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ABSTRACT

Real-time navigation systems in conjunction with image-guided surgery (IGS) provide a significant
improvement in contemporary surgical practice, especially in minimally invasive and anatomically challenging
operations. Real-time navigation improves surgical precision, safety, and decision-making by combining
intraoperative imaging and tracking technologies with preoperative imaging modalities including computed
tomography, magnetic resonance imaging, and three-dimensional reconstruction. This study focuses on
endocrine, colorectal, and hepatobiliary operations while thoroughly examining new developments in image-
guided surgery. Intraoperative ultrasonography, indocyanine green fluorescence imaging, near-infrared
autofluorescence, augmented and virtual reality, artificial intelligence, and multimodal navigation systems are
among the important technologies covered. Real-time guiding enhances vascular mapping, tumor localization,
and margin-negative resections during hepatobiliary surgery. Fluorescence-guided perfusion evaluation and
lymphatic mapping can enhance oncologic outcomes and lower anastomotic leak rates in colorectal surgery.
Advanced vision methods improve parathyroid identification and preservation during endocrine surgery, which
lowers the risk of postoperative problems such hypocalcemia and nerve damage. Future directions are also
examined in the paper, such as explainable human-in-the-loop models, federated learning, AI-driven predictive
analytics, and deformation-aware navigation systems. Although encouraging, wider use need standardized
procedures, strong clinical validation, and changing regulatory environments. All things considered, real-time
image-guided navigation has the potential to revolutionize precision surgery and enhance patient-centered
results.
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INTRODUCTION

Over the past few decades, surgery has seen a significant transformation, moving from traditional open procedures to
highly accurate, minimally invasive, technology-assisted operations. The combination of image-guided surgery (IGS)
and real-time navigation systems is one of the most revolutionary developments in contemporary surgery. It has greatly
improved the accuracy, safety, and results of intricate surgical procedures. The use of real-time imaging modalities,
such as computed tomography (CT), magnetic resonance imaging (MRI), ultrasound, and fluorescence imaging, to
guide surgical tools with high spatial accuracy during surgical procedures is known as image-guided surgery. These
devices let surgeons to precisely locate lesions, see hidden anatomical features, and continually monitor surgical tools
inside the patient's body ™%

The need for technology that enhance intraoperative visualization and lower human error has been fueled by the
growing complexity of surgical situations, especially in anatomically sensitive and functionally important areas. During
surgery, real-time navigation technologies give the surgeon dynamic input and constant spatial orientation, much like a
global positioning system (GPS). These technologies increase surgical confidence, decrease operating time, limit
problems, and improve patient safety by combining preoperative imaging with intraoperative navigation. Due to the
limited tactile input available to the surgeon during minimally invasive and laparoscopic colorectal procedures, this is
particularly crucial P!
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Real-time navigation and image guiding have greatly increased the safety of surgeries involving small and delicate
tissues in the field of endocrine surgery, especially parathyroid and thyroid procedures. It is essential to accurately
identify parathyroid adenomas, recurrent laryngeal nerves, and adjacent vascular structures in order to avoid problems
like hypocalcaemia and voice alterations. The accuracy of endocrine surgical procedures has increased thanks to new
methods[4i]ncluding intraoperative ultrasonography and fluorescence-guided imaging in conjunction with navigation
systems

Real-time navigation in image-guided surgery is being further transformed by the quick development of artificial
intelligence (Al), augmented reality (AR), and robotics. Improved 3D visualization, automated anatomical recognition,
predictive analytics, and smooth integration between imaging and surgical tools are all made possible by these
advancements. Because of this, surgeons are able to carry out increasingly complicated treatments with greater
accuracy and less reliance on their own subjective judgment 1!

In light of this, the topic "Emerging Trends in Image-Guided Surgery: Real-Time Navigation Systems in Hepatobiliary,
Colorectal, and Endocrine Procedures” is extremely pertinent in the current era of minimally invasive and precise
surgery. As surgical care continues to grow toward higher precision, safety, and patient-centred outcomes, future
surgeons, clinicians, and healthcare workers must comprehend the concepts, applications, advantages, and limitations
of these cutting-edge systems.

TECHNOLOGICAL FOUNDATION OF IMAGE-GUIDED SURGERY

The convergence of cutting-edge imaging modalities, real-time tracking systems, computational modelling, and user-
friendly visualization platforms forms the technological basis of image-guided surgery (IGS). Together, these elements
give surgeons dynamic anatomical information and exact spatial alignment during the procedure. Improvements in
preoperative imaging, particularly computed tomography (CT), magnetic resonance imaging (MRI), and high-
resolution ultrasound, laid the foundation for IGS by enabling precise three-dimensional reconstructions of human
anatomy. According to Cleary and Peters, the development of these imaging systems served as the foundation for
contemporary navigation platforms by offering high-fidelity, patient-specific models that are necessary for accurate
intervention M

Imaging prior to surgery and 3D reconstruction

The structural basis of IGS is provided by high-resolution imaging modalities such computed tomography (CT),
magnetic resonance imaging (MRI), and contrast-enhanced ultrasonography. Organ, vascular, and pathological lesion
3D reconstructions are produced by processing these datasets using specialized software. 3D liver models are used in
hepatobiliary surgery to map tumor margins, vascular variations, and segmental anatomy. Imaging is useful for
defining the margins of tumors and the mesenteric vasculature during colorectal surgeries. Multimodal imaging helps
locate tiny glands and adenomas in endocrine surgery, particularly thyroid and parathyroid procedures "

Spatial Alignment and Registration

The preoperative 3D models and the patient's actual anatomy are aligned through registration. Anatomical landmarks,
skin markings, or automated software-based algorithms can all be used to do this. In order to guarantee that surgical
navigation accurately matches the virtual anatomy that is shown, accurate registration is essential. In minimally
invasive surgery, Marescaux and Diana characterize registration as the crucial stage that converts images into useful
intraoperative guidance !

Imaging during surgery in real time

When it comes to delicate organs like the liver, intraoperative imaging is especially crucial since it refreshes anatomical
information and corrects for tissue deformation. Typical modalities are as follows: Mapping liver tumors and biliary
structures using intraoperative ultrasound (IOUS). Bile ducts, parathyroid glands, and colorectal tumor margins can all
be seen with fluorescence imaging, particularly with indocyanine green (ICG). Cone-beam CT to verify anatomical
orientation and resection precision in real time. By offering dynamic feedback in addition to preoperative imaging,
these tools lower uncertainty while manipulating tissue ™!

Real-Time Intraoperative Imaging:

In order to update anatomical data and account for tissue deformation, or "organ shift,” IGS systems frequently
integrate intraoperative imaging. Some important modalities are: Fluorescence imaging employing indocyanine green
(ICG) to show bile ducts, tumors, and parathyroid glands; Intraoperative ultrasound (I0US) for dynamic visualization
of liver tumors and biliary structures; Cone-beam CT for real-time 3D verification of surgical progress. In particular,
when soft tissues shift or deform during manipulation, these technologies guarantee that navigation is precise
throughout the process %
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Software for Navigation and Interface Technologies

Navigation systems create intuitive visual dashboards that incorporate tracking data, imaging data, and intraoperative
input. Surgeons can picture: Trajectories of instruments in real time, 3D models of the anatomy Overlays of organ, AR
(augmented reality) displays. According to Arezzo et al., AR-enhanced navigation greatly increases operating precision
and anatomical orientation, especially in minimally invasive colorectal surgery ™!

Artificial Intelligence and Computational Algorithms

Advanced computational support is becoming more and more important for modern IGS platforms. Al-driven
segmentation to produce 3D organ models automatically. Algorithms for prediction that suggest safe resection planes.
Machine-learning systems that improve workflow efficiency and imaging quality. Modelling deformation in real time
to fix navigational mistakes. These advancements aid in overcoming manual constraints and extending navigation
systems' capabilities beyond traditional imaging methods 2

IMAGE-GUIDED SURGERY IN COLORECTAL PROCEDURES

Image-guided surgery (IGS) has become a major advancement in modern colorectal procedures, particularly in
minimally invasive and robotic surgery where tactile feedback is limited. One of the most impactful tools is
indocyanine green (ICG) fluorescence imaging, which enables real-time visualization of bowel perfusion. Several high-
quality clinical studies have shown that ICG-guided perfusion assessment significantly reduces anastomotic leak rates
compared with conventional visual assessment alone !'*11'%

IGS also supports more accurate lymphatic staging in colorectal cancer through near-infrared—guided sentinel lymph
node mapping, which enhances nodal detection and guides oncologically sound resections "'l In addition, the
emergence of augmented reality (AR) and artificial intelligence (AI) in colorectal navigation is transforming the
surgeon’s ability to visualize difficult anatomical planes. AR overlays of preoperative CT/MRI imaging improve spatial
orientation during rectal surgery and enhance pelvic nerve preservation. Robotic platforms further integrate ICG-guided
lymph node mapping to improve nodal yield and surgical precision. ['”!

IMAGE-GUIDED SURGERY IN ENDOCRINE PROCEDURES

Image-guided surgery has greatly enhanced precision in endocrine operations, especially thyroid and parathyroid
surgery. One of the most transformative innovations is near-infrared autofluorescence (NIRAF), which allows natural
visualization of parathyroid glands without the need for dyes. Meta-analyses show that NIRAF significantly reduces
postoperative hypocalcemia by improving parathyroid gland identification and preservation during thyroidectomy. ['®
In addition, indocyanine green (ICG) fluorescence imaging is increasingly used to assess parathyroid gland perfusion
and to help identify hyperfunctioning adenomas during minimally invasive parathyroidectomy. ") This enhances
cure rates and reduces the risk of inadvertent gland removal. Image-guided platforms also support safer thyroid surgery
by integrating real-time recurrent laryngeal nerve (RLN) monitoring with navigation systems, improving anatomical
and functional nerve preservation. *'! Furthermore, ICG angiography during thyroidectomy helps confirm parathyroid
viability, thereby lowering the likelihood of postoperative hypocalcemia. %)

IMAGE-GUIDED SURGERY IN HEPATOBILIARY PROCEDURES

Role of Intraoperative Ultrasound (IOUS)

The foundation of hepatobiliary image guiding is still [OUS. Hepatic vasculature, tumor margins, and occult lesions not
seen on pre-operative imaging can all be seen in real time. IOUS facilitates accurate mapping of hepatic veins and
portal pedicles, directing anatomic segmental resections and minimizing unintentional vascular damage. Research
indicates that in 20—40% of liver resections, IOUS alters surgical planning by finding new lesions or changing the
resection margins.

Indocyanine Green (ICG) Fluorescence Imaging

Due to its great sensitivity in detecting segment borders, biliary architecture, and tiny hepatocellular carcinoma (HCC)
nodules, ICG near-infrared fluorescence is frequently employed in HPB surgery. Intraoperatively, tumors with
decreased biliary clearance exhibit fluorescence retention, producing a vivid outline. ICG-guided surgery is particularly
useful in minimally invasive liver surgery and increases RO resection rates. **!

Multimodal Navigation Systems

In order to provide AR-based guiding, next-generation navigation systems incorporate pre-operative CT/MRI, 3D liver
models, and intraoperative imaging (IOUS, fluorescence). By projecting 3D liver anatomy onto the operating area,
these devices provide safe parenchymal transection and enhance comprehension of tumor-vessel interactions. In
difficult resections close to major hepatic veins and Glissonian structures, where accuracy is crucial, navigation devices
have been beneficial. 1*
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Augmented Reality—Assisted Liver Surgery
Using cameras or laparoscopic lenses, augmented reality superimposes pre-operative models on the actual
intraoperative vision. AR boosts the confidence of surgeons by:

e Segmental boundary mapping during laparoscopic resections

e Recognizing deep-seated cancers

e  Steer clear of major vasculature

e Research shows that AR support can shorten surgical times and lower transfusion rates, although accuracy

is dependent on organ deformation and the quality of real-time registration. 1%

Role in Laparoscopic and Robotic Hepatobiliary Surgery
These days, robotic systems (like da Vinci) have integrated fluorescence imaging (FireflyTM) and enable the smooth
integration of navigation overlays. In addition to fluorescence and ultrasound guidance, the improved dexterity and 3D
visualization allow:

e  Accurate segmentectomy

e Intricate dissections of the hilar

e Robotic-ICG hybrid approaches for accurate lymphadenectomy are particularly useful for biliary

reconstructions and cholangiocarcinoma surgery. *

Clinical Benefits
Measurable improvements in clinical outcomes are achieved by image-guided hepatobiliary surgery, including:
e Higher RO resection rates in colorectal liver metastases and HCC
e Improved maintenance of the functional liver residual
e Decreased rates of bile duct injuries
e  More precise segmental boundary identification
e Reduced conversion rates in minimally invasive procedures
In general, IGS improves postoperative results and surgeon confidence, especially in anatomically challenging HPB
procedures. 271

AUGMENTED REALITY (AR) & VIRTUAL REALITY (VR) IN IMAGE-GUIDED SURGERY

By improving anatomical visualization and operating precision, augmented reality (AR) and virtual reality (VR) have
become potent additions to contemporary image-guided surgery. By combining live surgical video with pre-operative
CT/MRI-derived 3D reconstructions, AR improves orientation during difficult hepatobiliary, colorectal, and endocrine
procedures by enabling surgeons to see tumor boundaries, vascular structures, and organ contours directly
superimposed onto the operating field. ! In minimally invasive HPB surgery, where tactile feedback is limited, this
real-time overlay is particularly helpful in identifying small or deep lesions, defining segmental planes, and preventing
significant biliary or vascular damage. * By integrating fluorescence imaging with 3D anatomical guidance, AR
systems incorporated into robotic platforms further improve precision, facilitating safe dissection and enhancing margin
accuracy. % On the other hand, surgeons can practice patient-specific procedures utilizing recreated 3D anatomy
thanks to virtual reality (VR), which offers immersive pre-operative simulation. 1*")

Al AND PREDICTION ANALYSIS

Al-Powered Intraoperative Guidance: Beyond human limits, real-time Al systems incorporate multimodal surgical data
to assess anatomy and surgical environment. Al models are capable of performing semantic segmentation of
intraoperative video frames in hepatobiliary surgery, accurately recognizing vital structures like tumor boundaries and
arteries. By enabling augmented reality (AR) overlays that provide the surgeon with information in almost real time,
such segmentation helps prevent unintentional damage to critical anatomy. *%

Predictive Models for Risk Assessment and Surgical Planning

Beyond intraoperative recognition, predictive analytics using ML models enhance both preoperative and intraoperative
decision support. In the hepatobiliary field, Al-driven risk prediction models integrating clinical variables and imaging
biomarkers outperform traditional scoring systems in forecasting postoperative complications such as pancreatic fistula
or liver dysfunction. Such models often reach higher predictive performance, with reported areas under the receiver
operating characteristic curve (AUC) values consistently above conventional tools.

Feedback loops and dynamic real-time analytics

By integrating real-time information, cutting-edge Al navigation seeks to go beyond static visualization. For instance,
depending on changing surgical context and instrument motion patterns, edge-Al architectures trained on extensive
laparoscopic datasets are able to identify events and provide intraoperative warnings. These algorithms provide

clinician-oriented alerts that are similar to human interpretation performance by combining image, text, and audio data.
133]
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Augmented Reality (AR) & 3D Visualization

AR systems combine preoperative 3D reconstructions with real-time imaging to improve orientation in procedures
where spatial relationships are complex. This has been described in general surgical reviews of cutting-edge
visualization technologies. ¥

Predictive navigation's ethical, legal, and validation issues

There are serious ethical and legal issues with the therapeutic application of Al-based predictive navigation systems.
Current medical device approval frameworks, which are built for static algorithms, are challenged by continuous-
learning models. Furthermore, when intraoperative judgments are influenced by predictive technologies, liability
attribution becomes complicated. The current agreement emphasizes that in order to guarantee patient safety and legal
accountability, prospective multicenter trials, locked-algorithm validation periods, and human-in-the-loop oversight are
essential. (1%¢]

FUTURE PREDICTION

Continuously Updating, Deformation-Aware Navigation Systems

The creation of deformation-aware navigation platforms that can update anatomical models constantly during the
treatment is the next significant advancement in image-guided surgery. For soft-tissue surgeries like liver resections or
pelvic colorectal procedures, the strict registration of preoperative imaging that is a major component of current
navigation systems is insufficient. In order to dynamically adjust for organ movement and tissue deformation, future
systems will combine artificial intelligence-based biomechanical modeling with real-time intraoperative imaging
(ultrasound, laparoscopic video, optical tracking). By directly learning tissue behavior from extensive surgical datasets,
machine learning-based deformation modeling is anticipated to outperform conventional physics-based methods,
allowing for safer surgical guidance and more accurate augmented reality overlays. &7

Decision-Based, Predictive Navigation Systems

Predictive decision-support systems will replace passive visualization tools in navigation platforms of the future. Al
models will be able to predict intraoperative problems, margin positives, or functional impairment risks before they
happen by combining preoperative imaging, intraoperative video, physiological factors, and historical outcome data.
Predictive analytics may help make decisions in real time on vascular control techniques or resection planes in
hepatobiliary surgery. Such systems could balance oncologic radicality with functional outcomes in colorectal and
endocrine surgery by giving priority to nerve preservation or gland viability. The development of surgical strategies
has fundamentally changed as a result of this move toward predictive navigation. B!

Integration of Multimodal and Multispectral Imaging

Future image-guided surgery will depend more and more on multimodal and multispectral imaging, integrating
ultrasound, hyperspectral imaging, fluorescence imaging (ICG, NIRAF), and traditional laparoscopy into unified
navigation interfaces. In order to combine these disparate data streams into logical, clinically significant
recommendations, artificial intelligence will be essential. Autofluorescence and Al-based gland detection in endocrine
surgery may further lower hypoparathyroidism rates. Beyond existing fluorescence-only systems, multispectral
imaging may enhance tumor characterisation and perfusion assessment in hepatobiliary and colorectal treatments. 140

Federated Learning and Global Surgical Data Networks

A major barrier to Al advancement in surgical navigation is the scarcity of large, diverse, annotated datasets. Future
progress will depend on federated learning frameworks that allow multi-institutional model training without centralized
data sharing. Such approaches preserve patient privacy while enabling models to generalize across different
populations, surgical techniques, and imaging systems. Federated learning is particularly relevant for rare endocrine
procedures and complex hepatobiliary surgeries, where single-center datasets are insufficient for robust model
development. 112

Explainable Al Navigation and Human-in-the-Loop

Human-in-the-loop architectures will be given priority in future navigation systems, guaranteeing that surgeons
continue to make the ultimate decisions. To foster trust and satisfy legal requirements, explainable Al methods like
uncertainty quantification, attention visualization, and confidence mapping will be crucial. Al will serve as an adaptive
cognitive assistant, providing interpretable insights that complement rather than replace physician skill, rather than
taking the place of surgical judgment. (€143

Clinical Validation and Regulatory Evolution

Future adoption of real-time Al-guided navigation will depend on prospective, multicenter clinical trials demonstrating
measurable improvements in patient outcomes, not merely technical performance. Regulatory frameworks must also
evolve to accommodate adaptive and continuously learning systems, with clear guidelines for post-deployment
monitoring and accountability. [“41E5I4e]
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Trading, Workflow and Regulatory Considerations

Training: AR + real-time guidance shortens learning curves but requires new curricula (simulation, image registration
understanding). “¥\Wworkflow: success depends on seamless integration into OR (sterile displays, easy registration,
minimal extra time). Current barriers are registration errors, soft tissue deformation, cost. [*! Regulation & evidence:
regulators will require outcomes trials (not just feasibility). Currently most data are observational/pilot; expect
randomized studies in next 3-5 years. 154

CONCLUSION

Hepatobiliary, colorectal, and endocrine surgery are changing as a result of real-time image-guided navigation systems,
which allow for better anatomical visibility, better intraoperative decision-making, and increased surgical accuracy.
Artificial intelligence, augmented reality, fluorescence methods, and improved imaging have all shown great promise
for improving oncologic outcomes, lowering complications, and facilitating less invasive procedures. The therapeutic
efficacy of these systems is anticipated to be further expanded by emerging technologies including multimodal imaging
platforms, predictive Al models, and deformation-aware navigation. However, issues with cost, workflow integration,
training needs, and regulatory approval continue to be major obstacles to widespread implementation. High-quality
prospective studies, standardized implementation techniques, and the moral, open usage of Al-driven technologies will
all be necessary for future advancements. Image-guided real-time navigation is expected to become a crucial part of
precision surgery as these technologies advance, promoting safer operations, better results, and more individualized
surgical care.
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