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Abstract 

Liver resection offers the best chance of cure for hepatocellular carcinoma (HCC) and hepatic 

metastases, but complex anatomy, tumor variability, and risks such as bleeding and tissue 

deformation make it challenging. This narrative review explores how artificial intelligence (AI), 

robotics, and nanotechnology can be integrated across the surgical workflow from preoperative 

planning and intraoperative guidance to postoperative monitoring with a focus on hybrid systems 

(combinations of two or more technologies, like AI-guided robotic tools enhanced by 

nanotechnology) that may create meaningful synergies for better decision-making. Unlike most 

existing reviews, which examine single technologies in isolation or emphasize performance metrics 

without workflow context, we center the discussion on real surgeon challenges, translational 

readiness levels, adoption barriers, and situations where hybrids may not add value. Drawing on 

2020–2026 evidence, we highlight the potential of AI for predictive insights, robotics for precision, 

and nanotechnology for targeted effects, while noting that most data come from small, retrospective, 

or preclinical studies with limited generalizability. This review addresses the growing gap between 

proposed hybrid innovations and their practical evaluation in clinical workflows. We outline a 

cautious, multidisciplinary roadmap for future validation, including ethical, regulatory, and equity 

considerations. It is aimed primarily at hepatobiliary surgeons and translational researchers 

interested in near to mid term adoption. 
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Introduction 

Liver resection remains a cornerstone for curative treatment of HCC and hepatic metastases, yet 

it is constrained by complex vascular anatomy, cirrhosis related risks, and the need for parenchyma 

preservation to avoid postoperative liver failure [2,4,18]. Traditional approaches often rely on 

preoperative imaging for planning and manual skill during execution, leading to variable outcomes. 

Reported recurrence and morbidity rates vary widely depending on tumor biology, cirrhosis severity, 

and institutional expertise, with recurrence rates up to 70% at 5 years in selected HCC series and 

morbidity in 20-40% of cases in retrospective series [3,8,17]. Emerging technologies  AI for data 

integration, robotics for precise manipulation, and nanotechnology for targeted interventions  offer a 

potential paradigm shift, but most literature examines them in silos, overlooking hybrid potential 

and translational gaps [1,10,13,50]. Unlike prior reviews that assess individual technologies, this 

review reframes liver surgery through a workflow centered hybrid systems lens, explicitly 

addressing when integration fails to add value. By synthesizing 2020-2026 evidence, we aim to 

provide a forward looking framework that advances surgical decision making without overhyping, 

distinguishing preclinical promise from clinical reality. Given the heterogeneity of technologies, 
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endpoints, and readiness levels, formal meta-analysis would be methodologically inappropriate and 

a systematic review framework would risk artificial homogeneity across fundamentally dissimilar 

technologies; instead, this narrative format maps what should be tested next, not what is already 

proven [11,52]. 

 

Figure 1. Conceptual framework of technology integration in liver surgery workflow. 

Methods 

This narrative review synthesizes clinical and preclinical evidence from 2020-2026 on AI, 

robotics, and nanotechnology in liver surgery, with a focus on hybrid integration. To ensure 

transparency and a priori specification of objectives, this narrative review was registered on 

PROSPERO (CRD420261289929). The registration included the planned inclusion criteria, search 

strategy, and objectives for evaluating hybrid systems in liver surgery. 

Eligibility Criteria 

Studies were included if they involved patients of any age or sex undergoing liver resection for 

primary or secondary hepatic malignancies, including HCC and liver metastases, using open or 

minimally invasive approaches. Eligible interventions encompassed AI for planning or guidance, 

robotic assisted surgery, nanotechnology for imaging or targeting, or hybrid combinations. Both 

randomized and nonrandomized designs were considered, with no language or date restrictions 

applied. 

Searching and Screening 

Both published and unpublished studies were sought. Main bibliographic databases searched 

included Embase (via Ovid), MEDLINE, PubMed, Science Citation Index (SCI), and Scopus. Google 

Scholar was used as a specialist database. No other methods for identifying studies were employed. 

A full search strategy is available in the PROSPERO protocol. Studies were screened independently 

by at least two reviewers (or person/machine combination), with a process to resolve differences. 

Data Collection Process 

Data were extracted independently by at least two reviewers (or person/machine combination), 

with a process to resolve differences. Authors were contacted for any required data not available in 

published reports. Risk of bias/study quality, reporting bias, and certainty of findings were not 

formally assessed, consistent with the narrative synthesis approach. 
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Planned Data Synthesis 

No formal data synthesis was planned; data were described narratively without combination. 

Current Review Stage 

The review is ongoing, with formal searching, screening, and data extraction started but not 

completed. 

Conceptual Role in Preoperative Planning 

Preoperative planning in liver surgery involves tumor localization, vascular mapping, and 

functional liver volume estimation to minimize risks like ischemia or incomplete resection [12,14]. AI 

excels by integrating multimodal data (e.g., CT, MRI, omics) to predict recurrence and guide 

resectability, addressing surgeon challenges in high risk cirrhotic livers, though often in retrospective 

cohorts [2,6,7]. Machine learning models, for instance, combine radiomics with clinical variables to 

forecast early HCC recurrence post-resection with AUCs >0.80 in small pilot studies [3,16]. However, 

most models lack external validation and are susceptible to overfitting, limiting clinical 

generalizability [5,11]. Robotics contributes through virtual simulations, incorporating haptic 

feedback to rehearse complex resections like those in segment VIII, reducing planning uncertainty in 

feasibility trials [22,23,67]. Nanotechnology enhances imaging via targeted nanoparticles, such as 

glypican 3 conjugated agents, improving detection of microvascular invasion  a key prognostic factor 

with up to 25% better tumor accumulation in preclinical models [33,35,41]. 

Conceptually, hybrid systems unify these: AI analyzes nano enhanced scans to create 

probabilistic maps, which robotic platforms simulate for rehearsal. This dynamic approach could 

account for patient-specific variability, potentially decreasing intraoperative adjustments and 

conversion rates, though current evidence is largely preclinical with limited external validity 

[34,59,61]. Hybrid value should be judged by cognitive offloading and workflow simplification, not 

technological sophistication alone, particularly in addressing margin uncertainty [15]. 

Intraoperative Guidance and Execution 

Intraoperative challenges include achieving R0 margins, preserving vessels, and adapting to 

deformation in cirrhotic livers [13]. Robotics addresses these with tremor free precision and 3D 

visualization, showing lower blood loss (e.g., 200 -300 mL) and conversion rates (4  -  5%) in major 

hepatectomies for metastases (predominantly colorectal liver metastases, CRLM) compared to 

laparoscopy in meta analyses of predominantly retrospective data from high volume centers [9,19–

21,23,25,27,28]. AI augments by overlaying navigation, segmenting tissues in real time, and 

predicting bleeding from vascular patterns in early feasibility studies [1,7]. Nanotechnology provides 

molecular tools, like fluorescence-guided nano probes for margin delineation or drug-eluting 

particles for targeted ablation, reducing off target effects in fibrotic tissue in preclinical settings 

[30,32,43]. 

Hybrid frameworks could enable adaptive resection: AI processes robotic sensor data and nano 

markers to adjust paths dynamically, as seen in AR-assisted robotic hepatectomies achieving sub 

centimeter precision and lower complications (10-30%) in small pilot cohorts [70,72,78]. This system 

supported approach may mitigate skill variability, particularly in minimally invasive HCC resections, 

but demands scrutiny for registration accuracy amid deformation, directly tackling bleeding risks 

and deformation mismatches [68,79,82]. 

Postoperative Monitoring and Outcomes 

Postoperative focus includes complication detection, recovery optimization, and recurrence 

surveillance [18]. AI predicts morbidity using perioperative metrics, enabling early interventions for 

liver failure with accuracies >85% in retrospective analyses [6,8]. Robotics correlates with shorter 
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stays (5–7 days) and reduced morbidity in HCC cases due to minimal invasiveness in single center 

studies [9,26]. Nanotechnology supports via nano sensors for biomarker monitoring or sustained 

release systems for healing, showing 30-50% improved drug uptake in preclinical HCC models 

[42,45]. 

Hybrids could create feedback loops: AI interprets nano-delivered biomarkers from robotic-

implanted devices to forecast recurrence, integrating with EHRs for personalized follow up. This may 

extend workflow impact, potentially informing recurrence free survival through earlier detection, 

though long-term data are sparse and from limited cohorts, solving real surveillance challenges 

without over interpreting pilot data [61,64]. 

Limitations, Safety Concerns, and Barriers to Adoption 

AI risks dataset bias and overfitting, limiting generalizability across diverse populations in early 

studies [5,11]. Robotics incurs high costs ($1-2 million/system) and steep learning curves, restricting 

access in low-resource settings [22,23,48,49]. Nanotechnology faces biocompatibility issues, with 

potential toxicity in cirrhotic livers in preclinical evaluations [29,37,38]. Hybrids compound these, 

requiring interdisciplinary validation; readiness varies  AI/robotics in trials, nanotechnology 

preclinical [34,59,62]. Ethical concerns include data privacy, surgeon deskilling, and liability in AI-

driven decisions [50,52,53]. Regulatory hurdles, like FDA approval, slow adoption, emphasizing need 

for honest discussion of neutral/negative trials; negative or neutral findings are likely 

underrepresented due to publication bias, particularly in early feasibility studies [5]. Additional 

barriers include lack of interoperability between proprietary platforms and risks of vendor lock-in. 

Without parallel investment in training and cost reduction, hybrid systems risk exacerbating 

disparities in global liver surgery [12,77]. 

Table 1. Nanotechnology Readiness Levels in Liver Surgery. 

Nano Application Evidence Level Clinical Status 

Fluorescence probes Preclinical / early human pilots Experimental 

Drug-eluting particles Preclinical Not approved in US/EU 

Targeted contrast agents Animal models / phase I trials Investigational 

Nano-sensors for monitoring Preclinical concepts Not in clinical use 

Evidence for Hybrid Systems 

Evidence for hybrids is nascent, focusing on dual systems like AI-robotics for navigation or AI-

nanotechnology for targeting, mostly in small, single-center studies [34,59,62]. AI-integrated robotics 

with AR adapts to deformation, supporting R0 resections in metastases without recurrence at 22 

months in highly selected pilot patients, though with limited validity [70,71]. AI-nanotechnology 

optimizes HCC nanoparticle delivery, yielding 25% higher accumulation and lower toxicity in animal 

models [35,47]. Tri-hybrids (e.g., AI-guided robotic nano-probes) demonstrate 30-50% preclinical 

efficacy gains but lack clinical data; tri-hybrid systems currently remain conceptual or preclinical and 

should not be interpreted as near-term clinical solutions [31,54]. Key gaps: standardized interfaces, 

multicenter trials; barriers: overfitting, costs [11,77]. 

Table 2. Comparing Single-Technology vs. Hybrid Value in Liver Surgery. 

Aspect 
Single-Technology (e.g., AI Alone, 

Robotics Alone, Nano Alone) 

Hybrid Systems (e.g., AI-Robotics-

Nano Integration) 

Strengths 

Simpler implementation; lower cost; 

focused on specific pain points (e.g., AI for 

prediction, robotics for dexterity). 

Potential synergies for adaptive 

workflows; addresses multiple 

challenges simultaneously (e.g., 

real-time margin adjustment). 
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Weaknesses 
Limited scope; may not handle complexity 

like deformation or heterogeneity. 

Increased complexity; higher risk of 

compounded errors; regulatory 

hurdles. 

Evidence Maturity 
Higher for AI/robotics (trials); lower for 

nano (preclinical). 
Mostly preclinical/pilot; lacks RCTs. 

Clinical Value 
High for routine cases; reduces cognitive 

load in isolated tasks. 

May add value in complex 

resections; could degrade 

performance in routine ones due to 

latency/setup. 

Adoption Barriers 
Cost/learning curve for robotics; bias for 

AI. 

Vendor lock-in; interoperability 

issues; equity gaps. 

When to Prefer 
Standard procedures where one tech 

suffices. 

High-risk cases needing multi-

layered support, pending 

validation. 

When Hybrid Systems May NOT Add Value 

We intentionally include scenarios where hybrid systems may degrade performance, as these 

are underreported in current literature. While hybrids offer potential synergies, they may not always 

improve outcomes and could introduce drawbacks. Increased system complexity might lead to 

longer setup times or higher failure rates in resource-limited settings. Latency in real-time AI 

processing could delay critical decisions during bleeding events. Compounded failure modes, such 

as AI misinterpretation of nano data, risk amplifying errors. Regulatory burdens for hybrid approvals 

may outweigh benefits for routine cases, where single technologies suffice. We suggest tiered 

adoption: hybrids for complex cases, single tech for routine resections. 

Current regulatory frameworks still place final accountability on the operating surgeon under 

current regulatory frameworks, underscoring the need for decision support  not decision 

replacement AI, with acknowledgment of regulatory lag for hybrids. 

Box 1: What Evidence Surgeons Should Demand Before Adoption 

Before adopting hybrid systems in liver surgery, surgeons should demand robust, multicenter 

evidence addressing translational gaps. Key requirements include: (1) Prospective RCTs 

demonstrating workflow improvements (e.g., reduced operative time, margin positivity) over single 

technologies, with endpoints like intraoperative decision latency and conversion rates; (2) External 

validation of AI models to mitigate bias and overfitting, including diverse cohorts reflecting global 

populations; (3) Long term data on outcomes like recurrence free survival and morbidity, accounting 

for publication bias in neutral/negative trials; (4) Safety assessments, including failure mode analyses 

for compounded errors (e.g., AI latency during bleeding); (5) Cost  effectiveness studies, factoring 

equity and interoperability to avoid vendor lock  in; (6) Ethical evaluations, ensuring transparency, 

patient autonomy in consent, and surgeon accountability. Until such evidence exists, hybrids should 

be piloted in high volume centers with fallback protocols. 

Future Roadmap 

A phased, speculative roadmap, dependent on reimbursement models and regulatory 

harmonization, is proposed: (1) Short-term (1-3 years): Multicenter trials validating hybrids on 

workflow metrics (e.g., margin uncertainty reduction, intraoperative decision latency, conversion 

rates) in diverse cohorts. (2) Medium-term (3-5 years): Prototype development, like AI-robotics with 

nano-imaging, tested preclinically for safety. (3) Long-term (5+ years): RCTs on integrated systems, 

assessing cost-effectiveness and global equity. Gaps: Longitudinal hybrid impact studies, AI ethics. 

Multidisciplinary collaboration essential for potential standardization by 2030, though timelines 

remain uncertain. 
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Conclusions 

Integrating AI, robotics, and nanotechnology could redefine liver surgery workflows, tackling 

surgeon challenges in HCC and hepatic metastases. Hybrids offer a pathway to enhanced decision 

making, but require rigorous validation to bridge hype and reality, particularly given evidence 

limitations. Surgeons should prioritize hybrids that demonstrably reduce uncertainty at decision 

critical moments, such as margin assessment or bleeding control, rather than those offering marginal 

technical enhancements. They should demand multicenter RCTs before adoption, remain cautious in 

routine cases where hybrids may add complexity without value, and advocate for equity focused 

implementations to avoid widening global disparities. Until such evidence exists, hybrid systems 

should be considered experimental adjuncts rather than standards of care. 
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