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Fig. 1 Commercial optical positioning systems. (a) Polaris Vega optical positioning system (NDI®); (b) PST Base positioning system

(PS-Tech®©); (c) FP8000 positioning system (Stryker®); (d) FusionTrack 500 positioning system (Atracsys®); (e) AimPosition

positioning system (Aimooe®); (f) RT MAX positioning system (Ariemedi©)
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Fig. 2

Commercial electromagnetic positioning systems. (a) Aurora positioning system (NDI®); (b) VIPER positioning system

(Polhemus®©); (c) LIBERTY positioning system (Polhemus®©)
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Fig. 3 3D structured light technology for surgical navigation. (a) Envision 3DTM image guidance system™”; (b) structured light camera

(Sinovation©)
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Fig. 4 Schematic diagram of optical probes. (a) Reflective sphere probe; (b) glass sphere probe; (c) reflective paste probe; (d) laser

probe; (e) graphic coding probe
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Fig. 5

Organ segmentation modeling results (EDDA IQQA® -3D). (a) 3D rendering of liver; (b) 3D rendering of aorta; (c) 3D

rendering of lungs; (d) 3D rendering of kidneys
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Fig. 7

Illustration of in wvitro biomarker fixation method. (a) Stereotactic frame (Leksell Sterotactic System®); (b) surgical

implantation marker; (c) mold registration; (d) in vitro positioning marker frame (Mako SmartRobotics™)
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(b) registration result
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Fig. 9 Multimodal medical image fusion"". (a) MRI image of patient 1; (b) PET image of patient 1; (¢) MRI and PET fusion image of
patient 1; (d) MRI image of patient 2; (¢) SPECT image of patient 2; (f) MRI and SPECT fusion image of patient 2
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rendering image on front view
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Fig. 11 Commercial neurosurgery surgical navigation systems. (a) Q navigation system (Stryker©); (b) StealthStation™ S8 surgical

navigation system (Medtronic®); (c¢) neurosurgery surgical robot system (Remebot®); (d) neurosurgery surgical robot system

(Sinovation®©); (e) skull base surgical robot navigation system (Ariemedi©)
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Fig. 12 Commercial craniomaxillofacial surgery navigation systems. (a) Yomi dental surgery robotic navigation system (Neocis©)""";

(b) dental implant robotic system (Yakerbot©)'

1. (c) dental implant surgical navigation system (Dcarer©®); (d) dental implant

surgical navigation system (Remebot®); (e) AccuNavi-A maxillofacial prosthetic surgery navigation system (UEG©)
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Fig. 13 Commercial orthopedic surgery navigation systems. (a) Holo Portal system (Surgalign©); (b) Q navigation system (Stryker®©);
(c) Point Kinguide system (Point Robotics Medtech®); (d) SkyWalker™ system (Microport®); (e) TianJi™ system (TINAVI©®)
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Fig. 14 Commercial percutaneous puncture navigation systems. (a) Micromate™ (Interventional Systems®); (b) MAXIO (Perfint
Healthcare®); (¢c) XACT (XACT Robotics®); (d) iSR'obot (Biobot®); (e) puncture navigation system (Jingmai®)
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Fig. 15 Commercial vascular intervention navigation systems. (a) CorPath GRX surgical robot system (Corindus Vascular Robotics©);
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Abstract

Significance  Surgical navigation combines organ segmentation modeling, surgical planning, pose calibration and
tracking, multimodal image registration, and fusion display technologies to enable surgeons to precisely locate lesions and
surgical tools and to observe internal tissue through the tissue surface, which can significantly improve surgical safety and
time efficiency. Conventional surgery usually uses two-dimensional (2D) unimodal images such as ultrasound, endoscopy,
or X-ray images to guide the surgical process. However, unimodal images lack three-dimensional (3D) information and
depend heavily on the surgeon's experience. In contrast, multimodal image-guided surgical navigation provides real-time
instrument positions, as well as structural and functional information of the lesion in 3D space, helping the surgeons to
effectively protect important tissue, vessels, and organs around the lesion, avoiding unnecessary damage, and reducing the

probability of surgical complications, which has become an important tool for a variety of clinical surgical procedures.

Progress The surgical navigation system mainly consists of imaging devices, tracking and positioning core devices, end-
effectors, surgical tools, and other hardware, and it combines modern imaging technology, stereotactic technology,
computer technology, and artificial intelligence technology to enable patients to obtain safe, precise, and minimally
invasive surgical treatment. The surgical navigation system involves core theories and methods in various aspects such as
multimodal image segmentation and tissue modeling, surgical planning, pose calibration and tracking, multimodal image
registration, and image fusion. The hardware components of multimodal image-guided surgical navigation mainly include

intraoperative imaging devices, such as X-ray, ultrasound, and endoscopic imaging systems, tracking and positioning core
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devices, such as optical and electromagnetic lasers, structured light positioning systems, and navigation actuation
components, such as robotic arms and guidewire. The key technologies for multimodal image-guided surgical navigation
include multimodal image segmentation and tissue modeling, surgical protocol decision making, surgical spatial calibration
and tracking, multimodal image registration, and multi-source information fusion display. The segmentation and modeling
technologies based on preoperative multimodal medical images can depict the spatial structure and position information of
target tissue and organs, providing an important data base for preoperative surgical planning and intraoperative real-time
guidance. The surgical plan decision is used to guide intraoperative surgical operations, and the surgical plan can be
formulated by the relationship of the 3D model positions of tissue, organs, and lesions. Preoperative planning for different
surgical procedures has a large variability and can be divided into two categories: surgical path planning and surgical scheme
planning. The surgical navigation system is based on core tracking and positioning devices to track the real-time position of
intraoperative surgical instruments and obtain the relative position relationship of the preoperative reconstructed model,
intraoperative patients, and surgical instruments. Multimodal image registration aims to seek to coordinate transformation
among multimodal medical images to make these images aligned and unified in the spatial coordinate system, which helps
to obtain complementary tissue structure or functional information from different modalities. The fusion and display of
multi-source information aim to integrate different images, tissue models, surgical protocols, tracking postures, and other
information on the same coordinate system for 2D or 3D display, which overcomes the limitations of a single source in the
information presentation and contributes to improving the precision of clinical diagnosis and treatment. At present,
multimodal image-guided surgical navigation has become a powerful tool for precise treatment in clinical departments such
as neurosurgery, craniomaxillofacial, orthopedics, percutaneous puncture, and vascular intervention, and it has important

application prospects.

Conclusions and Prospects Multimodal image-guided surgical navigation provides structural and functional information
of the lesion in 3D space by fusing multimodal images such as X-ray, endoscopy, ultrasound, and fluorescence, as well as
integrating technologies such as multimodal image segmentation and tissue modeling, surgical planning and decision
making, pose calibration and tracking, and multimodal image registration and fusion to improve the surgeon's visual
perception and spatial recognition of important tissue such as blood vessels and nerves. This technique significantly
improves the safety of surgery, shortens surgery time, and increases surgery efficiency. Multimodal image-guided surgical
navigation has been widely used in minimally invasive surgeries such as neurosurgery, craniomaxillofacial orthopedics,
orthopedics, puncture, and vascular interventions, which can assist surgeons to achieve precise treatment with less
trauma, higher efficacy, and faster recovery and reduce complications of surgery, which is a major frontier hotspot in the
international precision treatment. Achieving higher precision, higher intelligence, lighter weight, and lower cost of
navigation devices are the main development directions of surgical navigation. How to further break the difficulties of
image registration, deformation compensation, motion compensation, and soft tissue tension perception techniques, how
to develop a high-precision non-rigid registration algorithm for flexible tissue deformation, and how to achieve dynamic
visualization of intraoperative navigation information and decision making of surgical plans are essential to further improve
the real-time, portability, accuracy, and intelligence of current surgical navigation systems. In the future, as the
application scenarios of multimodal surgical navigation systems in the clinic continue to expand, the clinical application
value of surgical navigation technology will become prominent, which will provide reliable guidance and assistance to more

surgeons, and it is of great significance in improving the level of minimally invasive surgical treatment in China.

Key words surgical navigation; surgical robot; multimodal medical image; medical image processing; location and

tracking; registration and fusion
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