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Introduction

Three-dimensional (3D) and four-dimensional (4D) imaging are catch-all terms with complex definitions. These are synthetic and selective representations of morphological and functional information obtained from one or more data acquisitions and sourced from one or more imaging modalities from the whole of a studied volume [START_REF] Calhoun | Three-dimensional volume rendering of spiral CT data: theory and method[END_REF][START_REF] Johnson | Three-dimensional CT: real-time interactive volume rendering[END_REF][START_REF] Iochum | Value of volume rendering in musculo-skeletal disorders[END_REF][START_REF] Cotten | Musculoskeletal System[END_REF]. These imaging techniques aim to simplify and improve the analysis of complex information for diagnostic or therapeutic purposes [START_REF] Teixeira | Musculoskeletal Wide-Detector CT kinematic evaluation: from motion to image[END_REF][START_REF] Teixeira | Clinical Application of Musculoskeletal CT: Trauma, Oncology, and Postsurgery[END_REF]. The third dimension can correspond to time or to a parameter in 3D Euclidean space. The fourth dimension corresponds to the evolution of a volume of interest over time [START_REF] Rauch | Fourdimensional CT Analysis of Wrist Kinematics during Radioulnar Deviation[END_REF][START_REF] Athlani | Assessment of scapholunate instability with dynamic computed tomography[END_REF].

Although 3D imaging can be applied to all anatomical regions and used with all imaging techniques, its most varied and relevant applications are found with computed tomography (CT) in musculoskeletal (MSK) imaging. This prevalence can be explained by three causes including the high contrast between bone structures and soft tissues, the high spatial resolution offered by CT, and the need to grasp complex information that is difficult to analyze on 2D imagery.

For many years, multiplanar reformation (MPR) and volume rendering techniques (VRTs) have been considered powerful tools for displaying and communicating complex anatomic and pathologic information. These techniques may help detect and characterize fractures and associated vascular injuries, tumors, foreign bodies, gout tophi and hardware complications [START_REF] Fayad | Value of 3D CT in defining skeletal complications of orthopedic hardware in the postoperative patient[END_REF][START_REF] Scheinfeld | Acetabular fractures: what radiologists should know and how 3D CT can aid classification[END_REF][START_REF] Stillwater | 3D-MR vs. 3D-CT of the shoulder in patients with glenohumeral instability[END_REF][START_REF] Ohl | Analysis of four-fragment fractures of the proximal humerus: the interest of 2D and 3D imagery and inter-and intraobserver reproducibility[END_REF][START_REF] Fishman | Multidetector CT and three-dimensional CT angiography for suspected vascular trauma of the extremities[END_REF]. Recent innovations, particularly in CT technology and improvements in computing performance, have enabled the development of new postprocessing tools that have a broad range of potential applications in MSK imaging and that reinforce the potential impacts of ultra-high-resolution (UHR) CT. This review has three main goals: to explain the basic techniques underlying image postprocessing; review the classic postprocessing methods and present the new postprocessing techniques and their potential applications. 3D printing is a complementary mode of data analysis and is beyond the scope of this article.

Visualization and cognitive processes

3D visualization is not just a visual image. It is a graphical representation of data or concepts involving an internal construct of the mind that can support decision-making. The crucial question is how to best transform the data into an easily understandable model for optimal decision making [START_REF] Ware | Information Visualization -Perception for design[END_REF]. This question is of major important as the increase in the amount of data created per CT examination renders their analysis more tedious and sometimes impossible.

The construction of 3D images involves strong interactions in the cognitive system chain. The cognitive process is based on sensory and arbitrary symbols and representations (Fig. 1). Sensory representation can be understood without training (our visual systems are built to perceive the shapes of 3D surfaces); however, arbitrary conventions (tissue or organ selection, pseudocolors, transparency, texture) require training and are influenced by education and the physical environment. Guidelines for choosing these conventions might be helpful. Finally, interactive visualizations help us perform cognitive work more efficiently.

Prerequisites

The quality and accuracy of 3D images depend on the quality of the native images.

Spatial resolution and signal-to-noise ratio optimization as well as artifact limitations are prerequisites for constructing useful postprocessing result [START_REF] Miller | Impact of CT reconstruction algorithm on auto-segmentation performance[END_REF][START_REF] Gervaise | CT dose optimisation and reduction in osteoarticular disease[END_REF][START_REF] Gervaise | CT image quality improvement using adaptive iterative dose reduction with wide-volume acquisition on 320-detector CT[END_REF]. There is no doubt that recent technological developments have strengthened postprocessing possibilities and expanded its applications. Iterative reconstruction algorithms and Deep Learning Reconstruction algorithms have made it possible to improve the signal-to-noise ratio while limiting the radiation dose delivered to patients [START_REF] Geyer | State of the art: iterative CT reconstruction techniques[END_REF][START_REF] Blum | Iterative reconstruction: why, how and when?[END_REF][START_REF] Grandmougin | Metal artifact reduction for small metal implants on CT: Which image reconstruction algorithm performs better?[END_REF][START_REF] Greffier | Comparison of noisemagnitude and noise-texture across two generations of iterative reconstruction algorithms from three manufacturers[END_REF][START_REF] Greffier | Noise assessment across two generations of iterative reconstruction algorithms of three manufacturers using bone reconstruction kernel[END_REF].

Metal artifact reduction (MAR) techniques reduce the metal artifacts in all three directions, and they can be used synergistically with post-processing tools to provide high quality images [START_REF] Douis | Metal artifact reduction for intracranial projectiles on post mortem computed tomography[END_REF][START_REF] Blum | Synergistic Role of Newer Techniques for Forensic and Postmortem CT Examinations[END_REF][START_REF] Blum | CT of hip prosthesis: New techniques and new paradigms[END_REF][START_REF] Blum | Developments in imaging methods used in hip arthroplasty: a diagnostic algorithm[END_REF]. Wide-detector CT scans provide temporal uniformity of the entire volume studied and reduce motion artifacts [START_REF] Teixeira | Evidence-based recommendations for musculoskeletal kinematic 4D-CT studies using wide area-detector scanners: a phantom study with cadaveric correlation[END_REF][START_REF] Teixeira | Musculoskeletal wide detector CT: principles, techniques and applications in clinical practice and research[END_REF]. Finally, new scanner devices deliver UHR images, with slices that are 0.25-0.30 mm thick in a matrix of up to 2048 × 2048, undoubtedly improving the quality of both native images and image reconstructions, at least for the limbs and the temporal bone [START_REF] Oostveen | Physical evaluation of an ultra-high-resolution CT scanner[END_REF][START_REF] Shanbhag | Prototype ultrahigh-resolution computed Tomography for chest imaging: initial human experience[END_REF] (Fig. 2). Thanks to its ultra-high spatial resolution, photon-counting detector CT could also benefit from the new post-processing tools [START_REF] Leng | Photon-counting detector CT: system design and clinical applications of an emerging technology[END_REF].

The processes underlying 3D and postprocessing

Various data manipulations form an important but invisible part of the process leading to the production of 3D images. Radiologists must be aware of the impacts of these processes on image quality and accuracy.

Segmentation

Segmentation is an important image processing step in various postprocessing techniques used in medical imaging [START_REF] Blanc-Durand | Abdominal musculature segmentation and surface prediction from CT using deep learning for sarcopenia assessment[END_REF]. Segmentation defines the volumes of interest and separates them from structures that should not be represented (Fig. 3). Many segmentation techniques are available, all of them can include segmentation errors. 3D medical image segmentation is affected by four basic types of errors (added regions, added background, inside holes and border holes), which in turn may result in errors in boundary delineation (contours) and in determining the volume of the segmented object. We describe here the basic segmentation methods that remain the most commonly used techniques for MSK imaging.

Threshold techniques

Threshold techniques are simple processes that use one or more threshold values or CT number ranges to define the different volumes that will undergo segmentation. In this technique, segmentation errors are minimal when the gradient of the CT numbers between the segmented objects and the surrounding tissue is high, the noise level is low, and the numbers of the segmented objects are homogeneous.

Connectivity

Connectivity algorithms are used to identify contiguous voxels that have certain common properties-usually the same range of CT numbers. A "region-growing" algorithm is a process to automatically select an object starting from a selected seed point that belongs to the object. The algorithm detects all the connected voxels that satisfy the specified conditions.

Cutting functions

Cutting functions may be used on the original data volume or on a 3D object. A cutplane is a tool that deletes voxels located in a manually selected region. A cutting region is defined by delimiting a free-form image volume. The voxels within this region can be either deleted or conserved.

Mathematical morphology

Erosion and dilation are the two fundamental operations in morphological image processing. The dilation operation adds pixels to the boundaries of objects and expands the shapes contained in the input image. Erosion removes pixels from object boundaries and reduces the shapes contained in the input image. The number of pixels added to or removed from the objects in an image depends on the size and shape of the structuring element used to process the image. An opening is erosion followed by dilation, while a closing is a dilation followed by an erosion. Opening removes small peaks connected to the surface of the object, while closing plugs small holes. Therefore, opening is used to separate objects connected by a minimal number of voxels in order to apply connectivity algorithms, while closing is used to improve the 3D image when it presents a perforated aspect.

A subtle but significant difference exists in the aspects of objects after applying any of these operations. Thus, the difference between the dilation and the erosion of a given image, the so-called morphological gradient technique, is used for edge detection and segmentation applications.

Small object elimination

Parasite voxels can be excluded automatically using an algorithmic process that eliminates all objects in the 3D image that are composed of a limited number of voxels and that are not connected to other larger objects.

Image registration

Image registration is the process of aligning images so that corresponding features can be more easily related. Image registration has a wide range of applications, including the fusion of morphologic and functional images, image subtraction, intervention planning, computer-aided diagnosis and treatment follow-up, intervention simulations, atlas building, radiation therapy, model-based segmentation and computational model building [START_REF] Oliveira | Medical image registration: a review[END_REF][START_REF] Keszei | Survey of non-rigid registration tools in medicine[END_REF].

An image registration algorithm involves a deformation model and an optimization method. The choice of deformation model is highly important for the registration process, because it involves a critical compromise between computational efficiency and richness of description. The parameters estimated during registration through the optimization strategy correspond to the degrees of freedom of the deformation model, and their number varies greatly-from six in the case of global rigid transformations to millions when nonparametric dense transformations are considered. An increase in the degrees of freedom leads to enriched model descriptive power but also consumes more computing resources. Furthermore, the choice of the deformation model implies an assumption regarding the nature of the deformation to be recovered [START_REF] Sotiras | Deformable medical image registration: a survey[END_REF].

Registration methodologies are also commonly classified according to feature-space image information. This information may involve the intensity of the raw voxels, the intensity gradient, statistical information related to voxel intensity or structures extracted from the images to be registered, such as sets of points, edges, contours, graphs, surfaces and volumes.

Intensity-based ('voxel-based') registration is the method of choice in most applications [START_REF] Oliveira | Medical image registration: a review[END_REF].

Finally, registration tools are classified according their ability to process spatial or spatiotemporal two-dimensional (2D) and/or 3D data and their ability to process images acquired only from a single imaging modality or obtained from different modalities.

Back to basics

Classic postprocessing methods and tools are still widely used; their descriptions help in understanding the improvements provided by the new tools [START_REF] Iochum | Value of volume rendering in musculo-skeletal disorders[END_REF][START_REF] Prokop | Image processing and display techniques[END_REF][START_REF] Blum | Multislice CT: principles and new CTscan applications[END_REF].

Multiplanar reformations

Multiplanar reformations (MPRs) are probably the most common type of postprocessing tool used in CT. Their principle is simple, but more efficient automatic processes are needed. MPRs consist of two-dimensional reformatted images that are reconstructed secondarily on arbitrary planes from a stack of axial image data [START_REF] Prokop | Image processing and display techniques[END_REF][START_REF] Blum | Multislice CT: principles and new CTscan applications[END_REF].

Coronal and sagittal MPRs can be produced automatically on the CT console or with 3D servers but these images rarely respect the anatomical planes of the bones and joints [START_REF] Teixeira | CT arthrography of the intra-articular long head of biceps tendon: diagnostic performance outside the labral-bicipital complex[END_REF]. Therefore, MPRs are usually performed in real time by technicians or radiologists and they can still suffer from a lack of reproducibility with a significant impact on the data analysis accuracy [START_REF] Van De Bunt | Glenoid version by CT scan: an analysis of clinical measurement error and introduction of a protocol to reduce variability[END_REF][START_REF] Daggett | Correlation between glenoid inclination and critical shoulder angle: a radiographic and computed tomography study[END_REF][START_REF] Capelle | How reproducible are classical and new CT-pelvimetry measurements?[END_REF].

Maximum intensity projection

Maximum intensity projection (MIP) is a volume-rendering technique that generates a projection of the volume of interest into a viewing plane by displaying the maximum CT numbers encountered along the projection direction. The thickness of the volume of interest can be modified to include or exclude various objects from the projection. MIP images are used primarily with CT angiography and they usually require bone segmentation to be applied.

Minimum intensity projection

Minimum intensity projection (MinIP) is a process similar to MIP but characterized by projecting the voxels with minimal CT numbers. Used until now to represent structures containing air, such as the tracheobronchial tree, this technique also allows for analysis of the cortical bone thanks to CT acquisition with UHR [START_REF] Oostveen | Physical evaluation of an ultra-high-resolution CT scanner[END_REF][START_REF] Shanbhag | Prototype ultrahigh-resolution computed Tomography for chest imaging: initial human experience[END_REF]. Indeed, in this case, the voxel size is sufficiently small so that the small foramens or the small vascular channels are clearly visible despite the dense environment of the surrounding bone (Fig. 2).

3D surface rendering (shaded surface display)

A shaded surface display (SSD) is a surface-rendering image that provides a 3D view of the surface of a structure of interest. The structure of interest is separated from the background by a segmentation process. A 3D display of the object surface is then created by illuminating the object with one virtual light source and computing and displaying the intensity of the light scattered back onto the plane of observation. The distance and orientation of the surface of the object relative to the light source determine the intensity of the surface illumination. In addition, object surfaces close to the light source are opaque and obscure the distal surfaces. Varying the position of the light source may highlight the details of the object surface differently [START_REF] Iochum | Value of volume rendering in musculo-skeletal disorders[END_REF][START_REF] Prokop | Image processing and display techniques[END_REF]. One of the main limitations of this technique is the high dependence of the image quality on the segmentation threshold and the level of noise in the native images. For these reasons, a standard convolution kernel is often preferred to highresolution kernels, thus reducing the spatial resolution of the 3D model images. An important parameter available for manipulating the resulting image is the transfer function, in which the opacity is proportional to the percentage of tissue present. When the voxel contains several different tissues, opacity is the sum that differentiates the various tissues [START_REF] Iochum | Value of volume rendering in musculo-skeletal disorders[END_REF][START_REF] Prokop | Image processing and display techniques[END_REF]. However, VRT is highly dependent on the noise level, making it necessary to use native images reconstructed with a standard kernel.

Volume rendering technique

The new techniques

New image postprocessing tools have recently become available for clinical use, and these techniques have a wide range of potential applications in MSK imaging. The most prominent of these novel tools are presented in this section.

Global illumination rendering (GIR)

GIR has been used in multiple domains, including the film and design industries, for many years, but it has only relatively recently been adopted in medical imaging. GIR simulates the complete interaction of photons with the scanned object, providing photorealistic volume rendering [START_REF] Blum | Synergistic Role of Newer Techniques for Forensic and Postmortem CT Examinations[END_REF][START_REF] Zhang | Lighting design for globally illuminated volume rendering[END_REF][START_REF] Dappa | Cinematic rendering -an alternative to volume rendering for 3D computed tomography imaging[END_REF][START_REF] Ebert | Forensic 3D visualization of CT data using cinematic volume rendering: a preliminary study[END_REF][START_REF] Chu | Cinematic rendering of focal liver masses[END_REF]. This technique is also known as cinematic rendering (Siemens Healthineers), global illumination rendering (Canon Medical Systems) or volume illumination (GE Healthcare).

Unlike conventional VRT, GIR solves the multidimensional and noncontinuous rendering equation to integrate light scattered from all possible directions along a particular ray. Thus, the path tracing used in CT integrates an enormous number of light rays, each of which takes a different path to form each pixel of the rendered image. Because the number of light paths that can be traced is in theory infinite and light path tracing is computationally expensive, Monte-Carlo simulations are used to generate a randomized subset of light paths with an adequate distribution. As a result, this technique is able to computes the complex physics of lighting effects in real-time, leading to a natural illumination of the rendered data (in contrast to the synthetic light sources used in VRT). GIR models light propagation, absorption, scattering and eventually color transmission under multiple light sources. As with VRT, the transfer function assigns a color and an opacity property to each voxel. In addition, segmentation processes can also be used (Fig. 4).

GIR has two main advantages over VRT. The first is the physically correct simulation of light and shadow, allowing for better and immediate perception of the shapes, contours, locations and relationships of various objects. For example, the interior of the skull is typically darker than the exposed outer surfaces and becomes darker the deeper inside the skull that one goes. This shading technique is called ambient occlusion (Fig. 4).

The second advantage is related to the high-quality denoising combined with edge preservation. This feature also improves the image quality and allows for the use of highresolution native images. In contrast, such images are usually avoided in conventional VRT because of their high level of noise-generating parasite pixels and the difficulty of performing optimal assignment of tissue percentage and opacity (Fig. 5). A minor limitation of GIR is that shadows can occlude areas that would otherwise be well lit when using VRT [START_REF] Blum | Synergistic Role of Newer Techniques for Forensic and Postmortem CT Examinations[END_REF][START_REF] Dappa | Cinematic rendering -an alternative to volume rendering for 3D computed tomography imaging[END_REF][START_REF] Ebert | Forensic 3D visualization of CT data using cinematic volume rendering: a preliminary study[END_REF].

Finally, GIR can take advantage of metal artifact reduction techniques (Fig. 6).

Overall, GIR should be used to obtain useful information that is beyond the reach of two-dimensional (2D) images. GIR provides more comprehensive display of complex anatomical structures and facilitates the characterization of traumatic bone lesions or postoperative complications of the skeleton. Finally, GIR facilitates communication during clinical consultation or multidisciplinary meetings. Although only a few studies have demonstrated the diagnostic impact of GIR and its superiority to VRT, it is highly likely that GIR will quickly establish itself as the reference 3D display technique [START_REF] Zhang | Lighting design for globally illuminated volume rendering[END_REF][START_REF] Dappa | Cinematic rendering -an alternative to volume rendering for 3D computed tomography imaging[END_REF][START_REF] Soyer | Cinematic rendering: when virtuality comes true[END_REF][START_REF] Wollschlaeger | Is CT-based cinematic rendering superior to volume rendering technique in the preoperative evaluation of multifragmentary intraarticular lower extremity fractures?[END_REF].

Unfolded rib reformations

Unfolding of complex anatomic structures, especially the ribs, is intended to simplify evaluations and accelerate the tedious process of performing rib-by-rib analysis. Two algorithms have been designed for this purpose, but their approaches are quite different. After automatic segmentation of the ribs and the vertebrae and extraction of all of the rib centerlines simultaneously, the BoneReading® algorithm (Siemens Healthineers) generates a single fishbone-like image with straightened ribs perpendicular to the vertebral column. The OpenRib® algorithm (Canon Medical Systems) automatically displays a rendered radial reformatting of the rib cage, projecting the ribs onto a single plane and allowing for an anteroposterior shift. Using the first algorithm, only bone is present, while the second algorithm also shows chondro-costal cartilage and soft tissue (Fig. 7). With both algorithms, a triangulation process allows for immediate recognition of lesions on all three planes if necessary.

Overall, these techniques allow more accurate and faster diagnoses of rib fractures and tumors and have applications in trauma and oncology patients as well as in forensic imaging [START_REF] Bier | Enhanced reading time efficiency by use of automatically unfolded CT rib reformations in acute trauma[END_REF][START_REF] Ringl | The ribs unfolded -a CT visualization algorithm for fast detection of rib fractures: effect on sensitivity and specificity in trauma patients[END_REF][START_REF] Ekert | Improved detection of benign and malignant rib lesions in the routine computed tomography workup of oncological patients using automated unfolded rib image postprocessing[END_REF][START_REF] Urbaneja | Automatic rib cage unfolding with CT cylindrical projection reformat in polytraumatized patients for rib fracture detection and characterization: feasibility and clinical application[END_REF]. However, they require an adequate training period to enable the reader to avoid basic interpretation errors and missing of subtle fractures. For example, fractures located at the rib extremities may be difficult to identify [START_REF] Khung | Automated 3D rendering of ribs in 110 polytrauma patients: strengths and limitations[END_REF].

Subtracted CT angiography for bone analysis (S-CTA-BA)

Bone-subtraction CT angiography is commonly used to remove image background to highlight the vessels after injection of iodinated contrast medium and minimize the segmentation task [START_REF] Lell | Clinical evaluation of bone-subtraction CT angiography (BSCTA) in head and neck imaging[END_REF][START_REF] Morhard | Value of automatic bone subtraction in cranial CT angiography: comparison of bone-subtracted vs. standard CT angiography in 100 patients[END_REF]. Given this objective, the bone extraction must be as complete as possible. Generally, to form the mask, the bone structure segmentation is obtained by thresholding of the precontrast images; then, the selection is tentatively expanded in three dimensions by morphological dilation. The subtraction of this mask from the postcontrast images is based on a rigid or a nonrigid registration and an adaptive determination of the optimal contact interface between vessels and the bone mask [START_REF] Lell | Clinical evaluation of bone-subtraction CT angiography (BSCTA) in head and neck imaging[END_REF][START_REF] Nishii | Bone-subtracted spinal CT angiography using nonrigid registration for better visualization of arterial feeders in spinal arteriovenous fistulas[END_REF]. This technique is particularly well suited for large-detector CT scanners, which can acquire an entire volume of interest with perfect temporal uniformity [START_REF] Kidoh | Can CT angiography reconstructed from CT perfusion source data on a 320-section volume CT scanner replace conventional CT angiography for the evaluation of intracranial arteries?[END_REF]. This approach is obviously not valid for studying bone. On the other hand, judiciously selecting the subtraction algorithm makes it possible to subtract only the mineralized portions of cortical and cancellous bone. This technique does involve bone segmentation, but the registration must be very robust so that the bone can be analyzed like any other tissue. The best results are achieved by a combination of rigid and nonrigid registration techniques [START_REF] Teixeira | Clinical Application of Musculoskeletal CT: Trauma, Oncology, and Postsurgery[END_REF][START_REF] Teixeira | Bone marrow edema pattern identification in patients with lytic bone lesions using digital subtraction angiography-like bone subtraction on large-area detector computed tomography[END_REF]. This application can be refined because one or more subtraction masks can be used to improve the registration. For perfusion study, different postcontrast acquisitions can also be obtained and then subtracted. Notably, the subtraction algorithm can be chosen a posteriori, and it is possible to perform classic CT angiography, bone-subtraction CT angiography and S-CTA-BA from the same data (Fig. 8). This technique is also applicable to helical CT. S-CTA-BA can be used to visualize and evaluate bone lesions. It is capable of highlighting the vascularity of a sclerotic lesion and can be applied to the detection and characterization of small bone tumors affecting the cortical bone as well as the medulla. It can also depict a bone-marrow edema pattern (BMEP) characterized by a bone marrow enhancement in a non-tumoral area of the bone [START_REF] Teixeira | Clinical Application of Musculoskeletal CT: Trauma, Oncology, and Postsurgery[END_REF][START_REF] Teixeira | Bone marrow edema pattern identification in patients with lytic bone lesions using digital subtraction angiography-like bone subtraction on large-area detector computed tomography[END_REF].

Perfusion studies

Using the recent CT scanners, ultra-low dose, multiphasic evaluation of a large volume can be acquired at a high temporal resolution, allowing for assessments of the arterial, venous and equilibrium enhancement phases. With today's large-detector CT scanners, the delay between each phase can be adjusted to improve the temporal resolution during the arterial phase [START_REF] Teixeira | Clinical Application of Musculoskeletal CT: Trauma, Oncology, and Postsurgery[END_REF].

Perfusion studies are a versatile technique that provides three-dimensional visualizations of progressive vascular or lesion enhancement (Fig. 9) (Video 1). Images can be displayed with or without the bony background (when subtraction techniques are applied).

A quantitative perfusion evaluation is provided using a Patlak tissue reference model with 2D and 3D perfusion maps [START_REF] Teixeira | Musculoskeletal wide detector CT: principles, techniques and applications in clinical practice and research[END_REF].

Perfusion studies have the ability to assess the perfusion pattern of bone and soft tissue lesions, even for small sclerotic lesions (Fig. 10) [START_REF] Teixeira | Clinical Application of Musculoskeletal CT: Trauma, Oncology, and Postsurgery[END_REF]. With its high spatial resolution and in combination with other information usually provided by CT, perfusion can be used to detect and characterize small bone tumors, such as osteoid osteomas. It is also efficient in depicting the small and tortuous vessels associated with neoangiogenesis, which are the hallmark of a malignant soft tissue tumor. Finally, CT perfusion can also be used for intraoperative assessments of the effectiveness of percutaneous ablation in highly vascular tumors such as osteoid osteomas. These tumors tend to show little or no enhancement after successful treatment, and CT perfusion can help in monitoring bone destruction to reduce the risk of postprocedural fracture, necrosis or collapse [START_REF] Teixeira | Clinical Application of Musculoskeletal CT: Trauma, Oncology, and Postsurgery[END_REF][START_REF] Teixeira | Bone marrow edema pattern identification in patients with lytic bone lesions using digital subtraction angiography-like bone subtraction on large-area detector computed tomography[END_REF][START_REF] Teixeira | Wide area detector CT perfusion: can it differentiate osteoid osteomas from other lytic bone lesions?[END_REF].

Such examinations provide a complete and precise method for assessing tumors in a very short time, but it is important to keep in mind that magnetic resonance imaging (MRI) remains the method of choice for perfusion studies due to its higher contrast detection sensitivity and the absence of ionizing radiation. CT perfusion is, however, a valuable option when MRI is contraindicated or unavailable. Despite the advantages of MRI over CT, in clinical practice, CT and MRI perfusion have a similar diagnostic performance [START_REF] Simone | Comparison between CT and MR in perfusion imaging assessment of high-grade gliomas[END_REF][START_REF] Otton | A direct comparison of the sensitivity of CT and MR cardiac perfusion using a myocardial perfusion phantom[END_REF]. The main advantage of CT over MRI is related to the linear association between iodine concentration and CT number, which makes density-related perfusion parameters (i.e., regional tumor perfusion and vascular permeability) easier to calculate and compare with MRI [START_REF] Teixeira | Clinical Application of Musculoskeletal CT: Trauma, Oncology, and Postsurgery[END_REF][START_REF] Cuenod | Tumor angiogenesis: pathophysiology and implications for contrast-enhanced MRI and CT assessment[END_REF][START_REF] De Bazelaire | CT and MRI imaging in tumoral angiogenesis[END_REF]. However, radiation dose remains an issue with CT perfusion; consequently, this technique is better suited for extremities, where it can be conducted with effective doses under 0.5 mSv [START_REF] Teixeira | Musculoskeletal Wide-Detector CT kinematic evaluation: from motion to image[END_REF][START_REF] Gervaise | CT dose optimisation and reduction in osteoarticular disease[END_REF][START_REF] Gervaise | CT image quality improvement using adaptive iterative dose reduction with wide-volume acquisition on 320-detector CT[END_REF].

Dynamic CT and 4D imaging

Dynamic CT scanning aims to provide a functional and kinematic evaluation of joints [START_REF] Teixeira | Evidence-based recommendations for musculoskeletal kinematic 4D-CT studies using wide area-detector scanners: a phantom study with cadaveric correlation[END_REF][START_REF] Kwong | Four-dimensional computed tomography (4DCT): a review of the current status and applications[END_REF]. Multiple joint acquisitions are obtained while the patient performs a specific movement or maneuver. The data analysis is based on the dynamic visualizations of different anatomical structures using MPR and 3D images. Interactive real-time viewing of all these 3D images is called 4D imaging. This examination is easily conducted with a large-detector CT scanner, which allows several phases to be acquired during joint movements at very high temporal resolution and with limited movement artifacts [START_REF] Teixeira | Musculoskeletal Wide-Detector CT kinematic evaluation: from motion to image[END_REF][START_REF] Rauch | Fourdimensional CT Analysis of Wrist Kinematics during Radioulnar Deviation[END_REF][START_REF] Athlani | Assessment of scapholunate instability with dynamic computed tomography[END_REF][START_REF] Teixeira | Evidence-based recommendations for musculoskeletal kinematic 4D-CT studies using wide area-detector scanners: a phantom study with cadaveric correlation[END_REF][START_REF] Kwong | Four-dimensional computed tomography (4DCT): a review of the current status and applications[END_REF][START_REF] Garcia-Elias | Dart-throwing motion in patients with scapholunate instability: a dynamic four-dimensional computed tomography study[END_REF][START_REF] Wassilew | Real time visualization of femoroacetabular impingement and subluxation using 320-slice computed tomography[END_REF] (Fig. 11).

A semiautomatic quantitative analysis of joint movement can be obtained with commercially available dedicated software (4D Ortho application, Canon Medical Systems). This software is based on the registration of each individual bone imaged in all the volumes acquired. Registration allows automatic identification of any bone reference point in all volumes. When multiplanar and 3D images are displayed, the examiner can attach reference markers for distance and angle measurements. These markers, generally placed on the cortical bone on the multiplanar reformats, are then plotted automatically on all the acquired volumes.

Variations in distance and angular measurements during movement can then be calculated and analyzed on a graph. Variations in the marker position are also visible on the MPR and 3D images [START_REF] Teixeira | Comparison between subtalar joint quantitative kinematic 4-D CT parameters in healthy volunteers and patients with joint stiffness or chronic ankle instability: a preliminary study[END_REF].

Dynamic CT scanning allows for reliable and reproducible joint measurements and seems to be useful in the evaluation of chronic scapholunate instability, allowing for differentiation between patients without and with defined or debatable scapholunate instability [START_REF] Rauch | Fourdimensional CT Analysis of Wrist Kinematics during Radioulnar Deviation[END_REF][START_REF] Athlani | Assessment of scapholunate instability with dynamic computed tomography[END_REF][START_REF] Garcia-Elias | Dart-throwing motion in patients with scapholunate instability: a dynamic four-dimensional computed tomography study[END_REF][START_REF] Kakar | The role of dynamic (4D) CT in the detection of scapholunate ligament injury[END_REF][START_REF] Abou Arab | Scapholunate instability: improved detection with semi-automated kinematic CT analysis during stress maneuvers[END_REF][START_REF] Kelly | Dynamic CT scan of the normal scapholunate joint in a clenched fist and radial and ulnar deviation[END_REF][START_REF] Leng | Dynamic CT technique for assessment of wrist joint instabilities[END_REF]. It could also be useful in the assessment of instability of the ankle, in cases of patellar maltracking or for evaluations of acromioclavicular and sternoclavicular joints [START_REF] Teixeira | Comparison between subtalar joint quantitative kinematic 4-D CT parameters in healthy volunteers and patients with joint stiffness or chronic ankle instability: a preliminary study[END_REF][START_REF] Alta | The new 4-dimensional computed tomographic scanner allows dynamic visualization and measurement of normal acromioclavicular joint motion in an unloaded and loaded condition[END_REF][START_REF] Goh | Dynamic assessment of sternoclavicular joint instability using four-dimensional computed tomography[END_REF][START_REF] Hislop-Jambrich | The Use of a Dynamic 4-dimensional computed tomography scan in the diagnosis of atraumatic posterior sternoclavicular Joint instability[END_REF][START_REF] Strugarek-Lecoanet | Morphology and mobility of the reconstructed basilar joint of the Pollicized Index Finger[END_REF]. Finally, this technique could also be useful for evaluating joint subluxation, even in cases with prostheses (Fig. 12) (Video 2).

The radiation dose remains a matter of concern for the central joints (hip, shoulder), but because ultra-low dose protocols can be used for the peripheral joints, a dynamic scan can be performed on the extremities at effective doses of less than 0.5 mSv [START_REF] Teixeira | Musculoskeletal Wide-Detector CT kinematic evaluation: from motion to image[END_REF][START_REF] Gervaise | CT dose optimisation and reduction in osteoarticular disease[END_REF].

Dynamic CT angiography

Dynamic CT angiography corresponds to the acquisition of several CT angiograms during the arterial phase while the patient performs a clinical maneuver aimed at revealing an impingement on a vascular structure. This technique requires a CT scanner with a large detection system usable with a low injected dose of iodinated contrast medium. Image analysis is based on MPR and 3D reconstructions. This technique is well suited to the study of thoracic outlet syndrome or popliteal entrapment syndrome [START_REF] Gillet | Dynamic CT angiography for the diagnosis of patients with thoracic outlet syndrome: correlation with patient symptoms[END_REF] (Fig. 13).

Image fusion

A wide variety of imaging modalities (both invasive and non-invasive, both anatomical and functional) have been used to develop image fusion frameworks. These modalities have resulted in a proliferation of hybrid devices, such as PET/CT, PET/MRI and SPECT/CT. The reasoning underlying the use of image fusion lies in the fact that different images can contribute synergistically to more complete disease characterization and provide guidance to help determine the most appropriate medical or interventional treatment. However, until now, apart from these hybrid devices and despite numerous research and test applications, multimodal image fusion techniques have had very few applications in clinical routine, at least for diagnostic purposes. The main reason is that image fusion remains a highly technical procedure, requiring a very robust and efficient registration technique [START_REF] Yadav | Image fusion using hybrid methods in multimodality medical images[END_REF][START_REF] Piccinelli | Multimodality image fusion, moving forward[END_REF][START_REF] Martins | Advanced MR imaging and ultrasound fusion in musculoskeletal procedures[END_REF].

Automatic MPR and automatic labeling

The evaluation of joints and musculoskeletal structures usually requires dedicated MPR to consider the specific orientations of the different anatomical structures. Automatic coronal and sagittal MPR might be sufficient to evaluate the pelvic bone. However, for shoulder assessment, the coronal plane is oblique so that it is perpendicular to the articular surface of the glenoid cavity, and the sagittal MPR is perpendicular to the coronal MPR.

Moreover, the axial slices should even be reformatted in cases of scapular inclination. Moreover, inappropriate planes might lead not only to errors in the location of the lesions, but they also generate errors in the determination of the glenoid version, which is of importance before shoulder surgery.

An automatic scapula registration with the main bone landmarks identified can be used to automatically reconstruct the MPR along the best planes. Automatic MPR reproduction reduces processing time and improves image quality and plan reproducibility (Fig. 14). This type of software, such as Glenosys 3D software (Imascap), also improves the reproducibility of glenoid measurements before reversed shoulder prosthesis surgery [START_REF] Bercik | A modification to the Walch classification of the glenoid in primary glenohumeral osteoarthritis using threedimensional imaging[END_REF][START_REF] Raiss | Is preoperative planning effective for intraoperative glenoid implant size and type selection during anatomic and reverse shoulder arthroplasty?[END_REF].

Another example is MPR of the spine, which usually includes axial oblique MPR so that the slices can pass through the different intervertebral discs. Some spine segmentation algorithms automatically localize, identify and segment the vertebrae in CT images producing optimized MPR images with labeled vertebrae. Some of these algorithms also provide automated detection and localization of vertebral fractures [START_REF] Burns | Automated detection, localization, and classification of traumatic vertebral body fractures in the thoracic and lumbar spine at CT[END_REF].

Temporal subtraction

Temporal subtraction is based on bone registration using images obtained from two different CT studies. Nonrigid registration is necessary due to differences in patient positioning or degree of inspiration. Various studies have shown sufficiently accurate registration for skeletal structures in serial CT images to successfully depict various visualizations of bone metastases of the spine, ribs and pelvic bones. This technique improves the performances of radiologists in detecting bone metastases and significantly decreases the time needed to read the images [START_REF] Sakamoto | Temporal subtraction of serial CT images with large deformation diffeomorphic metric mapping in the identification of bone metastases[END_REF][START_REF] Onoue | CT temporal subtraction improves early detection of bone metastases compared to SPECT[END_REF]. However, the long processing time and lack of wide availability remain challenges to the immediate applicability of this technique in routine clinical patient care [START_REF] Sakamoto | Temporal subtraction of serial CT images with large deformation diffeomorphic metric mapping in the identification of bone metastases[END_REF].

The future

Recent advances and future perspectives on machine learning techniques offer promising applications in medical imaging [START_REF] Gyftopoulos | Artificial intelligence in musculoskeletal imaging: current status and future directions[END_REF][START_REF] Choy | Current applications and future impact of machine learning in radiology[END_REF][START_REF] Hirschmann | Artificial intelligence in musculoskeletal imaging: review of current literature, challenges, and trends[END_REF][START_REF] Lassau | Five simultaneous artificial intelligence data challenges on ultrasound, CT, and MRI[END_REF][START_REF] Bach Cuadra | Quantification in musculoskeletal imaging using computational analysis and machine learning: segmentation and radiomics[END_REF][START_REF] Park | Annotated normal CT data of the abdomen for deep learning: challenges and strategies for implementation[END_REF][START_REF] Rastegar | Radiomics for classification of bone mineral loss: A machine learning study[END_REF][START_REF] Roblot | Artificial intelligence to diagnose meniscus tears on MRI[END_REF][START_REF] Santin | Detecting abnormal thyroid cartilages on CT using deep learning[END_REF][START_REF] Blum | Radiology: Is its future bright?[END_REF]. Machine learning (ML) has the potential to improve the performance and application of postprocessing tools. ML will increase the robustness and speed of image registration, segmentation, labeling, measurements, quantification and lesion detection. ML could also be used for intermodal image synthesis and estimation of CT images from corresponding MR images [START_REF] Choy | Current applications and future impact of machine learning in radiology[END_REF]. The process of data visualization includes four basic stages, combined in several feedback loops: data acquisition and storage, data transformation and selection, mapping the selected data to a visual representation, integration by the cognitive system. Training and physical environment influence the cognitive system and the different feedback loops. The software performs automatic segmentation and full morphologic analysis of the anatomic structure of the bone, creating a 3D model of the scapula and proximal humerus. After reformatting on the plane of the scapula, a 2D series of images is created with computercalculated estimates of the glenoid version and humeral head subluxation. This stage is performed without any need to manually define points on the model. Implant size selection and placement can be trialed virtually.

Video legends

Video 1. Perfusion CT scan in a 53-year-old man with an arteriovenous malformation. VRT showing the enhancement of the lesion during the arterial phase as well as rapid venous opacification of the lateral inferior genicular veins. The popliteal vein was enhanced much later than the femoral vein.

Video 2. Transient subluxation after left total hip replacement in a 71-year-old woman. Dynamic CT-scan (4D imaging) demonstrating lateral transient subluxation of the femoral implant. CT arthrography of the left hip showed a rim fracture of the polyethylene insert.

  The volume rendering technique (VRT) has become the technique of choice for CT 3D image display. This technique is a multitissue 3D representation method based on percentage segmentation. The percentage classification evaluates the probability of a tissue being homogeneously present within a voxel. The distribution probability of the CT numbers of each tissue included in each voxel is represented in the form of a histogram. A mathematical function is used to perform classification to a trapezoidal form. The position and shape of the trapezoid define the percentages of density values affected by the segmented object. The selection of several trapezoids makes it possible to represent different tissues.
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 2 Figure 2. Different post processing techniques applied in a case of osteoid osteoma of the femur in a 14-year-old boy. This image is possible thanks to a scanner that provides ultra-highresolution images (0.25 mm slice thickness and 1024 × 1024 matrix). This examination shows the cortico-periosteal thickening of the bone crossed by several small vessels, thus demonstrating the vascular groove sign in a very acute way. (a) Axial CT image shows several vessels (arrow and arrowhead) merging toward a subperiosteal nidus; (b) Sagittal minimum intensity projection image clearly shows the vascular network of the bone (arrow and arrowheads); (c) Global illumination of the bone surface shows the irregular periosteal reaction on the bone surface (dotted arrow), as well as the nutrient canals (curved arrow); (d) Subtracted CT angiography for bone analysis demonstrates the vascular nature of the small canal (arrow) connected to the nidus and shows rapid and marked enhancement of the nidus and progressive enhancement of soft tissue around the bone (asterisk).

Figure 3 .

 3 Figure 3. Bicondylar tibial plateau fractures in a 25-year-old man. (a, b) Global illumination rendering after segmentation of the femur shows posterior fracture line of the tibia, articular depression and comminution of lateral tibial plateau. Note also the clear visualization of the anatomical landmarks, such as Parson's knob (arrow), which is affected by the fracture or the medial intercondylar ridge (arrowhead).

Figure 4 .

 4 Figure 4. Comparison of volume rendering technique (VRT) and global illumination rendering (GIR). (a, b) Schematic representation of direct illumination-only and GIR, respectively. With direct illumination only, the light comes only from the light source, while with GIR, the objects are both directly illuminated by the light source and by scattered light rays;(c, d) Conventional VRT and GIR of the skull in a 63-year-old man with gunshot wound with fractures. Note that the shadowing provides a better perception of the topography of the bone fragments at the fracture site.

Figure 5 .

 5 Figure 5. Osteosarcoma of the upper extremity of the right humerus in a 20-year-old man: (a) CT image in the coronal plane; (b) Global illumination rendering (GIR) after segmentation of the anterior half of the bone. GIR, which takes advantage of the high resolution of the images, has the ability to demonstrate aggressive periosteal reactions, as well as alterations of the cancellous bone with areas of sclerosis.

Figure 6 .

 6 Figure 6. Three-dimensional CT examinations in an 80-year-old man with polytrauma. (a) 3D CT image at admission with global illumination rendering (GIR) shows a C1-2 pelvic ring fracture (tile classification) and extravasation of the right pudendal artery. (b) Control CT examination after external fixation and embolization of the bleeding artery with metal artifact reduction and GIR show incomplete reduction of the dislocation. Note that, despite the large amount of metal of the external fixators, image quality is satisfactory.

Figure 7 .

 7 Figure 7. Unfolded rib reformation (OpenRib® algorithm) in a 72-year-old woman with rib metastases from a vesicular thyroid carcinoma (red arrows), a fracture of the right seventh rib

Figure 8 .

 8 Figure 8. Subtracted CT angiography for bone analysis (S-CTA-BA) performed in a 60-year-old man with a history of total hip replacement for Paget's arthropathy. The patient was referred to our center for suspected diaphyseal tumor of the femur. (a, b) Precontrast CT image in the axial plane (a) and coronal reformatted image (b) show pseudotumoral lesion of the femur (arrow) with a lytic pattern of the cortical bone characterized by a porous aspect of the anterior cortex (arrowhead); (c) Postcontrast CT image in the axial plane with soft-tissue windowing shows normal bone marrow in the central part of the medullar cavity (asterisk); (d) Classic bonesubtraction CT angiography masking cortical abnormalities; (e) S-CTA-BA image shows enhancement of cortical and peripheral medullary cavity (arrowhead), contrasted with the normal pattern in the central part of the medullar cavity. This pattern led to the diagnosis of Paget's disease.

Figure 9 .

 9 Figure 9. Perfusion CT examination in a 53-year-old man with an arteriovenous malformation. 3D CT images obtained with a volume rendering technique showlesion enhancement (arrow) during the arterial phase, as well as rapid venous opacification of the lateral inferior genicular veins. The popliteal vein enhances much later than the femoral vein.

Figure 10 .

 10 Figure 10. Perfusion CT scan in a 44-year-old man with primary leiomyosarcoma of the bone affecting the right tibia: (a) Precontrast CT imageshows a sclerotic tumor of the right tibia located in the metaphyseal region; (b) Subtracted volume in the arterial phase highlighs the enhancement of the tumor within the bone, as well as in the soft tissues; (c) Global illumination rendering in the arterial phase provides a vascular map and shows neovascularization of the tumor.

Figure 11 .

 11 Figure 11. Dynamic CT images of the wrist in 32-year-old man with midcarpal instability performing a radio-ulnar deviation maneuver. Dorsal views show the sudden clunk (circle) of the lunate bone associated with dorsal subluxation of the second carpal row.

Figure 12 .

 12 Figure 12. Transient subluxation after left total hip replacement in a 71-year-old woman. (a) Standard showing-ray examination shows a minimal wear of the polyethylene but no eccentric head positioning. Note also some heterotopic ossifications. (b) Dynamic CT (4D imaging) demonstrates the lateral transient subluxation of the femoral implant (arrow). (c) CTarthrography of the left hip shows a rim fracture (arrow) of the polyethylene insert.

Figure 13 .

 13 Figure 13. Dynamic CT angiography in a 17-year-old man with left thoracic outlet syndrome related to a cervical rib (asterisk) showing the dynamic compression of the axillary artery (arrow) when the patient turned his head to the right: (a, b) Sagittal multiplanar reconstructions obtained in different positions as the patient turned his head; (c, d) Global illumination rendering of the upper girdle after segmentation of the left clavicle during the same phases.

Figure 14 .

 14 Figure 14. Automatic calculation of glenoid measurement indices (inclination, retroversion).The software performs automatic segmentation and full morphologic analysis of the anatomic structure of the bone, creating a 3D model of the scapula and proximal humerus. After reformatting on the plane of the scapula, a 2D series of images is created with computercalculated estimates of the glenoid version and humeral head subluxation. This stage is performed without any need to manually define points on the model. Implant size selection and placement can be trialed virtually.
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Conclusion

A broad range of new processing tools are emerging, making CT a real Swiss army knife for MSK disorder evaluation. They can be applied synergistically, providing morphologic, topographic and functional information. Not only will these tools help us in our daily practices, but they will also allow us to identify lesions that were invisible until now.

The development of these post-processing tools will highlight the new scanners providing UHR images.
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