT examination (negative) and laparoscopy (positive), which limited the sample size. Finally, external validation is needed to assess the model’s diagnostic performance and generalizability across different medical institutions.

In conclusion, compared to a conventional clinical model built using logistic regression, the proposed DCNN model achieved superior diagnostic accuracy for OPM detection and diagnoses in AGC patients. The DCNN model may have significant clinical implications for early detection and proper surgical treatment for patients with AGC.
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Objective

This study aimed to build and evaluate a radiomics feature-based model for the preoperative prediction of microvascular invasion (MVI) in patients with hepatocellular carcinoma.



Methods

A total of 145 patients were retrospectively included in the study pool, and the patients were divided randomly into two independent cohorts with a ratio of 7:3 (training cohort: n = 101, validation cohort: n = 44). For a pilot study of this predictive model another 18 patients were recruited into this study. A total of 1,231 computed tomography (CT) image features of the liver parenchyma without tumors were extracted from portal-phase CT images. A least absolute shrinkage and selection operator (LASSO) logistic regression was applied to build a radiomics score (Rad-score) model. Afterwards, a nomogram, including Rad-score as well as other clinicopathological risk factors, was established with a multivariate logistic regression model. The discrimination efficacy, calibration efficacy, and clinical utility value of the nomogram were evaluated.



Results

The Rad-score scoring model could predict MVI with the area under the curve (AUC) of 0.637 (95% CI, 0.516–0.758) in the training cohort as well as of 0.583 (95% CI, 0.395–0.770) in the validation cohort; however, the aforementioned discriminative approach could not completely outperform those existing predictors (alpha fetoprotein, neutrophilic granulocyte, and preoperative hemoglobin). The individual predictive nomogram which included the Rad-score, alpha fetoprotein, neutrophilic granulocyte, and preoperative hemoglobin showed a better discrimination efficacy with AUC of 0.865 (95% CI, 0.786–0.944), which was higher than the conventional methods’ AUCs (nomogram vs Rad-score, alpha fetoprotein, neutrophilic granulocyte, and preoperative hemoglobin at P < 0.001, P = 0.025, P < 0.001, and P = 0.001, respectively). When applied to the validation cohort, the nomogram discrimination efficacy was still outbalanced those above mentioned three remaining methods (AUC: 0.705; 95% CI, 0.537–0.874). The calibration curves of this proposed method showed a satisfying consistency in both cohorts. A prospective pilot analysis showed that the nomogram could predict MVI with an AUC of 0.844 (95% CI, 0.628–1.000).



Conclusions

The radiomics feature-based predictive model improved the preoperative prediction of MVI in HCC patients significantly. It could be a potentially valuable clinical utility.
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Introduction

Hepatocellular carcinoma (HCC) is considered as the sixth most high incidence cancer and HCC is also as the world’s third leading cause of cancer deaths. Among the primary cancer of the liver, HCC is the predominant pathological type and has became a significant public health-care concern (1, 2). Among the current treatment strategies for HCC, the optimal and most efficient treatment is radical surgical resection. In the past several decades, along with the development of modern medical imaging technology and improved surgical skills, the success ratio of hepatectomy for HCC has increased continuously (3). In spite of this, the postoperative five-year recurrence ratio of HCC is approximately 70%, which is unsatisfactory and indicates a significant influence on overall survival for HCC patients (4). Microvascular invasion (MVI) is a crucial predictive factor for recurrence among HCC patients who underwent hepatoectomy for tumor resection or received liver transplant surgery, and most patients with early recurrence were pathologically verified as MVI positive (5, 6). Therefore, prediction for MVI before surgery has significant clinical value for decision making, postoperative adjuvant therapy and comprehensive prognostic evaluation of patients with HCC.

Tumor macrovascular invasion of hepatic vein and/or portal vein in HCC patients can be identified through contrast-enhanced computed tomography (CECT) or magnetic resonance imaging (MRI) examination before surgery (7). Conversely, microvascular invasion (MVI) cannot be detected directly by means of preoperative radiologic examination. In addition, the effectiveness of preoperative pathological biopsy for MVI is unsatisfactory to some extent. Hence, the gold standard to verify the occurrence of MVI is to evaluate the surgical specimen slices through preoperative pathological examination (i.e., H&E staining, etc.) which limits its application as a predictive factor for comprehensive prognosis assessment (8). Imaging markers are emerging as preoperative predictive factors for tumor heterogeneity that have the potential to predict MVI in a high-throughput, high-precision, and noninvasive manner. Current published studies have indicated that the correlation between the MVI and imaging features could be quantitively analyzed for further research on the occurrence and progression of MVI. Imaging features could be extracted from the following medical imaging modalities: contrast-enhanced CT, gadolinium-ethoxybenzyl-diethylenetriamine penta-acetic acid (Gd-EOB-DTPA; EOB Primovist®)-enhanced magnetic resonance imaging (MRI) and 18F-fluorodeoxyglucose positron emission tomography (PET). In addition, those imaging features incorporated laborator testing, quantitative or qualitative results to establish predictive models to classify whether patients with HCC are MVI positive or negative, which is of great value for surgeons to evaluate liver transplant recipients or HCC therapy scheme decision making (9–11). In addition, radiomics is an emerging methodology for medical imaging analysis that applies machine learning algorithms and statistical analysis software to obtain high-throughput radiological features for prognosis prediction or tumor-related overall survival analysis. In the past, our research group’s study results indicated that radiomics-based predictive models have the potential to predict the occurrence of posthepatectomy liver failure and the occurrence of postpancreaticoduodenectomy pancreatic fistula among a study cohort with satisfactory predictive performance (12, 13). Recent studies showing predictive radiomics models based on contrast-enhanced CT (CECT) as an easy-to-use, efficient, and noninvasive prediction method for MVI have provided reliable instruction for the definite diagnosis of whether HCC patients had MVI preoperatively (14, 15). Precise prediction of MVI before surgery has significant clinical implications for issues such as efficient stratification of treatment strategies, optimization of treatment schemes, and establishment of comprehensive surgery planning for HCC patients with MVI positivity or negativity. Due to the specific biological characteristics of MVI, the contrast agent in CECT likely enters the vessels of tumors and then diffuses into the microvessels over the range of one centimeter around the primary lesion. An enlarged surgical margin (usually over one centimeter) was verified to decrease the postoperative tumor recurrence ratio, indicating the presence of MVI, among patients with HCC (16, 17). For patients who have a tumor diameter less than three centimeters and are highly suspected to be MVI positive, anatomical hepatectomy is necessary. For non-anatomical hepatectomy, the surgical margin should be over one centimeter from the primary lesion (18, 19). Compared with surgical resection, radiofrequency ablation is not a rational option for small (diameter under three centimeters) HCC patients combined with MVI because of high postoperative recurrence ratio (20).

The radiomic predictive model incorporates clinical predicative factors and imaging characteristic features into a reliable and efficient MVI risk-stratification scoring system, which helps clinical practitioners provide optimal treatment schemes for HCC patients.

In the present study, we aimed at build as well as evaluate a radiomics nomogram based on CT imaging textural features incorporated with clinically related risk factors for MVI occurrence prediction among HCC patients before surgery.



Materials and Methods


Patients

The data originated from 146 patients who received liver resection at Zhujiang Hospital, Southern Medical University, between January 2012 and December 2018, were retrospectively collected and analyzed. The patients with HCC were carefully selected, and the inclusion standards as indicated below: (1) Be at least 18 years old, both male and female were included; (2) contrast-enhanced CT scans were performed within one week before surgery; and (3) all surgical specimens were confirmed to be HCC by MVI evaluation and histopathological examination. The exclusion standards were as follows: (1) previous hepatectomy; (2) HCC lesion boundaries not clearly visible on CT images; (3) preoperative treatment, including transhepatic arterial chemotherapy and embolization, portal vein embolization, radiofrequency ablation therapy, targeted cancer therapy, etc.; and (4) incomplete clinical data or pathology data. Patients were randomly allocated into two independent cohorts as training cohort and validation cohort according to a ratio of 7:3. An additional 18 patients between January and December 2019 were enrolled in a prospective pilot analysis, and all patients signed the informed consent. The Ethics Review Board of Zhujiang Hospital, Southern Medical University, approved this study and supervised the procedures.



Histopathological Analysis

The final diagnostic results, including MVI grade, were based on pathologic reports of surgical specimens. On the basis of the Clinical Practice Guidelines of Chinese Society of Pathology (21), the definite diagnosis of MVI was based on the pathological standard as follows: MVI was graded according to the number of cells seen in the endothelial vascular lumen by microscopic examination, and then MVI was categorized as three additional subgrades, M0 indicating no MVI; M1 for fewer than five MVI occurrence in adjoining liver parenchyma and the distance from tumors was under one centimeter (which is also regarded as the low-risk group); and M2 for more than five MVI in adjoining liver parenchyma and the distance from tumors was greater than one centimeter (regarded as the high-risk group). All specimen slices were reviewed and analyzed by two pathologists who had at least 10 to 15 years of hepatic pathology experience. Aforementioned two specialists were blinded to the related clinicopathological as well medical imaging examination information of the patients who were included in the study cohort. When there was a disagreement, a consistency review was performed.



CT Data Collection

All CT examinations were finished in our hospital spiral CT (128 -slice, Siemens Medical system, Erlangen, Germany). To ensure the consistency of the image data, all the scanning parameters were set as follows: 120 kV, 250–300 mAs, and a matrix of 512 × 512. The slice thickness and interval were set as one mm and zero mm, respectively, and image reconstruction was set to 1 mm. To obtain contrast-enhanced image data, 90 ml iodine contrast agent (iodine concentration: 350 mg/ml) was administered via a vein by a contrast injector at a speed of 3 milliliter per second, and dynamic contrast-enhanced imaging data acquisition was performed at fixed time points: for the arterial phase, acquisition occurred at approximately 30–33 s after administration; for the portal vein phase, it was 67–70 s, and for the equilibrium phase, 177–180 s. After the entire acquisition procedure was completed, we selected the portal venous phase raw data for texture analysis. All the medical images in this study were collected from the Pictures Archiving and Communication System at our hospital radiology department.



Radiomics Feature Extraction

The holistic radiomics modeling procedure was shown in Figure 1. We extracted a total of 1,231 CT image features from the liver parenchyma without tumors. The extracted image features were categorized into four types as follows: diagnostic intensity for liver parenchyma (N=13), original hepatic textural feature (N=100), tumor size and shape-based feature (N=430), and wavelet (N=688). The mathematical descriptions of each corresponding feature above can be found in the website of the open-source application PyRadiomics (https://pyradiomics.readthedocs.io/en/latest/).




Figure 1 | Flow chart of the study. (A) The portal vein contrast-enhanced computed tomography (CECT) image was used as input, and the liver was segmented by homemade segmentation software (22) and manually corrected. The tumor ROI was contoured by a radiologist with more than 10 years of experience. (B) The liver parenchyma without tumor was set as the ROI image, and features containing as shape related features, texture related features and wavelet filtered features which were extracted by PyRadiomics software (23). (C) The extracted features were reduced via least absolute shrinkage and selection operator (LASSO) and correlation matrix selection. (D) The radiomics features and other clinicopathological variables were applied to establish a nomogram for predict microvascular invasion, and ROI curve analysis was conducted. (E) The nomogram model was evaluated with calibration curve and decision curve analysis.





Data Analysis

One hundred forty-five patients were included in the study pool, therefore, those patients were randomly allocated into two independent cohorts according to a ratio of 7:3 (training cohort: n = 101, validation cohort: n = 44). An additional 18 patients were also enrolled into this study for a prospective pilot analysis which was aimed to evaluate its underlying clinical practice potency.

A histologic diagnosis of tumor with microvascular invasion or tumor without microvascular invasion was entered as a dependent variable in a least absolute shrinkage and selection operator (LASSO) logistic regression algorithm. As to the LASSO logistic regression, we applied 10-fold cross validation method to identified the optimal regularization parameter lambda, which reduces the mean cross-validation error at maximum extent. those image features who were considered as non-zero coefficients within the LASSO regression model were regarded as most predictive radiomics features and were chosen for calculating the radiomics score. The radiomics score was calculated through a formula which in brief was a semplice linear combination of the selected radiomics based features multiplied by their corresponding coefficients.

The radiomics score as well as other clinicopathological risk variables, including age, sex, tumor sizes, viral hepatitis etiology, drinking history, alpha fetoprotein content, tumor numbers, neutrophil counts, lymphocyte counts, neutrophil-lymphocyte ratio, preoperative alanine transaminase, preoperative aspartate aminotransferase, preoperative total bilirubin, preoperative hemoglobin, preoperative albumin, preoperative blood platelet counts, preoperative prothrombin time, and histopathological differentiation degree, were used in a multivariate logistic regression model as predictive factors for tumors with microvascular invasion or tumors without microvascular invasion among training cohort. The optimal model selection was performed applied a backward stepwise selection procedure through utilizing likelihood ratio testing with Akaike information criterion (AIC). Nomogram was constructed based on those significant features in the multivariate logistic regression model among which radiomics score as well as clinicopathological risk factors were included.

The nomogram’s predictive accuracy was evaluated by three methods. First, discrimination efficacy was assessed through the result of the area under the area under curve (AUC) with values ranging from 0.5 (which means mentioned model possess no discrimination potent) to 1 (which means mentioned model possess a perfect discrimination potent). Second, by plotting the predicted probability of the nomogram relative to the ratio of the observed events on a series of equidistant values within the range of predicted probabilities, the power of calibration can be evaluated visually. In addition, decision curve analysis (DCA) was carried out to tell physicians the interval of threshold probabilities to judge whether the prediction model would be of clinical benefit or not. If the typical threshold probabilities of tumors with microvascular invasion or tumors without microvascular invasion at which surgeons would opt for comprehensive treatment lie within a certain benefit range, the model is of clinical value.



Statistical Analysis

For statistical analysis in this study an open source software R (version 3.6.1) was applied. (https://www.r-project.org). consider the various type of data, we employed different statistical test as below: for continuous variables, the Mann-Whitney U test were used for the comparison. Correspondingly, as for categorical variables, the Chi-square test was used for the comparison. in order to conduct LASSO logistic regression analysis we used “glmnet” package, “pROC” package was applied for calculation and comparisons of AUC and ROC plotting of each model as well as for nomogram training and calibration “rms” package was employed, in addition for decision curve analysis we chosen “rmda” package to conduct it. A two-sided P value < 0.05 was considered as indicative of statistical significance. For the final independent predictors included in this prediction model selection, we applied both univariant logistic regression and multivariant logistic regression and the factors whose P value < 0.05 were considered as indicative of final independent predictors.H




Results


Patient Demographics and Clinicopathological Characteristics

The demographics and clinicopathological characteristics of the study participants are displayed in Table 1. It is clearly that there were no differences between the training cohort and the validation cohort. The median ages of these two cohorts were 50.0 and 47.5 years, respectively. As for patient gender in both cohort male was ponderance proportion (81.2% and 84.1%, respectively). In addition, for positive occurrence ratio there were 30 (29.7%) and 16 (36.4%) patients who experienced tumors with microvascular invasion among training cohort as well validation cohort, respectively. For patients among pilot study, those data are displayed in Table 2.


Table 1 | Demographic and clinicopathologic characteristics of the study participants.




Table 2 | Demographic and clinicopathologic characteristics of the pilot participants.





Development of the Rad-Score

A total of 1,231 features were extracted from the image data for each patient. These 1,231 features were reduced to 2 possible indicators based on the 101 patients among training cohort. The Rad-score formula constructed through a simple linear combination of aforementioned 2 indicators multiplied by LASSO coefficients as follows: Rad-score=55186.42 + 37645.32*log-sigma-3-0-mm-3D_gldm_SmallDependenceLowGrayLevelEmphasis - 46900.48 * log-sigma-5-0-mm-3D_glcm_Idmn (Figure 2). Patients who had tumors without MVI obtained relatively lower Rad-scores generally than patients who suffered from tumors combined with microvascular invasion. This discrepancy was detected between on Rad-scores (median (interquartile range)) among training cohort (−2.567 (-6.731~1.592) vs 0.164 (-5.160~4.068), respectively, P=0.013) also among the validation cohort (-2.477 (-7.465~0.864) vs 0.123 (-6.434~3.899), respectively, P=0.369).




Figure 2 | The least absolute shrinkage and selection operator (LASSO) logistic regression algorithm was employed to determine the most significant radiomics features in terms of microvascular invasion (MVI) prediction as well calculated for the Rad-score. (A) a ten-fold cross validation method was employed to select the optimal lambda parameter contained in the LASSO algorithm that minimized the mean squared error. The mean-squared errors between upper bound and lower bound standard deviations were plotted according to the lambda changing sequence. The vertical dotted lines in the graph stands for the two selected lambdas. The lambda on the left corner of graph provided the minimum mean cross-validation error, meanwhile, the lambda on the right corner of graph provided the most optimal regularized model which the error within one minimal standard error, therefore, the optimal lambda value 0.0063, whose log(lambda)= -5.0637, was employed to feature selection. (B) A coefficient profile plot of the LASSO model was produced. Every single curve represents the trajectory changing of each independent predictor. The greater lambda is, the more the coefficients are reduced. The vertical dotted line indicates the optimal lambda, which results in two coefficients.





Development, Validation, and Assessment of the Nomogram

Both univariate and multivariate logistic regression analysis were conducted combining the Rad-score as well as clinical stage among training cohort. The backward stepwise selection process selected Rad-score, alpha fetoprotein content, neutrophil counts, and preoperative hemoglobin as the final independent predictors. A prediction model was constructed and is shown as a nomogram in Figure 3. The odds ratios of the prediction model are presented in Table 3. Among the training cohort, the AUC of the nomogram was 0.865 (95% CI 0.786–0.944). among validation cohort, the AUC was 0.705 (95% CI: 0.537–0.874). The AUC value of the ROC curve of the nomogram was significantly higher than that of each independent predictor (nomogram vs Rad-score, alpha fetoprotein, neutrophilic granulocyte, and preoperative hemoglobin at P < 0.001, P = 0.025, P < 0.001, and P = 0.001, respectively). The particular results of the discriminatory efficiency are shown in Figures 3C, D). This indicates that the Rad-score incorporated with another three clinicopathological factors possessed a greater diagnostic efficiency than any single independent predictors. The calibration curve analysis of this purposed predictive model presents good agreement among our research for either the training cohort or validation cohort (Figures 4 and 5).




Figure 3 | Nomogram for the prediction of the tumor with microvascular invasion occurring or not and its discrimination performance. (A) data among the training cohort were employed to establish the purposed monogram which the Rad-score, alpha fetoprotein, neutrophilic granulocyte and preoperative hemoglobin were incorporated. Instructions for reading the nomogram: Find the Rad-score in the Rad-score axis; a straight line was drew to the point axis and the intersection point stands for actual points of the predicted probability which a patient with microvascular invasion (MVI) occurrence or not according to the own Rad-score; repeat above mentioned procedures for another predictors each straight line was drew to the points axis; calculated the total points obtained from each predictor and located it on the total points axis; draw a line perpendicular to the predict risk axis to determine the patient’s risk (24). (B, C) display the result of ROC curves analysis for the nomogram and each individual predictor in predicting whether tumors with microvascular invasion occurred among the training and validation cohorts, respectively.




Table 3 | Risk factors for the diagnosis of tumors with microvascular invasion.






Figure 4 | The result of calibration curve analysis as well decision curve analysis for the purposed nomogram. (A, B) show the calibration curves analysis for the nomogram in predicting whether tumors with microvascular invasion occurrence among training cohort as well as validation cohort, respectively. the dashed line stands for perfect prediction, the dotted line represents apparent estimates of predicted vs. observed values, meanwhile the solid line on behalf of bias correcting estimates employing 1,000 bootstrap sampling. (C, D) show the result of decision curve analysis for the nomogram in predicting whether tumors with microvascular invasion occurrence among training cohort as well as validation cohort, respectively. The result of decision curve analysis indicated that assume the threshold probability that is located in an interval of 0.2 to 0.86, microvascular invasion (MVI) prediction using the nomogram can give more net benefit than by treating either no or all patients in all cohorts.






Figure 5 | The area under the curve (AUC) (A), calibration curve (B), and decision curve analysis (DCA) (C) of the nomogram to prospectively analyze the pilot cohort. This purposed radiomics feature-based nomogram was able to predict tumors combined microvascular invasion (MVI) occurrence with an AUC of 0.844 (95% confidence interval:0.628–1.000) (A) the result calibration curve showed that the radiomics nomogram was with the ideal line (B) and as to result of the DCA represented that at the situation where the threshold probability was within a range from 0.2 to 1.0 (C), this purposed nomogram obtained greater net benefit than either “treat none” or “treat all” scheme, suggesting that this purposed nomogram is still a good clinical utility.



The DCA curve showed that as threshold probability was within a range from 0.1 to 1.0, this nomogram could obtain a greater net benefit than either “treat none” or “treat all” scheme. The nomogram also received higher net benefit than the Rad-score alone across the reasonable threshold probabilities range.




Discussion

In this study, we established as well assessed radiomics model based on CT imaging textural features and clinically related risk factors for accurate prediction of MVI of HCC before surgical resection. The efficacy of this predictive model was average-to-good but did not totally outperform other current predictive models or scoring systems. Therefore, we developed and evaluated a predictive nomogram based on radiological characteristics to predict the incidence of MVI. Our predictive nomogram included factors such as AFP, NLR, routine blood tests, liver function, and pathological examination results and a combination of potential MVI predictive imaging features. Our results were consistent with previous studies; higher serum AFP level, NLR or poorly differential tumor cell type had a positive correlation with the incidence of MVI among patients with HCC. Through the results of decision curve analysis, independent predictive risk factors such as AFP, NLR, or radiomics features had beneficial effects on improving the predictive power of MVI, which was consistent with current studies; however, the diagnostic efficacy of the model did not outperform other existing predictive models or scoring systems. When we combined the above independent predictive risk factors into a comprehensive diagnostic nomogram, the diagnostic efficacy exceeded the predictive power of any single predictive factor or a combination of predictive factors, and its performance showed satisfactory consistency in both the training cohort and validation cohort. The aforementioned nomogram could improve the individual predictive accuracy of MVI for patients with HCC preoperatively, and the results of decision curve analysis showed that this practical nomogram had the potential to be applied in daily clinical practice.

The diagnosis of HCC depends on radiological examination, such as CT imaging or MRI, to a large extent, which makes it preferable to perform quantitative or qualitative imaging analysis based on the radiomics method. The radiomics method can extract a large number of specific imaging features from radiological images, such as CT images, magnetic resonance images or PET-CT images, in a high-throughput and automatic manner and then utilize those radiomics imaging features with clinicopathological data to establish statistical models for judgment of tumor characteristics or optimal treatment choice and prognosis for individual patients (25). Therefore, radiomics can connect medical imaging and personalized medicine. However, due to the lack of a comprehensive standardized assessment of clinical significance and scientific integrity in previously radiomics studies, it is difficult to promote the application of radiomics image analysis methods among different institutions (26). In current clinical practice, for the reason that there are no known single and highly reliable predictive factors for the incidence of MVI, combining multiple MVI status-related factors with radiomics signatures to build multivariate radiomic models is a feasible option. Previous published studies have utilized multiple imaging modal images (e.g., CT, MR, ultrasound) with radiomics algorithms to predict the incidence of MVI preoperatively and then achieve the ultimate goal of assisting in choosing an optimal surgical treatment or predicting the early recurrence of HCC to provide a reasonable treatment scheme for those patients (27–29). With the rapid development and improvement of radiomics technology, we are able to identify high risky HCC patients with MVI with higher accuracy and better efficacy before surgery which have great significance in terms such as select appropriate surgical therapy strategy, give assistance to confirm rational resection scope to achieve radical hepatoectomy for HCC patients rather than barely refer to tumor location, size or two-dimensional spatial relationship between intrahepatic vasculatures as conventional method did consider of the high postoperative recurrence ratio, for patients whose tumor size lower than three millimeters also susceptible to MVI positive anatomical hepatoectomy are recommended as first choice than radiofrequency ablation, for patients susceptible to MVI positive when select to perform non-anatomical hepatoectomy, the distance from resection margin tumor should beyond one millimeter to decrease the risk of postoperative recurrence (20). Accurately prediction of MVI occurrence has contributed to achieve radical tumor resection for patients with HCC in addition prolong the disease-free survival to the maximum extent. MVI as a significant factor which influence long term survival rate, radiomics features based prediction model applied to this crucial issue will provide more effective guidance for subsequent clinical researches and therapy scheme making.

Related studies have shown that approximately 85% of MVI is located within one millimeter (which is called the peritumoral area) of the margin of tumors (30). In this research, we extracted both peritumoral and intratumoral CT radiomics features to establish a nomogram model. Zhao et al. (31) established a scoring system using predictive factors such as intratumoral arteries, nonnodular HCC type also the absence of a tumor vessel based on CECT images to predict MVI preoperatively, take no account of tumor size or diameter. The AUCs of aforementioned scoring system were 0.872 and 0.856 among training cohort as well validation cohort, respectively. Lei et al. (32) built a nomogram scoring model with risk factors such as tumor diameter, number, vessel condition, serum AFP content, platelet level, HBV-DNA loading in addition with representative dynamical magnetic resonance imaging features for predicting MVI occurrence among patients suffered from HBV-related HCC under the Milan criteria, which shows satisfactory predictive efficiency whose AUC was 0.81 among training cohort also 0.80 among validation cohort. Similarly, Renzulli et al. (9) applied integration of three imaging features of predictive significance, gaining an AUC of 0.90. In terms of clinicopathological risk factors among our study, AFP, neutrophilic granulocyte, and preoperative hemoglobin content were of greater importance than the Rad-score in the regression model. When applied in the validation cohort, the discernibility ability of proposed model outperformed three conventional method mentioned in this article. For calibration curve analysis, the result in both cohorts are satisfying, furthermore, the result of decision curve analysis showed this proposed model possessed clinical application potential. The result of pilot study demonstrated that the accuracy of this model is preferably among study data set (whose AUC was 0.844, 95% confidential interval was 0.628–1.000).


Limitations

There are certainly some underlying limitations to this study. First, the analysis results suffer from inherent selection biases without a large enough number of included patients. Second, due to the study cohort selection from a single center, which could not offer sufficient diversity of characteristics to be representative of the general population, the lack of external validation from other centers was a shortcoming of this study. Moreover, heterogeneity of CT images will give rise to bias during the procedures as image features extraction and segmentation for region of interest. In the follow-up study, a larger study cohort and external validation will test and improve the efficacy and feasibility of this model for patient management and clinical decision-making for MVI prediction in HCC. Therefore, unified standards in addition with elaborated and rigorous assessment for quality of study images should be established in order to acquire more reliable study data.




Conclusions

We have built and evaluated a novel radiomics feature-based nomogram to predict the incidence of MVI among patients suffered from HCC. the purposed nomogram has provided one novel method for risk identification of MVI incidence and of radiomics features as a supplementary resource to clinicopathological data and conventional CT images that could lower the medical costs and improve the availability of clinical decision-making and treatment scheme guidance.
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Objectives

To evaluate bladder cancer by integrating multiple imaging features acquired using multimodal 3.0T magnetic resonance imaging (MRI).



Methods

We prospectively enrolled 163 consecutive patients including 142 men (mean age, 65.2 years) and 21 women (mean age, 65.8 years). We evaluated the efficiency and reliability of the multiple imaging modalities including T2-weighted spectral attenuated inversion recovery (SPAIR) imaging, dynamic contrast-enhanced (DCE) imaging and diffusion-weighted (DW) imaging, and the imaging feature, apparent diffusion coefficient (ADC) in the identification of the T staging and grading. We compared our imaging findings with the results of histological examination using McNemar’s test. We reported the results under the significance of p < 0.05. Approval for the study was obtained from the local institutional review board.



Results

The sensitivity and specificity using T2 SPAIR plus DW imaging (sensitivity: 85.2%; specificity: 93.2%), DCE plus DW imaging (sensitivity: 92.4%; specificity: 96.8%), and all the three imaging modalities combined, i.e., T2 SPAIR plus DCE plus DW imaging (sensitivity: 92.5%; specificity: 97.4%), were significantly greater than using T2 SPAIR imaging alone (sensitivity: 74.1%; specificity: 72.2%). One hundred six (93.0%) lesions showed a thin, pedicle arch-like shape and thus primarily demonstrated to be in Ta stage; by contrast, a large number of lesions (137 [85.6%]) were sessile and were found to be in T1 stage. The differences in the ADC were significant between low-grade (877.57 ± 24.15) and high-grade (699.54 ± 23.82) lesions (P < .01).



Conclusions

T2 SPAIR and DCE plus DW imaging provided useful information for evaluating T staging and grading in bladder cancer. Those imaging features to distinguish Ta stage from T1 stage were presented.
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Introduction

Bladder cancer is the most common cancer of the urinary system (1). Globally, it is the ninth most common cause of cancer-related death in humans. The prevalence of bladder cancer in males is three to four times greater than in females. In females, however, bladder cancer is often confirmed with more advanced disease at presentation and less favorable outcomes after treatment (2). Currently, the definitive diagnosis of bladder cancer depends on histological confirmation by cystoscopy or surgery. The contribution of magnetic resonance imaging (MRI) to the diagnosis of bladder cancer has been reported (3). However, conventional images with an echo-planar MR sequence cannot identify primary tumor and can be inaccurate in identifying local staging (4). Based on the opinion of the updated guidelines on bladder cancer, it is necessary to distinguish T1 from Ta cancer then to distinguish the low grade bladder cancer from the high grade one by which it is an important indicator of whether cystectomy is required. MRI with 3.0T may be useful for accurate pretreatment staging, predicting the early response to treatment and providing non-invasive alternatives to cystoscopy for those requiring long-term surveillance, including some advanced scanning modes such as dynamic contrast-enhanced (DCE) and diffusion-weighted imaging (DWI) (5). Because of the fact that different scanning sequences focus on different aspects of imaging features, combination of different sequences can provide more comprehensive and detailed imaging diagnosis of bladder cancer. In addition, based on the opinion of the updated guidelines on bladder cancer (1), more accurate imaging information could be contributed to bladder cancer staging with 3.0T MRI. In this study, we aimed to investigate bladder cancer using the integration of multiple imaging modalities with 3.0T MR; to compare imaging features with pathological results regarding cancer staging; and to evaluate the correlation between apparent diffusion coefficient (ADC) values and histological grade.



Materials and Methods


Patients

Between January 2016 and March 2017, 163 patients who presented with gross (macroscopic) hematuria with normal findings from upper urinary tract ultrasonographic evaluation were prospectively enrolled. They were evaluated initially by ultrasonography (US) or cystoscopy. The population included 142 (87.1%) men (65.2 ± 10.6 years old; range, 42–87 years) and 21 (12.9%) women (65.8 ± 10.5 years old; range 57–81 years). For the whole group, the mean age was 65.3 ± 10.2 years old (range, 42–87 years). Single lesions were found in 58 cases (35.6%), and multiple lesions were found in 105 cases (64.4%) (Table 1). Patients with cystoscopically proven bladder cancer were subjected to dual-source parallel RF excitation technology MRI and subsequently underwent TUR-BT (transurethral resection of bladder cancer) or radical resection. None of the patients had received TURBT before MRI scanning. Exclusion criteria included upper urinary tract cancer or stones, a history of urinary tract trauma, contraindications to MR imaging (e.g., pacemaker or metallic prostheses) or cystoscopy (e.g., unfit for anesthesia or urethral stricture), and refusal to consent to the study. Approval for the study was obtained from the local institutional review board. Written informed consent was obtained from all of the patients.


Table 1 | Demographic and Clinical Characteristics.





MRI Acquisition

Before MRI scanning, proper bladder distension was necessary. Patients were asked to start drinking water half an hour before the MRI and to keep their bladder full at the time of the examination. Checked the bladder filling degree on the image of the localizer, and delayed the examination if the bladder was not full.

All of the measurements on patients were carried out using a 3.0-Tesla imager (Intera Achieva; 3.0T TX, Philips, Best, Netherlands) with respiratory triggering. Axial, orthogonal, high-resolution T2-weighted spectral attenuated inversion recovery (SPAIR), DCE and DW images were acquired sequentially on the same axial orientation using a 16-channel SENSE (Sensitivity-Encoding) abdominal coil. The following parameters were used for T2 SPAIR high-resolution MR of the urinary bladder: TR = 5,000 ms, TE = 110 ms, band width = 50 kHz, 320 × 256 matrix, slice thickness of 3 mm, intersection gap of 1 mm, and field of view (FOV) = 40 cm. DW images were obtained using a single-shot fast spin-echo sequence with chemical shift-selective fat-suppression techniques (b = 0 and 800 s/mm2 [DW gradients applied in three orthogonal directions]; matrix, 128 × 128; section thickness, 3 mm; gap, 1 mm; field of view, 30 cm; number of sections, 19–24; number of signals acquired, 14; sensitivity encoding factor, 2; acquisition time, 7 min). Sequentially, T1-weighted DCE imaging was performed to use full time points, including precontrast scanning (with a flip angle of 10°) and dynamic scanning (with a flip angle of 10°) after a single-dose injection of gadopentetate dimeglumine (Omniscan, GE Healthcare, Waukesha, WI, USA) at a dose of 0.1 mmol/kg. The final total scan time was maintained within 4 min. The field of view (AP/RL/FH) was 300/300/200 mm; the voxel size was 8 mm3; TR and TE were the limit set by the machine; and the average acquisition times averaged 80 s (range, 0–80 s, 20 time-points and 2 s time interval).



MR Image Analysis

All MR images were independently examined by two radiologists (DM and XZ, with 10 and 30 years of experience, respectively). The observers knew where the cancer was and ignored all other information. A bi-exponential model was used to describe the behavior of the diffusion-weighted signal in the lesions considered in this study. Seven image sets were reviewed as follows: T2 SPAIR images alone, DCE images alone, DW images alone, T2 SPAIR plus DCE images, T2 SPAIR plus DW images, DCE plus DW images, and all three image types combined. First, the T2 SPAIR alone, DCE alone, DW alone, and T2 SPAIR plus DCE images were interpreted, and then the remaining sets (T2 SPAIR plus DW images, DCE plus DW images, and all three image types combined) were evaluated after 2 weeks. When these three types of images were interpreted together, T2 SPAIR and DCE images were mainly used to identify anatomical structures, and DW images were used to assess the extent of the cancer. The apparent diffusion coefficient (ADC) values of the bladder masses, urine and normal bladder wall were measured.



Cancer Staging

Differentiation between noninvasive and invasive urothelial cancer is critical to the treatment planning. The non-muscle-invasive urothelial cancer of the bladder (≤T1) requires greatly varying but the unified requirement for risk adaptive treatment and monitoring was to provide thorough care while minimizing the burden associated with treatment. However, the high-stage (≥T2) tumors with high recurrence rate and low progression rate demand intensive care and timely consideration of radical cystectomy (1, 6).

To evaluate the performance and agreement of the two reviewers at identifying bladder tumors the reviewers were requested to classify the cancer into the following two categories (invasive or non-invasive cancer) and subcategories in accordance with the 2009 TNM system of the International Union Against Cancer (7): non-invasive cancer (Tis; Ta; T1) and invasive cancer (T2; T3; T4) (Table 2). The staging standard used was similar to the T2 weighted images (9, 10) and contrast-enhanced images (11), and we defined a new standard for DW images, two image types or three image types combined in this study. Because of the difference in the recurrence and progression rates regarding Ta- and T1-stage cancer (6), the cancer size and cancer histological grade were also evaluated.


Table 2 | T Staging for Bladder Cancer.





Definition of Non-Invasive and Invasive Cancer on T2 SPAIR Imaging

Since a low signal intensity (SI) line could be observed on the T2 SPAIR image of the normal bladder wall, when the low signal intensity line was obvious (Figure 1A), the bladder wall was considered to be intact (≤T1).The bladder was considered to be infiltrated by the cancer (≥T2) (Figure 3A) when the low SI line was destroyed focally in the region underlying the cancer (12).




Figure 1 | MR images of a 72-year-old man with pTa urothelial carcinoma. (A) The transverse T2 SPAIR image shows an oval mass on the right bladder wall without obvious a C-shaped high SI area (arrow). (B) The transverse DCE image shows an oval mass that is significantly enhanced, and the submucosa is slightly enhanced without obvious a C-shaped high SI area (arrow). (C) The transverse DW MR image shows a C-shaped high SI area with a low SI stalk connecting to the right side of bladder wall with a thin pedicle and small contact area (arrow). (D) The photomicrograph of a specimen obtained at TUR shows papillary cancer (blue) with a submucosal stalk (red line) consisting of markedly edematous submucosa, fibrous tissue, capillaries, and mild inflammatory cell infiltration (Hematoxylin-eosin staining; original magnification, ×40).





Definition of Non-Invasive and Invasive Cancer on DCE Imaging

On contrast-enhanced images, submucosal linear enhancement (SLE) is shown immediately after the injection of contrast agent, while SI in muscle layer was still low. Therefore, an integral SLE adjacent to a cancer is indicative of stage Ta (Figure 1B). When SLE is disrupted by a cancer, this situation was considered stage T1 or higher disease. On both T2 SPAIR and contrast-enhanced images, cancer extending into an adjacent organ or the abdominal wall was classified as T4 (13).



Definition of Non-Invasive and Invasive Cancer on DW Imaging

On DW images, bladder cancer shows high SI (14). We assumed that an intermediate SI line delineated the low SI region between the cancer and muscle, which could reflect a muscle layer and a submucosal stalk, respectively (Figure 1C). We propose a new DW staging standard: a thin, flat, high SI area corresponding to the cancer or a high SI cancer with a low SI submucosal stalk or a thickened submucosa indicates stage T1 or lower; stage T2 of high SI cancer with smooth margin and no submucous stalk; extension into the perivesical fat with an irregular margin indicates stage T3; and extension into adjacent organs indicates stage T4 (15).



Histopathologic Analysis

The histopathologic findings of bladder cancer specimens were compared with the preoperative MRI findings for each patient by using the McNemar test. With the difference in cancer biology, growth pattern, and recurrence between low-grade and high-grade bladder cancer, cancer was classified into two grades: low-grade anaplasia and high-grade anaplasia (7).



ADC Value Measurement

The index of cancer was selected based on the pathological findings in patients with multiple bladder cancers. ADC values, which were used to quantitatively analyze the degree of diffusion for the index cancer, were calculated at a workstation (Philips View Forum R4.1; Philips, Best, Netherlands) using the following formula (16):

 

where b is the attenuation coefficient (depending only on gradient pulses parameters: (i) gradient intensity and (ii) gradient duration; S(b0) is the MRI signal when b = b0 = 0 s/mm2; S(b1) is the MRI signal when b = b1 > 0, where we used b1 = 800 s/mm2. A trained image analyst and radiologist manually plotted a contour within a region of interest (ROI) to maximize coverage of index cancer on a transverse ADC map on a slice showing the maximal cancer diameter. The ROI was carefully drawn to exclude the surrounding urine. For cancer with a cancer stalk that showed low signal intensity on DW imaging, the ROI was drawn excluding the stalk. The ADC value of each pixel in the ROI was quantified, and the mean and standard deviation (SD) of the ADC values were calculated. ADC values were measured to estimate the degree of diffusion.



Statistical Analysis

The data were processed using statistical software (SPSS, version 15; SPSS, Chicago, IL, USA), with conventional cystoscopy or the final histopathologic report as the reference standard. We evaluated the sensitivity, specificity, accuracy, positive predictive value(PPV), negative predictive value (NPV), and Cohen’s kappa coefficient (κ) (to measure inter-rater reliability) of T2 SPAIR, DCE and DW images to identify bladder cancer and the cause of the hematuria. A comparison of imaging findings with cystoscopy and histology was subsequently performed using the McNemar test. The ADC values of histological low-grade and high-grade urothelial cancer were compared using t test. A p value less than 0.05 was considered to indicate statistical significance.




Results


Optimization of Imaging Protocols

The sensitivity, specificity, and overall accuracy of the consensus of the two observers for differentiating cancer (≤T1) from cancer (≥T2) are summarized in Table 3. The sensitivities and specificities using T2 SPAIR plus DW imaging (sensitivity: 85.2%; specificity: 93.2%), DCE plus DW imaging (sensitivity: 92.4%; specificity: 96.8%), and all the three imaging modalities combined, i.e., T2 SPAIR plus DCE plus DW imaging (sensitivity: 92.5%; specificity: 97.4%), were significantly greater than using T2 SPAIR imaging alone (sensitivity: 74.1%; specificity: 72.2%). The accuracies achieved using T2 SPAIR plus DW images (90.1%), DCE plus DW images (93.6%), or all the three image types combined (95.2%) were also greater than the accuracy achieved using T2 SPAIR images alone (73.0%).


Table 3 | Diagnostic Accuracy for Differentiating Cancer Stage (≤T1) from Cancer stage (≥T2).



Interobserver agreement of each interpretation is summarized in Table 3. Interobserver agreement of all the three imaging modalities (T2 SPAIR plus DCE plus DW imaging) combined was the highest (κ = 0.91, p < 0.01) compared to T2 SPAIR plus DW images (κ = 0.76, p < 0.05) and DCE plus DW images (κ = 0.88, p < 0.01).



Cancer Characteristics

The 163 patients with 375 tumors were used to evaluate the ability to differentiate T1 and lower cancers from T2 and higher cancers. The pathologic stage was between Ta and T1 in 73% (274 of 375) of tumors, and T2 or higher stage cancers occurred in 27.0% (101 of 375) of tumors. T2 or higher stage tumors were divided into T2 (17% [64 of 375]), T3 (6% [22 of 375]), and T4 (4% [15 of 375]) regarding pathology. The cancers measured 0.61–88.5 mm in maximum diameter (mean, 24.6 mm). Histological diagnoses were all urothelial carcinoma (n = 363) and urothelial carcinoma with adenocarcinoma (n = 12). The histological grade was low grade in 120 (31.9%) of the 98 tumors and high grade in 255 (68.1%) of the tumors.



Differentiation of Ta Cancer From T1 Cancer

Specific features of non-invasive cancer (Ta and T1) are summarized in Table 4. Because of the difference in cancer biology, growth pattern, and recurrence between low-grade bladder cancer with T1 stage and high-grade bladder cancer with T1 stage, it is necessary to distinguish T1 from Ta cancer before to distinguish low-grade bladder cancer from high-grade. It is not necessary to distinguish Ta with low-grade from Ta with high-grade bladder cancer. No significant difference was found in the number and size of cancer between the Ta and T1 groups in each patient (Table 4). However, papillary cancer accounted for most of stage Ta bladder cancer, and the main feature of T1 stage cancer was an arch-like shaped sessile tumor with a wide base (Figure 2 and Table 4). Most of the Ta cancers were low grade, whereas most of the T1 cancers were high grade (Table 4).


Table 4 | Related Indicators in Non-invasive Bladder Cancer (Ta and T1).






Figure 2 | Schematic diagram of non-invasive bladder cancer. (A) Cancer is connected to the bladder wall by a thin pedicle with a small contact area. We proposed this model as papillary cancer that could be observed on DWI. (B) Cancer is connected to the bladder wall with a wide base contact area. We proposed this model as sessile cancer that could be observed on DWI.





Comparison of Imaging Findings and Histopathology as the Gold Standard

Image quality, despite some distortions commonly observed on DW-MRI, was sufficient in all 163 patients to allow for interpretation. The three hundred seventy-five tumors obtained using radical cystectomy (n = 85) or TUR (n = 290) were available for histopathologic correlation. The phase of enhancement of the submucosal tissue was earlier than that of the cancer component in Ta cancer at dynamic phases (98/129 [76%]; Figure 1B). However, the cancer component enhanced as strongly as the submucosal tissue at all dynamic phases in T1 cancer (131/145 [90.3%]; Figure 3B). In terms of histopathology, the high, intermediate, and low SI areas on DW images corresponded well to cancer, smooth muscle, and submucosal connective tissue, respectively (Figures 1A, D). The DW imaging finding of high SI bladder cancer together with a low SI submucosal stalk resembled an arch-like inchworm shape and was found in 268/274 (97.8%) patients with ≤T1 disease (Figure 3C). All of the invasive urothelial cancers showed a smooth or slightly irregular contour or irregular margins toward the perivesical fat, a finding that correlated with pathologic findings (Figure 4).




Figure 3 | MR images of a 65-year-old man with pT1 urothelial carcinoma. (A) The transverse T2 SPAIR image shows an oval mass on the right discontinuous bladder wall without obvious a C-shaped high SI area (arrow). (B) The transverse DCE image shows an oval mass that is enhanced, the central part of the mass is significantly enhanced, and the submucosa is slightly enhanced without obvious a C-shaped high SI area (arrow). (C) The transverse DW MR image shows a C-shaped high SI area with a low SI stalk connecting to the right side of the bladder wall with a wide base contact area (arrow). (D) The photomicrograph of a specimen shows papillary cancer invading the submucosa (Hematoxylin-eosin staining; original magnification, ×40).






Figure 4 | MR images of a 63-year-old man with pT4a urothelial carcinoma. (A) The transverse T2 SPAIR image shows large nonpapillary cancer on the deformed muscle layer. The SI of the muscle layer at base of the cancer is elevated, and there is clear evidence of perivesical invasion. (B) The DCE image of the axial section leftward to the wall of the bladder does not depict cancer contour because microvessels surrounding the cancer are also enhanced. (C) The transverse DW image shows a large cancer with an irregular margin spreading toward the surrounding fat tissue (arrow). (D) A photomicrograph of the specimen shows papillary cancer invading the muscular layer and prostate (Hematoxylin-eosin staining; original magnification, ×40).





ADC and Histological Grade

The correlation between ADC and histological grade is summarized in Figure 5. The mean ADC of the 375 bladder tumors was 788.56 ± 21.27 × 10-3 mm2/s. The differences in ADC values were significant between low-grade with 877.57 ± 24.15 × 10-3 mm2/s and high-grade tumors with 699.54 ± 23.82 × 10-3 mm2/s (P < 0.01).




Figure 5 | Comparison between histological low-grade and high-grade urothelial cancer according to ADC value (mm²/s).






Discussion

We have systematically evaluated multiple MRI modalities including T2 SPAIR, DCE, and DW imaging and their combination in the diagnosis of bladder cancer, specifically in staging and grading of cancers at stages ≤T1 (tumor invades subepithelial connective tissue) and at stages ≥T2 (tumor invades superficial and deep muscles), which is of great significance in clinical applications. We have found that the integration of T2 SPAIR imaging, DCE imaging, and DW imaging yields the highest sensitivity, specificity, accuracy, observer-agreement among single one or any two combinations of them. We also found that the apparent diffusion coefficient (ADC) data extracted from DW images are significantly different between low- and high-grade cancers that are determined by using histological data, indicating that the ADC data have a unique potential in objectively identifying the grade of bladder cancer without using invasive histological diagnosis.

The preoperative evaluation of different stages of bladder cancer with MRI is a viable and secure tool for surgical patients. The accuracy of the distinction between stage T1 or lower and stage T2 or higher has been reported to be approximately 75% to 95% (8, 17). The overall accuracy for diagnosing cancer stage is approximately 52% to 93% (8, 17, 18). Hayashi et al. showed the accuracy of 52–93%, and the overall diagnostic accuracy of 83% using an endorectal coil (8). Takeuchi et al. showed the accuracy of 92%, and the overall staging accuracy of 98% using a cardiac coil (17). In our study, the accuracy was 95% when a body coil was used (Table 3). This value was higher than that in Hayashi’s report (8) but slightly lower than Takeuchi’s report (17). The causes might be the different employment of the coils and different size of samples. Additional causes could be related to the different sizes of the field of view (FOV) or other differences in the scanning parameters. It was found out that DCE images combined with DWI could contribute to improving the accuracy significantly. A possible cause is that the DCE images might show the cancer margin, component, bladder muscle layer and submucosa in different forms of enhancement throughout the different phases. The DCE images acting in a complementary way and a potential benefit of the combined use of DWI that detected the phenomenon of water molecule movement were further explored. It was reported that DW images are useful not only in cancer staging but also in being a reference model for other sequences (19). Bladder is a hollow muscular structure that pumps fluids using peristaltic motion. MRI is not good enough at staging each detail of the hollow organ. For example, it is not easy to distinguish T2 from T3, as well as T3a from T3b, well and accurately. Additionally, with the thin bladder wall and even thinner muscular structure, the low resolution of DWI is not good at observing the cancer margin and normal muscular structure. Fortunately, according to histology, genetics research and new guidelines (1, 6, 7, 20), radical cystectomy was suggested to treat patients with higher stages of bladder cancer from T2 to T4a. It was reported that T2-weighted imaging was not sufficient to distinguish cancer from the muscle layer of bladder. Cancer and the muscle layer have similar SI in 81% of T2-weighted images (18). However, T2 SPAIR techniques provided improved the insensitivity to field heterogeneity (21). The diagnostic evaluation of combined T2 SPAIR, DWI and DCE images in bladder cancer T stage would be advocated for better assay results (Table 3).

The judgment of the cancer margin or depth invaded in the bladder wall is helpful for the recruitment and selection for surgery (22). The width of the inflammation zone and width of the submucosa were detected between normal tissues and cancer of the bladder (Figure 1D). These facts suggest that the border between normal tissues and cancer of the bladder could be determined by the structural difference between the tissue components using MRI. The high-quality images of MRI could help to detect the localization of the bladder cancer cell boundary (9).

The typical crab-like appearance of cancer was not noted in bladder cancer from Ta to T1 stage. The results showed that the total detection of cancer with integration of multiple imaging modalities was better than any imaging alone (P < 0.05; Table 3). The possible reasons for the difference might be that the basic principle of T2 SPAIR and dynamic contrast-enhanced MRI provides evidence of anatomy and contrast enhancement. DWI is extremely sensitive to any net translational movement of water molecules, and its signal intensity is influenced by many factors (23). Therefore, the integration of all of the modalities is better than any used alone.

MR Imaging features of bladder cancer are essential for cancer staging (18, 24). Saito et al. (25) reported that the stalk extending from the bladder wall to the center of the cancer consisted of capillaries, inflammatory cells, fibrous tissues, and edema. Our results showed that pathological tissue related to the enhancing region in the early phase of dynamic contrast agent-enhanced images and the low SI area found on DW images in the center of the cancer primarily consisted of edematous submucosa, fibrous tissue, capillaries, and mild inflammatory cell infiltration (Figures 1D, 2D, and 3D). These features were frequent on dynamic contrast agent-enhanced and DW images for all T1 or lower cancers confirmed by pathology, findings that were similar to those in a previous report (17). The imaging feature of the stalk might correspond to the low-stage bladder cancer with microvessels and reactive tissue by long-term inflammatory. Additionally, the difference in imaging stage from Ta to T1 would be related to the size of the tumor in contact with the bladder wall (Figure 2 and Table 4).

In the treatment of localized, invasive bladder cancer, the standard treatment remains radical surgical removal of the bladder within standard limits (1). For patients with inoperable locally advanced tumors (T4b), primary radical cystectomy is a palliative option and is not recommended as a curative treatment (1). Therefore, it is important to perform a preliminary assessment of cancer boundaries and determine whether the pelvic or abdominal wall is invaded on MRI. In our study, the sensitivity, specificity, and accuracy achieved using T2 SPAIR, DCE plus DW imaging for diagnosing T4 tumors were all high and are summarized in Table 3. DCE plus DW images appear to provide useful information for evaluating cancer contours and size. To our knowledge, no detailed reports have been published concerning T4 bladder cancer with DCE plus DW images. Thus, it would be beneficial to comprehensively evaluate the scope of T4 invasion.

The choice of surgical approach is based not only on the clinical staging of bladder cancer but also on the combination of a comprehensive cancer grade assessment (1, 6). Bladder cancer grades are based on the blood supply and morphologic features of cancer cells as reported previously (26). ADCs representing the degree of restriction of water molecules or diffusivity are inversely correlated with the tissue cellularity and integrity of the cell membranes (27). ADCs have been successfully applied to other parts of the human body in cancer grading (28, 29). Matsuki et al. reported that ADCs of bladder cancer were lower than those of the surrounding structures (14). In our study, the mean ADC of high-grade cancer was significantly lower than that of low-grade cancer (P < 0.05), and all high-grade cancer had an ADC less than 699.54 ± 23.82 mm2/s (b = 800). There was a high correlation between ADCs and histological grade (Z > 0.8) that was different from that in previous reports, in which cancer was divided into G1 to G3. Our research combined ADCs with the latest bladder cancer grading. Although the evaluation of cancer grading from ADCs is influenced by several factors (29), the ADCs might still partly predict the histological grade of bladder cancer.

Our study had a number of limitations. First, tumors were divided into noninvasive and invasive urothelial tumors from T1 to T4. There were no accurate methods of differentiating sub-staging, for example, as well as no emphasis on Tis and discrimination between T3a and T3b. These differences in classification might have led to a higher accuracy. The division method is closely related to the development level of MRI and surgical treatment. In addition, the distribution of T stage was uneven with a large number of T1 or lower cancers and a small number of pT2 or higher cancers. The cause may be that patients with stage T1 or lower cancers constitute the main segment of the bladder cancer population. Additionally, our primary objectives were to discriminate between stage T1 or lower cancer and stage T2 or greater cancer, a factor that was crucial for the appropriate treatment of patients with bladder cancer.

In conclusion, the method of T2 SPAIR, DCE plus DW images provided useful information for the more accurate evaluation of T stage in bladder cancer, particularly for differentiating Ta from T1 or lower cancer from T2 or higher cancer. The 3.0T MR imaging features between Ta and T1 of bladder cancer were presented. The combination of T2 SPAIR, DCE plus DW images plays a crucial role in the staging and grading of bladder cancer.
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Introduction

Worldwide, the incidence and mortality of lung cancer are at the highest levels, and the most lesions are located in the lung periphery. Despite extensive screening and diagnosis, the pathologic types of peripheral pulmonary lesions (PPLs) are difficult to diagnose by noninvasive examination. This study aimed to identify a novel index—time difference of arrival (TDOA)—to discriminate between benign inflammation and malignant PPLs.



Methods

Using contrast-enhanced ultrasound (CEUS), we retrospectively analyzed 96 patients with PPLs who had undergone biopsy to confirm the pathologic types. All data were collected from Dazhou Central Hospital between December 2012 and July 2019. The parameters of CEUS were analyzed by two assistant chief physicians of ultrasound diagnosis. Area under the receiver operating characteristic curve analysis, sensitivity, specificity, positive predictive value, and negative predictive value were calculated to assess the diagnostic ability of different indices.



Results

We found that the TDOA significantly distinguished benign inflammation from malignant lesions. The TDOA was markedly increased in patients with malignant lesions than benign inflammation lesions (P < 0.001). Compared with conventional time-intensity curve (TIC) indices, TDOA showed high diagnostic accuracy (area under the curve = 0.894). Moreover, conventional diagnostic indices did not affect the diagnostic performance of TDOA by adjusting the receiver operating characteristic curve.



Conclusion

TDOA is feasible for the diagnosis of benign inflammation and malignant PPLs.





Keywords: contrast-enhanced ultrasound, peripheral pulmonary lesions, time difference of arrival, benign inflammation lesions, malignant lesions



Introduction

Lung cancer is one of the most common malignant tumors in the world with the highest incidence and mortality (1). According to the location of the tumor, lung cancer is divided into central type and peripheral type. Peripheral lung cancer accounts for about 70% of all lung cancer types and is difficult to be diagnosed with no obvious symptoms (2). The 5-year survival rate of lung cancer is about 70%–90% in the early stage (3–5), but approximately 75% patients are first diagnosed only in an advanced stage (6).

Common clinical methods such as dynamic contrast-enhanced magnetic resonance imaging (7), contrast-enhanced computed tomography (8, 9), low-dose computed tomography (10), and bronchoscopy (11) are used to diagnose the lung lesions. However, these methods have obvious diagnostic shortcomings, such as exposure to heavy dose of radiation (12), high cost (13, 14), and high false positive rates (15, 16). Some studies also have shown that the diagnostic capability of bronchoscopy is significantly reduced because of the increase in distance from the hilum and the small volume of tumor (17–19). Therefore, it is essential to improve the current screening and diagnostic ability.

Peripheral pulmonary lesions (PPLs) are close to the pleura, which can be easily detected by ultrasound. Contrast-enhanced ultrasound (CEUS) is a novel technique for real-time observation of disease states by using microbubble-based contrast agents (20, 21). CEUS has found application in many conditions such as myocardial inflammation (22), type I diabetes (23), carotid plaque (24), chronic kidney disease (25), and metastatic liver disease (9). A previous study has showed that the wash-in slope, time to peak intensity (TTP) and mean transit time (MTT) analyzed by CEUS can be used to distinguish the difference between malignant thoracic injuries and benign lesions (26). However, the low sensitivity and specificity of these conventional parameters for diagnosing PPLs by time intensity curves (TICs) analysis limits the application of CEUS.

In this study, we aimed to identify a novel index to diagnose the PPLs. For this purpose, we systematically analyzed the clinical data of 96 patients with PPLs and evaluated the efficacy of using time difference of arrival (TDOA) to distinguish between benign inflammation and malignant lesions.



Materials and Methods


Patients

We retrospectively analyzed 324 patients with PPLs who had undergone CEUS and biopsy or histopathologic examination in our hospital between December 2012 and July 2019. The inclusion criteria were as follows: i) Age from 18 to 85 years old; ii) With contrast ultrasound and biopsy or histopathologic examination; iii) Under contrast conditions, all patients with peripulmonary lesions significantly enhanced after contrast-enhanced ultrasound compared with those without contrast medium injection were hypervascular lesions. The exclusion criteria were as follows: i) Patients with bleeding tendency, severe cardiac insufficiency, pulmonary hypertension, aortic aneurysm, mental disorders, and other causes of pulmonary insufficiency; ii) Patients allergic to contrast media, with poor physical condition and not cooperating with researchers. All patients were diagnosed by biopsy. 96 patients of them were included in this study and their ages ranged from 20 to 85 years (Figure 1, Table 1). Of the 96 patients, 45 had benign inflammation lesions: 37 (82.2%) and eight (17.8%) cases of nonspecific and specific inflammation, respectively. The remaining 51 patients had malignant lesions: 23 (45.1%) cases of squamous cell carcinoma and 21 (41.2%) of adenocarcinoma; the remaining seven (13.7%) patients had other malignancies. Patients were predominantly male (71.1% in the benign inflammation lesions group and 76.5% in the malignant lesions group). Left lung lesions accounted for 48.9% and 60.8% lesions in the benign inflammation and malignant lesions groups, respectively. There were no significant differences in demographic characteristics between the benign inflammation and malignant lesions groups (Table 1). The study was approved by the ethics committee of Dazhou Central Hospital (IRB00000003-19008).




Figure 1 | Workflow of the study. CEUS, contrast-enhanced ultrasound.




Table 1 | Characteristics of 96 patients with peripheral pulmonary lesions.





Analysis of CEUS Parameters

A LOGIQ-E9 color Doppler ultrasonic diagnostic apparatus equipped with CEUS software, TIC analysis software, and a 3.5–5 MHz probe (GE Healthcare, Milwaukee, WI) were used in this study. The contrast agent for injection was white powder sulfur hexafluoride microbubble (SonoVue) for injection (Bracco SpA, Milan, Italy). Five milliliters physiological saline (0.9% NaCl) was added and agitated to form a microbubble suspension. We used conventional ultrasound to observe the size of the lesion, internal echo, and blood flow. Then, we placed the largest section of the lesion in the center of the display to initiate a double-contrast CEUS mode. Briefly, 2.4 mL sulfur hexafluoride microbubble suspensions were rapidly injected via the elbow vein, followed by a rapid bolus injection of 5 mL normal saline. The built-in timer of the ultrasound instrument was activated and observed for 3 min. All images were stored and analyzed.

Two assistant chief physicians with 5 years’ experience in ultrasound diagnosis who were blinded to the pathological diagnosis of the patient, observed the filling characteristics of the contrast agent in the lesion and performed the CEUS analysis together and reached an agreement. First, we observed the blood supply in the mass and the area where the large vessels were located, distinguished the active area from the necrotic area, traced the real part of the lesion and the adjacent lung tissue as the regions of interest (ROI), and ensured the same ROI in each depiction. Then, the TIC software that comes with the LOGIQ-E9 color Doppler ultrasound was used to quantitatively analyze the arrival time (AT) of the lesion and adjacent lung tissues. Next, we obtained the values TDOA (in triplicate) of time difference between the AT of the lesion and adjacent lung tissue (=lesion contrast agent AT-adjacent lung tissue contrast agent AT), TTP, initial intensity (II), peak intensity (PI), area under the curve (AUC), rake ratio (K), mean square error (MSE), and curve gradient and calculated the average. After the analysis, the receiver operating characteristic (ROC) curve of adjacent lung tissue, lesion contrast agent AT and TDOA were drawn. The Youden’s index was calculated to determine the best cut-off point of lesion AT and adjacent lung tissue time difference. If the arrival time was greater than the best cut-off point, the lesion was considered malignant; otherwise, it was considered benign inflammation.



Puncture Biopsy

A physician with > 5 years’ experience performed the ultrasound biopsy of all patients. Infection markers, bleeding, and coagulation time of patients were required to be normal. The blood supply and large vessels in the mass were observed, and the puncture point was located in the area with blood supply but not large vessels. During the operation, the puncture point was fixed, the distance from the sampling point in the mass was measured, the puncture area was disinfected with iodine tincture, and the puncture point was anesthetized with 2% lidocaine for local infiltration. Next, under the guidance of contrast-enhanced ultrasound, an 18G automatic biopsy gun was used for subcutaneous penetration. The obtained specimens were fixed in 10% formaldehyde solution and sent for pathological examination.



Statistical Analysis

Quantitative data were expressed as mean (standard error [SE]), and the difference between groups was analyzed by student’s t-test. The categorical data were expressed as numerical percentages. When theoretical frequency 1 ≤ N < 5, continuous correction chi-square test was used, and Pearson chi-square test was used for all theoretical frequencies n > 5. The sensitivity and specificity of the optimal cut-off point were calculated from the area under the ROC curve. The ROC curve constructed from logistic regression and the ROC-AUC difference was analyzed by the DeLong’s test. P < 0.05 was considered statistically significant. All the statistical methods were two tailed. The free degree of t-test for age, long diameter, and arrival time was 94, while the free degree of t-test for other parameters produced by the TIC analysis was 80.




Results


Ultrasound Characteristics

The mean long diameter was 5.54 cm for the benign inflammation lesions group and 7.71 cm for the malignant lesions group (P < 0.001). Benign inflammation lesions were mainly wedge shaped, while malignant lesions were mainly spherical (P < 0.001). However, the conventional two-dimensional ultrasound indicators were not specific enough for the differential diagnosis of benign inflammation and malignant lesions. In this study, the PI, II, TTP, AUC, K, MSE, and gradient values could only be obtained from 34 and 48 patients with benign inflammation and malignant lesions, respectively. Furthermore, we found that the perfusion method, TTP, and PI produced by CEUS also showed no difference between the benign inflammation and malignant lesions groups (P > 0.05) (Table 2).


Table 2 | CEUS parameters of 96 patients with peripheral pulmonary lesions.





Diagnostic Performance Comparison of Arrival Time

Based on TIC analysis, we generated the lesion AT, adjacent lung tissue AT, and a novel method of TDOA. The lesion AT and TDOA in the benign inflammation lesions group was shorter than those of the malignant lesions group (P < 0.001), but there was no difference in the adjacent lung tissue AT between both groups (Figure 2 and Figure S1). TDOA had the largest area under the curve (AUC, 0.894), compared with the lesion arrival time (AUC, 0.785) and adjacent lung tissue arrival time (AUC, 0.495) (Figure 3). The optimal cut-off value of TDOA was 2.42 s. The sensitivity and specificity of TDOA were 86.3% (95% CI: 76.5–94.1) and 88.9% (95% CI: 80.0–97.8), respectively. Positive predictive value (PPV) and negative predictive value (NPV) were 85.1% (95% CI: 71.7–93.8) and 89.8% (95% CI: 77.8–96.6), respectively (Table 3). The PPV and NPV of TDOA were higher than the lesion AT and adjacent lung tissue AT.




Figure 2 | Typical images of contrast agent emerging and pathology of lung cancer and pneumonia. (A) The two left-most rows without arrows indicated that neither the lesion nor adjacent lung tissue is contrast-free. White arrows indicated that adjacent lung tissues begin to appear contrast agent, while yellow arrows indicated that the lesions appear contrast agent. The two right-most pictures were typical pathological images of various types. (B–D) Distribution of lesion AT, adjacent lung tissue AT, and time difference of arrival grouped by pathologic types. Benign inflammation lesions group (N = 45), malignant lesions group (N = 51), Student’s t-test. BIL, benign inflammation lesions; ML, malignant lesions; AT, arrival time; Diff, difference.






Figure 3 | Receiver operating characteristic (ROC) curves for the lung tissue AT, lesion AT, and time difference of arrival in distinguishing between benign inflammation and malignant lesions. Compared with adjacent lung tissue AT and lesion AT, the time difference of arrival was greater in AUC. The ROC curve is expressed by diagnostic sensitivity and specificity. AT, arrival time; Diff, difference.




Table 3 | Diagnostic performance of lesion AT, adjacent lung tissue AT, and time difference of arrival in benign inflammation lesions and malignant lesions group.





ROC Curve of TDOA Adjusted by the Index of Patients

To evaluate whether other CEUS parameters or clinical information affected the prediction performance of TDOA, we used different indicators to adjust the ROC curve. The adjusted ROC curve showed that other indicators such as age or TTP did not affect the diagnostic performance of TDOA (Figure 4 and Figure S2). Next, we investigated the role of AT in the subgroup analysis. The results showed that the lesion AT and adjacent lung tissue AT could not distinguish between non-specific and specific inflammation. Significantly, TDOA could differentiate between the two groups well (Figure S3). However, all AT parameters did not distinguish between squamous cell carcinoma and adenocarcinoma (Figure S4).




Figure 4 | Receiving operating characteristic (ROC) curve adjusted by the indices of patients. The ROC curve adjusted by the top four different indices for patients. There was no significant difference between crude ROC and adjusted ROC curve. AT, arrival time; PM, perfusion method.






Discussion

Although many imaging technologies have been used to diagnose the PPLs, there are considerable limitations, especially in terms of diagnostic capability (17), cost (13), and radiation exposure (12), which pose challenges to PPLs diagnosis. In this study, we identified a novel method for the differential diagnosis of benign inflammation and malignant PPLs using TDOA produced by CEUS. Our results showed that the TDOA was significantly increased in the malignant lesions group than the benign inflammation lesions group. Notably, conventional diagnostic parameters did not affect the diagnostic performance of TDOA.

Previous study has indicated that CEUS divides the arterial phases into pulmonary and bronchial in the PPLs, and the pulmonary artery phase is slightly earlier than the bronchial artery phase (27). In this study, we found that the TDOA of the malignant lesions group (4.03 s) was significantly longer than the benign inflammation lesions group (1.09 s). This finding is supported by previous studies that showed that the blood supply of malignant tumors mainly originates from the bronchial artery, while the blood supply of non-neoplastic pulmonary lesions comes from the pulmonary and bronchial arteries (28).

A large body of evidence has debated the value of CEUS in diagnosing lung diseases (29, 30). We found that TDOA produced by CEUS could well distinguish between benign inflammation and malignant lesions (AUC: 0.894). In addition, compared to the lesion AT, the TDOA excluded the influence of the patient’s heart function (31), blood supply status of the lesion area, and injection rate of the contrast agent (26). In our study, the TDOA had a higher sensitivity and specificity than the lesion AT and the adjacent lung tissue AT. Based on TIC analysis, we generated many parameters such as TTP. No significant differences were found between the benign inflammation and malignant lesions group (Table 2). Our findings are distinct from previously reported data on the role of TTP (26). These results suggested that the diagnostic performance of TDOA was better than the conventional parameters. Furthermore, our results showed that there was no significant difference between the crude and adjusted ROC curve, indicating that other indicators did not affect the diagnostic performance of TDOA.

Our study has some limitations. First, it was a single-center study and the number of patients was relatively small. Second, the major type of benign lesions were inflammation. More pathologic types of benign lesions are required to validate the applicability of TDOA. Last, it was a retrospective study.



Conclusions

We systemically analyzed and validated TDOA produced by CEUS to distinguish between benign inflammation and malignant PPLs with high diagnostic accuracy. These findings showed that the TDOA could be a feasible, sensitive, and specific method to diagnose PPLs.
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Objectives

We aimed to evaluate and compare the diagnostic performance of five ultrasound thyroid imaging reporting and data system (TI-RADS) classification guidelines for thyroid nodules through a review and meta-analysis.



Methods

We searched for relevant studies before February 2020 in PubMed. Then we pooled the sensitivity, specificity, likelihood ratios, diagnostic odds ratios, and area under the summary receiver operating characteristic curves. And the diagnostic odds ratios were used to compare the performance.



Results

We totally included 19 studies with 4,696 lesions in this research. The pooled sensitivity of American College of Radiology (ACR) guidelines, American Thyroid Association (ATA) guidelines, TI-RADS proposed by Kwak (Kwak TI-RADS), Korean Thyroid Association/Korean Society of Thyroid Radiology (KTA/KSThR) guidelines for malignancy risk and European Thyroid Association (ETA) guidelines is between 0.84 and 0.94. The pooled specificity is 0.68, 0.44, 0.62, 0.47, and 0.61, respectively. And the RDOR is 1.57 (ACR vs ATA), 1.37 (ACR vs ETA), 1.80 (ACR vs Kawk), 1.74 (ARC vs KTA).



Conclusions

The results suggest that five classification guidelines are all effective methods for differential diagnosis of benign and malignant thyroid nodules and ACR guideline is a better choice.





Keywords: thyroid nodule, meta-analysis, TI-RADS, ultrasound, malignancy, diagnostic performance



Introduction

Thyroid nodules are easily found in the general population, especially in women (1), and about 10% of patients with thyroid nodules are at risk of malignancy, and the percentage keeps going up (2, 3). Malignant nodules and benign nodules are treated in completely different ways. It’s still a big challenge for clinicians to rule out malignancy of the thyroid nodules. At present, ultrasound is a primary, cheap, noninvasive, fast, and valuable tool to identify the thyroid nodules. For suspected thyroid nodules, a surgery or fine-needle aspiration cytology (FNAC) is recommended (4). Benign and malignant nodules have some similar ultrasound features from modulation to size. The ultrasound diagnosis varies with the experience of radiologists, and operators, image acquisition and interpretation are subjective which can easily lead to misdiagnosis or overtreatment (5).

To conduct an objective detection, the thyroid imaging reporting and data system (TI-RADS) was proposed, which is used to classify thyroid nodules and recommend further treatment (6). Nowadays, there are five common classification systems used in clinic. Among the guidelines, the American College of Radiology (ACR) guidelines, the Korean Thyroid Association/Korean Society of Thyroid Radiology (KTA/KSThR) guidelines, and the European Thyroid Association (ETA) guidelines are recommended by the radiological association, and the American Thyroid Association (ATA) guidelines are in clinical guidelines (1, 7–9).

Although these five guidelines prove to be effective in managing thyroid nodules, there are no guidelines based on a lot of reliable data to prove which is the best (10). And many clinical trials in progress are used to compare their effectiveness, but these results are biased. The primary purpose of this research is to compare the diagnostic effectivity of the five guidelines for thyroid nodules to address the lack of consistency and avoid wasting of medical resources.



Method


Literature Search Strategy

We followed the guidelines for the systematic review and meta-analysis of diagnostic studies. Then we too retrieved PubMed for related studies with English language only before February 2020, using the terms as follows: “sensitivity”, “specificity”, “TI-RADS (or thyroid imaging reporting and data system)”, “ACR (or The American Thyroid Association)”, “ATA (or American Thyroid Association)”, “Kwak (or TI-RADS proposed by Kwak)”, “ETA (or EU TI-RADS)”, “KTA (or Korean Thyroid Association/Korean Society of Thyroid Radiology)”. Two reviewers (RN Yang and YN Zhao) independently reviewed the articles in accordance with the inclusion and exclusion criteria. Disagreements were adjusted by consensus (XL Ma).



Inclusion and Exclusion Criteria

Studies with following inclusion criteria were included: (a) There is enough general information in the article. (b) One or more guidelines are used to evaluate the ultrasound features of thyroid nodules. (c) The study has definite diagnostic criteria. (d) There is sufficient data in the article, whether it is data that can be found directly in the article (sensitivity, specificity, and PPV) or data that can be calculated based on the article [positives (TP), true negatives (TN), false positives (FP), and false negatives (FN)] to fill the diagnostic 2 × 2 table (FN, FP, TP, and TN). And the exclusion criterion is that data in the article is not enough or the grading system is not designed to evaluate ultrasound features. Finally, a total of 19 articles are included.



Data Extraction

Two reviewers (RN Yang and YN Zhao) picked up some main characters from the studies as following: author, year, country, number of patients, number of nodules, mean age, involved guideline, gold standard, malignant lesions, and benign lesions. And we obtained the four numbers of TP, TN, FP, and FN for each guideline in different studies by two ways: (1) We got the data from the article directly. (2) Based on the data (sensitivity, specificity, PPV, and NPV) obtained from the articles, we finished the diagnostic 2 × 2 table. CAL software was use here (11).



Statistical Analysis

On the bases of TP, TN, FP, and FN, we computed the pooled sensitivity, specificity, positive and negative likelihood ratios (PLR and NLR), and diagnostic odds ratio (AUC), with 95% confidence intervals (CI), using the Meta-Disc version 1.4 statistical software (12).

Additionally, using the Meta-Disc version 1.4 statistical software (12), we examined the relationship between sensitivity and specificity by constructing the summary receiver operator characteristic (SROC) curves (13).

At last, we made a head-to-head comparison using R 3.5.1 to calculate the relative diagnostic odds ratio (RDOR) with 95% CI. According to the RDOR, we compared the diagnostic performance among the five guidelines. At comparison, classified into A and B, two guidelines were involved. In A vs B, when the value is greater than 1, A has higher performance. If the value is smaller than 1, B has greater performance. When the value is greater, the performance is better. For all studies, the inconsistency index (I2) and χ2 test were used to assess heterogeneity, and it was considered high heterogeneity if the I2 value was higher than 50% (14). A random-effect model was chosen in this research (15).



Quality of Studies and Publication Bias

We used Quality Assessment of Diagnostic Accuracy Studies version 2 (QUADAS-2) performed in Review Manager 5.2 to assess the quality of the studies included in this analysis. The method mainly evaluated the articles from four domains: (a) patient selection, (b) index test, (c) reference standard, and (d) flow and timing (16). Each domain is rated as three risks (low, high, and unclear). Publication bias was evaluated by the funnel plot asymmetry test using Stata version 11.0 software.




Results


Literature Research and Study Characteristics

At first, we searched 200 articles by reading their abstract, and 166 articles didn’t agree with the inclusion criterion. Then we reviewed the rest of the articles further, and 11 articles didn’t have enough data to finish the 2 × 2 table. Another five articles were not related to ultrasound features. Therefore, 19 articles (17–35) were included in this study. The process of including articles is in Figure 1.




Figure 1 | Flowchart of the literature search and selection schema.



The studies were published from 2015 to 2020.The number of patients is from 92 to 4,585, and the number of nodules in the included articles varies from 100 to 4,696, which means some patients have more than one nodule. All data were calculated based on the number of nodules. All thyroid nodules were diagnosed of malignancy through postoperative pathological results or the pathology results of FNAC. We totally included 19 articles, 12 of which involved ACR TI-RADS. 10 articles involved ACR guidelines, and Kwak TI-RADS was mentioned in six articles. The data of the KTA guideline and EU TI-RADS were obtained from four articles respectively.

The above characteristics were shown in Table 1.


Table 1 | Baseline characteristics of included studies.





Diagnostic Accuracy

After pooling all the data of the 19 studies together, we got the final data. The pooled sensitivity of ACR guidelines, ATA guidelines, Kwak TI-RADS, KTA guidelines for malignancy risk, and ETA guidelines is between 0.84 and 0.94. The pooled specificity is 0.68, 0.44, 0.62, 0.47, and 0.61, respectively. We also build SROC curves showing the area under the curve (AUC) with 0.8553, 0.9101, 0.8976, 0.9022, and 0.8810, respectively, for ACR, Kwak TI-RADS, ATA, KTA, and EU TI-RADS guideline groups, on behalf of the accuracy. All pooled sensitivity, specificity, PLR, NLR, DOR, and the AUC values for all the reference standards are shown in detail in Table 2. As for RDOR, we found a high result when ACR was compared with other guidelines. The specific results are listed in Table 3.


Table 2 | Pooled estimates of the sensitivity, specificity, PLR, NLR, DOR, AUC, and SE (AUC).




Table 3 | Relative diagnostic odds ratio (RDOR) with 95% confidence limit.





Quality Assessment

The results of the quality assessment are outlined in Figure 2. In conclusion, the quality of the studies was satisfactory.




Figure 2 | (A) Risk of bias and applicability concerns graph: review authors’ judgments about each domain presented as percentages across the included studies. (B) Risk of bias and applicability concerns summary: review authors’ judgments about each domain for each included study.





Assessment of Publication Bias

There is no clear publication bias for DOR of the five guidelines.




Discussion

TI-RADS classification guidelines classify the thyroid nodules according to the imaging characteristics under ultrasound, including the size, number, calcification, boundary, echoic pattern, aspect ratio, and internal structure. The guidelines are aimed to help determine which thyroid nodules require FNAC to reduce overdiagnosis or missed-diagnosis. The reduction of unnecessary FNAC can prevent the waste of economy and the physical pain of patients. It can also guide further treatment and estimate the risk of recurrence. However, the recommended size thresholds for FNAC are different in different guidelines. At present, there are many studies about the diagnostic efficacy of the five guidelines, but the results vary. These differences between studies may be due in part to differences among observers and study populations, especially in retrospective studies. In this research, we included 19 studies to analyze the diagnostic efficacy of the five diagnostic criteria.

Our meta-analysis systematically estimated the diagnostic efficacy of five different ultrasound classification guidelines in detecting malignancy risk. The pooled sensitivity of the ACR TI-RADS, ATA guidelines, Kwak TI-RADS, KTA guidelines, and ETA is between 0.84 and 0.94. The pooled specificity is 0.68, 0.44, 0.62, 0.47, and 0.61, respectively. The AUC which can represent the diagnostic performance of the ACR TI-RADS, ATA guidelines, Kwak TI-RADS KTA guideline, and ETA is 0.8553, 0.8976, 0.9101, 0.9022, and 0.8810. In theory, AUC above 0.8 is diagnostic (36). The results of our research suggested that all the five guidelines have property. Besides, ACR guidelines showed the best diagnostic performance in the head to head comparison.

Our results were similar with a previous meta-analysis published in 2019 (37). But that article just included 12 studies with 18,750 thyroid nodules, and the data it included was used to describe the unnecessary FNA rates. There are 19 articles of 24,325 thyroid nodules in our research. Compared with the published article, we can include the articles with indirect data and finish the diagnostic 2 × 2 table using Cal software. Besides, in an article we both included, our article included the data of diagnostic performance for malignant thyroid nodules which better describes the diagnostic efficiency. It can influence the pooled results.

The TI-RADS guidelines based on ultrasound have been widely used in clinics, providing recommendation for further diagnosis and treatment while reducing the influence of subjective factors in diagnosing. In our study, we can see the five guidelines all have great diagnostic performance with high AUC above 0.8. However, there are similarities and differences among the five guidelines in structure, risk stratification, size thresholds, and diagnostic performance. More studies need to be done. The structure of the five classification guidelines is internally different. The ACR guidelines and Kwak TI-RADS are point-based systems, and the other three guidelines are based on the pattern. Compared with point-based guidelines, the simplified pattern-based guidelines are more intuitive and feasible clinically but with decreased accuracy. Although the point-based guidelines are cumbersome, they’re easy to control by clinical doctors, especially estimating individual nodules, which are with great accuracy. However, in clinical application, complex analyses and calculations always require the help of computers (10, 38). Every guideline has been divided into several categories to evaluate the thyroid nodules. As the risk stratification categories rise, the risk of the malignancy is increased, but the five guidelines have differences in the classification. For example, a category five or four thyroid nodule in ETA may be classified as ACR T4/3 or KTA T4/3, and a nodule of KTA T3 (low suspicion) and ETA category 3 (low risk) may be classified as ACR T2, which means not suspicious. Different classification criteria like the above may lead to different specificities, and as the results in our research, the ACR guidelines surely had the highest specificity. It also means less recommendation for FNAC, but the rate of misdiagnosis increases. We need more studies to discuss. As for the performance of recommendation for FNAC, the five guidelines have different size thresholds, and the thresholds also change with categories in different guidelines. For example, for ACR TI-RADS, the threshold of categories three, four, and five is 2.5, 1.5, and 1cm, respectively (39). Some studies (17) have shown ACR TI-RADS have the most effective criteria which can avoid the unnecessary biopsies effectively. Our results also confirmed this, with the highest RDOR for ACR TI-RADS. Nodule size is an important standard for guidelines and further treatment. The too large thyroid nodules with low malignancy risk will suggest surgery or FNAC.

In addition, there are several limitations in this research. Firstly, the final diagnosis was determined by cytology or pathology. It may be influenced by the operators or observers, with possible bias. Especially in retrospective studies, we are not sure whether subjective factors affect the diagnosis. This influence can’t be avoided. The second limitation is caused by the patient selection of included studies. Some studies have included more patients with malignant nodules which could influence the sensitivity and specificity. Thirdly, we didn’t have enough data for KTA guidelines and ETA to analyze. Lastly, all analyses are based on the ultrasound; the intra-observer and inter-observer variability still exists.

In conclusion, our research indicates that the five classification guidelines are all effective methods for differential diagnosis of benign and malignant thyroid nodules. They can be used before further diagnosis or treatment as an effective recommendation. In head to head comparison, the result suggests ACR guideline is a better choice in the benign and malignant diagnosis with high diagnostic accuracy. However, we still need more studies to prove our findings.
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Objective

To establish a classifier for accurately predicting the overall survival of gallbladder cancer (GBC) patients by analyzing pre-treatment CT images using machine learning technology.



Methods

This retrospective study included 141 patients with pathologically confirmed GBC. After obtaining the pre-treatment CT images, manual segmentation of the tumor lesion was performed and LIFEx package was used to extract the tumor signature. Next, LASSO and Random Forest methods were used to optimize and model. Finally, the clinical information was combined to accurately predict the survival outcomes of GBC patients.



Results

Fifteen CT features were selected through LASSO and random forest. On the basis of relative importance GLZLM-HGZE, GLCM-homogeneity and NGLDM-coarseness were included in the final model. The hazard ratio of the CT-based model was 1.462(95% CI: 1.014–2.107). According to the median of risk score, all patients were divided into high and low risk groups, and survival analysis showed that high-risk groups had a poor survival outcome (P = 0.012). After inclusion of clinical factors, we used multivariate COX to classify patients with GBC. The AUC values in the test set and validation set for 3 years reached 0.79 and 0.73, respectively.



Conclusion

GBC survival outcomes could be predicted by radiomics based on LASSO and Random Forest.
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Introduction

Gallbladder cancer (GBC) is the fifth most common tumor of the digestive system and accounts for 95% of malignant tumors in the biliary system (1). The lack of specific clinical manifestations in the early stage, coupled with high invasive biological features and abnormal anatomic location of the gallbladder, results in poor survival outcomes (2, 3). In addition, due to the low sensitivity to chemotherapy and radiotherapy, and the lack of effective therapeutic targets, surgical resection is still the main treatment option (4). At present, widespread concern about the survival outcomes of GBC has been aroused. Researchers hope to distinguish patients with higher prognostic risk, so as to implement personalized medical treatment. So far, prognostic analyses of GBC have depended on laboratory-tested indicators such as tumor markers, nutritional indicators, and gene expression signatures, but these indicators lack an intuitive analysis of the whole tumor lesion (5–7).

Lesions can be directly observed by radiological images in clinic and lesion information not visible to the naked eye can be provided by radiomics. In recent years, radiomics has been developed to focus on the extraction and mining massive medical imaging data. It is hypothesized that these selected imaging features reflect specific tumor phenotypes (8, 9). Because these image signatures provide a comprehensive picture of the entire tumor entity, the heterogeneity of these signatures may have implications for clinical events such as treatment response, survival outcomes and disease progression. Some studies have focused on the appearance of imaging features at different cancer stages (10, 11). In addition many other studies have reported the effect of imaging features on survival outcomes, but no studies have been reported on GBC.

GBC survival prediction model is of great significance for patients’ prognosis assessment, treatment mode selection, surgical patient selection, postoperative adjuvant treatment plan determination, high-risk recurrence patient identification, follow-up frequency formulation, and rational use of medical resources. In this study, we assessed a number of CT-based radiomics parameters to predict patient’s overall survival (OS). Patient cohort with a total of 141 patients was used to analyze image data, extract features, and perform model tests. All the selected parameters were evaluated for their predictive power and stability. Finally, we combined clinical information for a cost-effective prediction.



Methods


Patient Selection

The flow of data analysis and processing is shown in Figure 1. The records of patients from 2010 to 2017 were selected from the Department of Hepatobiliary surgery through an electronic medical review. Inclusion criteria for patients: 1) Pathological examination Confirmed GBC; 2) Perform CT scan before tumor biopsy or surgery. Some patients were excluded because of the history of liver surgery or other liver lesions leading to gallbladder lesions that could not be identified (Table 1). Considering that conventional CT, including CT and Contrast-enhanced CT, is commonly used tests in clinical practice and have good cost-effectiveness, it was selected as the study object. Finally, a total of 141 patients were included in this study, and CT images were collected from Radiology Department.




Figure 1 | Workflow for image processing and machine learning.




Table 1 | The general condition of the patients in this study.



All procedures involving human participants comply with ethical standards bodies and/or national research councils. Ethics Committee of Sichuan University approved this retrospective study. Written informed consent (written informed consent for patients under 16 years of age must be signed by a parent or guardian) is required before radiological examination for all patients.



Image Recognition and Feature Extraction

CT scanning was performed using 64-MDCT Scanner (Brilliance64, Philips Medical Systems, Eindhoven, The Netherlands) or 128-MDCT scanner (Somatom Definition AS+, Siemens Healthcare Sector, Forchheim, Germany) before going through any treatment.

All CT examinations were performed under the following conditions: 120 kVp; 199 mAs; 12.9 ctdIVOL (mGy); 460.7 DLP (mGy*cm); pitch, 0.75–1.0; rotation time, 0.5–0.75 s; collimation, 0.625 mm; section thickness, 2.0 or 5.0 mm.

The ROI area was sketched by two experienced radiologists.Due to the limited recognition ability of ordinary CT for GBC and the boundary of cancer is usually fuzzy, we followed the following principle when making segmentation: 1) delineate solid lesions with high density of GBC and avoid low-density areas such as bile, 2) delineate the definite tumor part when it is difficult to recognize the blurring around the lesion, and 3) excluded samples with disagreement among radiologists.

We used the image feature extraction software LIFEx to obtain the texture signatures of CT images (12). Based on each layer of CT image, we depicted the boundary of the lesion in the two-dimensional region of interest (ROI) and finally obtained a three-dimensional ROI. ROI is described by independent radiologists who do not know the patient’s diagnosis (Supplement Figure 1). The maximum, minimum, mean, and standard deviation of the density values in the ROI region were calculated. From the obtained data, Gray-level co-occurrence matrix (GLCM), Neighborhood gray-level different matrix (NGLDM), Gray level run length matrix (GLRLM), and the Gray level zone length matrix (GLZLM) were calculated.We obtained a total of 54 radiomics parameters (Supplementary Table 3).



Statistic Analysis Workflow

First, all the collected samples were randomly divided into test set and validation set according to a ratio of 7:3. We used the sample function of R software to make randomization, and conducted a hypothesis test on the age of the randomized patients between the two groups (Supplementary Table 4). The results showed that the average age difference between the two groups was not statistically significant (P > 0.05). Therefore, we selected the group accounting for 70% as the training set for the follow-up analysis of the model. Then, the signatures from image texture were filtered by least absolute and Selection Operator (LASSO) (13). After 100 repeated simulations, signatures with the best robustness were selected. In order to optimize the model, we use the random forest to further screen the selected signatures and obtain the final machine learning model. We performed a multivariate Cox regression analysis of radiological parameters and clinical characteristics and drew a nomogram. The survival curve was plotted by Kaplan-Meier analysis and tested by log-rank test.




Results


Establishment of a Model Using Radiomics Signatures

First, we randomly divided the patients into a training group and a test group, with a split ratio of 7:3. Then, LASSO method was used to make simulation in the training group for up to 100 times and 15 signatures were selected. The results are shown in Figure 2. Next, the random forest was used to further optimize. According to the relative importance, three most important parameters were screened out (Supplementary Table 2). Then, we built a model based on random forest algorithm. The risk score for each patient is calculated and the risk score distribution for each patient is shown in Figure 3. By comparing the high with low risk groups, we found that the high risk group had a worse overall survival. And GLZLM-HGZE, and GLCM-homogeneity increased risk, but the increase of NGLDM-coarseness reduces the risk, so we think GLZLM-HGZE and GLCM-homogeneity may be a risk factor of GBC, and NGLDM-coarseness is more likely to be a protective factor. Correlation analysis shows that the correlation degree of these three factors is low (Supplementary Table 5). The Univariate COX shows the risk score had a hazard ratio of 1.534 (95% CI: 1.078–2.183). Finally, we validated this model in the verification group (Supplementary Table 1). The model had a good performance, with high-risk individuals had poorer survival outcomes than low-risk individuals. In addition, the survival rate of high-risk patients was significantly lower than that of low-risk patients (P = 0.012).




Figure 2 | Panel (A) shows the Lasso result. Panel (B) shows the random forest result. The left (B) shows the order of the out-of-bag importance of the selected parameters. The right picture shows relationship between the error rate and the number of classification trees.






Figure 3 | Panel (A) shows the distribution of risk scores and the values of the three CT parameters in the training and test groups. Panel (B) shows the survival of patients at high or low risk after being grouped by median.





Prognostic Model Performed Based on Clinical Data and Radiomics

In order to achieve better performance, we analyzed a variety of clinical indicators of patients, including age, gender, and tumor stage. Through multivariate COX analysis, we screened out the prognostic indicators affecting the survival of patients with GBC, including surgery or not, liver metastasis and lymph node metastasis grade (Table 2). Next, we randomly divided the patients into two groups to conduct model training and testing. We used multivariate COX to predict the overall survival of the patients by combining three selected clinical indicators (Liver metastasis, surgery, and lymph node metastasis grade) and radiomics risk score (Table 3). Finally, we use a nomogram to visualize the performance of the model (Figure 4) and evaluated the prediction accuracy through ROC curve. The results of nomograms showed that the 1- and 3-year prediction reached 0.7465 and 0.7974 in the training group and 0.7271and 0.7314 in the validation group, respectively. Figure 5 also shows the comparison between the ideal model and the actual nomogram prediction. The calibration chart shows that the actual model is basically consistent with the ideal model, indicating that our model has a high accuracy.


Table 2 | The results of a multivariate COX analysis.




Table 3 | The results of a multivariate analysis combined with clinical examination and radiologic parameters.






Figure 4 | Nomogram that predicts the overall prognosis survival of gallbladder cancer patients after multiple factors are included.






Figure 5 | Panel (A) shows the ROC of the prognostic survival model incorporating with clinical parameters. Panel (B) is the calibration curve of the model.






Discussion

In this study, CT scan data combined with machine learning methods was used to predict overall survival outcomes in GBC patients. Firstly, we use LASSO to filtered raw data and acquire a robust parameter set. Then we use the random forest to making further optimization. Finally, three parameters including GLZLM-HGZE, GLCM-homogeneity, and NGLDM-coarseness were obtained. The three parameters were correlated with the prognostic risk of the patients, and the prognostic model got a hazard ratio of 1.549. The clinical parameters analysis results showed that lymph node metastasis grade, surgery or not and liver metastasis situation are prognostic factors. In combination with these indicators and CT risk score, we get a model for prognosis of GBC. Moreover, the 3-year AUC value of the predictive model in the random validation group reached 0.797.

It is of great guiding significance for the selection of treatment options and clinical decision support of patients with GBC to find the key prognostic factors related to the survival time and establish an individual and accurate survival prediction model. At present, the prognosis studies of GBC mainly focus on the clinical and pathological examination (6, 14, 15). There are many factors affecting postoperative survival of GBC patients, including TNM stage of tumor, degree of tumor differentiation, liver infiltration, jaundice, and lymph node dissection. The TNM staging is widely used in clinical, but only includes tumor infiltration depth (T stage), lymph node metastasis (N stage), and distant metastases (M stage), with limited survival prediction value. It only for a class of patients, cannot achieve individualized accurate prediction to adjust subsequent treatment. Many studies have focused on the effect of clinical examination on the prognosis of GBC, including inflammatory factors and nutritional indicators (16, 17). However, the original data of those researches almost come from one laboratory examination, and there may be fluctuations in the same individual during different times. Meanwhile, these markers lack specificity, and the mechanism of the correlation between these indicators and tumor outcome is still to be studied. Moreover, clinical data can only reflect the partial biological manifestations of tumor and lack a comprehensive description of entire tumor lesions.

Radiomics is a promising approach to acquire a large amount of intuitive data through the analysis of entire tumor lesion and metastasis. Compared with the molecular features detected by popular omics techniques such as genomics and proteomics, radiomics can better overcome the temporal and spatial specificity of the whole course of cancer. Meanwhile, texture analysis can provide quantitative and semi-quantitative parameters to reflect tumor heterogeneity, which is of great significance in tumor research (18, 19). However, there are few studies of this type conducted in GBC, ascribed to the uniformed data is acquired in clinical experiment. A variety of medical images are applied in clinical decision-making, mainly including CT scan, contrast-enhanced CT, multi-parameter MRI, and PET-CT. CT is the most common and cost-effective data acquisition of original lesions before treatment among them. Although reconstructed MRI sequences and contrast-enhanced CT have advantages in the identification and differentiation of tumors, these detection methods are still not widely used in most areas of China. In terms of applying machine learning, the heterogeneity of tumor tissues is included in multiple texture parameters, thus, the analysis of texture parameters alone cannot fully reflect the overall characteristics of the tumor. Considering this problem, we believe that a complex model integrating different texture signatures is needed to fully identify the total tumor lesion. Also, the random forest is a powerful machine learning method, which has been proved to be able to implement the correct classification work successfully (20, 21). Adopting the concept of integrated learning, random forest has a good accuracy in current machine learning algorithms by combining multiple decision tree models. Moreover, it can process high-dimensional data and be applied in big data effectively. In particular, it can evaluate the importance of each feature in classification. Therefore, in this study, the random forest can better identify parameters and establish classifiers.

However, our study still has three main limitations. Firstly, analyzing CT scan data alone cannot replace other image acquisition methods (such as enhanced CT, mpMRI, reconstructed multiple sequences ADC, and DTI) in real clinical work. Secondly, limited by the size of the sample, there are not enough enhanced CT data and MRI data, thus, this study was not compared with a variety of advanced scanning techniques. Third, our research was limited by its retrospective data. These findings might have better clinical implications, if confirmed in prospective studies. Forth, the patients included in the study were all from a single center, which may result in the lack of sufficient extensibility of the classifier. Considering the differences of medical institutions in obtaining original images and the differences in manual segmentation of lesions, we cannot guarantee that this machine learning classifier performs well on external data sources. But all of the research methods and analysis used in the study come from open-source data packets, which mean that the analysis process needs to be repeated on other data.



Conclusion

We found associations between established CT imaging parameters and overall survival. Radiomics-based non-invasive technology represented promising ability in predicting the overall survival of gallbladder carcinoma, although more extensive testing are necessary to perfect this technology in real clinical use.



Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.



Ethics Statement

The studies involving human participants were reviewed and approved by Ethics Committee of Sichuan University. The patients/participants provided their written informed consent to participate in this study. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



Author Contributions

ZL, XM, and JJ are responsible for conceiving and designing the subject. ZL, GZ, XJ and HZ conduct data analysis and article writing. YZ and HZ are responsible for data processing. ZL and GZ make the same contribution to this paper. All authors contributed to the article and approved the submitted version.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2020.604288/full#supplementary-material

Supplementary Figure 1 | Shows an example of ROI segmentation.

Supplementary Table 1 | Shows radiomics parameters and prognostic risk scores for all patients.
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Background

This study aimed to evaluate the diagnostic value of telomerase activity (TA) for bladder cancer (BC) by meta-analysis.



Methods

We conducted a systematic search of studies published on PubMed, Embase, and Web of Science up to June 1, 2019. We used Stata 15 and Review Manager 5.3 for calculations and statistical analysis.



Results

To evaluate the diagnostic value of TA for BC, we performed a meta-analysis on 22 studies, with a total of 2,867 individuals, including sensitivity, specificity, positive and negative likelihood ratio (PLR, NLR), diagnostic odds ratio (DOR), and 95% confidence intervals (CIs). The pooled parameters were calculated from all studies, and we found a sensitivity of 0.79 (95% CI: 0.72–0.84), a specificity of 0.91 (95% CI: 0.87–0.94), a PLR of 8.91 (95% CI: 5.91–13.43), an NLR of 0.24 (95% CI: 0.15–0.37), a DOR of 37.90 (95% CI: 23.32–61.59), and an AUC of 0.92 (95% CI: 0.90–0.94). We also conducted a subgroup analysis based on the different stages and grades of BC. Results from the subgroup analysis showed that there was no significant difference in TA in either high and low stages of BC, but that low-grade tumors had a lower TA than high-grade tumours.



Conclusions

TA can be used as a potential biomarker for the diagnosis of bladder cancer with its high specificity. Rigorous and high-quality prospective studies are required to verify our conclusion.
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Background

Bladder cancer (BC) is a malignant tumor with very high invasiveness and is one of the ten most common cancer types occurring in both males and females (1, 2). BC can generally be identified using pain-free methods such as macroscopic hematuria or microscopic hematuria, but these methods usually lead to a poor prognosis (3).

Due to the lack of specific clinical symptoms in BC patients, early diagnosis has a great impact on treatment and prognosis (4). Generally, urine cytology, histology, and cystoscopy are the most common methods for diagnosis of BC (5). Biopsy via cystoscope for pathological diagnosis is the gold standard for the diagnosis of bladder cancer. Its intuitive characteristics are quite reliable for the diagnosis of BC, but this invasive operation will bring great pain to patients, and its expensive charges also affect its clinical frequency of use and late follow-up (6). The search for a better, lower-risk, accurate, and easy-to-manage methodology for the diagnosis of BC has been ongoing (7).

Detection of telomerase activity (TA) is a non-invasive and effective auxiliary test for the diagnosis of BC (8). Telomerase is correlated to the maintenance of the telomere length in tumor cells and the infinite division of cells. Telomerase activity is present in tumor cells, but it is not typically detected in the normal tissues surrounding the tumor (9). Compared with cystoscopy, the detection of TA can be usually performed using a urine or bladder irrigation solution, which greatly reduces the patient’s fear of medical examination and also facilitates follow-up (10).

Non-invasive diagnostic methods have become a popular and emerging field. There are many studies reporting the accuracy of TA in the diagnosis of BC. However, these diagnostic capabilities are reported by different research groups and thus have significant differences between them. The limitations of these studies are sampling errors and confounding factors within the experiment. Taking into account the limitations of single studies, we performed a meta-analysis based on several research samples and used statistical calculations to better understand the diagnostic efficiency of TA in patients with BC. Some studies have previously revealed the relationship between telomere length and various cancers (11). Based on these studies, we further explored the relationship between TA and BC, with the objective of determining the status of telomeres and telomerase activity and their role in BC.



Methods


Literature Search and Eligibility Criteria

We systematically retrieved relevant literature from the PubMed, Embase, and Web of Science databases from inception to June 1, 2019. We used TA, BC, and urine as the search terms, and the search language was limited to English. We also searched the relevant references’ directories to avoid missing other relevant documents.

Studies that meet the following requirements were included in our research: patients diagnosed with BC using the gold standard cystoscopy, studies with the diagnostic value of TA reflected in the research article, and studies with sufficient data on true positive (TP), false positive (FP), false negative (FN), and true negative (TN). Duplicate articles, insufficient quality, studies focusing on other diseases, letters, comments, case reports, and editorials were excluded from our analysis. The review process was assessed by two authors, independently.



Data Extraction

Studies that meet the following requirements can be included in our research: (1) A patient must be pathologically confirmed and diagnosed as bladder cancer. (2) The patient does not have other malignant tumors of the urinary system. (3) The patient did not perform any invasive transurethral procedures before taking the patient’s urine sample or bladder wash. (4) The telomerase activity in urine or washing fluid samples of all patients has been verified by scientific reagents. (5) The original study provided the number of samples that scientifically proved the telomerase activity in urine or bladder irrigation fluid samples: the number of patients or healthy people whose telomerase activity was positive/negative. Duplicate studies, low-quality studies, studies that cannot extract complete trial data, focus on other diseases, letters, comments, editorials, and case reports are excluded. This process was independently retrieved by two authors (LP and JZL).



Quality Evaluation

We used the Quality Assessment of Diagnostic Accuracy Studies 2 (QUADAS-2) to assess the quality of the included studies. We also used a quantitative method to assess the selected studies. The QUADAS-2 included 14 items (12). Key domains are assessed to determine the risk of bias and applicability. Signaling questions are included to facilitate judgments, with the risk being low if all signaling answer for a domain is ‘yes’, and if the answer to any question is ‘no’ suggesting potential bias exists. Concerns about applicability are determined as ‘low’, ‘high’, or ‘unclear’.



Statistical Analysis

We used Stata 15 (StataCorp LP, University City, Texas, USA) and Review Manager 5.3 for the statistical analysis. Using a Q test and I2 to evaluate the heterogeneity of the study, I2>50% improvement was considered as significantly heterogeneous (13). We used a bivariate model to calculate the pooled sensitivity, specificity, positive and negative likelihood ratios (PLRs and NLRs), diagnostic odds ratio (DOR), and the 95% confidence interval (CI) (14). We calculated the area under the receiver operator characteristic curve (SROC, AUC). AUC varied from 0.5 to 1. If the area was equal to 1, then diagnosis had perfect discrimination. If the area was 0.5, then diagnostic ability was considered as poor (15). Deeks funnel plot was used to assess the publication bias, and Fagan plots showed the relationship between the prior probability, the likelihood ratio, and posterior test probability (16). P<0.05 was considered to be statistically significant.




Results


Study Selection and Study Characteristics

Figure 1 presents the literature search selection process. Initially, we identified a total of 515 studies through the selected databases and manually retrieve. Of these, 195 duplicate records were excluded. After analysis of the title, abstract, and topic, 260 other articles were excluded. 60 articles remained, which were subjected to full text analysis and assessment of eligibility, following which another 38 articles, 14 reviews, six case reports, four Letters, five articles for which data could not be extracted, and nine irrelevant articles were excluded. Finally, we included 22 studies in our qualitative and quantitative analysis (7, 9, 10, 17–35).




Figure 1 | Flow diagram depicting the selection process for all articles found in literature.



In Table 1, the characteristics of 22 articles were included in this meta-analysis of TA for BC. The years of these articles are from 1997 to 2010. 2,867 sample individuals from all over the world were included in the study. Most of them were multicenter studies. Sample sizes range from 42 to 185; among 22 studies, five were conducted in Asia (Japan and Israel), six from the United States, 10 from Europe (UK, Germany, Italy and Poland), and an African (Egypt) study. The fourfold table data was presented in Table 1.


Table 1 | Characteristics of the included studies in the meta-analysis.





Quality Assessment

Table 1 lists the quality scores for each study. Each article scored 11 points or higher. According to the QUADAS-2 scoring standard, 18 studies were classified with a middle to high score.



Pooled Diagnostic Values

Since the value of I2 was greater than 50%, the random effects model was used to combine sensitivity and specificity. The diagnostic value of TA for the detection of BC is shown in Table 2. The overall sensitivity and specificity were recorded as 0.79 (95% CI: 0.72–0.84) and 0.91 (95% CI: 0.87–0.94, Figure 2), respectively. The Youden Index was 0.7. The pooled PLR was 8.91 (95% CI: 5.91–13.43), NLR was 0.24 (95% CI: 0.15–0.37), and DOR was 37.90 (95% CI: 23.32–61.59). The overall SROC curve is shown in Figure 3, with an AUC of 0.92 (95% CI: 0.90–0.94). The Fagan plot is shown in Figure 4. The prior probability was 20%, and the post-test probability was 69% for LR-positive and 6% for LR-negative. The diagnostic accuracy for detecting TA in BC was found to be satisfied.


Table 2 | Summary estimated of diagnostic performance of telomerase activity for bladder cancer.






Figure 2 | Forest plot of pooled sensitivity and specificity of telomerase activity for bladder cancer.






Figure 3 | The SROC curve of telomerase activity for bladder cancer.






Figure 4 | Fagan diagram evaluating the overall diagnostic value of telomerase activity for bladder cancer.





Subgroup Analyses

We performed a subgroup analysis of TA based on different stages and grades of the tumors. We specified Tis, Ta, or T1 for a low stage tumor, and T2 and above for a high stage tumor. Similarly, we specified that grade 1 is a low-grade tumor and grades 2–3 is a high-grade tumor. According to the results of the heterogeneity test, we used a fixed model for meta-analysis for both grade and stage, and the results and forest map are shown in Figure 5. In our comparison of the different subgroups, the P value was >0.05, suggesting that there was no significant difference in TA in either the high or low stages of a tumor (Figure 5). When comparing the different grades, we observed a P=0.001, suggesting that low-grade tumors have lower TA than high-grade tumors.




Figure 5 | Forest plot depicting the pooled stages and grades for telomerase activity for bladder cancer (A). Forest plot for different stages (B); Forest plot for different grades.





Publication Bias

The Deeks plot showed there was no publication bias (P = 0.83, Figure 6).




Figure 6 | Deek’s funnel plot to evaluate the publication bias.





Heterogeneity and Sensitivity Analysis

According to the results of the forest plot, the heterogeneity of TA was high in both sensitivity (I2 = 89.04%) and specificity (I2 = 83.86%). Due to the obvious heterogeneity among the studies, the random effects model was implemented in the calculation and statistics of the combined results to obtain a relatively conservative confidence interval.



Meta-Regression Analysis

Meta-regression analyses were performed on study design (predesign), gold standard selection, and description (samemth and reftest), diagnostic test to be evaluated (index), and patient characteristics (subject). It can be seen from the forest plot that in the 22 studies we included, gold standard selection, diagnostic test evaluation, and patient characteristics have statistically significant effects on the heterogeneity of sensitivity and specificity (P < 0.05, Figure 7).




Figure 7 | Meta regression and subgroup analysis.






Discussion

To our knowledge, this is the first meta-analysis of the diagnostic efficacy for TA in BC. We found that TA is optimal among various other indicators and proved to be an excellent diagnostic.

BC, as a malignant tumor with high morbidity and mortality, has received wide attention, both for its diagnosis and treatment (36). As accepted, cystoscopy has been the gold standard for the diagnosis of BC. Despite its reliability, as an invasive examination, it is performed under local anesthesia, causing strong discomfort to patients (7). A simpler diagnostic would be preferable and would also minimize the damage caused by the examination. There is a shift in the continuous detection and development of BC test methods from macro to micro, and role of markers in urine is being explored for the detection and diagnosis of BC (18, 19).

Telomeres are composed of repeated gene sequences and related proteins. Their main role is to avoid end-to-end fusion and nuclear cleavage during chromosome division (18). Telomerase reverse telomeres shortening during cell division. This is one of the essential processes for the permanent life of tumor cells (9). We hypothesized that in tumor cells, telomerase activity would be higher than in normal cells. Many scholars have studied the relationship between TA and BC, but due to limitations in detection technology and in sample size, the conclusions were so far inconsistent. We integrated and analyzed research done by other authors and included a sample group large enough for performance of meta-analysis, aiming at comprehensive evaluation of the diagnostic validity for looking into TA in BC, with a goal of providing better guidance for clinical practice.

A number of studies have shown that the sensitivity of the telomerase assay for urothelial carcinoma is lower in voided urine specimens than in bladder washings (17, 22, 24). However, urine is easier to obtain than bladder washings and also easier to collect from the patient’s perspective. In our meta-analysis, the overall sensitivity was 0.79 (95% CI: 0.72–0.84), the specificity was 0.91 (95% CI: 0.87–0.94), and the Youden index was 0.7. AUC was 0.92 (95% CI: 0.90–0.94), which was in line with our initial predictions. Using these composite indicators, we showed that TA could be a good and accurate indicator for the diagnosis of BC. A diagnostic test can typically be considered to have a high value when both sensitivity and specificity are >0.7. In this study, consistently with our predictions, the sensitivity results reached this value for 16 articles, again indicating the superiority of TA in the diagnosis of BC. However, the sensitivity values provided in the other two studies were significantly lower (17, 22). The reason for this analysis was that, due to the technical level of the test, the sample size and bias between the samples might have led to different final results. In relation to the specificity results, 21 of the included studies reached 0.7 or higher, showing that the results were not significantly different between the studies and confirming our hypothesis and indicating the excellent specificity of TA for the diagnosis of BC. The higher the value of DOR, the better the diagnostic ability for the selected method. In our study, the DOR value was 37.90 (95% CI: 23.32–61.59), suggesting that the overall accuracy was high. The overall PLR value was 8.91 (95% CI: 5.91–13.43), suggesting that patients with BC have a TA 8.91 times higher than normal, and a total NLR of 0.24 (95% CI: 0.15–0.37), meaning that normal individuals suffering from BC was of 25%. In the judging criteria, PLR>10, NLR<0.1, the diagnostic efficiency for this method was higher. Taking this aspect into account, we can conclude that the diagnostic efficiency of TA for BC is suboptimal. At the same time, we also noticed that the publication bias shown by Deek’s funnel plot (Figure 6) has a P-value of 0.83. This shows that there is no significant publication bias among the studies. However, according to the results of Meta regression analysis, the included studies are not consistent due to gold standard selection, diagnostic test evaluation, and patient characteristics, which may be the direct cause of significant heterogeneity (Figure 7).

To investigate the TA relationship between different staging and grading, we performed a subgroup analysis. In terms of staging, we considered Tis, Ta, and T0 as low-stage tumors, while T2–T4 as high stage. When grading, grade 1 was considered a low-grade tumor, and grades 2 and 3 were considered high-grade tumors. Thus, through meta-analysis, the association between them was evaluated. We found there was no absolute difference in TA between high-stage and low-stage tumors (P > 0.05) or between different grades, using meta-analysis. Our results showed that the TA in low-grade tumors was significantly lower than in high-grade tumors (P = 0.001). We believe that this is because the higher the grade, the lower the degree of differentiation, the stronger the invasive ability, and the higher the TA, consistent with results reported by Bravaccini et al (7). Detecting TA is not the only non-invasive method used in the diagnosis of BC, and other markers such as nuclear matrix protein (NMP)-22, bladder tumor antigen (BTA), cytokeratin 20 could also be evaluated. Studies have reported that BTA and cytokeratin 20 are not sensitive markers for low-grade tumors. For grade 1 tumors, the sensitivity of BTA and cytokeratin was 13 and 6%, respectively and NMP-22 had a specificity of 70% in the diagnosis of BC (9, 22, 25). NMP-22 is a quick, point of care test having higher sensitivity. In a diagnostic test that included 380 samples, the sensitivity of NMP-22 was 81.9% but at the cost of specificity of 76.97% (37). According to a meta-analysis that included 22 studies, the diagnostic accuracy of urine cytokeratin 20 for bladder cancer is improved with the progression of tumor stage and grade (38). A high-quality meta-analysis including 57 papers showed that across biomarkers, sensitivities ranged from 0.57 to 0.82 and specificities ranged from 0.74 to 0.88. Urine biomarkers plus cytological assessment are more sensitive, but no more specificitive. It is easy to cause missed diagnosis. For patients with low-stage and low-grade tumors, the accuracy of urine biomarkers is poor (39). Therefore, as individual indicators, these markers may work better than invasive methods, but the diagnostic performance should take into consideration composite indicators.

Cystoscopy biopsy, as an invasive examination method, brings pain to patients to a certain extent. For elderly men with enlarged prostate, cystoscopy is more likely to cause prostate bleeding, pain, infection, and other related complications. Anatomically shorter urethra of female patients solves some obstacles for cystoscope access. If the patient has bladder inflammation or tuberculosis infection, the biopsy forceps for the removal of bladder mucosa tissue will make the incidence of bleeding, infection, severe pain, and other complications higher. Whether the clinician’s judgment on the location of the lesion is accurate also affects whether the patient needs to undergo a second cystoscopy to determine the lesion. At present, the diagnosis of malignant tumors is transitioning from invasive to non-invasive. Finding suitable body fluid/blood biomarkers to improve tumor diagnosis is the current research direction. The continuous improvement of the detection technology of telomerase activity in the urine of patients with bladder cancer also indicates that the research of telomerase is becoming more precise and is expected to be widely used in clinical applications in the future (10, 40).

We followed the PRISM guidelines for our meta-analysis (41). However, at present, our meta-analysis still has some limitations. Firstly, of all the studies included here, most of the research samples were from Europe and the United States, which may skew our research due to racial differences. Secondly, in each group of controlled studies, the patients studied may have presented with other diseases. Since the mechanisms are unknown for these, the interactions between the different diseases may have led to changes in the accuracy of our results. Finally, in the subgroup analysis, we combined the different stages and grades of tumours into a single control. Due to the influence of the original data, it was not able to be detailed enough in different stages and grades. Compared with cystoscopy, although not further clinically applied, TA does have a higher advantage in diagnosing BC with its relatively high sensitivity and non-invasive mode of operation. A larger sample size, tighter design, and longer follow-up randomized controlled trials are also needed to validate.



Conclusions

Based on current evidence, TA can be used as a potential biomarker for the diagnosis of bladder cancer with its high specificity. However, TA performance is not always satisfactory in terms of sensitivity, which may require repeated testing. The maturity of the testing technology will also affect the false negative rate. Further studies in TA is needed, which is more in line with the concept of non-invasive diagnosis of diseases. Rigorous and high-quality prospective studies are required to verify our conclusion.
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Objective

This study assessed the predictive value of preoperative computed tomography (CT) scans and clinical factors for optimal debulking surgery (ODS) in patients with advanced ovarian cancer (AOC).



Methods

Patients with AOC in International Federation of Gynecology and Obstetrics (FIGO) stage III-IV who underwent primary debulking surgery (PDS) between 2016 and 2019 from nine tertiary Chinese hospitals were included. Large-volume ascites, diffuse peritoneal thickening, omental cake, retroperitoneal lymph node enlargement (RLNE) below and above the inferior mesenteric artery (IMA), and suspected pelvic bowel, abdominal bowel, liver surface, liver parenchyma and portal, spleen, diaphragm and pleural lesions were evaluated on CT. Preoperative factors included age, platelet count, and albumin and CA125 levels.



Results

Overall, 296 patients were included, and 250 (84.5%) underwent ODS. The prediction model included age >60 years (P=0.016; prediction index value, PIV=1), a CA125 level >800 U/ml (P=0.033, PIV=1), abdominal bowel metastasis (P=0.034, PIV=1), spleen metastasis (P<0.001, PIV=2), diaphragmatic metastasis (P=0.014, PIV=2), and an RLNE above the IMA (P<0.001, PIV=2). This model had superior discrimination (AUC=0.788>0.750), and the Hosmer-Lemeshow test indicated its stable calibration (P=0.600>0.050). With the aim of maximizing the accuracy of prediction and minimizing the rate of inappropriate explorations, a total PIV ≥5 achieved the highest accuracy of 85.47% and identified patients who underwent suboptimal PDS with a specificity of 100%.



Conclusions

We developed a prediction model based on two preoperative clinical factors and four radiological criteria to predict unsatisfactory debulking surgery in patients with AOC. The accuracy of this prediction model needs to be validated and adjusted in further multicenter prospective studies.





Keywords: ovarian cancer, computed tomography scans, prediction model, primary debulking surgery, neoadjuvant chemotherapy, multicenter study



Introduction

Epithelial ovarian cancer is currently the most malignant carcinoma of the female reproductive system with the highest mortality rate (1). Approximately two-thirds of ovarian cancer patients are initially diagnosed with advanced ovarian cancer (AOC) mainly due to the lack of early detection methods and specific symptoms for ovarian cancer (2). Primary debulking surgery (PDS) followed by platinum-based chemotherapy has been the standard treatment for patients with International Federation of Gynecology and Obstetrics (FIGO) stage IIIC or IV (3, 4) for many years. However, the traditional management of ovarian cancer has changed since two multicenter randomized phase III trials [EORTC 55971 (5) and CHORUS (6)] reported that neoadjuvant chemotherapy (NACT) followed by interval debulking surgery (IDS) was not inferior to PDS. NACT refers to chemotherapy as the primary treatment, which is administered to reduce the tumor burden before debulking surgery is performed (7, 8). The SCORPION (9) and JCOG0602 (10) clinical trials commonly considered that NACT-IDS was not inferior to PDS-CT due to less surgical aggressiveness and postoperative morbidity rates as well as better quality of life scores.

RD after debulking surgery is one of the most important independent risk factors for survival in AOC patients (11), regardless of surgery complexity or the administration of NACT (12, 13). Optimal debulking surgery (ODS) is considered optimal if the residual tumor (RD) is less than 1 cm in maximum diameter or thickness, which is associated with better survival outcomes than those achieved with suboptimal debulking surgery (SDS) (14, 15). Thus, improving the satisfactory cytoreduction rate and prolonging the overall survival of ovarian cancer patients are long-term goals for gynecological oncologists. The main value of NACT is reducing the tumor load and improving the feasibility of surgery and rate of ODS (16). However, many scholars have suggested that this benefit of surgery after NACT does not translate to a corresponding survival advantage and even increases the resistance of ovarian cancer patients to adjuvant chemotherapy (17–19). Two RCTs (5, 6) and some retrospective studies (20, 21) have shown no significant differences in survival outcomes between patients who receive NACT-IDS and those who receive PDS. Therefore, we explored a preoperative method of selecting the appropriate initial treatment option for AOC patients with the aim of achieving a high rate of ODS while avoiding excessive NACT (22).

Several researchers have explored specific preoperative detection methods for predicting ODS rates, including clinical factors, laboratory test results, radiological examination, laparoscopy evaluation and molecular features (23–28). Computed tomography (CT), as the most important and widely accepted imaging examination, is used to identify tumor distribution and a high tumor burden before performing cytoreduction (24). Recent studies have reported that the combination of clinical factors and CT could have a high accuracy of predicting ODS rates (29–32). The synthesized prediction system evaluates the correlation between clinical factors and CT findings to predict ODS rates and shows better sensitivity and specificity than clinical experience or limited screening methods. Several Western scholars have reported imaging-based models for predicting SDS rates in ovarian cancer patients (24, 29–36). However, it is difficult to apply and promote these models in various Chinese hospitals, especially in hospitals with doctors who have less experience in gynecological oncology. Although debulking surgery to reduce the sizes of residual tumors to the greatest extent possible should be the focus of cytoreductive efforts, complete resection is not feasible for all these hospitals due to the different levels of experience of gynecological teams. Therefore, it is necessary to develop an evidenced-based model to predict ODS for application in Chinese centers with multiple levels of experience.

We wanted to initially perform a retrospective study on a model development cohort and then perform a prospective study on a model validation cohort to make adjustments. We herein aimed to perform a multicenter retrospective cohort study to assess the values of preoperative CT and clinical factors and develop a scoring system for predicting the absence of ODS in patients with AOC undergoing primary surgery.



Materials and Methods


Study Population

Nine Chinese tertiary hospitals participated in this retrospective cohort study: Peking Union Medical College Hospital (PUMCH) as the main research center and eight other centers. Patients with FIGO stage III or IV ovarian, fallopian tube, or primary peritoneal cancer who underwent PDS between 09/01/2016 and 09/01/2019 were included. Patients with any of the following characteristics were excluded: 1) received neoadjuvant chemotherapy; 2) lacked critical clinical or operation data; and 3) underwent repeated collections. All patients provided written informed consent under approval by the ethics committee of their hospital. Patients who met the inclusion criteria were divided into two groups: 1) the ODS group: no gross RD and RD<1 cm in maximum tumor diameter and 2) the SDS group: RD≥1 cm in maximum tumor diameter.



Data Collection

Key clinical data and CT image locations were recorded into unified electronic case report forms (CRFs) under an institutional review board-approved protocol and were obtained within 4 weeks before primary surgery. All contrast-enhanced CT scans were performed on modern technology conventional and spiral CT scanners, and were reviewed by the digital picture archiving system and at least two experienced radiologists. The preoperative clinical factors included the patient’s age, platelet count, albumin level, and CA125 level. The effect of age was shown to be independent of other variables, including the stage and grade (37). Compared to older patients, younger women with AOC have a survival advantage (38). In addition, increasing evidence indicates that the platelet count is a useful biomarker of long-term outcomes in patients with OC (39). The median OS was significantly decreased in patients with thrombocytosis or elevated CA125 levels (40). The following CT image locations were evaluated: 1) medium/large-volume ascites (defined as the presence of ascites on at least 2/3 of CT slices); 2) diffuse peritoneal thickening (defined as the presence of at least 2 separate peritoneal implants each>4 mm in size); 3) omental cake; 4) pelvic bowel metastasis≥1 cm (including the rectum and sigmoid colon); 5) abdominal bowel metastasis≥1 cm (including the small intestine as well as the ascending, transverse, and descending colon); 6) liver surface lesion (including the hepatorenal space); 7) liver parenchyma and portal lesion; 8) spleen metastasis (including the spleen surface and parenchyma); 9) diaphragmatic metastasis≥1 cm; 10) pleural metastasis≥1 cm; 11) retroperitoneal lymph node enlargement (RLNE) below the level of the inferior mesenteric artery (IMA)≥1 cm (including pelvic lymph nodes); 12) and RLNE above the level of the IMA≥1 cm (including the superior phrenic lymph node). The data used to support the findings of this study are available from the corresponding author upon request.



Statistical Analysis

All statistical analyses were performed using SPSS software (version 23.0; SPSS Inc., Chicago, IL, USA). Student’s t-tests and Mann-Whitney U tests were used to compare continuous variables. Pearson’s chi-squared tests and Fisher’s exact tests were used to compare categorical variables. Continuous variables with a normal distribution are presented as the means ± standard deviations (SDs), and nonnormally distributed variables are reported as the medians ± interquartile ranges (IQRs) (41). Each of the clinical factors and radiological criteria were individually evaluated by using logistic regression for the univariate analysis. Then, all the variables with significant differences based on the univariate analysis were calculated by binary logistic regression with stepwise forward selection. The associations were evaluated by odds ratios (ORs) and corresponding 95% confidence intervals (CIs). Then, a prediction model was constructed using the variables with significant differences based on the multivariate analysis, and the prediction index value (PIV) was systematically calculated by the weight of each variable and corresponding functions. Statistical significance was set at P<0.050.

The receiver operating characteristic (ROC) curve was drawn to evaluate the discrimination performance of the prediction model. The area under the curve (AUC) and 95% CI were determined to assess its prediction ability. The Hosmer-Lemeshow (H-L) goodness of fit test was used to evaluate the calibration performance of the prediction model (41). The sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), and accuracy of each PIV were calculated according to different cut-off values. Sensitivity was defined as the number of patients receiving SDS and were correctly identified (true positives) divided by the total number of patients receiving SDS (true positives + false negatives). Specificity was defined as the number of patients receiving ODS who were correctly identified (true negatives) divided by the total number of patients receiving ODS (true negatives + false positives). The PPV was calculated as the number of true positives divided by the total number of positive results (true positives + false positives), and the NPV was defined as the number of true negatives divided by the total number of negative results (true negatives + false negatives). Accuracy was calculated as the number of true positives plus true negatives (total number correct) divided by the total number of patients studied (42). Youden’s index (or the C-index), which indicates the maximum potential effectiveness of a biomarker, is a common summary measure of the ROC curve (43). We used Youden’s index to determine the cut-off PIV point that yielded the maximum sensitivity and specificity for predicting suboptimal cytoreduction.




Results


Flow Diagram and Characteristics of Included Patients

Figure S1 shows the flow chart of this study population. A total of 303 patients from nine centers were enrolled. After excluding five patients without critical information and two duplicate patients, a total of 296 AOC patients who met the inclusion criteria were ultimately included. A total of 250 patients were in the ODS group (including 163 patients with no RD and 87 patients with an RD of 0-1 cm), and 46 patients were in the SDS group. We kept the power of the study maximum. Table 1 shows the preoperative clinical factors and radiological criteria of the included ovarian cancer patients. The mean patient age was 53.5 (± 10.5) years in the ODS group and 55.7 (± 12.8) years in the SDS group. There was no significant difference in the perioperative platelet count (P=0.781) or perioperative albumin level (P=0.869) between the two groups. The most common abnormalities observed on CT images were omental cake (53.4%), diffuse peritoneal thickening (38.9%), and pelvic bowel metastasis (34.5%). For most of the radiological criteria, there were significant differences between the two groups, thus indicating that the comparison of these variables was meaningful.


Table 1 | The preoperative clinical factors and radiological criteria and of included ovarian cancer patients.





Assessment of the Prediction Model

Table 2 shows the univariate analysis of the included ovarian cancer patients. In the univariate analysis, two clinical factors were associated with suboptimal cytoreduction: age>60 years (P=0.019) and perioperative CA125 level>800 U/ml (P=0.023). Nine radiological criteria were related to suboptimal cytoreduction: diffuse peritoneal thickening (P=0.046), omental cake (P=0.008), pelvic bowel metastasis (P=0.007), abdominal bowel metastasis (P=0.012), liver surface lesion (P<0.001), liver parenchyma and portal lesion (P=0.005), spleen metastasis (P<0.001), diaphragmatic metastasis (P=0.008), and RLNE above the level of the IMA (P<0.001). Then, we performed a multivariate analysis based on the significant factors from the univariate analysis. We further calculated the PIV, which was assigned based on the multivariate regression coefficient and OR. Table 3 shows the prediction model of all significant clinical and radiological criteria based on the multivariate analysis for ODS. The predictive index parameters related to a high risk of successful SDS included age>60 years (P=0.016, PIV=1), CA125 level>800 U/ml (P=0.033, PIV=1), abdominal bowel metastasis (P=0.034, PIV=1), spleen metastasis (P<0.001, PIV=2), diaphragmatic metastasis (P=0.014, PIV=2), and RLNE above the level of the IMA (P<0.001, PIV=2).


Table 2 | The univariate analysis of included ovarian cancer patients.




Table 3 | The model of significant clinical and radiological criteria based on multivariate analysis for predicting suboptimal debulking surgery.





Evaluation of the Prediction Model

Figure 1 shows the ROC curve of the prediction model. The AUC was 0.788 (greater than 0.750), showing that this prediction model has superior discrimination. In addition, there was no significant difference between the predictive value and real value in the Hosmer-Lemeshow test (X2 = 2.752, P=0.600>0.050), which indicated the stable calibration of the prediction model. Table 4 shows the overall prediction model according to different cut-off values. The PIV ranged from 0 to nine points. The sensitivity, specificity, PPV, NPV, and overall accuracy of each PIV were determined. Youden’s index of the ROC curve was 41.5%, which corresponded to a sensitivity of 89.1% and a specificity of 52.4%. Consequently, with the aim of maximizing the accuracy of prediction and minimizing the rate of inappropriate explorations, a PIV of ≥5 achieved the highest accuracy of 85.47% and identified patients who underwent SDS with a specificity of 100%.




Figure 1 | The ROC curve of the prediction model. (AUC=0.788, 95%CI=0.720-0.856).




Table 4 | The overall prediction model according to different cut-off values.






Discussion

At present, NACT-IDS is an alternative treatment option for AOC patients who may initially have a low incidence of ODS (7, 8). However, there is no unified standard method of selecting appropriate patients or determining the best time to perform PDS. Some gynecologists reported that the following clinical factors were associated with a high rate of unsatisfactory cytoreduction: 1) extensive implant metastasis in the upper abdomen or thorax and a large tumor burden throughout the whole body and 2) a poor performance status that could not tolerate cytoreduction (e.g., advanced age, high-risk complications, or the combination of a large amount of ascites and hydrothorax) (16, 44). However, this type of clinical report lacks scientific evidence and cannot be widely accepted and applied by different gynecologists in various hospitals. Therefore, the selection of appropriate AOC patients for undergoing primary surgery to obtain the highest success rate of ODS has been a focus in the past few decades.

Laparoscopy can be used to assess the probability of having no residual tumor before PDS and to evaluate tumor size, the degree of tumor spread, and tumor infiltration in surrounding tissues (26, 27, 45). Fagotti et al. developed a widely accepted staging laparoscopy scoring system for determining candidates for primary surgery (46) that includes omental cake (PIV=1), extensive peritoneal (PIV=1) and diaphragmatic (PIV=1) carcinosis, mesenteric retraction (PIV=2), bowel (PIV=2) and stomach (PIV=2) infiltration, and superficial spleen and/or liver metastasis (PIV=2). At a PIV≥8, the probability of ODS during laparotomy is equal to 0; thus, NACT is initially recommended. This laparoscopy model can avoid an unnecessary exploratory laparotomy and improve individualized treatment for AOC patients. However, as an invasive manipulation procedure, laparoscopy has the risks of anesthesia and surgical complications (11). In addition, the evaluation of lesions under retroperitoneal and retrohepatic areas is limited (47). Furthermore, we must consider the cost-effectiveness benefit: laparoscopy is more time consuming and expensive than other preoperative examinations (47). Due to the above limitations, it is difficult to perform a staging laparoscopy before PDS in most Chinese hospitals. In addition, the molecular features played important roles in patients with OC, affecting the status of the BRCA gene and homologous recombination deficiency (HRD) (28, 48). However, primary targeted therapy for OC lacks sufficient evidence, and most patients cannot afford the high cost of gene detection. Therefore, we aimed to develop a preoperative evaluation model that combines clinical features with imaging examination features to allow patients to obtain the greatest benefit.

The model used to predict the rate of unsatisfactory debulking surgery in our study ultimately included two preoperative clinical factors and four radiological criteria based on the multivariate analysis of all enrolled patients. The two clinical factors, age>60 years and CA125 level>800 U/ml, indicated that elderly patients who have a high tumor burden and a poor general condition are not suitable for PDS. The four radiological criteria showed that tumors located in the upper abdomen or thorax, such as the diaphragm, spleen, and upper retroperitoneal lymph nodes, greatly influence the cytoreduction rate, as they are truly difficult to remove in debulking surgery. The evaluation of retroperitoneal disease extension plays a very important prognostic role for patients with OC (49, 50). Our prediction model is a scoring system; therefore, the difficulty of PDS and the rate of having no RD are not determined by a single high-risk factor but rather by the accumulation degree of high-risk factors. This may be attributed to poor surgical tolerance, a long surgical time, and surgical complications during PDS if an AOC patient has a high score in our prediction model. Therefore, our model is basically consistent with the experience of gynecological oncologists (44, 51) but has more scientific- and evidence-based support.

Several scholars have published imaging-based models for predicting SDS rates in ovarian cancer patients (24, 29–31, 33–36, 52); these are summarized in Table 5. Among them, the model from Suidan et al. at Memorial Sloan-Kettering Cancer Center (MSKCC) is one of the most common and high evidence-based imaging models (29). However, in our practical application, it was found that the imaging classification of this model is excessively detailed and complex and often requires professional senior imaging doctors to read CT scans. It is difficult for gynecologists at different levels to apply this model, and there is also great difficulty in promoting this model in Chinese hospitals. Therefore, we initially roughly divided the body into several large areas based on our previous surgical experience (e.g., the pelvic and abdominal bowels, spleen, liver, and RLN). Our model may be more operable and applicable than the MSKCC model for gynecologic oncologists in various Chinese hospitals. In addition, our prediction model has a specificity of 100% and an accuracy of 85.47%, which shows superior discrimination and stable calibration.


Table 5 | The model comparison of predicting suboptimal debulking surgery based on radiological criteria in ovarian cancer from published reports.



On the other hand, Llueca et al. proposed a predictive model with the peritoneal cancer index (PCI), which can provide more detailed information about peritoneal spread. The PCI is used to quantitatively assess cancer distribution in the peritoneum based on the sizes of lesions in 13 abdominopelvic regions, and patients were classified into three categories with scores of 1–10, 11–20, and >20 (53). In the pilot study, their models predicted suboptimal or complete and optimal cytoreductive surgery with sensitivities of 83% (R4 model) and 69% (R3 model). A PCI>20 was a major risk factor for unresectability in patients with AOC (52). In our study, peritoneal metastasis was evaluated in the variable statistics but was not included in the final multivariate model. PCI is a preferable supplement to our model, which could be improved by including this assessment of the PCI. In addition, several studies reported that minimally invasive interval debulking surgery (MI-IDS) played a positive role in the quality of life and surgery complications (27, 54). However, the range of surgical resection in MI-IDS is limited, and a thorough peritoneal evaluation is not possible. It is difficult to reach ODS, resulting in residual tumors and worsened oncologic outcomes. MI-IDS may considered be limited to low-complexity standard debulking surgery (55, 56).

Moreover, the greatest advantage of this study is that it was a multicenter study that collected patient data from nine large tertiary hospitals in China. The large-scale study, wide area coverage, and high quantity of enrolled patients ensured the diversity and credibility of this report. This retrospective study is not only the basis for creating a predictive model but can also be further verified in subsequent multicenter prospective studies. After modification and identification, it may ultimately be promoted in most hospitals in China, thus achieving the purpose of this whole study.

There are several limitations to this study. First, due to the natural limitations of retrospective research, unknown potential confounders and selection biases may be present (57). However, we attempted to make a unified standard for collecting patients and evaluating CT sites to ensure that all data were collected in a similar manner. Moreover, we balanced the confounding factors between the two groups by Cox multivariate regression analysis when there were a few heterogeneities in baseline factors between the ODS and SDS groups. Second, the horizontal differentiation among multiple centers may lead to data deviations. The centers participating in this study were all high-quality large-scale hospitals in China, and gynecologists had sufficient experience in the diagnosis and treatment of ovarian cancer. The inclusion criteria for our study population and data collection were unified standards. The capabilities of performing debulking surgery and reading CT scans were similar among the various centers. Currently, a multicenter, nonrandom prospective study is ongoing. We expect this prediction model to be verified and adjusted by collecting additional data.



Conclusion

In conclusion, we developed a prediction model based on two preoperative clinical factors and four radiological criteria for predicting unsatisfactory debulking surgery in AOC patients: included age>60 years (PIV=1), CA125 level>800 U/ml (PIV=1), abdominal bowel metastasis (PIV=1), spleen metastasis (PIV=2), diaphragmatic metastasis (PIV=2), and RLNE above the level of the IMA (PIV=2). A total PIV of ≥5 in this model may indicate a high risk associated with undergoing SDS, with an accuracy of 85.47% and a specificity of 100%. The accuracy of this prediction model needs to be validated and adjusted in further multicenter prospective studies. We look forward to collecting additional information from ovarian cancer patients and learning from research experience at other centers.
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Background

Noninvasive evaluation of the expression of angiopoietin-2 (Ang-2) and transketolase (TKT) in hepatocellular carcinoma (HCC) is of great significance for the clinical development of individualized treatment plans. However, the correlation between intravoxel incoherent motion diffusion weighted imaging (IVIM-DWI) and the expression of Ang-2 and TKT has not been reported. We sought to investigate the correlations between IVIM-DWI parameters and Ang-2 and TKT expression levels in HCCs.



Methods

Conventional non-enhanced magnetic resonance imaging (MRI) and IVIM-DWI and dynamic contrast MRI were performed for 61 patients with HCC before surgical treatment. Various IVIM-DWI parameters, such as apparent diffusion coefficient (ADC), slow apparent diffusion coefficient (D), fast apparent diffusion coefficient (D*) and fraction of fast apparent diffusion coefficient (f), were calculated using Function-MADC software. Expression levels of Ang-2 and TKT in HCC were detected via immunohistochemical staining and classified into two grades. Independent sample t tests were used to compare differences in parameters between the two groups. The Spearman rank correlation test was used to analyze the correlations between IVIM-DWI parameters and Ang-2 and TKT expression levels in HCCs.



Results

The D* and f values were significantly higher in the high Ang-2 group than in the low Ang-2 group; there were no obvious between-group differences in ADC and D. Ang-2 expression was positively correlated with D* and f but not with ADC and D. The ADC and D values were significantly lower in the high TKT group than in the low TKT group, whereas the between-group differences for D* and f were not significant. TKT expression was negatively correlated with ADC and D but not with D* and f.



Conclusions

IVIM-DWI can be used to evaluate Ang-2 and TKT expression in HCC.





Keywords: hepatocellular carcinoma, intravoxel incoherent motion, diffusion-weighted imaging, angiopoietin-2, transketolase



Introduction

Hepatocellular carcinoma (HCC) is one of the most common malignant tumors of the digestive system, and it has severe disease burden (1). Traditional imaging methods only show the size and scope of the tumor from the morphological perspective, and they do not reflect water molecule diffusion in tumor tissues. Continuous development of magnetic resonance technology has promoted the use of diffusion-weighted imaging (DWI)-based functional magnetic resonance imaging (MRI) in tumor diagnosis and treatment. However, the apparent diffusion coefficient (ADC) measured using DWI reflects water molecule diffusion and capillary perfusion but not the diffusion of pure water molecules in tissues. Intravoxel incoherent motion (IVIM)-DWI proposed by Le BihanD et al. (2, 3) uses a bi-exponential model to obtain multiple parameters, including D, D*, and f, which distinguish the diffusion of water molecules from the perfusion of capillaries. In recent years, studies have shown the application value of IVIM-DWI in the differential diagnosis of liver cancer (4, 5), histological grading (6–8), and evaluating topical treatment response (9, 10).

Antiangiogenesis therapy for tumors is currently a research hotspot. Angiopoietin (Ang) is an important angiogenic factor. The Ang family members mainly include Ang-1, Ang-2, Ang-3, Ang-4 and angiopoietin-like proteins, among which Ang-2 is strongly expressed and localized predominantly in cancer cells (11). Transketolase (TKT) (12) is one of the key enzymes in the nonoxidative part of the pentose phosphate pathway (PPP), and PPP provides approximately 85% of the pentose sugar required for DNA synthesis in tumor cells (13). Studies have shown that TKT promotes tumor cell proliferation and invasion, which are related to tumor prognosis and recurrence (14–17).

Noninvasive evaluation of the expression of Ang-2 and TKT in HCC is of great significance for clinical development of individualized treatment plans. However, the correlation between IVIM-DWI and the expression of Ang-2 and TKT has not been reported. Therefore, the present study investigated the correlation between IVIM-DWI parameters and the expression of Ang-2 and TKT in HCC tissues to noninvasively evaluate the expression of HCC Ang-2 and TKT, as well as to provide reference information for HCC antiangiogenesis targeted therapy.



Materials and Methods


Study Population

We enrolled 61 cases of HCC that received surgical resection in our hospital from January 2018 to September 2019. Inclusion criteria: (1) did not receive surgery, topical therapy, radiotherapy, chemotherapy or targeted therapy; (2) lesion diameter was greater than 1 cm; and (3) postoperative pathology confirmed HCC. Exclusion criteria: (1) MRI contraindications; (2) poor image quality; and (3) incomplete data. All patients underwent upper abdominal plain MRI scan, IVIM-DWI and enhanced MRI scan before surgery.



MRI Scan

The Discovery 750 3.0T superconducting magnetic resonance scanner (GE, USA) was used with a 32-channel phased array surface coil. All study subjects fasted for more than 4 h and received breathing exercises before the MR scan.

Scanning sequence: Breath-hold transverse-plane fat-suppressed T1WI, respiratory-triggered transverse-plane fat-suppressed T2WI and IVIM-DWI scans were conducted (Table 1). Nine b-values were selected from the IVIM-DWI sequence (b=0, 20, 50, 100, 150, 200, 400, 800, and 1000). A high-pressure syringe was used to inject the gadolinium‐diethylenetriamine penta‐acetic acid (Gd-DTPA) contrast agent (15–20 ml) through the vein on the back of the hand at an injection speed of 2–2.5 ml/s, and images of the hepatic artery phase, portal phase and equilibrium phase were collected.


Table 1 | Magnetic resonance (MR) imaging scanning sequences and parameters.





Data Measurement

Function-MADC software on a GE AW 4.4 Workstation was used to select the slice with the largest solid tumor area on the IVIM-DWI sequence, and a region of interest (ROI) with an area of 70-80 mm2 was manually selected, avoiding areas with tumor necrosis, hemorrhage or cystic degeneration. The ADC, D, D* and f pseudocolor maps were generated, and the ADC value, D value, D* value and f value were measured. Each parameter value was measured three times, and the average was calculated.



Immunohistochemical Detection

The Ang-2 antibody was purchased from Abcam (UK, catalog number ab153934) and was diluted 1:250. The TKT antibody was purchased from Santa Cruz (USA, catalog number SC-390179) and was diluted 1:100. HCC specimens were embedded in paraffin and sectioned continuously at a thickness of 5 μm for Hematoxylin-Eosin (HE) and immunohistochemical staining. Two physicians separately evaluated the same section. Disagreements were resolved after discussion. For each section, the staining intensities in six high-power fields were recorded. The scoring standards for Ang-2 and TKT protein expression intensity were as described in the literature (11, 12) as follows: 0 points (no staining), one point (weak staining), two points (moderate staining), and three points (strong staining). According to the scoring results, subjects were divided into the following two groups: low expression group with scores of one point and below and high expression group with scores of two points and above (18, 19).



Statistical Analysis

SPSS22.0 software was used for data analysis. Testing for normality indicated that the parameter values for IVIM-DWI conformed with normal distributions. The independent sample t test was used to compare the differences in parameters between two groups with different expression levels of Ang-2 and TKT. Spearman’s correlation analysis was used to analyze the correlation between IVIM-DWI parameters and the expression of Ang-2 and TKT. P<0.05 was considered significantly different.




Results

There were 61 cases enrolled in this study, including 55 males and six females aged 29–70 years old with an average age of 50.3 ± 10.4 years. Lesion size ranged from 1.2 to 16.1cm with an average size of 5.1 ± 3.3cm.

Among the 61 cases of HCC, 35 cases had high expression of Ang-2, and 26 cases had low expression of Ang-2. Moreover, 30 cases had high expression of TKT, and 31 cases had low expression of TKT. The D* and f values were significantly higher for the high Ang-2 expression group (55.71±19.21×10-3 mm2/s and 27.58±8.09%, respectively) than for the low Ang-2 expression group (32.25±19.22×10-3 mm2/s and 17.29±5.66%, respectively), whereas the ADC and D values did not significantly differ between the two groups (1.20±0.22×10-3 mm2/s and 0.92±0.20×10-3 mm2/s, respectively, for the high expression group and 1.14±0.24×10-3 mm2/s and 0.87±0.17×10-3 mm2/s, respectively, for the low expression group). The D* and f values were positively correlated with Ang-2 expression (r=0.578, p<0.05 and r=0.645, p<0.05, respectively). In contrast, the ADC and D values were not significantly correlated with Ang-2 expression (r=0.132, p>0.05 and r=0.106, p>0.05, respectively). The ADC and D values were significantly lower for the high TKT expression group (1.09±0.21×10-3 mm2/s and 0.83±0.19×10-3 mm2/s, respectively) than for the low TKT expression group (1.25±0.21×10-3 mm2/s and 0.95±0.17×10-3 mm2/s, respectively), whereas the D* and f values did not significantly differ between the two groups (45.32±23.95×10-3 mm2/s and 22.22±9.24%, respectively, for the high expression group and 46.09±23.65×10-3 mm2/s and 24.13±8.31%, respectively, for the low expression group). The ADC and D values were negatively correlated with TKT expression (r=-0.376, p<0.05 and r=-0.386, p<0.05, respectively). In contrast, the D* and f values were not correlated with TKT expression (r=0.040, p>0.05 and r=–0.136, p>0.05, respectively) (Tables 2–4; Figures 1–4).


Table 2 | Comparison of intravoxel incoherent motion diffusion weighted imaging (IVIM-DWI) parameters between groups with different Ang-2 expression.




Table 3 | Comparison of intravoxel incoherent motion diffusion weighted imaging (IVIM-DWI) parameters between high and low transketolase (TKT)  expression groups.




Table 4 | Correlations between intravoxel incoherent motion diffusion weighted imaging (IVIM-DWI) parameters and the expression of Ang-2 and transketolase (TKT).






Figure 1 | Scatter plots showing that D* and f values were significantly correlated with intensity of Ang-2 expression.. The units for D* values are ×10-3mm2/s, and the unit for f is %.






Figure 2 | Scatter plots showing that ADC and D values were significantly correlated with intensity of TKT expression. The units for apparent diffusion coefficient (ADC) and D values are ×10-3mm2/s.






Figure 3 | Images of a 49-year-old male with hepatocellular carcinoma (HCC) in the right lobe of the liver. (A) T1WI image showing the lesion with slight hyposignal; (B) T2WI image showing the lesion with heterogeneous hypersignal; (C) magnetic resonance (MR) enhanced scan showing the lesion with obvious heterogeneous enhancement; (D) On the apparent diffusion coefficient (ADC) map, the ADC value was 1.21×10-3mm2/s; (E) On the D map, the D value was 1.03×10-3mm2/s; (F) On the D* map, the D* value was 71.6×10-3mm2/s; (G) On the f map, the f value was 33.5%; (H) The HE staining (×200) showing that the cancer cells were arranged in a beam-like structure; (I) Ang-2 immunohistochemical staining image (×200) showing that Ang-2 was highly expressed.






Figure 4 | Images of a 44-year-old male with hepatocellular carcinoma (HCC) in hepatic caudal lobe. (A) The T1WI image showing the lesion with slight hyposignal; (B) The T2WI image showing the lesion with heterogeneous hypersignal; (C) The magnetic resonance (MR) enhanced showing the lesion with obvious heterogeneous enhancement; (D) On the apparent diffusion coefficient (ADC) map, the ADC value was 1.08×10-3mm2/s; (E) On the D map, the D value was 0.81×10-3mm2/s; (F) On the D* map, the D* value was 24.1×10-3mm2/s; (G) On the f map, the f value was 15.5%; (H) Hematoxylin-Eosin (HE) staining (×200) showed that the cancer cells were arranged in a beam-like structure; (I) Immunohistochemistry (×200) showed that transketolase (TKT) was highly expressed.





Discussion

Angiogenesis is closely related to the occurrence and development of tumors (20–23). Ang-2 is highly expressed in HCC tissues (18, 20, 24, 25), and Ang-2 is positively correlated with tumor microvessel density (MVD) (26). The following mechanisms are potential ways in which Ang-2 promotes angiogenesis (27–29): (1) Ang-2 antagonizes the effect of Ang-1 on Tie-2, which inhibits Tie-2 signaling and disrupts signals mediating stable endothelial cell interaction in the Tie-2 signaling pathway, leading to the instability for existing blood vessels; and (2) Ang-2 and VEGF synergistically promote the formation of tumor blood vessels.

Ang-2 is used to monitor tumor response to antiangiogenesis targeted therapy (30). A prior study has shown (31) that a prepared single-chain variable fragment (scFv) Ang-2 single-chain antibody has a significant inhibitory effects on the angiogenesis and tumor growth of HCC in vivo and in vitro. In addition, specific Ang-2 targeted intervention may act by reshaping the neovascular network and changing the tumor microenvironment. Mueller et al. (32) showed that combined therapy with dual-targeting of Ang-2 and VEGF significantly inhibits tumor activity and that compared to single-targeted therapy of Ang-2 or VEGF, combined therapy has obvious advantages. Moreover, Mueller et al. suggested that antiangiogenesis therapy is helpful for fighting chemotherapy resistance. Previous research on plumbagin inhibition of angiogenesis-mediated tumor growth in HCC has shown (33) that plumbagin inhibits the expression of Ang/Tie2 and has significant antitumor activity, suggesting that plumbagin may be a promising antiangiogenesis drug.

TKT has a high positive expression rate in HCC tissues (16), and TKT enhances the proliferation, migration, invasion and colony formation ability of liver cancer cells (17). Yang et al. (34) showed that TKT protects cervical cancer cells from cisplatin treatment and that targeting TKT may have a therapeutic effect on cervical cancer. Studies on metastatic ovarian cancer have shown (19) that inhibiting TKT expression blocks the proliferation of the SKOV-3 cell line, which is an ovarian cancer cell line, and that oxythiamine, an inhibitor of TKT activity, significantly inhibits the proliferation of four ovarian cancer cell lines and primary serous ovarian cancer cells isolated from the patient’s ascites. Li et al. (35) studied the relationship between TKT expression and bile acid levels in mouse liver cancer tissues. The results showed that TKT is transported to the nuclei of liver cancer cells by interacting with the signal transducer and activator of transcription-1 (STAT-1). TKT then inhibits the expression of the farnesoid receptor (FXR) (a tumor suppressor gene) by promoting the binding of histone deacetylase-3 (HDAC-3) to the FXR promoter, causing increases in intrahepatic bile acid (related to the occurrence of liver cancer). The lack of hepatocyte TKT reduces the level of intrahepatic bile acid, which provides an opportunity for liver cancer treatment. The results of the above studies suggest that TKT may be a novel target for tumor treatment.

Studies have shown that IVIM-DWI noninvasively evaluates tumor angiogenesis (3). Lee et al. (36) studied the relationship between IVIM-DWI parameters of mouse colorectal cancer tissue and MVD, and they reported that the D* and f values are significantly correlated with MVD but that there is no correlation between the MVD and either ADC or D. Lee et al. showed (37) that the value of the IVIM-DWI parameter f is significantly correlated with MVD for HCC and may be used to evaluate the antiangiogenic effect of sorafenib. Wang et al. (38–40) also obtained similar results.

Song et al. (40) divided 25 human gastric cancer-bearing nude mice into a control group and a treatment group, and they performed IVIM-DWI scans. The results showed that the tumor tissue MVD is significantly reduced after chemotherapy and that MVD is positively correlated with the D* and f values of the perfusion-related parameters. Joo et al. used IVIM-DWI imaging technology to quantitatively evaluate the therapeutic effect of vascular disrupting agents on rabbit VX2 liver tumors (41). The results showed that the D* and f values in the treatment group are significantly reduced 4 h after treatment but then recover to baseline at 24 h. In addition, the results demonstrated that the D value significantly increases at 24 h and that the extent of decrease in the f and D* values within 4 h is correlated with the extent of increase in tumor volume measured during the 7-day follow-up after treatment. The above results suggest that the D* and f values may be early predictors for evaluating tumor treatment response. The present study showed that the D* and f values of HCC tissue were significantly correlated with the expression of Ang-2. Higher Ang-2 expression resulted in greater D* and f values and more abundant microcirculation perfusion of HCC tissue, which was consistent with the above results.

Ki-67 promotes the proliferation of cancer cells (42). Surov et al. (43) showed that Ki-67 is negatively correlated with the values ​​of the IVIM-DWI parameters, ADC and D. Wang et al. (44) and Xiao et al. (45) also obtained similar results. The present study demonstrated that the ADC and D values were lower for the high TKT expression group than for the low TKT expression group and indicated that TKT expression was negatively correlated with the ADC and D values. These results may be due to TKT promoting cancer cell proliferation, resulting in limited diffusion of free water molecules, thereby reducing the ADC and D values, which reflect the diffusion of water molecules in the tissue (17, 19).

In recent years, several studies have suggested that TKT has a certain role in promoting angiogenesis, but its specific mechanism is still unclear (16). In our study, there were no differences in the values of the D* and f blood perfusion parameters between the different expression groups of TKT. In future studies, it is necessary to verify the angiogenesis effect of TKT and to explore the correlation between the values of the D* and f blood perfusion parameters of HCC IVIM-DWI and the expression of TKT.

The present study had the following limitations: (1) the sample size was relatively small, and larger sample sizes are needed for subsequent studies; (2) solid tumor regions were selected, and the ROIs were manually delineated, which may have introduced measurement errors (46); and (3) the current selection of b-values was not standardized, which may have impacted the results. For the IVIM-DWI model, at least four different b-values (including b=0) are required to perform double exponential fitting to the signal. Studies (47) have shown that as the value of b gradually decreases, the deviation between the measured parameter value and the reference parameter value continues to increase. At present, most studies use approximately 10 b-values (47–50). Therefore, 9 b-values were used in this study based on referring to the literature. In the future, the standardization of the b number and distribution of b-values should be investigated (4, 47, 48).



Conclusions

The results of the present study suggested that IVIM-DWI can be used to noninvasively evaluate the expression of Ang-2 and TKT in HCC.
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Survival analysis is important for guiding further treatment and improving lung cancer prognosis. It is a challenging task because of the poor distinguishability of features and the missing values in practice. A novel multi-task based neural network, SurvNet, is proposed in this paper. The proposed SurvNet model is trained in a multi-task learning framework to jointly learn across three related tasks: input reconstruction, survival classification, and Cox regression. It uses an input reconstruction mechanism cooperating with incomplete-aware reconstruction loss for latent feature learning of incomplete data with missing values. Besides, the SurvNet model introduces a context gating mechanism to bridge the gap between survival classification and Cox regression. A new real-world dataset of 1,137 patients with IB-IIA stage non-small cell lung cancer is collected to evaluate the performance of the SurvNet model. The proposed SurvNet achieves a higher concordance index than the traditional Cox model and Cox-Net. The difference between high-risk and low-risk groups obtained by SurvNet is more significant than that of high-risk and low-risk groups obtained by the other models. Moreover, the SurvNet outperforms the other models even though the input data is randomly cropped and it achieves better generalization performance on the Surveillance, Epidemiology, and End Results Program (SEER) dataset.
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Introduction

In clinical research, the development of effective survival analysis methods for censored data is always required to evaluate the relationship between the risk factors and event of interest (1, 2). It has been widely applied to modeling the prognosis of cancers to help to optimize and improve cancer treatment (3–6).

Lung cancer is one of the most heterogeneous cancers and has distinct prognoses. A great deal of work has been conducted on lung cancer prognostic prediction in recent decades, among which the series of tumor node metastasis classification (TNM classification) for lung cancer is the most famous one (4, 7, 8). It has been the guideline for clinical treatment. In the eighth edition of TNM classification for lung cancer, the five-year survival rate of the IB-IIA stage ranged from 65 to 73%, which is relatively high. However, in the practice, many IB-IIA stage patients present with a recurrence and die within five years after treatment. Distinguishing the IB-IIA stage patients with a high risk of recurrence and death from low-risk patients is worthwhile for guiding further treatment and may improve the lung cancer prognosis. Additionally, the clinicopathologic variable used in TNM classification is limited for personalized prediction for different patients and it is limited to integrate new variables into the existing prognosis models (9). There is a great need for a new survival analysis method to establish fine-grained prognoses for individual patients with IB-IIA stage lung cancer for more accurate individual prediction by integrating an expanding number of prognostic factors.

Cox (2, 10, 11) proportional hazards regression is one of the most well-known survival analysis methods. It has been implemented in many famous software toolboxes and been widely used in many prognosis prediction tasks (8), such as TNM classification for lung cancer (4, 7, 8). The Cox proportional hazards model is semi-parametric and is subject to a linear model (12). It makes an important assumption about the hazard function, which is that covariances that affect the hazard rate are independent. However, in practice, the relationship between variables and the outcome is complex and unknown and there may be interactions among variables (13). Deep neural networks (DNNs) is apparent to be a promising method to solve these problems.

The DNN is a class of biologically inspired computational models towards artificial intelligence. It has been proven that DNNs can approximate any non-linear function when provided with sufficient neurons. Generally, a DNN can be a very complex non-linear model and learn latent features from data directly (14). It has achieved many impressive results in various applications, such as image classification (15, 16), natural language processing (17–20), and biomedical analysis (14, 21–23) in addition to survival analysis (1, 2, 7, 11, 24–26).

Generally, most of DNN based methods for survival analysis could be divided into two paradigms. The first is to formulate the survival analysis as a classification problem to evaluate survival probability at different fixed time points (9, 27, 28). In (27), neural networks were used to improve the prediction accuracy of the five-year survival of patients with breast cancer. Lundina et al. demonstrated that a neural network model trained on some prognostic factors can accurately predict specific 5-, 10-, and 15-year breast cancer survival (9).

The other paradigm is to extend Cox regression with DNNs, in which DNNs are used to extract the features of the patient and trained using Cox-like cost function with the gradient-based method. In (12), the authors proposed the Cox-Net model for prognosis prediction on high-throughput omics data and implemented it with the Theano math library in Python to achieve an efficient computational time using GPUs. Huang et al. modified the Cox-Net method to use multi-omics survival analysis learning on breast cancer (26). Moreover, (16), DNN was applied to cardiac motion analysis for human survival prediction and outperformed the traditional Cox models. However, Cox-Net inherited the limitation of Cox models, which is that it was not designed to estimate the probability of survival at a fixed time. Therefore, it is necessary to study how to design a unified model that integrates the good properties of the aforementioned two paradigms to improve the performance.

Moreover, the dataset used in survival analysis commonly contains incomplete data with missing values in practice. In many cases, most of the patients with missing values are excluded (2, 29). Omitting patients with missing values limits the number of patients to train the prognosis model and may introduce substantial biases in the study, whereas using patients with missing values may harm the performance. The learning of the latent feature of incomplete data with missing values in survival analysis by using DNNs should be evaluated further.

To address the aforementioned problems, in this study, we propose a multi-task based neural network model, SurvNet, for survival analysis of real-world datasets of patients with IB-IIA stage lung cancer. The main contributions are as follows:

	An input reconstruction mechanism cooperating with incomplete-aware reconstruction loss is proposed in the SurvNet for latent feature learning of incomplete data with missing values.

	A context gating mechanism is proposed in the SurvNet to bridge the gap between survival classification and Cox regression for prognosis prediction.

	The proposed SurvNet model is trained in a multi-task learning framework to jointly learn across three related tasks: input reconstruction, survival classification, and Cox regression.

	A new real-world dataset is collected to evaluate the performance of the prognosis prediction models for IB-IIA stage non-small lung cancer.



The proposed method is compared with the traditional Cox model and Cox-Net in the experiments. The experiment results demonstrate that the proposed SurvNet outperforms the other models with a much higher concordance index (Cindex). The difference between high and low risk groups obtained by SurvNet is more significant than that of high and low risk groups obtained by the other models. Furthermore, it achieves better performance on incomplete data with missing values and better generalization performance on Surveillance, Epidemiology, and End Results Program (SEER) dataset.



Materials and Methods


Datasets

In this study, we collected the data of 1,280 patients with IB-IIA stage non-small cell lung cancer at West China Hospital, from 2005 to 2018. There are 1,137 patients remaining after the exclusion of patients with unknown survival time. Of the 1,137 patients, 346 died and the others are missing follow-up or still alive. The survival time of the patients is in the range of (1,215) months. Figure 1 shows the Kaplan-Meier estimation of the dataset. Clearly, the five-year survival probability of the patients at the IB-IIA stage is relatively high. However, 42, 97, 160, 219, and 263 patients died in 1-, 2-, 3-, 4-, and 5-year respectively. Distinguishing the IB-IIA stage patients with a high risk of recurrence or death from low-risk patients is worthwhile for guiding further treatment and improving the non-small lung cancer prognosis.




Figure 1 | The Kaplan-Meier estimation of the datasets presented in this study.



In this study, nine clinicopathologic variables are taken into account for prognosis prediction. The distribution of the variables in the final patient series used in the study is shown in Table 1. In practice, it is difficult to ensure all of the variables were recorded for each patient. As illustrated in Table 1, there are lots of missing values (denoted as “unknown”). Of 1,137 patients, 961 contains missing values (at least one of the clinicopathologic variables is missing). It brings a great challenge for prognosis prediction models.


Table 1 | Distribution of clinicopathologic variables in our datasets of patients with IB-IIA stage lung cancer. Missing values are denoted as “unknown”.



Of nine clinicopathologic variables, age and tumor size are continuous variables, whereas the others are encoded using discrete values, for example, –1 for females and 1 for males. The missing values are filled with zeros. Thus, the clinicopathologic variables of each patient are represented by a 9 dimension vector. Formally, the proposed dataset can be formulated into a set of triplets {(xi, si, ti) |i = 1, 2, …, n}, where n is the number of the patients, xi ∈ R9 is a vector of 9 clinicopathologic variables that describes the i-th patient, si is the patient’s end state, that is, 1 for dead or 0 for alive, and ti is the patient’s survival time.



Problem Definition

In this study, the aim is to dichotomize the patients in the dataset into high and low risk groups according to their prognosis index. This can be formulated as:



where PI is a constant and the prognosis index px is calculated by



where F is generally a complex non-linear function. Thus, the core task of the prognosis prediction task is to determine a suitable function F.

However, it is difficult to estimate the prognosis index function F for fine-grained prognosis prediction of IB-IIA stage lung cancer. There are three challenges:

	For most patients, the end event (death) has not yet happened. It is known as censoring. In other words, we could not get actual survival times for these patients.

	Most of the patients contain at least one missing value. Omitting patients with missing values may bias the result, whereas using patients with missing values may harm the performance. It is a great obstacle for machine learning methods (30, 31).

	The distinguishing feature is difficult to learn for patients with IB-IIA stage lung cancer.





Multi-Task Based SurvNet for Prognosis Prediction

To overcome the aforementioned difficulties, in this study, a novel multi-task based neural network namely SurvNet is proposed for the prognosis prediction of IB-IIA stage lung cancer. As Figure 2 illustrated, the proposed SurvNet consists of three modules: Cox regression module, survival classification module, and input reconstruction module. Cox regression module is the main backbone of SurvNet and is used to represent the Function F for prognosis prediction. Survival classification module and input reconstruction module are auxiliary modules that aim to improve the performance of SurvNet for fine-grained prognosis prediction on incomplete data with missing values.




Figure 2 | The architecture of the proposed SurvNet for prognosis prediction. SurvNet consists of a main module, i.e., Cox regression, and two auxiliary modules, i.e., survival classification and input reconstruction. x and x* are input and reconstructed input, respectively. we, wd, wp, wc are trainable weight parameters. l is the layer index. αp, and αc are activations of neurons. px is the prognosis index. ‘.’ denotes a multiplication operation. Dotted circles filled with oblique lines denote the missing values.




Input Reconstruction Module

The missing value is a common phenomenon in survival analysis. The suitable method to deal with the missing values is always desired to improve the performance of prognosis prediction models. In the proposed SurvNet, we use zeros to fill the missing values and then learn the latent feature of incomplete data by input reconstruction.

Given an input x, it is first encoded into latent feature vector a2 (the output of layer 2). Then a2 would be feed into input reconstruction module to be decoded into x*, a reconstruction of input x. Formally, it can be formulated as:



where we and wd are encoder and decoder weights, x and x* are input and reconstruction respectively. f denotes the non-linear activation function. Actually, the input layer, 2nd layer, and the input reconstruction layer composes an autoencoder network (See Figure 2).

Generally, mean square error (MSE) is used to make x* approximate x as accurately as possible. However, it is not suitable for input with missing values since we do not know the true values at such locations and do not want to reconstruct a new vector with missing values too. To address this problem, an incomplete-aware cost function is proposed to learn the latent feature of incomplete data with missing values.

Let the binary vector r denote the locations of missing values in input x:



The propsoed incomplete-aware cost function is formulated as:



where i is the sample index and “·” denotes the elementwise product.



Survival Classification Module

To fully xi, utilize the relationship among the input variables xi, end state si and survival time ti, we introduce an auxiliary survival classification module to the SurvNet. The output of this module ac denotes the probability of the patient living over T years or not. In other words, it learns a patient’s survival probability at some fixed time point T. Formally, a4 could be calculated as:



where wc and a4 are weight connection and output of layer 4, and σ(z) = 1/(1+ exp(–z)). In this study, layer 3 is a batch norm layer. a4 could be calculated as:



where w3 is weight connection and tanh(z) = (exp(–z) – exp(z))/(exp(–z) + exp(z)). E and Var denote the expectation and variance, respectively. ϵ is a small constant.

In this manuscript, the learning of survival classification module could be formulated as a binary classification task, which aims to minimize the following cost function:



where di is the survival state of the patient i, which is defined as



and δi denotes whether a patient is a valid sample classification task and it is defined as



It means that patients censored before T are ignored.



Cox Regression Module

This is the main backbone of the proposed SurvNet. As Figure 2 illustrated, it consists of several successive feedforward layers, such as fully connected layer, batch normalization (32), and dropout layer, and a new context gating submodule that does not exist in the traditional Cox-Net (12).

Given an input x, the high-level representation αL could be calculated layer by layer. Specifically, the activation αp is computed as



In the traditional Cox-Net (12). αp would be expressed as log hazard ratio in Cox regression. However, in the proposed SurvNet, the distribution of log hazard ratio αp is adjusted by survival probability αc by using context gating mechanism:



Then, we take px as log hazard ratio in Cox regression and use the following log partial likelihood for Cox regression:



where i and j are sample indexes.

The context gating mechanism is inspired by the attention mechanism where the input is adjusted by the attention coefficient. It is notable that the proposed context gating mechanism bridges the gap between Cox regression and survival classification to improve the performance. On the one hand, in the Cox regression, it is supposed that the larger the survival time, the larger the prognosis index. It reveals that the prognosis indexes of patients that are alive at some fixed time point T should be larger than the patients that died at that time point. On the other hand, the survival classification aims to predict the survival state of a given patient at a fixed time point T. As Equation (12) illustrates, the survival prediction α c serves as a context coefficient that adjusts the hazard ratio α p automatically thus to produce a better prognosis index that has good distribution at time point T.



Multi-Task Learning

To train the proposed SurvNet, three learning tasks are optimized synchronously. The final cost function could be formulated as:



where α, β, and γ are the coefficients that balance the Cox regression, survival classification, and input reconstruction tasks. By using gradient-based algorithms, the (local) minimal of cost function J could be found iteratively.





Experiments


Evaluation Metrics

To evaluate the performance of the proposed model, two metrics were used. One is the Harrell’s concordance index (Cindex), which is valued from 0 to 1. It is an extension of the area under the receiver operating characteristic curve to censored time-to-event data (16, 26).

Generally, it is defined as



Where i and j are sample indexes. s, t, and p are end state, survival time and hazard ratio of a given sample, respectively. I(z1, z2) is defined as:



The other metric is the survival analysis with the log-rank test. Kaplan-Meier survival curves are generated by dichotomizing all patients in the testing dataset into low-risk and high-risk groups via the median hazard ratio. The corresponding log-rank p-value indicates the ability of the model to differentiate two risk groups. The lower the p-values, the better the model performance.



Running Configuration


Datasets

To train the prognosis models, the presented dataset was randomly split into train set (682 patients), validation set (227 patients), and test set (228 patients). Furthermore, we also obtained a SEER dataset (9,534 patients) by selecting the IB-IIA stage lung cancer patients from SEER to test the generalization performance of the models.



Models

The proposed SurvNet was compared with the traditional Cox proportional hazards model and neural network extended Cox model (Cox-Net). For a fair comparison, the Cox-Net shared the same architecture with the Cox regression module in SurvNet except for the context gating module. The network settings is presented in Table 2. Besides, we set T = 36 for SurvNet and the coefficients α, β, and γ were set to 0.2, 1, 3, respectively. The RMSProp (33) with default learning parameters in Pytorch was used as the optimizer and the weight decay was set to 0.00001. All of the networks run 100 epochs with batch size 64. For each run, the weight parameters that achieved the best Cindex on the validation dataset were used to evaluate the performance of the model on the test dataset.


Table 2 | Network settings for Cox-Net and SurvNet.






Performance on Our Dataset

To eliminate the influence of initial values of neural networks, we run Cox-Net, SurvNet, and SurvNet-ae (SurvNet without survival classification module) five times. For each running, the model with the highest Cindex on the validation dataset is selected to evaluate the performance on the test dataset. The boxplot of the Cindex is presented in Figure 3. It demonstrates that the proposed SurvNet with and without survival classification module outperformed the Cox-Net significantly by the using input reconstruction module to learning the latent feature of incomplete data with missing values. And the proposed survival classification module further improves the network’s performance. Besides, the best Cindex of traditional Cox model, Cox-Net, and the proposed SurvNet are 0.5612, 0.5627, 0.6367, respectively. The proposed SurvNet outperforms the other models significantly.




Figure 3 | The boxplot of the Cindex on the validation dataset and test dataset. “SurvNet-ae” denotes the SurvNet without survival classification module.



Furthermore, by interpreting the outputs of the models as the log hazard ratio, two groups (high risk and low risk) are obtained by using Eq. (1) where PI was set to the median of log hazard ratios. The Kaplan-Meier estimation of the Cox model, Cox-Net and the proposed SurvNet on the test dataset are presented in Figure 4. The log-rank p-values (the lower the better) of the three methods are 0.293, 0.072, 0.002. It is obvious that the difference between high and low risk groups obtained by neural network based models is more significant than that of high and low risk groups obtained by the Cox model. Moreover, the difference between high and low risk groups obtained by SurvNet is most significant. It demonstrates that the proposed SurvNet achieves the best performance.




Figure 4 | Performance of the Cox model, Cox-Net, and the proposed SurvNet on our test dataset. The Kaplan-Meier estimation (with 95% confidence intervals) of high risk and low risk groups are shown and the log-rank test was performed to compare survival curves between two groups.



In addition, the distribution of survival times of patients in each group is presented in Figure 5. The proposed SurvNet achieves the largest median survival time for low risk group and the lowest median survival time for high risk group. It demonstrates that the proposed method improves the performance of fine-grained prognosis prediction for IB-IIA stage non-small cell lung cancer.




Figure 5 | The distribution of survival time of high-risk group and low risk group obtained by three models.





Robustness on Missing Values

To further evaluate the robustness of prognosis models on incomplete data with missing values, we randomly zeroed the values of the input vector in the test dataset with drop probability dp and then evaluated the performance of the trained models. For each drop probability dp, we run each model 100 times.

The boxplot of Cindex is illustrated in Figure 6. As drop probability gets large, the performance of the three models gets worse. Notably, the proposed SurvNet performed more stable and the Cindex of the SurvNet is always larger than that of the Cox model and Cox-Net significantly.




Figure 6 | The boxplot of the Cindex on the test dataset with different drop probabilities.





Generalization Performance on SEER Dataset

The generalization performance is an important measurement of prognosis models. SEER dataset has been widely used in the literature. In this study, we focused on the IB-IIA stage non-small lung cancer and obtained a dataset of 9,534 patients.

We evaluated the models, which have been trained using our dataset, on the obtained SEER dataset. The Cindex of Cox model, Cox-Net, and SurvNet are 0.5955, 0.5617, and 0.6003, respectively. Besides, as the Kaplan-Meier estimation presented in Figure 7 shows, the difference between high and low risk groups obtained SurvNet is more significant than that of high and low risk groups obtained by other two models. The proposed SurvNet achieves better generalization performance than the Cox model and Cox-Net.




Figure 7 | The generalization performance of Cox model, Cox-Net, and the proposed SurvNet on SEER dataset. For each model, the Kaplan-Meier estimation (with 95% confidence intervals) of high risk and low risk groups are shown and the log-rank test was performed to compare survival curves between two groups.






Conclusion

Prognosis prediction for IB-IIA stage lung cancer is important for improving the accuracy of the management of lung cancer. In this study, a new real-world dataset is collected and a novel multi-task based neural network, SurvNet, is proposed to further improve the prognosis prediction for IB-IIA stage lung cancer. In the proposed SurvNet, the input reconstruction module overcomes the problems by missing values and the proposed context gating mechanism could bridge the gap between Cox regression and survival classification. By training in a multi-task framework, the proposed SurvNet outperforms the traditional Cox model and Cox-Net significantly. It achieved higher Cindexs and lower p-values on the proposed dataset and better generalization performance on the SEER dataset. It is apparent to be a promising method for survival analysis tasks. A limitation of the proposed SurvNet may lie on the survival classification module which just considers survivals on some fixed time point rather than a set of non-overlap time intervals. Future work will be focused on how to integrate survival classification module that classifies the survivals into a set of time intervals with the Cox regression module to further improve the performance on prognosis prediction.
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Choroidal melanomas are the most common ocular malignant tumors worldwide. The onset of such tumors is insidious, such that affected patients often have no pain or obvious discomfort during early stages. Notably, enucleation is required for patients with a severe choroidal melanoma, which can seriously impact their quality of life. Moreover, choroidal melanomas metastasize early, often to the liver; this eventually causes affected patients to die of liver failure. Therefore, early diagnosis of choroidal melanomas is extremely important. Unfortunately, an early choroidal melanoma is easily confused with a choroidal nevus, which is the most common benign tumor of the eye and does not often require surgical treatment. This review discusses recent advances in the use of multimodal and molecular imaging to identify choroidal melanomas and choroidal nevi, detect early metastasis, and diagnose patients with choroidal melanomas.
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Introduction

Choroidal melanomas are the most common intraocular malignant tumors worldwide, as well as the second most common type of malignant melanoma. However, the current consensus is that choroidal melanomas and cutaneous melanomas are different types of tumors (1). Thus, their causes, pathogenesis, diagnosis, treatment, and prognosis are quite different (2). Choroidal melanomas can originate from choroidal nevi, which are the most common benign ocular tumors and typically do not require surgical treatment. Notably, 6–10% of patients with a choroidal melanoma have a second primary tumor (3). Furthermore, patients with an advanced unilateral retinoblastoma may have isolated choroidal melanocytosis in the contralateral eye, which can progress to a choroidal melanoma (4, 5).

Choroidal melanomas have an insidious onset and often do not result in pain or obvious discomfort, until they cause inflammation, neovascular glaucoma, or ocular extension (3). Nevertheless, patients with a severe choroidal melanoma require enucleation, which can seriously impact their quality of life. In the past decade, radiotherapy has gradually become the first-line treatment for such patients (6); this treatment modality includes proton beam and plaque brachytherapy (7). However, compared with enucleation, the 5-year survival rate of radiotherapy has not significantly improved (8).

The prognosis of a choroidal melanoma is closely linked with its cytogenetic type and histological grade, which is a distinguishing feature from other cancers (9). The haplotype of chromosome 3 and amplification of chromosome 8 are significantly associated with tumor metastasis, consistent with the American Joint Committee on Cancer (AJCC) staging of the tumor. In addition, a combination of AJCC staging and cytogenetic status can provide greater accuracy than separate assessment methods in predicting patient prognosis (10). At the genetic level, mutations in BAP1, EIF1AX, SF3B1 and other genes have been shown to affect patient prognosis; specifically, patients with EIF1AX mutations have relatively more positive prognoses, while patients with SF3B1 mutations are more prone to have advanced metastasis. Furthermore, absence of the tumor suppressor gene BAP1 will lead to tumor metastasis, thus significantly reducing the survival rate among affected patients (11–13). Choroidal melanomas have been classified into two types on the basis of the gene expression profile: I (low-risk) and II (high-risk) (14). For patients with type II uveal melanoma, the prognosis is not influenced by interventions, but has a strong relationship with the largest basal diameter (LBD); LBD < 12 mm is associated with better prognosis (14, 15). Many prognostic prediction models have been developed, including the Liverpool Uveal Melanoma Prognosticator Online; this model combines tumor histology (e.g., LBD), genetic status (e.g., chromosome 3 monosomy), and other factors to predict all-cause mortality and support personalized treatment (16–18).

Metastasis reportedly affects 50% of patients with uveal melanomas (1). The most common route of choroidal melanoma metastasis is through blood to the liver (19); this event occurs early in the progression of disease. Some results have implied that early metastasis occurs 5 years before the diagnosis and treatment of a choroidal melanoma (3). Other studies have suggested that metastasis is inevitable for patients with choroidal melanomas (20); there remains no optimal scheme or evidence for the treatment of metastatic uveal melanomas (1).

Because of the insidious onset and poor prognosis of choroidal melanomas, early diagnosis of affected patients is extremely important (14). The gold standard for tumor diagnosis is a biopsy and subsequent pathological examination. However, fine-needle aspiration biopsy of the vitreous body in an eye with a choroidal melanoma can lead to seeding of the ciliary body and sclera (21). Therefore, fine needle aspiration biopsy is not an ideal diagnostic method for patients with a suspected choroidal melanoma. Furthermore, early non-invasive diagnosis is important for timely detection of choroidal melanomas and prediction of patient prognosis.

This review focuses on the important roles of multimodal and molecular imaging (e.g., positron emission tomography/computed tomography [PET/CT]) in the identification and monitoring of choroidal nevi, early detection of choroidal melanomas, and recognition of metastasis.



Identification and Monitoring of Choroid Nevus

According to the Collaborative Ocular Melanoma Study classification, a choroidal nevus constitutes a choroidal melanocytic lesion with LBD ≤ 5 mm and thickness ≤ 1 mm (22). Most instances of choroidal nevus (91%) occur in the posterior portion of the eye (22). Histologically, a nevus is composed of benign cells (i.e., atypical melanocytes). A choroidal nevus is not a congenital condition and most often is acquired (23). Some studies indicate that a high estrogen level and high body mass index are important risk factors for choroidal nevi (24). Furthermore, Singh et al. suggested that systematic resistance to estrogen leads to obesity and increased body mass index; they presumed that this mechanism contributes to choroidal nevus onset. Studies of postmenopausal women also revealed that the incidence of choroidal nevi was twofold greater in overweight women than in normal-weight women. Vitamin C has been reported to reduce the incidence of choroidal nevi (22).

However, when the mass thickness is > 2 mm, as measured by ultrasound, the hazard ratio significantly increases for transformation from a choroidal nevus to a choroidal melanoma (25). Additional risk factors include worse Snellen visual acuity, empty echo findings on ultrasound, LBD > 5 mm on fundus examination, subretinal fluid on optical coherence tomography (OCT) examination, and orange pigment deposition (i.e., lipochrome) on autofluorescence examination (26–29). Traditional angiography methods (e.g., fluorescein angiography) are important for differentiating a choroidal nevus from a choroidal melanoma on the basis of subretinal vessel morphology. Current OCT technology is suitable for observation of vascular morphology information. When a choroidal nevus exhibits long-term exudative subretinal fluid and multiple punctures, OCT angiography (OCTA) shows choroidal neovascularization, consistent with fluorescein angiography findings (24, 30). Swept-source OCT can show narrow border vessels significantly related to the subretinal fluid (31); enhanced depth imaging (EDI)-OCT has demonstrated thin blood vessels covering 94% of choroidal nevi (32). Francis et al. (31) proposed that the tumor diameter is closely related to secondary retinopathy, while OCT can distinguish a choroidal nevus by identifying fine retinal structure. OCTA can reveal that the Bruch’s membrane–retinal pigment epithelium–Bruch’s membrane complex is complete and regular in a choroidal nevus, while the Bruch’s membrane–retinal pigment epithelium–Bruch’s membrane complex and the shape of the outer retinal layer are fuzzy in a choroidal melanoma (33). Notably, EDI-OCT has shown that photoreceptor cells exposed to subretinal fluid in a choroidal nevus exhibit atrophy (i.e., “stalactites” or “cracks”), while photoreceptor cells in a small melanoma became loose and exhibit “furry” morphology, with more irregular retinal layers accompanied by considerable structural damage (22, 26, 32). OCTA can distinguish the macular characteristics of choroidal nevi and choroidal melanomas; Valverde et al. suggested that the mass thickness is closely related to the difference of macular characteristics. The superimposed macular microvascular changes are smaller in choroidal nevi (34); the central macular thickness, fovea avascular area, and choroidal capillary thickness are similar to those parameters in healthy fellow eyes. In choroidal melanomas, central macular thickness increases, fovea avascular area increases, and choroidal capillary thickness decreases; moreover, the blood flow rate is considerably lower than normal (11.2%) (33).



Diagnosis of Choroid Melanoma

For large choroidal melanomas, the diagnosis is mainly performed by slit lamp examination, indirect ophthalmoscopy, fluorescein angiography, and ultrasound (35). For early small choroidal melanomas, there is controversy regarding the most suitable diagnostic approach. Kivela et al. reported that biopsy should be performed to distinguish this type of tumor from a choroidal nevus (35), whereas Singh et al. stated that fine needle aspiration cytology should not be used due to the risk of tumor spread (3). Therefore, imaging is particularly important for the diagnosis of choroidal melanomas. Currently available imaging methods for choroidal melanomas include ultrasound (A-mode, B-mode, and color Doppler), magnetic resonance imaging (MRI), and OCT (i.e., swept-source OCT, spectral domain OCT, EDI-OCT, and OCTA). Each approach has unique advantages and disadvantages in various situations.

Since choroidal melanomas usually appear as low reflectivity, A-mode ultrasound can provide the best imaging effect (26). In A-mode ultrasound, choroidal melanomas exhibit low echo, smooth attenuation, and vascular pulsation (3). In B-mode ultrasound, choroidal melanomas can appear to be bulging. If the tumor penetrates Bruch’s membrane, it will assume a collar button or mushroom-like appearance; such tumors have no echo and contain a cavity in the posterior wall. These tumors also contain a choroid gap and orbital shadow (3, 36). Real-time high-resolution ultrasound (i.e., fusion ultrasound) can demonstrate choroidal melanoma and optic nerve structures in real time. Additionally, MRI combined with real-time color Doppler ultrasound can observe the tumor structure and evaluate the retrobulbar vascular system (37). Ultrasound is considered the most important method for evaluation of choroidal melanoma progression; ultrasound is superior to MRI in the detection of extrascleral extension (38, 39). When a choroidal melanoma involves the optic nerve, the fundus may have a similar manifestation of optic neuritis; MRI may show the tumor as a mass adjacent to the optic nerve. However, ultrasound evaluation can show the absence of an echo and reveal intraocular components, thus aiding in diagnosis of the mass (40). Nevertheless, for small choroidal melanomas, the specificity of ultrasound involving subretinal fluid is low, because such tumors cannot be distinguished from retinal thickening, cystic changes, and pigment epithelial detachment (41). EDI-OCT can partially compensate for this deficiency (36, 42).

MRI has limited diagnostic value for choroidal melanomas (3). For large tumors or those with poorly reflective structures in ultrasound examination, MRI can be used to detect whether the mass has penetrated through the sclera (36). However, the presence of nonspecific inflammation, angiogenesis, and motion artifacts can lead to false positive results (38).

OCT can reveal extensive details of choroidal melanomas. In particular, this method can show whether the choroidal melanoma surface is regular and lobular (43), whether it exhibits normal retinal thickness and a complete photoreceptor cell layer, and whether extensive retinal detachment and “debris” are present in the dorsal retina (19). Swept-source OCT can show fine details of the choroid near the fovea and posterior pole (44). Furthermore spectral domain OCT can help to observe lesions in the pigment epithelium (45). The combined use of OCT and fundus fluorescein angiography can help to identify subretinal fluid and orange pigment (35). Previous studies have shown that 60% of the subretinal fluid in a choroidal melanoma is patchy, while 40% is diffuse (46). EDI-OCT is an effective tool to identify structural changes in the retina in patients with small choroidal melanomas (47). This method can show retinal edema, “fluffy” or lost photoreceptor cells, an irregular ganglion cell layer, broken connections between internal and external segments, an irregular inner plexus layer, the loss of external membrane, and other structural damage (26). It is also more accurate for measurement of tumor thickness, compared with ultrasound. Specifically, the tumor thickness is 55% greater when measured by ultrasound than when measured by EDI-OCT, which reveals the most actual thickness. Additionally, EDI-OCT can identify a subclinical level of peripheral subretinal fluid that is not yet visible via ophthalmoscopy (36). Therefore, EDI-OCT is important in the early diagnosis and evaluation of choroidal melanomas.

In addition to the retinal structure, advancements in OCT technology have improved the visibility of the tumor vasculature. Large choroidal melanomas have a double cycle; extensive and progressive fluorescence are evident under fundus fluorescein angiography (3). Furthermore, swept-source OCT can clearly display the intrinsic tumor vasculature, with an effect similar to that of indocyanine green angiography (48). With the exception of hemangiomas, most choroidal tumors show internal compression of the vasculature (45). Therefore, OCTA shows that choroidal melanomas have a dense and irregular vascular network in the outer retinal layer and choroidal layer, while choroidal nevi show reduced blood flow in the corresponding area (49).



PET/CT to Predict Recurrence or Metastasis of Choroidal Melanoma

As mentioned above, early melanocyte aggressiveness is closely related to tumor prognosis. Therefore, evaluation of the risks of choroidal melanoma recurrence and metastasis on the basis of early cytological behavior can provide timely prognostic information; this can be combined with histological evaluation of the tumor to provide more guidance for medical decision-making. PET/CT is appropriate for this application; it can aid in early intervention before morphological recurrence and tumor metastasis, thus greatly improving patient survival.

PET/CT is typically used to evaluate tumor activity and the risks of recurrence or metastasis by means of cell metabolism assessment. Metabolic activity is negatively correlated with metastasis duration (50). Parameters related to cell metabolism include maximum standardized uptake value (SUVmax) and metabolic rate of glucose. SUVmax is defined as the ratio between the radiation concentration and the injection dose in the region with the highest uptake signals of 18F-fluorodeoxyglucose (18F-FDG, the analog of glucose) and other tracers; this parameter can be used to semi-quantitatively evaluate cellular metabolic rates (51). The metabolic rate of glucose is the product of 18F-FDG clearance rate and blood glucose concentration (i.e., glucose uptake rate per unit of tracer distribution) (52). This parameter can accurately quantify the degree of metabolic activity; it also helps to distinguish among tumor cell types, thereby indirectly evaluating the risks of recurrence and metastasis. Notably, epithelioid cell melanomas have worse prognoses than spindle cell melanomas (53). Similarly, SUVmax and LBD are significantly associated with metastatic death. Higher SUVmax is reportedly indicative of greater tumor diameter or thickness (54). Among patients with choroidal melanoma who underwent 6 months of treatment, choroidal thickness was significantly reduced, compared with baseline (55). Therefore, the magnitude of SUVmax may influence the therapeutic effect. Furthermore, the magnitude of SUVmax is reportedly related to the pathological classification of melanoma. Higher SUVmax often indicated a nodular tumor, while lower SUVmax implied diffuse infiltration (54). Chromosome 3 monosomy and chromosome 8 amplification are strongly correlated with choroidal melanoma metastasis. The metastasis and prognosis of choroidal melanoma are mainly related to the above cytogenetic changes, rather than the AJCC stage. Notably, some studies have suggested that SUVmax is related to chromosome 3 monosomy in choroidal melanomas. Among those tumors, 92% have SUVmax > 2.5, while 67% have SUVmax > 4. Therefore, SUVmax > 4 may be an indirect indicator of chromosome 3 monosomy in choroidal melanomas (56).

PET can qualitatively assess tumor development by monitoring variations in cell metabolism. Surveillance with 18F-FDG PET/CT may exclude metastasis or suggest necrotic choroidal melanoma if cell metabolism is obviously low. Clinically significant changes in the metabolic activity of a lesion may indicate local recurrence (57, 58).



Combined Multimodal and Molecular Imaging to Assess Metastasis of Choroidal Melanoma


Routine Detection of Liver Metastasis

The liver is the most common metastatic site of choroidal melanomas (59), such that approximately half of affected patients have liver metastasis (60). Moreover, liver metastases are often the first non-ocular locations affected (61). The median disease-free survival time of patients with choroidal melanoma is 26 months, while the median survival time is only 8 months after initial metastasis detection (62). Patients often die of liver failure, manifested by ascites and hepatomegaly. Biopsy of metastases revealed a maximum size of 100 cm2 (63). Presumably, the most important factors influencing survival rate are the levels of liver enzymes, especially lactate dehydrogenase and alkaline phosphatase (64). Mariani et al. have found that if LDH is 1.5 times higher than normal, it indicates poor prognosis of the patient (65). If these levels have been normal and the disease-free interval is > 36 months, the overall survival period is expected to be considerably longer (62). Therefore, early treatment of metastasis and management of liver enzyme levels are important considerations for patient survival.

Serial hepatic ultrasound and confirmatory scans (e.g., CT) can reveal asymptomatic metastasis (66). However, Mariani et al. have suggested that USG can only detect lesions on the liver surface, which indicated the limited effect (65). For newly diagnosed uveal melanoma, MRI staging can accurately recognize early liver metastasis (61, 67). Mariani et al. believe that the number and maximum surface area (>800mm2) of metastasis under MRI can be used as important indicators to predict the survival rate of patients (65). Because of the vascular richness in uveal melanoma, a metastasis on MRI appears as multiple enhanced solid liver lesions with the high T1 signal characteristic of melanomas (68). Diffuse-weighted images (DWI) can be used to detect more metastasis, which appearances as the high signal, and the lesion can still exist when the dispersion sensitivity coefficient is adjusted to the highest, thus more metastasis < 5mm can be detected, regardless of the location of the metastasis in the liver (65). Regarding the frequency of MRI detection, intervals of 3 months (60) and 6 months (69) have been suggested.

In CT scans, liver metastases often constitute multiple, heterogeneous, hypodense, and enhanced lesions, with an average size of 46.8 cm2 (63). The detection efficiency of dual-energy CT with low kVp is superior to that of virtual 120 kVp CT with digital subtraction angiography images (70). Positive CT or MRI findings were compared with positive ultrasound findings; the results showed that 53% of the CT/MRI findings were completely consistent with ultrasound findings, 11% were completely inconsistent, 29% were negative findings on ultrasound, and 7% could not detect the positive findings on ultrasound. It has been suggested that CT scans of the chest, abdomen, and pelvis should be performed before the assessment of the patient’s prognosis (71). Thus, CT/MRI is presumed to constitute a more efficient approach than ultrasound; in particular, confirmatory MRI scanning may be useful in patients with abnormal liver enzyme levels (72).



Usefulness of PET Staging for Choroidal Melanomas

According to the AJCC, choroidal melanomas are divided into the following four stages: T1, LBD < 10 mm and thickness < 2.5 mm; T2, LBD 10–16 mm and thickness 2.5–10 mm; T3, LBD > 16 mm and thickness > 10 mm, without extraocular invasion; T4, LBD > 16 mm and thickness > 10 mm, with extraocular invasion. T1 and T2 stages are each divided into three clinical sub-stages on the basis of the external invasion status: none, microscopically visible, and visible with the unaided eye. Thus, extraocular invasion status (i.e., extraocular extension and metastasis) is important for the staging of choroidal melanomas.

Although PET/CT is not currently used as a routine method for detection of metastasis, it can be used to detect metastasis in patients with normal CT findings and normal liver enzyme levels (73, 74). Thus, this approach is helpful for metastasis screening and tumor staging; it can also be used as a supplementary alternative for patients with contraindications to MRI (75). Most liver metastases can be qualitatively detected through PET/CT, in combination with 18F-FDG to detect local uptake and MRI for confirmatory diagnosis (76, 77). Furthermore, PET/CT is suitable for detecting extrahepatic metastases of T4 stage tumors (78). Second primary cancers in 10% of patients with choroidal melanomas can be detected by PET/CT (77). However, the initial staging value of PET/CT for choroidal melanoma is not superior to MRI (76, 79), because PET/CT can only detect 33% of T2 stage tumors and 75% of T3 stage tumors (80). Small liver lesions cannot be detected by PET/CT (59, 79), while MRI of the abdomen and chest can detect nearly all metastases of uveal melanomas (81). In addition to lung and liver metastases, PET/CT can detect suspected local uptake of 18F-FDG in lymph nodes, which can then be confirmed by ultrasound and fine needle aspiration cytology (58). Therefore, ultrasound combined with PET/CT has been proposed for the initial staging of choroidal melanomas; chest radiography combined with analysis of liver enzyme levels may be appropriate for long-term staging (77).

Because PET/CT can assess cell metabolism and anatomical changes throughout the body, it is applicable for use in all patients with choroidal melanoma who require evaluation and/or restaging of extrahepatic metastases (82). Figure 1 accounts for the current multimodal and molecular imaging techniques assessing the primary tumor and metastasis of choroidal melanomas.




Figure 1 | Multimodal and Molecular imaging techniques to assess choroidal melanoma. This illustration is created by Biorender.com (A) enhanced depth imaging (EDI)-OCT image is reprinted with permission from ref (42).Copyright © 2015 Ann Q. Tran et al. (B) Ultrasound image is reprinted with permission from ref (3).Copyright © 2012 Singh P and Singh A (C) magnetic resonance imaging (MRI) and CT image is reprinted with permission from ref (66).Copyright © 2020 The Author(s) (D) PET/CT image is reprinted with permission from ref (75).Copyright © 2018 Middle East African Journal of Ophthalmology.






Discussion

Choroidal melanomas are insidious tumors prone to extraocular extension and metastasis. Therefore, early diagnosis of choroidal melanomas and timely detection of metastases are particularly important. Early choroidal melanomas can easily be confused with choroidal nevi, so accurate identification of choroidal nevi is needed. Pathological examination is considered the gold standard for cancer diagnosis; thus far, invasive examination is not recommended for early choroidal melanomas. Therefore, non-invasive imaging methods are critical for the assessment of patients with suspected choroidal melanoma. Ultrasound is an important method for the diagnosis and monitoring of choroidal melanomas; in combination with other imaging techniques, ultrasound enables real-time observation of tumors and their posterior structures. Compared with ultrasound, OCT methods (especially EDI-OCT) provide more accurate and detailed observations of the morphology and blood supply of choroidal melanomas, offering valuable information for the diagnosis and monitoring of these tumors. MRI and CT are of limited value during diagnosis of the primary tumor, but are indispensable for tumor staging and metastasis detection. PET/CT is a powerful supplement to the above imaging methods for the staging of choroidal melanomas; it can identify metastases that not detected in a timely manner by conventional imaging methods.

Current technology allows the use of PET/CT to assess the risks of tumor recurrence and metastasis at the cytological level, prior to histological changes, by monitoring the metabolic behavior of melanoma cells. This information provides a reference for medical decisions and has the potential to greatly improve the survival and quality of life for affected patients. At the same time, there is an unavoidable challenge that the use of SPECT (such as 123IMP-SPECT) has the higher detection rate than 18FDG-PET/CT (83). Therefore, more effective radioactive tracer should be actively sought for PET/CT imaging of choroidal melanoma, so as to improve the sensitivity of PET/CT to the detection of micro-liver metastasis.
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Purpose

18F labelled PSMA-1007 presents promising results in detecting prostate cancer (PC), while some pitfalls exists meanwhile. An intra-individual comparison of 18F-FDG and 18F-PSMA-1007 in patients with prostate cancer were aimed to be performed in the present study. Then, the pitfalls of 18F-PSMA-1007 PET/CT in imaging of patients with prostate cancer were analyzed.



Methods and Material

21 prostate cancer patients underwent 18F-PSMA-1007 PET/CT as well as 18F-FDG PET/CT before treatment. All positive lesions were noticed in both 18F-PSMA-1007 PET/CT and 18F-FDG PET/CT, then differentiated PC metastasis from benign lesions. the SUVmax, SUVmean and TBR of lesions, up to 10 metastases and 10 benign lesions per patients were recorded (5 for bone, 5 for soft tissue metastasis ). The distribution of positive lesions were analyzed for two imaging. Detection rates, SUVmax, SUVmean and TBR in 18F-PSMA-1007 PET/CT and 18F-FDG PET/CT were compared, respectively. The optimal cut-off values of SUVmax, SUVmean for metastases vs. benign lesions was found through areas under ROC in 18F-PSMA-1007.



Results

The detection rates of primary lesions in 18F-PSMA-1007 PET/CT was higher than that of 18F-FDG PET/CT(100% (21/21) vs. 67%(14/21)). For extra- prostatic lesions, 18F-PSMA-1007 PET/CT revealed 124 positive lesions, 49(49/124, 40%) attributed to a benign origin; 18F-FDG PET/CT revealed 68 positive lesions, 14(14/68, 21%) attributed to a benign origin. The SUVmax, SUVmean, TBR of primary tumor in 18F-PSMA-1007 PET/CT was higher than that in 18F-FDG PET/CT (15.20 vs. 4.20 for SUVmax; 8.70 vs. 2.80 for SUVmean; 24.92 vs. 4.82 for TBR, respectively); The SUVmax, SUVmean, TBR of metastases in 18F-PSMA-1007 PET/CT was higher than that in 18F-FDG PET/CT (10.72 vs. 4.42 for SUVmax; 6.67 vs. 2.59 for SUVmean; The TBR of metastases was 13.3 vs. 7.91). For 18F-FDG PET/CT, the SUVmax, SUVmean in metastases was higher than that in benign lesions (4.42 vs. 3.04 for SUVmax, 2.59 vs. 1.75 for SUVmean, respectively). Similarly, for 18F-PSMA-1007 PET/CT, the SUVmax, SUVmean in metastases was significantly higher than that in benign lesions(10.72 vs. 3.14 for SUVmax, 6.67 vs. 1.91 for SUVmean, respectively), ROC suggested that SUVmax=7.71, SUVmean=5.35 might be the optimal cut-off values for metastases vs. benign lesions.



Conclusion

The pilot study suggested that 18F-PSMA-1007 showed superiority over 18F-FDG because its high detecting rate of PC lesions and excellent tumor uptake. While non-tumor uptake in 18F-PSMA-1007 may lead to misdiagnosis, recognizing these pitfalls and careful analysis can improve the accuracy of diagnosis.





Keywords: 18F-PSMA-1007, 18F-FDG, PET/CT, prostate cancer, pitfalls



Introduction

Prostate cancer is the second most common cancer in men (1). Early detection and accurate staging leads to improved clinical decision making. Different from traditional imaging (e.g., computed tomography (CT), magnetic resonance imaging (MRI)), whole-body imaging seems to be an advantage for PET/CT. Recently, the study of prostate-specific membrane antigen (PSMA) is growing and suggesting impressive results in the diagnosis and staging of prostate cancer (2–4).

18F labelled prostate-specific membrane antigen (PSMA)-1007 is a novel PSMA-based radiopharmaceutical, it was introduced into clinical practice because its excellent tumor uptake and high sensitivity for detecting lesions (5–7). Furthermore, 18F-PSMA-1007 is mainly cleared by hepatobiliary system, providing clinical practice benefits (8–10). 18F-FDG is the most widely used radiotracer, which is effective for diagnosis and staging of prostate cancer (11). So far, 18F-PSMA-1007 has not been compared with 18F-FDG yet.

Recently, with the extensive application of PSMA-target tracer, the pitfalls of PSMA-target PET has been found increasingly (12–15). The uptake of PSMA-ligand in other malignant and benign pathologies (e.g., celiac and other ganglia, fracture, degenerative changes) causes challenge to clinical diagnosis. Recognizing these limitations can be essential.

The aim of present study was to perform an intra-individual comparison of 18F-FDG and 18F-PSMA-1007 in the evaluation of patients with prostate cancer. Then analyzed the pitfalls that may appear when conducting 18F-PSMA-1007 PET/CT in order to reduce the probability of misdiagnosis.



Materials and Methods


Patients

A total of 21 patients (median age, 66 y; range, 50-82 y) with pathologically diagnosed as prostate cancer underwent 18F-PSMA-1007 PET/CT and 18F-FDG PET/CT before treatment. 18 (86%) of these patients were diagnosed as prostate cancer with perineal prostate biopsy; two (9%) patients were confirmed by biopsy of pelvic lymph node, ala of ilium, respectively; one (5%) patient was diagnosed by biopsy with cystoscope. The Gleason score was available for 16 patients, the median Gleason score was 9 (range 7–10). The treatment of patients was as follows, eight (38%) of the patients received exclusively androgen deprivation therapy (ADT), two (10%) patients was received ADT after docetaxel chemotherapy. Four (19%) patients was treated with only radical prostatectomy. Seven (33%) was treated with ADT after radical prostatectomy.

The study was ethically approved by the Institutional Ethics Committee (Ethics Committee of Sichuan Cancer Hospital, JS-2017-01-02) and in accordance to the local regulations of China. All patients signed a written informed consent form. The patients characteristics were listed in Table 1.


Table 1 | Patient characteristics.





Radiosynthesis and Quality Control

18F-PSMA-1007 was synthesized by a one-step method using an automated radiosynthesizer (Sumitomo, Japan) as was described (16). 18F- was acquired by (18F)/H218O nuclear reaction, and then loaded onto quarternary methyla-minecolumn (Waters, America), After eluted by 0.75 ml tetrabutylammonium hydrogen carbonate (TBAHCO3) solution (ABX, Radeberg, Germany), it was transfered into reactor and followed by the addition of 0.4 ml anhydrous acetonitrile (Sigma, America), then removal of water with the temperature of 95°C. 1.2 ml dimethyl sulfoxide (ABX, Radeberg, Germany) which dissolved with PSMA-1007 precursor (ABX, Radeberg, Germany) was added into reactor and performed fluorination reaction at 85°C for 10 min. Then diluted with 6 ml of 5% ethano and loaded onto PS-H+ and C18ec (ABX, Radeberg, Germany) followed by 4 ml of 30% ethanol. Final product was eluted with 4 ml of 30% ethanol and was added into 0.1 ml of 100 mg/L Vitamin C solution, 36 mL of 0.9% NaCl, then was sterilized by 0.22 μm filter (Millipore, America). High-performance liquid chromatography (HPLC, Shimadzu, Japan) was performed to test chemical purity, Further quality control (appearance, color, clarity, PH, and adionuclidic purity) was done and in compliance with current pharmacopoeias. The synthesis of 18F-FDG was performed as reported by Gallagher et al. (17).



Imaging Procedures

To reduce the mutual interference of the two radiotracers, imaging was carried out at different days. The median 6.5 (range 1.0–34.0) days passed from 18F-PSMA-1007 to 18F-FDG. Patients fasted for at least 6 h prior to injection of the 18F-FDG and blood sugar level is lower than 15 mg/L. The injected activity of 18F-FDG were mean 388 ± 55 MBq (range 281–503 MBq) and scanning was performed 60 min after injection, while the injected activity of 18F-PSMA-1007 were 348 ± 52 MBq (range 266–458 MBq), and according to Giesel et al. (5) imaging began 180 min after injection. All scans were obtained on a Biograph mCT-64 PET/CT scanner (Siemens). Non-enhanced low-dose (1.3–1.5 mSv) CT scan was performed with CT parameters (140 keV, 42 mA) section width of 8 mm, pitch of 0.8, and CT datas were used for attenuation correction. The PET-scan, PET was acquired in 3-D FlowMotion with an acquisition time of 2 min per bed position. Both scans was performed from vertex to the mid-thigh. Images were reconstructed with an ordered-subset expectation-maximization iterative reconstruction algorithm (three iterations, 21 subsets).



Image Analysis and Quantification

All images were evaluated by two double board-certified nuclear medicine physician. Volumes of interest (VOI) were drawn around lesions using an maximum standardized uptake value (SUVmax) threshold of isocontour of 42% (18). Intra-prostatic lesions were defined as positive if the tracer-uptake was focal and higher than surrounding prostate tissue (19). Other soft tissue and bone metastases were judged as positive when there were obvious morphological changes meanwhile corresponding lesions showed increased radiotracer-uptake above normal surroundings (20). Benign lesions were recognised based on typical pitfalls (e.g., ganglia, fracture, degenerative changes, and unspecific lymph nodes) in PSMA ligand PET imaging and information from CT (14). All PET positive lesions were counted and lesions grouped into: (a) local tumor growth, (b) soft tissue metastases [including lymph node (LN) metastases, other soft tissue metastases (e.g., lung, liver)] (c) bone metastases, (d) benign lesions. In accordance with previous studies, obturator muscle was chosen as background and VOI was drawn aroud it (19, 21). Tumor-to-background ratio (TBR) were defined as SUVmax of lesions/SUVmax of obturator muscle. for the SUVs (SUVmax and SUVmean), TBR of primary tumor, up to 10 metastases per patients were recorded (five for bone, five for soft tissue metastasis); the SUVs (SUVmax and SUVmean) of up to 10 benign lesions per patients were recorded.



Statistical Analysis

Statistical analysis was performed using SPSS software, version 24.0 (IBM Corp.). The nonparametric Mann-Whitney U test for two independent samples was used to compare the SUVs, TBR of all lesions. When performed 18F-PSMA-1007 PET/CT, Areas under receiver operating characteristic curves (ROC) were calculated and optimal cut-off values of SUV in metastases vs. benign lesions were calculated using the Youden’s index. P < 0.05 were considered significant.




Results

The median initial PSA was 41.20 ng/ml (range, 5.00–200.00 ng/ml). The median of 6.5 d (range, 1.0–34.0 d) passed from 18F-PSMA-1007 PET/CT to 18F-FDG PET/CT. The SUVmax of urinary bladder was significantly lower in 18F-PSMA-1007 PET/CT than in 18F-FDG PET/CT (median SUVmax of 2.40 (range 0.60–11.00) vs. 15.64 (range 6.19-35.47), P < 0.001). No statistically significant difference was found when evaluating the SUVmax of 18F-FDG PET/CT and 18F-PSMA-1007 PET/CT for obturator muscle (median SUVmax of 0.75 vs. 0.70, P = 0.061) (Table 2).


Table 2 | Comparison of mean SUV and TBR of lesions in 18F-PSMA-1007 PET and 18F-FDG PET.




Local Lesion Finding and Uptake

Among these 21 prostate cancer patients, 18F-PSMA-1007 PET/CT detected all patients (100%), eight (38%) cases of them had obvious multifocality. 14 of 21 cases (67%) was identified by 18F-FDG PET/CT, and none of them was found multifocality (Table 1, Figure 1). SUVmax, SUVmean of local lesions was significantly higher in 18F-PSMA-1007 PET/CT than in 18F-FDG PET/CT (median SUVmax of 15.20 (range 6.20–75.00) vs. 4.20 (range 2.80–10.50), P < 0.001), (median SUVmean of 8.70 (range 3.80–43.00) vs. 2.80 (range 1.60–.30), P < 0.001). TBR of local lesions was significantly higher in 18F-PSMA-1007 PET/CT than in 18F-FDG PET/CT (median TBR of 24.92 (range 8.41–117.06) vs. 4.82 (range 1.00–14.00), P < 0.001) (Table 2).




Figure 1 | Maximum-intensity projections of PET examinations using 18F-PSMA-1007 (A) and 18F-FDG (B). Axial PET/CT for 18F-PSMA-1007 (C) and 18F-FDG (D). The 74-y-old patient presented with PSA serum level of 42.5 ng/ml at time of examinations. With positive biopsy (Gleason score 7 [4 + 3]) and was treatment-na¨ıve at the time of the examinations. (C) 18F-PSMA-1007 PET/CT showed PSMA-positive lesions in the prostate and the lesions had obvious multifocality, the SUVmax was 15.18. (D) 18F-FDG PET/CT showed a focal positive lesions in the prostate and the SUVmax was 5.88.





Metastases Finding and Uptake

18F-PSMA-1007 PET/CT found 124 lesions with focal PSMA-ligand uptake, 49 (40%) of them attributed to benign origin (17 (35%) lesions suspicious of ganglia, 12 (24%) lesions attributed to unspecific lymph nodes, five (10%) lesions for fracture, five (10%) lesions attributed to degenerative changes, three (6%) lesions for unspecific soft tissue, seven (15%) lesions showed focal increased radiotracer-uptake above normal surroundings in PSMA PET without corresponding morphological changes in CT (two lesions for bone, five for others); 75(60%) attributed to metastases [50(67%) lesions for bone metastases (Table 3), 25(33%) for lymph node metastases, no other soft tissue metastases was found]. For details see Figure 2. The SUVmax, SUVmean for suspicious metastases was significantly higher than probably benign (median SUVmax of 10.72 (range 1.42–79.70) vs. 3.14 (range 1.26–12.98), P < 0.001), (median SUVmean of 6.67 (range 0.89–50.16) vs. 1.91 (range 0.89–8.30), P < 0.001). (Table 2, Figure 4). ROC showed that optimal cut-off values of SUV in metastases vs. benign lesions was SUVmax = 7.71, (Areas under curve (AUC) = 0.795, P < 0.001), SUVmean = 5.35 (AUC = 0.791, P < 0.001) (Figure 3).


Table 3 | The distribution of PSMA-positive lesions and FDG-positive lesions.






Figure 2 | (A–C) Axial CT, (D–F) axial PET/CT of pitfalls in 18F-PSMA-1007. Unspecific PSMA-ligand uptake in right inguinal lymph node (A, D), PSMA-ligand uptake in pelvic ganglia (B, E) and PSMA-ligand uptake in right non-displaced rib fracture (C, F).






Figure 3 | Receiver operating characteristic curves (ROC) of SUVmax (A), SUVmean (B) in metastases vs. benign lesions for 18F-PSMA-1007 PET/CT.






Figure 4 | (A) Comparison of mean SUVmax and its SD of 18F-PSMA-1007 and 18F-FDG for local lesions and metastases. (B) Comparison of mean SUVmean and its SD of 18F-PSMA-1007 and 18F-FDG for local lesions and metastases. (C) Comparison of mean TBR (tumor-to-background ratio) and its SD of 18F-PSMA-1007 and 18F-FDG for local lesions and metastases.



18F-FDG PET/CT detected a total of 68 FDG-positive lesions, 14 (21%) with benign origin [seven (50%) lesions attributed to unspecific lymph nodes, three (22%) lesions for fracture, two (14%) for degenerative changes, two (14%) for others], 54 (79%) with metastases [32 (59%) lesions attributed to bone metastases, 22 (41%) lesions suspicious of LN metastases]. For details see Table 3. The SUVmax, SUVmean for suspicious metastases was significantly higher than probably benign [median SUVmax of 4.42 (range 1.05–12.41) vs. 3.04 (range 1.71–5.60), P = 0.036), (median SUVmean of 2.59 (range 0.86–7.81) vs. 1.75 (range 0.86–3.38), P = 0.014] (Table 2).

No statistically significant was found when comparing the SUVs of lesions attributed to benign with 18F-PSMA-1007 and 18F-FDG (median SUVmax 3.14 vs. 3.04, P > 0.05), SUVmean (median SUVmean 1.91 vs. 1.75, P > 0.05). SUVmax, SUVmean of metastases was significantly higher for 18F-PSMA-1007 PET/CT than for 18F-FDG PET/CT (median SUVmax of 10.72 (range 1.42–79.70) vs. 4.42 (range 1.05–12.41), P < 0.001), (median SUVmean of 6.67 (range 0.89–50.16) vs. 2.59 (range 0.86–7.81), P < 0.001). TBR of metastases was significantly higher in 18F-PSMA-1007 PET/CT than in 18F-FDG PET/CT (median TBR of 13.3 (range 1.61–96.02) vs. 7.91(range 1.28–96.02), P < 0.001 (Figure 4).




Discussion

This retrospective study mainly focused on comparing the detection rate of local lesions and metastases (both LN and bone metastases) in 18F-FDG PET/CT and 18F-PSMA-1007 PET/CT. Simultaneously, performing a comparison of lesions attributed to benign origin and lesions attributed to metastases in 18F-FDG PET/CT and 18F-PSMA-1007 PET/CT, respectively.

Detection rate for local lesions in 18F-PSMA-1007 PET/CT was higher than in 18F-FDG PET/CT (100% (21/21) for 18F-PSMA-1007 PET/CT, 67% (14/21) for 18F-FDG PET/CT) and 18F-PSMA-1007 PET/CT was more likely to find lesions with multifocality (eight cases for 18F-PSMA-1007 PET/CT, none for 18F-FDG PET/CT). This might be explained by the following reasons: Firstly, PSMA is a type II transmembrane glycoprotein that is strongly overexpressed in PCa cells (both primary tumor and metastases) and low in benign prostate tissue (22–24), making 18F-PSMA-1007 PET/CT a promising technique for detecting and locating prostate cancer. Furthermore, hepatobiliary elimination seems to be another advantage for 18F-PSMA-1007, while 18F-FDG mainly excreted via urinary tract (17, 25); low bladder/ureter activity in 18F-PSMA-1007 PET/CT make it possible to differentiate primary tumor and pelvic lymph node metastases from the bladder urinalysis activity (26). In present study, we found 18F-PSMA-1007 PET/CT was more likely to detect metastases (both LN and bone metastases) than 18F-FDG PET/CT (75 lesions for 18F-PSMA-1007 PET/CT, 54 for 18F-FDG PET/CT). However, a recently published study shows no significant difference was found when comparing the detection rate in 18F-PSMA-1007 and 18F-DCFPyL (27). Both tracers belong to the same family of PSMA ligands and labelled by the same radioisotope (18F) may explain the phenomenon (28).

Consistent with previous studies, we found that 18F-PSMA-1007 PET/CT shows high tumor-to-background ratios (TBR) in lesions with prostate cancer (6), median TBR of 24.92 in local lesions with prostate cancer, median TBR of 13.30 in lymph node metastases and bone metastases with prostate cancer. The median TBR of 18F-FDG PET/CT in local lesions with prostate cancer, lymph node metastases, and bone metastases with prostate cancer was 4.82 and 7.91, respectively. After injection of 18F-PSMA-1007 for 3 h, the uptake of radio-tracer in prostate cancer lesions demonstrated a remarkable increasing and leading to the improvement of tumor-to-background ratios (5), it makes tumor lesions more visible in 18F-PSMA-1007 PET/CT than in 18F-FDG PET/CT.

Recent studies suggest that PSMA-target PET shows some pitfalls in clinical application, especially in 18F labeled PSMA, as it may be expressed in other malignant and benign pathologies, even some normal tissues (6, 13, 14, 29) and these findings are in line with ours. We found that some PSMA-positive lesions attributed to benign origin (e.g., benign lymph nodes, ganglia, and skeletal fracture) and the reason of this phenomenon is unclear yet. To our knowledge, salivary glands, liver, gallbladder, etc. non-prostate tissues show uptake in 18F-PSMA-1007 PET (5, 7), providing the possibility of PSMA-uptaking in benign lesions. Moreover, PSMA present both in peri-tumoral capillaries and inflammatory-associated neovasculature may explain the uptake of benign lesions (14). The arising of these pitfalls leads to an increasing in false positive and brings us challenges. Differentiating suspicious metastases from these potential diagnostic pitfalls may be of increased importance.

In present study, we found that the uptake of PSMA ligand tracer in probable Pca metastases was significantly higher than in benign lesions (10.72 vs. 3.14 for SUV max, 6.67 vs. 1.91 for SUVmean), which was consistent with previous studies (15). And ROC shows that SUVmax ≥7.71 was more likely to be Pca metastases (AUC = 0.795, P < 0.001) than SUVmax <7.71, SUVmean ≥5.35 was more likely to be Pca metastases (AUC = 0.791, P < 0.001) than SUVmax <5.35. These findings make it possible to differentiate suspicious metastases and benign lesions. Furthermore, lesions attributed to benign origin can be identified by CT (with 80% in benign lesions, 96% in coeliac ganglia) (14, 30), due to their typical shapes and locations. More importantly, the clinical medical records (e.g., other imaging data, history of fracture, inflammation) providing essential information when evaluating benign lesions.

In accordance with previous study (13, 14), we found that the most prevalent pitfall in 18F-PSMA-1007 PET/CT was non-specific radiotracer uptake in ganglia, with 17 (35%) lesions attributed to ganglia (including cervical, coeliac, or sacral ganglia). A recent study publication by Krohn et al. demonstrated that up to 94.0% of prostate cancer patients with PSMA-PET/CT show intense PSMA-ligand uptake in at least one coeliac ganglia (15). In current study, the distribution of radio-tracer uptake in other benign lesion with 18F-PSMA-1007 PET/CT was as follows, unspecific lymph nodes, fracture, degenerative changes, unspecific soft tissues, focal increasingly PSMA-ligand uptake showing no clear correlate on CT images, which were along with the previous study (12–14). Recently, a study found that a high number of PSMA-ligand uptake in the ribs without corresponding morphological changes in CT (14), which was different from our finding [only two (28%) lesions]. Small population was involved in present study may be the reason leading to this difference.

Lacking histopathology verification of the PSMA-positive lesions is the major limitation in present study. However, the uptake of lesions, CT images, and clinical medical records provide the possibility to identify benign lesions. Additionally, small patient population is another limitation, larger comparison trials will be needed in future studies.



Conclusion

The study demonstrated that 18F-PSMA-1007 showed superiority in detecting Pca lesions (both primay and metastases) than 18F-FDG and the uptaking in benign lesions was more likely to be found in 18F-PSMA-1007. Emphasizing the known of pitfalls, evaluating PET and CT images as well as clinical medical records make it available to avoid a misdiagnosis in 18F-PSMA-1007 PET/CT.
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Objectives

This study aimed to develop radiomic models based on low-dose CT (LDCT) and standard-dose CT to distinguish adenocarcinomas from benign lesions in patients with solid solitary pulmonary nodules and compare the performance among these radiomic models and Lung CT Screening Reporting and Data System (Lung-RADS). The reproducibility of radiomic features between LDCT and standard-dose CT were also evaluated.



Methods

A total of 141 consecutive pathologically confirmed solid solitary pulmonary nodules were enrolled including 50 adenocarcinomas and 48 benign nodules in primary cohort and 22 adenocarcinomas and 21 benign nodules in validation cohort. LDCT and standard-dose CT scans were conducted using same acquisition parameters and reconstruction method except for radiation dose. All nodules were automatically segmented and 104 original radiomic features were extracted. The concordance correlation coefficient was used to quantify reproducibility of radiomic features between LDCT and standard-dose CT. Radiomic features were selected to build radiomic signature, and clinical characteristics and radiomic signature were combined to develop radiomic nomogram for LDCT and standard-dose CT, respectively. The performance of radiomic models and Lung-RADS was assessed by area under curve (AUC) of receiver operating characteristic curve, sensitivity, and specificity.



Results

Shape and first order features, and neighboring gray tone difference matrix features were highly reproducible between LDCT and standard-dose CT. No significant differences of AUCs were found among radiomic signature and nomogram of LDCT and standard-dose CT in both primary and validation cohort (0.915 vs. 0.919 vs. 0.898 vs. 0.909 and 0.976 vs. 0.976 vs. 0.985 vs. 0.987, respectively). These radiomic models had higher specificity than Lung-RADS (all correct P < 0.05), while there were no significant differences of sensitivity between Lung-RADS and radiomic models.



Conclusions

The diagnostic performance of LDCT-based radiomic models to differentiate adenocarcinomas from benign lesions in solid pulmonary nodules were equivalent to that of standard-dose CT. The LDCT-based radiomic model with higher specificity and lower false-positive rate than Lung-RADS might help reduce overdiagnosis and overtreatment of solid pulmonary nodules in lung cancer screening.
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Introduction

Lung cancer is the leading cause of cancer-related death worldwide (1–3). Low-dose computed tomography (LDCT) has been widely recommended for lung cancer screening as it can reduce the mortality (4, 5), but concerns about the high false-positive rate of diagnosis and the following overtreatment are also emerging (4, 6–8). Radiomics, via high-throughput extraction of features from imaging data, has been applied to risk prediction, diagnostic discrimination, and disease progression, and improves decision-making in oncology (9–11). In recent years, a large number of studies build radiomic models using either LDCT (12–17) or standard-dose CT data (18–20) to predict malignancy of solitary pulmonary nodules, however, one key question that remains unanswered is whether the performance of LDCT-based radiomic model and underlying significant features are equivalent to that of standard-dose CT.

Concurrent with the recent prosperities on radiomics, the effect of scan acquisition parameters on the reproducibility of quantitative radiomic features aroused concerns of researchers. Studies in phantom and in vivo demonstrated that scanner variability, radiation dose, reconstruction method, and slice thickness did affect the quantification of many radiomic features (21–25). Therefore, the LDCT-based radiomic model may be not identical to that of standard-dose CT due to radiation dose reduction even though the other acquisition parameters are consistent. To study the effect of radiation dose reduction on radiomic features in vivo, Lo et al. applied the noise addition methods to simulate dose reduction conditions (22), while Solomon et al. repeated scan with half standard dose (23). Their results indicated some texture features were not reproducible when reducing radiation dose. However, the reproducibility of radiomic features of solitary pulmonary nodules between LDCT for lung cancer screening and standard-dose CT examinations remains unaddressed.

Adenocarcinoma is the most prevalent histologic type of lung cancer (26, 27), making it the most common true-positive finding in lung cancer screening (4, 5). Granulomas often appear as spiculated or lobulated solid nodules and are fluorodeoxyglucose avid, and therefore mimic invasive adenocarcinomas, representing the most confounding false-positive findings in lung cancer screening (4, 28). Many investigators attempted to distinguish granulomas from adenocarcinomas using radiomic features (29–33), but none of them used low-dose acquisition parameters. Besides, the radiomic model without including non-specific inflammation, hamartoma, and other benign lesions might limit its utility in lung cancer screening.

Thus, the present study aimed to develop radiomic models based on LDCT and standard-dose CT from same subjects to distinguish adenocarcinomas from benign lesions in patients with solid solitary pulmonary nodules and compare the performance among these radiomic models and Lung CT Screening Reporting and Data System (Lung-RADS). We also assessed the reproducibility of radiomic features of solid solitary pulmonary nodules between LDCT and standard-dose CT examinations.



Materials and Methods


Pulmonary Nodules

This study was approved by the Institutional Review Board and the requirement for informed consent was waived as the data were analyzed retrospectively and anonymously.

A total of 141 solid solitary pulmonary nodules (72 adenocarcinomas and 69 benign nodules) were consecutively included in this study from April 2019 and May 2020, according to the following inclusion criteria: 1) detection of solid solitary pulmonary nodule without calcification for typical benign lesion; 2) LDCT obtained from lung cancer screening; 3) standard-dose CT obtained within 24 h after LDCT to evaluate hilar and mediastinal lymph nodes; 4) pathologically confirmed. The exclusion criteria were as follows: 1) history of cancer in previous 5 years; 2) images of poor quality with respiratory and movement artifacts; 3) nodules with undefined border resulting in poor segmentation.

We divided the nodules into two independent cohorts according to a ratio of 7:3 and the date of inclusion. Fifty adenocarcinomas and 48 benign nodules enrolled between April 2019 and November 2019 constituted the primary cohort, and 22 adenocarcinomas and 21 benign nodules enrolled between November 2019 and May 2020 constituted the validation cohort. The radiologist (HQ, with 7 years of experience in thoracic radiology) who was blinded to the final diagnosis performed categorization on nodules according to Lung-RADS (34).



Image Acquisition

All LDCT and standard-dose CT scans were performed on a 256-slice multi-detector CT scanner (Brilliance iCT, Philips Healthcare, Amsterdam, Netherlands), using the following acquisition parameters: tube voltage of 100 kV and tube current of 20 or 30 mAs for LDCT, tube voltage of 120 kV and tube current of 100 to 250 mAs for standard-dose CT, standard resolution mode, detector collimation of 128 × 0.625 mm, helical pitch of 0.915, and gantry rotation time of 0.4 s. All the raw datasets were then reconstructed using the hybrid iterative reconstruction method (iDose4, level 6, Philips Healthcare, Amsterdam, Netherlands) with standard reconstruction filter for body, slice thickness of 0.625 mm, slice increment of 0.625 mm, field of view of 350 mm × 350 mm, and matrix of 1,024 × 1,024. The estimated effective dose of LDCT scan for all subjects was 0.68 ± 0.11 mSv (range from 0.40 to 0.93).



Segmentation and Radiomic Features Extraction

All target nodules were automatically detected and segmented using uAI platform (United Imaging Healthcare, Shanghai, China), an artificial intelligence software basing on deep learning method (35, 36). No manual adjustments of the segmentation results were performed to avoid inter-observer and intra-observer variability. The representative segmentation results were shown in Figure 1. A total of 104 original radiomic features, including first order, shape, and texture features, were extracted from the target nodules using an open-source Python package (PyRadiomics, version 3.0, https://pyradiomics.readthedocs.io) (37). Further details of radiomic features are provided in the Supplementary Material.




Figure 1 | Representative segmentation results and texture feature maps of nodules. (A, C) A 43-year-old female with a granuloma, (B, D) A 75-year-old male with an adenocarcinoma. From left to right: (A, B) segmentation in low-dose CT, neighboring gray tone difference matrix, gray-level run length matrix, gray-level cooccurrence matrix. (C, D) segmentation in standard-dose CT, neighboring gray tone difference matrix, gray level size zone matrix.





Quantifying Feature Reproducibility

The concordance correlation coefficient (CCC) was used to quantify reproducibility of extracted radiomic features between LDCT and standard-dose CT in the combined primary and validation cohorts (38). A radiomic feature with CCC ≥ 0.90 was then defined as a reproducible feature, as previously described (39–41). The percentage of features in each category with a CCC of ≥0.85, ≥0.90, and ≥0.95 was calculated, respectively.



Feature Selection and Radiomic Signature Construction

Features were standardized using z-score normalization and then selected to build radiomic signature in the primary cohort of LDCT and standard-dose CT dataset respectively. Firstly, the Mann-Whitney U test was employed to select the features that were statistically different between groups (unadjusted P < 0.05), as the quantitative radiomic features did not have a normal distribution. Secondly, Spearman correlation analysis and minimum redundancy-maximum relevance (mRMR) (42) were sequentially conducted to exclude redundant radiomic features. Highly correlated features (Spearman correlation coefficient >0.9) were excluded and the top ranked 10 features were reserved. Thirdly, the least absolute shrinkage and selection operator (LASSO) method was used to select the most predictive features from the primary cohort (43). Finally, multivariate logistic regression with backward stepwise selection was applied to construct radiomic score (Rad-score), in which the stopping rule was the likelihood ratio test with Akaike’s information criterion (44). Rad-score of each patient in was calculated via a linear combination of the selected features and weighted by the respective coefficients.



Radiomic Nomogram Construction

Independent factors for differentiating adenocarcinomas from benign nodules among Rad-score and clinical variables were identified by inputting significant variables found using univariate logistic regression analysis. Multivariable logistic regression analysis was applied to build radiomic nomogram for LDCT and standard-dose CT respectively, which was a visualized and individual tool that integrated independent factors to predict the probability of adenocarcinoma in the primary cohort.



Performance of Radiomic Signature and Nomogram

The area under the curve (AUC) of receiver operating characteristic (ROC) curve was determined to evaluate the discrimination performance of the radiomic signature and radiomic nomogram of LDCT and standard-dose CT in both primary and validation cohorts. The sensitivity, specificity, accuracy, positive predictive value (PPV), and negative predictive value (NPV) were also calculated. To evaluate the calibration performance of radiomic nomogram, calibration curves were plotted. The Hosmer-Lemeshow (H-L) test was performed to assess the goodness-of-fit of radiomic nomogram.



Clinical Utility

Decision curve analyses were conducted to estimate the clinical utility of the radiomic models and Lung-RADS by calculating the net benefits at a range of threshold probabilities in the combined primary and validation cohorts (45).



Statistical Analysis

Statistical analysis was performed by R software (version 4.0.0, http://www.r-project.org), SPSS software (version 19.0, https://www.ibm.com), and MedCalc (v. 18.21, https://www.medcalc.org). The chi-squared test was used to compare the differences in gender, and group comparisons of age was performed using independent sample t-test. P < 0.05 was considered statistically significant.

The performance of Lung-RADS was also evaluated. The ROC of Lung-RADS was performed in both primary and validation cohorts according to that nodules of category 4A, 4B, and 4X were labeled as malignancy while category 2 and 3 as benign nodules. The corresponding sensitivity, specificity, accuracy, PPV, and NPV were calculated. Then comparisons of AUCs among radiomic models and Lung-RADS were performed using the Delong test in the primary and validation cohorts (46). In these pairwise models with significant difference in AUC, further comparisons of sensitivity and specificity were performed using the McNemar test in the combined cohort (47). Analyses were corrected for multiple comparisons using the false discovery rate (FDR) method (48).




Results


Clinical Characteristics

The baseline clinical-pathologic characteristics, including gender, age, Lung-RADS category, and histologic subtype of benign nodules in the primary and validation cohorts are listed in Table 1. There was no difference in gender between the adenocarcinoma group and the benign group in the primary or validation cohorts. Significant differences were found in age between the two groups in primary and validation cohorts (P = 0.003 and P < 0.0001, respectively).


Table 1 | Characteristics of adenocarcinomas and benign nodules in the primary and validation cohorts.





Feature Reproducibility

The reproducibility of radiomic features between LDCT and standard-dose CT regarding different feature categories is presented in the Supplementary Material. Shape and neighboring gray tone difference matrix (NGTDM) features were most reproducible (100%), followed by first order features (n = 16/18, 89%). Besides, 57% gray-level cooccurrence matrix (GLCM, n = 12/21), 50% gray level size zone matrix (GLSZM, n = 8/16), and 43% gray level dependence matrix (GLDM, n = 6/14) features were reproducible. Gray-level run length matrix (GLRLM) features were least reproducible (n = 5/16, 31%).



Feature Selection and Radiomic Signature Construction

The process of feature selection is presented in the Supplementary Material. Finally, three features in LDCT (GLCM_DifferenceVariance, GLRLM_RunEntropy, and NGTDM_Strength) and two features in standard-dose CT (GLSZM_ZoneEntropy and NGTDM_Strength) were selected in the primary cohort. The representative maps of these texture feature were shown in Figure 1. The calculation formulas of Rad-score basing on these features with nonzero coefficients are presented in the Supplementary Material. Distributions of the Rad-score in the adenocarcinoma and benign groups in the primary and validation cohorts are shown in the Supplementary Material.



Radiomic Nomogram Construction

According to univariate logistic regression analysis, age, Rad_score of LDCT, and Rad_score of standard-dose CT were significant independent differentiators of adenocarcinomas and benign nodules (Table 2), and they were integrated to develop the radiomic nomograms for predicting the probability of adenocarcinoma of LDCT and standard-dose CT respectively (Figures 2A, B). The calculation formulas of radiomic nomogram are presented in the Supplementary Material.


Table 2 | Univariate and multivariate logistic regression analysis of factors for differentiating adenocarcinomas from benign nodules in the primary cohort.






Figure 2 | Developed radiomic nomograms and calibration curves for predicting the probability of adenocarcinoma. (A) Radiomic nomogram of low-dose CT. (B) Radiomic nomogram of standard-dose CT. (C) Calibration curve of radiomic nomogram of low-dose CT. (D) Calibration curve of radiomic nomogram of standard-dose CT. Rad_score, radiomic score.





Performance of Radiomic Signature, Radiomic Nomogram, and Lung-RADS

The ROC curves of radiomic models and Lung-RADS are shown in Figure 3. The AUC, sensitivity, specificity, accuracy, PPV, and NPV of each model are shown in Table 3.




Figure 3 | Receiver operating characteristic (ROC) curves of the radiomic models and Lung CT Screening Reporting and Data System (Lung-RADS) for differentiating adenocarcinomas from benign nodules. (A) Primary cohort. (B) Validation cohort.




Table 3 | Diagnostic performance the radiomic signature and radiomic nomogram of low-dose CT and standard-dose CT, and Lung-RADS for differentiating adenocarcinomas from benign nodules in the primary and validation cohorts.



The calibration curves of the radiomics nomogram of LDCT and standard-dose CT for the probability of adenocarcinoma demonstrated good agreement between prediction and observation in the primary and validation cohorts (Figures 2C, D). The H-L test yielded non-significant results in the both primary and validation cohorts of LDCT (P = 0.650 and 0.998) and standard-dose CT (P = 0.151 and 0.988), which suggested no departure from a perfect fit.

According to the DeLong test, the AUCs of the radiomic models were higher than that of Lung-RADS in the primary and validation cohorts (all correct P < 0.05), while there were no significant differences among the radiomic models (Table 4). The McNemar test results further showed the radiomic models had higher specificity than Lung-RADS in the combined cohort (all correct P < 0.05), while there were no significant differences of sensitivity between Lung-RADS and radiomic models (Table 5).


Table 4 | Comparisons of area under the curves among the radiomic models and Lung-RADS in the primary and validation cohorts.




Table 5 | Comparisons of sensitivity and specificity between Lung-RADS and radiomic models in the combined cohort.





Clinical Utility

The results of decision curve analyses for the radiomic models and Lung-RADS are presented in Figure 4. The decision curves showed that the model of radiomic signature of low-dose CT, radiomic nomogram of low-dose CT, radiomic signature of standard-dose CT, and radiomic nomogram of standard-dose CT added more net benefit than Lung-RADS in differentiating adenocarcinomas from benign nodules within the range of the threshold probability of 0.02 to 0.84, 0.02 to 0.85, 0.02 to 0.74, and 0.02 to 0.79, respectively.




Figure 4 | Decision curves of the radiomic models and Lung CT Screening Reporting and Data System (Lung-RADS). The decision curves showed that the model of radiomic signature of low-dose CT, radiomic nomogram of low-dose CT, radiomic signature of standard-dose CT, and radiomic nomogram of standard-dose CT added more net benefit than Lung-RADS in differentiating adenocarcinomas from benign nodules within the range of the threshold probability of 0.02 to 0.84, 0.02 to 0.85, 0.02 to 0.74, and 0.02 to 0.79, respectively.






Discussion

In the present study, we investigated the ability of radiomic models based on LDCT and standard-dose CT to distinguish adenocarcinomas from benign lesions in patients with solid solitary pulmonary nodules. We found the AUCs of LDCT-based radiomic models were equivalent to that of standard-dose CT. All the radiomic models showed higher specificity than the Lung-RADS approach, which was consistent with previous report (12, 17). We also assessed the reproducibility of radiomic features of solid solitary pulmonary nodules between LDCT and standard-dose CT examinations in vivo. Generally, shape and first order features were more reproducible than texture features except for NGTDM features.

Radiologists usually stratify pulmonary nodules in lung cancer screening by interpreting characteristics such as location, attenuation, diameter, volume, and margin. The differential diagnosis of solitary solid nodules may be more difficult than that of sub-solid nodules. More than 90% of pathologically confirmed sub-solid nodules were malignant in China (49), while the malignancy rate of solid nodules was 66.6% in previous study (50) and 51.1% in our study. Several possible reasons may lead to the overtreatment of solid nodules in China. First, with high tuberculosis incidence in this country, indeterminate solid nodules caused by granulomas or other inflammations were usually larger than 8 mm with irregular shape and border. These benign nodules had overlapping characteristics with adenocarcinomas in location, size, and morphology (51–53). Thus, the Lung-RADS categorization of these benign nodules were equal to or beyond 4A, resulting in low specificity. The radiomic models developed in this study had higher specificity and lower false-positive rate in distinguishing adenocarcinomas from benign lesions than the Lung-RADS, and they might help clinicians avoid choosing too aggressive approach. Second, 41 of 69 benign nodules in this study were categorized as Lung-RADS 2 or 3, and they were all pathologically confirmed by surgery. The result indicated the great fear of missing malignant nodules for both patients and surgeons in China, especially in the cancer hospital. Because the medical environment of China tends to favor cautiousness from both patients and clinicians (54).

This study also addressed a very important question that radiomic models based on LDCT and standard-dose CT had equivalent diagnostic performance to differentiate adenocarcinomas from benign lesions in solid nodules. NGTDM_Strength was highly reproducible and thus the common significant texture feature related to benign nodules in both LDCT and standard-dose CT models. Higher value of NGTDM_Strength indicates an image with slower change in intensity but larger coarse differences in gray level intensities. It suggested benign nodules were more homogeneous than adenocarcinomas. Besides, the other significant texture features related to adenocarcinomas included GLCM_DifferenceVariance and GLRLM_RunEntropy in LDCT model and GLSZM_ZoneEntropy in standard-dose CT model. They all indicated that adenocarcinomas had more heterogeneity than benign nodules in the texture patterns. The shape and first order features, representing the morphology and attenuation characteristics, were highly reproducible as radiation dose changed. However, they were not included in LDCT or standard-dose CT models, suggesting the deficiency of traditional image features to stratify the indeterminate solid nodules.

We acknowledged several limitations in this study. First, this was a single-center retrospective study with relatively small sample size. The advantage was the standardization of acquisition parameters, avoiding potential confounding variability caused by heterogeneous parameters and image preprocessing (21, 25). Further multi-center study with larger datasets is needed to validate the reported radiomic models. Second, only pathologically confirmed nodules were enrolled and nodules with undefined border resulting in poor segmentation were excluded, leading to potential selection bias. Third, nodule segmentation was performed with an artificial intelligence software basing on deep learning method and the underlying parameters were inherently in black box. The advantage of automatic segmentation method was high reproducibility, avoiding inter-observer and intra-observer variability that resulting from manual segmentation.

In conclusion, the diagnostic performance of radiomic models based on LDCT and standard-dose CT to differentiate adenocarcinomas from benign lesions in solid pulmonary nodules were equivalent. These radiomic models had higher specificity and lower false-positive rate than Lung-RADS. The LDCT-based radiomic model might be an effective tool for reducing overdiagnosis and overtreatment of solid pulmonary nodules in lung cancer screening.
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Dendritic cell (DC) vaccines have recently been developed for the treatment of various cancers but often do not function as well as expected, primarily due to the highly complex in vivo immune environment. This proof-of-principle study aimed to test the feasibility of modulating the in vivo behaviors of DC vaccines (DCVs) by introducing siRNA-laden magnetic resonance (MR) imaging nanovectors into cells, while providing visible information on their homing to lymph nodes. The N-alkyl-PEI2k-LAC/SPIO nanocomposites were prepared and characterized, showing favorable properties of siRNA transfection and MRI labeling efficiency in DCs. Cell viability assays revealed no observable effects on the survival and phenotype of DCs if the concentration of the complex was within 8 μg Fe/ml. An orthotopic mouse model of breast cancer was developed. The DCVs transfected with IDO siRNA contained nanocomposites were adoptively transferred to start the treatment. MR imaging clearly visualized the homing of DCVs into lymph nodes. At the end of the treatment, DCVs presented significantly better tumor suppression than DCs or PBS (P < 0.05). Generally, the N-alkyl-PEI2k-LAC/SPIO nanocomposites represent a highly efficient MR imaging platform for siRNA transfection that is potentially useful for in vivo tracking of vaccine cells.
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Introduction

Dendritic cells (DCs) have been recruited as a cellular vaccine for tumor immunotherapy but their performance in vivo is generally unsatisfactory (1). Factors such as the weak antigenicity of tumors, failure of vaccine cells to migrate into lymph nodes (LNs) and drive T cell priming, and immune evasion of tumors, etc., are considered the culprits (2). Among these factors, tumor immune evasion may play a key role. Recent studies revealed that up-regulated expression of indoleamine 2, 3-dioxygenase (IDO), a major rate-limiting enzyme of tryptophan catabolism, in DCs would induce naïve CD4+ T cells to differentiate into regulatory T cells (T-regs), thus impeding antitumor immunity (3). A small interfering RNA (siRNA) targeting IDO has been transfected into DCs to block the immunosuppression induced by the IDO mRNA, which exhibited potent tumor growth inhibition in animal models (4–6). As a promising RNA interference (RNAi) strategy, it involves the processes of delivering synthetic siRNAs into cells, incorporating these siRNAs into the silencing complex and subsequent degradation of sequence-specific mRNA. Unfortunately, exogenous siRNAs are easily degraded by nuclease in vivo, restricting the application of RNAi. Therefore, the preparation of an effective gene delivery system for loading and protecting gene fragments from nuclease damage and for improving gene transfection efficiency is very important (7). Previously, our research group synthesized an aqueous-phase magnetic resonance (MR) nanovector, N-alkyl-PEI2k/SPIO, with superior properties in subsequent experiments for MR imaging and as a nanocarrier for gene transfection (8, 9). Moreover, because the nanocomposites are modified by lactose, they hold superior MR imaging properties, improved biocompatibility by inducing protective autophagy and enhanced therapeutic immune activation of DC (10, 11). This study aimed to employ this lactosylated analog as a gene delivery platform for carrying IDO siRNA to transfect antitumor DC vaccines (DCVs) and to use it for the treatment of orthotopic 4T1 breast cancer in mouse models while using MR imaging to track the in vivo homing of DCVs to the draining LNs (Figure 1). To our best knowledge, this study utilizes a self-made, MRI-visible gene transfection vector to modulate the anticancer functions of DCVs by gene silencing while tracking their migration in vivo. Few studies have been reported on this topic previously.




Figure 1 | Schematic of the experimental procedures.





Materials and Methods


Preparation of N-alkyl-PEI2k-LAC-Stabilized SPIO Nanoparticles

Branched PEI2k (MW: 2 kD) was reacted with 1-iodododecane as previously reported (8). The product was treated with NaOH and dialyzed against water to obtain N-alkyl-PEI2k upon freeze-drying. The product N-alkyl-PEI2k was dissolved in methanol and added dropwise to a DL-glycidol methanol solution (12). The mixture was stirred for 3 days and dialyzed in water, yielding N-alkyl-PEI2k-LAC.

Hydrophobic SPIO nanoparticles were synthesized using the methods described by Sun et al. (13). After drying under argon gas, SPIO nanoparticles were redispersed in chloroform and mixed with N-alkyl-PEI2k-LAC at a mass ratio of 1:0.6. The mixture was transferred to water under sonication and shaken for 24 h, followed by rotary evaporation to obtain chloroform-free N-alkyl-PEI2k-LAC/SPIO nanocomposites.



Characterization of N-alkyl-PEI2k-LAC/SPIO Nanocomposites

Water-soluble N-alkyl-PEI2k-LAC/SPIO nanocomposites were characterized using dynamic light scattering (DLS) and electron microscopy (SEM). T2 relaxation times were measured with a 1.5 T MR system (Siemens Sonata) at room temperature. Briefly, the Fe concentration of the nanocomposites in water was detected using atomic absorption spectrometry; then, gelatin phantoms containing gradient Fe concentrations of the nanocomposite were prepared. The T2 relaxation time was detected using MR imaging with a spin echo sequence (TR of 5,000 ms, TE ranging from 6 to 500 ms). The relaxivity value (r2) was calculated from a curve of 1/T2 relaxation time (s−1) vs. the iron concentration (mM Fe) (12).



Characterization of the N-alkyl-PEI2k-LAC/SPIO/siRNA Complex

According to the target gene sequence selection methods described in literature (14), an siRNA targeting the IDO mRNA was synthesized by Ruibo Biological Co., Ltd. The antisense strand is 5′GUUCUAGAAGGAUCCUUGA3′. Alkyl-PEI2K-LAC/SPIO was mixed with the siRNA in PBS at different N:P molar ratios (0, 2.5, 5, 7.5, 10, 12.5, and 15, respectively). The complexes were subjected to gel electrophoresis to detect the optimal binding concentration. Then, alkyl-PEI2k-LAC/SPIO and siRNA were mixed at an N:P ratio of five for 20 min. A gradient mass of heparin or serum was separately added to the mixture to test siRNA-release capacity and stability of the complex in serum.



Preparation of Cells and siRNA-Transfected Dendritic Cell Vaccines

The generation of murine DCs has been described in our previous report (12). Briefly, the bone marrow of Balb/C female mice was washed into RPMI-1640 medium and centrifuged to collect the cell pellet. The cells were cultured in flasks and stimulated with GM-CSF (20 ng/ml). On day 8, the non-adherent population was harvested. LPS (100 ng/ml, Sigma-Aldrich) and TNF-α (20 ng/ml, Peprotech) were added and cells were cultured for another 2 days to obtain mature DCs. The purity of DCs was determined by measuring CD11c expression using fluorescence activated cell sorting (FACS).

The 4T1 cells were cultured in RPMI-1640 medium containing 10% fetal bovine serum and 5% penicillin–streptomycin at 37°C in the presence of 5% CO2. Approximately 3 days later, the cells in the logarithmic growth phase were sub-cultured.

Using preparation methods described in the literature (15), the cultured 4T1 breast cancer cells were lysed by subjecting them to six freeze–thaw cycles and a 30 min incubation in a water bath with ultrasound exposure before being passed over a 0.2 μm filter on the benchtop to collect the filtrate. On day 8 of culture, DCs were co-incubated with the N-alkyl-PEI2k-LAC/SPIO/siRNA complexes at 6 μg Fe/ml for 6 h; the 4T1 lysate was added at a ratio of 3:1 (4T1 cells:DCs) and incubated for 48 h, and then cells were treated with LPS (100 ng/ml) for 12 h before harvest to promote maturation.



In Vitro Transfection of N-Alkyl-PEI2k-LAC/SPIO/siRNA

FITC-conjugated N-alkyl-PEI2k-LAC/SPIO was mixed with the siRNA at an N:P ratio of five for 20 min to determine if the complexes would be successfully engulfed by the cells. The complexes were collected and added to the culture medium of immature DCs at 6 μg Fe/ml. After a 6 h incubation, cells were collected and fixed, incubated with DAPI for 15 min, and then washed with PBS. Fifty microliters of the cell suspension were dropped on a slide for confocal laser scanning microscopy (CLSM). For the analysis of the transfection efficiency, immature DCs were plated in a 48-well plate at a density of 2 × 105 cells/ml; then, N-alkyl-PEI2k-LAC/SPIO/siRNA (n = 5) was added at Fe concentrations of 0, 2, 4, 6, 8, 10, and 12 μg/ml. After a 6 h incubation the plates were cooled to room temperature, the iron reaction reagent was added, and the absorbance was read at 570 nm using a plate reader (Varioskan Flash, Thermo Scientific). The N-alkyl-PEI2k-LAC/SPIO/siRNA complexes were added to immature DCs at 6 μg Fe/ml to determine potential unwanted effects on DCs. Six hours later, the medium was replaced with three volumes of 4T1 breast tumor cell lysate, as described in detail below. After a 48 h incubation, DCVs transfected with N-alkyl-PEI2k-LAC/SPIO/siRNA complexes were obtained. The siRNA-laden DCVs were collected and transferred to a 1.5 ml centrifuge tube, with siRNA-free and immature DCs and siRNA-free DCVs as controls, and then incubated with antibodies to detect the expression of the surface molecular markers MHC-II, CD11c, CD80, CD86, and CCR7 using FACS.



Western Blotting

On day 8 of culture, DCs were divided into two groups, one was incubated with IFN-γ (200 U/ml), LPS (100 ng/ml) and TNF-α (20 ng/ml), and the other was treated only with LPS (100 ng/ml) and TNF-α (20 ng/ml). Forty-eight hours later, the cells were collected for Western blotting to analyze the expression of IDO (16).



Dendritic Cell Vaccine Treatment Protocols for 4T1 Mice and In Vivo Magnetic Resonance Imaging

After hair removal, the mammary fat pads of 6-week-old Balb/C female mice were injected with 1 × 106 4T1 cells. Vaccines were injected using previously reported procedures (17). Briefly, TNF-α (100 ng/ml) was subcutaneously injected into the left posterior footpad of the mice to pre-sensitize the local tissues. After 48 h, PBS, DC, DCV, and IDO siRNA-laden DCV were injected at the same sites, respectively. About 100 µl of PBS, 3 × 106 cells/ft of DC, or 3 × 106 cells/ft DCV were injected on the day of tumor inoculation and thereafter repeated once a week for two times. Mice with breast cancer were randomly grouped into four (n = 5 mice per group). The following treatment regimens were planned: (1) PBS injected into the left footpad; (2) N-alkyl-PEI2k-LAC/SPIO DCs, activated by LPS (100 ng/ml) and TNF-α (20 ng/ml), injected into the left footpad; (3) N-alkyl-PEI2k-LAC/SPIO DCVs injected into the left footpad; and (4) IDO siRNA-laden DCVs injected into the left footpad. The mice were imaged under a Philips 3.0 T MR scanner using a 25 mm small animal coil at 24 h before and 48 h after each injection. Echoes of popliteal lymph nodes (LNs) were measured primarily using a T2-wighted fast spin echo (TSE) sequence (TR = 2300 ms, TE = 121 ms, matrix = 148 × 148, slice thickness = 0.6/0.0 mm, FOV = 30 mm, flip angle = 90°, NSA = 10).



Evaluation of the Therapeutic Effects of Indoleamine 2, 3-Dioxygenase siRNA-Laden Dendritic Cell Vaccines on Tumors

After the inoculation of 4T1 cells, the tumor sizes were measured on day 3 and repeated every 3 days thereafter for 4 repeats. The tumor volume S was calculated using the formula, S = 0.5 × a2 × b, where a represents the short diameter of the tumor and b represents the long diameter of the tumor (18).



Statistical Analysis

SPSS 13.0 software was employed for statistical analyses. Independent sample T-test was used to test the statistical significance of differences between two groups, and one-way analysis of variance was used to determine the statistical significance of differences among more groups. P < 0.05 indicates a significant difference.




Results


Characterization of the Nanocomposites

The chemical structures of amphiphilic N-alkyl-PEI2k-LAC and N-alkyl-PEI2k were characterized using 1H NMR and elemental analysis (Figure 2). N-alkyl-PEI2k: 1H NMR (400 MHz, CDCl3) δ 3.15–2.21 (m, −CH2CH2NH−, −CH2CH2 (CH2)9CH3), 1.41 (br, −CH2CH2(CH2)9CH3), 1.25 (s, −CH2CH2(CH2)9CH3), 0.88 (t, −CH2(CH2)10CH3); Elemental analysis: C, 56.489%; N, 19.07%; H, 9.209%. N-alkyl-PEI2k-LAC: 1H NMR (300 MHz, DMSO) δ 4.55–3.21 (m, LAC), 3.19–2.25 (m, −CH2CH2NH−, −CH2CH2(CH2)9CH3), 1.39 (br, −CH2CH2(CH2)9CH3), 1.22 (s, −CH2CH2(CH2)9CH3), 0.84 (s, −CH2(CH2)10CH3). Elemental analysis: C, 46.188; N, 11.499%; H, 10.223%. Grafting ratio of alkyl and lactose were separately 12.1 and 10.3%, calculated upon elemental analysis results.




Figure 2 | 1H-NMR spectra of N-alkyl-PEI2k-LAC (DMSO) and N-alkyl-PEI2k (CDCl3).



The monodisperse SPIO nanocrystals and amphiphilic material (mass ratio: N-alkyl-PEI2k-LAC : SPIO = 0.6) were used to form N-alkyl-PEI2k-LAC/SPIO nanocomposites in the water phase. The nanocomposites dispersed in water stably, with a diameter of 83.0 ± 26.5 nm obtained using DLS (Figure 3). The dry sample presented as spherical particles in SEM images, and SPIO nanocrystals aggregated into nanoclusters in the composites in TEM images (Figure 4). The surface charge of the SPIO nanocomposites remained positive with a zeta potential of 34.6 ± 1.1 mV, a value that is lower than N-alkyl-PEI2k/SPIO nanocomposites (approximately 40 mV), due to lactose partially shielding the positive electric charge on PEI.




Figure 3 | DLS of SPIO nanocrystals in hexane and N-alkyl-PEI2k-LAC/SPIO nanocomposites.






Figure 4 | SEM (A) and TEM (B) images of N-alkyl-PEI2k-LAC/SPIO nanocomposites.



Gelatin phantoms containing gradient Fe concentrations of the nanocomposite were detected using spin echo T2WI at different echo times with a clinical 1.5 T MR imager at room temperature to measure the T2 relaxivitiy of the nanocomposites. Signal intensities (SIs) were acquired to calculate the T2 relaxivitiy (r2) of the nanocomposites of 481.3 mM−1s−1 (Figure 5).




Figure 5 | T2 relaxation rate as a function of the Fe concentration for N-alkyl-PEI2k-LAC/SPIO nanocomposites at 1.5 T (A); T2-weighted MR images of N-alkyl-PEI2k-LAC/SPIO nanocomposites in water (B).





Characterization of the N-alkyl-PEI2k-LAC/SPIO/siRNA Complex

N-alkyl-PEI2k-LAC/SPIO was incubated with the siRNA at different N:P molar ratios and then subjected to gel electrophoresis. With the increase in the N:P ratio, siRNA electromigration was increasingly blocked, and electromigration was completely blocked at an N:P ratio ≥ 5. Based on these results, the siRNA was successfully bound to the surface of the nanocomposites (Figure 6A).




Figure 6 | Agarose gel electrophoresis analysis of the N-alkyl-PEI2k-LAC/SPIO/siRNA complexes. (A) At an N:P ratio ≥ 5, the nanocomposites completely bound the siRNA. (B) At a heparin/siRNA mass ratio ≥ 5, a substantial amount of the siRNA was released. (C) Serum stability of the siRNA bound to or free from N-alkyl-PEI2k-LAC/SPIO. The free siRNA or N-alkyl-PEI2k-LAC/SPIO/siRNA complexes were incubated with 50% serum for the indicated times. Heparin was used to release the bound siRNA from the nanocomposites.



In a heparin decomplexation assay, N-alkyl-PEI2k-LAC/SPIO/siRNA complexes (N:P = 5) were loaded on agarose gel. The electrophoresis assay showed that the siRNA was released from the complexes when heparin was added. At a heparin:siRNA mass ratio ≥ 5, the released siRNA tended to be stable and its concentration no longer increased (Figure 6B).

In a serum stability assay, N-alkyl-PEI2k-LAC/SPIO/siRNA complexes (N:P = 5) and the unbound siRNA were separately incubated with 50% fetal bovine serum (FBS) for different periods. As a result, the siRNA in the complexes was substantially more stable in serum than the unbound siRNA; and even after a 24 h incubation, the siRNA still stably resided on the nanocomposite surface without observable degradation (Figure 6C).



In Vitro Transfection of N-alkyl-PEI2k-LAC/SPIO/siRNA

FITC-conjugated N-alkyl-PEI2k-LAC/SPIO was mixed with the siRNA; then, the complexes were transfected into DCs by coincubation. CLSM revealed clusters of green fluorescent particles around the blue-stained nuclei. Differential interference contrast (DIC) imaging further showed pseudopodia of the cells, suggesting that they are siRNA-laden DCs (Figure 7).




Figure 7 | CLSM images of immature siRNA-laden DC showing clusters of green fluorescent particles around the DAPI blue-stained nuclei. DIC images display the pseudopodia of the cells.



The intracellular Fe content was measured using a colorimetric ferrozine assay. DCs took up the N-alkyl-PEI2k-LAC/SPIO/siRNA complexes in a time- and dose-dependent manner (Figure 8). After a 6 h incubation, the intracellular Fe content tended to be stable, indicating that at least 6 h is necessary for sufficient transfection. A slightly lower concentration of the N-alkyl-PEI2k-LAC/SPIO/siRNA complexes, 6 μg Fe/ml, was adopted for subsequent in vivo studies to ensure ample antigen loading.




Figure 8 | The siRNA transfection efficiency was altered by the N-alkyl-PEI2k-LAC/SPIO/siRNA concentration (A) and transfection time period (B). Higher concentrations of the complexes or a longer transfection time period increases the Fe content within DCs (n = 5).



The surface phenotype of DCs was detected using a FACS assay to probe possible adverse effects of the transfection process on DC maturation. CD11c is a marker of the purity of DCs. Our culture produced approximately 90% CD11c positive cells. Four other biomarkers, MHC-II, CD80, CD86, and CCR7, showed similar expression on siRNA-laden mature DCs to siRNA-free mature DCs, but the expression of CD80, CD86, and CCR7 was significantly higher than on immature DCs (P < 0.05 for all of them), suggesting the excellent biosafety of transfection (Figure 9).




Figure 9 | Effects of N-alkyl-PEI2k-LAC/SPIO/siRNA transfection on the maturation phenotype and marker expression of DCs. FACS assay showed that siRNA-laden mature DCs expressed similar levels in biomarkers MHC-II, CD80, CD86, and CCR7 to siRNA-free mature DCs, but significantly higher levels than immature DCs in CCR7, CD80 and CD86. A two-tailed unpaired Student’s t test was performed for two-group comparisons, and the results with significant difference were marked in * P < 0.05, **P < 0.01, or *** P < 0.001, respectively. ns, no significance.





Western Blot

Western blotting was performed on two groups of mature DCs treated with or without IFN-γ to analyze the expression of the target protein IDO in DCs. Replicate experiments revealed that IFN-γ-induced DCs expressed slightly higher levels of IDO (Figure 10).




Figure 10 | In vitro experiments showing the effects of IFN-γ on IDO expression in DCs.





In Vivo Magnetic Resonance Imaging of Tumors Treated With Indoleamine 2, 3-Dioxygenase siRNA-Laden Dendritic Cell Vaccines

MR imaging was performed to observe whether the injected vaccines migrated to the draining lymph nodes as expected and resulted in changes in SI. MR imaging of bilateral popliteal lymph nodes was performed on the four groups of tumor-bearing mice before and after each footpad injection. Vaccines were injected weekly for three injections, and MR images were correspondingly obtained at two time points, immediately before and 48 h after each injection. Left popliteal nodes of all DC groups were gradually enlarged. In particular, the nodes were strikingly enlarged 1 week after the first injection. On the TSE images captured 48 h after the first injection, the signal was clearly reduced within the nodes’ central zone of all DC groups; at 48 h after the second or third injections, a focal signal reduction was still visible, but not as clear as after the first injection (Figure 11).




Figure 11 | The left hind footpads were injected three times (1 injection/week) with the siRNA/DC vaccine (siRNA/DCVs), DC vaccine (DCVs), DC or PBS. At 24 h after each injection, MR images of all groups but the PBS group showed decreased signals within enlarged popliteal lymph nodes (yellow arrows).





Evaluation of the Antitumor Therapeutic Effects

By the end of the experiment, all mice survived, except for one mouse in the N-alkyl-PEI2k-LAC/SPIO DC group that died unexpectedly. After the inoculation of 4T1 tumor cells, tumor volume was measured and calculated once every 3 days for five measurements. Tumor sizes increased gradually, regardless of treatment with PBS, DC, DCVs or IDO siRNA-laden DCVs. Notably, tumors in the PBS group grew the fastest, followed by the tumors in the DC group. Tumors in the two vaccine groups grew at similar rates (Figure 12). The tumor volume was analyzed using ANOVA, and the IDO siRNA-laden DCV group had comparable tumor volumes to the DCV group, but significantly larger volumes than the PBS or the DC group (P < 0.05 for both) (Figure 13).




Figure 12 | Photos taken on the 6th day after tumor cell inoculation. Tumors grew fastest in the PBS group, followed by the DC group and the two vaccine groups.






Figure 13 | Tumor volumes were compared among the four groups. A significant difference was observed between the PBS group and the other groups (n = 5, P < 0.05). Moreover, measurements at the second to fifth time points showed that tumors in the siRNA/DCV group or the DCV group were both smaller than tumors in the DC group (n = 5, P < 0.05), suggesting the presence of a specific immune response.






Discussion


N-alkyl-PEI2k-LAC/SPIO as Magnetic Resonance Imaging-Visible Gene Nanovector Showed Favorable Properties

This study utilizes lactobionic acid to superficially modify N-alkyl-PEI2k/SPIO. The generated nanocomposites possess favorable physicochemical and MR imaging properties, as confirmed by 1H NMR, DLS, SEM and MR imaging. We studied their capabilities of binding or releasing the siRNA, the serum stability of the siRNA in the complexes, gene transfection efficiency, and their effects on DCs to obtain a better understanding of their biological properties as nanocarriers for gene transfection. Similar to the previously reported N-alkyl-PEI2k/SPIO, at an N:P ratio ≥ 5, N-alkyl-PEI2k-LAC/SPIO almost completely bound the siRNA, suggesting that the lactose modification method has little effect on the ability of the nanocomplex to bind to siRNA (9, 19). At a heparin/siRNA mass ratio ≥ 1, the siRNA was fully released to silence the target genes. Moreover, a high concentration of the siRNA persisted in serum even at 48 after the interaction with N-alkyl-PEI2k-LAC/SPIO, indicating that the nanocomposites provide reliably protect the siRNA from enzymolysis in vivo. Both CLSM and intracellular Fe content measurements showed that the transfection of N-alkyl-PEI2k-LAC/SPIO/IDO-siRNA was successful and depended on both the time and concentration. The molecular phenotype of a cell, to some extent, represents its properties and functions. FACS results showed that expression of four important molecular markers (MHC-II, CD80, CD86, and CCR7) on DCs transfected with the siRNA complex at 6 μg Fe/ml was not distinctly different from siRNA-free mature DCs. In recent years, some authors have noted that nanoparticles often facilitated maturation of DCs (20, 21). In a previous study, we also found that glycoidol-modified alkyl-PEI/SPIO nanocomposites up-regulated expression of MHC-II, CD80, CD86, and CCR7 if DCs were labeled prior to maturation (12). When DCs are matured, they exhibit function reduction in capturing antigens and function enhancement in migration and antigen-presentation. We do not think the effects of nanocomposites to DCs are conducive because the non-specific stimulation may lead to impaired capture of the antigens (12). In current study, the effect was not so evident for N-alkyl-PEI2k-LAC/SPIO nanocomposites, as shown by the FACS results. The improved properties perhaps partly attribute to the lactose modification that reduced surface cations of the nanocomposites. DCs are the cells highly sensitive to external stimuli (12). The expression of their surface markers was not obviously affected in this study, suggesting the biological friendliness of the nanovector and the transfection process.



In Vivo Homing of Indoleamine 2, 3-Dioxygenase siRNA-Laden Dendritic Cell Vaccines to Lymph Nodes Can Be Successfully Detected by Magnetic Resonance Imaging

During the treatment of 4T1 tumor-bearing mice with DCVs, MR imaging showed that IDO siRNA-laden DCVs that were injected into the murine left footpads successfully migrated to the draining lymph nodes after 48 h, resulting in nodal enlargement and darkening of the MR signal in the central zone. The central distribution indicates a decrease in the MR signal caused by active homing of the N-alkyl-PEI2k-LAC/SPIO nanocomposite containing DCVs rather than the nanocomposites themselves that are present mainly in the peripheral distribution (22). The tumor treatment adopted in this study mainly referred to the methodology reported by Hegmans JP (17). In the present study, regardless of the material that was injected, the tumors of the mice grew over time. However, the tumors of the PBS group grew fastest, followed by the DC group, indicating that both DCVs and IDO siRNA-laden DCVs actively inhibit tumor growth.



Limitations of This Study and Possible Causes

Notably, in contrast to previous reports, DCVs transfected with or without IDO-siRNA produced similar levels of tumor inhibition in the present study. No significant difference in tumor size was observed between the two groups (23, 24). This lack of a difference in the tumor size is a major drawback of the study, as tumor is presumed to be regulated by the low expression of IDO in DCs, as verified by our repeated experiments. Typically, IFN-γ induction alone is sufficient to up-regulate IDO expression in DCs, but accumulating evidence showed that the up-regulation of IDO in DCs required ‘two signals’, i.e., IFN-γ stimulation followed a second stimulus (such as IL-10, CD40 or LPS) (25, 26). In the present study, DCs underwent a two-stage stimulation with IFN-γ and LPS, but to our surprise, the expression of IDO in DCs remained low. We have not yet determined a rational explanation for these outcomes but presume that they may be associated with the factors listed below. a) The subtype of DCs. The DCs cultured in this study were mainly cDCs, not pDCs, which may partially explain the low expression of IDO. b) The method used for DC culture. We cultured DCs mainly using the methodology reported by Lutz MB (27). Vaccines prepared using the method described by Lutz MB have been reported to exert the best anticancer effect (17). A good therapeutic effect may require IDO low expression. c) The microenvironment in which DCs reside. The DCs cultured in the present study were obtained from normal tumor-free mice. However, tumor-mediated modulation of the humoral immune environment has been reported to contribute to the up-regulation of IDO in DCs (28). Nevertheless, the main purpose of this study was to show that an IDO siRNA could be successfully introduced into DCs with lab-made gene nanovectors and used as in vivo imaging tracer. This purpose has been achieved. Moreover, our research group has previously used vectors in an analogous molecular skeleton to repeatedly confirm that the transfection of an siRNA with these vectors effectively silences the target genes in cells (9, 19). In subsequent studies, we plan to select more suitable targets such as PD-L, A20 and DIgR2 to verify the validity of siRNA-mediated silencing.




Conclusions

In this study we used, with success, the lactoslyated nanocomposites N-alkyl-PEI2k-LAC/SPIO as an MRI-visible gene nanovector for IDO siRNA transfection into DCs. After the IDO siRNA-laden DCVs were adoptively transferred to the mice with 4T1 tumors, in vivo MR imaging clearly showed them homing into the draining lymph nodes. In summary, N-alkyl-PEI2k-LAC/SPIO, a gene delivery system, is able to transfect nucleic acid fragments and track cell migration in vivo using MR imaging.
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Objective

To investigate whether a radiomics model can help to improve the performance of PI-RADS v2.1 in prostate cancer (PCa).



Methods

This was a retrospective analysis of 203 patients with pathologically confirmed PCa or non-PCa between March 2015 and December 2016. Patients were divided into a training set (n = 141) and a validation set (n = 62). The radiomics model (Rad-score) was developed based on multi-parametric MRI including T2 weighted imaging (T2WI), diffusion weighted imaging (DWI), apparent diffusion coefficient (ADC) imaging, and dynamic contrast enhanced (DCE) imaging. The combined model involving Rad-score and PI-RADS was compared with PI-RADS for the diagnosis of PCa by using the receiver operating characteristic curve (ROC) analysis.



Results

A total of 112 (55.2%) patients had PCa, and 91 (44.8%) patients had benign lesions. For PCa versus non-PCa, the Rad-score had a significantly higher area under the ROC curve (AUC) [0.979 (95% CI, 0.940–0.996)] than PI-RADS [0.905 (0.844–0.948), P = 0.002] in the training set. However, the AUC between them was insignificant in the validation set [0.861 (0.749–0.936) vs. 0.845 (0.731–0.924), P = 0.825]. When Rad-score was added to PI-RADS, the performance of the PI-RADS was significantly improved for the PCa diagnosis (AUC = 0.989, P < 0.001 for the training set and AUC = 0.931, P = 0.038 for the validation set).



Conclusions

The radiomics based on multi-parametric MRI can help to improve the diagnostic performance of PI-RADS v2.1 in PCa.
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Introduction

Prostate cancer (PCa) remains the most commonly diagnosed malignancy among men in the western world (1). The frequency of PCa in Asia has increased rapidly in years (2). Accurate detection and diagnosis of PCa are key factors to improve its therapeutic response and prognosis. Currently, magnetic resonance imaging (MRI) is generally considered the best modality for the detection and localization of PCa, and are thus becoming increasingly important (3). A recently developed multi-parametric (mp) MRI protocols including T2-weighted (T2W), diffusion-weighted (DWI), and dynamic contrast-enhanced (DCE) imaging, appears to have good performance for PCa diagnosis, when associated with the Prostate Imaging Reporting and Data System (PI-RADS) (4).

In 2012, the initial version (v1) of PI-RADS was released to promote standardized MRI techniques and image interpretation. However, limitations of version 1 were soon evident. In 2015, version 2 was described to further improve reporting accuracy, and now has seen a broad uptake (4, 5). In 2019, PI-RADS version 2.1 was newly described, with several studies suggesting that version 2.1 could be preferable than version 2 for the evaluation of transition zone PCa (6–8). PI-RADS is now playing an increasingly prominent role in PCa diagnosis (9, 10). However, PI-RADS seems to have limitations of relatively low specificities, and inter-reader reproducibility. Thus a quantitative diagnostic method is needed to improve the performance of PI-RADS for the definite diagnosis of PCa (11, 12).

Radiomics can provide large-scale radiological image analysis by using a large number of quantitative features (13). Compared with genomics and proteomics, radiomics has the advantages of non-invasion assessments, comprehensive views of whole tumor and convenience in routine practice; thus, this technique has great potential for application in individualized diagnosis and treatment. Two studies (4, 14) have shown that radiomics can be used to detect PCa. However, it’s uncertain whether radiomics can add value to PI-RADS in the diagnosis of PCa. Therefore, this study aimed to determine whether radiomics of mpMRI can enhance the performance of PI-RADS v2.1 in PCa diagnosis.



Materials and Methods


Patients

This study was approved by the local Institutional Review Boards (No. 2019-1209, Date: December 30, 2019) and the need for written informed consent was waived.

The institutional database of medical records was searched for suitable patients between March 2015 and December 2016. A total of 203 patients (mean age 66 years, age range 36–85 years) who met the following criteria were finally enrolled. The inclusion criteria: (1) Men with suspicious lesions on mpMRI; (2) These lesions were histologically confirmed by biopsy or radical prostatectomy; (3) no prior prostate endocrine therapy, biopsy, surgery, or radiation therapy before MRI examination. The exclusion criteria: (1) lesions with maximum transverse diameter <5 mm, which could hardly be delineated on MRI; (2) poor mpMRI quality. The patient recruitment pathway was shown in Figure 1.




Figure 1 | Flow chart of patients’ recruitment pathway.



The baseline characteristics, pathological data, and radiographic evaluation of each patient, including age, size, location, Gleason score, PI-RADS v2.1 score and prostate-specific antigen (PSA) were shown in Table 1. The patients were divided into two groups (the training and validation sets) at a ratio of 7:3 according to the scanning date.


Table 1 | Patient and tumor characteristics.





MRI Examination

All MRI examinations were performed on the same 3.0 T MRI scanner (Skyra, Siemens Healthcare Sector, Germany) with a pelvic phased array coil. Scan sequences included T2WI in the axial and sagittal planes, DWI with b values of 0, 200, 400, and 1,000 s/mm2, and DCE. ADC maps were calculated on a designated workstation. Supplementary Material summarizes the parameters of mpMRI sequences, including the type, repetition time/echo time (TR/TE), section thickness, field of view (FoV), and bandwidth.



Reference Standard for Pathology

All lesions were histopathologically proven based on biopsy (transrectal ultrasound [TRUS]-guided 12-core systematic biopsy) or surgical specimens (radical prostatectomy). Pathological confirmatory reports were acquired from medical records of the Department of Pathology.



PI-RADS Evaluation

Two experienced radiologists (more than 5 years of experience in the diagnosis of PCa) were assigned to review the mpMRI. The patient identification was removed from all images, and the readers were blinded to all clinicopathological information. The mpMRI including T2WI, DWI with corresponding ADC map, and DCE of the largest lesion in each patient was scored with a scale of 1–5 using PI-RADS v2.1. PI-RADS scores obtained by the two readers were assessed by a weighted Kappa statistics test to evaluate the inter-observer variability. Then any disagreement between the two readers was solved by discussion during the image interpretation.



Texture Feature Extraction and Model-Building

The images were normalized before feature calculation. In detail, each image was subtracted by the mean value and was divided by the standard deviation value. Then the image was multiplied by 100, and resampled to the same resolution.

Two radiologists drew volume of interest (VOI) independently on MR images of 30 patients to evaluate the stability of the features. Only the features with inter- and intra-class correlation coefficient (ICC) > 0.75 can be included in the following analysis. The entire VOI of the tumor were drawn on the base of radiologic-histologic correlation slice by slice (the radiologists were blinded to the histopathology results). For the patient with multiple lesions, only the dominant lesion (the largest lesion) was segmented.

Radiomic features of the lesions were extracted using PyRadiomics. Three types of features (first-order statistics, texture features, and shape features) for a total of 1,304 features were extracted from each sequence of mpMRI. To eliminate the differences in the value scales of radiomics features, all of the features were normalized before feature selection. Each feature was subtracted by the mean value of the training group and was divided by the standard deviation value. The same normalization method was applied to the validation set. Redundant features were removed by One-way analysis of variance (ANOVA). Then, the least absolute shrinkage and selection operator (LASSO) regression method was applied to select the most distinguishable features.

Each clinical feature was assessed by univariate logistic regression. The features revealed as statistically significant with univariate logistic regression analysis were then analyzed with multivariate logistic regression analysis for model-building. A nomogram was generated for model visualization. Receiver operating characteristic (ROC) curve analyses were conducted to estimate the diagnostic performance of the models for the diagnosis of PCa.



Statistical Analysis

All statistical analyses were performed on R software, Statistic Package for Social Science version 21, Stata 15.0, and Medcalc 15.2.2. Differences in Table 1 were assessed by the chi-square test, the Mann-Whitney test, or t-test. The AUCs between different models were compared by DeLong’s test. The confidence level was set at P < 0.05.




Results

A total of 203 patients were included in this study, in which 112 patients had PCa, and 91 patients had benign lesions [84 benign prostatic hyperplasia (BPH), and 7 high-grade prostatic intraepithelial neoplasis (HGPIN)]. For the lesion origin, 96 lesions originated from the peripheral zone, and 107 lesions were located in the transitional zone. The PCa had a larger size than non-PCa (long axis, 2.22 ± 1.08 mm vs. 1.56 ± 0.88 mm, P = 0.001). As shown in Table 1. As for the reference standard, 82 patients with benign lesions did not undergo radical prostatectomy, and the pathological results were determined by TRUS-guided biopsy.


Feature Selection and Model-Building

For the consistency test of VOIs, the number of features with ICC > 0.75 were 522 for DWI, 655 for ADC, 471 for DCE, and 266 for T2WI, as shown in Figure 2A. A total of 45 features (5, 19, 10, and 11 features were extracted from T2WI, DWI, ADC, and DCE images, respectively) were selected by LASSO method (Figure 2B). These features all had high ICC (> 0.75). The radiomics model (Rad-score) was comprised of these features in a formula shown in Supplementary Material. Rad-score had statistical difference between PCa and non-PCa groups (Rad-score = 0.85 ± 0.29 vs. 0.12 ± 0.25, P < 0.001). Then the combined models were built by combining PI-RADS (odds ratio [OR] = 6.4, P = 0.001) with Rad-score (OR = 14.5, P < 0.001) or PSA using multivariate logistic regression analysis.




Figure 2 | (A) The inter and intra-class correlation analysis. (B) Feature selection using the least absolute shrinkage and selection operator regression method.



A nomogram was generated for the combined model (PI-RADS + Rad-score) visualization (Figure 3A). To use the nomogram, find the point for each feature on the corresponding axis, add the points for all features, and draw a line from the total points axis to the risk axis to determine the risk of PCa. Higher total score was associated with greater risk of PCa. The model yielded satisfactory fit measurement based on the training set (Hosmer-Lemeshow test, P = 0.943). Moreover, there were also good calibration curves for the risk estimation (Figures 3B, C).




Figure 3 | (A) The radiomics nomogram was developed in the training cohort, with the Rad-score and PI-RADS incorporated. (B) Calibration curve of the nomogram in the training set. (C) Calibration curve of the nomogram in the validation set. Calibration curves depict the calibration of the model in terms of the agreement between the predicted risks of PCa (the x-axis) and observed outcomes of PCa (the 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).





PCa vs. Non-PCa Classification

Rad-score had a significantly higher AUC [0.979 (95% CI, 0.940–0.996)] than PI-RADS [0.905 (0.844–0.948), P = 0.002] in the training set. However, the AUC between them was insignificant in the validation set [0.861 (0.749–0.936) vs. 0.845 (0.731–0.924), P = 0.825]. When Rad-score was added to PI-RADS, the performance of PI-RADS was significantly improved for the PCa diagnosis (AUC = 0.989, P < 0.001 for the training set and AUC = 0.931, P = 0.038 for the validation set). As shown in Table 2 and Figure 4.


Table 2 | ROC analyses of PI-RADS v2.1, Rad-score, and the combined models in the training and validation cohorts.






Figure 4 | Comparison of ROC curves between PI-RADS v2.1 and the combined models in the training (A) and validation (B) sets. The combined models both had significantly higher AUCs than PI-RADS.



In the case of clinical features, PSA, location, size, and extracapsular invasion were selected by univariate logistic regression analysis. However, only PSA was included in the combined model by multivariate logistic regression analysis. However, the addition of PSA to the combined model failed to show incremental diagnostic value (AUC = 0.990 vs. 0.989 for the training set; AUC = 0.937 vs. 0.931 for the validation set). As shown in Table 2 and Figure 4.

For differentiating the peripheral zone lesions, the AUC of the combined model was higher than that of PI-RADS (AUC = 0.995 vs. 0.891, P = 0.002 for the training cohort; AUC = 0.941 vs. 0.753, P = 0.046 for the validation cohort; AUC = 0.987 vs. 0.860, P < 0.001 in the whole cohort). For differentiating lesions in the transitional zone, the AUC of the combined model was higher than that of PI-RADS (AUC = 0.981 vs. 0.909, P = 0.007 for the training cohort; AUC = 0.926 vs. 0.861, P = 0.170 in the validation cohort; AUC = 0.960 vs. 0.894, P = 0.006 in the whole cohort).



Classification of PI-RADS 3 Lesions

Thirty-six patients in this study had PI-RADS 3 lesions on prostate MRI, in which 6 patients had PCa, and 30 patients had non-PCa. The Rad-score, and the combined model (Rad-score + PI-RADS) both had good diagnostic performance for the identification of PI-RADS 3 lesions (both AUC = 0.944), which was shown in Table 3 and Figure 5.


Table 3 | ROC analyses of PI-RADS, Rad-score, and the combined models for identifying PI-RADS 3 lesions.






Figure 5 | A 70-year-old man with a PI-RADS 3 lesion. (A) T2WI, heterogeneous signal intensity with obscured margins (arrow), which indicated 3 points according to PI-RADS v2.1; (B) ADC with 3 points, focal hypointense (discrete and different from the background); (C) DCE, contemporaneously with enhancement of adjacent normal prostatic tissues. According to (A–C), this lesion was classified as PI-RADS 3, indicating this lesion had an intermediate likelihood of clinically significant cancer. However, considering Rad-score (value = 0.97) and PI-RADS (score = 3), the risk of PCa was very high (the probability was about 85%) according to the nomogram. Finally, this lesion was proven to be PCa pathologically, with Gleason score = 3 + 4.






Discussion

In this study, we proposed a combined model (PI-RADS combined with Rad-score) to significantly improve the diagnostic value of PI-RADS v2.1. By adding Rad-score to PI-RADS, the combined model outperformed PI-RADS in the diagnosis of PCa (AUC = 0.989 vs. 0.905, P < 0.001 for the training set; AUC = 0.931 vs. 0.845, P = 0.038 for the validation set). Thus adding quantitative Rad-score can benefit radiologists in the diagnosis of PCa.

PI-RADS v2 is designed to improve lesion detection, localization, characterization, and risk stratification in patients with suspected cancer (15). It is known that PI-RADS v2 generally benefits from its highly structured criteria, making relatively high diagnostic sensitivity in PCa diagnosis (14). However, the specificity and inter-reader reproducibility are moderate (16–18). To address these limitations of PI-RADS v2, an updated version (PI-RADS v2.1) was developed in 2019. One of the major modifications in version 2.1 is the diagnostic criteria for the transitional zone PCa of low T2WI scores. When comparing the performance between version 2 and 2.1 for characterization of suspected PCa, several studies suggested that AUC tended to be higher in version 2.1 than in version 2 without statistical significance (6–8). It must be noted that PI-RADS v2.1 still showed a high false positive rate (moderate specificity) for PCa diagnosis, similar to that with PI-RADS v2. Moreover, PI-RADS 3 lesions are frequently encountered (22–32%), and carry a moderate malignant potential (up to 20–30%), the stratification of these lesions is still challenging when using PI-RADS (19). Therefore, quantitative parameters, such as radiomics, may help to prevent misdiagnoses and improve performance of PI-RADS v2.1.

Compared with qualitative or subjective explanation of radiological images, radiomics permits high-throughput extraction of quantitative features to evaluate the degree of intratumor heterogeneity (20). In recent years, radiomics analysis has appeared as a potent tool for constructing decision-support models. A number of studies have used radiomics analysis to automate PCa diagnosis and risk stratification (21, 22). While few studies (4, 14) focused on the comparison of the diagnostic value between radiomics and PI-RADS. Our results suggested that the AUC of radiomics was higher than that of PI-RADS in the training set, which was consistent with previous studies. However, the difference of AUC was insignificant in the validation set, which was not entirely consistent with the previous studies. This finding showed that radiomics might not replace PI-RADS currently. The building methods between our study and those of previous studies were all machine learning, and all these studies lacked external validation. However, there were still some differences that need to be explained. Firstly, the version of PI-RADS in our study was 2.1, which was different from version 2 in previous studies (4, 14). Secondly, Chen et al. (14) only used T2WI and ADC images, in which lack of enhanced images reduced the effectiveness of mpMRI and radiomics. Finally, prior studies (4, 14) had the smaller sample sizes than ours, especially Wang et al. (14).

In our study, extracapsular invasion, location of lesions, and tumor diameter did not present enough predictive power for the differentiation of benign and malignant lesions. Thus, we integrated PSA into the combined model (Rad-score + PI-RADS). However, adding PSA failed to show incremental diagnostic value. This might be because the AUC of the combined model was high enough. In our work, when Rad-score were added, the diagnostic performance of PI-RADS was prominently improved: the specificity increased from 63.5 to 98.4% in the training set, and from 67.9 to 96.4% in the validation set. Adding Rad-score to PI-RADS might overcome the challenge of moderate specificity of PI-RADS. For the individual zone-based analysis, the combined model outperformed PI-RADS in the training, validation, and whole sets for differentiating lesions in the peripheral zone. However, the combined model failed to show significantly higher diagnostic performance in differentiating transitional zone lesions for the validation cohort (P = 0.170). We speculated that this might be related to the small sample size of transitional zone lesions in the validation set.

For PI-RADS 3 lesions classification, our exploratory results may provide preliminary evidence to justify the use of radiomics in this field. In clinical practice of the future, the validation of radiomics is important for the challenging PI-RADS 3 lesions, including biopsy or short-term follow-up in these lesions with high risk of PCa indicated by radiomics.

Our study had several limitations. First, due to its retrospective design, there might be selection bias between PCa and non-PCa groups, and the high b-value images (b value ≥ 1,400 s/mm2) failed to be obtained. Second, prospective and external validation was not performed. Third, all mpMRI images were obtained from a single institution. In the future, multicenter verification is needed to extend the versatility of the experimental results.

In conclusion, although the radiomics model cannot replace PI-RADS currently, adding radiomics to PI-RADS has the potential to improve the performance of the structured PI-RADS scheme by providing radiologists with quantitative and standardized criteria, thereby enabling us to more confidentially detect prostate cancer.
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Diffuse tenosynovial giant cell tumor (D-TSGCT) is a benign but locally destructive tumor of synovium that may involve joints, tendon sheaths, and bursae. Its occurrence in the temporomandibular joint (TMJ) is extremely rare. The authors reported a case of 48-year-old man with an extra-articular D-TSGCT in the TMJ with medial cranial fossa extension. computed tomography (CT) and magnetic resonance imaging (MRI) features are described. The lesion was a cystic-solid mass centered at the temporal bone without involvement of the condylar head, and its solid component presented high-density on CT and hypointensity on MRI. No signs of recurrence or metastasis was observed during 12-months of follow-up. The present report suggested the potential characteristics of radiologic imaging of D-TSGCT in TMJ.
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Introduction

Diffuse tenosynovial giant cell tumor (D-TSGCT), also referred to as pigmented villonodular synovitis (PVNS), is benign disorder arising from the synovium of the joints, bursa, and tendon sheath (1). It often involves the large joints of the extremities (2), among which knee joint is most commonly affected, followed by the hip joint and the foot joint (3). According to the anatomical site of involvement, D-TSGCT are classified as intra-articular or extra-articular, and the latter has a higher recurrence rate (4).

Although any synovium can be affected, only more than 100 cases of D-TSGCT involving the temporomandibular joint (TMJ) region have been reported, only 10 cases were classified as the extra-articular form (5–9). Due to the non-specific clinical manifestations and limited knowledge of the radiological features, D-TSGCT of TMJ is easily misdiagnosed as others tumors arising from bone and cartilage, or ear diseases which manifested as bone destruction (10). In the present study, we described a rare case of an extra-articular D-TSGCT in the right TMJ without the involvement of condylar head.



Case Presentation

The patient was diagnosed with D-TSGCT at 48 years of age in West China Hospital. He started experiencing mild unilateral tinnitus, hearing loss from 3 years ago, the symptoms exacerbated gradually and trismus presented 6 months ago. Three months ago, the patient was diagnosed as cholesteatoma in the community hospital and no intervention was received. Soon afterwards, the patient presented to the otolaryngology clinic of our hospital. No facial numbness, facial muscle dysfunction, dysphagia, diplopia, or vision loss was reported, and the patient stated that there was no history of trauma to the face or jaw. A hard, non-tender, non-movable and poorly defined soft tissue mass in the right temporal area was revealed by physical examination. The high-resolution computed tomography (HRCT) of the temporal bone was performed first and suspected diagnosis of giant cell tumor (GCT) of the bone was made. The diffusion-enhanced Magnetic resonance imaging (MRI) was performed for further diagnosis, GCT of the bone or D-TSGCT was suspected diagnosed. The patient was then treated with surgery and the pathological examination was conducted. According to the histopathological features, in combination with radiological manifestations and clinical history, the final diagnosis of D-TSGCT was made. The timeline of diagnosis and treatment was showed in Supplementary Figure 1.


Imaging Examinations

The HRCT revealed a mixed-density mass with soft tissue density and slightly hypodensity (5.2 cm × 3.2 cm × 3.3 cm) in the right temporal squama. Incomplete bone shell was visible, and the articular surface of temporal bone was eroded while the condylar head was not involved (Figure 1). The fossa media was invaded through the defective temporal bone, and the temporal lobe was compressed. MRI plan scan identified an irregular and heterogeneous mass, which showed cystic components with slightly hypointensity in T1-weighted imaging (T1WI), water-like hyperintensity T2-weighted imaging (T2WI), and solid components with hypointensity both T1WI and T2WI (Figure 2). Hypointense signal was observed on diffusion-weighted images (DWI) (Figure 2). After contrast agent (Gd-DTPA) administration, slightly enhancement was present at the wall of the cystic part, no enhancement was observed in the solid part (Figure 2). The effusion was also observed in the adjacent mastoid.




Figure 1 | Computed tomography (CT) of a 48-year-old man with diffuse tenosynovial giant cell tumor (D-TSGCT) in right temporomandibular joint (TMJ). (A) A heterogeneous-density mass in the right temporomandibular joint region (soft tissue window, axial view). (B) Involvement of the temporal squamous and petrosal bones (bone window, axial view). (C) Erosion of the temporal bone while the condylar head was preserved (bone window, coronal view).






Figure 2 | Magnetic resonance imaging (MRI) of a 48-year-old man with diffuse tenosynovial giant cell tumor (D-TSGCT) in right temporomandibular joint (TMJ). MRI reveals a predominantly hypointense lesion with focal cystic changes on T2-weight imaging (A), fluid-attenuated inversion recovery (FLAIR) sequence (B) and T1-weighted imaging (C), which infiltrates the medial cranial fossa. Mild enhancement at the wall of the cystic part and no enhancement of the solid part was observed after administration of contrast agent (D). The lesion is hypointense on diffusion-weighted imaging (DWI) (E) and displays heterogeneous intensity on the apparent diffusion coefficient (ADC) map (F).





Surgical Findings and Pathological Examination Results

The patient underwent surgical resection on September of 2019 and the mass was completely removed. The lesion was extradural, and its texture was mixed with hard and soft component. The external auditory canal and the bone of skull base were eroded. The mass showed adhesion to the adjacent dura and adhered tightly to the surrounding tissues. The cross-section of the lesion was dark red with hard capsule.

Microscopically, the lesion mainly composed of small, round to spindle-shaped mononuclear cells, accompanied by varying numbers of osteoclast-like giant cells, foamy cells, and hemosiderin pigments. The mononuclear cells are characterized by round or reniform nuclei, and pale cytoplasm. Osteoclast-like giant cells are usually readily apparent, which contain a variable number of nuclei. Haemosiderin deposits are virtually identified. Mitotic activity reaches up to 10 mitoses per 10 high power field (HPF). Focal necrosis and foamy cells are rarely seen. No cellular atypia was reported (Figure 3). A diagnosis of diffuse, extra-articular TGCT was made.




Figure 3 | Histology of a diffuse tenosynovial giant cell tumor (D-TSGCT) of the temporomandibular joint (TMJ). Microscopic examination reveals large amount of mononuclear cells, irregularly distributed osteoclast-like giant cells, and hemosiderin pigments (hematoxylin-eosin [HE], original magnification × 100).





Post-Operative Course

During 12-months of follow-up, the patient had no signs of recurrence or metastasis, the clinical symptoms were ameliorated obviously. The last time MRI data was showed in Supplementary Figure 2.




Discussion

The etiology of D-TSGCT remains unclear and some possible pathogenetic theories include trauma, osteoclastic proliferation, infection, immune mechanisms, inflammation, neoplasia, and metabolic disturbances are proposed (11). The theory introduced by Jaffe is that of a reactive inflammation is most widely accepted (12), however, by the findings of clonal chromosomal aberrations (13), D-TSGCT is categorized as fibrohistiocytic tumor in the current World Health Organization (WHO) classification (14). D-TSGCT can occur at any age, but the adults aged 30-50 years are predominantly affected, with equal gender prevalence (15). D-TSGCT involving TMJ is rare, with the incidence of only 1.8 cases per one million population (16). Symptoms are nonspecific including painful or painless preauricular mass, TMJ symptoms (including click sound or trismus), and dysaudia (including hearing loss, ear fullness, and tinnitus) (17). Depression on the trigeminal and facial nerve may cause local numbness in some cases. The onset age (48 years old) and gradually aggravated dysaudia and TMJ symptoms are typical in the present case.

Macroscopically, D-TSGCT are usually large, firm or sponge-like. It has a multi-nodular appearance, with ranging in color from yellow to dark red or brown. Microscopically, most lesions are infiltrative and grow as diffuse, expansile sheets. The cellularity varies depending on the relative proportion of mononuclear cells, multinucleate giant cells, foam cells and the amount of fibrous stroma. The mononuclear component comprises larger cells and small histiocyte-like cells. Osteoclast-like giant cells, which contain a variable number of nuclei, are usually readily apparent, but may be inconspicuous in highly cellular tumors. Large amounts of haemosiderin are frequently observed in most cases and sheets of foam cells are commonly identified in the periphery of lesions. The stromal fibrosis may appear hyalinized, although it is less marked than in the localized type (18, 19).

CT and MRI provide valuable information in the diagnosis and developing treatment plan of D-TSGCT, delineating the extent of lesion as well as destruction of bone (20). Classical radiological features of the disease include high-density noncalcifying soft tissue mass on CT owing to extensive iron deposition (20). The MRI presentation of lesion varied according to the component proportions of hemosiderin, lipids, fibrous, stroma, and cellular elements (21). The lesion usually generates a low to intermediate signal in both T1WI and T2WI because of the paramagnetic effect caused by hemosiderin concentration (22). The low signal intensity caused by the presence of hemosiderin on MRI that is accentuated on gradient-recalled echo (GRE) or susceptibility-weighted imaging (SWI) sequences is also termed as the “blooming effect” (23), which is a typical feature of D-TSGCT. All these typical features are also prominent in our present case. Comparing to the lesion in the large joints which commonly involve both sides of the joint and affect joint cavity or surrounding soft tissues, the D-TSGCT in the TMJ can be centered in the bone and leads to destruction of the mandibular condyle, temporal bone, and intracranial extension (9). Cyst formation with water-like hyperintense signal at T2WI can be observed at the edge of the lesion in some cases, with non or minimal wall-like enhancement (3). Consistently, the present case manifested as heterogeneous mass centered at the temporal bone, and lateral cyst was also observed. It is worth noting that, uniquely, condylar head was preserved in this lesion.

The classification of the lesion type regarding to intra- or extra-articular can be difficult in clinical practice, because the anatomy of the TMJ region is complex (9). Wang et al. categorized the D-TSGCT involving the TMJ into 3 types on the basis of the imaging features, including bone-centered type, intraosseous type, and soft tissue type. The imaging findings of the present case were consistent with the bone-centered type, which is usually centered at the craniofacial bone around the TMJ, showing expansive bone erosion with incomplete bone shell and soft tissue mass adjacent to the bone erosion (9). The present case and previous reports (8, 9) demonstrated that, the bone-centered type lesions were relatively larger than other types which may attribute to longer illness duration. The joint surface was preserved in the early course of this type of disease, non-affected TMJ function and other mild symptoms may delayed the patient’s visit to the clinic.

The main differential diagnosis of D-TSGCT at TMJ includes GCT of the bone, synovial chondromatosis, aneurysmal bone cyst (ABCs), rheumatoid arthritis (RA), and cholesteatoma. GCT of bone characteristically involves extremities of long bones, usually manifests as expanded and soap bubble like inner structure with no calcification or mineralization. Synovial chondromatosis usually occurs in the synovium of large joints, characterized by multiple calcified nodules in the lesion area on CT. Uncalcified bodies generates hypointensity on T1WI and hyperintensity on T2WI. There is no hemosiderin deposition in the above two diseases. RA often invades multiple joints with demineralization and narrowing of the joint space. On CT or MRI, ABCs demonstrate as expansile osteolytic lesions with thin sclerotic margins, and the typical features are fluid-fluid levels with low signal intensity in the inferior layer and high signal intensity in the superior layer on T2WI. Cholesteatoma commonly affects the petrous part of temporal bone, presenting as bone destruction, accompanying with homogenous density soft tissue mass on CT, and the lesion manifests as remarkable high intensity on T2WI. Other diseases addressing preauricular swelling such as brown tumor, and synovial sarcoma are also needed to be taken into differential diagnosis. With the rare incidence, accurate diagnosis can be challenging before operation. Solid mass generating high-density on CT and hypointensity on MRI with cystic changes may be of some specificity to D-TSGCT of TMJ, in combination with clinical history and histopathological features suggest the diagnosis.

Recurrence rates of D-TSGCT after treatment varied ranging from 9 to 46%, depending on the joint affected and the length of follow-up (24, 25). The main treatment strategy of D-TSGCT is complete surgical excision of involved bones and wide synovectomy (23). However, the complete removal is challenging due to the infiltrative nature of the disease and the need to preserve the adjacent joint function. Therefore, adjuvant external beam radiation therapy (EBRT) is necessary when the surgical margin is inadequate. Additional treatments including cryosurgery, total joint arthroplasty, immunotherapy, and targeted therapy might be alternative when the complete removal is considered mutilating, but the effect of these treatments remains controversial due to the rarity of the disease and heterogeneity of the patients (26). The D-TSGCT is considered a tumor with uncertain behavior, and histologically benign D-TSGCT can rarely develop metastasis (27).



Patient Perspective

“Four years ago, I started to find hearing loss in my right ear, the symptoms worsened gradually, and the mouth opening was restricted. I went to the community hospital first and was diagnosed as cholesteatoma. Afterwards, I went to the department of otorhinolaryngology, orthopedics and neurosurgery of West China Hospital, hoping to receive thorough treatment. After various examinations, the doctor told me that my disease might be a benign bone tumor and suggested the surgery to remove the mass. After the pathological examination, I knew that my disease is a rare tumor that occurs in the temporomandibular joint. My symptoms gradually improved after the operation and there are no signs of recurrence so far. The doctors and nurses in West China Hospital were nice, and the attention and care I received was well-organized and excellent. I do not mind my case being reported and happy that other doctors learning from that.”



Conclusion

We describe a rare case of D-TSGCT in the TMJ without involvement of the condyle head and its CT and MRI characteristic, which is highly valuable in establishing the diagnosis.
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Supplementary Figure 1 | The timeline of diagnosis and treatment of the case.

Supplementary Figure 2 | Magnetic resonance imaging (MRI) after 12-months follow-up, no signs of recurrence were found. A: T1-weighted imaging; B: T2-weight imaging; C: Enhanced T1-weighted imaging, axial view; D: Enhanced T1-weighted imaging, coronal view.
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Purpose

To determine whether additional systematic biopsy is necessary in all biopsy naïve patients with MRI visible lesions by taking PI-RADS score and prostate volume into consideration.



Materials and Methods

Patients who underwent combined systematic biopsy (SB) and cognitive MRI-targeted biopsy (TB) in our hospital between May 2018 and June 2020 were retrospectively reviewed. The detection rate of clinical significant prostate cancer (csPCa), biopsy grade group (GG) concordance, and disease upgrading rate on radical prostatectomy were compared between SB and TB and further stratified by PI-RADS v2.0 category and prostate volume.



Results

A total of 234 patients were analyzed in this study. TB alone detected more csPCa and less clinically insignificant prostate cancer (cisPCa) than SB alone in the whole cohort (57.3 vs 53%, P = 0.041; 3.8 vs 7.7%, P = 0.049 respectively). The additional SB indicated only a marginal increase of csPCa detection but a remarkable increase of cisPCa detection compared with targeted biopsy (59.4 vs 57.3%, P = 0.064; 3.8 vs 7.7%, P = 0.012). As stratified by PI-RADS category, the difference of csPCa detection rate between TB and SB was not significant either in PI-RADS 5 subgroup (83.8 vs 76.3%, P = 0.07) or in PI-RADS 3–4 subgroup (43.5 vs 40.9%, P = 1.0). Additional SB decreased the rate of disease upgrading on radical prostatectomy (RP) than TB alone in PI-RADS 3–4 subgroup (14.5 vs 25.5%, P = 0.031) other than PI-RADS 5 subgroup (6 vs 6%, P = 1.0). When stratified by prostate volume (PV), TB alone detected more csPCa than SB in small prostate (PV < 30 ml) group (81.0 vs 71.0%, P = 0.021) but not in large prostate (PV ≥ 30 ml) group (44.0 vs 42.7%, P = 0.754). The additional SB did not significantly decrease the rate of disease upgrading on RP than TB alone in either small or large prostate (6.4 vs 8.5%, P = 1.0; 13.8 vs 22.4%, P = 0.063).



Conclusion

The combination biopsy method was no superior than targeted biopsy alone in PI-RADS 5 or in small volume prostate subgroup.
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Introduction

The standard 10 or 12 cores systematic transrectal ultrasound biopsy (TRUS) was the most common diagnostic method for men suspected with prostate cancer (PCa) on the basis of elevated prostate-specific antigen (PSA) level or an abnormal digital rectal examination (1). But this random sampling strategy is lacking reliability and associated with missed clinically significant PCa (csPCa) and substantial inaccurate risk stratification (2, 3). In addition, systematic biopsy can inadvertently detect indolent PCa causing overdiagnosis and eventually overtreatment.

With recent advances, prostate multiparametric magnetic resonance imaging (mpMRI) has been widely used as a triage test before biopsy in clinical practice, which could reduce unnecessary prostate biopsies (4). Meanwhile, MRI-targeted biopsy allows better sampling of cancer through accurate localization of suspicious prostate lesions just as other solid organs tumors (5–10). Many studies demonstrated that MRI-targeted biopsy improved csPCa detection and cancer risk stratification compared with systematic biopsy (6, 9, 11–14). Although the NICE and the EAU guidelines recommend combined targeted and systematic biopsies in case of positive MRI findings, particularly for repeat biopsies (15, 16), questions about the necessity for additional systematic biopsy still persist. As reported, for every one additional csPCa detected, 60 patients need systematic biopsy in addition to targeted biopsy (17). While this combined biopsy strategy leads to a large number of cores being taken, thus further increasing the risk of complication and injury inherent to prostate biopsies as well as the economic burden. Therefore, it is of clinical importance to assess the clinical implications of targeted biopsy with additional systematic biopsy.

Prostate volume and PI-RADS category are the major two factors taken into consideration to perform initial prostate biopsy in men with suspected prostate cancer based on elevated PSA, but whether they could be incorporated to the selection of optimal biopsy method is unknown. In this study, we assessed the use of cognitive MRI guided targeted, systematic, or combined prostate biopsy in an attempt to determine whether the systematic biopsy is necessary in all initial biopsy naïve patients with abnormal MRI and whether PI-RADS score and prostate volume should affect the type of biopsy method that is selected.



Materials and Methods


Patients

This study was a retrospective study approved by the institutional review board with a waiver of informed consent. Patients suspected with prostate cancer for elevated prostate-specific antigen (PSA) level or abnormal digital rectal examination and subsequently underwent combined systematic biopsy and cognitive MRI-targeted biopsy in our hospital between May 2018 and June 2020 were included. The prebiopsy mpMRI indicated suspicious prostate lesions (PI-RADS ≥3). The exclusion criteria include: a) previous prostate biopsy, prostate surgery, or neoadjuvant hormonal therapy before biopsy; b) missing PSA or PSA >100 ng/ml; c) MRI not performed at our institution; d) interval between MRI and biopsy longer than 6 months.



Image Acquisition and Interpretation

Multiparametric MRI was performed using 3.0-T MRIs (Magnetom Skyra, Siemens) with phased-array body surface coil. All images were obtained with 3-mm section thickness. T2-weighted images in the sagittal, coronal, and axial planes, diffusion weighted images (b value up to 1,500 s/mm2) in the axial plane, and dynamic contrast-enhanced images were acquired according to the international prostate MRI guidelines (18). MRI lesions were assigned a Prostate Imaging Reporting and Data System Version 2 (PI-RADS v2.0) score of 1 to 5. Two radiologists with respectively 3 and 10 years of experience in abdominal imaging read the images for each patient separately (18). Radiologists were not blinded to clinical information. The lesion with the highest PI-RADS score on mpMRI was defined as the index lesion. If there were two or more foci of equally high PI-RADS score, then the largest one was designated the index lesion.



Biopsy Technique and Histological Evaluation

All prostate biopsies were performed transperineally under local anesthesia using TRUS guidance with a bi-planar ultrasound probe (BK Medical, USA). A standard 10 or 12 cores systematic biopsy (SB) was obtained including transitional, peripheral, anterior zone from base to apex followed by cognitive MRI-guided targeted biopsy (TB). The MR images were available for direct review during the biopsy. Each lesion with a PI-RADS score of 3–5 was biopsied using two or three cores (a maximum of five cores per patient). All biopsy procedures were performed by two experienced urologists with more than 10 years of experience in prostate biopsy, and guided by an experienced urological radiologist (with more than 10 years’ experience in TRUS guiding prostate biopsy). Where a lesion was visible at TRUS, it was targeted by using the core for the relevant prostate zone (no additional cores were performed).

All prostate biopsy cores were individually labeled and were analyzed by two dedicated uropathologists. For patients diagnosed as PCa, the number of positive cores, proportion of cancer involvement, as well as grade group (GG) and Gleason score (GS) were determined using the 2014 International Society of Urologic Pathology (ISUP) criteria (19). A GG ≥2 (GS ≥ 3 + 4) was defined as clinically significant prostate cancer (csPCa), whereas others were defined as clinically insignificant prostate cancer (cisPCa) (19).



Statistical Analysis

Comparisons of categorical variable were performed using the chi-square test and continuous variables were evaluated with the Student t test after evaluating normality of the data using a one-sample Kolmogorov-Smirnov test. One way ANOVA was used for comparison of continuous variables between groups unless the data were not normally distributed, in which case the Kruskal-Wallis test was used. Wilcoxon’s matched-pairs signed-rank test was used to compare number of biopsy cores, number of positive cores, and percentage of cancer involvement. The McNemar test was used to evaluate differences in cancer detection rates and upgrading rates on radical prostatectomy between each biopsy method. A P < 0.05 was considered to indicate statistical significance. The statistical analysis was performed using SPSS (ver. 19.0; SPSS Inc., Chicago, IL, USA).




Results


Clinical Characteristics

There were 290 patients performed systematic combined with targeted biopsy (TB+SB), and 56 of them were excluded because of prior prostate biopsy or surgery (n = 33), MRI not performed at our institution (n = 5); missing PSA or PSA >100 ng/ml (n = 10), and duration between biopsy and MRI longer than 6 months (n = 8). Finally, there were 234 patients included in this study (Figure 1), 48 (20.5%) of them had a PI-RADS v2.0 score of 3, 106 (45.3%) had a score of 4, and 80 (34.2%) had a score of 5. The median number of MRI lesions detected was 1, with a median of 3 targeted cores and 12 systematic cores taken per patient. Patient demographics are shown in Table 1.




Figure 1 | Flow chart.




Table 1 | Patient characteristics.





Targeted Versus Systematic Cancer Detection and Risk Stratification for the Whole Cohort

The two biopsy methods were compared in terms of the highest GG detected per patient, and the highest GG that was detected by either biopsy method was considered as the GG detected on combined biopsy as shown in Table 2. There was a significant difference in the number of positive cores and percentage of cancer involvement of positive core (Table 1, both P < 0.001). Among 234 patients who underwent combined biopsy, 139 (59.4%) were diagnosed of csPCa, 18 (7.7%) were cisPCa, and 77 (33.5%) were not cancer. When each method was used alone, the detection rate of csPCa decreased to 57.3% (134 of 234 men) for TB and 53% (124 of 234 men) for SB (Figure 2). TB had a significantly greater csPCa detection rate than SB (P = 0.041), and similar csPCa detection rate with TB+SB (P = 0.063). While, the cisPCa detection rate of TB was significantly lower than TB+SB and SB (P = 0.012, P = 0.049 respectively; Figure 2). Among the 14 (6.0%) prostate cancer missed by TB, only 4 (28.6%) was GG2, and the other was all GG1 with no more than 2 cores positive on SB (Table 2). But SB alone missed 6 GG≥3, 6 GG2, and 3 GG1 cancers.


Table 2 | Cross-tabulation of highest grade group detected by biopsy method.






Figure 2 | Comparison of csPCa and cisPCa detection rate between TB+SB, TB alone, and SB alone in the whole cohort.



Among 157 patients diagnosed as prostate cancer by combined biopsy, 105 (66.9%) had concordant grade group between TB and SB, 33 (21%) patients had upgraded GG on TB over SB, and 19 (12.1%) had upgraded GG on SB over TB. Omission of SB would lead a reclassification to lower risk stratification in three patients. But the omission of targeted biopsy would make 9 prostate cancers reclassified to lower stratification (Table 2).



Relationship of PI-RADS, Prostate Volume With CDR

As shown in Figure 3, the csPCa detection rate increased significantly with a greater PI-RADS score (P < 0.001), with no significant difference between biopsy methods. This finding was not seen in cisPCa detection by any of TB+SB (P = 0.182), TB (P = 0.565), and SB (P = 0.259). Taking prostate volume into consideration, there was a significant trend in increased detection of csPCa with decreased prostate volume by all methods (Figure 4, all P < 0.001).




Figure 3 | Comparison of csPCa (GS≥7) and cisPCa (GS6) cancer detection between TB+SB, TB alone, and SB alone stratified by PI-RADS score.






Figure 4 | Comparison of csPCa (GS≥7) and cisPCa (GS6) cancer detection between TB+SB, TB alone, and SB alone stratified by prostate volume.





Targeted Versus Systematic Cancer Detection and Risk Stratification Stratified by PI-RADS Score

To evaluate cancer detection and risk stratification by PI-RADS score, patients were split into PI-RADS 5 (n = 80) and PI-RADS 3–4 group (n = 154). The conjunction of SB detected additional one and four csPCa in PI-RADS 5 and PI-RADS 3–4 group respectively, but didn’t lead to a higher csPCa detection rate compared than TB alone in both groups (P = 1.0, P = 0.125 respectively, Table 3). Meanwhile, the difference of csPCa detection rate between TB and SB was not significant either in PI-RADS 5 group (83.8 vs 76.3%, P = 0.07) or in PI-RADS 3–4 group (43.5 vs 40.9%, P = 1.0).


Table 3 | Characteristics of the study population stratified by PI-RADS.



With respect to the GG concordance between TB and SB, the concordant rate was similar in PI-RADS 5 and PI-RADS 3–4 subgroup (66.2 vs 67.4%, P = 0.869, Table 3). Patients with PI-RADS 5 lesions were more likely to experience upgrading on TB than PI-RADS 3–4 patients (79.2 vs 50%, P = 0.029). Conversely, patients with PI-RADS 3–4 lesions were more likely to experience upgrading on SB compared to PI-RADS 5 patients (50 vs 20.8%, P = 0.029).



Targeted Versus Systematic Cancer Detection and Risk Stratification Stratified by Prostate Volume

When the whole cohort was stratified by prostate volume (PV), TB alone detected significantly more csPCa than SB in small prostate (PV <30 ml) group (81.0 vs 71.0%, P = 0.021) but not in large prostate (PV ≥30 ml) group (44 vs 42.7%, P = 0.754). The conjunction with SB detected additional one and four csPCa in small and large prostate group respectively, but didn’t increase the csPCa detection rate compared with TB alone in each subgroup (82.1 vs 81%, P = 1.0; 46.7 vs 44%, P = 0.125).

As for GG concordance between the two methods, men with small prostate seems more likely to experience upgrading on TB than men with large prostate (78.9 vs 54.5%, Table 4), but the difference was of no significance (P = 0.078).


Table 4 | Characteristics of the study population stratified by prostate volume.





Pathological Concordance on Radical Prostatectomy

Out of 157 prostate cancer patients detected by combined biopsy, 105 subsequently underwent radical prostatectomy (RP) at our institution. In total, 11 (10.5%) of 105 patients had upgraded GG on RP. There were four men upgraded from GG1 to GG2 (n = 4), two from GG2 to GG3, one from GG3 to GG4, and two from GG3 to GG5. The other two patients were misdiagnosed as no cancer in initial biopsy but detected GG2 cancer in the second biopsy and subsequent radical prostatectomy, therefore upgraded from no cancer to GG2. Either TB alone or SB alone would lead 17 (16.2%) and 26 (24.8%) men upgraded on RP respectively, with a significantly greater rate of disease upgrading than combined biopsy (P = 0.031, P < 0.001 respectively). Difference in rates of upgrading between TB alone and SB alone was not significant (P = 0.078).

When stratified by PI-RADS score, patients in PI-RADS 3–4 group had significant greater GG upgrading on RP over TB than PI-RADS 5 group (25.5 vs 6%, P = 0.003). The omission of SB would lead six more patients’ Gleason score upgraded on RP in PI-RADS 3–4 group, but not lead any disease upgrading in PI-RADS 5 group as compared to combined biopsy (Table 3). In other words, combined biopsy was superior to TB alone in PI-RADS 3–4 patients (14.5 vs 25.5%, P = 0.031), but was no superior to TB alone in PI-RADS 5 patients (6 vs 6%, P = 1.0) for decreasing the rate of Gleason upgrading on RP. TB had a significantly lower rate disease upgrading on RP than SB in PI-RADS 5 group (6 vs 28%, P = 0.001), and a similar upgrading rate with SB in PI-RADS 3–4 group (25.5 vs 21.8%, P = 0.754).

As stratified by prostate volume, men with large prostate seem more likely to experience disease upgrading on RP than small prostate by any of TB+SB, TB, or SB, but with no significant difference except for SB (Table 4). The addition of SB would not significantly decrease the upgrading rate on RP compared with TB alone in either small prostate group (6.4 vs 8.5%, P = 1.0) or large prostate group (13.8 vs 22.4%, P = 0.063). Also, the upgrading rate of TB was not significantly lower than that of SB in each group (8.5 vs 14.9%, P = 0.21; 22.4 vs 32.8%, P = 0.375 for small and large prostate group respectively). However, combined biopsy significantly decreased the risk of disease upgrading on RP compared with SB alone in large prostate group (13.8 vs 32.8%, P = 0.001) other than small prostate group (6.4 vs 14.9%, P = 0.125). These data suggest that those who have large prostate would benefit from combined biopsy in reducing disease upgrading on RP.




Discussion

There has been considerable concern regarding whether additional systematic biopsy is required for MRI-visible lesions (13, 20–22). Several previous studies demonstrated that the combination of MRI-targeted and systematic biopsy obtain the maximal detection of csPCa than either biopsy method alone (21, 23). Systematic biopsy beneficially detected additional 3.5–13% csPCa in MRI-positive men (24), while approximately 6% csPCa had the risk stratification upgrading by systematic biopsy over targeted biopsy (25). In the present study, cognitive MRI-guided targeted biopsy showed greater csPCa detection rate and lower cisPCa detection rate with greater percentage of cancer involvement than systematic biopsy. Although systematic biopsy beneficially detected additional 6% prostate cancers in the whole cohort, only 28.6% of them were csPCa. The additional systematic biopsy indicated only a marginal increase of csPCa detection but a remarkable increase of cisPCa detection compared with targeted biopsy in the whole study population. While, the rate of Gleason upgrading on RP was lowest in combined biopsy (6.4%), followed by TB (8.5%) and SB (14.9%). This raises the question about the necessity of performing systematic biopsy among all patients with MRI-visible lesions.

It has been reported that the utility of MRI/US fusion-targeted biopsy was especially relevant at enlarged prostate, higher MRI suspicious and higher PSA level (21, 26–28). However, few of the previous studies indicate if systematic biopsy can be omitted dependent on these variables. To our knowledge, this is the first study to evaluate the performance of additional systematic biopsy in biopsy naïve patients taking PI-RADS scores and prostate volume into consideration.

PI-RADS score was suggested as a predict factor of csPCa. In this study, we found that the probability of csPCa detection increased as PI-RADS score increased (Figure 3), which was consistent with earlier studies (21, 26). When stratified by PI-RADS score, GG upgrading on targeted biopsy was more commonly observed in PI-RADS 5 subgroup, while GG upgrading on systematic biopsy was more commonly observed in PI-RADS 3–4 subgroup. Among patients with PI-RADS 3–4 lesions, they had equal probability of upgrading on either targeted or systematic biopsy. Moreover, the combined biopsy method showed the same rate of disease upgrading on radical prostatectomy in PI-RADS 5 subgroup, and a significantly decreased upgrading rate in PI-RADS 3–4 subgroup, as compared to targeted biopsy alone. These findings suggest that additional systematic biopsy could be avoided in patients with PI-RADS 5 lesions, but is required for accurate risk stratification of prostate cancer in patients with PI-RADS 3–4 lesions. Previously, Ahmad et al.’s study also came to the similar findings in a repeated biopsy cohort study (29).

Prostate volume is another important variable taken into consideration for prostate biopsy decision (30, 31). The risk of sampling error for systematic biopsy increased, thus resulted in lower detection rate of prostate cancer as prostate volume increased. Large prostate volume has also been reported to be associated with disease upgrading based by systematic biopsy over MRI/US Fusion-guided targeted biopsy due to increased operator-dependent deformation during the biopsy procedure (25). Herein, we found that both targeted and systematic biopsy had a decreased csPCa detection rate as prostate volume increased (Figure 4), which is consistent with prior findings (21, 27). Among those cases with discordant GG between the two biopsies, men with large volume prostate seem more likely to be upgraded by systematic biopsy over targeted biopsy. Prior study by De et al. showed that MRI/US fusion-guided targeted biopsy outperformed systematic biopsy for detection of csPCa in large volume prostate (>40 ml) compared to smaller volume prostate and suggested systematically perform MRI-US fusion biopsies rather than systematic biopsies as a first line approach in prostate volume greater than 40 ml (27). But the present study showed that cognitive MRI-guided targeted biopsy showed significantly higher csPCa detection rate (81%) than systematic biopsy (71%) in small volume prostate (<30 ml), rather than in large volume prostate (≥30 ml). This result was in consistent with Wysock et al.’s study which demonstrated that smaller prostate volume was a predicted factor of increased cancer detection rate on targeted biopsy, likely because of decreased sampling error and needle deflection (32). Moreover, we also found that disease upgrading on radical prostatectomy over each biopsy was more commonly observed in large prostate than small prostate. Notably, the distribution of PI-RADS score was not equal between small and large PV group due to the prevalence of csPCa, which may make a potential effect on these results. These findings suggest that the additional systematic biopsy benefit more in large prostate than small prostate, which could not be omitted in men with large prostate (≥30 ml).

This study has several limitations. Firstly, this is retrospective study in a large referral institution, which may lead potential selection biases. Secondly, lesion-to-lesion comparison in patients with multiple MRI suspicious lesions was not available in the study. The comparisons of biopsy methods were performed per patient rather than per lesion. Thirdly, we used cognitive MRI-guided targeted biopsy instead of MRI/US fusion targeted biopsy, which may reduce the performance of MRI guided targeted biopsy. But all the cognitive targeted prostate biopsies were performed by two experienced urologists and guided by an experienced urological radiologist. The findings should be further validated in large, prospective, multi-center studies.

In conclusion, the combination biopsy method was no superior than targeted biopsy alone in PI-RADS 5 or in small volume prostate subgroup in initial prostate biopsy patients with abnormal MRI. Large volume prostate (≥30 ml) and lower PI-RADS categories (PI-RADS 3–4) may benefit more from the addition of systematic biopsy than the converse.
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Cardiovascular-related complications are one of the most common complications in patients with acromegaly, and can lead to an increased risk of death. Hypertension and cardiomyopathy are the main cardiovascular complications. The characteristics of acromegalic cardiomyopathy are concentric biventricular hypertrophy and diastolic dysfunction. In addition, arrhythmia and heart valve disease are common cardiac complications in acromegaly. Although the underlying pathophysiology has not been fully elucidated, the spontaneous overproduction of GH and IGF-1, increasing age, prolonged duration of disease and the coexistence of other cardiovascular risk factors are crucial to cardiac complications in patients with acromegaly. Early diagnosis and appropriate treatment of acromegaly might be beneficial for the prevention of cardiomyopathy and premature death. 
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Acromegaly is a chronic neuroendocrine disease with a prevalence of 83-133 cases per one million people (1–7). Approximately 98% are caused by pituitary adenomas that secrete growth hormone (GH) (8, 9), and 2% are caused by pituitary hyperplasia, ectopic growth hormone or ectopic growth hormone releasing hormone (GHRH) secretion. Excessive growth hormone stimulates the liver to produce high levels of insulin-like growth factor-1 (IGF-1). Excessive secretion of GH and IGF-1 has a long-term effect on tissues and multiple organs, which will lead to the excessive proliferation of soft tissues, bones and cartilage of the whole body, causing facial changes, enlarged hands and feet, thick skin, enlarged internal organs, bone and joint disease and obstructive sleep apnea syndrome(OSAS). The quality of life of patients with acromegaly is seriously affected by these disorders. In addition, pituitary tumors can not only cause compression symptoms, but also cause a corresponding increase in the incidence of cardiovascular-related diseases, growth hormone-related metabolic abnormalities, high blood pressure, respiratory diseases, and malignant tumors such as thyroid nodules/thyroid cancer and colon cancer (10), resulting in a shortened life of patients with acromegaly. Compared with the general population, the risk of death in patients with acromegaly had been increased by 61%, and cardiovascular-related complications are the main risk factors affecting the survival rate of patients with acromegaly (11). The common cardiovascular complications in patients with acromegaly mainly include hypertension, acromegalic cardiomyopathy, valvular disease, and arrhythmia (12, 13). The main features of acromegalic cardiomyopathy are ventricular concentric hypertrophy and impaired diastolic function. Autopsy results found that up to 93% of patients with acromegaly had myocardial hypertrophy (14), and up to 60% of patients with acromegaly had arrhythmia, hypertension or valvular heart disease (12). The occurrence of cardiovascular complications may triple the chance of hospitalization for patients with acromegaly and significantly increase the average annual medical expenses (15). More importantly, the presence of any cardiovascular disease at the time of diagnosis of acromegaly indicates a significant increase in the risk of death, and the mortality rate may even reach 100% within 15 years (12). The treatment of acromegaly has been developed in many medical centers, and with the increase in the use of surgery, drugs and stereotactic radiotherapy to enable faster and better clinical and biochemical control, the quality of life and survival of patients with acromegaly has been greatly improved. Recent studies have shown that strict control of GH and IGF-1 levels has reduced the death risk of acromegaly to a level comparable to that of the general population (13, 16–18). However, if GH and IGF-1 remain uncontrolled in patients with acromegaly, systolic dysfunction and even heart failure may eventually occur, which will seriously affect the survival of patients. However, the mechanism of abnormal heart structure and function in acromegaly has not yet been fully elucidated. The present article will review the occurrence, mechanism and related risk factors for common cardiovascular diseases in patients with acromegaly.


Hypertension

Hypertension is considered one of the most relevant negative prognostic factors for mortality in acromegaly (12, 19). The incidence of hypertension in patients with acromegaly was 11.9%-54.7%, with an average of 33.6% (20). During ACROSTUDY (ACROSTUDY™ is a global non-interventional surveillance study of long-term treatment with pegvisomant initiated in 2004 for evaluating outcomes in patients with acromegaly), 68 patients of acromegaly deaths were reported in the hypertension cohort, while 10 in the cohort without hypertension (19). However, studies have shown that the incidence may be overestimated (21, 22). Minnit et al. observed that, in 40 patients with acromegaly, the incidence of hypertension was 42.5% as assessed by the average of three consecutive random measurements of blood pressure by a standard mercury blood pressure meter, while the incidence of hypertension as assessed by ambulatory blood pressure monitoring (ABPM) was 17.5% (21). A similar result was recently reported by Costenaro et al., with ABPM being assessed at 22.9% in 37 patients with acromegaly, compared with an average rate of hypertension of 32.4% with two random blood pressure tests (22). Therefore, ABPM is more objective and accurate to evaluate the blood pressure, which should be recommended in acromegaly.

Acromegaly-associated hypertension is characterized by special manifestations, with low systolic blood pressure and high diastolic blood pressure (23, 24). Vitale and colleagues found that compared with age- and sex-matched nonacromegalic patients with hypertension, patients with acromegaly had lower systolic blood pressure than nonacromegalic hypertensive controls, while diastolic blood pressure was higher than nonacromegalic hypertension, which suggested that increased vascular resistance may be related to the excessive GH and IGF-1 induced growth of vascular smooth muscle cells (23), and it may also be related to water and sodium retention caused by GH and IGF-1 (24). Additionally, compared with hypertension patients with non-acromegaly, ABPM results showed that approximately 50% of acromegaly hypertension is nondipper hypertension (nocturnal blood pressure drop is less than 10%), which might be related to acromegaly patients’ overreaction to sympathetic nerve stimulation (25).

At present, there are still controversies about the risk factors for hypertension in patients with acromegaly. Studies had found that blood pressure level was positively correlated with IGF-I level (26). Costenaro et al. observed that patients with uncontrolled acromegaly had a higher incidence of hypertension than those with remission of acromegaly and nonacromegalic controls (22). Sardella had pointed out that patients with uncontrolled acromegaly had a 6-fold increase in the risk of hypertension compared with patients who achieved remission after treatment (27). The meta-analysis of Schutte et al. included 3 prospective RCT studies, 14 cross-sectional studies, and 3 case-control studies. A total of 11704 acromegaly subjects and 912 healthy controls were included. The results showed that when the concentration of IGF-1 exceeded 191 ng/ml, blood pressure was significantly positively correlated with IGF-1 (r=0.31, P<0.001), when IGF-1 was lower than 191ng/ml, blood pressure was negatively correlated with IGF-1 (28). This study suggested that in patients with acromegaly who had not yet been completely controlled, blood pressure might be positively correlated with IGF-I level. Therefore, partial or complete remission of acromegaly will be beneficial for blood pressure control. However, in another study, blood pressure was not found to be related to IGF-1 level (23). And patient age and body mass index (BMI) may also be important determinants of hypertension in patients with acromegaly. Sardella and her colleagues observed that the blood pressure of patients with acromegaly was positively correlated with BMI and age (27). However, whether family history of hypertension and sex were related to hypertension in acromegaly is still controversial. A study included 200 patients with acromegaly and 200 subjects with nonacromegaly matched by sex, age, BMI, and smoking habits to assess the prevalence and risk factors for hypertension. And the results suggested that patients with acromegaly have a higher prevalence of hypertension than the control group [hazard ratio (HR) 1.9, P=0.0002], and the risk of hypertension increases with age. And the study also found that 62% of nonacromegalic patients with hypertension had a family history, while only 30% of patients with acromegaly had a family history (23).

The mechanism of hypertension in patients with acromegaly has not yet been fully elucidated (24–29). The occurrence of hypertension may be due to the comprehensive effects of long-term high levels of GH/IGF-1 on the cardiovascular system, kidneys and other organs, which ultimately leads to an increase in extracellular fluid volume and peripheral vascular resistance. Moreover, the accompanying myocardial hypertrophy, OSAS, and insulin resistance in patients with acromegaly can also cause or aggravate hypertension. And the direct or indirect effects of GH/IGF-I cause water and sodium retention. Half a century ago, researchers proposed that GH and IGF-1 could promote water and sodium retention by activating the renin-angiotensin-aldosterone system (RAAS), but there were still controversies. Some studies showed that GH could increase the levels of renin and aldosterone, but other studies found that without relying on the action of plasma renin, excessive GH could directly stimulate the rise in aldosterone levels, leading to hypertension in patients with acromegaly (20). Bielohuby et al. found that aldosterone was increased with chronic GH excess, and the aldosterone level decreased significantly after acromegaly was controlled, but renin concentrations were unaffected, which suggesting that GH might directly promote the secretion of aldosterone (29). The precise mechanism by which chronic excess GH increases aldosterone is unclear, but this study showed that it was unrelated to increased renin, excess IGF-1, or increased adrenal aldosterone synthase expression. Actually, aldosterone synthase is also expressed in some extra-adrenal tissues (30, 31). And excessive growth hormone may affect the synthesis of extra-adrenal aldosterone. GH/IGF-I can also directly act on the sodium channel (epithelial sodium channel, ENaC) of the kidney and renal tubular epithelial cells to increase its activity and cause water and sodium retention (32). There is another mechanism of hypertension in patients with acromegaly, which is increased peripheral vascular resistance. Maison et al. compared 10 patients with acromegaly with normal blood pressure and 10 healthy controls. The results showed that nitric oxide (NO)-mediated vascular endothelium-dependent diastolic function was impaired in patients with acromegaly (33). Nitric oxide is a powerful vasodilator that can also reduce platelet aggregation and activation, inhibit the proliferation and migration of vascular smooth muscle cells, and reduce the adhesion of white blood cells and endothelial cells. Ronconi et al. compared the blood of 13 patients with acromegaly and 12 sex- and age-matched normal blood pressure controls and found that the NO concentration decreased in platelets of patients with acromegaly, which was mainly related to the decreased expression of endothelial NO synthase, and the internal NO concentration was negatively correlated with GH/IGF-1 levels and the duration of acromegaly (34).



Acromegalic Cardiomyopathy

When constantly high levels of GH and IGF-1 stimulated the hearts of patients with acromegaly, and combined with the GH and IGF-1 receptors on the surface of cardiomyocytes, the myocardial contractility changed with increasing the intracellular calcium concentration and sensitivity to calcium, and led to myocardium interstitial collagen precipitation, muscle fiber disorder, and interstitial lymphocyte infiltration of cardiomyocytes, which eventually progressed to acromegaly cardiomyopathy (12, 35). The most common features of acromegaly cardiomyopathy are biventricular concentric hypertrophy, myocardial fibrosis and diastolic dysfunction. In addition, excessive growth hormone may also upset the local water balance of the myocardium and increase the myocardial water content. Excluding other heart diseases, heart changes in acromegaly were first defined as acromegaly cardiomyopathy at the end of the 19th century (36). The development of acromegaly cardiomyopathy is usually divided into three stages. In the early stage, it is mainly myocardial concentric hypertrophy, increasing heart rate and increased cardiac output, which are manifestations of hyperkinetic syndrome generally in younger patients with a shorter duration of disease. Acromegaly cardiomyopathy at this stage is still reversible. In the middle stage, myocardial hypertrophy becomes more obvious and severe, ventricular diastolic function is impaired, and the left ventricular ejection fraction decreases during exercise. If acromegaly is untreated or not effectively controlled, it will progress to the final stage, during which systolic dysfunction at rest and heart failure may occur. At this stage, even if acromegaly is treated, heart disease becomes irreversible (37, 38). In addition, patients with acromegaly often have hypertension, valvular heart disease, arrhythmia, as well as vascular endothelial dysfunction and glucose and lipid metabolism disorders, which may potentially aggravate cardiomyopathy.


Cardiomyopathy

In 2004, Colao et al. from Italy reviewed the systemic complications of acromegaly and proposed that the most common cardiac change in patients with acromegaly is biventricular concentric hypertrophy. Most patients showed obvious left ventricular hypertrophy at the time of diagnosis. Left ventricular hypertrophy is observed in the early stage of acromegaly, and the histology of acromegaly is mainly manifested as myocardial interstitial fibrosis (12). An autopsy report of 27 patients with acromegaly showed that 93% of patients had left ventricular hypertrophy (LVH), and 85% had myocardial fibrosis (14). At present, most studies exploring changes in cardiac structure and function are conducted through echocardiography (ECHO). Table 1 summarizes related research on the evaluation of cardiac structure and function in acromegaly with echocardiography from 2002 to 2020 in PubMed. In general, the incidence of myocardial hypertrophy in patients with acromegaly is 10.8-78.9%, and the average incidence is 41.9% (16, 39–59) (Table 1). The estimation of the incidence of myocardial hypertrophy is quite different, which may be related to the different definitions of myocardial hypertrophy and the different research designs (retrospective, prospective or cross-sectional) and the different study populations in different studies.


Table 1 | Echocardiographic assessment of changes in cardiac structure and function in patients with acromegaly from 2002 to 2019.



In recent years, studies have found that early pathologies such as reduced myocardial perfusion, myocardial edema, myocardial fibrosis, and regional myocardial movement incoordination greatly affect the quality of life and long-term survival rate of patients, and the application of echocardiography cannot make an accurate assessment (45). Cardiac magnetic resonance imaging (CMRI) has been regarded as the gold standard for the assessment of cardiac lesions in acromegaly (60, 61). At present, there are few studies using cardiac MRI to study acromegaly cardiomyopathy (43, 51, 59, 62–64), and the conclusions are still inconsistent. Bogazzi et al. included 14 patients with acromegaly. CMRI found that 73% of the patients had left ventricular hypertrophy, which was higher than the 36% observed using echocardiography in the same study population. But myocardial fibrosis had not been found in their study (62). However, dos santos Silva et al. (51) included 40 patients and used both CMRI and ECHO to evaluate cardiac structure and function in acromegaly. At baseline, CMRI only found that 5% of patients with acromegaly had LVH, and in delayed myocardial enhancement analysis, 13.5% of patients had myocardial fibrosis, while ECHO found that 31% of patients had LVH. Therefore, the study believed that echocardiography might overestimate the incidence of myocardial hypertrophy. And recently Guo et al. analyzed the CMRI results of 61 patients with acromegaly, found that the incidence of LVH, IVSH, LVSD, RVSD, and myocardial fibrosis were 26.2%, 27.9%, 8.2%, 9.8%, and 14.8%, respectively (59). The main reason for the inconsistency in the diagnosis rate of LVH between the two research centers was the different diagnostic criteria. Different countries and races have dissimilar diagnostic criteria. The study by dos santos Silva et al. defined LVH as left ventricular mass index (LVMi) in males>135 g/m2 and females>110 g/m2, while Bogazzi et al. defined as males>86 g/m2 and females>67 g/m2. The diagnostic criteria of LVH were not mentioned in the report of Guo et al. However, the average LVMi in the study by Guo et al. was very close to the results of studies originating from Brazil, but much lower than the result of European studies (59).

The risk factors for myocardial hypertrophy in patients with acromegaly are still controversial. A retrospective study analyzed the cardiovascular-related complications of 205 newly diagnosed patients with active acromegaly and 410 gender- and age-matched nonacromegalic patients. The results showed that the prevalence of LVH in patients with acromegaly was 11.9-fold higher than that of nonacromegalic patients. The duration of acromegaly was the main risk factor for cardiomyopathy. And the relative risk of cardiomyopathy in patients with a duration of 10 years was 3-fold higher than that of patients with a duration of 5 years (45). A study by Xiaopeng Guo and others from Peking Union Medical College Hospital included 108 patients with acromegaly and found that age and increased BMI were independent risk factors for acromegaly cardiomyopathy (53). In addition, multivariate analysis, such as that performed by Casini, showed that hypertension and IGF-1 levels were determinants of left ventricular hypertrophy (41). However, multivariate logistic regression analysis by Nascimento et al. showed that acromegaly uncontrolled as an independent risk factor for left ventricular hypertrophy (49).



Heart Function

Increased GH, directly and via IGF-1, induces myocardial hypertrophy and fibrosis. LVH causes diastolic and more rarely systolic dysfunction. Diastolic dysfunction is common in patients with acromegaly. According to previous studies, its incidence was approximately 11.3-100%, with an average incidence of 46.3% (40–45, 47, 49, 51, 53, 56, 58) (Table 1). Decreased diastolic function is mainly manifested as insufficient cardiac filling capacity, significantly prolonged isovolumic relaxation time (IVRT) and mitral deceleration time (MDT), reduced peak E of mitral valve anterior blood flow, increased peak A of mitral valve anterior blood flow, and reduced E/A ratio, but these situations are usually mild (56). Age and the coexistence of diabetes (diabetics accounted for 19% of patients in this group) are independent risk factors for diastolic dysfunction, regardless of the duration of the disease. Another prospective study involving 19 cases of acromegaly also suggested that age was the most important predictor of diastolic dysfunction (39).

In a national study in Denmark, a total of 405 patients with acromegaly and 4,050 age- and gender-matched healthy subjects were included. The average follow-up was 10.6 years. It was found that the risk of acromegaly heart failure was 2.5 times that of the general population (1). In most studies, impaired systolic function was rare in patients with acromegaly. A comprehensive study of 3,173 patients with acromegaly from the database of 14 medical centers in Europe showed that 1.6% of patients had heart failure when they were diagnosed with acromegaly (55). To date, studies have reported that the highest incidence of impaired systolic function was 26.3%. A total of 205 patients with acromegaly were included in the study. Systolic dysfunction was defined as an echocardiographic examination of cardiac ejection fraction less than 50% (45), but the authors did not clarify whether the patient has clinical manifestations of heart failure. Recently, Guo et al. analyzed the CMRI results of 61 patients with acromegaly. And LVSD was detected in 5 patients (8.2%), 3 of whom had an LVEF higher than 40%. Two patients were diagnosed with severe LVSD and exhibited remarkably decreased LVEF (13.7% and 21.3%). Interestingly, all 5 patients with LVSD were males (59). However, earlier studies used CMRI to evaluate cardiac function did not find patients with acromegaly combined with systolic dysfunction (43, 51, 62). This may be related to the lack of data on the hearts of patients with acromegaly using CMRI assessment. The actual incidence of heart failure of acromegaly in the clinic may be very low. This is due to the continuous improvement in the diagnosis and treatment of acromegaly, which reduces the probability of its terminal stage. It is worthy of attention by clinicians that once patients develop heart failure, they often face a higher risk of death and increased hospitalization costs. In a retrospective study of 330 patients with acromegaly from two centers in France and Belgium (65), 9 patients (2.7%) developed chronic congestive heart failure, which was stage III-IV when rated by the New York Heart Association diagnostic criteria. Echocardiography showed dilated cardiomyopathy with left ventricular systolic dysfunction, and the left ventricular ejection fraction was less than 45%. Among them, 3 patients underwent heart transplantation due to end-stage heart failure. In addition, it was also suggested that if chronic symptomatic congestive heart failure occurred, the 1-year and 5-year mortality rates were 25% and 37.5%, respectively (65). Therefore, when chronic congestive heart failure develops in patients with acromegaly, their condition and prognosis are often poor.

Since obvious impairment of systolic function is rare, some studies have attempted to evaluate the early damage of the myocardium in patients with acromegaly. At present, there are studies using speckle tracking echocardiography (STE) to study the early changes in the left ventricular systolic function of the heart in patients with acromegaly (66–69). STE can analyze the local and overall systolic deformation capacity of the left ventricle, and its average value reflects the global longitudinal strain (GLS) of the left ventricular systolic function. Impaired GLS has been used as a sign of early and subclinical left ventricular systolic dysfunction (66). GLS is also recognized as the main predictor of heart-related events, and its accuracy is even higher than that of LVEF (66). Popielarz-Grygalewic and colleagues evaluated the GLS of 140 patients with acromegaly, and 65% of the patients in this group were women, and the average age was 50.5 ± 13.8 years old. Compared with age- and sex-matched healthy controls, patients with acromegaly had significant subclinical systolic dysfunction (67). Similarly, Uziębło-Życzkowska et al. recently compared 30 cases of acromegaly with 30 cases of a control group matched by sex, age, and blood pressure and found that the left ventricular systolic function of patients with acromegaly was significantly impaired, the GLS value was significantly reduced, and patients with acromegaly had higher left ventricular weight, larger left atrium anteroposterior diameter and left atrium volume index (69). However, Volschan et al. evaluated the GLS of 37 patients with acromegaly and 48 controls (matched by sex, age, hypertension, and diabetes) and found no differences between patients and controls (66). The different conclusions of these studies may be related to sample selection and sample size. At present, there are few studies on GLS in patients with acromegaly, and the early cardiomyopathy of patients with acromegaly needs further study.




Heart Valve Disease

Previous studies have shown (67, 70–73) that patients with acromegaly often have heart valve disease, among which the mitral valve and aortic valve are the most commonly involved parts, mainly manifested by valve regurgitation. Heart valve disease is an important part of ventricular insufficiency, but there are few reports of valvular disease of acromegaly that are studied separately (70–72). In 1997, Ohtsuka et al. performed valve replacement on 5 patients with severe valve disease and left heart failure and acromegaly. They found that patients with acromegaly had degeneration of heart valves with mucopolysaccharide deposition, increased ring fragility, and valve leaflet disorder. Therefore, regurgitation and stenosis of the mitral valve and aortic valve occurred (73). The cause of valvular disease in patients with acromegaly is not clear. It may be related to the increased expression of matrix metalloproteinases (MMPs), the synthesis of proteoglycans, the deposition of collagen and mucopolysaccharides, and the abnormal regulation of extracellular matrix. In addition, elevated levels of proinflammatory cytokines in patients with active acromegaly could also increase the gene expression of MMPs (70). MMPs are a group of endogenous Zn2+-dependent proteolytic enzymes that can degrade collagen, elastin and proteoglycan; can synthesize collagen and connective tissue that do not have normal structure and function by regulating the formation of matrix elements and the bioactive factors released by the degradation of extracellular matrix; and can participate in the remodeling of heart valve tissue (74). Another factor that may cause aortic regurgitation is dilation of the aortic root, which is reported in up to 26% of patients with acromegaly (75, 76).

Patients with acromegaly are prone to various valve diseases, but most valve diseases are mild (70, 71). Colao et al. (71) compared 42 patients with newly diagnosed acromegaly, 22 patients with successful pituitary tumor resection and remission for at least 1 year, and 64 patients with gender- and age-matched nonacromegaly. Mitral and aortic valve calcification, fibrosis, thickening of the valve leaflets and regurgitation were observed. It was found that 86% of patients in the active disease stage had valve abnormalities, while only 24% of the control group had valve abnormalities. After acromegaly was controlled by treatment, 73% of patients had valve abnormalities, while only 9% of the control group had valve abnormalities. However, the degree of valve disease observed in this group of patients was mild to moderate, which was of little clinical significance. Since the prevalence of mild mitral and tricuspid regurgitation is higher in the general population, while the prevalence of aortic regurgitation is much lower, it is generally believed that pathological mitral and tricuspid regurgitation flow is defined as more than moderate regurgitation, and pathological aortic regurgitation is defined as more than mild. Pereira et al. (70) evaluated the pathological significance of valvular regurgitation in patients with acromegaly. The study included 40 patients with acromegaly and 120 in the control group with age, sex, hypertension, and left ventricular systolic function matching. Valve regurgitation with pathological significance was common in patients with acromegaly, and 30% of whom had aortic valve regurgitation, while the incidence rate in the control group was only 7%. Moderate or above mitral regurgitation occurred in 5% of patients with acromegaly, but it was not found in the control group (70).

The duration of acromegaly is considered to be an independent risk factor for valvular disease (70). Study by Pereira et al. suggested that for every additional year of disease duration, the risk of valvular disease increased by 19%, regardless of the levels of GH and IGF-1, whether there was impaired left ventricular function, or hypertension. There was no pathological regurgitation in patients with a duration of less than 6 years, but aortic regurgitation occurred in 12.5% of patients with a duration of 6-10 years, and aortic regurgitation occurs in 40% of patients with a duration of more than 16 years. Moderate and above mitral regurgitation was not observed in the nonacromegalic control group matched for age, gender, hypertension and left ventricular systolic function, but in patients with acromegaly with a duration of more than 16 years, 20% had moderate or more mitral regurgitation (70). Furthermore, the progression of valve disease is related to the failure to effectively control the levels of GH and IGF-I. A prospective study included 18 patients with active acromegaly and patients with acromegaly who were in remission after treatment. It was found that patients with uncontrolled acromegaly had an increased incidence of mitral regurgitation during follow-up; at baseline, 39% had mitral regurgitation, which increased to 78% after an average of 1.9 years of follow-up. However, there was no increase in the incidence of regurgitation in patients with remission of acromegaly (72). However, few studies have assessed the risk factors for valve diseases, especially prospective studies, and more clinical evidence is needed in the future.



Arrhythmia

In previous studies, 7-40% of patients with acromegaly might have arrhythmia, especially during exercise (37). Arrhythmias mainly manifest as ectopic beats, paroxysmal atrial fibrillation, paroxysmal supraventricular tachycardia, sick sinus syndrome, ventricular tachycardia and bundle branch block. Malignant ventricular tachyarrhythmia may be the cause of repeated syncope and sudden cardiac death in patients with acromegaly (77). The incidence of premature ventricular contractions and complex ventricular arrhythmia in patients with acromegaly is higher than that of the general population (78). In 1992, a clinical observation study included 32 patients found that 48% of patients with acromegaly had complex ventricular arrhythmias (79). In 2002, Lombardi et al. performed a 24-hour dynamic electrocardiogram on 19 patients with acromegaly, and the results showed that approximately 16.6% of patients with acromegaly had supraventricular premature beats, and 35% of patients had ventricular premature beats (39). However, in recent years, relatively few studies had used Holter to assess arrhythmia in acromegaly (80, 81). Recently, a study from Russia found that 42% patients with acromegaly had arrhythmias and cardiac conduction disorders, and 61% of patients with arrhythmia who underwent CMRI had the signs of myocardial fibrosis (82). But Warszawski et al. observed 36 patients with acromegaly and found no persistent arrhythmia at baseline and 1 year after treatment with somatostatin analogs (SSAs), and no arrhythmia-related symptoms were observed (64). The authors speculated that this phenomenon might be related to the fact that there was no significant myocardial fibrosis or myocardial hypertrophy in this group. Another study conducted 24-hour dynamic ECG monitoring on 47 patients with acromegaly and found that the average heart rate and variability of patients with acromegaly increased, but no significant clinical arrhythmia was observed (83).

One study suggested that the duration of acromegaly was a main risk factor of arrhythmias and cardiac conduction disorders (82). In addition, the occurrence of ventricular arrhythmia may be related to left ventricular hypertrophy and fibrosis (63). Some recent studies suggested that the QT interval prolongation or an increase in QT dispersion (84, 85), the frequency of late potentials (81), may increase the risk of acromegaly arrhythmia. The actual reduction in severe arrhythmia in the clinic may be related to the adoption of stricter diagnostic criteria for acromegaly and early intervention in recent years, as well as to the treatment of complications (mainly hypertension and diabetes) that increase the risk of heart disease (64).



Atherosclerosis and Coronary Heart Disease

There is still controversy about whether patients with acromegaly are at increased risk of atherosclerosis and coronary heart disease (13). Because acromegaly is prone to being associated with hypertension, diabetes and other metabolic-related diseases, the risk of atherosclerosis and coronary heart disease may increase. However, some studies suggested that IGF-1 has anti-inflammatory and antioxidant properties, so IGF-1 was believed to have a protective effect on atherosclerosis (86). Von der Thusen and colleagues observed the effect of IGF-1 on mouse arterial smooth muscle cells cultured in activated macrophage media. IGF-1 in atherosclerotic plaques could prevent plaque instability by regulating the renewal of smooth muscle cells and changing the phenotype of smooth muscle cells (87). Some studies have shown that patients with acromegaly have not found an increased risk of coronary heart disease (88–91). dos Santos Silva et al. compared the coronary artery calcium scores (CACs) and Framingham risk score (FS) of 56 patients with acromegaly and the control group (matched by sex, age, smoking habits, hypertension, diabetes and hypercholesterolemia). Interestingly, no difference was found. According to the FS and CACs to assess the risk of ischemic events, 91% of patients with acromegaly were classified as low-risk (88). Similarly, the study by Akutsu et al. suggested that CACs in patients with acromegaly were lower, and no cardiovascular events occurred after an average follow-up of 4.6 years (89). A prospective study by Bogazzi et al. used the Agatston score (AS) to evaluate the coronary calcium content of 52 patients with acromegaly and stratified them according to the FS. It was found that 71% of patients had a low risk of coronary heart disease, 27% had moderate risk, and 2% had high risk. In all AS-positive patients with calcified plaques in the coronary arteries, myocardial exercise stress SPECT was used to detect ischemia. Amazingly, all patients were negative. During the 5-year follow-up period, no major cardiovascular events occurred (90). Meanwhile, many evidence supports that acromegaly is associated with an increased risk of coronary artery disease (92–95). A study by Ragonese et al. enrolled 39 patients with acromegaly. According to a comprehensive assessment of the FS and AS, 41% of patients with acromegaly were at risk of coronary atherosclerosis (92). A recent meta-analysis of preclinical markers of atherosclerosis in patients with acromegaly also showed that IMT of patients with acromegaly increased, and that both FMD and arterial stiffness were affected, which indicated that these patients had an increased risk of atherosclerosis. But in patients with biochemical remission, IMT and FMD were significantly improved (93). In addition, Ozkan used early markers of atherosclerosis, common carotid artery intima media thickness (IMT), flow-mediated dilation (FMD), and epicardial adipose tissue thickness (EAT) to detect whether patients with acromegaly had early atherosclerosis. The results showed that compared with the control group (matched by age, sex, BMI, diabetes, hypertension, and hyperlipidemia), patients with acromegaly had significantly higher IMT and EAT, while FMD significantly decreased, However, compared with the control group the patients with acromegaly presented lower levels of highly sensitive C reactive protein (hsCRP) and oxidative stress parameters, which suggested that inflammation and oxidative stress did not seem to contribute to the development of atherosclerosis in these patients (94).

There are still controversies about the duration of acromegaly and whether GH and IGF-1 are related to the increased risk of coronary heart disease. Some previous studies have suggested that the risk of coronary heart disease in patients with acromegaly is mainly related to metabolic complications such as diabetes, hypertension, and hyperlipidemia (89, 90). Tellatin and colleagues recently evaluated coronary flow reserve (CFR) as an indicator of coronary microvascular function in patients with asymptomatic acromegaly. The results suggested that patients with acromegaly had lower CFR. CFR and IGF-1 levels were negatively correlated. In the multiple logistic regression analysis, IGF-1 independently increased the probability of CFR ≤ 2.5 (96). The study by Herrmann et al. suggested that the duration of acromegaly and the subsequent metabolic disorders seemed to affect the CAC degree of patients with acromegaly (97).

However, the incidence of coronary heart disease in patients with acromegaly does not seem to increase. A study by Schöfl et al. observed 479 patients with acromegaly in 7 German endocrine centers and found that the incidence of myocardial infarction in patients with acromegaly was very close to that of the general population (SIR: 0.89, 95% CI: 0.47-1.52), P=0.80) (98). Similarly, a national cohort study in Denmark did not find an increase in myocardial infarction in patients with acromegaly (HR: 1.0, 95% CI: 0.5-1.9) (1). Therefore, more prospective studies are needed on the incidence of atherosclerosis and coronary heart disease in patients with acromegaly.



The Potential Benefits of Acromegaly Control for Related Heart Disease

At present, surgical removal of tumors is still the preferred treatment for patients with acromegaly. Approximately 50% of patients are controlled by surgical treatment, total tumor resection can be easily achieved for microadenoma, and up to 85% of microadenoma is completely removed by surgery. The experience of the neurosurgeon has a great influence on the success rate of the surgery (10, 99). For patients with high-risk surgery or who refuse surgery, and patients whose tumor is located in the cavernous sinus, which may be difficult to cure through surgery, medications (somatostatin analogs, growth hormone receptor antagonist, and dopamine agonist) and radiation therapy could be considered as treatment options (100). 

A large number of clinical observation studies have shown that the heart structure and function of patients with acromegaly are significantly improved after the condition is controlled. It has been reported that surgical treatment can reduce the mass of the left ventricle and improve the diastolic and systolic function of patients (44, 101). Patients with acromegaly who had biochemical control after surgery showed reduced heart rate and blood pressure and improved endothelial diastolic dysfunction (102, 103). Minniti and colleagues included 30 newly diagnosed patients with acromegaly and completed echocardiography before and 6 months after transsphenoidal surgery. The results showed that LVM, LVMi, interventricular septum diastolic thickness (IVSDT) and posterior wall diastolic thickness (PWDT) were significantly reduced within 6 months after surgery. Furthermore, diastolic function was significantly improved compared with preoperative function (101).

At present, drugs such as somatostatin analogs, GH receptor antagonists and dopamine receptor agonists are often used as adjuvant treatments for surgery to achieve biochemical control in patients with acromegaly (10, 39, 61, 100, 103, 104). Many studies have suggested that somatostatin analogs can benefit the heart in treating acromegaly (39, 61, 104). Lombardi and colleagues enrolled 19 patients. After 6 months of treatment with lanreotide, LVM was significantly reduced, and the proportion of patients with ventricular premature beats decreased by 50%. Holter results showed that the heart rate in 24 hours was significantly reduced after 6 months of lanreotide treatment (39). Bogazzi et al. used CMRI to evaluate heart changes in 14 patients with untreated active acromegaly before and after a 6-month duration of treatment with lanreotide. The authors found that short-term treatment with lanreotide reduced the LVMi, reversing LV hypertrophy in most patients. However, no correlation was found between changes in the LVMi and changes in the serum IGF-I concentration. Notably, patients with controlled disease showed greater reduction of the LVMi than those with uncontrolled acromegaly (62). Octreotide and lanreotide may have a direct beneficial effect on the cardiovascular system through somatostatin receptors on cardiomyocytes. Cardiac fibroblasts express somatostatin receptors (SSTRs) 1, 2, 4, and 5. Cardiomyocytes express SSTR1 and SSTR2, and octreotide and lanreotide can bind to SSTR2 and SSTR5 and have a direct effect on cardiac fibroblasts and cardiomyocytes (105, 106). Thus, regardless of whether the administration of somatostatin in patients with acromegaly achieves biochemical control, it may significantly reduce LVMi and improve cardiomyopathy. Meanwhile, somatostatin analog therapy may improve mortality in patients with acromegaly. In 2019, a meta-analysis evaluating the mortality of acromegaly revealed that in 6 clinical intervention studies that used somatostatin analogs as an adjuvant treatment for patients after surgery, the mortality of acromegaly did not increase (SMR: 0.98, CI: 0.83-1.15), and only in patients who received surgery and/or radiotherapy without the use of somatostatin analogs as adjuvant treatment did the mortality rate significantly increase (SMR: 2.11; CI: 1.54-2.91) (11).

When SSAs treatment alone cannot achieve biochemical control of acromegaly, the SSAs can be replaced or combined with the growth hormone receptor antagonist pegvisomant (PEG) (107). When SSAs fail to control acromegaly, PEG normalized serum IGF1 levels in 70–97% of cases (54). Studies have suggested that long-term SSAs and PEG combined therapy can improve the cardiac structure and function in patients with acromegaly resistant to SSAs, especially patients with diastolic dysfunction (54, 108). Auriemma et al. evaluated 36 patients undergoing high-dose single-drug-resistant SSA therapy. These patients received SSA treatment for a median duration of 36 months and further received SSA+PEG treatment for a median duration of 60 months. Comparison of the cardiac structure and function after using an SSA alone, using an SSA+PEG for 12 months, and using an SSA+PEG for 60 months suggested that short-term and long-term SSA+PEG treatment could significantly improve the LVMi and E/A. The study also suggested that the improvement was mainly related to IGF-1 normalization, and the IGF-1 concentration in 83% patients was controlled to the normal range (108). Because GH receptors are expressed on cardiomyocytes, PEG might have a direct effect on the heart; however, this remains to be elucidated (109). Few studies to date have focused on the changes in cardiac structure or function in patients with acromegaly using PEG alone (42, 54). A study by Pivonello et al. suggested that the LVM decreased after long-term use of PEG in 12 patients with acromegaly, both diastolic and systolic function improved, and a correlation was found between changes in the IGF-I concentration and changes in the left ventricular ejection fraction (42). However, a study by Kuhn et al. indicated that the LVM decreased and that the LVEF did not change significantly overall. Notably, they found that the LVEF significantly improved in patients with a baseline LVEF of <60% but decreased in patients with an LVEF of >70% (54). In addition to improving the structure and function of the heart, PEG can also improve arrhythmias (95) and reduce the Framingham risk score (110).

For patients with acromegaly who have not achieved biochemical remission after surgery, dopamine receptor agonist therapy is also a treatment options, especially for those patients with only a mildly elevated serum IGF-1 concentration. Previous studies have shown that high-dose cabergoline is related to valve disease in patients with Parkinson’s disease (111, 112). A recent meta-analysis showed that patients with hyperprolactinemia treated with cabergoline were at increased risk of regurgitation of the tricuspid valve. This study analyzed data from 13 published studies of 836 patients with hyperprolactinemia treated with cabergoline and 1388 healthy controls. The results suggested that there was no difference in the risk of aortic or mitral regurgitation between the cabergoline-treated patients and the control group (113). To the best of our knowledge, only one study has evaluated the effects of cabergoline on cardiac valves in patients with acromegaly (114). Maione et al. compared the prevalence and incidence of heart valve disease and regurgitation in a series of patients with acromegaly treated with cabergoline and matched patients who had never received this drug. The authors found no increase in the prevalence of valve regurgitation or remodeling relative to a matched cohort of patients with acromegaly who had never received cabergoline. The valve abnormalities observed here are more likely to have been related to acromegaly itself than to cabergoline (114). However, the cumulative doses and treatment durations in patients with acromegaly and patients with hyperprolactinemia were consistently lower than those in patients with Parkinson’s disease. One study suggested that for patients who need high-dose cabergoline (>3 mg/week) for a long period of time, echocardiography may be needed to evaluate valve abnormalities, whereas patients who receive low-dose cabergoline (1–2 mg/week) may not need routine echocardiography (115). However, whether cabergoline might be harmful to the cardiac structure in patients with acromegaly requires further evaluation.



Summary

In summary, cardiovascular complications are the most common complication in patients with acromegaly, and also the main factors affecting the quality of life and survival time of patients. Patients with acromegaly often have cardiovascular diseases such as hypertension, myocardial hypertrophy, diastolic insufficiency, and arrhythmia. At present, the underlying physiopathology of various cardiac complications has not been fully elucidated, but the coexistence of GH/IGF-I over secretion, older age at diagnosis, prolonged disease duration, and other cardiovascular risk factors may be the most important factors for cardiovascular complications. Once acromegaly is diagnosed, the patient’s heart condition should be thoroughly evaluated immediately. Clinicians should carefully screen each patient for hypertension, cardiomyopathy, valvular heart disease, and arrhythmia. More importantly, active intervention is necessary. Surgery is the first-line choice for patients with acromegaly to remove GH pituitary adenomas and control GH/IGF-1 levels. For patients who have not remitted after surgery and cannot be operated on, radiotherapy and/or drug therapy should be considered to achieve biochemical remission of GH/IGF-1 levels in patients with acromegaly as soon as possible. Early diagnosis and treatment can help reduce the risk of severe cardiac complications in patients with acromegaly, improve the quality of life of patients, and prolong the survival time.
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Purpose

To compare the diagnostic efficiency of the mono-exponential model and bi-exponential model deriving from intravoxel incoherent motion diffusion-weighted imaging (IVIM-DWI) in differentiating the pathological grade of esophageal squamous cell carcinoma (ESCC).



Methods

Fifty-four patients with ESCC were divided into three groups of poorly-differentiated (PD), moderately-differentiated (MD), and well-differentiated (WD), and underwent the IVIM-DWI scan. Mono-exponential (Dmono, D*mono, and fmono) and bi-exponential fit parameters (Dbi, D*bi, and fbi) were calculated using the IVIM data for the tumors. Mean parameter values of three groups were compared using a one-way ANOVA followed by post hoc tests. The receiver operating characteristic curve was drawn for differentiating pathological grade of ESCC. Correlations between pathological grades and IVIM parameters were analyzed.



Results

There were significant differences in fmono and fbi among the PD, MD and WD ESCC groups (all p<0.05). The fmono were 0.32 ± 0.07, 0.23 ± 0.08, and 0.16 ± 0.05, respectively, and the fbi were 0.35 ± 0.08, 0.26 ± 0.10, and 0.18 ± 0.07, respectively. There was a significant difference in the Dmono between the WD and the PD group (1.48 ± 0.51* 10-3 mm2/s versus 1.05 ± 0.44*10-3 mm2/s, p<0.05), but there was no significant difference between the WD and MD groups, MD and PD groups (all p>0.05). The D*mono, Dbi, and D*bi showed no significant difference among the three groups (all p>0.05). The area under the curve (AUC) of Dmono, fmono and fbi in differentiating WD from PD ESCC were 0.764, 0.961 and 0.932, and the sensitivity and specificity were 92.9% and 60%, 92.9% and 90%, 85.7% and 100%, respectively. The AUC of fmono and fbi in differentiating MD from PD ESCC were 0.839 and 0.757, and the sensitivity and specificity were 78.6% and 80%, 85.7% and 70%, respectively. The AUC of fmono and fbi in differentiating MD from WD ESCC were 0.746 and 0.740, and the sensitivity and specificity were 65% and 85%, 80% and 60%, respectively. The pathologically differentiated grade was correlated with all IVIM parameters (all p<0.05).



Conclusions

The mono-exponential IVIM model is superior to the bi-exponential IVIM model in differentiating pathological grades of ESCC, which may be a promising imaging method to predict pathological grades of ESCC.





Keywords: esophageal squamous cell carcinoma, intravoxel incoherent motion, bi-exponential model, diffusion-weighted imaging, pathological grade, mono-exponential model



Introduction

Diffusion-weighted imaging (DWI) is a quantitative technology for evaluating the water motion of tissues without injecting contrast agents (1). It is a mono-compartmental model of water diffusion, and signal attenuation is mono-exponential as a function of b value in traditional DWI (2, 3). Subsequently, le Bihan et al. (4) proposed a bi-exponential mathematical model that can surpass the traditional mono-compartmental model to quantify the effect of intravoxel incoherent motion (IVIM). IVIM-DWI has the advantage of separate evaluation of diffusion and perfusion changes in tissues (4). At present, the IVIM-DWI has been used to evaluate the pathological or blood perfusion status in the brain (5, 6) and abdominal organs (7–11). However, few studies (12–14) have been performed regarding the diagnosis and pathological grade of esophageal carcinoma with MRI, because conventional MRI is limited in its ability to resolve the early esophageal cancer. As the constant progress achieved in this field, IVIM-DWI demonstrated the potential value for the diagnosis and pathological grade of esophageal carcinoma (12, 14, 15).

Despite these promising studies, the accuracy and reliability of IVIM parameters are still challenged by a variety of fitting methods, such as the full fitting and segmented fitting method (16–19). The bi-exponential IVIM model adopts the full fitting method to reflect the organizational information of multi-component perfusion (3, 18). The mono-exponential IVIM model estimates IVIM parameters by the segmented fitting method, which was a classical IVIM model and different from the traditional DWI of mono-exponential diffusion model (3, 17, 18). The mono-exponential IVIM model is only suitable for the tissues with few perfusion components (3). Previous studies (17, 18) have suggested the accuracy and reliability of the mono-exponential IVIM model with segmented fitting are superior to the bi-exponential IVIM model with full fitting in the liver and the pancreas, but the full fitting method provided a better fit at very low and low b-values in the liver (18). Different fitting models have a different application for tissue components, especially for the prediction of different pathological differentiated tissues (20–22). To date, no studies have evaluated the different fitting models of IVIM-DWI for esophageal carcinoma. Therefore, it is still unclear whether the mono-exponential fit model or bi-exponential fit model in IVIM is suitable for esophageal carcinoma.

Therefore, the purpose of the present study is to determine whether the bi-exponential or mono-exponential fit model of IVIM can be used to distinguish the pathological grade of esophageal squamous cell carcinoma (ESCC), and which fitting model is more suitable for the pathological grade of ESCC.



Materials and Methods


Study Population

The study was approved by the ethics committee of the Affiliated Hospital of North Sichuan Medical College. Written informed consent was obtained from each participant. From January 2016 to February 2018, 68 consecutive patients with ESCC were enrolled in the present study according to the following inclusion criteria: patients with ESCC were confirmed by endoscopic pathology; and patients have not undergone any treatment for this disease before, such as radiotherapy, chemotherapy, and surgery; and MRI scan and IVIM-DWI were performed using the same magnetic resonance instrument. Fourteen patients were excluded, and the exclusion criteria were as follows: the patients had contraindications to MRI, or patients had a greater area of internal necrosis caused by lesions, or the images had severe motion artifacts. Finally, 54 cases of ESCC were included in this study.

The degree of pathological differentiation of the tumors was divided into poorly-differentiated (PD), moderately-differentiated (MD), and well-differentiated (WD) ESCC groups, and the T stage of tumors and tumor location (upper, middle, and lower esophagus) were determined according to the seventh edition guidelines of American Joint Committee on Cancer Stage (23).



MR Imaging Techniques

MRI was performed using a 3.0T magnetic resonance instrument (Discovery MR 750, GE Medical Systems, Waukesha, WI, U.S.A.) with 32-channel phased-array body coil. Before the examination, patients were asked to fast for six hours and conduct shallow slow breath training, and to remove all metal objects. The patients were in a supine position and did not swallow during the examination. Patients were placed foot first, and supine with arms extended above their heads. The shimming was adopted to reduce gas interference before IVIM-DWI scanning. The respiratory-triggered technique and saturation suppression technology were used to avoid motion artifacts and guarantee the image quality of IVIM-DWI scans. The scanning parameters of IVIM-DWI are as follows: repetition time =6315.8 ms, echo time =58.2 ms, the thickness of layer 4 mm, interlay spacing 1.0 mm, the field of view =34 cm×34 cm, and matrix = 96×128. The ten b values were 0, 30, 50, 80, 150, 200, 400, 600, 800, 1000s/mm2, respectively. The corresponding number of excitations were 2, 2, 2, 2, 2, 2, 2, 4, 6, 8, respectively. The total scan time of IVIM-DWI was about 8 minutes.

Other sequences, such as the axial acquisition with volume acceleration-flexible T1-weighted imaging, respiratory-triggered axial propeller T2-weighted imaging (T2WI) with fat suppression, and axial single-shot fast spin-echo T2WI were also performed as routine work.



Measurement and Calculation of Data

All the IVIM-DWI data were sent to GE Advantage Windows 4.5 Workstation for processing, using FuncTool software to obtain the ADC map in post-processing. IVIM-DWI and MADC maps were obtained after the images of adjacent fat, bone and gas were removed based on the definition of the diagnostic threshold. The region of interest (ROI) was drawn on the solid tumor components per MR image and three consecutive sections were selected by T2WI imaging for the measurement. Three ROIs were drawn on each section. Meanwhile, identification of a selection of the representative tumor tissue for ROI positioning was defined with the most cellularity part, and ROI was placed to cover as much of the solid part of the tumors as possible and to avoid cystic degeneration, necrosis, hemorrhage, and normal vessels to the greatest extent (12). The areas of ROI ranged from 53 mm2 to 55 mm2. Then, the software automatically generated the true diffusion coefficient (D) map, pseudo-diffusion coefficient (D*) map, and pseudo diffusion fraction (f) map and the corresponding parameters derived from the IVIM model. The deriving parameters of the mono-exponential model include Dmono, D*mono, and fmono, and the deriving parameters of the bi-exponential model include Dbi, D*bi, and fbi. It was measured by radiologists with 5 years of experience, and the average values of each parameter were taken.

IVIM parameters have a variety of calculation methods, including the Levenberg-Marquardt algorithm, segmentation constrained, bayesian probability, etc (16, 24). The Mono-exponential model used the segmentation constrained algorithm, and the bi-exponential model was fitted by nonlinear least-square based on the Levenberg-Marquardt algorithm (18). The mono-exponential model in IVIM adopted the method of asymptotic fitting, which can be obtained by using the fit equation [1] (18, 25):

 

Sb is the signal intensity under a given b value, S0 is the signal intensity without diffusion weighting. The D represents the true diffusion coefficient, D* represents the pseudo-diffusion coefficient, and f represents the microvascular volume fraction.

The mono-exponential model IVIM-derived parameters used the segmentation constrained algorithm, which is divided into a high b-value part (usually b> 200 s/mm2) and a relatively low b-value part (usually b< 200 s/mm2) (18). When the b-value is large (>200 s/mm–2), since D* is significantly greater than D, the effects of D* on the signal attenuation can be ignored (4, 25, 26). So Eq. [1] can be simplified as follows:



The curve of the high b-value data is considered as mono-exponential decay by equation [2], and the D value can be acquired with a simple linear fitting by equation [2]. The fitted curve was then extrapolated to get the intercept at b = 0. The f value was given through equation f= (S0-Sb)/S0 by the ratio of the intercept to the DWI data point at b = 0 (27). After substituting D and f value into the Equation [1] (26), D* values can be derived from the mono-exponential model with segmented fitting b-values.

The bi-exponential IVIM model is a full fitting of DWI signals to the bi-exponential function (18, 19, 28, 29). All b values are used to calculate IVIM parameters at the same time. First, high b values are used to calculate D values using Eq. [1]. Then, we fitted Sb for low b values using Eq. [1] after removing the effects of D value, and the f and D* simultaneously were obtained (28).



Statistical Analysis

Statistical analyses were performed by SPSS22.0 software (Chicago, IL, USA) and MedCalc software Version 18.11 (MedCalcsoftware, Ostend, Belgium). Quantitative data were expressed in terms of mean ± standard deviation (¯x ± SD). The Shapiro-Wilks test was used to test the normality of distributions. If the data was a normal distribution, analysis of variance (ANOVA) was used to test the significant difference of IVIM parameters among three groups, and then post hoc with the least significant difference test was used. If the data was not a normal distribution, the Kruskal–Wallis test was used. Spearman’s rank correlation was used to analyze the correlation between IVIM parameters and pathological grade. Receiver Operating Curve (ROC) was drawn to evaluate the diagnostic efficiency of each parameter and to determine the diagnostic threshold value for the grading of ESCC. If the AUC is ranged from 0.5 to 0.7, then it is regarded as a low diagnostic value. If the AUC is ranged from 0.7 to 0.9, it is regarded as a moderate diagnostic value. If the AUC is greater than 0.9, it is regarded as a high diagnostic value. The two-tailed p-value less than 0.05 is considered statistically significant.




Results


General Characteristics of Patients

There were 54 patients with diagnosed ESCC (forty-three men and 11 women; mean age, 62.59 ± 6.65 years; age range, 49-76 years). There were 14 PD, 20 MD, and 20 WD ESCC by pathologically differentiated grade. There were 25 cases in stage T3, and 29 in stage T4. The tumors were located in the lower esophagus in 14 cases, the middle esophagus in 35, and the upper esophagus in 5.



The Differences Between Mono-Exponential and Bi-Exponential Fitting Model Parameters Distinguishing the Pathological Grade of ESCC

The ANOVA tests showed that there were significant differences in Dmono, fmono, and fbi among the WD group, MD group, and PD group (all p<0.05), whereas there was no difference in D*mono, Dbi, and D*bi (all p>0.05). Detailed results were shown in Table 1.


Table 1 | The differences between the mono-exponential IVIM model and bi-exponential IVIM model distinguishing the pathological grade of ESCC (  ± SD).



For the mono-exponential fit parameters, there were significant differences in fmono among the PD, MD, and WD groups (0.32 ± 0.07, 0.23 ± 0.08, and 0.16 ± 0.05, respectively; all p<0.05; Figure 1). A significant difference was found in the Dmono between the WD and the PD group (1.48 ± 0.51* 10-3 mm2/s versus 1.05 ± 0.44*10-3 mm2/s, p<0.05; Figure 1), but no significant difference was found between the WD and MD groups, MD and PD groups (1.48 ± 0.51* 10-3 mm2/s versus 1.22 ± 0.39*10-3 mm2/s, 1.22 ± 0.39*10-3 mm2/s versus 1.05 ± 0.44*10-3 mm2/s, respectively; all p>0.05).




Figure 1 | Dmono and fmono values derived from mono-exponential IVIM-DWI of ESCC with different pathologically differentiated grades. (A–C) PD ESCC in a 48-year-old man. The regions of interest are selected by (A) T2-weighted image and drawn on (B) Dmono map (0.958×10-3 mm2/s) and (C) fmono map (0.381×100%). (D–F) MD ESCC in a 64-year-old man. The regions of interest are selected by (D) T2-weighted image and drawn on (E) Dmono map (1.450×10-3 mm2/s) and (F) fmono map (0.290×100%). (G–I) WD ESCC in a 61-year-old man. The regions of interest are selected by (G) T2-weighted image and drawn on (H) Dmono map (1.54×10-3 mm2/s) and (I) fmono map (0.120×100%). IVIM, intravoxel incoherent motion; DWI, diffusion-weighted imaging; ESCC, esophageal squamous cell carcinoma; PD, poorly-differentiated; MD, moderately-differentiated; WD, well-differentiated; D, true diffusion coefficient; f, pseudo diffusion fraction.



For the bi-exponential fit parameters, there were significant differences in fbi among the PD, MD, and WD ESCC groups (0.35 ± 0.08, 0.26 ± 0.10, and 0.18 ± 0.07, respectively; all p<0.05).



The Diagnostic Efficacy Between the Two Models for the Pathological Grade of ESCC

The area under curve (AUC) values of Dmono, fmono, and fbi in differentiating WD from PD ESCC were 0.764, 0.961, and 0.932 (Figure 2). The sensitivity of Dmono, fmono, and fbi was 92.9%, 92.9%, and 85.7%, and specificity was 60%, 90%, and 100%, respectively. The AUC value of fmono and fbi in differentiating MD from PD ESCC were 0.839 and 0.757 (Figure 2). The sensitivity of fmono and fbi was 78.6% and 85.7%, and specificity was 80% and 70%, respectively. The AUC of fmono and fbi in differentiating MD from WD ESCC were 0.746 and 0.740 (Figure 2). The sensitivity of fmono and fbi were 65% and 80%, and specificity was 85% and 60%, respectively. The AUC, sensitivity, specificity, and cut-off values of Dmono, fmono, and fbi for differentiating pathological grade of ESCC were listed in Table 2.




Figure 2 | (A) ROC curves show the utility of Dmono, fmono, and fbi to distinguish PD ESCC from WD ESCC, and (B) fmono and fbi to distinguish PD ESCC from MD ESCC, and (C) WD ESCC from MD ESCC. ROC, receiver operating characteristic; D, pure diffusion coefficient; f, perfusion fraction; ESCC, esophageal squamous cell carcinoma; PD, poorly-differentiated; MD, moderately-differentiated; WD, well-differentiated; mono, mono-exponential model; bi, bi-exponential model.




Table 2 | The diagnostic efficacy between the two models for the pathological grade of ESCC.





Correlations Between Mono-Exponential, Bi-Exponential Model Parameters, and Pathological Grade

For the mono-exponential model parameters, the pathologically differentiated grade correlated positively with the Dmono (r= 0.370, p=0.006) and D*mono (r= 0.278, p= 0.042), and correlated negatively with fmono values (r= -0.679, p< 0.001).

For the bi-exponential model parameters, the pathologically differentiated grade correlated positively with the Dbi (r= 0.489, p=0.001), D*bi (r= 0.321, p= 0.018), and correlated negatively with fbi values (r= -0.619, p< 0.001).




Discussion

The present study evaluated the pathologically differentiated grade of ESCC by comparing the mono-exponential model and bi-exponential model in the post-processing of IVIM-DWI. The results demonstrated that the mono-exponential model parameters showed higher diagnostic value than the bi-exponential model parameters in differentiating pathologically grade of ESCC. Both the mono-exponential and bi-exponential fit parameter values correlated with pathologically differentiated grades. This finding provides a basis for the application of the IVIM-DWI model in the pathologically differentiated grade of ESCC. In our study, the mono-exponential model of IVIM was different from the traditional DWI model, and the traditional DWI with mono b value in these previous studies (4, 30–32) were used to detect the degree and direction of limitation in the in vivo water molecules movement. For reasons that capillary perfusion and the diffusion associated with microcirculation perfusion have a great effect on signal attenuation (4, 27), ADC of traditional mono-exponential diffusion model cannot reflect the diffusion of in vivo water molecules exactly and properly (33, 34). Previous studies (34–36) indicated that the IVIM-DWI model has higher accuracy than the traditional DWI with mono b value in the diagnosis of esophageal carcinoma. Therefore, our study compares the mono-exponential IVIM model and bi-exponential IVIM model parameters in differentiating the pathologically differentiated grade of ESCC rather than comparing the IVIM-DWI model and traditional mono-exponential DWI. These will help clinicians find a better fitting model for the pathologically differentiated grade of ESCC, and provide a reference for the selection of the optimal IVIM fitting model for tumor staging and evaluating prognosis.

In the present study, we found that the fmono and Dmono value of mono-exponential IVIM model have higher diagnostic performance for differentiation of ESCC, whereas the bi-exponential IVIM model only had fbi values. One of the possible reasons is that the mono-exponential model used the segmentation constrained algorithm, and the bi-exponential model used a full fitting based on the Levenberg-Marquardt algorithm. Though both the two fitting methods have similar repeatability (17). Previous studies (18, 19) have proved that the mono-exponential fitting model demonstrated a more accurate estimation of D in signal prediction for high b-values in the abdomen relative to the bi-exponential fitting model, but tending to underestimate D* (18). The bi-exponential fitting model should allow more flexibility and provided a better fit and a more accurate estimation of D* at low b-values (18), so it is possible to produce results closer to the true physiological value of IVIM parameters. Therefore, the different fitting methods of the two models in our study may explain the difference. The second possibility is that the mono-exponential IVIM model may detect one or a few perfusion components, while the bi-exponential IVIM model reflects the organizational information of multi-component perfusion (3). A collection of vessels with similar physiological properties can be usually regarded as one perfusion component, such as vascular size, blood flow velocity, and vascular spatial configuration (3, 37). Therefore, it can be inferred that the mono-exponential IVIM model could more truly reflect the perfusion component and diffusion information of esophageal carcinoma, and the mono-exponential IVIM model may be more suitable for predicting the pathological grade of ESCC.

It is noteworthy that both the fmono and fbi can help differentiate PD, MD, and WD ESCC. The mean fmono and fbi values decreased gradually from the PD group to the WD group. The fmono and fbi were correlated negatively with the pathologically differentiated grade of ESCC. The previous study (12) supported our results, and they also reported that the f value was a gradually decreasing trend from the PD group to the WD group. Still, f values showed no statistical difference among the three groups. The f value represents microcapillary perfusion and reflects the vascularity in tissue, which is helpful to assess the pathological differentiation grade of the tumor (28, 38). The f value was positively correlated with microvessel density (39). Previous studies (40, 41) have reported that the microvessel density of moderately- or well-differentiated esophageal carcinoma was lower than that of poorly-differentiated esophageal carcinoma. These findings further support our study. Therefore, both the fmono and fbi can be used in differentiating well-differentiated, moderately-differentiated, and poorly-differentiated ESCC.

Our study also demonstrated that both the D*mono and D*bi were not statistically significant in differentiating the PD, MD, and WD ESCC, which was similar to previous studies (12, 42). Previous studies (3, 16, 27, 43) have shown that the D* often suffers from high variance and standard deviation, which can obscure or misinterpret pathologies in clinical applications. The parameter variance of the IVIM model is easy to be disturbed by many factors (16, 44). For example, they are susceptible to four major factors (3, 17, 45, 46), such as the noise in DWI, the different b values, the fitting techniques or model, and the artifact of cardiac and breathing motions. However, there is no uniform standard for the selection of b values in clinical practice so far. So long as the distribution of b values is reasonable, the parameters of the IVIM model may be no longer affected by b values (7, 45). At the same time, we avoided and excluded the artifacts of cardiac and breathing motions by respiratory gating and shimming. Also, the D* value is associated with blood flow velocity and vascular length (3). The blood supply of the esophageal tumors varies greatly, which is mainly related to the anatomical location of the esophagus (12) and may influence the perfusion of the tumor. Therefore, D* was not useful for the evaluation of the pathological differentiation grade of ESCC.

In our study, the pathologically differentiated grade of ESCC was correlated negatively with the fmono and fbi and correlated positively with the Dmono, D*mono, Dbi, and D*bi, which indicated that the parameters derived from IVIM-DWI could well reflect the differentiation grade of esophageal carcinoma. The lower the degree of tumor differentiation pathologically, the larger the cell atypia and the tumor cell density (28). With the lower the degree of differentiation of esophageal carcinoma, the increase of tumor cell density will lead to a more limited spread and finally lead to the decrease of D value (28). The differentiation grade of ESCC is an important prognostic indicator (47, 48), and it is also one of the indicators to choose the best therapeutic alternative (49, 50). Therefore, IVIM-DWI could be a promising and non-invasive imaging method in predicting the pathological grade of ESCC.

There are several limitations to this study. First, the sample size was relatively small, especially in the poorly differentiated ESCC. And the sample lack T1 and T2 stage ESCC, because most patients don’t have any symptoms until the T3 or T4 stage. We will enlarge the sample size to analyze the correlation between the two IVIM models and the stage in the further. Second, we did not compare mono-exponential IVIM and bi-exponential IVIM models between different pathological types of esophageal cancers, but samples containing only ESCC eliminated other confounding factors for the findings. Therefore, we need larger different pathological types of sample size in further studies. Third, the correlation between the tumor’s location and two IVIM models were not investigated. Fourth, the accuracy of the parameters may differ according to the different b-value ranges for target lesions. But the analysis of signal intensities averages over an ROI approach and segmented fitting method combined with the reasonable b value distributions could lead to considerable improvement in accuracy (17, 45). Finally, esophageal peristalsis or glandular secretion can cause signal decay, which may be difficult to differentiate from perfusion effects (15). Though we ask the patient not to swallow during the examination and use the respiratory-triggered and saturation suppression technique, these issues need to be considered when interpreting our findings. Despite these limitations, the present study depicted the difference between mono-exponential IVIM and bi-exponential IVIM fitting models in the evaluation of pathological differentiation grade of ESCC.



Conclusion

In conclusion, the fmono derived from mono-exponential IVIM-DWI shows higher diagnostic performance than fbi derived from bi-exponential IVIM-DWI in differentiating WD, MD, and PD ESCC, and Dmono derived from mono-exponential IVIM-DWI can distinguish PD from WD ESCC. The mono-exponential fit parameters derived from IVIM are superior to the bi-exponential fit parameters in differentiating pathologically differentiated grades of ESCC, which may be a promising non-invasive imaging method to predict the pathological grade of ESCC. The findings may help to select an appropriate fitting model for the application of IVIM in ESCC and improve the diagnostic accuracy.



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics Statement

The studies involving human participants were reviewed and approved by Affiliated Hospital of North Sichuan Medical College. The patients/participants provided their written informed consent to participate in this study.



Author Contributions

NL, XY and LL collected the cases and analyzed the data. KP and QL performed the MRI scan. NL and XY wrote the manuscript, and XH made substantial contributions to the conception and revised the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by the Bureau of Science & Technology and Intellectual Property Nanchong City (NO. 19SXHZ0429, XH), and the Science and Technology Development Plan of North Sichuan Medical College (No. CBY14-A-ZD06, NL).



Abbreviations

IVIM, intravoxel incoherent motion; DWI, diffusion-weighted imaging; ESCC, esophageal squamous cell carcinoma; PD, poorly-differentiated; MD, moderately-differentiated; WD, well-differentiated; D, true diffusion coefficient; D*, pseudo-diffusion coefficient; f, pseudo diffusion fraction; mono, mono-exponential fitting; bi, bi-exponential fitting; T2WI, T2-weighted imaging; ROC, Receiver Operating Curve; AUC, area under curve.



References

1. Sun, H, Liu, K, Liu, H, Ji, Z, Yan, Y, Jiang, L, et al. Comparison of bi-exponential and mono-exponential models of diffusion-weighted imaging for detecting active sacroiliitis in ankylosing spondylitis. Acta Radiol (2018) 59:468–77. doi: 10.1177/0284185117722811

2. Le Bihan, D. Intravoxel incoherent motion perfusion MR imaging: a wake-up call. Radiology (2008) 249:748–52. doi: 10.1148/radiol.2493081301

3. Kuai, ZX, Liu, WY, and Zhu, YM. Effect of multiple perfusion components on pseudo-diffusion coefficient in intravoxel incoherent motion imaging. Phys Med Biol (2017) 62:8197–209. doi: 10.1088/1361-6560/aa8d0c

4. Le Bihan, D, Breton, E, Lallemand, D, Aubin, ML, Vignaud, J, and Laval-Jeantet, M. Separation of diffusion and perfusion in intravoxel incoherent motion MR imaging. Radiology (1988) 168:497–505. doi: 10.1148/radiology.168.2.3393671

5. Wu, WC, Yang, SC, Chen, YF, Tseng, HM, and My, PC. Simultaneous assessment of cerebral blood volume and diffusion heterogeneity using hybrid IVIM and DK MR imaging: initial experience with brain tumors. Eur Radiol (2017) 27:306–14. doi: 10.1007/s00330-016-4272-z

6. Federau, C, Wintermark, M, Christensen, S, Mlynash, M, Marcellus, DG, Zhu, G, et al. Collateral blood flow measurement with intravoxel incoherent motion perfusion imaging in hyperacute brain stroke. Neurology (2019) 92:e2462–2462e2471. doi: 10.1212/WNL.0000000000007538

7. Koh, DM, Collins, DJ, and Orton, MR. Intravoxel incoherent motion in body diffusion-weighted MRI: reality and challenges. AJR Am J Roentgenol (2011) 196:1351–61. doi: 10.2214/AJR.10.5515

8. Klauss, M, Mayer, P, Maier-Hein, K, Laun, FB, Mehrabi, A, Kauczor, HU, et al. IVIM-diffusion-MRI for the differentiation of solid benign and malign hypervascular liver lesions-Evaluation with two different MR scanners. Eur J Radiol (2016) 85:1289–94. doi: 10.1016/j.ejrad.2016.04.011

9. Taimouri, V, Afacan, O, Perez-Rossello, JM, Callahan, MJ, Mulkern, RV, Warfield, SK, et al. Spatially constrained incoherent motion method improves diffusion-weighted MRI signal decay analysis in the liver and spleen. Med Phys (2015) 42:1895–903. doi: 10.1118/1.4915495

10. Mao, W, Zhou, J, Zeng, M, Ding, Y, Qu, L, Chen, C, et al. Chronic kidney disease: Pathological and functional evaluation with intravoxel incoherent motion diffusion-weighted imaging. J Magn Reson Imaging (2018) 47:1251–9. doi: 10.1002/jmri.25861

11. Kim, B, Lee, SS, Sung, YS, Cheong, H, Byun, JH, Kim, HJ, et al. Intravoxel incoherent motion diffusion-weighted imaging of the pancreas: Characterization of benign and malignant pancreatic pathologies. J Magn Reson Imaging (2017) 45:260–9. doi: 10.1002/jmri.25334

12. Zhu, S, Wei, Y, Gao, F, Li, L, Liu, Y, Huang, Z, et al. Esophageal carcinoma: Intravoxel incoherent motion diffusion-weighted MRI parameters and histopathological correlations. J Magn Reson Imaging (2019) 49:253–61. doi: 10.1002/jmri.26172

13. Yamada, I, Hikishima, K, Miyasaka, N, Kawano, T, Tokairin, Y, Ito, E, et al. Esophageal carcinoma: ex vivo evaluation with diffusion-tensor MR imaging and tractography at 7 T. Radiology (2014) 272:164–73. doi: 10.1148/radiol.14132170

14. Kumbasar, B. Carcinoma of esophagus: radiologic diagnosis and staging. Eur J Radiol (2002) 42:170–80. doi: 10.1016/s0720-048x(02)00030-x

15. Huang, YC, Chen, TW, Zhang, XM, Zeng, NL, Li, R, Tang, YL, et al. Intravoxel incoherent motion diffusion-weighted imaging of resectable oesophageal squamous cell carcinoma: association with tumour stage. Br J Radiol (2018) 91:20170421. doi: 10.1259/bjr.20170421

16. Orton, MR, Collins, DJ, Koh, DM, and Leach, MO. Improved intravoxel incoherent motion analysis of diffusion weighted imaging by data driven Bayesian modeling. Magn Reson Med (2014) 71:411–20. doi: 10.1002/mrm.24649

17. Park, HJ, Sung, YS, Lee, SS, Lee, Y, Cheong, H, Kim, YJ, et al. Intravoxel incoherent motion diffusion-weighted MRI of the abdomen: The effect of fitting algorithms on the accuracy and reliability of the parameters. J Magn Reson Imaging (2017) 45:1637–47. doi: 10.1002/jmri.25535

18. Chevallier, O, Zhou, N, Cercueil, JP, He, J, Loffroy, R, and Wáng, Y. Comparison of tri-exponential decay versus bi-exponential decay and full fitting versus segmented fitting for modeling liver intravoxel incoherent motion diffusion MRI. NMR Biomed (2019) 32:e4155. doi: 10.1002/nbm.4155

19. Cercueil, JP, Petit, JM, Nougaret, S, Soyer, P, Fohlen, A, Pierredon-Foulongne, MA, et al. Intravoxel incoherent motion diffusion-weighted imaging in the liver: comparison of mono-, bi- and tri-exponential modelling at 3.0-T. Eur Radiol (2015) 25:1541–50. doi: 10.1007/s00330-014-3554-6

20. van Baalen, S, Leemans, A, Dik, P, Lilien, MR, Ten Haken, B, and Froeling, M. Intravoxel incoherent motion modeling in the kidneys: Comparison of mono-, bi-, and triexponential fit. J Magn Reson Imaging (2017) 46:228–39. doi: 10.1002/jmri.25519

21. Barbieri, S, Donati, OF, Froehlich, JM, and Thoeny, HC. Impact of the calculation algorithm on biexponential fitting of diffusion-weighted MRI in upper abdominal organs. Magn Reson Med (2016) 75:2175–84. doi: 10.1002/mrm.25765

22. Gurney-Champion, OJ, Collins, DJ, Wetscherek, A, Rata, M, Klaassen, R, van Laarhoven, H, et al. Principal component analysis fosr fast and model-free denoising of multi b-value diffusion-weighted MR images. Phys Med Biol (2019) 64:105015. doi: 10.1088/1361-6560/ab1786

23. Edge, SB, Byrd, DR, and Compton, CC. AJCC cancer staging manual. 7th edn. Chicago: American Joint Committee on Cancer. (2010)

24. Iima, M, Yano, K, Kataoka, M, Umehana, M, Murata, K, Kanao, S, et al. Quantitative non-Gaussian diffusion and intravoxel incoherent motion magnetic resonance imaging: differentiation of malignant and benign breast lesions. Invest Radiol (2015) 50:205–11. doi: 10.1097/RLI.0000000000000094

25. Hayashi, T, Miyati, T, Takahashi, J, Fukuzawa, K, Sakai, H, Tano, M, et al. Diffusion analysis with triexponential function in liver cirrhosis. J Magn Reson Imaging (2013) 38:148–53. doi: 10.1002/jmri.23966

26. Luciani, A, Vignaud, A, Cavet, M, Nhieu, JT, Mallat, A, Ruel, L, et al. Liver cirrhosis: intravoxel incoherent motion MR imaging–pilot study. Radiology (2008) 249:891–9. doi: 10.1148/radiol.2493080080

27. Dyvorne, HA, Galea, N, Nevers, T, Fiel, MI, Carpenter, D, Wong, E, et al. Diffusion-weighted imaging of the liver with multiple b values: effect of diffusion gradient polarity and breathing acquisition on image quality and intravoxel incoherent motion parameters–a pilot study. Radiology (2013) 266:920–9. doi: 10.1148/radiol.12120686

28. Ma, W, Zhang, G, Ren, J, Pan, Q, Wen, D, Zhong, J, et al. Quantitative parameters of intravoxel incoherent motion diffusion weighted imaging (IVIM-DWI): potential application in predicting pathological grades of pancreatic ductal adenocarcinoma. Quant Imaging Med Surg (2018) 8:301–10. doi: 10.21037/qims.2018.04.08

29. Yan, R, Haopeng, P, Xiaoyuan, F, Jinsong, W, Jiawen, Z, Chengjun, Y, et al. Non-Gaussian diffusion MR imaging of glioma: comparisons of multiple diffusion parameters and correlation with histologic grade and MIB-1 (Ki-67 labeling) index. Neuroradiology (2016) 58:121–32. doi: 10.1007/s00234-015-1606-5

30. Song, Y, Yoon, YC, Chong, Y, Seo, SW, Choi, YL, Sohn, I, et al. Diagnostic performance of conventional MRI parameters and apparent diffusion coefficient values in differentiating between benign and malignant soft-tissue tumours. Clin Radiol (2017) 72:691.e1–691.e10. doi: 10.1016/j.crad.2017.02.003

31. Ding, Y, Tan, Q, Mao, W, Dai, C, Hu, X, Hou, J, et al. Differentiating between malignant and benign renal tumors: do IVIM and diffusion kurtosis imaging perform better than DWI. Eur Radiol (2019) 29:6930–9. doi: 10.1007/s00330-019-06240-6

32. Ding, Y, Zeng, M, Rao, S, Chen, C, Fu, C, and Zhou, J. Comparison of Biexponential and Monoexponential Model of Diffusion-Weighted Imaging for Distinguishing between Common Renal Cell Carcinoma and Fat Poor Angiomyolipoma. Korean J Radiol (2016) 17:853–63. doi: 10.3348/kjr.2016.17.6.853

33. Dijkstra, H, Baron, P, Kappert, P, Oudkerk, M, and Sijens, PE. Effects of microperfusion in hepatic diffusion weighted imaging. Eur Radiol (2012) 22:891–9. doi: 10.1007/s00330-011-2313-1

34. Sukstanskii, AL, and Yablonskiy, DA. Effects of restricted diffusion on MR signal formation. J Magn Reson (2002) 157:92–105. doi: 10.1006/jmre.2002.2582

35. Cheng, B, and Yu, J. Predictive value of diffusion-weighted MR imaging in early response to chemoradiotherapy of esophageal cancer: a meta-analysis. Dis Esophagus (2019) 32:1–6. doi: 10.1093/dote/doy065

36. Zhang, JL, Sigmund, EE, Chandarana, H, Rusinek, H, Chen, Q, Vivier, PH, et al. Variability of renal apparent diffusion coefficients: limitations of the monoexponential model for diffusion quantification. Radiology (2010) 254:783–92. doi: 10.1148/radiol.09090891

37. Moteki, T, and Horikoshi, H. Evaluation of noncirrhotic hepatic parenchyma with and without significant portal vein stenosis using diffusion-weighted echo-planar MR on the basis of multiple-perfusion-components theory. Magn Reson Imaging (2011) 29:64–73. doi: 10.1016/j.mri.2010.07.008

38. Le Bihan, D. Diffusion, confusion and functional MRI. Neuroimage (2012) 62:1131–6. doi: 10.1016/j.neuroimage.2011.09.058

39. Lee, HJ, Rha, SY, Chung, YE, Shim, HS, Kim, YJ, Hur, J, et al. Tumor perfusion-related parameter of diffusion-weighted magnetic resonance imaging: correlation with histological microvessel density. Magn Reson Med (2014) 71:1554–8. doi: 10.1002/mrm.24810

40. Yang, X, Zhai, N, Sun, M, Zhao, Z, Yang, J, Chen, K, et al. Influence of lymphatic endothelial cells on proliferation and invasiveness of esophageal carcinoma cells in vitro and lymphangiogenesis in vivo. Med Oncol (2015) 32:222. doi: 10.1007/s12032-015-0662-3

41. Inoue, K, Ozeki, Y, Suganuma, T, Sugiura, Y, and Tanaka, S. Vascular endothelial growth factor expression in primary esophageal squamous cell carcinoma. Association with angiogenesis and tumor progression. Cancer (1997) 79:206–13. doi: 10.1002/(sici)1097-0142(19970115)79:2<206::aid-cncr2>3.0.co;2-i

42. Zheng, H, Ren, W, Pan, X, Zhang, Q, Liu, B, Liu, S, et al. Role of intravoxel incoherent motion MRI in early assessment of the response of esophageal squamous cell carcinoma to chemoradiotherapy: A pilot study. J Magn Reson Imaging (2018) 48:349–58. doi: 10.1002/jmri.25934

43. Wurnig, MC, Donati, OF, Ulbrich, E, Filli, L, Kenkel, D, Thoeny, HC, et al. Systematic analysis of the intravoxel incoherent motion threshold separating perfusion and diffusion effects: Proposal of a standardized algorithm. Magn Reson Med (2015) 74:1414–22. doi: 10.1002/mrm.25506

44. Barbieri, S, Donati, OF, Froehlich, JM, and Thoeny, HC. Comparison of Intravoxel Incoherent Motion Parameters across MR Imagers and Field Strengths: Evaluation in Upper Abdominal Organs. Radiology (2016) 279:784–94. doi: 10.1148/radiol.2015151244

45. Lemke, A, Stieltjes, B, Schad, LR, and Laun, FB. Toward an optimal distribution of b values for intravoxel incoherent motion imaging. Magn Reson Imaging (2011) 29:766–76. doi: 10.1016/j.mri.2011.03.004

46. Pang, Y, Turkbey, B, Bernardo, M, Kruecker, J, Kadoury, S, Merino, MJ, et al. Intravoxel incoherent motion MR imaging for prostate cancer: an evaluation of perfusion fraction and diffusion coefficient derived from different b-value combinations. Magn Reson Med (2013) 69:553–62. doi: 10.1002/mrm.24277

47. Kyriazanos, ID, Tachibana, M, Shibakita, M, Yoshimura, H, Kinugasa, S, Dhar, DK, et al. Pattern of recurrence after extended esophagectomy for squamous cell carcinoma of the esophagus. Hepatogastroenterology (2003) 50:115–20.

48. Wang, Y, Bai, G, Guo, L, and Chen, W. Associations Between Apparent Diffusion Coefficient Value With Pathological Type, Histologic Grade, and Presence of Lymph Node Metastases of Esophageal Carcinoma. Technol Cancer Res Treat (2019) 18:1533033819892254. doi: 10.1177/1533033819892254

49. Salem, ME, Puccini, A, Xiu, J, Raghavan, D, Lenz, HJ, Korn, WM, et al. Comparative Molecular Analyses of Esophageal Squamous Cell Carcinoma, Esophageal Adenocarcinoma, and Gastric Adenocarcinoma. Oncologist (2018) 23:1319–27. doi: 10.1634/theoncologist.2018-0143

50. Arnold, M, Soerjomataram, I, Ferlay, J, and Forman, D. Global incidence of oesophageal cancer by histological subtype in 2012. Gut (2015) 64:381–7. doi: 10.1136/gutjnl-2014-308124



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

Copyright © 2021 Liu, Yang, Lei, Pan, Liu and Huang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	
	ORIGINAL RESEARCH
published: 16 April 2021
doi: 10.3389/fonc.2021.644994






[image: image2]

Preoperative Assessment for Event-Free Survival With Hepatoblastoma in Pediatric Patients by Developing a CT-Based Radiomics Model

Yi Jiang1, Jingjing Sun1, Yuwei Xia2, Yan Cheng1, Linjun Xie1, Xia Guo1* and Yingkun Guo1*


1West China Second University Hospital, Sichuan University, Chengdu, China

2Huiying Medical Technology, Beijing, China

Edited by:
Changqiang Wu, North Sichuan Medical College, China

Reviewed by:
Bin Yang, Nanjing University, China
 Tianwu Chen, North Sichuan Medical College, China

*Correspondence: Xia Guo, guoxkl@163.com
 Yingkun Guo, gykpanda@163.com

Specialty section: This article was submitted to Cancer Imaging and Image-directed Interventions, a section of the journal Frontiers in Oncology

Received: 22 December 2020
 Accepted: 11 February 2021
 Published: 16 April 2021

Citation: Jiang Y, Sun J, Xia Y, Cheng Y, Xie L, Guo X and Guo Y (2021) Preoperative Assessment for Event-Free Survival With Hepatoblastoma in Pediatric Patients by Developing a CT-Based Radiomics Model. Front. Oncol. 11:644994. doi: 10.3389/fonc.2021.644994



Objective: To explore a CT-based radiomics model for preoperative prediction of event-free survival (EFS) in patients with hepatoblastoma and to compare its performance with that of a clinicopathologic model.

Patients and Methods: Eighty-eight patients with histologically confirmed hepatoblastoma (mean age: 2.28 ± 2.72 years) were recruited from two institutions between 2002 and 2019 for this retrospective study. They were divided into a training cohort (65 patients from institution A) and a validation cohort (23 patients from institution B). Radiomics features were extracted manually from pretreatment CT images in the portal venous (PV) phase. The least absolute shrinkage and selection operator (LASSO) Cox regression model was applied to construct a “radiomics signature” and radiomics score (Rad-score) for EFS prediction. Then, a nomogram incorporating the Rad-score, updated staging system, and significant variables of clinicopathologic risk (age, alpha-fetoprotein (AFP) level, histology subtype, tumor diameter) as the radiomic model, clinicopathologic model, and combined clinicopathologic-radiomic model were built for EFS estimation in the training cohort, the performance of which was assessed in an external-validation cohort with respect to clinical usefulness, discrimination, and calibration.

Results: Nine survival-relevant features were selected for a radiomics signature and Rad-score building. Multivariable analysis revealed that histology subtype (P = 0.01), PV (P = 0.001) invasion, and metastasis (P = 0.047) were independent risk factors of EFS. Patients were divided into low- and high-risk groups based on the Rad-score with a cutoff of 0.08 according to survival outcome. The radiomics signature-incorporated nomogram showed good performance (P < 0.001) for EFS estimation (C-Index: 0.810; 95% CI: 0.738–0.882), which was comparable with that of the clinicopathological model for EFS estimation (C-Index: 0.81 vs. 0.85). The radiomics-based nomogram failed to show incremental prognostic value compared with that using the clinicopathologic model. The combined model (radiomics signature plus clinicopathologic parameters) showed significant improvement in the discriminatory accuracy, along with good calibration and greater net clinical benefit, of EFS (C-Index: 0.88; 95% CI: 0.829–0.933).

Conclusion: The radiomics signature can be used as a prognostic indicator for EFS in patients with hepatoblastoma. A combination of the radiomics signature and clinicopathologic risk factors showed better performance in terms of EFS prediction in patients with hepatoblastoma, which enabled precise clinical decision-making.

Keywords: pediatric, hepatoblastoma, computer tomography imaging, prognosis, radiomics, nomogram


INTRODUCTION

Hepatoblastoma (HB) is the primary hepatic malignancy that occurs in childhood worldwide. With the prevalence of HB being on the rise, an annual incidence of 1.5 cases/million people has been documented (1, 2). Complete resection of the liver is the first-line treatment for early-stage HB with localized lesions (3–5). However, a considerable proportion of patients with unresectable advanced-stage HB requires preoperative chemotherapy (3). The survival outcomes of pediatric patients with HB have improved substantially over recent decades, primarily due to developments in surgical methods and therapy intensification (3, 6). Nevertheless, the optimal combination strategy of chemotherapy and surgery and the increased risk of toxicities from cumulative chemotherapy have not been addressed (7, 8). Thus, therapy should be based on the identification of patients at high risk of a poor outcome in HB.

In recent decades, several prognostic and risk factors of HB have been reported (9–13). Several prospective studies have been conducted by four major research teams: the Children's Oncology Group (COG); the International Childhood Liver Tumors Strategy Group (SIOPEL); the Japanese Study Group for Pediatric Liver Tumors (JPLT); and the German Society for Pediatric Oncology and Hematology (GPOH). These teams have developed risk-stratified stratagems to improve survival outcomes (14). One remarkable achievement was the Pretreatment Extension of Disease (PRETEXT) system introduced by SIOPEL, which is used widely for the preoperative diagnosis of HB based on imaging assessment (15). However, each study has used different risk-stratification strategies, which yielded dissimilar outcome predictions. In 2018, a final, uniform, global hepatoblastoma stratification (HS) system was established by the Children's Hepatic tumors International Collaboration (CHIC) based on pooled trial data from cooperative groups (1,605 patients from JPLT, GPOH, COG, and SIOPEL). The system refined the individual prognostic variables with age and the PRETEXT stage, together with annotation factors, alpha-fetoprotein (AFP) concentration, metastases, and tumor resectability (4). Gradually, patients with HB benefitted from better stratification to select the most appropriate therapeutic option. Notwithstanding this accomplishment, this risk-stratification model was neither finalized with regard to the histology type nor adapted to the treatment response, as it was somewhat complex in terms of clinical utility in smaller patient cohorts (4, 10, 11, 16). Meanwhile, preoperative PRETEXT has moderate accuracy with a tendency of over-staging, and its diagnostic accuracy is dependent upon imaging technology/equipment to some extent (4, 17). The creation of a feasible, simple, and practical prognostic stratification model to identify risks in patients with HB remains a major challenge.

Medical imaging is vital in clinical management to aid in decision-making and guide “individualized” treatment (18). Over recent years, rapid advances in “big data” and artificial intelligence have led to breakthroughs in “data mining” during analyses of medical images. These advances have created the field of “radiomics,” which has allowed the prediction of clinical endpoints in various types of cancer (19–23). A nomogram model incorporating radiomics features and clinicopathologic factors seems to improve the prognostic accuracy (24, 25). Taking into consideration the heterogeneity of HB is crucial for risk stratification and the prognosis (16). Also, the limitation of histology samples means that the full information about a histological type within a tumor is lacking, which can compromise management (26). Also, patients with an identical PRETEXT stage can show variations in recurrence and survival outcomes (27). These observations demonstrate that the current staging system for HB does not provide adequate prognostic information about the biological heterogeneity of HB. In this regard, radiomics (i.e., characterizing tumor phenotypes by extracting information about the biological processes of tumors from medical images) could facilitate the prediction of tumor progression.

We have no evidence of obtaining a “radiomics signature” to predict the survival outcome of HB. We developed a predictive model comprising radiomics based on CT-derived images and clinical features to forecast event-free survival (EFS) in patients with HB and to assess its additional value to the staging system.



MATERIALS AND METHODS


Ethical Approval of the Study Protocol

The protocol for this retrospective multicenter study was approved by the Ethics Committee of the West China Second University Hospital within Sichuan University (Sichuan, China). The requirement for written informed consent was waived.



Inclusion Criteria

The criteria for study inclusion were as follows: (i) age <18 years; (ii) histopathologic diagnosis of HB; (iii) preoperative CT of the abdomen and imaging of sufficient quality for analyses; and (iv) complete medical records with data on the surgical procedure and follow-up.



Patients

The database of our institution was used to collect medical records from January 2009 to August 2019. The internal training cohort comprised 65 patients with HB confirmed by histology who underwent hepatectomy or needle biopsy at the West China Second University Hospital. The data for the external validation cohort were from 23 consecutive patients from the West China Second University Hospital of Sichuan University between January 2012 and December 2019 with identical enrolment criteria. In total, 88 patients were enrolled (57 males and 31 females; mean age, 2.28 ± 2.72 years; age range, 0.1–12.9 years) in the present study. Clinicopathologic data were recorded for each patient. Surgical excisions or tumor-biopsy samples were reviewed by a very experienced pathologist to assess the histology subtype of the tumor. Histopathology confirmation was done with a surgical specimen in 68 patients and with core-needle biopsy in 20 patients.

Clinical information (sex, age, tumor diameter, AFP concentration, clinical stage, surgical notes, treatment regimen, chemotherapy, survival at the time of final follow-up, CT-reported imaging features) at baseline was documented. Tumor stage and preoperative risk assessment were reclassified according to the CHIC- Hepatoblastoma Stratification (HS) and the 2017 PRETEXT systems (4, 13).



Follow-Up

Event-free survival was the primary endpoint in this study (28). EFS is defined as the period from the date of CT examination to the date of the first relapse, of development of a second malignancy, of disease progression, of death, or of final follow-up, as appropriate (4). The minimum duration of follow-up for EFS was 10 months. The maximum duration of follow-up was 143 (median, 27) months. CT scan of the chest and abdomen was done every 2 months in the first year, every 3 months in the second year, and every 6 months in the third year after surgery, and was also done annually; this strategy was in line with the follow-up procedure of West China Second University Hospital.



CT Image Acquisition and Feature Analysis

Contrast-enhanced CT of the abdomen was conducted <7 days before surgery. The data of CT images were obtained using two multidetector-row CT systems (NeuViz 128, Neusoft, Beijing, China; Discovery CT750 HD, GE Healthcare, Piscataway, NJ, USA) at two institutions. The detailed imaging protocol is described in Supplementary Material I. The morphologic characteristics of HB lesions on CT images were documented as CT-reported features for the possible prognostic factors of EFS. These factors were the diameter, location, morphology (round/lobulated vs. irregular), margin (well-circumscribed vs. ill-defined), and density modification (homogeneous vs. heterogeneous) of the tumor, as well as the presence of hemorrhage, cystic/necrotic components and calcifications, capsular retraction, tumor vessels, perihepatic effusion, collateral veins, and vascular invasion. Distant metastasis in remote organs was also recorded. In addition, an imaging-based 2017 PRETEXT staging system and related annotation factors were applied for the grouping of tumor extent and analyses of image features (4). The factors were vascular involvement (V, hepatic vein/inferior vena cava; P, portal vein), multifocality (F), tumor rupture (R), extrahepatic tumor extension (E), the involvement of the caudate lobe (C), lymph-node metastases (N), and distant metastases (M). CT scans of the chest and MRI of the brain were done in all patients to investigate distant metastases before treatment.



Collection of Clinicopathologic Risk Factors

We collected the clinicopathologic characteristics recognized as being significant risk factors according to the risk stratification for HB set by CHIC-HS (15). That is, the risk stratification of patients was classified into three groups (very low risk/low risk; intermediate risk; high risk), and the age was divided into three groups (≤2, 3–7, and ≥8 years). Groups for the serum AFP concentration (≤100, 101–1,000, and >1,000 ng/ml) were not included in the analyses because the AFP concentration was much more than 100 ng/ml for most patients and only three patients had an AFP concentration in the range of 101–1,000 ng/ml. We combined the very-low-risk group and the low-risk group into one group because of the identical EFS in these two groups. In addition, a combined factor of VPEFR was identified as positive (VPEFR+) if one of the V, P, E, F, or R factors, as described by CHIC-HS, were present (4). The 2014 International Consensus Histology Classification for HB (29) was used for the reallocation of histology subtypes for patients in our study.



Analyses of Radiomics Features Based on CT

Tumor segmentation and extraction of radiomics features were carried out on the Radcloud platform 3.1.0 (http://radcloud.cn/; Huiying Medical Technology, Beijing, China). CT scans were done at different centers. Hence, the corresponding image preprocessing along with filtering of image data for normalization of CT images was undertaken to obtain more robust radiomics features (Supplementary Material II). To segment the volume of interest (VoI) of tumors for further analyses, two radiologists (JY and CY, with 8 and 12 years of experience in the interpretation of abdominal CT images in children, respectively) delineated the region of interest (RoI) manually (30) along the contour of the lesion in layers on the portal venous (PV)-phase image in a blinded manner. All depicted RoIs were delineated strictly using identical criteria and validated visually by the same expert (JY). The “pyradiomics” package within Python 3.8.1 (https://pyradiomics.readthedocs.io/) was employed to extract 1,409 quantitative imaging features from images of the PV-phase on CT. The detailed information of radiomics features are depicted in Supplementary Material III. All radiomics features were complied with definitions as delineated by the Imaging Biomarker Standardization Initiative (30).



Feature Selection and Building of a Prediction Model

The least absolute shrinkage and selection operator (LASSO) Cox regression model was adopted to reduce the redundancy of high-dimensional features and to select the most useful prognostic features correlated to EFS. Then, the radiomics score (“Rad-score”) based on a selected radiomics signature was built using a Cox regression model for predicting the risk of disease progression in the training cohort. In addition to the radiomics model, independent prognostic factors were selected gradually by univariate and multivariate Cox regression analyses carried out in the training cohort to form a clinicopathologic model and an incorporated clinicopathologic-Rad-score (CR) model for EFS prediction. Then, a nomogram was created for the visualization of EFS prediction.



Survival Analysis Based on the Radiomics Signature

The difference in EFS between the Rad-score and clinicopathological risk-factor groups was analyzed using the Kaplan–Meier survival curves and the log-rank test in the training cohort. Then, the result was applied to the validation cohort. Meanwhile, the radiomics signature was used to divide patients of the training cohort into low- and high-risk groups based on the optimal Rad-score cutoff point (which was identified in log-rank statistics), and verification was done in the validation cohort.



Evaluation of the Model Using a Radiomics Signature

The prediction performance of our model was evaluated according to discrimination, calibration, and clinical usefulness. The discrimination performance was quantified using Harrell's Concordance Index (C-Index). A C-Index of ~0.7 indicates a good predictive value. Calibration was explored based on consistency between estimated 3-year survival and actual 3-year survival in the corresponding calibration curves in the training and validation cohorts. Analyses of decision curves denoted clinical usefulness based on the net benefit of the model across different threshold probabilities. The study workflow, comprising of image collection, lesion segmentation, extraction of radiomics features, feature selection, construction of models in the training cohort, and evaluation of the performance of prediction models in the test cohort, is elaborated in Figure 1.


[image: Figure 1]
FIGURE 1. Radiomics framework of predicting the EFS of patients with hepatoblastoma.




Statistical Analysis

Normalization of features, selection of features, and model construction were undertaken using Python 3.8.1 (www.python.org/). The “scikit-learn” (https://scikit-learn.org/), “pyradiomics” (https://pyradiomics.readthedocs.io/), and “matplotlib” (https://matplotlib.org/) packages were applied. Other statistical analyses were accomplished with SPSS 26.0 (IBM, Armonk, NY, USA) and R 4.0.3 (www.R-project.org/). P < 0.05 was considered significant. EFS was analyzed by the Kaplan–Meier method. The log-rank test was employed to compare the outcome between patients with different risk factors. Characteristics at baseline in the training and validation cohorts were assessed by an independent-sample t-test, the two-tailed χ2-test, or the Fisher's exact test as appropriate. Univariate and multivariate Cox regression analyses were undertaken to screen for the significant predictors of EFS. Factors with p < 0.10 in the univariable analysis were provided as input to the multivariable analysis. The variable risk was denoted as a hazard ratio (HR) with a corresponding 95% confidence interval (CI).




RESULTS


Patient Characteristics at Baseline

The characteristics of the patients at baseline in the training and validation cohorts are detailed in Table 1. Of the 88 patients included in this study at final follow-up, the mean duration of follow-up was 42.43 months and the median duration of EFS was 19 months. The shortest duration of EFS was 1 month. The percentage of EFS at 5 years was 73.8% in the training cohort and 78.3% in the validation cohort. Thirty-four events were observed for the EFS calculation: 29 patients had disease progression, 17 patients relapsed, and 16 died after surgery. Most patients (85/88) had a serum AFP of >1,000 ng/ml. Only three patients had a serum AFP level between 100 and 1,000 ng/ml. Of these 88 patients, 14 (16.6%) were diagnosed with distant metastasis upon their first evaluation. Lung metastases were documented in 13 patients, and one patient had mandibular-bone metastases. The histology subtype was available for all patients. There was no significant difference between the two cohorts with respect to clinicopathologic characteristics or survival (P = 0.073–0.903).


Table 1. Baseline patient and tumor characteristics according to the radiomics score in the training and validation cohorts.
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The inter- and intra-observer reproducibility of extraction of radiomic features were high. Therefore, all outcomes were based on the measurements taken by the first radiologist (JY).



CT Features

The mean value for the maximum dimension of the tumor was 10.7 cm (range: 4.2–19). The tumors had delineated boundaries (41/88, 46.6%), capsules (79/88, 89.8%), collateral circulation (17/88, 19.3%), bleeding (17/88, 19.3%), and vessels (35/88, 39.8%), and some tumors were heterogeneous (79/88, 89.8%) at presentation. Also, 21/88 (23.9%) tumors were multifocal, whereas 21/88 (23.9%) had perihepatic effusion. Cystic/necrotic components were present in 83/88 (94.362%) tumors, and calcifications were present in 39/88 (44.3%) lesions. The calcifications were punctate, coarse, or speckled. The capsular retraction was noted in 67/88 (76.1%) of tumors.



Collection of Clinicopathologic Prognostic Factors

The identified significant association factors for EFS were determined by univariable and multivariable logistic regression analysis. We found that CHIC-HS risk stratification; PRETEXT grade; histology subtype; the PRETEXT annotation factors, M and P; and VPERF+ were independent of clinical prognostic risk factors (Table 2). Multivariable Cox proportional hazard analysis showed that the PRETEXT annotation factor P was the strongest predictor (HR, 7.43; 95% CI: 2.134–25.911; P = 0.001). The histology subtype showed a similar significance in predicting EFS (HR, 1.364; 95% CI: 1.075–1.731; P = 0.010) whereas distant metastasis showed borderline significance for EFS prediction (HR, 0.150; 95% CI: 0.023–0.977; P = 0.047).


Table 2. Univariate and multivariate analysis of event-free survival for patients in training cohort.
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Construction of a Rad-Score Based on a Radiomics Signature

Nine potential survival-related radiomics features from 92 significant features (p < 0.05) were documented. The nine features, namely, “TotalEnergy,” “LowGrayLevelZoneEmphasis,” “GrayLevelNonUniformity,” “LowGrayLevelZoneEmphasis,” “SmallAreaLowGrayLevelEmphasis,” “LowGrayLevelZoneEmphasis,” “ZoneEntropy,” “SizeZoneNonUniformityNormalized,” and “RunLengthNonUniformity,” were identified in the training cohort for the construction of a radiomics model and the calculation of Rad-score by the LASSO Cox regression analysis (Supplementary Table 1). The HR for the Rad-score was 3.009 (95% CI: 1.963–4.613) in the training cohort. According to the distribution of the Rad-score, we classified patients further into low-risk (Rad-score <0.08) and high-risk (Rad-score >0.08) groups using an optimal cutoff of 0.08 (Figure 2A). Survival analyses revealed a significant difference between these two risk-stratification groups (P < 0.001) in the training and validation cohorts (Figures 2B,C). Furthermore, survival analyses applied in all clinicopathologic subgroups (CHIC-HS, histology subtype, M, P, F, VPERF) demonstrated that these risk factors were significant for disease procession (p < 0.01) (Supplementary Figure 1).


[image: Figure 2]
FIGURE 2. Kaplan-Meier survival analysis of event-free survival of patients with HB. Graphs show results of Kaplan-Meier survival analyses according to the radiomics score cutoff value (A) for patients in the training data set (B) and those in the validation data set (C). A significant association of the radiomics score with the EFS was shown in the training data set, which was then confirmed in the validation data set.




Performance of the Radiomics Nomogram Compared With the Clinical–Pathological Nomogram in Predicting EFS

Based on the multivariate Cox regression analysis, three nomograms that incorporated the Rad-score and independent clinicopathologic factors and CR were generated (Figure 3). The radiomics nomogram exhibited good discrimination performance (C-Index: 0.810; 95% CI: 0.738–0.882) in the validation cohort, which was comparable with clinicopathologic factors (C-Index: 0.855; 95% CI: 0.790–0.920) without improvement in performance in EFS estimation. The combined model with Rad-score and clinicopathological factors achieved a significant incremental value (C-Index: 0.881; 95% CI: 0.829–0.933) for the accuracy of prognosis relative to the radiomics signature alone and the clinicopathologic factors alone. The estimates of the C-Index, of concordance probability, and of the Akaike information criterion (AIC) for the different prediction models are listed in Table 3. Moreover, the calibration curve indicated a satisfactory agreement between the outcome of survival prediction and actual survival at 3-year follow-up in the internal-validation cohort and external-validation cohort (Figure 4).


[image: Figure 3]
FIGURE 3. A prediction performance analysis with combined clinicopathologic-Rad-score of patients with HB. Significant codes: ***0; **0.001; *0.01; .0.05; ’ ’0.1; 1.



Table 3. Models performance.
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FIGURE 4. Calibration curves for each model in the internal validation (A) and external validation (B) set.


Analyses of decision curves showed that the combined model integrating the Rad-score and the clinicopathologic nomogram obtained higher clinical utility relative to that obtained using the radiomics signature alone or the clinicopathologic factors alone (Figure 5).


[image: Figure 5]
FIGURE 5. Decision curve analysis for each model between the observed 1-, 3-, and 5-year outcomes.





DISCUSSION

Patients with advanced HB carry a substantial risk of local relapse and distant metastasis even after resection. Indeed, only about one-thirds of patients with HB have a resectable tumor at initial presentation (2). Whether an optimal treatment regimen with adjuvant chemotherapy and surgery provides survival benefit is controversial and is largely dependent on the assessment of prognostic risk.

We developed a quantitative radiomics approach with CT for accurate pretreatment risk stratification in HB to assist in decision-making for clinical treatment. A LASSO Cox-based radiomics signature was demonstrated to be an independent risk factor for EFS in patients with HB. A radiomics model with specific radiomics features using pretreatment of CT-enhanced images showed similar performance to that of a postoperative clinicopathologic model for predicting EFS of HB. The combination of a nomogram with the Rad-score and clinicopathologic factors achieved better performance than that using the radiomics nomogram and the clinicopathologic nomogram for individualized EFS estimation. The result supports another possibility of preoperative evaluation before surgical pathology when Evans' surgical staging is used based on exploratory surgery for patients with HB (9). In addition, the patients were categorized into low- and high-risk groups by using the multiple feature-based Rad-score with significant differences in EFS, which would be an important supplement to the present PRETEXT and CHIC-HS systems for the evaluation of clinical risk factors. We investigated, for the first time, the use of radiomics features using quantitative CT images to predict disease progression in pediatric patients with HB.

In recent years, much attention has been paid to developing high-throughput screening to extract many quantitative features in medical imaging to assist the clinical diagnosis. Also, the radiomics signature has been shown to be validated robustly, be cost-effective, and be powerfully predictive of survival from solid tumors in several studies (18–22, 24, 25, 31–34). The selected radiomics signature provides a non-invasive, simple, and reproducible method for acquiring phenotypic information, which is not available using conventional imaging and which can be employed to predict survival outcomes. Reviews by scholars have suggested that intratumoral heterogeneity could be demonstrated by radiomics, which would imply a worse prognosis with relapse and metastasis (35, 36). A quantitative radiomics analysis by Aerts and colleagues revealed the radiomics signature and the interpretation of intratumor heterogeneity associated with the underlying gene expression (37). In the present study, the features of conventional CT images were extracted, and the analysis of dimensionality reduction was carried out by a LASSO regression algorithm to select the features that could best reflect the different components in HB. The LASSO approach was able to acquire all features with non-zero coefficients, which enhanced the interpretation and prediction accuracy of the model. The subset of the selected optimal features contained several first-order statistics features (which reflect the internal voxel intensity of lesions) and texture features (which reflect the gray-distribution characteristics in dimensional space and suggest the heterogeneity composition or distribution of lesions in the dimensional space). However, interpretation of the complex associations between radiomics features and biological processes in a tumor remains a challenge (38). Besides, considering the complex intervention, multiple interacting components, in the biological processes and the nature of malignancy, it is hard to correlate a single radiomics-based factor with a pathophysiological change in an intuitive manner. Hence, the multiple features based on the radiomics signature show significantly greater estimation outcome than that of any selected feature alone. In the present study, nine features of a radiomics signature in 88 patients achieved a favorable performance for the assessment of survival from HB. In addition, the multiple-component radiomics signature from the training cohort was externally validated in the test cohort using different device brands and at different institutions, thereby illustrating the repeatability and stability of this model.

In recent decades, an increasing number of studies focusing on the association between several risk factors and HB survival have been published (9–12). Although prognostic factors and outcomes were stated, the studies failed to provide a new prognostic model (2). The CHIC group developed unified risk stratification for patients with HB. Several factors, namely AFP, PRETEXT group, and PRETEXT annotation factors, were shown to affect patient survival (4). However, the present CHIC-HS system may be awkward to use in clinical practice because there are many variables in its complex stratification system. Also, the reasons for some factors eliciting a worse outcome (e.g., older age) are not entirely clear. In addition, the prognostic importance of pathological subtypes has not been included in study groups. Some histology types have been associated with the prognosis in clinical trials (9, 39). Hence, comparisons between any outcome and prognostic factors between groups are challenging and unreliable (13). In accordance with the CHIC-HS, we defined identical risk factors in the present study as well as histology types. Although histology subtypes were incomplete (small-cell undifferentiated and macrotrabecular types were absent), the results are consistent with data from studies that reported a better prognosis with a pure fetal well-differentiated type and a worse prognosis with a non-pure fetal type (40). We also investigated the performance of morphologic characteristics using conventional imaging as a preoperative prognostic factor for potential association with outcome of HB, as described in an earlier study (17, 41). However, none of the morphologic features on imaging were included in the regression models in the present study; their prognostic value and the association with EFS should be validated in additional studies. We incorporated CHIC-HS-related risk factors and morphologic features into a clinicopathologic model. We found that all variables remained as predictors to identify an increased risk, except the PRETEXT annotation factor E; these observations are in accordance with the results of previous studies (4, 13). The multivariate Cox regression analysis indicated that the PRETEXT annotation factor, P, was the strongest negative independent prognostic factor and that factor M showed borderline significance in our cohort; these data are consistent with results from other similar studies (27).

Nomograms have been developed for some cancers and are accepted as reliable tools for the prediction of risk for individuals (42, 43). Based on the abovementioned risk factors, we incorporated the radiomics signature and clinicopathologic characteristics to develop and validate a radiomics–clinicopathologic nomogram to improve the accuracy of prognosis prediction for patients with HB. Overall, the results from the combined nomogram displayed more robust power for predicting EFS in HB than that of the radiomics model alone or the clinicopathologic model alone, with a higher C-index, better calibration, and improvement in the net reclassification. Furthermore, the decision curve analysis indicated the benefit of using combined model beyond the clinical staging system across the appropriate range of reasonable threshold probabilities. This result suggested that the radiomics signature reinforced the prognostic ability of the staging system, thereby adding prognostic value to clinicopathologic risk factors. The concept of this combination model has been described previously (34, 44). However, the combination model mentioned earlier was employed to facilitate personalized treatment for patients with HB and provide pediatricians with a powerful tool for making clinical decisions. The radiomics nomogram (which contained the Rad-score) yielded a C-Index of 0.810 (95% CI: 0.738–0.882) for EFS prediction in the validation cohort, and this C-Index was similar to that of the clinicopathologic model. This observation suggested that the Rad-score might contain clinical information due to the extraction of high-dimensional features that can capture prognostic information. Thus, the Rad-score could be used as a surrogate biomarker to improve the prognostic ability before treatment. In addition, the Rad-score could be used to stratify patients into low- and high-risk groups. Patients with higher Rad-scores had worse EFS, which suggested that low-risk patients would receive radical hysterectomy. For the high-risk group, intensive treatment could elicit greater survival benefits. Thus, the Rad-score may be an efficient tool to enable personalized treatment before surgery.

The present study had five main limitations. First, the sample size was small (particularly the external-validation cohort). Second, the study was retrospective. Third, missing information and a small number of clinicopathologic factors [e.g., age group (>8 years) or histology subtypes] may have led to a performance bias. Fourth, the underlying connection between the radiomics signature and biological information was not investigated. Finally, delineation of RoIs was processed using a manual method. The exploitation of auto-segmentation could be an efficient and accurate method for lesion identification in future radiomics research.

In conclusion, a radiomics signature can be used as a biomarker for risk stratification in patients with HB. A nomogram integrating the radiomics signature, the staging system, and other clinicopathologic risk factors for EFS estimation may be a valuable tool for guiding individual pretreatment for patients with HB.
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Confusing masses constitute a challenging clinical problem for differentiating between cancer and tuberculosis diagnoses. This review summarizes the major theories designed to identify factors associated with misdiagnosis, such as imaging features, laboratory tests, and clinical characteristics. Then, the clinical experiences regarding the misdiagnosis of cancer and tuberculosis are summarized. Finally, the main diagnostic points and differential diagnostic criteria are explored, and the characteristics of multimodal imaging and radiomics are summarized.
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INTRODUCTION

Cancer and tuberculosis are two of the most common diseases affecting health worldwide. According to a recent World Health Organization (WHO) report, tuberculosis has one of the highest mortalities among all infectious diseases worldwide, causing an estimated 1.5 million deaths in 2018 (1). In 2020, an estimated 1,806,590 new cancer cases and 606,520 cancer-related deaths were estimated to occur in the USA. Tuberculosis is a great mimicker and diagnostic chameleon and is prone to be diagnosed as cancer (2). Moreover, due to its unusual presentations and lack of specific diagnostic tests, patients with cancer have been misdiagnosed with tuberculosis (3, 4). Therefore, these confusing masses represent a substantial clinical problem in the differential diagnosis of cancer and tuberculosis. Although many reports have addressed the differences between tuberculosis and cancer, comprehensive summaries are very rare (5).

Multimodal imaging involves the combination of at least two imaging tools to obtain more detailed, accurate images for diagnosis. Radiomics is a newly emerging form of computational medical imaging which involves the analysis and translation of medical images into quantitative data and have been rapidly developed in recent years. The analysis begins with acquiring a sufficient number of multimodal images of good quality and diversity. After extracting imaging features using a computer, trained algorithms can provide diagnostic aid or exact quantitative information by calculating the extracted features (6–9). Thus, the combination use of multimodal imaging and radiomics may enable a more accurate differential diagnosis for confused masses.

This review summarizes major theories designed to identify the factors associated with misdiagnosis and highlights key findings related to these confusing features to enhance diagnostic accuracy in clinical practice. Additionally, the potential for using multimodal imaging and radiomics in differentiating cancer and tuberculosis was also discussed.



METHODS

We searched PubMed for reported cases associated with the misdiagnosis of cancer and tuberculosis using the search strategy (“diagnostic errors” [Mesh]) AND (“tuberculosis” [Mesh])) AND (“neoplasms” [Mesh]) from 2000 to 2020. Among these patients, 11 of 37 were misdiagnosed with tuberculosis, and 26 of 37 were misdiagnosed with tuberculosis. Notably, these confusing diseases can involve any organ, such as the liver, salivary glands (10), kidneys (11), nasopharynx (12), pancreas (13), and gallbladder (14). The diagnoses of 33 of these patients were confirmed by biopsy of the lesion, while three were diagnosed based on their body fluid cultures, and one patient was diagnosed based on empiric antituberculosis treatment.

In summary, the clinical manifestations of these cases are non-specific. The main characteristics leading to the misdiagnosis of tuberculosis as cancer included false-positive positron emission tomography/computerized tomography (PET/CT) findings, an oncologic history and elevated carbohydrate antigen 125 (CA 125) or carbohydrate antigen 19-9 (CA 19-9) levels, while the main reasons for misdiagnosing cancer as tuberculosis were a history of tuberculosis, a positive tuberculin test, and a history of a rare cancer. The features associated with the chosen cases are summarized in Table 1.


Table 1. Feature summary of related cases.
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RESULTS AND DISCUSSION


Imaging Modalities
 
Computerized Tomography (CT)

Computerized tomography (CT) is commonly used in clinical practice to initially assess whether a mass is a malignant tumor or benign nodule according to the imaging features such as the size, shape, tumor border, and enhancement characteristics. A previous study reported a misdiagnosis case based on a head and neck CT scan showing a target sign with a ring enhancement around a central nidus of calcification, which led to the misdiagnosis of metastatic papillary adenocarcinoma (originating from primary lung carcinoma) as cerebral tuberculosis (36). The target sign of cerebral tuberculosis was first described in 1979 (43) and became a pathognomonic requirement for a cerebral tuberculosis diagnosis in 1988 (44). As a non-specific radiologic finding, the target sign most commonly indicated cerebral tuberculoma or metastatic adenocarcinoma, and recent clinical evidence suggested its specificity for tuberculosis (45, 46). Cerebral tuberculosis also shows a solid enhancing mass (47). Therefore, in the different clinical contexts, this target sign confuses clinicians (36).

Chest CT scans lead to higher rates of misdiagnosis between tuberculosis and cancer than head and neck CT and abdominal CT. The CT scan features of pulmonary tuberculosis include irregular linear opacity, discrete miliary nodules, calcified nodules or consolidation, parenchymal bands, and pericicatricial emphysema (18). The most common findings of CT scans in patients with early bronchogenic spread of primary tuberculosis are 2–4 mm centrilobular nodules and branching linear lesions presenting as intrabronchiolar and peribronchiolar caseation necrosis. As the disease progresses, 2–4 mm centrilobular nodules may coalesce and become lobular and consolidated or expand to 5–8 mm nodules (48). After antituberculous chemotherapy, resolution of the lesion occurs, resulting in bronchovascular distortion, bronchiectasis, emphysema, and fibrosis (49). CT scans of early miliary dissemination commonly feature ground-glass opacification with barely discernible nodules, followed by discrete miliary nodules representing round intrapulmonary lesions of <3 cm (50). Multiple pulmonary nodular lesions of varying sizes usually lead to misdiagnosis, especially when complemented by non-specific symptoms (2, 26, 32). In some tuberculosis cases, chest CTs showed multiple round nodules of different sizes, with clear boundaries and partial fusion (2). In addition, chest CT scans have also shown pneumonia in patients with cancer. A previous study reported that chest CT scans of a patient with large B cell non-Hodgkin's lymphoma showed pneumonia throughout the entire lung and diffuse ground glass opacities in both lung fields (26). Furthermore, in patients with histories of tuberculosis and cancer, the imaging manifestations are so similar that definitive diagnoses are difficult to make, and errors occur more frequently than in patients without histories of these diseases (38, 39).

The common features of abdominal CT scans related to misdiagnosis are the pancreatic head (13, 27) and peritoneum (15). The incidence of pancreatic tuberculosis is rare, and this disease may present as a heterogeneously enhanced structure in the pancreatic head with multiple enlarged lymph nodes surrounding the head of the pancreas (13). These findings lead to errors in the diagnosis of patients suspected of having a pancreatic neoplasm with multiple lymph node metastases (27). Regarding miliary tuberculosis of the abdomen, abdominal CT scans may show a solitary liver mass with an irregular enhancing rim and progressive enhancement, which likely leads to a radiographic diagnosis of intrahepatic cholangiocarcinoma (15).

In general, the CT imaging features of spinal tuberculosis include irregular lytic lesions and sclerosis, narrowing of the intervertebral disk space, disc collapse with eventual progression to kyphotic deformity, destruction of the anterior parts of adjacent vertebrae, formation of a large paravertebral abscess, and calcifications or sequestra within the paravertebral abscess (51). The clinical characteristics of spinal tuberculosis and cancer metastasis are non-specific. The imaging presentations of spinal metastatic adenocarcinoma are highly consistent with spinal tuberculosis, and misdiagnosis occurs (29). On the other hand, radiotherapy is often used for suspected malignant spinal lesions without histologic confirmation, and a definitive diagnosis of spinal tuberculosis was finally made (52). Therefore, in cases of spinal lesions of unknown origin, tuberculosis should be taken into consideration despite a previous diagnosis of cancer.



Magnetic Resonance Imaging

Although the lung parenchyma was considered difficult to evaluate by magnetic resonance imaging (MRI) due to low proton density in the pulmonary tissue, susceptibility artifacts and respiratory motion artifacts (53), MRI would be helpful for discriminating pulmonary lesions because of its higher contrast resolution, absence of radiation, and multiple-parameter imaging (54). MRI has found relevant applications in the diagnosis of chest diseases and the differential diagnosis of benign and malignant lung lesions (55, 56). Qi et al. (57) investigated the differences in the imaging features of mass-like tuberculosis and lung cancer on conventional MR sequences and found that most tuberculosis lesions showed low signal intensity on T2-weighted images while lung cancer showed high signal intensity; the signal of tuberculosis lesions was mostly uneven on T2-weighted images, but the signal of lung cancer was mostly uniform; most tuberculosis lesions showed high signal intensity on T1-weighted images while lung cancer showed low signal intensity. Besides, benign mediastinal lymph nodes in tuberculosis lesions showed a variety of signals on T2-weighted images, whereas the majority of metastatic mediastinal lymph nodes displayed slight homogeneous hyperintensity.



Radiomics in Chest Imaging

Non-invasive and computer-aided alternatives have gradually been used in the differentiation of tuberculosis and lung cancer. In recent years, radiomics has attracted more and more attention due to its high-throughput extraction and distinguishing features from medical images, and to construct radiomics nomogram model to assist physicians to make the most accurate diagnosis (58–60). Cui et al. (61) developed and validated radiomics methods for distinguishing pulmonary tuberculosis from lung cancer based on CT images; they found the radiomics nomogram model exhibited good discrimination, with an AUC of 0.914 in the training cohort, and 0.900 in the validation cohort, showing that proposed radiomic methods can be used as a non-invasive tool for discrimination of tuberculosis and lung cancer on the basis of preoperative CT data. Another study (62) investigated the preoperative differential diagnostic performance of a radiomics nomogram in tuberculous granuloma and lung adenocarcinoma appearing as solitary pulmonary solid nodules and found that the radiomics nomogram showed better diagnostic accuracy than any single model with the AUC 0.9660, 0.9342, and 0.9064 for the training, internal validation, and external validation cohorts, respectively, which similarly indicated the radiomics nomogram could preoperatively distinguish between lung cancer and tuberculosis.



False-Positive PET/CT Findings

PET/CT is a powerful diagnostic method for characterizing masses, and it can more accurately assess mediastinal lymph nodes stages in cancer than CT (63). Many clinical conditions are now well-known to be responsible for false positives in oncological PET/CT scanning and are often related to uptake because of inflammation or infection processes. Infectious diseases, post-operative surgical conditions and radiation pneumonitis show as high fludeoxyglucose (FDG) uptake on PET/CT scans (64). Overexpression of glucose transporter-1 (GLUT-1) receptors in human macrophages, neutrophils, and lymphocytes following stimulation with cytokines or mutagens has been implicated in the intense uptake of FDG in inflammatory conditions. This highlights that standard uptake value (SUV) alone is an unreliable parameter for characterizing lesions in such a setting and should be used with caution and adequate correlation (31). A previous study showed that tuberculosis was mostly responsible (50%) for false positives in PET/CT (65). Tuberculosis at various locations, such as the gallbladder, nasopharynx, and peritoneum, is usually misdiagnosed due to false-positive findings on PET/CT scans (14, 15). In a case of nasopharyngeal tuberculosis, PET/CT revealed intense activity in soft tissue masses in the nasopharynx and cervical lymph nodes (12). Combined with those of fibrolaryngoscope examination, the results may lead to misdiagnosis as nasopharyngeal carcinoma (23). In lymph node tuberculosis, PET/CT also showed intense uptake. Patients previously diagnosed with cancer with multifocal hypermetabolic lesions may confuse clinicians, leading to misdiagnosis (66). Thus, when PET/CT findings show increased FDG uptake in patients with cancer as well as suspected metastatic lesions, tuberculous lymphadenopathy should be considered a differential diagnosis.





LABORATORY TESTS


Non-Specificity of CA 19-9 Levels in Serum

CA 19-9 is synthesized by pancreatic, gastric, colon, biliary ductal, and endometrial tissues, and its serum levels are extremely low (67). As a tumor marker for pancreatic, hepatobiliary, and gastrointestinal cancer, high CA 19-9 levels are indicative of advanced disease and a poor prognosis (CA 19-9 level of >100 U/ml usually suggests unresectable or metastatic disease) (68, 69). In addition to cancer, overexpression of CA 19-9 has also been observed in some benign conditions, including gastrointestinal disorders, hepatobiliary system diseases, pneumonia, pleural effusion, renal failure, and systemic lupus erythematosus (SLE), and this phenomenon may be associated with glycan-mediated cell-cell interactions in mucosal immunity (67). Hence, this indicator has low specificity. In the misdiagnosis of cancer and tuberculosis, sharply increased CA 19-9 levels also play a key role (2). CA 19-9 was reportedly elevated in cases of pulmonary tuberculosis (70), hematogenous disseminated tuberculosis (2), and pancreatic tuberculosis (34, 71). In pulmonary disease, the median CA 19-9 level in patients with pulmonary tuberculosis (median CA 19-9 level: 5.85 U/ml) was significantly lower than that in patients with pulmonary non-tuberculous mycobacterial disease (median CA 19-9 level: 13.80 U/ml, p < 0.001). Moreover, the CA 19-9 levels tended to decrease when pulmonary non-tuberculous mycobacterial disease was successfully treated, but this was not observed in pulmonary tuberculosis (70). Although the serum levels of CA 19-9 are commonly significantly lower in non-malignant diseases than in malignant diseases, CA 19-9 was reported to reach concentrations of 165 U/ml in hematogenous disseminated tuberculosis (2) and 66.84 U/ml in pancreatic tuberculosis (27). Therefore, although serum CA 19-9 levels lack specificity, CA 19-9 is the only marker of pancreatic cancer used in the clinic (69). When patients with increased CA 19-9 levels present atypically, tuberculosis may be the definitive diagnosis.



Non-Specificity of Serum CA 125 Levels

Since the report on CA 125 expression in ovarian tumors published in the early 1980s, serum CA 125 levels have been utilized as a biomarker for the differential diagnosis of pelvic masses and have been widely used to monitor patients with ovarian cancer (72–74). Although the CA 125 levels in serum are elevated in over 80% of patients with ovarian cancer at the time of initial diagnosis, using this parameter as a diagnostic marker can lead to clinical mistakes (75). In regard to peritoneal tuberculosis, patients with rapidly growing ovarian masses and elevated serum CA 125 levels usually lead to an initial diagnosis of ovarian cancer (37). Furthermore, tuberculosis is misdiagnosed as a metastatic ovarian cancer when patients show elevated serum CA 125 levels and multiple pulmonary nodular lesions (39). Thus, infectious diseases can mimic metastatic diseases and therefore increase the difficulty of diagnosis.



Adenosine Deaminase Activity

Adenosine deaminase activity (ADA) activity is widely distributed in human tissues and is the highest in lymphoid tissues, and two isozymes of ADA exist, ADA1 and ADA2 (76). The serum concentrations of ADA1 are high in patients with tuberculosis, and previous evidence suggests that the increased ADA1 is the results of T cell lymphocyte stimulation by mycobacterial antigens (77). ADA has been developed and widely used for the diagnosis of tuberculosis. However, it is not a specific index for differentiating between tuberculosis and cancer diagnoses. Although elevated ADA levels usually indicate tuberculosis, the non-specific characteristics of cancer patients presenting with increased ADA levels and a positive tuberculin test can lead to misdiagnosis (16, 17).



Carcinoembryonic Antigen and Cytokeratin Fraction 21-1 in Serum

Both carcinoembryonic antigen (CEA) and cytokeratin fraction 21-1 (CYFRA 21-1) are widely used as tumor markers and are not considered to be confusing indexes based on the reviewed literature above. What is more, Jia et al. report that the CEA and CYFRA 21-1 levels are very valuable for distinguishing between lung cancer and pulmonary tuberculosis (78).



Fine-Needle Aspiration Cytology

The diagnosis of cancer is usually made based on histological analyses of excisional biopsies, fine-needle aspiration cytology, and liquid biopsy (16). Fine-needle aspiration cytology, a commonly used method that is minimally invasive, quick, and accurate, involves the use of a thin needle to acquire cellular material from a bodily lesion or mass for diagnostic purposes. However, fine-needle aspiration cytometry is less sensitive and specific for some malignant tumors, such as those of the parotid gland (6), pancreas (41), and malignant lymphoma (79). In the parotid gland, the sensitivity and specificity of fine-needle aspiration cytology are 79 and 96%, respectively (80). In lymphoma, the median rate at which fine-needle aspiration cytology yields a subtype-specific diagnosis of lymphoma is 74% (77). Several factors are related to the specificity of fine-needle aspiration cytometry. First, fine-needle aspiration is unsatisfactory, and only the inflammatory necrosis area is obtainable in cases of small amounts of tissue, deep locations, and hard masses. Determining whether necrosis is caused by tumor disease or simple inflammation is almost impossible (81). Second, during pathological examination, seriously degenerated tumor cells are poorly stained, leading to fuzzy chromatin staining and structures. In particular, it is easy to make a misdiagnosis of tuberculosis when some carcinoma cells are spindle shaped, when nuclei exhibit vacuolar changes, and when lymphoma cells have lightly stained chromatin with obvious nucleoli and inflammatory necrosis (82). In addition, granulomatous inflammation often occurs in infectious diseases such as tuberculosis and mycosis and can also occur as a local inflammatory reaction in malignant tumors (83–85). Hence, although biopsy pathology is crucial for differentiating between cancer and tuberculosis, the findings of this examination may be a key factor underlying misdiagnosis.




OTHER CHARACTERISTICS


History of Previous Disease

Tuberculosis and cancer have a complex and dangerous liaison relationship (86). On the one hand, long-term chemotherapy, radiotherapy, and surgery will weaken the immune system in patients with cancer, which increases the risk of tuberculosis infection (87, 88). On the other hand, a large cohort study reported that pulmonary tuberculosis is associated with an increased risk of developing lung cancers (89). In clinical practice, without specific information, patients that have been previously diagnosed with cancer or tuberculosis may be misdiagnosed (38, 66).



Definitive Diagnoses of Rare Diseases

Physicians usually do not apt to consider diagnosis of patients as rare diseases at first time, such as primary non-Hodgkin lymphoma of the spine (33), glottic tuberculosis (35), isolated pancreatic tuberculosis (34), and gallbladder tuberculosis (14). The limited knowledge and preconceived professional ideas may lead to errors in the diagnoses of these rare cancers and tuberculosis.




CONCLUSIONS

CT is commonly used in clinical practice to initially assess diseases. However, the shortcomings of this technology also cause confusion. Fine-needle aspiration cytology is a commonly used biopsy method but not reliable. Excisional biopsies may be the best definitive diagnostic method for confusing masses. When PET/CT findings show cancer patients with increased FDG uptake, tuberculosis should be considered a differential diagnosis, except in suspected cases of metastatic lesions. ADA and tumor markers are not specific indexes in the differential diagnosis of tuberculosis and metastasis. Thus, the following features are summarized to differentiate tuberculosis from cancer: (1) Fine-needle aspiration cytology has low sensitivity and specificity. (2) High FDG uptake on PET/CT scans can occur in cases of tuberculosis. (3) Tumor markers, including CA 19-9 and CA125, could be increased in tuberculosis patients. (4) ADA can be upregulated in in cancer patients. (5) Histopathological examination and tuberculosis cultures are still the gold standards for diagnosis.

In the diagnosis of tuberculosis, multimodal imaging could offer high spatial resolution, soft tissue contrast, and biological information at the molecular level with high sensitivity. Radiomics technology use computers to extract numerous imaging features, especially the ones that cannot be distinguished by eyes directly, which may enable the ability of automatically distinguishing complex images and offer quantitative information. However, the characteristics and quality of the images cannot be automatically assessed, which means the extracted features should be calculated by using a computational-aided diagnostic algorithms before they can be used practically (7, 90). With well-trained algorithms, confusing masses can be identified based on the extracted features. Beig et al. provided an excellent example of using radiomic features on lung CT images to distinguish adenocarcinomas from granulomas (8).

In summary, although clinicians should conduct more studies on the special features of these diseases, a comprehensive review of misdiagnosis characteristics could also guide the plan for use of multimodal imaging and radiomics-based algorithms.
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Objectives: To evaluate whether incorporating the radiomics, genomics, and clinical features allows prediction of metastasis in colorectal cancer (CRC) and to develop a preoperative nomogram for predicting metastasis.

Methods: We retrospectively analyzed radiomics features of computed tomography (CT) images in 134 patients (62 in the primary cohort, 28 in the validation cohort, and 44 in the independent-test cohort) clinicopathologically diagnosed with CRC at Dazhou Central Hospital from February 2018 to October 2019. Tumor tissues were collected from all patients for RNA sequencing, and clinical data were obtained from medical records. A total of 854 radiomics features were extracted from enhanced venous-phase CT of CRC. Least absolute shrinkage and selection operator regression analysis was utilized for data dimension reduction, feature screen, and radiomics signature development. Multivariable logistic regression analysis was performed to build a multiscale predicting model incorporating the radiomics, genomics, and clinical features. The receiver operating characteristic curve, calibration curve, and decision curve were conducted to evaluate the performance of the nomogram.

Results: The radiomics signature based on 16 selected radiomics features showed good performance in metastasis assessment in both primary [area under the curve (AUC) = 0.945, 95% confidence interval (CI) 0.892–0.998] and validation cohorts (AUC = 0.754, 95% CI 0.570–0.938). The multiscale nomogram model contained radiomics features signatures, four-gene expression related to cell cycle pathway, and CA 19-9 level. The multiscale model showed good discrimination performance in the primary cohort (AUC = 0.981, 95% CI 0.953–1.000), the validation cohort (AUC = 0.822, 95% CI 0.635–1.000), and the independent-test cohort (AUC = 0.752, 95% CI 0.608–0.896) and good calibration. Decision curve analysis confirmed the clinical application value of the multiscale model.

Conclusion: This study presented a multiscale model that incorporated the radiological eigenvalues, genomics features, and CA 19-9, which could be conveniently utilized to facilitate the individualized preoperatively assessing metastasis in CRC patients.

Keywords: colorectal cancer, metastasis, radiomics, genomics, carbohydrate antigen 19-9


INTRODUCTION

Colorectal cancer (CRC) is a common malignant tumor, for which the incidence of men is usually higher than women. In 2012, more than 690,000 people died of CRC worldwide (1). At present, the main treatment of CRC is surgical resection, supplemented by chemotherapy or radiotherapy. However, more than 20% of patients are still life-threatening because of disease metastasis (2). Accurate prediction of tumor metastasis is of great significance for the individualized treatment and prognosis of patients with CRC (3). Computed tomography (CT), a non-invasive imaging tool, has been used for screening and preoperative evaluation of various cancers (4–7). In CRC patients, the venous phase of enhanced CT scan shows a stronger resolution and good response to the size and scope of tumors (8). However, CT has limited specificity in the differential diagnosis of distal metastasis, metastatic lymph nodes, and lesions with smaller diameter (9, 10). Therefore, we need to find more specific method to distinguish CRC metastasis.

Quantitative high-throughput analysis of a large number of image data obtains radiomics eigenvalues, which allows for more in-depth mining of CT data (11, 12). Radiological eigenvalues can be used as predictive biomarkers to diagnose, treat, and evaluate the disease. Several investigators have shown that the radiomics is closely related to tumor stages and grades (13, 14), and the combined analysis of a set of biomarkers is more practical than single indicators (15). CA-19-9, known as a tumor marker, has been reported to be significantly increased in gastrointestinal cancers (16, 17). It is also used to combine with other clinical indicators evaluating the metastasis of CRC (18). A study has reported that combined radiomics signatures and clinical risk factors such as carcinoembryonic antigen (CEA) are valuable to evaluate the lymph node metastasis in CRC patients (19). Although these features obtained by radiomics that are combined with clinical indicators have been used as useful predictors to predict indeterminate pulmonary nodules and lymph node metastasis in CRC (19, 20), these biomarkers often focus on one or a few aspects of the progression in CRC. Few studies have combined more accurate predictors from different dimensions such as genomics, which may provide more available risk assessment information. In recent years, genomics plays an important role in the diagnosis and treatment of cancers (21). Some studies have explored the metastasis and precise treatment of CRC through genomics analysis (22, 23). The abnormal cell cycle is a typical characteristic of tumor (24). CDKN2A, TP53, ATM, and MYC play an important role in cell cycle, which regulates the cell growth and proliferation (25, 26). However, an optimal approach, combined with more dimensions, is needed to improve the prediction model performance.

Therefore, the aim of this study was to develop and validate a multiscale model by combining radiomics signatures, genomics features, and clinical risk factors for evaluation of preoperative metastasis in CRC patients.



MATERIALS AND METHODS


Patients

The study was approved by the ethics committee of Dazhou Central Hospital (IRB00000003-17003) and obtained informed consent from patients. The study retrospectively reviewed 267 patients clinicopathologically diagnosed with CRC from February 2018 to March 2019 as primary and validation cohorts and reviewed 116 patients from April 2019 to October 2019 as independent-test cohort. The participants underwent surgical resection for therapeutic purposes. Finally, 90 patients were included in primary and validation cohorts. Independent-test cohort included 44 CRC patients. All CRC tissue samples were obtained intraoperatively for RNA sequencing and stored in liquid nitrogen. The clinical stage of tumors was according to tumor–node–metastasis staging system [American Joint Committee on Cancer, 8th edition, staging system]. The metastasis was defined as patients with pathologically diagnosed CRC metastasis after surgery or within 3 months after surgery.

The 90 participants were randomly divided into a primary cohort and a validation cohort at a ratio of ~7:3. In total, the primary cohort comprised 62 patients (38 males and 24 females, 24 metastasis and 38 non-metastasis patients). There were 28 patients in the validation cohort (16 males and 12 female, 11 metastasis, and 17 non-metastasis patients). In the independent-test cohort, there were 25 metastasis and 19 non-metastasis patients (29 males and 15 females). Clinical data, including age, gender, preoperative histological grade, and CA 19-9, were obtained from medical records.

Serum CA 19-9 levels of the patients were detected by CA 19-9 test kit (Roche Diagnostics Corp., Switzerland) with cobas e601 system at the initial hospitalization. The recommended normal range of CA 19-9 is 0–27 ng/mL. The flowchart of the study is shown in Figures 1A,B. Inclusion criteria for the study were as follows: (1) patients with baseline and 2-weeks complete enhanced CT examinations; (2) CT images were obtained with 1-mm thickness; (3) the patient diagnosed with CRC by pathology; and (4) age 18–75 years. Exclusion criteria were as follows: (1) patients with inflammatory diseases, including infection, ischemic heart disease, collagen disease, intestinal perforation, or obstruction; (2) patients with familial adenomatous polyposis or hereditary nonpolyposis colon cancer; and (3) patients, lacking CT images or with poor image quality, could not extract radiomics features.


[image: Figure 1]
FIGURE 1. Flowchart of study. (A) The data collection pipeline in this study. (B) Flowchart of patients' inclusion.




CT Image Acquisition and Analysis

The imaging ensemble data acquisition was performed on the abdominal CT enhanced scan using Siemens Definition AS 64-row CT. The acquisition parameters were as follows: 100 kV, CAREDose4D, 0.5-s rotation time, detector collimation: 128 × 0.6 mm, field of view 380 × 380 mm, matrix: 512 × 512; after routine CT plain scan, 60–80 mL iodophor contrast agent (320 mg/mL) was used at a speed of 2–3 mL/s and with a high-pressure syringe (Ulrich, Germany), and then 40 mL of normal saline was injected, after 23 s. Arterial scan, 60-s postvenous scan, delayed the scan after 120 s; delayed prolonged scan time according to the lesion, contrast-enhanced CT reconstruction with thickness 1 mm. Then, the CT image of the portal vein (thickness 1.0 mm) DICOM data was retrieved from CD Viewer (INFINITT, Seoul, South Korea). Two professional data readers used the 3D Slicer software (version 4.10.2) to delineate the tumor tissue under the guidance of a clinical imaging specialist for building a three-dimensional tumor tissue (27, 28). Finally, the eigenvalue results were derived from the SlicerRadiomics plug-in.



Radiomics Signature Extraction

The primary cohort was used to establish the prediction models. The 10-fold cross-validation least absolute shrinkage and selection operator (LASSO) was used for selecting the most valuable radiomics features via minimum criteria. The radiomics score was calculated for each participant by a linear combination of screened features weighted by their respective LASSO coefficients.



Genomics Feature Selection

Total RNA of tumor tissues collected from CRC patients was extracted by TRIZOL reagent (Takara Biomedical Technology, Beijing, China). Eligible total RNA was purified and fragmented for further sequencing library construction. Qualified sequencing libraries were sequenced by Illumina with sequencing strategy PE150. Clean reads were used for subsequent analysis. The differentially expressed genes between metastasis and non-metastasis groups were analyzed by DEseq2 package in R software. Protein–protein interaction network (https://string-db.org/) was applied to analyze the potential interaction.



Construction and Performance of the Multiscale Nomogram

The prediction model was developed based on the selected radiomics features by using multivariable logistic regression analysis. The model was converted into prediction nomogram for providing clinicians with an easy-to-use tool to facilitate the individual probability of CRC preoperative metastasis. The predictive performance of the multivariate nomogram was assessed in the primary cohort and then verified in the validation cohort and independent-test cohort. The receiver operating characteristic curve (ROC) analysis was used as a performance indicator. In order to estimate the clinical usefulness of the prediction nomogram, the decision curve was conducted by calculating the net benefits for a range of threshold probabilities.



Statistical Analysis

Statistical analysis was performed using R software [version R 3.6.1 for Windows (x64)] and IBM SPSS (version 20.0). The appropriate package and function to complete the corresponding statistical test were loaded. The “pROC” package (version 1.15.3) was used to plot ROC curves. The “glmnet” package (version 2.0–18) was used to finish the LASSO model. The “rms” package (version 5.1–3.1) was performed for calibration curve. The “rmda” package (version 1.6) was performed for decision curve. At inspection level, P < 0.05 is considered statistically significant. The differences of the basic clinical information between metastasis and non-metastasis groups were performed by t-test or χ2 test.




RESULTS


Clinical Phenotype Data

The characteristics of patients in the primary cohort, validation cohort, and independent-test cohort are shown in Table 1, Supplementary Tables 1, 2. There was no difference in clinical data between the primary and validation cohorts (Supplementary Table 1). CA 19-9 showed a significant difference between metastasis and non-metastasis groups in the primary cohort (P < 0.05), which was then confirmed in the validation cohort (P < 0.05) (Table 1).


Table 1. Characteristics of patients in the primary and validation cohorts.
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Radiomics Signature Building

Using the LASSO regression model, 854 texture features were reduced to 16 potential predictors (ratio 53:1; Figures 2A,B). The radiology eigenvalues were calculated by radiomics score calculation formula (Supplementary File 1). The radiomics score was significantly different between metastasis and non-metastasis in the primary and validation cohorts (P < 0.05) (Table 1, Figure 2C). The area under curve (AUC) of the radiomics model reached 0.945 [95% confidence interval (CI) 0.892–0.998] in the primary cohort and 0.754 (95% CI 0.570–0.938) in the validation cohort, respectively (Figure 2D). Typical cases of non-metastasis and metastasis are presented in Supplementary Figure 2.


[image: Figure 2]
FIGURE 2. Radiomics signatures selection and model performance. (A) Tuning parameter (λ) was selected in the LASSO model by 10-fold cross-validation via minimum criteria. The area under the receiver operating characteristic curve was plotted versus log(λ). A log (λ) = −2.91 was chosen. (B) LASSO coefficient profiles of the 854 texture features. A coefficient profile plot was produced against the log (λ) sequence. Vertical line was plotted at the optimal λ value, which resulted in 16 non-zero coefficients. (C) The radiomics score for each patient in the primary (AUC) cohort (n = 62) and validation cohort (n = 28). (D) ROC curve of radiomics model in the primary cohort and validation cohort. LASSO, least absolute shrinkage and selection operator.




Development and Validation of the Multiscale Model

In order to improve the performance of the model, we combined multidimensional data. Genomics features and clinical risk factors were screened for the construction of the multiscale radiogenomics model. The analysis of RNA sequencing results revealed that the cell cycle pathway was significantly different between the metastasis group and the non-metastasis group (Figures 3A,B). The four cell cycle–related genes (CDKN2A, TP53, ATM, and MYC) were identified by protein–protein interaction network. Among them, CDKN2A was notably increased in the metastasis group (Figure 3C). Previous studies have shown that CA 19-9 is a commonly used tumor marker in clinical practice (18). Remarkably, the multiscale model, combined radiomics with four cell cycle–related genes and clinical risk factor CA 19-9, had better discriminative capacity than the radiomics model. The AUC of the multiscale model reached 0.981 (95% CI 0.953–1.000) and 0.822 (95% CI 0.635–1.000) in the primary and validation cohorts, respectively (Figure 4A). In addition, as shown in Table 2, the multiscale model had better accuracy for assessing CRC preoperative metastasis (sensitivity: 94.4%, specificity: 94.7%, positive predictive value: 97.1%, negative predictive value: 90.0%). To further validate the generalization of multiscale model, we applied the model in an independent-test cohort. The AUC achieved 0.752 (95% CI 0.608–0.896) in the independent-test cohort (Figure 4B), which suggested that the model had good robustness and generalization.


[image: Figure 3]
FIGURE 3. Genomics features selection. (A) Protein–protein interaction (PPI) network and (B) Gene Ontology (GO) enrichment analysis of differentially expressed genes between metastasis group and non-metastasis group. Red node represents proteins enriched in cell cycle pathway. (C) Statistical analysis of CDKN2A mRNA expression level in metastasis group and non-metastasis group. n = 90. **P < 0.01.
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FIGURE 4. ROC curve of multiscale radiogenomics model. (A) ROC curve of multiscale radiogenomics model in the primary cohort and validation cohorts. (B) ROC curve of multiscale radiogenomics model in the independent-test cohort.



Table 2. Performance of the radiomics model and multiscale radiogenomics model in primary and validation cohorts.
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Clinical Use

Next, we further constructed the multiscale nomogram for clinical use, based on radiomics feature, genomics characteristics, and CA 19-9 (Figure 5A). Good calibration was observed for the probability of CRC metastasis (Figure 5B). The decision curve analyses of the radiomics model and the multiscale model are shown in Figure 5C. The decision curve illustrated that both models had relatively good performance for clinical application. Importantly, the multiscale model indicated higher benefit than the radiomics model, which suggested that the multiscale model was a reliable clinical utility for assessment of preoperative metastasis in CRC patients.


[image: Figure 5]
FIGURE 5. Nomogram, calibration curve, and decision curve derived from the multiscale radiogenomics model. (A) Nomogram developed with the radiomics score, genomics, and CA-19-9. (B) Calibration curve analysis for the multiscale radiogenomics model. The y axis represents the actual probability of metastasis. The x axis represents the predicted probability of metastasis. (C) Decision curve analysis for the multiscale radiogenomics model.





DISCUSSION

In this study, we established and validated a multiscale model for individualized preoperative metastasis assessment in patients with CRC. The multiscale nomogram incorporated radiomics features, genomics signatures, and clinical risk factor. The convenient multiscale nomogram facilitated the individualized evaluation of CRC preoperative metastasis.

Metastasis is the leading cause of reduced 5-years survival rate for patients with CRC (2). Accurate evaluation of metastasis is critical for optimizing the CRC treatment strategies. Currently, the discrimination of CRC metastasis based on the visual judgment of clinicians remains challenging. Quantitative high-throughput radiomics analysis provides many high-dimensional imaging characteristics based on medical imaging, and the main applications are diagnosis, treatment planning, and evaluations in the field of oncology (29). Previous studies have demonstrated that radiomics is used successfully in the prediction of lymph node metastasis and of outcomes (19, 30). Moreover, the combined analysis using multiple markers performs better than individual analysis in clinical practice (19, 31, 32). Meanwhile, risk stratification and clinical decision-making are better to assess the disease risk by polygenic risk score (33). Exploring the genomics of cancer patients might help to optimize therapeutic strategies. Previous study has proposed that the gene expression could be evaluated by radiomics features in CRC (34). However, the potential associations between radiomics, gene expression, and clinical risk remain unclear.

In this study, the regions of interest on enhanced venous-phase CT were delineated to screen for metastasis-related image features. Eight hundred fifty-four radiomics features, extracted from enhanced venous-phase CT, were reduced to 16 potential predictors by LASSO. The AUCs of the radiomics model were 0.945 (95% CI 0.892–0.998) and 0.754 (95% CI 0.570–0.938) in the primary and validation cohorts, respectively. To enhance the performance of the model, we combined gene expression and clinical risk factors. The 90 CRC tissues were analyzed by RNA sequencing, and we selected four genes (CDKN2A, TP53, ATM, and MYC) closely related to the cell cycle based on the RNA sequencing analysis. Existing studies have shown that CDKN2A, TP53, ATM, and MYC play an important role in progression and metastasis of CRC diseases (35–38). Our study indicated that these four genes were identified as genomics risk features for assessment of CRC metastatic status. Previous studies have shown that CA 19-9 could be used as an important indicator for the prognosis of patients with CRC (39). Moreover, it has been demonstrated that CA 19-9 could be used to monitor the disease development in the metastatic CRC patients without of CEA elevation (40). Therefore, CA 19-9 was kept as a predictor during the process of model establishment. In this study, we combined genomics features and CA 19-9 with radiomics signatures to develop a multiscale model for evaluating the metastasis of CRC. The AUC of the multiscale model [0.981 (95% CI 0.953–1.000) and 0.822 (95% CI 0.635–1.000) in the primary and validation cohorts, respectively] was higher than the radiomics model, indicating that the multiscale model had a better performance. These results give us some hints, that is, while focusing on radiomics, the convergence of multiple omics will be more valuable for disease prediction and diagnosis.

We utilized a nomogram as an individualized tool for CRC preoperative metastasis detection and evaluated whether the multiscale nomogram on the basis of decisions could benefit patients. Decision curve analysis was performed for estimating the clinical consequences of the multiscale nomogram based on threshold probability. The decision curves indicated that the threshold probability ranged from 0 to 100%, implying that applying the multiscale nomogram to assess CRC metastatic status adds more net benefit than the “treat-all” or “treat-none” scheme. As expected, the net benefit of the multiscale model was better than the radiomics model, suggesting that the multiscale model could preferably assist both clinicians and patients to evaluate the risk of CRC preoperative metastasis.

There are several limitations to our study that deserve recognition. First, this is a single-center study with limited generalizability. Second, the sample size of the study is relatively small. Third, the research period and follow-up time were not long enough; some metastasis may be omitted. A large sample of patients from multiple centers should be studied to improve the robustness and reproducibility of our developed multiscale model.

In conclusion, this study presented a multiscale model that incorporated the radiological eigenvalues, genomics features, and CA 19-9, which could be conveniently utilized to facilitate the individualized evaluation of CRC preoperative metastasis.
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Background

Myasthenia gravis (MG) is the most common paraneoplastic syndromes of thymoma and closely related to thymus abnormalities. Timely detecting of the risk of MG would benefit clinical management and treatment decision for patients with thymoma. Herein, we developed a 3D DenseNet deep learning (DL) model based on preoperative computed tomography (CT) as a non-invasive method to detect MG in thymoma patients.



Methods

A large cohort of 230 thymoma patients in a hospital affiliated with a medical school were enrolled. 182 thymoma patients (81 with MG, 101 without MG) were used for training and model building. 48 cases from another hospital were used for external validation. A 3D-DenseNet-DL model and five radiomic models were performed to detect MG in thymoma patients. A comprehensive analysis by integrating machine learning and semantic CT image features, named 3D-DenseNet-DL-based multi-model, was also performed to establish a more effective prediction model.



Findings

By elaborately comparing the prediction efficacy, the 3D-DenseNet-DL effectively identified MG patients and was superior to other five radiomic models, with a mean area under ROC curve (AUC), accuracy, sensitivity, and specificity of 0.734, 0.724, 0.787, and 0.672, respectively. The effectiveness of the 3D-DenseNet-DL-based multi-model was further improved as evidenced by the following metrics: AUC 0.766, accuracy 0.790, sensitivity 0.739, and specificity 0.801. External verification results confirmed the feasibility of this DL-based multi-model with metrics: AUC 0.730, accuracy 0.732, sensitivity 0.700, and specificity 0.690, respectively.



Interpretation

Our 3D-DenseNet-DL model can effectively detect MG in patients with thymoma based on preoperative CT imaging. This model may serve as a supplement to the conventional diagnostic criteria for identifying thymoma associated MG.





Keywords: thymoma, myasthenia gravis, deep learning—artificial neural network, computed tomography, imaging—computed tomography



Introduction

Thymoma is the most common neoplasm of the anterior mediastinum in adults and known for their frequent association with myasthenia gravis (MG) (1). MG, the most common syndrome of paraneoplastic syndromes (2), is an autoimmune disease, involving antibodies against the postsynaptic nicotinic acetylcholine receptors (AChRs) at neuromuscular junctions, resulting in variable weakness of the voluntary muscle (3). Patients with MG can experience severe cardiopulmonary complications (4, 5). One of the most severe complications of MG is myasthenic crisis after thymoma resection, which can rapidly worsen, leading to respiratory failure and even death (6–9). According to NCCN clinical guidelines for thymomas, all patients suspected of having thymomas (even those without symptoms) should be carefully evaluated for the presence of MG before surgical procedure in order to avoid respiratory failure during the operation (2, 10, 11). However, some MG symptoms are atypical or asymptomatic, leading to missed or delayed diagnosis of MG in patients experiencing mild weakness or in individuals with weakness restricted to only a few muscles (12). In addition, the current criteria for diagnosing MG (including immunological, electrophysiological, and pharmacological approaches) are usually complex and time-consuming (13). In the real world, a majority of thymoma patients did not receive careful evaluation of MG by a neurologist before surgery. Therefore, a simple, non-invasive and feasible screening method for detecting MG in thymoma patients prior to operation is necessary to ensure proper clinical management, especially for developing surgical strategies and reducing perioperative complications.

In recent years, deep learning (DL) and radiomics in the medical imaging field have been studied intensively to explore the potential of utilizing various medical images as diagnostic, predictive, or prognostic information of human diseases, including the possibility of identifying tumor pathological subtypes, tumor phenotypes, and the gene–protein signatures (14, 15). MG syndrome is closely related to the histopathological abnormalities of thymus, such as thymoma (16). Thymomas are usually stratified into six entities [types A, AB, B1, B2, B3, and TC (carcinoma)] on the basis of the morphology of epithelial cells and the lymphocyte-to-epithelial cell ratio (17). Thymoma associated MG is more common in type B (B1, B2, and B3) than type A and AB thymomas and absent in TC (16, 18). Recently, Xiaowei Han et al. reported that some CT imaging characteristics were significantly related to histological classification of thymoma and MG status (19). Therefore, it is possible to identify the presence of MG in thymoma patients using deep learning model or radiomics based on preoperative routine CT scan of thymoma.

Here, we designed this study to explore the effectiveness of 3D-DenseNet-DL model and five radiomics as predictive methods for MG using preoperative chest CT image. The final optimal model, named as 3D-DenseNet-DL based multi-model integrating with semantic CT image features, was ultimately established to detect MG in thymoma patients.



Materials and Methods


Patients

For this study, 182 patients diagnosed with thymoma who had undergone thymectomy at the First Affiliated Hospital of Sun Yat-sen University from Jan 1st, 2011 to Jun 31st, 2018 were included for analysis and model building (SYSUFH dataset, Table 1). Another 48 thymoma patients admitted to the Sun Yat-sen Memorial Hospital of Sun Yat-sen University from Jan 1st, 2017 to Mar 31st, 2019 were used as the external validation cohort (SYSUMH dataset, Table 1). All cases had undergone enhanced preoperative CT examination and had been clearly staged based on pathological examination and clinical manifestation. All patients in our study were evaluated by neurologists to determine the status of myasthenia gravis (MG) syndrome or other autoimmune diseases before operation and were followed up to 2 years after surgery. The diagnostic criteria of MG in this study includes: (1) typical clinical manifestations; (2) two or more of the following: (a) positive neostigmine test, (b) decline of >10% on electromyographic low-frequency repetitive nerve stimulation or increased jitter on single-fiber electromyography, (c) positive serum AChR-Ab or MuSK-Ab or LRP4-Ab. This project was approved by the Ethics Committee and Institutional Review Board of Sun Yat-sen University. Informed consent was waived due to the retrospective nature of this study.


Table 1 | Baseline characteristic of the 230 patients with thymoma from two medical centers.





CT Imaging Characteristics and Scan Protocol

Enhanced chest CT images were acquired within one week prior to operation. Imaging features were carefully evaluated through PACS reading workstation by two experienced radiologists specializing in chest CT imaging that were blinded to the MG statuses of the patients. CT Imaging characteristics that were evaluated included (Table 2): maximum diameter (3-D Maximum diameter); degree of enhancement (increment of enhanced CT value, HU); enhancement (homogeneous or heterogeneous); necrosis/cystic component (divided into 0–25%, 26–50%, 51–75%, 75–100% according to its volume percentage); shape (round or oval, lobulated, irregular); contours (smooth or irregular); presence of calcification, adjacent organ invasion, effusion (pleural/pericardial), and lymphadenopathy. All preoperative enhanced chest CT images were obtained with a 64-row multidetector CT scanner (Aquilion 64; Toshiba Medical, Tokyo, Japan). Scan parameters: x-ray tube voltage of 120 kVp; maximum of 500 mA with automatic tube current modulation. Axial thin-section CT images of the whole lung were reconstructed with a section thickness and spacing of 1.0 mm. Iopromide at 80–100 ml/per patient (300 mg I/m1, Schering Pharmaceutical Ltd) was injected at 3–4 ml/s flow rate and applied to contrast enhanced scanning protocol.


Table 2 | Image characteristics of patients with thymoma.





Machine Learning


Datasets

Thymoma on CT images were segmented manually using the annotation tool “ITK-SNAP” (www.itksnap.org) (20). “ITK-SNAP”, as a free software, is widely used for medical image annotation and labeling. In this work, ITK-SNAP was applied for thymoma lesion segmentation. The output from ITK-SNAP is NIFTI files containing mask information of the thymoma for each sequence of CT images. We then used the mask information to extract the area of thymoma, namely the regions of interests (ROI) (Figure S1). For feature extraction in radiomic analysis, the segmented thymoma was used directly. For deep learning modeling, a further preprocessing step was designed to prepare the segmented data for the convolutional neural network.



Radiomic Analysis


Radiomic Analysis Procedure

Radiomic analysis involved several steps: feature extraction, feature selection and machine learning. First, feature extraction was performed to convert raw images to structural data with radiomic information that could be processed by machine learning algorithms. Then, several methods were applied to further select high-quality features based on variance or regression. Finally, the data with selected features are used as inputs for several mainstream machine learning algorithms to train and test the model.



Radiomic Features

The radiomic features were extracted using open source PyRadiomics software (http://pyradiomics.readthedocs.io) (21). The categories of features include: shape descriptors (2D and 3D), First Order Statistics, Gray Level Matrices (GLM) based: Gray Level Cooccurrence Matrix (GLCM), Gray Level Run Length Matrix (GLRLM), Gray Level Size Zone Matrix (GLSZM) and Gray Level Dependence Matrix (GMDM). These features were extracted not only from original images, but also from derived images filtered using Laplacians of Gaussians (LoG), Wavelet Decompositions, Square, Square Root, Logarithm and Exponential filters. In total, 1,390 radiomic features were extracted, covering the popular features used in research.



Radiomic Feature Selection

Feature selection was conducted to select a subset of features from all extracted features for use in model building. The aims of this step were to reduce the dimensions of features, simplify the model and enhance generalization by reducing overfitting. A multi-level selection approach was adopted, which involved three algorithms in the order of: variance threshold method, k-best method, and the least absolute shrinkage selection operator (LASSO). Variance based method was adopted at first to select features with variance larger than a threshold (threshold = 0.1 in this study, data were normalized to a range of −1 to 1). Then, top k (k = 300 in this paper) features were further selected based on top ANOVA F-value between feature and the label. Finally, LASSO with five-fold cross-validation was adopted to automatically select the more effective features (Figure S2).



Radiomic Model Building

The performance of radiomic analysis was evaluated using five popular machine learning algorithms: Random Forest, XGBoost, Multilayer Perceptron, Logistic Regression and Support Vector Machine.




Deep Learning


Data Preprocessing

For deep learning, images with fixed dimension 160 × 160 × 64 (pixels) were used as input of the model. The images were constructed with equal width and length of 160 pixels and channels of 64 pixels. The size of the input image was determined by statistical analysis of the region of all the thymomas in this dataset.



3D-DenseNet

DenseNet (22) is a type of convolutional neural network (CNN). DenseNet composes of four dense blocks, as shown in the schematic diagram. Dense connections between layers within dense blocks are present in DenseNet. We chose DenseNet as the base model in this study due to its various advantages. First, DenseNet can be used to reduce over-fitting. Second, DenseNet is computationally efficient as it requires less than half of the parameters of ResNet. Although DenseNet was first designed for two-dimensional images, our study targeted 3D CT sequences. As most medical images are three-dimensional, we designed a 3D-DenseNet where the kernel of each convolutional and pooling layer was modified to 3D versions. In the proposed 3D DenseNet model, rectified linear unit (ReLu) was used as activation function in each layer, and softmax function was applied in the last layer of our network to obtain the probability for each sample (Figure 1 and Table S1). Batch normalization was applied before activation layer. The loss function of our model was due to binary cross-entropy, which was optimized using Adam with mini-batch size of 16.




Figure 1 | An illustration of the architecture of our 3D DenseNet deep learning model. Images with dimension 160 × 160 × 64 pixels are fed into the network, followed by multiple convolution and pooling operations, resulting in probability prediction for MG. In dense block, features with different levels are concatenated using skip connections. The dimension is halved after each transition layer.





Training Process Optimization

Two kinds of data augmentation were applied during the training stage of deep learning to avoid overfitting. First, random cropping (Figure S3) was implemented by randomly placing the segmented thymoma image in the fixed cube with shape. Second, a fixed window center (WC) and window width (WW) of 300 were applied for input images with original CT values. A random change was applied for the training data with WW value ranging from −10 to 10 and WC value from −5 to 5. Transfer learning was also applied to obtain benefit such as acceleration of the training stage from the pretrained model, which boosted the training speed significantly compared with the other initialization methods (such as Xavier).



Evaluation Metrics of Machine Learning

Five radiomic models (RF, XGBoost, SVM, MLP, LR) and one deep learning model (3D-DenseNet-DL model) were evaluated in the training and validation cohort using stratified five-fold cross-validation, and the parameter alpha was chosen with Mean Square Error (MSE) at minimum value. In this study, all the consecutively enrolled patients in SYSUFH dataset were randomly split into 80% for training and the remaining 20% for internal-validation. The metrics Area Under ROC Curve (AUC), ACC (accuracy), Sensitivity (SN) and Specificity (SP) were used to compare the performance of these models.

The deep learning model was implemented using MXNet (version 1.2.0, Apache Software Foundation, Forest Hill, MD, USA) library (22), and the model was trained using four NVIDIA GeForce GTX 1080 GPUs (NVIDIA, Beijing, China).





Statistical Analyses

Statistical analyses were performed using SPSS 22.0 (IBM, USA). Variables were grouped based on the presence of MG. Categorical variables were compared using the Chisq test. Continuous variables were compared using the T-test or Mann–Whitney U test for variable with abnormal distribution. Multivariate logistic regression analysis was used to explore independent predictors of MG. Variables included in this analysis included age, gender, enhancement heterogeneity, necrosis/cystic component rate, contours, shape, adjacent organ invasion, pleural/pericardial effusion, and lymphadenopathy. p<0.05 was considered as statistically significant. The area under the ROC curve (AUC), accuracy, sensitivity, and specificity were measured in order to evaluate the accuracy of models.




Results


Clinical Characteristics of Patients

230 patients were included in this study; 182 (SYSUFH dataset) were used for training and model building, and an independent cohort of 48 cases (SYSUMH dataset) was used for external validation. The baseline characteristics of all patients from two medical centers were summarized in Table 1. In the SYSUFH cohort, a significant different ratio of histologic classification was found between the two groups (P < 0.001): MG patients with a lower A + AB ratio (22.2 vs. 40.6%) and higher B1 +B2 +B3 ratio (77.8 vs. 50.5%), compared to patients without MG. MG was not found in thymic carcinoma (TC), which is consistent with previous reports (18). In addition, MG patients showed significant association with younger age (47.5 ± 12.1 vs. 51.5 ± 13.1 years, P = 0.035) and relatively earlier thymoma Masaoka staging (P = 0.006). There were no significant differences between the two groups in terms of gender and smoking history.



Associations Between Semantic CT Image Characteristics and Status of MG

Ten common variables were used to describe the CT imaging features of thymomas included in this study (Table 2). The statistical differences between two groups were found in necrosis/cystic component rate (P = 0.029), contours (smooth/irregular, P = 0.030), shape (P = 0.027), adjacent organ invasion (P < 0.001), pleural/pericardial effusion (P = 0.028), and lymphadenopathy (P = 0.030). In general, thymoma patients with MG tend to have less enhancement heterogeneity, less lobulated shape, and lower rate of adjacent organ invasion.



Detection of MG by Radiomic Analysis and 3D DenseNet DL Model

For the radiomic analysis and deep learning (DL) analysis, a total of 1,390 radiomic features were extracted from the Routine contrast enhanced chest CT image data. After applying Variance Threshold, K-best and LASSO methods, the remaining features after application of each method were 499, 300, and 16, respectively. The 16 features finally selected were listed in Table S2. To decipher the relationship between features, correlation analysis using the Pearson method was applied, and a heatmap was constructed for visualization (Figure S4).

Five radiomic models (RF, XGBoost, SVM, MLP, LR) and 3D-DenseNet-DL model were established to detect the status of TAMG, and the values of each metric were shown in Figure 2. Compared with the other five radiomic models, the DL model showed the most favorable results with AUC 0.734, accuracy (ACC) 0.724, sensitivity (SN) 0.787 and specificity (SP) 0.672, respectively.




Figure 2 | Results of Radiomic analysis and 3D DenseNet deep learning model for detecting MG in a cohort of 182 thymoma patients. The performance of five radiomic models and 3D-DenseNet-DL model was compared using Area Under ROC Curve (AUC) (A), accuracy (B), sensitivity (C), and specificity (D). 3D DenseNet deep learning model for detecting MG showed similar results in AUC and specificity, but relatively better results in accuracy and sensitivity compared to five radiomic analysis models (E). “RF”, “LR”, and “DL” refer to “Random Forest”, “Logistic Regression”, and “Deep Learning” respectively; “AUC”, “ACC”, “SN”, and “SP” refer to the metrics Area Under ROC Curve, Accuracy, Sensitivity, and Specificity, respectively.





Building of the 3D-DenseNet-DL Based Multi-Model for MG Detection

With the multivariable logistic regression analysis, only the shape of thymoma (P = 0.031), the invasion rate of adjacent organ (P = 0.001), and DL score (P< 0.001) qualified as independent predictable factors (Table 3). To optimize the effectiveness of TAMG-detecting model, we further built 3D-DenseNet-DL based multi-model (DL plus two semantic CT features). With ROC curve analysis, the AUC of DL model, semantic CT feature model (the shape and the invasion rate of adjacent organ), and 3D-DenseNet-DL based multi-model were 0.734, 0.677, and 0.766, respectively (Figures 3A, B), suggesting that the 3D-DenseNet-DL based multi-model demonstrated better performance for detecting MG in thymoma patients.


Table 3 | Significant correlations of MG with semantic CT imaging features and DL score using Logistic Regression Forward Stepwise (Likelihood Ratio) method.






Figure 3 | The prediction metrics of 3D-DenseNet-DL and DL based multi-model. The metrics Area Under ROC Curve (AUC), ACC (accuracy), SN (sensitivity), and SP (specificity) were used to compare the performance of these models. (A) The prediction metrics of the deep learning results from training and five-fold cross-validation, a mean AUC of 0.734 ± 0.066 was presented. (B) The comparison of three models of semantic CT signs model, 3D-DenseNet-DL model, and the comprehensive model (3D-DenseNet-DL based multi-model), with a mean AUC of 0.677, 0.734, and 0.766, respectively. (C) Values of 3D-DenseNet-DL model and 3D-DenseNet-DL based multi-model in external validation, with AUC 0.704, ACC 0.690, SN 0.760, and SP 0.710 for DL model, and AUC 0.730, ACC 0.732, SN 0.700, and SP 0.690 for our final 3D-DenseNet-DL based multi-model.





The External Validation of 3D-DenseNet-DL Based Multi-Model

We further evaluated the 3D-DenseNet-DL model and the 3D-DenseNet-DL based multi-model in an external validation set composed of 48 thymoma patients from another medical center (SYSUMH). The results showed a comparable agreement in both datasets for the detection of TAMG, with an AUC of 0.730, ACC of 0.732, SN of 0.700, and SP of 0.690 for 3D-DenseNet-DL based multi-model; and AUC of 0.704, ACC of 0.690, SN of 0.760, and SP of 0.710 for 3D-DenseNet-DL model (Figure 3C). This favorable result further confirmed the reliability and efficacy of our 3D-DenseNet-DL based multi-model in screening TAMG in patients with thymoma.




Discussion

In this study, we proposed and validated a non-invasive method based on preoperative routine CT imaging of thymoma, referred to as “3D DenseNet deep learning (DL) based multi-model”, to detect MG before operation. With this model, we successfully filtered out most of MG patients in the internal validation set (AUC of 0.766), and further verified its reliability and efficacy in an external validation set (AUC of 0.730). We also established five radiomic models (RF, XGBoost, SVM, MLP, LR) to detect MG and compared the effectiveness in detecting disease with the DL model. Our results suggest our 3D-DenseNet-DL based multi-model is an effective and non-invasive method for detecting MG in patients with thymoma. To our knowledge, this is the first study about the diagnosis of MG in thymoma patients by using machine learning based on CT imaging data.

Currently, a large number of diagnostic tests are available for MG diagnosis, including clinical, electrophysiological, and laboratory antibody tests (23). However, results from these tests can be negative in some patients, and diagnosing pure ocular MG can be a challenge (23). The anti-AChR antibody assay by radioimmunoassay kits is considered as the most reliable approach to diagnose MG (24, 25). However, these kits are expensive and not routinely available for most diagnostic laboratories. In China, commercial enzyme-linked immunosorbent assay (ELISA) kits are more widely used for anti-AChR test, which are inferior to radioimmunoassay in terms of both sensitivity and specificity (26). Therefore, although AChR antibody is found in nearly all of thymoma associated MG patients, the false positive rate was also high (16). Repetitive nerve stimulation (RNS) (27) and single-fiber electromyography (SFEMG) (28) are also used in electrophysiological confirmation for MG. However, SFEMG may not provide confirmation of the presence of MG unless weak muscles are tested, and the reliability of results is highly dependent on the experience of the technician (13). More importantly, as a relatively rare autoimmune disease, the diagnosis system of MG is mainly concentrated in large hospitals or medical centers, and a large number of patients with thymoma cannot be effectively screened for MG before surgery. Considering the limitations or unavailability of these classical diagnostic methods, a simple, easily available method with good efficacy is important in clinical practice for the preoperative detecting of MG in thymoma patients. CT examination, as a routine preoperative examination for patients with thymoma, is very popular. Therefore, our MG detecting DL model based on preoperative CT has great application prospects and clinical significance.

Nowadays, an increasing number of studies are performed to evaluate the potential relationship between CT imaging and biological features of solid tumors (29), such as glioblastoma (30), rectal and lung adenocarcimoma (31, 32). As the most common primary neoplasms of the mediastinum, the prediction of thymoma histology and stage by radiographic criteria has been mentioned in several previous reports. CT findings, such as smooth contours (33), calcification (33, 34), heterogeneous attenuation (34, 35), were interpreted as being of value in differentiating the various histologic subtypes of thymomas. Recently, Angelo lannarelli and colleagues (36) found a relationship between radiomic parameters, histology, and grading of thymic tumors. More importantly, their study also demonstrated that MG syndrome was significantly associated with some parameters in quantitative texture analysis (QTA) (36). Although their study only included 16 patients (seven patients with MG), it represented an incentive for further evaluation of the value of radiographic analysis in detection of MG syndrome in thymoma patients. Based on these findings, we therefore proposed a machine learning model based on preoperative CT imaging for screening MG in large cohort of thymoma patients and achieved the expected results. Moreover, our results further confirmed the superior reliability and efficacy of this developed 3D-DenseNet-DL model compared to the other five radiomic-based methods. These results also highlight the importance of radiographic analysis as diagnostic tools from the accurate characterization of the lesion itself to the detection of the paraneoplastic syndromes, which is a great stride in the application of AI in the medical field.

However, despite its satisfactory outcomes, this study has some limitations. First, given the retrospective nature of this analysis, a selection bias was unavoidable. Second, patients were not stratified into more detailed clinical status categories due to limited sample size. Third, the status of serum AChR binding antibodies was important for thymoma associated MG diagnosis, but the absence of such information in certain cases restrained further analysis. In addition, our deep learning model was built and validated only based on pathologically diagnosed thymoma, which limits the application scope of this model to some extent. Therefore, a perspective, multi-center clinical trial with larger cohort would be indispensable to further confirm and optimize the screening model for MG patients.

In conclusion, with a large sample data for modeling and an independent cohort for external validation, we firstly developed a 3D-DenseNet-DL based multi-model for MG screening in thymoma patients based on preoperative CT imaging and achieved favorable results.
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Background

Microvascular invasion (MVI) is a valuable factor for T1 staging renal clear cell carcinoma (ccRCC) operation strategy decision, which is confirmed histopathologically post-operation. This study aimed to prospectively evaluate the performance of arterial spin labeling (ASL) MRI for predicting MVI of T1 staging ccRCC preoperatively.



Methods

16 volunteers and 39 consecutive patients were enrolled. MRI examinations consisted of ASL (three post label delays separately) of the kidney, followed by T1 and T2-weighted imaging. Two sessions of ASL were used to evaluate the reproducibility on volunteers. Renal blood flow of renal cortex, medulla, the entire and solid part of the tumor were measured on ASL images. Conventional imaging features were extracted. MVI and WHO/ISUP classification were evaluated histopathologically. A paired t‐test was used to compare the renal cortex and medulla between ASL 1 and ASL 2. The reproducibility was assessed using the intraclass correlation. Differences in mean perfusion between the entire and the solid parts of tumors with or without MVI were assessed separately using Student’s t test. The diagnostic performance was assessed. Logistic regression analysis was used to indicate the independent prediction index for MVI.



Results

The two sessions of ASL showed no significant difference between the mean cortex values of RBF. The cortical RBF measurements demonstrated good agreement. 12 ccRCCs presented with MVI histopathologically. Mean perfusion of the solid part of tumors with MVI were 536.4 ± 154.8 ml/min/100 g (PLD1), 2912.5 ± 939.3 ml/min/100 g (PLD2), 3280.3 ± 901.2 ml/min/100 g (PLD3). Mean perfusion of the solid part of tumors without MVI were 453.5 ± 87.2 ml/min/100 g (PLD1), 1043.6 ± 695.8 ml/min/100 g (PLD2), 1577.6 ± 1085.8 ml/min/100 g (PLD3). These two groups have significant difference at all the PLDs (p < 0.05). The RBF of PLD1 of the solid part of tumor perfusion showed well diagnostic performance for predicting MVI: sensitivity 75%, specificity 100%, positive predictive value 66.7%, and negative predictive value 95.7%. The maximum diameter of the tumor, ill-defined margin, and the solid part of tumor perfusion were the independent prediction index for MVI.



Conclusion

ASL MR imaging has good reproducibility for renal cortex, and good diagnostic performance for predicting MVI for ccRCC.





Keywords: arterial spin labeling MRI, renal blood flow, microvascular invasion, diagnostic test (MeSH), renal clear cell carcinoma



Introduction

With the imaging technology developing, the detection of renal cell carcinoma (RCC) has increased (1). RCC is the most common type of kidney solid tumor, accounting for 90% of malignant kidney tumors (2). For focal RCC T1/2N0M0, although cryoablation is an optional therapy, high quality evidence suggests that surgery is the best therapy strategy. The operation strategy mainly contains radical nephrectomy (RN) and partial nephrectomy (PN). Many retrospective studies (3–5) have shown that from the perspective of oncology and patient quality of life for RCC tumors less than 4 cm in diameter RCC, partial resection is more likely to be chosen. In the Kidney Cancer Management Guide, for RCC with a tumor diameter greater than 4 cm and less than 7 cm, there is no high-quality evidence to support which procedure (RN or PN) should be chosen.

It is also mentioned in the guidelines that for patients with venous tumor thrombus, radical nephrectomy is currently recommended (4). It has been suggested that RCC with a diameter greater than 4 cm has a larger proportion accompanied with renal vein thrombosis than RCC smaller than 4 cm (6). Sugino et al. (7) suggest that the first step in the invasion of tumor cells into large blood vessels is to grow in the efferent veins (i.e. venules) and then gradually spread to the large and medium veins. The venules belong to the category of microvascular, and the microvascular are blood vessels that can only be seen under the microscope. It should include tiny genus of large veins, tiny venous vessels in the tumor capsule, and tiny segments within the tumor fibers. This means that microvascular invasion is the former step of venous tumor thrombus. In this situation, radical nephrectomy is preferred. In particular, previous studies reported that MVI is an independent risk factor of tumor recurrence after surgical resection of hepatocellular carcinoma (8). Furthermore, multiple research studies (9–11) have shown that microvascular invasion is an important factor in the prognosis of renal cell carcinoma. Therefore, if microvascular invasion can be accurately predicted before surgery, the operation strategy for patients with renal cell carcinoma (especially the size larger than 4 cm and smaller than 7 cm) will be more confident; the management of renal cell carcinoma is a step closer; it can also provide more information for predicting the prognosis of patients before surgery.

Some conventional MRI features have been reported to indirectly predict MVI, such as irregular tumor margins, capsule disruption, peritumoral enhancement (12), lack of the functional MRI features, which may occur before conventional MRI features and supply more functional information. Arterial spin labeling (ASL) is a magnetic resonance imaging (MRI) technique that allows the non-invasive quantitative assessment of tissue perfusion, using the magnetization of endogenous-labeled blood to provide contrast, without using of any exogenous contrast agent (13). The basis for the calculation of tissue perfusion is the difference between images acquired with and without labeling. Tissue perfusion obtained with ASL MRI is not affected by vessel permeability and is beneficial for eliminating the risk of nephrogenic systemic fibrosis in patients with renal impairment (14, 15). ASL for renal blood flow quantification in healthy kidneys, renal allografts, and renal masses has good feasibility and reliability (16, 17).

Since microvascular invasion is tightly related with the invasiveness of tumor, which are usually reflected from the perfusion of tumor, this study aimed to prospectively evaluate the performance of functional ASL imaging for predicting microvascular invasion of T1 staging (maximum diameter ≤7cm) renal clear cell carcinoma which was confirmed histopathologically.



Materials and Methods


Inclusion and Exclusion Criteria

The hospital institutional review board permitted this study, and all patients have signed the written informed consent. 16 volunteers and 39 consecutive patients were enrolled between August 2019 and June 2020. The inclusion criteria were: (1) renal lesion (maximum diameter ≤7 cm) was detected by abdominal computed tomography (CT) or ultrasound; (2) no treatment of the renal lesion; (3) age between 18 and 70 years old; (4) good image quality; and (5) radical nephrectomy. The exclusion criteria of the patients were as follows: (1) contraindication to MRI; (2) post-surgical histopathology indicated no ccRCCs (18).



MRI Protocol

MRI examinations consisted of ASL MRI of the kidney, followed by T1-weighted and T2-weighted imaging of the abdomen, as described in Table 1. Ten healthy volunteers were scanned using a breath-hold renal perfusion imaging using Pseudocontinuous ASL (pCASL) scheme on a 3 T GE W750 scanner. Spin-echo (SE)-based Echo planar imaging (EPI) is used for readout techniques. The time between the inversion pulse to the central k-space of the first slice was defined as post-label delay. Three different PLDs (500, 1,000, and 2,000 ms) were used separately. Seven slices covering both kidneys were acquired with an oblique-coronal image orientation. The total scanning time is 2 min 13 s.


Table 1 | Imaging parameters for ASL-MRI, T1WI, T2WI sequences.



A second identical scan session within 1 h after the first scan session (ASL 1 and ASL 2) for all volunteers (without eating or drinking) was conducted. Patients included in this study were scanned with the same protocol.



Quantification of Renal Cortex Perfusion and Renal Mass

Analysis was performed using custom-written MATLAB programs (The MathWorks, Inc., Natick, MA, USA). ASL perfusion-weighted (PW) difference images were formed by subtracting the non-selective images from the selective images (19). PW difference images were inspected for motion, misaligned pairs discarded, and the remaining PW difference images averaged to form an average PW difference image (ΔM) for each slice. These were then normalized to the base M0 image. T1 maps were formed by fitting the inversion recovery data to a two-parameter model. ΔM, T1, and base M0 maps were used to generate a renal perfusion (f) map, in units of ml/100 g/min, by fitting the data to a kinetic model. Each slice was fitted taking into account the exact post-label delay at which the slice was collected following the labeling pulse.

Renal blood flow in the area of renal cortex, medulla, the entire and solid parts of the tumor were measured on ASL images using region-of-interest (ROI) analysis by one reviewer (18). Image J was used to draw ROI to measure the perfusion and show the pseudocolor map. The reviewer was blinded to the histopathological analysis. The ROI of tumor was drawn covering the entire and solid parts (avoiding the necrosis area) of tumor and did not exceed the contour of the tumor. The ROI of the renal cortex was drawn covering the cortex.



Conventional Imaging Features of Renal Mass

Conventional imaging features were extracted including the size of the tumor (which was quantified in the maximum section in axial image), signal features on T1WI and T2WI, the smooth/ill-defined margins, the shape (spherical, elliptical, irregular), presence of necrosis (20, 21) (Table 2).


Table 2 | Image features of kidney tumors.





Histology

According to the “Guideline of Standardized Pathological Diagnosis of Primary Liver Cancer (2015 edition)”, MVI was defined as “a cancer cell nest with >50 cells in the endothelial vascular lumen under microscopy”, which was classified into three grades according to the number and distribution of MVI: M0, no MVI; M1 (the low-risk group), ≤5 MVI in adjacent liver tissue ≤1 cm away from the tumor; M2 (the high-risk group), >5 MVI or MVI in liver tissue >1 cm away from the tumor (22). This study used the above standard to evaluate the MVI of ccRCC. WHO/ISUP classification was also evaluated.



Statistical Analyses

SPSS 19.0 software (SPSS, Chicago, IL, USA) was used for statistical analysis. The ASL perfusion values obtained were used for quantitative analysis. The mean, standard error of the mean and 95% confidence interval (CI) of perfusion of renal cortex perfusion and renal tumors were calculated.

Perfusion of the renal cortex and medulla was compared by a paired t-test between ASL 1 and ASL 2. The intraclass correlation (ICC) was used to assess the reproducibility (23).

Differences in mean perfusion between the entire and the solid parts of the tumors with or without microvascular invasion were assessed separately using Student’s t-test. The receiver operating characteristic (ROC) curve analysis was conducted to assess the diagnostic power. The diagnostic performance of ASL imaging for predicting MVI of the ccRCC was assessed using the diagnostic test index: sensitivity, specificity, positive predictive value, and negative predictive value.

Logistic regression analysis included the entire and solid parts of tumor of perfusion, conventional MR imaging features, ISUP grading, and indicated which index was the independent prediction index for RCC accompanying with MVI.




Results

Image acquisition was completed successfully in 16 volunteers for 32 kidneys (eight males and eight females, age range, 31–58, mean age, 44.3 ± 13.9 years) and 39 patients (22 males and 17 females, age range, 43–70, mean age, 54.3 ± 13.6 years) for 39 renal lesions. Histopathological diagnosis was obtained by radical nephrectomy. The mean interval between MRI and histological analysis was 2.1 ± 1.2 days. 39 patients with 39 lesions were diagnosed ccRCCs. 12 cases presented with MVI and the other 27 cases with no features of MVI. Within the 12 cases with MVI, 10 cases were classified into M1, 2 cases were classified into M2. 8, 20, 8, and 3 cases were classified into WHO/ISUP grades 1, 2, 3, and 4 separately.


ASL Imaging

Perfusion weighted images were obtained from the ASL MRI in 32 kidneys for volunteers and 39 renal lesions for 39 patients. In ASL 1, 32 kidneys were calculated for cortical RBF; the mean cortical RBF for the kidneys were 1,207.2 ± 715 ml/min/100 g (PLD1), 1,498 ± 1,053.4 ml/min/100 g (PLD2), 2,093.2 ± 1,316 ml/min/100 g (PLD3), and only 14 kidneys were successfully calculated for medulla RBF in PLD1; 12 kidneys were successfully calculated for medulla RBF in PLD2, eight kidneys were successfully calculated for medulla RBF in PLD3. In ASL 2, 32 kidneys were calculated for cortical RBF; the mean cortical RBF for the kidneys were 1,236.9 ± 687.3 ml/min/100 g (PLD1), 1,598.6 ± 978.4 ml/min/100 g (PLD2), 2,167.7 ± 1,207.6 ml/min/100 g (PLD3). Because of the poor image quality, the medulla RBF was not calculated. No significant difference of the mean values of RBF between ASL 1 and ASL 2 was shown. The cortical RBF measurements showed good agreement than the medulla and relatively lower variation (Figure 1). The ICC values for cortical and medulla RBF were 0.903 and 0.476 respectively.




Figure 1 | RBF of volunteers. (A) PLD = 500 ms, (B) PLD = 1,000 ms, (C) PLD = 2,000 ms.



The perfusion of the entire tumor was 867.4 ± 248.5 ml/min/100 g (PLD1), 1,085.3 ± 146.9 ml/min/100 g (PLD2), 1,704.6 ± 277.5 ml/min/100 g (PLD3). The perfusion of the solid part of the tumor was 1,251.1 ± 323.5 ml/min/100 g (PLD1), 1,618.7 ± 426.5 ml/min/100 g (PLD2), 2,101.4 ± 344 ml/min/100 g (PLD3). Mean perfusion of the solid part of the tumors with microvascular invasion was 536.4 ± 154.8 ml/min/100 g (PLD1), 2,912.5 ± 939.3 ml/min/100 g (PLD2), 3,280.3 ± 901.2 ml/min/100 g (PLD3). Mean perfusion of the solid part of the tumors without microvascular invasion was 453.5 ± 87.2 ml/min/100 g (PLD1), 1,043.6 ± 695.8 ml/min/100 g (PLD2), 1,577.6 ± 1,085.8 ml/min/100 g (PLD3) (Figure 2). These two groups have significant differences at all the PLDs (p < 0.05).




Figure 2 | RBF of ccRCCs with or without microvascular invasion. A 50year-old man with a mass on right kidney (A, B). (A) RBF image showed a high-perfusion mass located on the upper section of right kidney (red arrow), with central low-perfusion, indicated the central necrosis. (B) Pathological section showed the cancer embolus (blue arrow) in the microvascular cavity. A 63year-old woman with a mass on left kidney (C, D). (C) RBF image showed a low-perfusion mass located on the left kidney (red arrow). (D) Pathological section showed no microvascular invasion. There was hemorrhage within the tumor (blue arrow).





Diagnostic Performance

The diagnostic performance of the entire tumor perfusion for predicting microvascular invasion of the ccRCC was assessed; the AUC was 0.778 (PLD1), 0.741 (PLD2), 0.556 (PLD3); thus the RBF of PLD1 was used to access diagnostic performance: sensitivity 75%, specificity 56%, positive predictive value 45%, and negative predictive value 88%. The diagnostic performance of the solid part of tumor perfusion for predicting MVI of the ccRCC was assessed; the AUC was 0.967 (PLD1), 0.924 (PLD2), 0.861 (PLD3); thus the RBF of PLD1 was used to access diagnostic performance: sensitivity 75%, specificity 100%, positive predictive value 66.7%, and negative predictive value 95.7%.

Among MRI characteristics, ill-defined margin and the maximum diameter of the tumor were correlated with MVI. The tumor ISUP grade has no significant difference between tumors with or without MVI. Logistic regression analysis indicated the maximum diameter of the tumor (OR = 2.934, p < 0.01), ill-defined margin (OR = 1.467, p < 0.01), the solid part of tumor perfusion (OR = 2.245, p < 0.01) were the independent prediction index for RCC accompanying MVI.




Discussion

This is the first study that used ASL MR imaging to predict microvascular invasion of T1 staging (maximum diameter ≤7 cm) renal cell carcinoma and indicated that perfusion of RCC has great diagnostic performance for predicting microvascular invasion. In the Kidney Cancer Management Guide for RCC with diameter greater than 4 cm and less than 7 cm, there is no high-quality evidence for choosing which operation procedure (RN or PN) should be conducted. It is also mentioned in the guidelines that for patients with venous tumor thrombus, radical nephrectomy is currently recommended. MVI is the former step of venous tumor thrombus. Thus, if the MVI can be predicted before operation, this will help doctors to prefer choosing radical nephrectomy as the suitable therapy; this will push the management of RCC a step further. MVI is tightly related with the invasiveness of tumor and which could be reflected from the perfusion of tumor. ASL MRI allows the non-invasive quantitative assessment of tissue perfusion without contrast media, which is safe and promising for the prediction of MVI.

The cortex RBF showed great image quality and stability in both ASL1 and ASL2; the cortex RBF elevated with the PLD increase. The medulla RBF showed poor image quality especially with longer PLD time. No significant difference between the two sections (ASL1 and ASL2) indicated good repeatability. Among MRI characteristics, the margin (clear or ill-defined) and maximum diameter of the tumor has significant difference between tumors with or without microvascular invasion.

Zhao et al. examined 139 RCC patients and aimed to explore the relationship between clinical and pathologic features with prognostic factors and indicated that microvascular invasion was a significant predictor of prognosis (24). Bernardos et al. retrospectively analyzed 153 pT3apN0cM0 kidney cancer patients and indicated that tumor necrosis and microvascular invasion were associated with tumor recurrence (25). Kim et al. reviewed 406 patients with localized or locally advanced ccRCC who underwent curative surgery and were followed up for >2 years after surgery and indicated that tumor necrosis and MVI were independent risk factors for postoperative recurrence. Besides, microvascular invasion is the former step of venous tumor thrombus; the accurate pre-operative diagnosis can make the operation strategy be more confident.

Ma et al. (21) included 108 patients with surgically resected single intrahepatic cholangiocarcinoma to explore the association between preoperative MRI and MVI and indicated that arterial phase enhancement pattern and the enhancement ratio of arterial phase edge were associated with MVI. Vincenza Granata et al. (26) assessed major and ancillary MR parameters to explore which can be correlated with microvascular invasion of HCC and indicated that progressive pattern of contrast enhancement and satellite nodules surrounding tumors indicated presence of MVI. Wang et al. (27) analyzed 92 histopathologically confirmed HCCs with diffusion kurtosis imaging and conventional MRI features for predicting of microvascular invasion and indicated irregular surrounding enhancement as well as mean kurtosis value was associated with MVI presence of HCC. Nebbia et al. included retrospectively 99 patients who were diagnosed with HCC to investigate MRI radiomics for predicting MVI status pre-surgery and indicated that the combination of T2 sequence and portal venous sequence yields the highest AUC for MVI status prediction (28). Since previous studies indicated enhancement of tumor usually correlated with MVI, this study used ASL to non-invasively evaluate perfusion. In this study, tumor with MVI has higher RBF than that without MVI, indicating that more invasive tumor had more blood supply; this was consistent with previous study.

PCASL MRI used for measuring renal cortical perfusion is feasible and reproducible. Main ASL imaging includes continuous ASL (CASL), pseudocontinuous ASL (PCASL), and pulsed ASL (PASL) based on different labeling methods; a single shorter RF pulse or a limited number of pulses are applied in PASL than in CASL and PCASL. The signal-to-noise ratio (SNR) of the PCASL method is higher than that of the PASL method because the PCASL method has longer temporal duration of the labeled bolus and higher labeled magnetization delivered than the PASL method. Since the SNR of ASL MRI is affected by both the labeling technique and respiration movement, breath-hold strategy was used in this study to overcome respiratory mismatch (23). SE-EPI is less influenced by any B0 field homogeneity than GE-EPI and has a short acquisition time. Perfusion was found to be lower for SE-based readouts than GE-based readouts. Despite the PWI-SNR being significantly lower for SE-EPI compared with other schemes, the highest tSNR of SE-EPI readout was considered to be the most reproducible scheme for the kidney cortex assessment, with a small coefficient of variation while minimizing variability for the whole-kidney perfusion assessment (13).

In this study, cortex perfusion is feasible by using ASL MRI. Cutajar et al. (29, 30) reported that cortical RBF measurement was repeatable, which was consistent with the results of the present study. In contrast, the medullary perfusion appears poorly reproducible, which might be due to the medullary perfusion complex physiology or the lower SNR conditions since the medullary perfusion obviously decreased than the cortex. In this study, cortical RBF is higher than in other studies, and the solid part of RCC is also higher than in some studies; the tendency (the solid part of RCC is similar to kidney cortex) is similar to the other studies.

Some studies reported that spherical shape tumors are more likely to be MVI-negative. In this study, the shape of RCC does not have a significant difference between MVI-negative and MVI-positive. T1 staging RCC may usually represent spherical than irregular shape; this may cause the no significant difference between the two groups. Chou et al. prospectively evaluated the association of preoperative multiphasic CT findings of HCC with MVI and found tumor margins on CT images were associated with MVI (31). The ill-defined margin may indicate the invasiveness of tumor, which has higher angiogenesis and more likely to have venous invasion.

In previous studies, the maximum diameter of the tumor was also considered to be a risk factor of MVI; tumor size increases are usually associated with the presence of MVI. This may be meaningful in different staging than only in T1 staging.

A new WHO/ISUP grading system is recommended for use by the WHO. This is a four-grade system, mainly based on the different degrees of nucleolar prominence and the presence of sarcomatoid or rhabdoid morphology (32). Esnaola et al. (33) reported a cohort of 245 with hepatic cell cancer and indicated that tumor size and tumor grade had strong correlation with MVI. Since tumors in this study were stage T1, this may lead to a small difference of ISUP grade and lead to no significant difference between the group with or without MVI.

This study has some limitations. First, the sample size is relatively small. Studies with larger sample size could be conducted to validate the result. Second, some previous studies have used other MRI imaging reflecting perfusion such as dynamic contrast enhancement to predict MVI; the diagnostic performance of ASL and other MRI imaging techniques could be compared in future studies.

This study used PCASL MR imaging to predict microvascular invasion of T1 stage (maximum diameter ≤7cm) renal clear cell carcinoma preoperatively and indicated that the PCASL MR imaging has good reproducibility for renal cortex and good diagnostic performance for predicting MVI for ccRCC, which could help doctors in making more suitable operation strategy.
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Purpose

To determine if the new transrectal ultrasound (TRUS) techniques and imaging features contribute to targeting Prostate Imaging and Reporting and Data System (PI-RADS) 4 or 5.



Materials and Methods

Between December 2018 and February 2020, 115 men underwent cognitive biopsy by radiologist A, who was familiar with the new TRUS findings and biopsy techniques. During the same period, 179 men underwent magnetic resonance imaging–TRUS image fusion or cognitive biopsy by radiologist B, who was unfamiliar with the new biopsy techniques. Prior to biopsy, both radiologists knew MRI findings such as the location, size, and shape of PI-RADS 4 or 5. We recorded how many target biopsies were performed without systematic biopsy and how many of these detected higher Gleason score (GS) than those detected by systematic biopsy. The numbers of biopsy cores were also obtained. Fisher Exact or Mann–Whitney test was used for statistical analysis.



Results

For PI-RADS 4, target biopsy alone was performed in 0% (0/84) by radiologist A and 0.8% (1/127) by radiologist B (p>0.9999). Target biopsy yielded higher GSs in 57.7% (30/52) by radiologist A and 29.5% (23/78) by radiologist B (p = 0.0019). For PI-RADS 5, target biopsy alone was performed in 29.0% (9/31) by radiologist A and 1.9% (1/52) by radiologist B (p = 0.0004). Target biopsy yielded higher GSs in 50.0% (14/28) by radiologist A and 18.2% (8/44) by radiologist B (p = 0.0079). Radiologist A sampled fewer biopsy cores than radiologist B (p = 0.0008 and 0.0023 for PI-RADS 4 and 5), respectively.



Conclusions

PI-RADS 4 or 5 can be more precisely targeted if the new TRUS biopsy techniques are applied.
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Introduction

Prostate Imaging and Reporting and Data System (PI-RADS) 4 or 5 should be biopsied because these lesions have a much higher incidence of being confirmed as significant cancer than do lesions with PI-RADS 3 or less (1–5). When PI-RADS 4 or 5 is detected on magnetic resonance imaging (MRI), transrectal ultrasound (TRUS)-guided cognitive or MRI-TRUS fusion biopsy is performed to detect significant cancers.

Recently, several investigators reported the new TRUS features of peripheral or transition PI-RADS 4 or 5 lesions (6–11). They also introduced new TRUS techniques, such as how to choose the imaging sequence, control image contrast, compress the prostate, and localize a tumor (6–11). However, they did not determine whether being familiar with the new TRUS techniques and imaging features influenced on tumor targeting. Still, the utility of the new biopsy techniques in targeting cancer remains unclear.

Accordingly, we hypothesized that TRUS-guided cognitive biopsy using the new TRUS techniques and features would improve targeting PI-RADS 4 or 5. The study aim was to determine the effect of operator familiarity with the new biopsy techniques on tumor targeting.



Materials and Methods


Patient Selection

Between December 2018 and February 2020, 557 men underwent TRUS-guided cognitive or MRI-TRUS fusion biopsy because of high (2.5 ng/ml or greater) prostate-specific antigen (PSA) after MRI was performed prior to all biopsies (Figure 1). Of these patients, 263 were excluded according to the following criteria: PI-RADS 1–2 (n = 39), and 3 (n = 224). The remaining 294 were included because an index lesion was categorized as PI-RADS 4 (n = 211) or 5 (n = 83) on pre-biopsy MRI. Radiologist A performed TRUS-guided cognitive biopsy in 115 men, whose index lesion was PI-RADS 4 in 84 men and 5 in 31 men on pre-biopsy MRI. Radiologist B performed MRI-TRUS fusion biopsy (n = 176) or TRUS-guided cognitive biopsy (n = 3) in 179 men, whose index lesion was PI-RADS 4 in 127 men and 5 in 52 men on pre-biopsy MRI. Each radiologist, who interpreted pre-biopsy MR images in a patient, was supposed to perform a biopsy in the same patient.




Figure 1 | Flow diagram illustrating how to select study population.





Biopsy Techniques

Radiologists A and B had already performed TRUS-guided cognitive or MRI-TRUS fusion biopsy in more than 500 men each before this study period began. Radiologist A alone was familiar with the following TRUS techniques and imaging features (6–9): First, fundamental imaging was performed instead of harmonic imaging (Figure 2). Second, the TRUS dynamic range was kept to 50 or less (Figure 2). Third, the prostate was not compressed until PI-RADS 4 or 5 was detected. Fourth, a TRUS lesion appeared more superiorly than an MRI lesion as it was nearer to the posterior capsule. Fifth, a TRUS lesion appeared more inferiorly than an MRI lesion as it was nearer to the anterior capsule (Figure 2). Sixth, peripheral and transition PI-RADS 4 or 5 looked hypoechoic and hyperechoic relative to neighboring normal tissue, respectively (Figure 2). Finally, PI-RADS 5 tended to be more hypoechoic or hyperechoic than PI-RADS 4 or less. However, radiologist B was not familiar with these new TRUS techniques and features for targeting PI-RADS 4 or 5 (Figure 2).




Figure 2 | A 77-year-old man with PSA of 9.57 ng/ml. (A) T2-weighted axial magnetic resonance image showing a PI-RADS 4 transition mass (black arrow) in the left base. The tumor is contacting the anterior capsule. The white arrow indicates a small cyst in the neighboring hyperplastic nodule. (B) Transverse TRUS image scanned by radiologist A showing a slightly hyperechoic mass (black arrow) in the left mid-gland. The tumor was targeted with four cores of which three were GS 6 and one was negative. Sextant systematic biopsy was also performed, but all of the cores were negative. The white arrow indicates a small cyst in the neighboring hyperplastic nodule, which is the same imaging feature seen on T2-weighted MR image. This TRUS sequence is fundamental imaging with low dynamic range, resulting in good contrast between the PI-RADS 4 lesion and normal tissue. (C) Transverse TRUS image, which was scanned by radiologist B two months before beginning our study period, shows a slightly hypoechoic mass (black arrow) in the left base contacting the bladder base. The tumor was targeted with three cores of which all were negative. Systematic biopsy was also performed with 10 cores of which all were negative. Radiologist B did not detect the neighboring hyperplastic nodule with a small cyst that was seen on the T2-weighted MR image. This TRUS sequence is harmonic imaging with high dynamic range, subsequently leading to poor tissue contrast.



Both of two radiologists were fully aware of the location, size, and shape of an index lesion on MRI. Radiologist A, who performed cognitive biopsy alone, already knew how to use the new TRUS features and techniques. Radiologist B, who performed MRI-TRUS fusion biopsy or cognitive biopsy, did not know it.

Radiologists A and B used one of the following ultrasonography (US) scanners: EPIC (Philips Health Care, Bothell, WA, USA), IU22 (Philips Health Care), or Aplio 500 (Toshiba Medical System, Japan). Radiologist A did not use MRI-TRUS fusion software, but radiologist B used Fly Thru and Smart Fusion (Toshiba Medical System) for MRI-TRUS fusion imaging.



Data Analysis

Patients’ ages, PSA levels, tumor sizes, and tumor locations were compared between the groups undergoing the biopsies performed by radiologist A or B. The sizes of PI-RADS 4 and 5 were measured on diffusion-weighted MR images for peripheral tumors or on T2-weighted MR images for transition tumors. The tumor locations were recorded as peripheral-to-transition ratios in each group.

The numbers of target and systematic biopsies were compared to identify how many patients underwent target biopsy alone without relying on systematic biopsy. Systematic biopsy was not performed only when the radiologists ensured that an index lesion was precisely targeted. However, systematic biopsy alone was performed only when an index lesion was invisible on TRUS or when software fusion of MRI-TRUS images was too poor to target an index lesion.

Target and systematic biopsies were compared in patients with cancer-proven PI-RADS 4 or 5 in terms of Gleason score (GS) to identify how many targeted biopsies were superior, equal, and inferior to systematic biopsies. These data were also compared between radiologists A and B to determine which biopsy technique was more accurate in targeting an index lesion.

The numbers of target or systematic cores that each radiologist sampled in each patient with cancer-proven PI-RADS 4 or 5 were compared to determine which radiologist took fewer cores. Positive to negative core ratios (PNCRs) were compared between radiologists A and B to assess how efficiently cancer was detected with the target or systematic cores.

The cancer detection rates (CDRs) were compared between radiologists A and B. The CDR was calculated as the number of cancer cases divided by the total number of cases. The significant CDR was calculated as the number of GS 7 or higher cases divided by the total number of cases.



Standard Reference

The standard reference was histological examination of the prostate biopsies that were performed by radiologists A and B. Significant cancer was defined as a tumor with a GS ≥ 7 (3 + 4).



Statistical Analysis

Mann–Whitney test was performed to compare the patients’ ages, PSA levels, tumor sizes, and biopsy cores between the PI-RADS 4 or 5 group. Fisher exact test was also performed to compare tumor locations, target-to-systematic biopsy ratios, PNCRs, and CDRs. Commercial software (PASW Statistics, version 20.0; Chicago, IL, USA) was used for statistical analysis. A two-sided p value of less than 0.05 was considered statistical significance.




Results

The median PSA levels of the PI-RADS 4 groups biopsied by radiologists A and B were 4.58 ng/ml (2.50–16.44 ng/ml) and 5.81 ng/ml (2.50–46.70 ng/ml), respectively (Table 1) (p = 0.0001). However, there was no significant difference between the PI-RADS 4 or 5 groups in terms of the other patients’ demographics (Table 1) (p = 0.4154–0.999).


Table 1 | Patients’ demographics.



For the PI-RADS 4 tumors, radiologists A performed target and systematic biopsies in all (100%, 84/84) patients, and radiologist B performed the combination biopsy in 126 (99.2%, 126/127) patients except one who had target biopsy alone (p > 0.9999). The overall CDRs were 64.3% (54/84) for radiologist A and 61.4% (78/127) for radiologist B (p = 0.7715). The significant CDRs were 40.5% (34/84) for radiologist A and 43.3% (55/127) for radiologist B (p = 0.2141).

For the PI-RAD 5 tumors, however, radiologists A and B performed target biopsy alone in nine (29.0%, 9/31) patients and in one (1.9%, 1/52) patient, respectively (p = 0.0004). The overall CDRs were 90.3% (28/31) for radiologist A and 84.6% (44/52) for radiologist B (p = 0.5249). The significant CDRs were 83.9% (26/31) for radiologist A and 76.9% (40/52) for radiologist B (p = 0.5776).

For the cancer-proven PI-RAD 4 cases, target biopsy was superior to systematic biopsy in 57.7% (30/52) by radiologist A and in 29.5% (23/78) by radiologist B (Table 2) (p = 0.0019). Target biopsy was equal to systematic biopsy in 19.2% (10/52) by radiologist A and in 44.9 (35/78) by radiologist B (Table 2) (p = 0.0027). However, there was no significant difference between radiologists A and B in the number of patients in which the target biopsy was inferior to systematic biopsy (Table 2) (p = 0.8365). The median numbers of target and systematic cores were 11.0 (8.0–12.0) for radiologist A and 12.0 (8.0–14.0) for radiologist B (p = 0.0008). The median numbers of target cores were 5.0 (2.0–6.0) for radiologist A and 2.0 (2.0–5.0) for radiologist B (p < 0.0001), whereas those of the systematic cores were 6.0 (2.0–6.0) for radiologist A and 10.0 (5.0–10.0) for radiologist B (p < 0.0001). The PNCRs were 248:330 for radiologist A and 338:561 for radiologist B (p = 0.0439).


Table 2 | Comparison of Gleason scores from target and systematic biopsies.



For the cancer-proven PI-RADS 5 cases, target biopsy was superior to systematic biopsy in 50.0% (14/28) by radiologist A and in 18.2% (8/44) by radiologist B (Table 2) (p = 0.0079). However, there was no significant difference between radiologists A and B in the number of patients for whom target biopsy was equal or inferior to systematic biopsy (Table 2) (p = 0.0545 or 0.5108). The median numbers of target and systematic cores were 10.0 (3.0–13.0) for radiologist A and 11.0 (7.0–13.0) for radiologist B (p = 0.0023). The median numbers of target cores were 5.0 (3.0–8.0) for radiologist A and 3.0 (0.0–7.0) for radiologist B (p < 0.0001), whereas those of the systematic biopsy were 6.0 (0.0–6.0) for radiologist A and 9.0 (0.0–11.0) for radiologist B (p < 0.0001). The PNCRs were 149:84 for radiologist A and 250:229 for radiologist B (p = 0.0037).

Among the PI-RAD 4 groups, the overall and significant CDRs of target biopsies performed by radiologist A were 54.8% (46/84) and 35.7% (30/84), whereas those of target biopsies performed by radiologist B were 51.2% (65/127) and 34.6% (44/127), respectively. Among the PI-RAD 5 groups, the overall and significant CDRs of target biopsies performed by radiologist A were 87.1% (27/31) and 80.6% (25/31), whereas those of target biopsies performed by radiologist B were 82.7% (43/52) and 73.1% (38/52), respectively. The p values of overall CDRs in the PI-RADS 4 and 5 were 0.6733 and 0.7583, and those of significant CDRs in the PI-RADS 4 and 5 were 0.8838 and 0.5968, respectively.



Discussion

Our results showed that a greater number of target biopsies yielded higher GSs than did systematic biopsies by radiologist A who was familiar with the new TRUS techniques and features of PI-RADS 4 or 5. For this reason, a greater number of men with PI-RADS 5 underwent target biopsy alone by radiologist A than by radiologist B who did not know the new TRUS techniques and features of PI-RADS 4 or 5. Moreover, radiologist A was able to perform biopsies with fewer cores because of higher PNCRs than was radiologist B.

Recent US scanners recommend the use of harmonic imaging rather than fundamental imaging because the former provides better axial and lateral resolutions than does the latter (12–14). However, increasing tissue resolution inevitably results in decreasing tissue contrast between prostate cancer and normal tissue. Prostate cancer that is located near the transducer can be depicted with poor contrast because of the lack of harmonics in the incident ultrasound wave (15). Therefore, radiologist A did not use harmonic imaging but rather fundamental imaging. Moreover, he maintained lower dynamic range to enhance tissue contrast by sharpening the tumor edges (16).

Tumor locations appear so different between MRI and TRUS because of the different scan axes. Axial MRI images are scanned along the perpendicular axis of the prostate urethra, whereas axial TRUS images are scanned along the oblique axis of the prostate urethra (6, 7, 10, 17). For this reason, when PI-RADS 4 or 5 is closer to the anterior capsule, the tumor seems to be located more inferiorly on TRUS than on MRI. Given that PI-RADS 4 or 5 is closer to the posterior capsule, the tumor seems to be located more superiorly on TRUS than on MRI. Currently, urologists or radiologists who perform TRUS-guided cognitive biopsy try to find an index tumor at the same level that is seen on MRI. Therefore, their targeting is likely to be so poor that significant cancer cannot be sampled precisely. Another technical tip for achieving good lesion depiction is to not compress the prostate until PI-RADS 4 or 5 is detected. Compression deforms the shape of the PI-RADS 4 or 5 but also obscures a small tumor because it is frequently embedded in the normal tissue (6, 9, 10, 17).

Urologists or radiologists are used to know that the TRUS features of prostate cancer are hypoechoic regardless of lesion location. Peripheral cancer was hypoechoic compared with the neighboring normal tissue, but transition cancer was hyperechoic compared with the neighboring hyperplastic nodules. Several papers have reported that some prostate cancers are hyperechoic compared with adjacent tissue (18–20). The incidence of hyperechoic tumors is reported as high as 40% (20). Unfortunately, the researchers did not demonstrate that these cancers arise from transition cancers. However, Park et al. have showed that transition cancer tends to be more hyperechoic than does peripheral cancer (6).

Many papers have reported that significant CDRs range from 22.1% to 78.0% for PI-RADS 4 and 72.4% to 90.7% for PI-RADS 5 (3, 4, 21–23). Radiologist A achieved a relatively lower significant CDR (40.5%) for PI-RADS 4, although the new TRUS techniques and features were applied for biopsy. The median size of PI-RADS 4 was less than 10 mm, which subsequently led to a decreasing significant CDR (9). Moreover, the median PSA levels were lower in the PI-RADS 4 patients who were biopsied by radiologist A. However, radiologist A achieved a relatively higher significant CDR (83.9%) for PI-RADS 5 because there was no difference between the biopsy groups in the lesion sizes and PSAs.

Radiologist A could not avoid performing a systematic biopsy for PI-RADS 4 even though the tumor was clearly seen on TRUS. The main reason was that PI-RADS 4 was smaller than PI-RADS 5, and thus he could not ensure that it was targeted 100%. Moreover, the systematic biopsy achieved higher GSs than those of the target biopsy in a small number of PI-RADS 4 or 5 tumors. Because significant cancer can be detected in PI-RADS 3 or less, a systematic biopsy should be added to the target biopsy for PI-RADS 4. However, radiologist A omitted the systematic biopsy in a substantial number of PI-RADS 5 tumors, especially for men who did not stop taking aspirin because of coronary artery stent. Therefore, the new techniques of TRUS biopsy may contribute not only to a decreasing number of biopsy cores but also to a reduction in the complication rate (6).

Indeed, the purpose of our investigation was not to compare cognitive fusion and image fusion biopsy in terms of tumor targeting. Whether or not a biopsy operator knows the new TRUS techniques and imaging features can influence tumor targeting. Radiologist A knew it, but radiologist B did not. Radiologist B as well as radiologist A also performed cognitive biopsy although the number of cognitive biopsies was small. Because he did not know the new TRUS techniques and imaging features, he was not able to precisely detect an index tumor, which is shown in Figure 2. Besides, the image quality of his TRUS was inferior to that of radiologist A’s TRUS. In other words, the new TRUS techniques and imaging features help to improve image quality, cancer detection, and tumor targeting regardless of biopsy types (cognitive fusion or image fusion) if a biopsy operator is familiar with them. Many readers frequently misunderstand that our study was to compare cognitive fusion and image fusion biopsies in terms of tumor targeting.

Our current policy of TRUS biopsy is that systematic biopsy is routinely performed after an index tumor is targeted because it can detect additional significant cancers where PI-RADS 1 or 2 were diagnosed (11, 24). PI-RADS 1-2 does not indicate that CDR is 0% (23). Radiologist A achieved higher overall and significant CDRs of target biopsies than radiologist B even if the PSA levels and tumor sizes of PI-RADS 4 and 5 groups, which radiologist A performed biopsies, were lower/smaller than those of PI-RADS 4 and 5 groups, which radiologist A performed biopsies. Unfortunately, there was no significant difference between the groups in terms of CDR due to small number of biopsy cases. However, target biopsies of radiologist A are so likely to provide much lower underestimation of GS compared to prostatectomies because of good tumor targeting. GS underestimation frequently induces under-treatment of prostate cancer (25).

Our study had some limitations. First, the standard reference was not a prostatectomy but rather a biopsy examination because a substantial number of cancer-proven patients underwent active surveillance, hormone therapy, radiation therapy, or chemotherapy. Therefore, the biopsy GS did not correlate with the surgical GS in all patients. Second, the targeting of PI-RADS 2 or 3 between radiologists A and B were not compared. Lower PI-RADS scores appear to be more difficult to detect with TRUS. Further investigation is necessary to assess the utility of the new biopsy techniques in targeting lower PI-RADS scores. Third, the number of PI-RADS 4 or 5 lesions was relatively smaller for radiologist A than for radiologist B. However, the number of PI-RADS 3 lesions, which were excluded from the current study, was much larger for radiologist A than for radiologist B. Our urologists had previously recognized that the new biopsy techniques were better than the conventional MRI-TRUS fusion or cognitive biopsy techniques for tumor targeting. Thus, they transferred a larger number of PI-RADS 3 cases to radiologist A because this category required more precise targeting. Fourth, the same biopsy modality was not used to compare radiologists A and B in terms of tumor targeting. Recent meta-analysis reported that there is no difference between MRI-TRUS cognitive fusion and MRI-TRUS image fusion biopsies in terms of cancer detection rate (26). Our study showed no significant difference between A and B in terms of cancer detection rate, either. However, whether or not radiologists or urologists are familiar with the new TRUS findings and techniques influence the tumor targeting significantly regardless of types of biopsies that they perform. For more than 10 years, radiologists A and B have performed MRI-TRUS cognitive fusion or MRI-TRUS image fusion biopsies. However, radiologist A discovered new TRUS findings and techniques, leading to improve tumor targeting four years ago. Since then, he has performed only MRI-TRUS cognitive fusion biopsy definitely based on the new TRUS findings and techniques in order to improve targeting an index lesion. In contrast, radiologist B insisted that MRI-TRUS image fusion biopsy is more reliable to tumor targeting. Therefore, this was the background of our research that being familiar with the new TRUS findings and techniques helps radiologists or urologists to have more precise tumor targeting regardless of types of biopsies. Our results and figures showed that there was no difference between A and B in terms of significant or insignificant cancer detection rate. Radiologist A demonstrated that the Gleason scores of target biopsies were significantly higher than those of systematic biopsies. Accordingly, he was able to omit the systematic biopsy in many cases or reduce the number of biopsy cores. In contrast, radiologists B showed that the Gleason scores of target biopsy were not different from those of systematic biopsy. Accordingly, he was not able to omit the systematic biopsy, resulting in increasing the number of biopsy cores and complication rates. If radiologist B had been familiar to the new TRUS findings and techniques, his tumor targeting could have been more precise. Recently, our urologists have transferred only to the radiologist A so many patients who cannot stop aspirin medication due to cardiovascular diseases because they ask him to perform a target biopsy alone in them. When we carefully see the Figure 2 images, radiologist A detected a true lesion in the mid-gland and cancer was detected. However, radiologist B was not able to detect a true lesion because he did not know the new TRUS findings and techniques, and his biopsy results were negative. Fifth, there was different demographics between PI-RADS 4 or 5 groups. The PSA levels of PI-RADS 4 and 5 groups, who radiologist A biopsied, were lower than those of PI-RADS 4 and 5 groups, who radiologist B biopsied. Besides, the tumor sizes of PI-RADS 4 and 5 groups, who radiologist A biopsied, were smaller than those of PI-RADS 4 and 5 groups, who radiologist B biopsied. Generally, as PSA levels and tumor sizes increase, cancer detection rates (CDRs) also increase. Nonetheless, the CDRs of radiologist A were higher than those of radiologists B. Therefore, we do not think that the different PSA levels or tumor sizes had influence on tumor targeting. Sixth, we did not perform inter-reader agreement between radiologist A and B in terms of MRI interpretation. We can indirectly identify the disagreement. Overall and significant CDRs of PI-RADS 4 and 5 are similar to those of PI-RADS 4 and 5, which were reported by previous investigations (10, 23). Besides, PI-RADS 4 and 5 provide lower inter-reader agreement between radiologists compared to PI-RADS 2 or 3. We do not think that disagreement will not be high. Finally, our study was a retrospective design. Accordingly, we cannot completely exclude a selection bias in including study population. MRI-TRUS fusion or cognitive biopsy does not fully obtain systemic puncture, and its accuracy or representativeness is still controversial.



Conclusion

Radiologists or urologists can target PI-RADS 4 or 5 more precisely if they are familiar with the new TRUS techniques and imaging features. Systematic biopsy is considered as a routine procedure due to additional detection of prostate cancer. However, systematic biopsy might be omitted in PI-RAD 5 patients who have T3 or higher stage cancer, bleeding tendency, or anti-coagulant medication if the new TRUS techniques and imaging features are applied.
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Objectives

To determine the preoperative diagnostic accuracy of MRI and otoneural tests (ONT) for acoustic neuroma (AN) in a cohort of unselected patients with pontocerebellar angle tumors. To find a convenient way to screening out the potential asymptomatic AN patient earlier.



Design

This diagnostic accuracy study was performed in a central hospital and included a consecutive sample of unilateral incipient pontocerebellar angle tumor patients referred for MRI and ONT before surgery. Different AN features of MRI and ONT were collected and concluded into preoperative diagnostic variables or variable combinations. Those of MRI and ONT are analyzed and compared with biopsy results by multivariable receiver operating characteristic (ROC) analysis. The early-stage group, the course of which is 1 year or less, was separately computed and compared.



Results

Eighty-three subjects were collected from June 2013 to June 2019; 62 were confirmed AN postoperatively by biopsy, whereas others are not AN. The area under the curve (AUC) of MRI was 0.611, whereas the AUC of ONT was 0.708. In the early-stage group, the AUC of MRI was 0.539, and the AUC of ONT was 0.744.



Conclusions

ONT was able to identify more subjects affected by unilateral incipient AN than MRI preoperatively. Given that ONT is a functional test for internal auditory canal nerves, it is an optimal screening test for AN patients because it provides more information than MRI for the further clinical plan. It is particularly noteworthy for identifying asymptomatic AN patients and for early stage. Therefore, it may help more patients from unnessesary surgery. Furthermore, an MRI follow-up is suggested if the patient was found alert in ONT.
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Introduction

Acoustic neuroma (AN), also termed vestibulocochlear schwannoma, from the Schwann cells of the vestibular division or the cochlear division, is the most common tumor in pontocerebellar angle. AN is shown to represent 6% to 8% of all intracranial tumors (1). The typically presenting complaints in AN patients are unilateral hearing loss, tinnitus, and disequilibrium. These disorders do not necessarily correlate close with tumor size or shape (2). As the natural history of the AN is variable (3), only less than 1% of AN exhibit sufficient growth to become clinically active. The patients with small tumors that do not compress the nerves and lead dysfunction may be asymptomatic. Thus, AN patients’ managing options vary from observation, microsurgery, stereotactic radiosurgery to surgical debulking (4).

Nevertheless, it is an arduous task to differentiate AN from other tumors in the pontocerebellar angle before surgery (5). So the vital part for optimizing management, early diagnosis, is still under improvement. According to the guidelines of AN diagnosis, magnetic resonance imaging (MRI) will be performed to confirm the diagnosis after otoneural tests (ONT) (6, 7). Thus, ONT and MRI have assumed a significant role in the diagnosis of AN.

Otoneural tests (ONT) usually include audiological and vestibular examinations. Audiometry of AN is often characterized by unilateral or asymmetric sensorineural hearing loss and poor speech recognition (8), whereas vestibular examinations often found abnormal vestibular-ocular reflex (VOR), or asymmetric caloric test, or spontaneous nystagmus (9).

MRI is currently the standard diagnostic test for AN besides pathology (10). With the extensive application of MRI, the early diagnosis rate of AN has been improved gradually. However, not all patients show the typical clinical traits of MRI in AN. Furthermore, as tumor size reduces, the sensitivity and specificity of this golden standard before surgery declines (11).

Because MRI is not sufficient enough, can we dig out more information from routine ONT tests? Besides the function of screening, are hearing and vestibular examinations helpful for the qualitative diagnosis of AN? This study aimed to assess the diagnostic accuracy of ONT for AN in a cohort of unselected pontocerebellar angle tumor patients. We studied the MRI and ONT tests that are commonly used in daily clinical practice, which are as follows: pure-tone test, speech reception threshold (SRT), speech discrimination score (SDS), videonystagmography (VNG), and caloric test. Moreover, we creatively comprehended the ONT tests to make out the score easily to diagnose and determine the preoperative diagnostic accuracy of MRI and ONT for AN.



Materials and Methods

This work was designed as a preoperative diagnostic accuracy study using otoneural tests in a cohort of unselected patients with pontocerebellar angle tumors. The samples were collected prospectively among patients referred for vestibular testing at the balance laboratory of our department. We examined the medical records of all patients diagnosed with unilateral incipient pontocerebellar angle tumors based on their MRI imaging between June 2013 and June 2019 in the neurosurgery department at West China Hospital.

All the included patients were required to have otoneural tests and MRI examinations 1 week before surgery. The machine used in this study for ONT is the Ulmer VNG infrared nystagmus view system (Synapsys, France). Every patient has also undergone an enhanced MRI scan of the head in West China Hospital.

Complete otoneural tests consist of the following hearing function tests: pure tone audiometry, acoustic-conductivity resistance test, speech reception threshold (SRT), speech discrimination score (SDS); and vestibular function tests under VNG: VOR tests (including saccade test, smooth pursuit test, optokinetic test, gaze test, and spontaneous nystagmus), and caloric test. Patients with multiple neurofibromatosis and recurrent cerebellopontine angle tumor; or patients with visual impairment, severe systemic diseases, otitis media, or limited ocular movement who failed to complete the test were excluded from this study. All candidates were given informed consent following all the guidelines for investigation with human subjects required by the ethics committee of our hospital. The patients who agreed to sign it were included in the study.

Ultimately, 83 patients with unilateral incipient pontocerebellar angle tumors were included. Different AN features of MRI and ONT were collected and concluded into preoperative diagnostic variables or variable combinations. Those of MRI and ONT are analyzed and compared with after-surgery pathological results by multivariable receiver operating characteristic (ROC) analysis.

Variables of interest were as follows:

	The final pathological result after surgery (pathol. for short): defined as the actual fact. AN for positive (1), other tumors for negative (0).

	MRI result before surgery (MRI for short): If there is enlargement/enhancement of the inner auditory canal defined by experienced radiologists as positive (1), otherwise for negative (0).

	Audiometry before surgery (speech. for short): acoustic-conductivity resistance test must be normal. So this variable includes pure-tone test, speech reception threshold (SRT), and speech discrimination score (SDS). 10 dBHL or more neural hearing impairment or speech discrimination impairment for positive (1). All tests are normal for negative (0).

	VOR tests before surgery (oculom. for short): including saccade test, smooth pursuit test, optokinetic test, gaze test, and spontaneous nystagmus. If the VOR is impaired, or spontaneous nystagmus, or central positional nystagmus are defined as positive (1), all normal for negative (0).

	Caloric test before surgery (Calori. for short): affected side impaired (UW>15%) for positive (1), normal for negative (0). Our vestibular laboratory has set our own normal standard by recruiting normal local healthy control, and then set the UW >15% as abnormal.

	Vestibular function impairment before surgery (vestib. for short): If there are two positives in VOR, nystagmus, or caloric test is defined as positive (1), all normal or only one positive for negative (0).



In this way, we transferred all results into binary variables.

We divided the patients into early-stage and late-stage groups by the course time of 1 year to mining more information about the early diagnosis of AN.

Statistical analysis was carried out with software MedCalc, version 13.0. General data are described by constituent ratios. Multiparametric receiver operating curve (ROC) analysis was adopted to achieve diagnostic accuracy. The methodology is by DeLong et al. (1988) and Binomial exact Confidence Interval for the AUC.



Results


Patient Characteristics

Finally, 25 males and 58 females are recruited, sex ratio is 1:2.32. The average age is 48 years (17–75 years), and the average course is 3.1 years (1 month to 20 years) (Table 1). Forty-five cases are left side affected, side ratio is 1.18: 1, left-sided are slightly more than the right-sided. AN was found in 60 cases (72.29%). Other tumors include 14 meningiomas (16.87%) and 9 other types (10.84%) of pontocerebellar angle tumor (two cases of arachnoid cyst, two cases of epidermoid cyst, one case of ependymoma, one case of hemangioma, one case of hemangioblastoma, one case of trigeminal neuroma, and one case of poorly differentiated carcinoma).


Table 1 | General data of age and course of all patients.





Diagnostic Results of the Variables

Table 2 shows the diagnostic results of different tests for AN/non-AN groups. Audiometry seems to have the highest sensitivity for AN.


Table 2 | Positive results of different tests in AN/non-AN groups.





Diagnostic Accuracy


ROC for Variables’ Comparison

Assuming an AN diagnosis based on the abovementioned single tests, ROC analysis revealed that no test achieved an accuracy (AUC ≥ 0.75) suitable for clinical use (Table 3), even though vestib. is a combination of oculom. and calori. tests. The highest diagnostic accuracy was obtained from audiometry (Figure 1A).


Table 3 | AUC of different variables in general/in early-stage group/in late-stage group.






Figure 1 | ROC of different variables in general (A) /in early-stage group (B) /in late-stage group (C). MRI, MRI result before surgery; vestib, vestibular function impairment before surgery; calori, caloric test before surgery; speech, audiometry before surgery time, the course of disease (we divided the patients into early-stage and late-stage groups by the course time of one year).





ROC for Early-Stage Group

In the group of patients whose course is less than 1 year, MRI (AUC = 0.539) is much less sensitive than the functional tests (Table 3). The greatest accuracy (AUC = 0.762) for early-stage AN is still based on audiometry (Figure 1B), but the combination of vestibular function tests are all good (AUC > 0.7).



ROC for Late-Stage Group

In the group of patients whose course is more than 1 year, MRI (AUC = 0.717) is much better than the functional tests (Table 3). The sensitivity of MRI for late-stage AN is still not satisfactory, but its specificity is much better than the functional tests this time (Figure 1C).





Discussion

As the retro-cochlear tumors in internal acoustic meatus, such as AN, can compress the vestibular nerve, there are further deterioration in the functions of nerves and diminishing of the blood supply of the inner ear (12). Therefore, AN should be detectable with the audial and vestibular tests and may be more sensitive (13). Both hearing and vestibular function tests are valuable for the diagnosis of AN (14). We usually call these tests altogether as otoneural tests.

In this study, we did not analyze the role of vestibular-evoked myogenic potentials (VEMP) in the diagnosis because VEMPs are not usual routine tests. Sometimes patients fail to produce VEMPs bilaterally, rendering these tests inconclusive, especially when testing oVEMP (15). Although increasing attention has been focused on the role of VEMP in the assessment of patients with AN, there is no consensus about the use of VEMPs in detecting AN (14), maybe because the positive rate of VEMP is highly related to the tumor size (12). Moreover, researchers found that VEMP can be normal with tumors under 1.5 cm (16).

MRI is required in patients with positive ONT results. Of course, MRI is still advisable even if the otoneural tests are negative (6). Although the progress of MRI made it possible to diagnose smaller and asymptomatic tumors than were previously, after a pontocerebellar angle tumor is found from MRI, an optimal treatment plan will be produced. However, different kinds of pontocerebellar angle tumors require different management (4, 17), so the specificity of diagnosis is vital for AN management. Sometimes, it can be tough to differentiate AN from other symptoms because the symptoms vary (18). It is reported that AN’s symptoms may relate to the tumor characteristics (tumor size or distribution), patient age or gender, and also the medical level (2). Therefore, predicting the potential diagnoses, depending on the clinical features, is not relivable. Nevertheless, the signs of AN in MRI are unsatisfactory, especially in patients with similar clinical and radiological features (10). The qualitative diagnosis of AN from MRI is only approximately 70% (18), which is similar to our result (71.7% in the late group).

Furthermore, there are similar shortcomings of radiological examinations in AN diagnosis: the low specificity (Figure 1A), especially in the early stage (Figure 1B), because the smaller tumors are usually asymptomatic, making it complicated for early diagnosis. Some researchers already thought about this misdiagnosis and tried to use a hearing test to help the diagnostic value of MRI (19). However, adding a new test is a new burden for the economy and time-consuming.

Patients’ initial examinations are always functional signs using ONT tests before MRI (7), maybe because most of the AN patients visited the otolaryngology department because of hearing loss, tinnitus, speech resolution, and other symptoms (5). Therefore, we may use these data to help differentiate AN from other pontocerebellar angle tumors. However lots of papers found that the significance of a single test for diagnosis is limited. We creatively combined them as a parameter to help diagnose, and our study shows the high accuracy of ONT in detecting AN among patients with pontocerebellar angle tumors, especially for the early stage. This is of clinical relevance, considering that most AN are found from MRI as pontocerebellar angle tumors but were only diagnosed after surgery. However, as it is hard for us to remove the tumors without any complications, even for experienced surgeons, surgery is not always the best choice for AN (20). Hence, the importance of ONT accuracy for AN is further emphasized because it may help avoid misdiagnosis and unnecessary surgery or suboptimal treatment.

On the other hand, this result may suggest an MRI follow-up if the patient was found alert in ONT.



Conclusions

Among the lesions found by MRI in the pontocerebellar angle, preoperative ONT was able to get further insight into AN’s features and identify more subjects affected by unilateral incipient AN than preoperative MRI. Given that ONT is a routine functional test for internal auditory canal lesions, it is an optimal screening test for AN patients and guides in the follow-up treatment. It is particularly noteworthy for identifying early-stage AN patients, given that it provides meaningful guidance for reducing operation rate, guiding radiotherapy, evaluating prognosis, and improving patients’ quality of life.
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Gastric cancer (GC) is one of the most common cancers and one of the leading causes of cancer-related death worldwide. Precise diagnosis and evaluation of GC, especially using noninvasive methods, are fundamental to optimal therapeutic decision-making. Despite the recent rapid advancements in technology, pretreatment diagnostic accuracy varies between modalities, and correlations between imaging and histological features are far from perfect. Artificial intelligence (AI) techniques, particularly hand-crafted radiomics and deep learning, have offered hope in addressing these issues. AI has been used widely in GC research, because of its ability to convert medical images into minable data and to detect invisible textures. In this article, we systematically reviewed the methodological processes (data acquisition, lesion segmentation, feature extraction, feature selection, and model construction) involved in AI. We also summarized the current clinical applications of AI in GC research, which include characterization, differential diagnosis, treatment response monitoring, and prognosis prediction. Challenges and opportunities in AI-based GC research are highlighted for consideration in future studies.
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Introduction

As one of the most common cancers, gastric cancer (GC) ranks as the top three in terms of mortality rate (1). The American Joint Commission on Cancer (8th Edition) for Gastric Cancer recommends computed tomography (CT) and endoscopic ultrasound for pretreatment TNM classification, whereas magnetic resonance imaging (MRI) and Positron Emission Tomography – Computed Tomography (PET-CT) are effective alternatives for metastasis evaluation. Despite the introduction of new techniques, the pretreatment diagnostic accuracy of GC varies from 40.8% to 98.1% (2–4). Efforts have also been made toward the prediction of histological type such as tumor differentiation grade and Lauren classification, based on enhancement pattern analysis, perfusion analysis, and spectral analysis, which have moderate discriminating performance and area under the curve (AUC) ranging from 0.697 to 0.891 (5–7). Given the importance of accurate pretreatment imaging evaluation and prognostic value of histopathological features, there is an urgent need for better diagnostic methods for treatment planning.

Fortunately, there has been considerable progress in artificial intelligence (AI) during the past decade, which offers promise for meeting these needs. Of all the AI techniques, hand-crafted radiomics and deep learning (DL) are the two most frequently applied methods for medical imaging and have shown the powerful capacity for converting mass medical images into minable data. With the ability to detect features that are invisible to human readers, hand-crafted radiomics and DL have demonstrated promising performance in tumor detection, characterization, and monitoring (8).

Therefore, we reviewed the published AI methodologies utilized in studies on GC imaging to provide an overview of the latest developments. This included data acquisition, lesion segmentation, feature design, and model construction. Furthermore, we summarize the representative clinical applications, knowledge gaps, and future directions. A total of 47 published AI studies on gastric cancer imaging were selected through MEDLINE (June, 2021), of which 45 were retrospective in design (36 single-center and 9 multicenter studies), while the remaining two were single-center prospective studies (Table 1). Imaging modalities varied across the studies. Specifically, 39 studies were performed using CT with only one studies based on dual-energy CT, six used MRI, and two used PET-CT (Table 1).


Table 1 | Summary of published hand-crafted radiomics and deep learning studies on gastric cancer imaging.





Methodologies of Ai Studies On Gastric Cancer


Data Acquisition

Image preprocessing accounts for the substantial heterogeneity introduced by different imaging modalities, scanning protocols, machine types, and manufacturers. Image intensity normalization and resampling are two mathematical techniques that are used widely for this purpose. Specifically, image intensity normalization is performed to transform the original image into a standardized form to reduce data variability between cohorts and to generate appropriate inputs for quantitative radiomic feature calculation (20, 27). Resampling is used to adapt the input shape of the model by transforming the original image into the target size by upsampling or downsampling (32, 33, 36, 44).

In addition to imaging data, clinicopathological data also play an important role in AI-based modeling and can be used to improve model performance. These factors included patient age, gender, body mass index, cancer antigen 72-4 (CA72-4), CA199, CA242, carcinoembryonic antigen, alpha-fetoprotein, tumor location, tumor size, and TNM stages (9–13, 15, 17, 18, 20–22, 24–28, 30–36, 38–45, 54).



Lesion Segmentation

Segmentation of region of interests (ROIs) in AI analysis can be performed using manual, automatic, or semiautomatic methods. Among the included AI-based GC studies, 42 (89%) studies utilized manual segmentation methods, four (9%) applied semiautomatic methods (25, 30, 38, 39), and only one study (2%) used automatic method (48).

Manual segmentation, which is usually carried out by radiologists, involves placing rectangular/circular boxes that delineate the two-/three-dimensional (2D/3D) boundary of the whole lesion. In Di Dong et al.’s study, 2D ROIs were placed to cover the largest tumor area for predicting lymph node metastasis in locally advanced GC (32). Yue Wang et al. segmented the entire tumor and built a 3D-based hand-crafted radiomics model to diagnose intestinal-type gastric adenocarcinomas (39). In addition, Wenjuan Zhang et al. constructed a DL model on 18 layers of residual convolutional neural network (CNN) with squared segmentation of CT images to predict overall survival (OS) in GC patients (44). It is important to note that because subjective judgments regarding tumor boundaries can vary substantially among radiologists, manual segmentations by multiple radiologists at multiple time points are required to minimize intra- and inter-rater variability. In addition, intra- and interclass correlation coefficients and coefficients of variation are often calculated to evaluate the robustness and reproducibility of the extracted features (12, 14, 17, 22, 30, 31, 34, 36, 39, 41).

In contrast to manual segmentation, semiautomatic segmentation usually comprises two steps. First, several labeling points are marked by radiologists. Thereafter, the entire ROIs are generated automatically by computing devices, based on the labeling points. Satisfactory gastric lesion segmentation performance has been achieved using this approach (25, 30, 38, 39). All the four studies using semiautomatic segmentation employed the same software package (Frontier, Syngo via, Siemens healthcare), which applies a dichotomic classification algorithm to semiautomatically segment lesions from perinormal areas.



Feature Extraction

After lesion segmentation, quantitative handcrafted engineer features can be calculated to profile the intrinsic characteristics of the ROI. Handcrafted engineer features can be categorized as first-order statistics, shape-based, or texture-based features. First-order statistics are used to describe the distribution of pixel/voxel intensities in the ROIs, shape-based features show the geometric properties of the ROIs, and texture-based features are gray level matrices that represent textural patterns in an image region. Commonly used manual engineered features are presented in Table 2.


Table 2 | Commonly used manual engineered features in gastric cancer.



As opposed to handcrafted features, DL features are derived directly from the artificial neural networks, which encode medical images into a series of feature maps to extract features that represent high-dimensional information that cannot be detected by human readers. Using this method, Yuan Gao et al. achieved a mean average precision value and AUC of 0.7801 and 0.9541 in predicting perigastric lymph node metastasis, based on faster region-based CNN (24).

Handcrafted features describe the morphology, intensity, and textural patterns of ROIs, whereas deep learning network can automatically learn non-handcrafted feature representations from sample images.

Furthermore, studies combining handcrafted engineer and DL features have been carried out to maximize model efficiency. In Wenjuan Zhang et al.’s study, three handcrafted features, six DL features, and several clinical factors were combined to construct a nomogram, which demonstrated AUCs of 0.806-0.831 in predicting postoperative early recurrence in GC patients (44).



Feature Selection

Most commonly used feature selection methods are categorized into the filter, wrapper, or embedded methods. Among these approaches, filter-based methods (e.g., correlation analysis, analysis of variance) are the simplest methods and select features according to a mutual information criterion (12, 14, 42, 55). Wrappers (e.g., recursive feature elimination, sequential feature selection algorithms, and genetic algorithms) extract useful features based on classifier performance. Filters and wrappers are frequently combined to improve feature selection ability. Using Pearson correlation analysis and the sequential forward floating selection algorithm, Jing Yang et al. obtained optimal tumor and nodal hand-crafted radiomics features to construct a model, which demonstrated good predictive performance for GC metastasis (42). Embedded methods perform variable selection during the model training process. The least absolute shrinkage and selection operator (LASSO) is a classical and widely applied embedded method (11, 19, 25, 27, 31, 33, 34, 36, 45). Unlike the aforementioned methods, LASSO regression adds a penalty against complexity, which can enable the construction of a simple, yet effective model with a small number of features.



Model Construction

Regarding modeling strategy, logistic regression models (e.g., multivariate logistic regression, LASSO regression) have been widely used in AI-based GC studies. Random forest and support vector machines (SVM) are also effective alternatives for model construction (19, 28, 32, 36, 43). In a multicenter study, Di Dong et al. proposed an AI model that integrated DL, hand-crafted radiomics, and clinical factors. Their model used various modeling methods, including SVM, artificial neural networks, random forest, Spearman’s correlation analysis, logistic regression analysis, and linear regression analysis, and demonstrated good predictive performance for lymph node metastasis in locally advanced GC (32).

The above workflow and key methodologies of AI techniques in GC imaging are summarized in Figure 1.




Figure 1 | The workflow of hand-crafted radiomics and deep learning methodological process.






Clinical Applications of Hand-Crafted Radiomics and Deep Learning In Gastric Cancer

Major clinical applications of AI in GC research are shown in Figure 2.




Figure 2 | Clinical application of hand-crafted radiomics and deep learning in gastric cancer.




Characterization

The TNM classification is the most widely used staging system in GC, and pretreatment CT/MRI is vital for making optimal treatment decisions (56, 57). Considering its widespread application, most hand-crafted radiomics and DL studies have utilized CT images for preoperative prediction of TNM stages (24, 27, 28, 31, 32, 36–38, 40–42, 51, 52). Precise pretreatment TNM staging of lymph node metastasis is plagued by major obstacles because of discrepancies in traditional imaging features, such as shape, size, and enhancement patterns. Therefore, many researchers have been developing AI-based models to accurately predict lymph node status in GC patients (24, 27, 28, 31, 32, 36–38, 41, 42). While Yang et al.’s study combined tumor and nodal hand-crafted radiomics features (42), other studies selected only the tumor for the ROI (24, 27, 28, 31, 32, 36–38, 41). Of the 10 studies focusing on lymph node status, seven were designed to discriminate between N+ and N- (28, 31, 36–38, 41, 42), two to discriminate specific N stages (N0–3) (27, 32), and one with ambiguous lymph node status (24). Models based on hand-crafted radiomics, DL, or the combination of the two have shown AUC and C-indices of 0.79–0.95 in the training and 0.76–0.89 in the validation cohorts, respectively (24, 27, 28, 31, 32, 36–38, 41, 42). Three studies tested model efficacies for T stage prediction, where two aimed to discriminate T1/2 from T3/4 (29, 30, 41), and one to classify all T1–4 stages (25), with all yielding good discriminatory performance with AUCs ranging from 0.82 to 0.90. Liu et al. investigated venous CT images of primary tumors in advanced GC and built a hand-crafted radiomics model to predict occult peritoneal metastasis (40). Because of the popularity of CT, MRI has been used less frequently in GC patients, with only four studies focused on MRI-based prediction of TNM staging (12, 16, 17, 26). Using hand-crafted radiomics analysis, the authors found that diffusion-weighted imaging and apparent diffusion coefficient maps demonstrate potential in preoperative T and N staging for GC.

Using histopathological results as a reference, six studies explored the correlation between AI-based models and prognosis-related factors of tumor differentiation grade (9, 14, 15, 25), Lauren classification (14, 39, 47), and lymphovascular and neural invasion (14, 17, 25, 34). Two studies were based on MRI images (15, 17) and four were on CT images (14, 25, 34, 39), and all models exhibited good predictive ability for GC before operation. In addition, researchers carrying out immunohistochemistry studies have developed hand-crafted radiomics models to predict human epidermal receptor 2 status, which could serve as a noninvasive prediction tool for GC for selecting candidates suitable for Herceptin (10, 35). Furthermore, Gao’s hand-crafted radiomics model showed good performance in estimating tumor-infiltrating regulatory T (TITreg) cells, with AUCs of 0.85–0.88 in various cohorts (33).



Differential Diagnosis

Five studies were conducted to differentiate between different gastric tumors (9, 11, 48–50). By applying texture analysis, Ba-Ssalamah et al. classified adenocarcinomas, lymphomas, and gastrointestinal stromal tumors from artery and portal venous CT images, respectively, and misclassification rates ranged from 0%–10% (9). Ma, Feng and Sun et al. focused specifically on differentiating Borrmann type IV GC from primary gastric lymphoma. By combining hand-crafted radiomics signatures, subjective CT findings, age, and gender, Ma’s model achieved a diagnostic accuracy of 87.1% (11). All these models demonstrated potential for accurate gastric tumor discrimination.



Treatment Response and Prognosis

Neoadjuvant chemotherapy (NAC) can decrease tumor size and reduce mortality (58) and is recommended for potentially resectable advanced GCs. However, response rates of NAC vary among studies (59). In patients who do not benefit from NAC, the delay in surgery can lead to tumor progression and poor prognosis. Therefore, noninvasive selection of NAC responders before treatment is crucial for treating patients with advanced GCs. Three studies have utilized CT-based hand-crafted radiomics analysis build models to predict non-responders, which have yielded AUCs of 0.65–0.82 (13, 19, 43). Notably, Sun et al. demonstrated that their hand-crafted radiomics model performed better for NAC response prediction compared with a clinical model (43).

Chemotherapy and radiation therapy are two mainstays for advanced GCs. Three studies have been carried out to predict chemotherapy response (20, 21, 23). Jiang et al.’s model showed that higher scores of their CT-based hand-crafted radiomics signature indicated a favorable response to chemotherapy for stage II-III patients (20). Similarly, Jiang et al. built a Rad-score system based on hand-crafted radiomics features from PET images, where higher scores indicated chemotherapy responders (23). Klaassen et al. focused on individual liver metastases in esophagogastric cancers and developed a CT-based hand-crafted radiomics model to predict responsive lesions; the resulting AUCs ranged between 0.65–0.87 in various cohorts (21). Only one study tested model efficacy for radiotherapy responders in GC patients with abdominal cavity metastasis. Based on pretreatment CT images, Hou et al. constructed two prediction models with high accuracies ranging from 0.71 to 0.82 (22).

Prognosis is the research highlight of AI-based studies and numerous researchers have explored the potential of hand-crafted radiomics and DL features for prognosis prediction (10, 18, 20, 23, 25, 30, 33, 34, 43–46, 53, 60). Nine studies directly correlated hand-crafted radiomics and DL features with prognosis (10, 18, 20, 23, 30, 44, 46, 53, 60), and five constructed AI-based models to predict certain clinicopathological features, which were shown to be related to prognosis (25, 33, 34, 43, 45). Only one study extracted hand-crafted radiomics features from PET images (23), whereas all others used CT images (10, 13, 18–22, 25, 30, 33, 34, 43–46, 53, 60). Earlier studies reported OS-related hand-crafted radiomics features (10, 18), with later studies building hand-crafted radiomics and DL models that integrated hand-crafted radiomics features with and without clinicopathological features; these achieved good performance in OS, disease-free survival (DFS), and early recurrence prediction (20, 23, 30, 33, 44). Furthermore, hand-crafted radiomics models to predict clinicopathological features, such as TITreg cells, lymphovascular invasion, adverse histopathological status, tumor immune microenvironment, and NAC response have also been developed, which have yielded AUCs of 0.75–0.89 for predicting OS, DFS, and progression-free survival (25, 33, 34, 43, 45).




Future Challenges and Opportunities

To date, numerous studies have demonstrated the prediction potential of hand-crafted radiomics and DL in GC characterization, differential diagnosis, treatment response, and prognosis. Despite the frequent application of MRI in clinical practice, it is not routinely recommended for GC evaluation. Most studies have focused on CT images and few have used MRI images. Considering its excellent resolution of soft tissue, MRI images may reveal more intrinsic tumor features and improve prediction. Therefore, future investigations should aim to include more patients undergoing MRI examinations for GC evaluation. Lymph node metastasis status is a key component of pretreatment and postoperative evaluation, and many studies have developed methods for pretreatment AI-based prediction, which include prediction of the existence of lymph node metastasis and N stage. However, there have not been any studies that have focused on individual lymph nodes, which is fundamental for precise pretreatment N stage evaluation and treatment plan modification during follow-up. We encourage future studies to focus on individual lymph node metastasis status prediction based on rigid pathological correlations. Moreover, few studies have analyzed the relationship between imaging features and treatment response. There is still a considerable knowledge gap in this field; further research is needed to improve patient selection and develop better treatment plans.

In addition, future efforts should continue to be actively pursued regarding the methodologies of AI. More intensive and standardized quality controls throughout the entire workflow of AI are warranted to meet this requirement. By analyzing a total of 77 hand-crafted radiomics-based oncology researches, Park et al. reported insufficient overall scientific quality of current hand-crafted radiomics studies (61). Similar dilemmas arose at every stage of GC from data acquisition, segmentation, feature extraction, feature selection, model construction to model performance reporting. In this context, compliance with widely-accepted quality systems [e.g. Hand-crafted radiomics Quality Score (RQS) (62), Transparent Reporting of a multivariable prediction model for Individual Prognosis Or Diagnosis (TRIPOD) (63), etc.] may offer appeal. In addition, prospective multi-institutional collaborations to establish well-curated databases and networks are encouraged in future studies. Furthermore, considering the inherent capacity of AI in analyzing parallel streams of information, including clinical and genomics characteristics (64–66), multi-omics studies which integrate these data may pave the way for better personalized and precision medicine. Collectively, we hope the fruit of these efforts could help to shift the landscape of AI in GC from exploratory research settings to routine clinical settings.



Conclusion

GC has a high incidence and mortality rate, which have been the clinical research emphasis over the past decades. Hand-crafted radiomics and DL are emerging quantitative subsets of AI that have been widely utilized in medicine. The exploration of GC using hand-crafted radiomics and DL has led to promising results for every step of the clinical pathway. However, most studies have been retrospective, conducted in a single center, and analyzed using a single image modality, which have limited the utility of the constructed AI models. Therefore, further prospective and multicenter studies are needed to validate the models. Moreover, other imaging modalities, such as endoscopic ultrasound may be integrated into the models to further improve model efficacy.
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Advances in radiation technology, such as intensity-modulated radiation therapy (IMRT), have largely enabled a biological dose escalation of the target volume (TV) and reduce the dose to adjacent tissues or organs at risk (OARs). However, the risk of radiation-induced injury increases as more radiation dose utilized during radiation therapy (RT), which predominantly limits further increases in TV dose distribution and reduces the local control rate. Thus, the accurate target delineation is crucial. Recently, technological improvements for precise target delineation have obtained more attention in the field of RT. The addition of functional imaging to RT can provide a more accurate anatomy of the tumor and normal tissues (such as location and size), along with biological information that aids to optimize the therapeutic index (TI) of RT. In this review, we discuss the application of some common MRI-based functional imaging techniques in clinical practice. In addition, we summarize the main challenges and prospects of these imaging technologies, expecting more inspiring developments and more productive research paths in the near future.
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Introduction

Radiation therapy (RT) is the cornerstone of curative cancer care (1). Ideally, the optimal RT strategy is supposed to deliver the highest potential radiation dose to the tumor target volume (TV) without affecting nearby structures or organs at risk (OARs). To meet the requirement, radiation oncology has undergone a huge transition in the last decades from 2D therapy to 3D conformal RT (3DCRT) and intensity-modulated RT (IMRT), and even to intensity-modulated proton therapy (IMPT), which allows for better performance in terms of dose escalation in the TV and dose reduction in the OARs. Theoretically, therapeutic index (TI) is optimized by maximizing the dose in the TV while minimizing the dose in the OARs in the treatment plan (Figure 1D).




Figure 1 | Interaction among imaging-guided techniques, treatment margins of tumor target, and organs at risk (OARs) based on the accuracy of imaging approaches. Decreasing volume around gross tumor volume (GTV, in red), clinical target volume (CTV, in orange), planning target volume (PTV, in blue), planning organ at risk volume (PRV, in green), and organs at risk (OARs, in yellow); distance changes between treatment margins and OARs in intensity-modulated radiation therapy (IMRT), image-guided radiation therapy (IGRT), and function imaging-guided IMRT. (A) Relations between distance (x-axis) of gross target and organ at risk. (B) Relations between the distance (x-axis) and TV dose escalation (y-axis). (C) Relations between the distance (x-axis) and OARs dose exposure (y-axis). (D) Relations between TV dose/OARs dose and therapeutic index.



With regard to IMPT, it has been widely studied due to its unique depth–dose characteristics of protons, which can increase the dose to the TV while reducing the dose exposure to normal tissue, however, the majority of studies on the application of IMPT is based on small-scale studies and is poorly cost-effective (2). Therefore, herein, we focus on photon-based RT techniques such as 3DCRT and IMRT, which are currently the main RT strategies in large-scale clinical practice, despite the lack of TI optimization during RT. Fortunately, a growing body of evidence suggests that the integration of functional imaging techniques into RT brings hope for improving TI based on photon-based RT. In RT, imaging plays a critical role in tumor location, staging, target delineation, and outcome monitoring (3). In contrast to conventional IMRT and imaging-guided RT (IGRT), functional imaging-guided IMRT tends to provide a more accurate delineation of TV and OARs, resulting in diminishing treatment margin of the gross tumor volume (GTV), clinical target volume (CTV), and planning target volume (PTV) in tumor target and a smaller volume of OARs and planning OAR volume (PRV) in OARs (Figure 1A). In addition to anatomical information (such as location and size), functional imaging provides the physiological and functional status of the tumor and its surroundings compared with conventional magnetic resonance imaging (MRI) (3). Currently, functional imaging plays various roles in radiation oncology, such as tumor localization, staging, target delineation, assessment of early response to therapy, prognosis, and monitoring recurrence (4).

In general, functional imaging has widely enabled clinicians to improve TI ratios by reducing the risk of geographic miss and selectively increasing radiotherapy (RT) dose to the TV, and minimizing unnecessary dose exposure to the OARs simultaneously. In this review, we outline several common MRI-based functional imaging techniques that used in the field of RT to explore improvement in TI ratios. Furthermore, we summarize current challenges and prospects.



Functional Imaging

At present, many functional imaging techniques have been gradually integrated into oncologic RT planning. Herein, we review some common imaging techniques in clinical practice, including diffusion-weighted (DW) imaging (DWI), intravoxel incoherent motion DWI (IVIM-DWI), MR-spectroscopic imaging (MRSI), dynamic susceptibility contrast (DSC), dynamic contrast-enhanced (DCE), diffusion tensor imaging (DTI)-MRI, and blood oxygenation level-dependent functional MRI (BOLD-fMRI) (Table 1).


Table 1 | Different components of fMRI-based functional imaging.




Diffusion-Weighted MRI

DWI is a simple and readily available functional imaging technique with capability to visualize the motion of the water molecules (also called Brownian motion) in biological tissues (5). DWI can evaluate the differences in tissue cellular density and offer visibility of cellular construction (102, 103). Sensitized b-value, known as, the real diffusion weighting (measured in s/mm2), is used to measure the levels of diffusion weighting applied. Motion-sensitizing gradients are used for parameter acquisition. Thus, there is no need for contrast injection on DW-MRI due to its tissue contrast. The amount of diffusion (of water molecules) in different tissues can be quantificationally evaluated using the apparent diffusion coefficient (ADC) value (6) and then presented as a map, which holds better diffusion than traditional DWI. ADC value can be calculated by changing gradient amplitude using different b-values (104–106) and at least two b-values (107). In clinical practice, to achieve the lower mobility of water molecules and shorter diffusion distances in these tissues, using a larger b-value (e.g., b = 500 s/mm2) on DWI is suggested.

Generally, the spread of water molecules on DW-MRI is restricted on malignant lesions with hypercellular areas or complex structures, presenting a high signal on DWI and accompanying low ADC value (108, 109). Clinical practice shows (110) that the standard ADC value obtained by the traditional single-index DWI model is affected by the water molecule diffusion and microcirculation perfusion in the tissue and cannot well reflect the movement of water molecules in the tumor tissue. IVIM-DWI introduced by Le Bihan (5, 27) can more accurately assess diffusion movement and microcirculation perfusion in tumor tissues due to its ability to separate diffusion and perfusion. IVIM-based parameters involve pure diffusion coefficient (D), pseudodiffusion coefficient (D*), and perfusion fraction (f).

Based on the fact that the ADC value and signal intensity between tumor and normal tissue are significantly different, recently, DWI has been gradually explored to accurately delineate TV and OARs in radiation treatment planning. For example, it has been indicated that the addition of DWI to MRI can better distinguish lung cancer from atelectasis (7). DWI also takes advantage of nodal staging (8–10); thus, DWI provides smaller nodal TV delineation than conventional imaging (8). Similarly, DWI provides smaller rectal tumor volume (GTV) delineation than does T2-weighted (T2W) MRI (11–13), and probably because DWI provides a better edge contrast than T2W images (111). These findings indicate that a better RT boost to TV is possible. The quantitative data provided by DW-MRI could reflect intratumoral heterogeneity, highlighting more radioresistant areas (14, 15). Subsequently, elective dose escalation can be individually delivered to these areas. Moreover, DWI may be a potential tool to evaluate the salivary gland function in head and neck cancer (HNC) patients (16), resulting in the accurate protection for normal tissue, also with the ability to predict RT-induced xerostomia incident in RT. Several studies conclude that ADC histogram has a promising value of predicting overall survival (OS) and progression-free survival (PFS) and risk stratification in recurrent glioblastoma patients treated with bevacizumab (19–22).

Regarding clinical applications, IVIM-DWI can be used to detect positive resection margins in breast cancers (30, 31), lung tumors (26), and hepatic lesions in liver cancer (32, 33); and the diagnostic efficacy of D values is the highest (28, 29). A meta-analysis showed that the IVIM-DWI parameter (D value) showed better diagnostic performance than mono-exponential ADC (26). In addition, IVIM plays a pivotal role in benign and malignant identification (33, 34), especially for the D value (33). The D value is superior to ADC in distinguishing benign and malignant lesions (35). Moreover, IVIM-DWI-derived parameters can be used to grade malignant lesions (28, 34, 36) and have the potential to differentiate true progression from pseudoprogression after early chemoradiotherapy in glioblastoma multiforme (GBM) (23, 24). Besides, IVIM can predict treatment response, such as parotid changes and vertebral bone marrow changes (17, 18). Taken together, the ability of IVIM-DWI to detect and identify benign and malignant would be helpful in target delineation and OAR avoidance in RT. Regarding tumor grading, IVIM-DWI may aid in predicting tumor aggressiveness and prognosis. In terms of pseudo/true progression identification and prediction of treatment response, IVIM may help to determine early therapeutic intervention and improve prognosis.

Overall, DWI may be a promising tool to obtain a better TI when being incorporated into RT planning assistance. However, some limitations of DWI, such as geometric distortions, which are closely related to TV delineation, and uncertainty of diffusion parameters, where low reproducibility means high variations, impede its widespread use within clinical practice. To solve this issue, conjunction with other MR images is suggested such as higher-resolution anatomic images, high-quality data with different b-values, and, if possible, contrast material-enhanced images (25).



MR-Spectroscopic Imaging

MRSI allows non-invasive measurement of biochemical information in tissues, especially in the brain with the existence of tumors. MRSI is also an analytical and non-injected contrast agent (CA) technique without ionizing radiation, related to MRI in vivo (37, 38). However, unlike MRI, which can only identify the anatomic structure and location of a tumor or normal tissue, MRSI can be used to determine the concentration and presence of various biochemical substances, often referred to as “metabolites” because of their role in metabolism. Therefore, MRSI can effectively supplement the characterization of tissue beyond MRI function. In recent years, proton MRSI has gained a great popularity due to its higher sensitivity and greater convenience, since proton MRSI does not need hardware modification while being performed on most MRI machines. Therefore, the remainder of this article in brain tumor studies focuses on protocols for 1H-MRSI. The common metabolites of 1H-MRSI include choline (Cho), N-acetyl aspartate (NAA), lactate (Lac), and creatine (Cr) in clinical routine (37).

In normal conditions, NAA exists in the intact neuronal and axonal structures, and its reduction demonstrates loss or damage of neuronal tissue (40). Cho is associated with phospholipid membrane turnover, and an increase in Cho indicates a process of leading to elevated glial proliferation and membrane synthesis (41). Lactate is implicated in various cancer mechanisms such as facilitating cancer cell proliferation and angiogenesis (112). Creatine is related to cellular energy metabolism. It is considered a useful reference metabolite due to its relative stability in different pathological processes involved in the central nervous system. In malignant tumors, NAA is reduced or lost since neurons are replaced by neoplastic tissue; Cho is increased directly; lactate may implicate a high level of malignancy (41). Based on the above, the NAA/Cho ratio is a sensitive marker for brain tumors, with the potential to distinguish active tumors from normal tissue and other non-cancerous lesions, such as necrosis (42). Cho/NAA ratio is widely utilized to describe tumor volume and invasion, because these metabolites change inversely in the tumor, increasing contrast (47). At present, the application of MRSI in clinical practice is involved in differential diagnosis (43–46), classification (45, 46), staging (46), treatment planning (49, 50), and posttreatment monitoring (54). Moreover, Lac/Cr, NAA/Cho, and Lac/NAA can predict overall survival (OS) and progression free survival (PFS) (41).

Herein, we mainly focus on the use of MRSI in radiation planning. In glioma, compared with conventional RT alone, adding of MRSI could provide metabolism information of tumor cells and OARs, resulting in more accurate target delineation (50). Croteau et al. conducted a study in 31 low- and high-grade-glioma patients. Their findings showed that MRSI can more accurately define the tumor boundary and normal tissues and can quantify the extent of the disease compared with conventional MRI via histopathological validation (54). Pirzkall et al. studied 34 patients with high-grade gliomas (52). When using T2 to define high-risk regions, the volume is extended by as much as 28 mm as compared with tumor definition from MRSI. Thus, the MRSI technique may have the potential to accurately optimize dose distribution of tumor TV and reduce the exposure to normal tissue (52). Moreover, Narayana et al. showed that Cho/Cr greater or equal to 3 defined by MRSI reduced 40% GTV volumes (GTVs) compared with GTVs defined by T1-weighted MRI (49). A study by Deviers et al. showed that tumor areas with lactate-to-N-acetyl aspartate ratio (LNR) 0.4 voxels before RT are likely to relapse, suggesting additional biological TVs for dose painting in GBM (53). In addition, a small study demonstrates that MRSI can aid in the delineation of hypoxic regions in solid tumors by exploring the metabolic outcome of tumor hypoxia, presenting increased total choline-containing metabolites (tCho) and lipid CH3 in breast tumors (51). Previous studies demonstrated that MRSI possesses great potential for the differentiation of tumor recurrence from radiation necrosis (37, 55, 56). This technology would be helpful for reirradiation settings in brain tumors due to its accurate delineation of recurrent lesions and successful avoidance of normal structures or radiation-induced reactions.

Overall, it seems that MRSI has been gradually and widely used to improve treatment planning for RT, with the ability to deliver dose escalation at particular tumor targets and reduce dose exposure to OARs. Even for recurrent disease, MRSI may perform well in improving TI, such as identifying and predicting tumor lesion recurrence. However, we should also be aware of the limitations of MRSI, such as the presence of spectral artifacts, which can result in false information, and lower specificity, although spectral artifacts may be solved by the automatic testing system (57) and by obtaining a higher field strength, like using 3T (113). A combination between MRSI and DW-MRI may improve the specificity of MRSI (114). However, other obstacles in MRSI, concerning low spatial resolution, long-time acquisition, and unstable acquisition of high-quality spectral images, have impeded the widespread translation of MRSI in clinical practice.



Perfusion MRI

Perfusion MRI is a well-established perfusion imaging technique, mainly including three techniques: DSC, DCE, and arterial spin labeling (ASL) MRI. Based on perfusion MRI modality, different parameters could be calculated, such as blood volume (BV) and blood flow (BF) in DSC, also the transfer rate constant (Ktrans) and the extravascular extracellular volume fraction (Ve) value in DCE. In perfusion MRI, individuals under inspection need a gadolinium-based agent via a peripheral vein during the continuous imaging process.

DSC refers to the BF through a certain tissue in a unit of time, which is an important physiological characteristic of the tissue and can specifically reflect the characteristics of vascular lesions. In DSC, the post-processed acquired time series can be used to acquire perfusion maps with the above parameters. DCE can measure the hemodynamic properties of tissues, such as density, integrity, leakiness, and permeability of tissue vasculature, by obtaining continuous MRI from the pre- and post-intravenous injection of a CA (58, 61). To acquire quantitative DCE-MRI data, three main components of measurements are needed: 1) an original T1 map before contrast administration; 2) acquiring T1-weighted images after CA injection at a proper temporal resolution; and 3) a method to evaluate the arterial input function (59). Compared with DSC-MRI, T1 DCE-MRI has a lower temporal resolution and is mainly used to reflect the density of microvessels.

Based on all aforementioned data, perfusion MRI plays an essential role in tumor treatment within clinical practice. The formation of increasing new blood vessels is essential to the growth of malignancy (73); as a result, BV and BF will rise correspondingly. In brain tumors, previous studies have shown that cerebral BV (CBV) and cerebral BF (CBF) are associated with predicting clinical outcomes, such as OS and PFS (62). A study in high-grade-glioma and low-grade-glioma patients indicated that CBV (the mean relative CBV = 1.75) correlates positively with disease progression (62). However, in clinical practice, the use of median CBV and CBF is limited because of highly heterogenous gliomas, resulting in low sensitivity and specificity of assessing efficacy. Additionally, it should be noticed that a tumor may display low-rise CBV. An increasing number of studies indicate that DCE-MRI may improve differential diagnosis, localization, tissue features, staging, and monitoring treatment response in neoplastic diseases (60, 70, 115, 116). In prostate cancer, previous studies demonstrate that DCE-MRI may be useful for delineating both tumors and surrounding normal tissues in the prostate gland with sensitivity of 59%–87% and specificity of 74%–84% (63, 64, 117). DCE could predict the volume change of radiation-induced parotid by evaluating individual microvascular perfusion and tissue diffusion rates in HNC patients, suggesting an adjustment of the treatment plan before RT (17, 65). In advanced cervical carcinoma, evidence illustrates that DCE is likely to provide a clinically useful biomarker for the prognosis based on pharmacokinetic analysis of DCE-MRI data (118, 119). Additionally, different levels of tumor hypoxia are common during RT but are not easily assessable in patients. In clinical practice, parameter Ktrans is a potentially useful biomarker for tumor hypoxia, RT resistance, and metastasis in cancers (66–69) as well as Ve (66, 69).

Although DSC and DCE have been relatively mature, there are still some limitations of parameter calculation in clinical practice. First, CBV and CBF are always changeable in any region of gliomas owing to circuitous vasculature and immature vascular structures, especially in high-grade gliomas (71, 72). Second, many factors may influence the leakiness of blood vessels, such as vascular permeability, BF, vascular lumen area, and even temperature (120–122). Therefore, Ktrans and Ve value can be influenced easily by the above factors and not only reflect vessel permeability. A study conducted by Law et al. probably provides us with some insights into which a combination between DSC and DCE can significantly improve diagnostic accuracy and sensitivity (62).



Blood Oxygenation Level-Dependent Functional MRI

BOLD-fMRI signals provide real-time cerebral oxygen distribution under normal physiological conditions, based on local magnetic field properties resulting from a mismatch between local oxygen consumption caused by neuronal activity and increased CBF reactivity (85). BOLD signal has four parameters: onset time, time to peak, full width at half maximum (FWHM), and amplitude (86). The increase of local CBF causes a reduction in the local amount of deoxygenated hemoglobin generated by metabolism in response to neuronal activity, presenting signal enhancement (T2 and T2*) in related brain regions (100). Among these regions, transparent contrast relies on repeatedly averaging subtle differences of signal enhancement. Brain activation mapping using BOLD-fMRI is based on the prerequisite that there is a tight coupling between neuronal activity and hemodynamic changes (101). Deoxyhemoglobin in the blood vessels is regarded as an endogenous CA during the production of functional activation maps. Oxyhemoglobin contains an unpaired electron and is therefore diamagnetic. Deoxyhemoglobin contains four unpaired electrons and is a paramagnetic substance. The different concentrations of oxyhemoglobin and deoxyhemoglobin will cause local magnetic field inhomogeneity, leading to the difference in the signal on the image and then production of imaging.

Current clinical application is mainly used for the positioning of the functional cortical center, including vision, movement, and hearing. BOLD-fMRI has become a valuable tool for presurgical functional brain mapping. In surgery, BOLD-fMRI can guide the safest surgical trajectory between functionally viable brain tissue and the lesion. In particular, in brain tumor patients, who are often neurologically impaired, we should take patient preparation and neurobehavioral evaluation into special consideration when performing fMRI. BOLD-fMRI for preoperative planning allows for accurate risk assessment of surgery-related brain damage, such as postoperative motion, visual and somatosensory deficits, and intraoperative cortical stimulation (ICS) mapping, reducing surgical time (97) and need for further preoperative diagnostic studies (123). Moreover, BOLD-fMRI demonstrates an excellent concordance with ICS for motor mapping (87–90) and language mapping (91–93). Wang et al. and Pantelis et al. have demonstrated that the combination of BOLD-fMRI and DTI could be beneficial of marking and sparing OARs in radiation treatment planning, resulting in less radiation toxicity (95, 96). In addition, a study showed that BOLD-fMRI is a non-invasive technique that could explore hypoxia information by analyzing the correlations of the *R value and HIF-1α (94).

Spatial resolution is one of the limitations of BOLD-fMRI, as flow increases in some of the larger arteries or veins feeding or draining large neuronal areas. The solution is to insert a “diffused” gradient pulse (corresponding to low b-values) into the MRI sequence; the largest vascular contribution in the BOLD signal (high D* values are associated with fast flow) can be squeezed to improve the spatial resolution of the activation map (98, 99). In addition, neurovascular uncoupling is another key limitation that could affect the accuracy of BOLD-fMRI surrounding brain tumors, but combining an observed vaso-task dependency with the BOLD signal analysis may partially overcome this shortcoming (101).



Diffusion Tensor Imaging–MRI

DTI-MRI is an MRI technique that can be used in vivo non-invasively to measure anisotropic diffusion of water molecules in various tissues, leading to producing neural tract images (74). Abnormalities in the fiber structure of the axonal (white matter) can be detected by DTI-MRI, which can model brain connectivity. Thus, it has been rapidly developed to implement RT of white matter disorders (77). At present, DTI-MRI had been extensively utilized for glioma researches. DTI parameters include ADC and fractional anisotropy (FA) values (74).

Price et al. showed that glioma cells are prone to invade tissue along the direction of white matter tracks (WMTs) (75). Another study by Krishnan et al. calculated routes of water diffusion from the primary tumor location to tumor progression location by using DTI-MRI in glioma patients. Meanwhile, this study also showed that the direction of elevated water diffusion may be a reliable indicator of routes of tumor progression (78), which is consistent with Price’s study. Thus, DTI MRI would help localize and identify the possible microscopic disease and will help to delineate CTV more accurately. Also, some previous studies have proved that it may aid in the optimal delineation of biological CTV by incorporating DTI-MRI into RT planning while reducing the dose exposure to nearby function regions (76, 78–81). A study by Conti et al. demonstrated that radiation dose exposure to OARs was decreased by up to 16.86% after the integration of functional neuroimaging as compared with their initial values (124). In addition, DTI-MRI can evaluate response to neoadjuvant chemotherapy in patients with breast cancer (82, 83).

In DTI, there are still some other technique defects, such as the distortion of the image because of an uneven magnetic field and poor display for smaller fiber bundles (84). However, DTI has been rapidly developed in nervous system diseases, with an extensive clinical prospect to optimize TV, predict prognosis, and better protect functional regions of the brain.




Therapeutic Index in Radiation Therapy

Conventional MRI already anatomically offers better soft tissue imaging in contrast to CT (125). However, it is not enough to provide high sensitivity and specificity delineation of TV due to a lack of functional indications. At the anatomic level, previous studies have demonstrated that functional imaging can provide a more accurate delineation of tumor TV base on better background contrast between tumor and normal tissue (12, 63, 64, 113, 117). Accurately defining the boundaries between tumor and normal tissue gives rise to the increased distance between tumor and OARs in function imaging-guided IMRT (Figure 1A). Moreover, the increased distance is beneficial for imaging-guided dose escalation in TV and decreased dose exposure in OARs (Figures 1B, C). In addition to the clear anatomical display, we note that there are several concepts and advanced radiation techniques related to fMRI-based RT that have great potential to improve TI, including tumor hypoxia, dose painting, adaptive RT (ART), local recurrence, and MR-guided linear accelerator (MR-LINAC). Among them, the integration of fMRI can provide TI benefits.


Tumor Hypoxia

Despite improvement in the accuracy of target delineation and radiation delivery due to advances in RT and imaging techniques, in-field recurrence remains the predominant local failure model (126), which may be explained by the fact that the PTV of the entire primary tumor and the involved lymph nodes is delivered with a homogenous radiation dose without considering the intratumoral heterogeneity. Heterogeneity is one of the inherent characteristics of tumors, which is mainly manifested in the heterogeneity of intracellular and molecular biological features (including glucose metabolism, cell proliferation, hypoxia, epithelial growth factor receptor (EGFR) expression, and choline metabolism, etc.) (127). Tumor hypoxia is fairly common in RT due to abnormal vessel structures. Hypoxia is highly associated with poor prognosis because oxygen-deprived cells are strongly resistant to chemoradiotherapy, which leads to failure. Therefore, identifying and quantifying tumor hypoxia are important and necessary for improving TI in RT treatment. Numerous studies have shown that fMRI is an attractive option to identify, quantify, and spatially map hypoxic areas prior to therapy, as well as to track hypoxia changes during radiation (51, 66–69, 94), resulting in guiding increased radiation doses to hypoxic RT-resistant areas.



Dose Painting

The concept of dose painting has been proposed to improve local control through increasing the dose to a segment of intra-tumor radiation-resistant while decreasing the dose to a radiosensitive segment based on fMRI (126). IMRT can deliver non-uniform dose distribution, but how to follow the region of interest (ROI) remains unknown. Therefore, biological/molecular information derived from fMRI may be a help to identify and track tumor hypoxia, proliferation, and other ROIs. The fMRI-based dose painting opens a new era called “biological conformality.” Previous studies showed that fMRI-guided imaging could help radiation dose boost in certain areas by means of dose painting in tumor target (128–131) while sparing OARs (128–132). According to the quantitative parameter maps from functional imaging (126, 133), the radiation dose can be spatially redistributed in the target area and OARs. The dose mapping seems to be more reasonable than surgery, a way of all-or-nothing therapy, as intratumoral heterogeneity is a natural feature. DCE-MRI can also be used for dose painting based on its ability to display microvasculature permeability and BF, which is associated with the tumor’s oxygenation (134–137). DWI can reflect areas with a higher tumor burden (138, 139) and with radiation resistance (14, 15). MRSI possesses the ability to monitor tumor metabolism (140, 141) and is also useful for dose painting.



Adaptive Radiation Therapy

In clinical practice, the target for RT is dynamic. It changes over a time frame, including position, size, shape, and biology. ART strategies systematically track variations in targets and adjacent structures to timely inform treatment-plan modification during RT. Monitoring variations is necessary because a single pre-treatment plan is inadequate to reflect the actual dose distribution on the tumor and its surroundings during RT (142). This technology allows for increasing doses delivered to tumors while simultaneously limiting dose exposure to the normal structures. MRI-guided ART provided both personalized geometric and biological adaption (143). Bladder cancer is well suitable for ART since the bladder has large inter-fractional changes and intra-fractional motion (144, 145). MRI-guided adaptive brachytherapy in cervical cancer (146, 147) and primary vaginal cancer (148) results in effective and stable long-term local control at all stages of cervical cancer, while decreasing severe radiation-induced morbidity. Similarly, promising results are also observed in liver tumors (149), prostate cancer (150), and unresectable primary malignancies of the abdomen. It seems like MRI-guided ART is more suitable for highly radiosensitive tumors with large motion changes and volume changes over the course of RT.



Local Recurrence

Despite advances in RT and imaging techniques, in-field recurrence remains a common failure model. Recurrent lesions are a treatment challenge because of RT resistance and radiation dose limitation to surrounding normal tissues. The ability of fMRI to differentiate tumor recurrence to post-radiation treatment effects, including pseudoprogression and radiation necrosis, provides assistance in reirradiation settings in patients treated after primary chemoradiotherapy (23, 24). ADC values for radiation necrosis were found to be higher than for recurrence in some studies; however, the reported values are inconsistent and may be explained by technical factors (151). A study by Xu et al. (152) using DTI showed that the mean ADC ratios for radiation necrosis in recurrent tumors were 1.62 and 1.34. An alternative to DTI is that it favors tumor recurrence over radiation necrosis when diffusion restriction is present on the ADC image, which does not show diffusion restriction. DCE-MRI perfusion measures CBV and CBF, which can be accurately measured in the presence of a blood–brain barrier breakdown (151). A study by Larsen et al. (153) measured CBV in patients with MRI contrast-enhanced. They found that lesion regression shows low CBV (less than 1.7 ml/100 g), while lesion progression shows high CBV (>2.2 ml/100 g). Therefore, Larsen et al. concluded that an absolute CBV threshold of 2.0 ml/100 g can detect lesion degeneration or progression, with a reported sensitivity and specificity of 100%. Several studies have shown that patients with tumor recurrence have higher Cho/Cr and Cho/NAA values than patients with radiation necrosis (151, 154). In addition, fMRI can predict tumor aggressiveness and early treatment response, with the assistance of deciding early therapy intervention and improving the prognosis (17, 23, 24).



MR-Guided Linear Accelerator

In recent years, with the advancement of MR-guided RT, accurate radiation is facing new challenges and prospects. MR-LINAC is a new technology and the first machine in the world to combine radiation equipment (such as a linear accelerator or 60Co sources) and high-resolution MRI (155). The key benefits of MR-LINAC are that it can record MR images for every fraction and use these for daily plan adaptation. During the radiation treatment of the tumor, the radiation beams are accurately located in and destroy tumors, while avoid radiating and harming the nearby healthy tissues. Currently, MR-LINAC has been applied in various tumors, including pancreatic cancer, prostate cancer, and liver cancer (156–159). To date, MR-LINAC seems to be the most efficient method to optimize the TI of RT in cancer treatment. Combining MRI with the most accurate RT techniques, such as proton therapy, will be our ultimate goal (160). However, prolonged treatment times, patient tolerance, and high cost are the major obstacles. At present, related studies on MR-LINAC are still at an early stage with sparse clinical evidence, despite interesting potential.




Challenges and Prospects

Although the use of quantitative imaging was studied since the early 1990s in RT (125), there are still significant barriers to its widespread use in clinical practice. Excitingly, with the development of fMRI techniques, some prospects are inspiring.


Challenges of Functional MRI for Radiation Therapy

From the object technology perspective, inconsistent imaging is commonly produced by different vendors, machines, and imaging protocols. However, quantitative imaging in RT is not a simple substitute for quantitative imaging in radiology. For example, in an RT scan, the patient’s position needs to be as similar as possible to the treatment setting. However, it is not easy to accomplish this in many institutions because of various policies and management. In addition, robust calibration for biomarkers is still a big challenge, as the current quantitative imaging technique needs one or multiple measurable parameters to produce a voxel, leading to in worse signal-to-noise ratio (SNR) and greater voxels than traditional imaging (107). Last but not least, when applying different imaging techniques together, it is difficult for clinicians to interpret multiparametric functional images with transparently conflicting information; for example, the overlap is largely restricted in the area identified by DWI and DCE-MRI simultaneously.

On the artificial perspective, currently, delineation of most tumors and OARs are still through manual procedures, in which the TV is determined by a radiation oncologist and a radiologist together on the basis of clinical information and images. Therefore, differences in which different spectators have various definitions in anatomic features of OAR boundary may cause inconsistency in the OAR definition. Moreover, errors caused by mistakenly missing or adding parts can give rise to inaccurate delineation in OARs. Finally, a small part of oncologists, particularly those in rural areas, do not receive sufficient training and clear instructions which leads to discrepancies in the anatomic definition of OARs.

From the economic perspective, compared with conventional MRI, fMRI is more expensive. This is because the application of fMRI requires higher machine costs. Some studies speculate that models combined with multiparametric MRI (mpMRI) have advantages of cost-effectiveness, but their findings are based on several a priori assumptions for every model (161–165). Therefore, any change in the selected criteria might result in a major change in the cost and, consequently, in the conclusions. Notably, to date, the evidence for the use of mpMRI to consider further biopsy is at best based on minimal clinical data (166, 167). Furthermore, such a policy is still under observation, as almost all publications are related only to systematic biopsy. There are several limitations associated with the widespread utilization of mpMRI in clinical practice. First, low-quality mpMRI is still a major issue. Surprisingly, the initial cost of repeat low-quality mpMRI is very common but not mentioned. Most importantly, there are no standardized principles to evaluate mpMRI progression in patients on AS. For example, how should we assess the lesion status in Prostate Imaging-Reporting? Is it an increase in tumor size, if so, how about the threshold? Finally, above all, evidence is mainly from small studies and extrapolation of various strategies such as enlarging the merit of initial mpMRI for biopsy.



Prospects of Functional MRI for Radiation Therapy

According to the above challenges, there are some relative solutions. To acquire consistent and continuous images, we suggest that it would be better if patients are willing to receive a complete examination under same conditions. To analyze the conflicting information, some researchers suggest defining the area identified by two imaging approaches as gross tumor volume (GTV); the areas indicated by only one of the imaging techniques can be defined as CTV with high risk. To reduce inter-observer variability of OAR delineation, an automatically delineated system might be recommended in the future. Also, standardized training should be publicized widely.

Concerning cost-effectiveness improvement, the growing body of evidence demonstrates that fMRI may bring cost-effectiveness in prostate cancer. In contrast to transrectal ultrasound-guided biopsy (TRUS) alone, the use of mpMRI to select patients for repeat biopsy holds fewer biopsies and lower cost, despite that a few cancers are being missed, but further research is needed to determine whether missed cancers represent clinically significant tumors (168). Another study showed that an mpMRI-first strategy and then TRUS are cost-effective to diagnose clinically significant prostate cancer (169). In patients with low-risk cancer, overtreatment will lead to adverse effects and unnecessary costs (170). Active surveillance (AS) program, which contains digital rectal examination (DRE), prostate-specific antigen (PSA), and standard repeated 12-core TRUS, is currently recommended for avoiding overtreatment (170). However, the standard AS has some limitations, including missing high-risk tumors and performing unnecessary biopsies. The strategy of using mpMRI combined with limited MR-guided TRUS can improve quality of life and greatly reduce cost in low-risk prostate cancer patients during follow-up (170). Adequate data are further needed from large randomized prospective cohorts in the future.

In terms of some new insights or techniques, based on the above, the application of fMRI to guide dose painting and ART to detect tumor hypoxia area and postoperative local recurrence, in combination with MR-LINAC, has led to some promising findings. Despite the lack of a uniform measurement standard, we expect to further explore the function of fMRI in improving TI through large-scale randomized clinical studies.




Conclusion

Incorporating functional imaging techniques into RT planning has big potential to improve TI in RT via different mechanisms. Functional imaging possesses potential advantages, as follows. First, quantitative imaging may provide superior contour and visibility between tumors and normal tissues, with the benefit of dose escalation in TV and dose reduction in OARs, with the promising potential for guiding de-escalation in oropharyngeal carcinoma patients (171, 172). Second, quantitative imaging may be a potent toxicity prediction tool during RT. These can give us a clinical indication for precaution. Third, the combination of different functional imaging techniques may make up for shortcomings that exist in single imaging. We believe that it is worthwhile to overcome the above challenges and explore larger, multicenter, randomized clinical studies on quantitative imaging in RT.
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Characteristic Primary cohort Validation cohort

Non-metastasis Metastasis P Non-metastasis Metastasis P
(n=238) (n=24) (=17 (n=11)
Age (mean  SD), years 50.68 + 10.84 58.46 + 12.92 0689 6001 £ 12.24 61.64 % 12.56 0744
Sex, no. (%) 0.063 0.441
Male 27 (71.08) 11 (45.83) 11 (64.71) 5(45.45)
Female 11 (28.95) 13 (64.17) 6(35.29) 6(54.55)
CA 199 level, no. (%) 0.008" 0.023"
Normal 31(83.78) 11 (50.00) 14(23.39) 5(50.00)
Abnormal 6(16.22) 11 (50.00) 1(6.67) 5(50.00)
Tumor stage, no. (%) <0.001* <0.001*
0 4(1053) 0(0.00) 0(0.00) 0(0.00)
| 18 (47.37) 0(0.00) 7(41.18) 0(0.00)
[ 16 (42.11) 0(0.00) 10 (58.82) 0(0.00)
1 0(0.00) 20(83.33) 0(0.00) 6(54.55)
% 0(0.00) 4(16.67) 0(0.00) 5(45.45)
Tumor sites, no. (%) 0077 0254
Rectum 30 (78.95) 12 (50.00) 18 (76.47) 6(54.54)
Right colon 4(1053) 4(16.67) 1(5.88) 4(36.36)
Left colon 3(7.89) 4(16.67) 1(5.88) 0(0.00)
Radiomics score (mean + SD) 371372 337 £517 <0.001* -0.81+£435 415+£6.18 0.02*
Sigmoid colon 1(263) 4(16.67) 1(5.88) 0(0.00)
Transverse colon 0(0.00) 0(0.00) 1(6.88) 1(.10)

T test or x? test was used to compare characteristics differences between non-metastasis and metastasis groups in primary and validation cohorts. *P < 0.05. The upper reference
limit value for GA 19-9 level was 27 ng/mL. i clinic. Abnormal: CA 19-9 level >27 ng/mL_; normal: GA 19- level <27 ng/mL.
SD, standard deviation; CA-19-9, carbohydrate antigen 19-9.
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Gender Misdiagnosis

M
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Hematogenous spread of
gastrointestinal tumor

Peritoneal carcinomatosis

Intrahepatic cholangiocarcinoma

Salivary gland neoplasm

Tuberculous pleural effusion
Tuberculosis

Renal cell carcinoma
Metastasis of breast carcinoma

Tuberculosis

Tuberculosis

Tuberoular meningitis

Squamous cell carcinoma
Tuberculosis

Nasopharyngeal carcinoma

Tuberculous pericardial effusion
Submucosal tumor

Mediastinal malignant neoplasia
Tuberculosis

Pancreatic carcinoma

Gastric cancer

Spinal tuberculosis

Testicular cancer
Pancreatic carcinoma

Nasopharyngeal carcinoma
Neck recurrence in differentiated
thyroid carcinoma

Metastatic lung cancer

Tuberculous spondyitis

Branch-ducttype IPMT (BDT-IPMT),
with liver metastasis

Muttifocal carcinoma
Gallbladder cancer

Cerebral tuberculosis

Endodermal sinus tumor

Metastasis of papillary thyroid
carcinoma

Metastatic ovarian cancer
Gastric cancer
Pancreatic carcinoma

Breast carcinoma

Modified diagnosis

Atypical systemic
hematogenous
disseminated tuberculosis

Miliary tuberculosis

Miliary tuberculosis

Salivary gland tuberculosis

Pleural mesothelial sarcoma
Maxilary myxoma

Renal tuberculosis
Tuberculosis

Invasive mucinous
adenocarcinoma

Chronic myeloid leukemia

Primary central nervous
system lymphoma

Primary oral tuberculosis

Diffuse large B cell
lymphoma

Tuberculosis

Pericardial angiosarcoma
Esophageal tuberculosis
Tuberculosis

Intravascular large B cel
lymphoma
Pancreatic tuberculosis

Gastric tuberculosis

Spinal metastatic
adenocarcinoma

Testicular tuberculosis
Pancreatic tuberculosis

Nasopharyngeal
tuberculosis

Tuberculosis
Tuberculosis

Primary non-Hodgkin
lymphoma
Pancreatic tuberculosis

Glottic tuberculosis
Gallbladder tuberculosis

Metastatic papillary
adenocarcinoma
Peritoneal tuberculosis

Inactive pulmonary
tuberculosis

Pulmonary tuberculosis
Gastroduodenal
tuberculosis

Pancreatic tuberculosis

Tuberculosis

Clinical characters for leading misdiagnosis

CA19-9t1; CT findings of the two lungs showed multiple
round or round-like nodules of different sizes, with clear
bounderies and partial fusion

PET-CT resuling, thick, FDG-avid ring surrounding the
liver

T showed a large hypoattenuating mass and multiple
prominent retroperitoneal, pericaval, and periportal
lymph nodes; MRI showed a large liver lesion in the
setting of cirthosis; PET/CT demonstrated the right
hepatic lobe mass to be FDG-avid

Fine-needle aspiration cytology (FNAC) showed few
atypical cells and the possivilty of salivary gland
neoplasm could not be ruled out

Elevated adenosine dehydrogenase (ADH) and positive
tuberculin test

Elevated ADA and normal tumor markers in pericardial
effusion

History of pulmonary tuberculosis

History of breast cancer; PET/CT also showed intense
uptake

Young patients

Brain imaging and cerebrospinal fluid analysis suspected
to have tubercular meningitis

MR images disclosed the swollen cerebellum and cauda
equina, with contrast enhancement in both meninges
and nerve roots and extremely high protein level in CSF
Oral ulcer with chronic non-healing history

Chest X-ray showed an anterior medastinal mass and
computed tomography (CT)-guided biopsy was reported
s chronic granulomatous inflammation suggestive of
tuberculosis

Fibrolaryngoscope examination suggested
nasopharyngeal carcinoma

Large fibrinous pericardial effusions

Endoscopy suggested submucosal tumor

Alarge mediastinal mass dislocating and compressing
the respiratory structures

T showed left upper lobe pneumonia and tuberculosis
skin test (PPD test) was positive

Computed tomography revealed a pancreatic mass that
mimicked a pancreatic head carcinoma

‘The detection of negative acid-fast bacili in the
histopathology specimen

CT/MRI of the lumbar spine supported the inital
diagnosis of spinal tuberculosis

Ultrasonography suggested testicutar cancer

CT revealed a heterogeneously enhancing, multicystic
structure in the pancreatic head

A potentially false-positive PET/CT finding

PET/CT found intense FDG uptake in the nodal
conglomerate

Had no history of previous TB or TB exposure; negative
result supported tuberculosis

Primary non-Hodgkin lymphoma (PHL) of the spine is
very rare

Isolated pancreatic tuberculosis is a rare disease;
CA19-94; The imaging features were suggestive of
branch-ducttype IPMT (BDT-IPMT), with liver metastasis
Glotic tuberculosis is very rare

Gallbladder tuberculosis s very rare; false-positive
PET/CT finding

CT find a “target” lesion with a central core of
calcification and a ring of enhancement.

Laboratory studies showed elevated CA125 and alpha
fetoprotein levels suggesting an initial diagnosis of
‘endodermal sinus tumor

History of thyroid cancer; positive resut of radioiodine
whole-body scintigraphy

Rapidly growing ovarian mass, elevated serum CA-125,
and multiple pulmonary varying-sized nodular lesions
Gastroduodenal tuberculosis is a rare; endoscopy
suggested gastric cancer

Frozen sections by direct trucut neede biopsy raised
suspicions of a malignancy

Breast lump presenting clinically and radiclogically as a
carcinoma
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Item

Sensitiity (95% C)
Specificity (95% Cl)
PPV (95% C))
NPV (25% C)
AUC (95% i)

Radiomics model

Primary cohort

0.921 (0.786-0.983)
0.875 (0.676-0.973)
0921 (0.785-0.983)
0.875 (0.676-0.973)
0.945 (0.892-0.998)

Validation cohort

0846 (0.546-0.981)
0.600 (0.323-0.837)
0647 (0.383-0.858)
0.818 (0.482-0.977)
0.754 (0.570-0.938)

PPV, positive predictive value; NPV, negative predictive value; AUC, area under the curve.

Multiscale radiogenomics model

Primary cohort

0944 (0.813-0.993)
0.947 (0.740-0.999)
0971 (0.851-0.999)
0.900 (0.683-0.988)
0.981 (0.953-1.000)

Validation cohort

0833 (0.516-0.979)
0.538 (0.277-0.848)
0667 (0.384-0.882)
0.778 (0.400-0.972)
0.822 (0.635-1.000)
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pathol, the final pathological result after surgery; MRI, MRI result before surgery; speech, audiometry before surgery; oculom, including saccade test, smooth pursuit test, optokinetic test,
gaze test, and spontaneous nystagmus; calori, caloric test before surgery; vestib, vestibular function impairment before surgery.
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Age (year) Course (year)
Lowest value 17 0.1
Highest value 74 20
Arithmetic mean 47.95 3.08
95% Cl for the mean 44.9774 to 50.9304 2.1488 to 4.0078
Median 48.56 1
Shapiro-Wilk test for normal distribution W=0.98 W=0.67

Accept normality (P=0.3007)

Reject normality (P<0.0001)
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Cancer-proven PI-RADS 4 (n = 130)

RA group (n = 52) RB group (n = 78)
T>S (%) 57.7 (30/52) 29.5 (23/78)
T=8 (%) 19.2 (10/52) 44.9 (35/78)
T<S (%) 23.1 (12/52) 25.6 (20/78)

Cancer-proven PI-RADS 5 (n = 72) P values
RA group (n = 28) RB group (n = 44)
50.0 (14/28) 18.2 (8/44) 0.0079
39.3 (11/28) 63.6 (28/44) 0.0545
10.7 (3/28) 18.2 (8/44) 0.5108

PI-RADS, Prostate Imaging and Reporting and Data System; RA, Radiologist A; RB, Radliologist B; T> S, T =S, and T < S indicates that the Gleason scores of the target biopsy were

superior, equal, and inferior, respectively, to those of the systematic biopsy.
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PI-RADS 4 (n = 211) P values PI-RADS 5 (n = 83) P values

RA group (n = 84) RB group (n = 127) RA group (n = 31) RB group (n = 52)
Age (years) 67.0 (43.0-80.0) 65.0 (42.0-83.0) 0.0763 67.0 (565.0-98.0) 68.5 (49.0-84.0) 0.56947
PSA (ng/ml) 4.58 (2.50-16.44) 5.81 (2.50-46.70) 0.0001 8.69 (3.34-747.30) 9.22 (2.50-84.6) 0.8323
Tumor size (mm) 9.5 (4.0-14.5) 10.0 (3.7-13.8) 0.8402 19.0 (16.7-58.0) 21.0(156.0-42.0) 0.4154
PZ to TZ ratio 69:15 105:22 >0.9999 17:14 26:26 0.8207

PI-RADS, Prostate Imaging and Reporting and Data System; RA, Radiologist A; RB, Radiologist B; PSA, Prostate-specific antigen; PZ, Peripheral Zone; TZ, Transition Zone; All data except
lesion location are shown as the median (range).
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Between December 2018 and February 2020, 557 men
underwent post-MRI prostate biopsy due to high PSA
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Parameter ASLimaging  Coronal Axial T2WI  Axial

W W
Repeition time 53238 1000 1650 150
(ms)

Echo ime (ms) 18 63 2 142
Fip angle / 150 m 75
(dogrees)

Secton thickness. 7 3 5 s
)

Matrix 819 320256 320x256 256 x 205
Fedof vow (mm)  320x320  452x 452 378x276 438 x 285
Acquisiton time. 2mn 135 275 imn7s Vs
Postiabel delay 500 (PLD1), 1,000 / / /
(ms) (PLD).

2,000 (PLD3)
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Ciinicopathologic variables

Age
Tumor Sze

Sex.

Tumor Location

Diferentiation

Cancer Type

Lymp node management

Preura mmersion

Operation

Value

Range (18-86)
Range (03-5)
Unknown

Female

Male

Lot Upper

Lot Lower

Rght Upper

Right Midcto

Rght Lower

Lower

Midce or High
Unknown
Adenocarcinoma,
Squamous carcinoma
Dissecton

Biopsy or No Management
Unknown

Yes

o

Unknown
Lobectomy

Sub Lobectomy

Num of patients

1,197
78
359
670
67
287
186
67
&7
210
501
512
o
813
294
1,015
o
2
656
87
304
53
1,084
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Modality Principle Related parameters Clinical utility in radiation therapy

Treatment preparation Treatment planning  Treatment follow-up Defects
DWI Brownian motion of water  DWI: ADG (6) DW: tumor detection (7); staging (810, Delineation (8, 1113, Treatment response (16~ Poor geometric distortions;
molecule in biologic tissues IVIM-DWI: ADC, pure diffusion coefficient (D), hypoxia (14, 15) boost volumes (14, 15)  18); recurrent disease uncertainty of DWI-derived
) pseudodifusion coefficient (D*), perfusion IVIM-DWI: tumor detection (26, 30-33); (19-24) parameters (25)
fraction () (26-29). benign and malignant identification (33-35);
grading (28, 34, 36)
MRSI Biochemical and metabolic  Cho, NAA, Lag, Cr (39-41) Tumor identification (37, 42); diagnosis (41, Delineation (49-51); Treatment response (37, Poor geometric distortions;
status of tissues (37, 38) 43-46); classification (39, 45, 47, 48); boost volumes (49, 51~ 41, 54); recurrent uncertainty of difusion
treatment planning (49, 50) 59) disease (37, 55, 56) parameters (57)
Perfusion  Tumor blood flow; DCE: v e, K trans (58-60) “Tumor detection (61-64); treatment Tumor hypoxia (66-69); ~ Treatment response (17, Unstable CB V and CBF
MRI (DCE,  Vasoular permeabilty and ~ DSC: BV and BF planning (17, 65); hypoxia (67, 68) delineation (63, 64); 59, 61, 62, 65); recurrent (71, 72)
DSC) vascularity (60-62) 73 dose painting (63) disease (70)
DTI-MRI anisotropic diffusion of ADC Tumor detection (75, 76) Delineation (75-81); Treatment response (82, Image distortion (84)
water molecular in tissues  FA (74) dose painting (75, 77, 83); recurrent disease
(74) 79 (80, 81)
BOLD Cerebral oxygen utiization  onset-time, time-to-peak, full-width-at- positioning of the functional cortical center, Trajectory delineation in ~ Reduced surgical time  Poor spatial resolution (98,
MRI (85) halfmaximum (FWHM) and amplitude (86) including vision, movement, hearing, etc surgery; ©7) 99); NVU (100, 101)
(87-93); hypoxia (94) delineation (95, 96)

MR, functional magnetic resonance imaging; DWI, difusion-weighted imaging; ADC, apparent difusion coefficient; IVIM, intravoxel incoherent motion; MRSI, MR-Spectroscopic Imaging; Cho, choline; NAA, N-acetyl aspartate; Cr, creatine;
DCE, dynamic contrast-enhanced; DSC, dynamic susceptibility contrast; BV, blood volume; BF, blood flow; CBV, cerebral blood volume; CBF, cerebral biood flow; DTI, difusion tensor imaging; FA, fractional anisotropy; BOLD, blood

oxygenation level dependent; NVU, neurovascular uncouping.
ianal means false difusion coefficiant compared with true dilfusion coefiiciant (D), mostly called peeudodifusion coefficient (D).
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No.

20
21

22
23
24

Shape-
based 3D
features
(n=17)

Mesh Volume
Voxel Volume
Surface Area

Surface Area
to Volume
ratio

Sphericity

Compactness
1

Compactness
2

Spherical
Disproportion
Maximum 3D
diameter
Maximum 2D
diameter
(Slice)
Maximum 2D
diameter
(Column)
Maximum 2D
diameter
(Row)

Major Axis
Length

Minor Axis
Length

Least Axis
Length

Elongation

Flatness

Shape-
based 2D
features

(n=10)

Mesh
Surface
Pixel Surface

Perimeter

Perimeter to
Surface ratio

Sphericity

Spherical
Disproportion

Maximum 2D
diameter
Major Axis
Length

Minor Axis
Length
Elongation

Histogram
features
(n=19)

Energy
Total Energy
Entropy

Minimum

10th percentile
90th
percentile
Maximum
Mean

Median

Interquartile
Range

Range

Mean Absolute

Deviation
(MAD)
Robust Mean
Absolute
Deviation
(rMAD)

Root Mean
Squared
(RMS)

Standard

Deviation

Skewness

Kurtosis

Variance

Uniformity

Textural features (n=75)

Gray Level Co-
occurrence Matrix
(GLCM) Features
(n=24)

Autocorrelation
Joint Average
Cluster Prominence

Cluster Shade

Cluster Tendency

Contrast

Correlation
Difference Average
Difference Entropy

Difference Variance

Joint Energy

Joint Entropy

Informational
Measure of
Correlation (IMC) 1

Informational
Measure of
Correlation (IMC) 2

Inverse Difference
Moment (IDM)

Maximal Correlation
Coefficient (MCC)

Inverse Difference
Moment Normalized
(IDMN)

Inverse Difference
(ID)

Inverse Difference
Normalized (IDN)
Inverse Variance
Maximum
Probability

Sum Average
Sum Entropy
Sum of Squares

Gray Level Run
Length Matrix
(GLRLM) Features
(n=16)

Short Run
Emphasis (SRE)
Long Run
Emphasis (LRE)
Gray Level Non-
Uniformity (GLN)
Gray Level Non-
Uniformity
Normalized (GLNN)

Run Length Non-
Uniformity (RLN)

Run Length Non-
Uniformity
Normalized (RLNN)
Run Percentage
(RP)

Gray Level
Variance (GLV)
Run Variance (RV)

Run Entropy (RE)

Low Gray Level
Run Emphasis
(LGLRE)

High Gray Level
Run Emphasis
(HGLRE)

Short Run Low
Gray Level
Emphasis
(SRLGLE)
Short Run High
Gray Level
Emphasis
(SRHGLE)
Long Run Low
Gray Level
Emphasis
(LRLGLE)

Long Run High
Gray Level
Emphasis
(LRHGLE)

Gray Level Size
Zone Matrix
(GLSZM) Features
(n=16)

Small Area
Emphasis (SAE)
Large Area
Emphasis (LAE)
Gray Level Non-
Uniformity (GLN)
Gray Level Non-
Uniformity
Normalized
(GLNN)
Size-Zone Non-
Uniformity (SZN)

Size-Zone Non-
Uniformity
Normalized (SZNN)
Zone Percentage
P

Gray Level
Variance (GLV)
Zone Variance (Z2V)

Zone Entropy (ZE)

Low Gray Level
Zone Emphasis
(LGLZE)

High Gray Level
Zone Emphasis
(HGLZE)

Small Area Low
Gray Level
Emphasis
(SALGLE)

Small Area High
Gray Level
Emphasis
(SAHGLE)
Large Area Low
Gray Level
Emphasis
(LALGLE)

Large Area High
Gray Level
Emphasis
(LAHGLE)

Neighbouring Gray Tone
Difference Matrix
(NGTDM) Features (n=5)

coarseness
contrast
busyness

complexity

strength

Gray Level
Dependence Matrix
(GLDM) Features
(n=14)

Small Dependence
Emphasis (SDE)
Large Dependence
Emphasis (LDE)
Gray Level Non-
Uniformity (GLN)
Dependence Non-
Uniformity (DN)

Dependence Non-
Uniformity
Normalized (DNN)
Gray Level Variance
(ERY)

Dependence
Variance (DV)
Dependence Entropy
(OE)

Low Gray Level
Emphasis (LGLE)
High Gray Level
Emphasis (HGLE)

Small Dependence
Low Gray Level
Emphasis (SDLGLE)
Small Dependence
High Gray Level
Emphasis (SDHGLE)
Large Dependence
Low Gray Level
Emphasis (LDLGLE)

Large Dependence
High Gray Level
Emphasis (LDHGLE)
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No.

R =

32

33

34

35

36

37

38

39

40
41

42

43

44
45

46
47

Authors

Ba-Ssalamah et al. (9)
Sung Hyun Yoon et al. (10)
Zelan Ma et al. (11)

Song Liu et al. (12)

Francesco Giganti et al. (1)

Shunii Liu et al. (14)
Yujuan Zhang et . (15)

Song Liu et al. (16)
Song Liu et al. (17)

Francesco Giganti et al. (18)

Zhenhui Li et al. (19)
Yuming Jiang et al. (20)

Remy Klaassen et al. (21)
Zhen Hou et al. (22)
Yuming Jiang et al. (23)
Yuan Gao et al. (24)
Qiong Li et al. (25)
Wajie Chen et al. (26)
Yumin Jiang et al. (27)
Qiu-Xia Feng et al. (28)
Yue Wang et al. (29)
Wuchao Li et al. (30)
Xujie Gao et al. (31)

Di Dong et al. (32)

Xujie Gao et al. (33)
Xiaofeng Chen et al. (34)
Na Wang et al. (35)
Xujie Gao et al. (36)

Jing L et al. (37)

Yue Wang et al. (38)
‘Yue Wang et al. (39)

Shunii Liu et al. (40)

Aytul Hande Yardimei
etal. (41)

Jing Yang et al. (42)
Kai-YuSun et al. (43)
Xiaofeng Chen et l. (34)
Wenjuan Zhang et al. (44)
Yuming Jiang et al. (45)
Liwen Zhang et al. (46)

Xiao-Xiao Wang et al. (47)
Bao Feng et al. (48)

Yi-Wen Sun et al. (49)
Rui Wang et al. (50)

Rui-Jia Sun et al. (51)
Xiang Wang et al. (23)

Yuming Jiang et al. (62)
Siwen Wang et al. (53)

Year

2013
2016
2017
2017
2017
2017
2017
2017
2017
2017
2018
2018
2018
2018
2018
2019
2019
2019
2019
2019
2019
2019
2020
2020
2020
2020
2020
2020
2020

2020
2020

2020

2020

2020

2020

2020

2020

2020

2020

2020
2021

2021

2021

2021
2021

2021
2021

Study objectives

Gastric tumors differentiation prediction
HER2-positive and survival prediction
Gastric cancer and lymphoma diferentiation

Tand N staging prediction

Therapy response prediction

Differentiation degree and Lauren classification

prediction
Histological differentiation prediction

Nodal status prediction
Aggressiveness assessment
Association investigation between
preoperative texture and OS

Neoadjuvant chemotherapy response

prediction

Chemotherapy response and survival

prediction
Treatment response prediction
Treatment response prediction

Survival and chemotherapy benefit prediction

Metastatic lymph nodes prediction

Adverse histopathological status prediction

Metastatic lymph nodes prediction
PN stage Prediction

Metastatic lymph nodes prediction
Tumor invasion prediction

0 prediction

Metastatic lymph nodes prediction

Prediction of the number of ymph nodes

metastasis

Tumor-infitrating Treg cells and outcome

prediction

Lymphovascular invasion and clinical outcome

prediction

HER2 over-expression status prediction

Metastatic lymph nodes prediction

Lymph node metastasis risk prediction

Lymph node metastasis prediction

Intestinal-type gastric adenocarcinomas

distinction

Occult peritoneal metastasis prediction

Tand N stages and tumor grade prediction

Lymph node metastasis prediction

Neoacjuvant chemotherapy response and

survival prediction

Lymphovascular invasion and outcome

prediction
Early recurrence prediction

Tumor immune microenvironment and

ooutcome prediction
08 prediction

Lauren classification prediction

Primary gastric lymphoma and Borrmann type

IV gastric cancer diferentiation

Gastric cancer and gastric lymphoma

differentiation

Gastric neuroendocrine carcinomas and
gastric adenocarcinomas differentiation

Serosa invasion evaluation
Prognosis prediction

Oceult peritoneal metastasis prediction

Disease-free survival prediction

Study design

Retrospective, Single-center
Retrospective, Single-center
Retrospective, Single-center
Prospective,

Single-center
Retrospective, Single-center

Retrospective, Single-center
Retrospective, Single-center
Prospective, Single-center
Retrospective, Single-center
Retrospective, Single-center
Retrospective, Single-center
Retrospective, Multi-center
Retrospective, Single-center
retrospective, Single-center
Retrospective, Single-center
Retrospective, Single-center
Retrospective, Single-center
Retrospective, Single-center
Retrospective, Multi-center
Retrospective, Single-center
Retrospective, Single-center
Retrospective, Single-center
Retrospective, Single-center
Retrospective, Multi-center
Retrospective, Single-center
Retrospective, Single-Center
Retrospective, Single-Center
Retrospective, Single-center
Retrospective, Single-Center

Retrospective, Single-Center
Retrospective, Single-Center

Retrospective, Single-center
Retrospective, Single-center
Retrospective, Single-center
Retrospective, Single-center
Retrospective, Single-center
Retrospective, Multi-center
Retrospective,Muli-center
Retrospective, Multi-center

Retrospective, Single-center
Retrospective, Multi-center

Retrospective, Single-center
Retrospective, Single-center

Retrospective, Single-center
Retrospective, Single-center

Retrospective, Multi-center
Retrospective, Mutti-center

No. of

patients Modality Deep learning

48
2
70
80
34
107
78
87
64
56
47

1591
19
43

214

602

554
146

1689

490

244
181

463

679
165
160

460

768

204

247
187

233

14

170

106

160

669

1778

518

539
189

9

63

572
243

1225
353

Imaging

cr
cr
cT
MRI
cT
cT
MRI
MRI
MRI
CcT
cT
cT

MRI
PET/CT

MRI
CcT
CcT
CcT
CcT

CcT

CcT

299

CcT

CcT

CcT

CcT

cT

CT

cT

CcT

CcT
cT

PET/CT

cT

cT
cT

CcT
cT

Radiomics/

Radiomics
Radiomics
Radiomics
Radiomics

Radiomics
Radiomics
Radiomics

Radiomics
Radiomics
Radiomics

Radiomics
Radiomics

Radiomics
Radiomics
Radiomics
Deep Learning
Radiomics
Radiomics
Radiomics
Radiomics
Radiomics
Radiomics
Radiomics
Radiomics,
Deep learning
Radiomics

Radiomics

Radiomics
Radiomics
Radiomics,
Deep Learning
Radiomics
Radiomics

Radiomics
Radiomics
Radiormics
Radiornics
Radiormics
Radiomics,
Deep Learning
Radiomics
Radiomics,
Deep Leaming
Radiormics
Radiomics,
Deep Learing
Radiomics

Radiomics

Deep Leaming
Radiomics

Deep Learning
Radiomics

Statistical analysis (feature
selection and modelling)

LDA+KNN
NA
LASSO
icc

RF.LOOCYV, Univariate analysis,
Multvariate analysis
(e

AOV, Spearman correlation
analysis

Spearman correlation test, ICC
Spearman correlation test

RSF Cox

RF, NB, KNN, NNET, SVM, LDA,
LASSO
LASSO-Cox

RF, Pearson correlation
ICC, ACC, KNN, ANN
LASSO-Cox

FR-CNN

LASSO

LASSO, LVQ

LASSO

SwW

ICC, RF

ICC, LASSO-Cox
ICC, LASSO

SVM, ANN, RF, DLRN

ICC, LASSO
ICC, SPM, LASSO

1CC, Logistic
1CC, LASSO
1CC, ANN, KN, RF, S\

ICC, RF
ICC, RF

ICC, ACC, mulivariate logistic
regression
ICC, LDA

Pearson correlation analysis ,
SFFS, logistic
SVM, PCA, Cox

ICC.SPMLASSO
ICC, CV, DCNN
Logistic

Cox

LASSO, logistic regression
U-net based DL model, ICC,
LASSO logistic regression
NA

LASSO

ICC, LASSO,DCNNs
muttivariate COX regression
analysis, LASSO

PMetNet

LASSO, multivariate Cox
regression

Segmentation

Manual
Manual
Manual
Manual
Manual
Manual
Manual
Manual
Manual
Manual
Manual
Manual
Manual
Manual
Manual
Manual
‘Semiautomatic
Manual
Manual
Manual
Semiautomatic
Manual
Manual
Manual
Manual
Manual
Manual
Manual
Manual

‘Semiautomatic
Semiautomatic

Manual
Manual
Manual
Manual
Manual
Manual
Manual
Manual

Manual
Automated

Manual
Manual

Manual
Manual

Manual
Manual

LDA, Linear Discriminant Analysis; knn, k-Nearest Neighbors; NA, Not Available; LASSO, Least Absolute Shrinkage and Selection Operator; ICC, Intra-class Correlation Coefficient; RF, Random Forest; LOOCV, Leave One Out Cross
Validation; AOV, Analysis Of Variance; NB, Naive Bayes; NNET, Neural Networks; SVM, Support Vector Machine; ACC, Absolute Correlation Coefficient; ANN, Artificial Neural Networks; FR-CNN, Faster Region-based Convolutional Neural
Networks; LVQ, Learning Vector Quantization; DLRN, Deep Learning Radiomic Nomogram; SPM, Spearman correlation analysis; SFFS, Sequential Forward Floating Selection; PCA, Principal Component Analysis; RSF, Random Survival
Forest: DCNN, Deep Convolutional Neural Networks; pmetnet, Peritoneal Metastasis Network: OS, Overall Survival.
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AUC Standard Error * 95% CI®
In general MRI 0.611 0.0610 0.498 to 0.716
vestib 0.708 0.0577 0.598 to 0.802
calori 0.631 0.0596 0.518 t0 0.734
speech 0.749 0.0553 0.642 to 0.838
In early-stage MRI 0.5639 0.0794 0.381 to 0.692
group vestib 0.744 0.0730 0.588 to 0.865
speech 0.762 0.0714 0.608 to 0.878
calori 0.711 0.0751 0.552 to 0.839
In late-stage group MRI 0.717 0.101 0.550 to 0.849
vestib 0.580 0.0969 0.412 t0 0.736
calori 0.554 0.0813 0.386 t0 0.713
speech 0.643 0.0922 0.474 10 0.789

“Delong et al., 1988.

“Binomial exact.

MRI, MRI result before surgery; vestib, vestibular function impairment before surgery; calori, caloric test before surgery; speech, audiometry before surgery.
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Characteristic ~ Study 1 Study 2 Study 3 3
(n=147) (n=45) (n=163)

Age (mean + SD) 60.73+£11.99 63.28+ 10.38 6394+1002 0.082

Sex, No. (%) 0974
Male 87 (58.95) 27 (60.00) 95 (58.28)

Female 60 (41.05) 18 (40.00) 68 (41.72)

Tumor stage, No. 0202
(%)

0 4@72) 0(0.00) 0(0.00)

| 38 (25.85) 1431.11) 39(23.99)

I 40 (27.21) 10 (22.22) 59 (36.20)

il 53(36.05) 16 (35.56) 55(33.74)

L\ 12 (8.16) 5(11.11) 10(6.14)

Tumor sites, No. 0984
(%)

Rectum 100(6803)  31(6889)  109(66.87)

Right colon 24(16.33) 7(15.56) 23(14.11)

Left colon 21 (14.29) 6(13.33) 28(17.18)

Multiple tumors 2(1.36) 1(222) 3(1.84)

The P-value of age: Kruskal-Wallis rank test. The P value of sex, tumor stage, tumor sites:
chi-square test.
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4 2mg MMSE/1 mL ACN
5 2mg MMSE/1 mL ACN
6 2mg MMSE/1 mL ACN
7 2mg MMSE/1 mL ACN
8 2mg MMSE/1 mL ACN

9 2mg MMSE/1 mL ACN
10 2mg MMSE/1 mL ACN
11 2mg MMSE/1 mL AGN
12 2mg MMSE/1 mL ACN
13 2mg MMSE/ mL AGN

MMSE, 3-methoxymethyl-16p, 1 7p-epiestriol-O-cylic sulfone; ACN, acetonitril

Catalyst

K222/KCO3
K222/KCOs
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K222/KCO3
TBAHCO;
TBAHCO;
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K222/K;CO3

Fluorination temperature (°C)
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115
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115
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136

Fluorination time (min)
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10
10
10
5

10
15
15
15

K222, Kryptofix 222: TBA, tetrabutylammonium.

Radiochemical yield (%)

46.4
478
49.8
50.6
45.6
47.0
455
48.8
36.7
413
376
50.4
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