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1 INTRODUCTION

Minimally invasive surgery (MIS) is a diagnostic and thera-
peutic procedure performed through small incisions or natural 
orifices, aided by image-guided navigation, endoscopy, robot-
ics, and other assistive technologies, with the core aims of 
reducing surgical trauma, shortening postoperative recovery, 
and lowering the risk of complications. Laparoscopic cholecys-
tectomy, a landmark development in the 1980s, ushered in a 
revolutionary era of modern MIS, with single-port laparoscopic 
surgery later advancing this progress. Recently, new technolo-
gies including natural orifice transluminal endoscopic surgery 

and robot-assisted surgery (RAS) have been developed, mark-
ing the transition from open surgery to accurate, minimally-
invasive intervention [1]. At present, MIS has been extensively 
used in general surgery, urology, gynecology, cardiovascular 
surgery and orthopedics. In the future, robotics, artificial intel-
ligence (AI), big data and augmented reality (AR) will further 
promote the intelligent development and personalization of 
MIS. Key challenges include ethical and regulatory issues, cli-
nician training, and regional resource disparities; the safe, stan-
dardized, and sustainable development of MIS hinges on inte-
grating technological innovation with institutional building. 
This paper is primarily intended to guide clinical surgeons, 
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perioperative managers, and hospital decision-makers in the 
introduction and management of MIS technology, providing a 
comprehensive roadmap for technology evaluation and imple-
mentation, as well as a clinical perspective to facilitate collabo-
ration with engineers.

2 TECHNOLOGICAL INNOVATIONS DRIVING THE 
EVOLUTION OF MIS

2.1 The application of advanced imaging technologies in 
MIS

The development of imaging technology has greatly supported 
the accurate performance of MIS. Preoperative high-resolution 
computed tomography, magnetic resonance imaging and three-
dimensional (3D) reconstruction provide accurate delineation 
of the lesions and adjacent structures. These data can then be 
used to facilitate personalized surgical planning. Multimodality 
imaging tools such as ultrasound, fluorescence imaging and 
AR navigation allow more precise intraoperative localization 
and better visualization during surgery. A markerless AR sys-
tem can visually display the actual distance between instru-
ments and blood vessels in real time, thereby greatly minimiz-
ing any risk of vascular injury. Endoscopy combined with navi-
gation technology not only maintains the advantages of MIS, 
but also decreases the complexity of anatomic localization [2]. 

2.2 The rise and prospects of RAS

RAS, which depends on 3D vision and extremely dexterous 
robot arms, is completely overhauling the precision and safety 
of surgical procedures. Single-port robotic systems [i.e., da 
Vinci SP] combine the best of minimal invasiveness with safety 
during procedures such as prostatectomy and pelvic lymph 
node dissection [3]. Single-port cholecystectomy in children 
also has advantages of less trauma, less bleeding and faster 
recovery. In complex urological reconstruction, the combina-
tion of robotics, fluorescence technology and ureteroscopy 
makes it possible to achieve excellent anatomical visualization. 
RAS is moving toward not only routine procedures but also 
advanced cases and applications in special populations, reflect-
ing an important trend in MIS development [4].

2.3 The application of AI in MIS

MIS generates continuous digital signals, such as endoscopic 
video, instrument trajectories, and robotic kinematic data, 
which AI can convert into MIS-adaptive assistance—yet AI 
models need real intraoperative validation (e.g., bleeding, 
smoke, lens contamination, camera angle changes) rather than 
clean benchmark videos. Three AI application layers for MIS 
are emerging: First, perception enables real-time recognition of 
key anatomy and dissection planes to prevent misidentification-
induced catastrophic injuries (e.g., semantic segmentation in 
laparoscopic cholecystectomy); second, workflow intelligence 
enables phase/step detection to standardize communication, 

anticipate equipment needs, and send context-aware prompts 
(proven in laparoscopic inguinal hernia repair); third, integrat-
ed autonomy-in-the-loop fuses video analysis with robotic 
kinematics to support camera control, instrument collision 
avoidance, and safety “no-go” alerts—functions unattainable 
with rule-based software alone [5]. With the rapid advancement 
of medical engineering and intelligent technology, traditional 
laparoscopic surgery is continuously evolving towards intelli-
gence and remote control (Figure 1).

3 DUAL ENHANCEMENT OF PATIENT EXPERIENCE 
AND SAFETY 

3.1 The impact of MIS on postoperative recovery 

The advantages of MIS are now widely recognized, including 
reduced incision size, decreased bleeding, and faster recovery. 
It has been proven that MIS can effectively relieve pain, reduce 
the infection rate, decrease hospital stay, and speed up rehabili-
tation. Intraoperative analgesia using an erector spinae plane 
catheter has been reported to significantly increase the Quality 
of Recovery-15 questionnaire score within 48 hours after sur-
gery, highlighting the role of evidence-based pain control in 
patient satisfaction [6].

3.2 Risk reduction strategies for complications in MIS

Management of risks associated with MIS needs to be consid-
ered in the context of a ‘triple-decker strategy’ across the pre-, 
intra-, and post-operative phases. Preoperative holistic evalua-
tion of predisposing factors and imaging features aids in iden-
tifying high-risk factors. Intraoperative localization technolo-
gy including imaging navigation and near-infrared fluores-
cence imaging improves the accuracy of localization and pro-
vides the best approach, thereby minimizing bleeding and 
anastomosis-related complications [7]. By promoting preopera-
tive evaluation, optimizing intraoperative techniques and 
strengthening postoperative surveillance, clinicians can sig-
nificantly decrease the incidence of complications in all stages 
of the surgery, which may contribute to improving periopera-
tive safety and overall treatment outcome.

3.3 Quantitative analysis of patient feedback and satisfac-
tion

Studies have demonstrated that in different types of surgery 
such as biliary procedures and arthroscopy, the MIS group 
experiences greater satisfaction (pain control, scar appearance 
and quality of life) than conventional surgeries [8]. Through the 
implementation of standardized questionnaires and follow-up 
mechanisms, the patient care experience has been measured in 
an objective manner, contributing to workflow-focused optimi-
zation as well as quality management. MIS also improves post-
operative recovery and patient psychological comfort. Clinical 
research outcomes are summarized for comparison in such 
areas as post-operative pain, recovery time, rates of complica-
tions and patient satisfaction (Supplementary Table 1).
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4 FUTURE CHALLENGES AND STRATEGIES FOR 
MIS

4.1 Ethical and legal issues in the widespread adoption of 
technology in MIS

The widespread but heterogeneous adoption of MIS faces sev-
eral ethical and legal issues, including informed consent, pri-
vacy of data, liability in medical malpractice and resource fair-
ness [9]. The risks and long-term durability of new technolo-
gies are not always fully understood by patients. If there is a 
lack of communication, disputes can arise; this underscores the 
importance of thorough preoperative risk assessment and clear 

communication. With the growing amount of cross-border 
imagery and patient data exchange, data protection becomes  
an important issue that requires comprehensive security and 
accountability mechanisms to be in place. MIS should be devel-
oped in a healthy environment under strong ethical and legal 
control to guarantee safety and fairness.

4.2 The necessity of physician training and skill enhance-
ment

For MIS, it is extremely necessary for the surgeon to have suf-
ficient experience and systematic training. Systematic, simula-
tion-based, tiered training platforms incorporating animal 

Figure 1. Evolution and future trends of MIS. This figure illustrates the evolution and prospects of MIS technology since the 1980s. Lapa-
roscopic surgery emerged in the 1980s, characterized by small incisions, minimal bleeding, and quick recovery. From the 1990s to the 2000s, 
multi-port laparoscopic surgery was developed, further reducing trauma. Between 2000s and 2010s, robot-assisted surgery emerged, offering 
high-definition imaging and high-precision operation. From 2010s to 2025s, the integration of imaging and navigation technologies (such as intra-
operative ultrasound, CT, MRI, AR, and 3D reconstruction) has significantly enhanced visualization and accuracy. Looking ahead, from 2020s 
to 2030s, ultra-MIS is expected to mature, utilizing single-port, microneedle, and NOTES technologies. Finally, from 2030s to 2040s, surgery 
will enter an interdisciplinary fusion phase, combining 5G remote surgery, AI-assisted decision-making, and a global digital surgical network, 
thus ushering in a new era of intelligent and remote surgery. Note: 3D, three-dimensional; HD, high-definition; CT, computed tomography; 
MRI, magnetic resonance imaging; AR, augmented reality; NOTES, natural orifice transluminal endoscopic surgery; 5G, fifth-generation; AI, 
artificial intelligence.
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experiments and virtual reality can overcome the learning 
curve, increase surgical accuracy and improve therapeutic out-
comes. This emphasizes the role of ongoing education and 
interdisciplinary cooperation in improving health care quality.

4.3 The impact of healthcare resource allocation and re-
gional disparities

There are economic resource disparities which limit the use of 
MIS. One of the interesting observations that have emerged 
from research is that the penetration of MIS is substantially 
higher in large medical centers than in community hospitals 
and also varies across patient demographics [10]. For example, 
Hispanic patients are less likely to accept it [11]. Despite dem-
onstrated more widespread overall utilization of MIS in the 
surgical staging of endometrial cancer, this practice continues 
to be applied disproportionately among low-income or vulner-
able populations. Notably, shorter hospital stays alone do not 
equate to full cost-effectiveness, as comprehensive evaluation 
requires accounting for capital investment, maintenance, con-
sumables, staffing, and long-term clinical outcomes. A practi-
cal strategy is to centralize high-cost, advanced MIS platforms 
in regional hubs and extend their access via referral networks 
and standardized protocols, thus reducing disparities and 
ensuring efficient, equitable resource utilization across health-
care settings.

5 DISCUSSION AND OUTLOOK

The next phase of MIS will be defined less by any single device 
and more by integration: imaging that reduces uncertainty, 
robotics that extends dexterity, and AI that provides context-
aware assistance. 3D reconstruction and markerless AR boost 
anatomical visualization and intraoperative risk assessment, 
reducing the impact of varying surgical experience. Single 
incision platforms and more dexterous robotic arms extend 
RAS to complex reconstruction and high-risk patients, while 
AI enables data-driven diagnosis, treatment and postoperative 
follow-up, shifting from experience-driven practice. In the 
future, MIS will rely on multidisciplinary cooperation, chang-
ing not only surgical philosophy but also the practice model of 
surgery.

Nevertheless, regional and resource issues remain barriers to 
its widespread implementation. In developed regions, the utili-
zation rate in central hospitals is significantly higher than that 
in community hospitals, and there are disparities in patient 
access owing to inequitable socioeconomic status and insur-
ance coverage. Thus, future development will require not only 
technology innovation but also policy support, educational 
training, resource optimization, and improved legal and ethical 
standards to ensure the safe and equitable application of MIS 
worldwide. At the same time, specialized training on MIS-
related technical skills can be conducted for clinical doctors; a 
regional referral collaboration model can be established; and 

remote guidance can be used in appropriate scenarios to com-
prehensively promote the clinical popularization and applica-
tion of minimally invasive surgery.
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