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Abstract

Background: The management of complex hepato-pancreato-biliary (HPB) pathologies demands
exceptional surgical precision. Traditional two-dimensional imaging has limitations in depicting
intricate anatomical relationships, potentially complicating preoperative planning. This review
explores the synergistic application of three-dimensional (3D) reconstruction and artificial
intelligence (AI) to enhance surgical management in complex HPB cases. Methods: This narrative
review comprehensively synthesized the existing literature on the applications, benefits, and
limitations of 3D reconstruction and Al technologies in the context of HPB surgery. Results: The
literature demonstrates that 3D reconstruction provides patient-specific, interactive models that
significantly improve surgeons’ understanding of tumor resectability and vascular anatomy,
contributing to reduced operative time and blood loss. Building upon this, Al algorithms automate
image segmentation for 3D modeling, enhance diagnostic accuracy, and offer predictive analytics
for postoperative complications, such as liver failure. By analyzing large datasets, Al can identify
subtle risk factors to guide clinical decision-making. Conclusions: The convergence of 3D
visualization and Al-driven analytics is creating a paradigm shift in HPB surgery. This powerful
combination is fostering a move toward a more personalized, precise, and data-informed surgical
approach, with the potential to optimize outcomes for the most challenging patient cohorts.

Keywords: artificial intelligence; AL 3D reconstruction; Virtual Reality; HPB surgery; liver; pancreas;
biliary

1. Introduction

Hepato-Pancreato-Biliary (HPB) surgery stands as one of the most demanding domains in
surgical oncology [1,2]. It is characterized by its technical complexity, high perioperative morbidity
and mortality risk, and complicated vasculo-biliary anatomy with significant inter-patient variability.
Even small tumors can abut critical structures like the superior mesenteric vein (SMV), portal vein,
or hepatic artery, challenging the feasibility of achieving a radical oncologic (R0) resection. This
surgical challenge is compounded by the necessity to preserve an adequate future liver remnant
(FLR) or a viable pancreatic remnant to prevent endocrine and exocrine insufficiency, a critical factor
for postoperative outcomes and a core dilemma in operative planning.

For decades, conventional imaging, primarily multiphasic Computed Tomography (CT) and
Magnetic Resonance Imaging (MRI), has been the backbone of preoperative planning. These methods
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are highly effective for diagnosis and staging, yet they display inherent limitations, as they present
three-dimensional anatomy as a series of two-dimensional slices [3,4]. This forces the surgeon to
perform a mental reconstruction, a cognitive process that is inherently subjective and can lead to
misinterpretations of tumor boundaries, vascular encasement, and anatomical variations, even for
experienced clinicians. This potential gap between preoperative perception and operative reality can
lead to unexpected intraoperative findings and alterations to the surgical plan, making essential the
adoption of more advanced visualization tools.

Three-dimensional (3D) reconstruction offers a significant step forward. By processing thin-slice
imaging data, this technology generates patient-specific volumetric models that reproduce anatomy
with high fidelity [5]. Surgeons can interactively manipulate these models, rotating, zooming, and
making structures transparent, to gain a unique understanding of the spatial relationships between
tumors, vessels, and bile ducts. The applications are highly practical: 3D models clarify vascular
involvement in pancreatic tumors infiltrating the SMV/SMA, enable precise calculation of the FLR,
and improve donor safety in living donor liver transplantation by depicting small anatomical
branches. Crucially, this enhanced understanding is not merely academic; it has a direct clinical
impact. It is reported that insights from 3D models can alter the planned surgical strategy in up to a
third of complex cases, fostering more precise resections and reducing intraoperative surprises [6].

Artificial intelligence (AI) further augments these capabilities by addressing key workflow
bottlenecks and adding a predictive dimension to surgical planning [7]. Its most immediate
application is the automated segmentation of imaging data [8,9]. Using deep learning algorithms, this
once-laborious manual process can be completed rapidly and consistently, making 3D modeling a
clinical reality [10]. Beyond image processing, Al is moving into the predictive domain, with
algorithms trained to estimate the risk of specific postoperative complications, like post-hepatectomy
liver failure or clinically relevant pancreatic fistula. This allows for proactive risk stratification and
personalized perioperative management. The synergy between 3D visualization and Al, thus, creates
a continuous digital thread that extends into the domains of surgical training and real-time surgical
execution. Virtual reality (VR) platforms immerse surgeons in patient-specific simulations to rehearse
complex procedures and shorten the learning curve, while intraoperative augmented reality (AR)
overlays provide a real-time “roadmap” by projecting the 3D model onto the live surgical field [1].

This review aims to provide a comprehensive overview of the current evidence, evaluating how
the integration of 3D reconstruction and artificial intelligence is reshaping the management of
complex HPB pathologies. This study will examine their contributions to preoperative planning,
intraoperative navigation, and patient outcomes, while also discussing their potential role in
complication prediction and surgical training. The rationale for this review lies in the increasing
complexity of cases, the well-recognized limitations of conventional imaging, and the mounting
evidence that digital innovations are driving a paradigm shift toward a more precise and
personalized standard of care in HPB surgery.

2. Methods

This study is a narrative review of the literature. A comprehensive search was conducted using
PubMed, Scopus, and Google Scholar for articles published up to October 1st, 2025. The search terms
included “3D reconstruction”, “artificial intelligence”, “virtual reality”, and “hepato-pancreato-
biliary surgery.” Priority was given to English-language clinical studies, systematic reviews, and
relevant technical papers. Reference lists of included studies were also screened to identify additional
sources. Case reports were included only when they provided unique or illustrative insights into the
practical application of 3D or Al technologies.
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3. Preoperative Planning

3.1. Technical Requirements

Preoperative imaging is the foundation upon which three-dimensional (3D) reconstructions are
built. For reliable results, imaging must provide very thin slices, ideally <1 mm, to allow accurate
segmentation of vascular, biliary, and parenchymal structures [2,3]. Multiphasic contrast-enhanced
multidetector computed tomography (MDCT) remains the golden standard, as it captures arterial,
venous, and delayed phases essential for mapping tumor—vessel relationships. Modern protocols
emphasize arterial phase scanning to assess involvement of the celiac axis, superior mesenteric artery
(SMA), and hepatic arterial system, and portal venous phase acquisition to evaluate the superior
mesenteric vein (SMV), portal vein, and splenic vein. Magnetic resonance imaging (MRI), particularly
when combined with MRCP sequences, can be fused with CT to enhance the delineation of the biliary
tree and pancreatic ductal system, offering complementary information that CT alone cannot provide
[1].

Once the imaging is obtained, data are imported into specialized software for reconstruction.
These platforms, which range from research-based tools to commercially available systems, allow
segmentation of the pancreas, peripancreatic vasculature, biliary tract, duodenum, and surrounding
organs. Some workflows incorporate semi-automatic algorithms, while others still rely heavily on
manual tracing by radiologists or engineers. The result is a patient-specific 3D model that can be
manipulated, rotated, and dissected virtually. In many centers, these reconstructions can also be
exported into 3D-printed models or projected in augmented reality (AR) environments for
intraoperative use [3,6]. This combination of CT, MRI, segmentation software, and —increasingly —
printing or AR visualization forms the technical backbone of modern 3D surgical planning

3.2. Advantages of 3D over Conventional Imaging

Traditional two-dimensional (2D) imaging has served HPB surgeons for decades, yet it presents
inherent limitations. Surgeons are required to mentally reconstruct a three-dimensional anatomy
from stacks of axial slices [6]. This mental process is subjective and highly dependent on individual
experience, and subtle findings, such as the degree of venous encasement or small arterial variants,
may be overlooked. 3D reconstruction reduces this subjectivity by providing an objective, interactive
map of the operative field [6].

The evolution from conventional 2D imaging toward 3D reconstruction represents a natural
response to the increasing anatomical and technical complexity of HPB surgery. Early efforts in
multiplanar CT and MR fusion paved the way for volumetric rendering and semi-automatic
segmentation. As computational power advanced, surgeons transitioned from static visualization to
interactive 3D models that mirror true patient-specific anatomy. In recent years, artificial intelligence
has accelerated this evolution by automating segmentation, improving image fidelity, and linking
visual data to predictive analytics. This integration of 3D reconstruction and Al marks the beginning
of a new digital era in surgical planning and execution.

The most widely acknowledged advantage is enhanced anatomical clarity, as 3D models display
the spatial relationships between tumor and vessels more intuitively than 2D images, highlighting
encasement, abutment, or displacement of critical structures such as the SMA, SMV, portal vein, and
hepatic artery [2,6]. Anatomical variants, which occur with considerable frequency in hepatic arterial
and portal venous systems, are more easily identified in 3D space. A second benefit lies in tumor
assessment. Volume rendering permits precise measurement of tumor size and infiltration into
adjacent organs. Comparative studies have shown that tumor volumes derived from 3D models
correlate closely with pathological specimens, whereas conventional CT measurements often
underestimate or overestimate the true dimensions [2].

Furthermore, 3D models significantly improve resection planning. They allow the surgeon to
simulate potential resection planes, anticipate the need for vascular reconstruction, and estimate the
volume of remnant tissue. The concept of volumetric planning, well established in liver surgery for
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calculating the future liver remnant (FLR), has begun to influence pancreatic surgery as well,
particularly in complex resections where the balance between oncologic clearance and functional
preservation is delicate [11-13].

Finally, these models carry educational and communicative value. For trainees, they provide an
immersive understanding of anatomical complexity that surpasses textbook diagrams [1,14]. For
patients, printed or virtual reconstructions offer a tangible way to appreciate the planned operation,
facilitating informed consent and shared decision-making [15].

3.3. Impact on Surgical Strategy

The strongest argument for integrating 3D reconstruction into preoperative planning is its
demonstrated ability to alter surgical strategy. Several clinical series have reported changes in
operative planning in 20-30% of cases once 3D reconstructions were reviewed. These changes
typically involve revised judgments about vascular invasion, resectability, and the extent of resection
required. For example, in a study of pancreatoduodenectomies, surgical plans were modified in more
than one-fifth of patients after 3D evaluation, with the most frequent adjustments relating to
anticipated venous resection or reconstruction [2]. In borderline resectable pancreatic ductal
adenocarcinoma (BR-PDAC), where accurate assessment of venous and arterial involvement
determines operability, 3D reconstructions have proven particularly useful [6,11]. They allow
surgeons to visualize tumor abutment of the SMV—portal vein confluence or encasement of arterial
branches in a way that 2D slices cannot, as shown in Figure 1. This not only aids in selecting
candidates for upfront surgery versus neoadjuvant therapy, but also prepares the surgical team for
complex vascular procedures if required.

Figure 1. Preoperative Planning of a Pancreatic Head Adenocarcinoma with Main Duct Intraductal Papillary
Mucinous Neoplasm (IPMN) in a 70-year-old Woman. Multiphase CT scan with 3D volume rendering shows
the tumor (green) abutting the superior mesenteric vein (SMV)/portal vein (PV) confluence (purple).

The influence of 3D planning is equally evident in liver surgery, where its adoption is more
advanced [4,16]. 3D-based volumetry leads to shorter operative times, reduced intraoperative blood
loss, and decreased transfusion requirements compared with conventional imaging [4,16]. Moreover,
early evidence suggests that 3D planning contributes to higher rates of RO resections and fewer
intraoperative surprises. Another relevant impact concerns operative efficiency. By clarifying
vascular anatomy and resection planes before the incision, 3D planning can shorten the learning
curve for young surgeons and provide confidence for senior surgeons facing complex cases [4].
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https://doi.org/10.20944/preprints202510.2231.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 October 2025 d0i:10.20944/preprints202510.2231.v1

5 of 11

Beyond individual benefit, these tools may help standardize surgical planning across institutions by
reducing reliance on subjective mental reconstruction.

In summary, 3D reconstruction has transformed preoperative planning for complex HPB
surgery from a largely interpretative exercise into a reproducible, data-driven process. By ensuring
high-quality imaging, accurately segmenting relevant anatomy, and delivering models that improve
clarity, precision, and strategy, these technologies directly influence patient outcomes. They allow
surgeons not only to plan the procedure with greater certainty but also to anticipate difficulties, avoid
unnecessary exploratory laparotomies, and individualize surgical strategies. As 3D software becomes
more automated and as AR/VR platforms mature, these reconstructions are poised to become
standard practice, not an optional adjunct, in the preoperative evaluation of pancreatic cancer.

4. Intraoperative Applications of 3D Reconstruction in Liver and Pancreatic
Surgery

The role of three-dimensional (3D) reconstruction in HPB surgery has steadily expanded over
the last decade [16]. Initially developed as a planning tool to understand complex anatomy before
surgery, it is now moving into the operating room itself. Surgeons can rely on interactive 3D
visualizations, augmented reality (AR), and even tangible printed organ models while operating.
These technologies provide a dynamic way to interpret anatomy and pathology. This is especially
relevant in liver and pancreatic operations, where the close relationship between tumors, vessels, and
ducts leaves very little margin for error. The goal is not only to improve precision, but also to lower
the risks of complications and improve the patient’s recovery afterwards.

4.1. Intraoperative Applications in Pancreatic Surgery

Pancreatic surgery often presents a great challenge with operations, such as
pancreatoduodenectomy (PD), involving dissection around the superior mesenteric vein, the portal
vein, and the celiac axis, where a small error in vascular dissection can have catastrophic
consequences. Miyamoto et al. studied 117 patients undergoing PD and reported that those with 3D
simulation had significantly less blood loss compared to conventional planning [17]. This result is
particularly relevant since blood loss and transfusions are well-known risk factors for postoperative
morbidity.

Isolated reports also highlight the ability of 3D reconstructions to reveal details that traditional
imaging may miss, as shown in Figure 2. Templin et al. described a case in which interactive 3D
vascular reconstruction revealed a rare Biihler’s anastomosis, not visible on standard CT [7]. This
information, confirmed during surgery, changed the operative strategy and likely prevented serious
complications. Vicente et al. went further, showing that 3D vascular models achieved nearly 100%
sensitivity and specificity in predicting vascular invasion in pancreatic cancer, outperforming CT and
MRI [3]. This level of accuracy allows for better planning of vascular resections and helps avoid
unnecessary or unsafe procedures.

Tang et al. reported AR-assisted PD procedures that required venous resection [18]. By
projecting 3D reconstructions onto the operative field, they improved the surgeon’s orientation and
helped to achieve negative resection margins. Together, these studies and reports show that 3D
support during pancreatic surgery does more than enhance visualization; it actively contributes to
safer dissection, reduces the risk of vascular injury, and lowers the likelihood of complications such
as postoperative pancreatic fistula.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. Preoperative Planning of Uncinate Process Pancreatic Adenocarcinoma (PDAC) in a 69-year-old
Woman. Multiphase CT scan with 3D volume rendering shows the tumor (green) arising from the uncinate
process and abutting the superior mesenteric vein (SMV)/portal vein (PV) confluence (purple). Note the

presence of an aberrant right hepatic artery originating from the superior mesenteric artery (SMA) (red).

4.2. Intraoperative Applications in Liver Surgery

Liver surgery is one of the main areas where 3D reconstruction has demonstrated its potential.
During major resections, a precise understanding of the vascular inflow, venous drainage, and bile
duct anatomy is essential, as well as an accurate calculation of future liver remnant (FLR) is crucial
(Figure 3). Conventional CT can provide this information but often requires the surgeon to mentally
reconstruct 3D relationships from 2D slices. Cotsoglou et al. carried out a multicentric international
survey and demonstrated that 3D reconstructions significantly improved the recognition of tumor—
vessel relations compared with standard CT [4]. Surgeons reported that this information reduced
intraoperative uncertainty and allowed for more confident intraoperative decisions.

Deformed image included

Figure 3. Preoperative planning of a mass-forming intrahepatic cholangiocarcinoma (iCCA) in the left lobe of
the liver in a 57-year-old man. The tumor (pink) is in the left lobe (yellow). The future liver remnant (orange) is
calculated for the right lobe and is 55.9% of the total liver volume (TLV), indicating that a left hepatectomy is

feasible.
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Another breakthrough comes from AR-guided approaches. Wang and colleagues combined 3D
reconstruction with intraoperative fluorescence guidance in laparoscopic hepatectomy [19]. They
found shorter operative times, reduced blood loss, and even lower postoperative stress responses,
suggesting that intraoperative navigation not only makes the surgery more efficient but also reduces
systemic strain on the patient. Rossi et al., in a systematic review, emphasized the role of patient-
specific 3D-printed liver models [20]. These models helped surgeons anticipate variations in vascular
and biliary anatomy, reducing the risk of unexpected injury during the procedure.

This evidence is also supported by pooled analyses. For instance, Zeng et al. included more than
1,600 patients in a meta-analysis and confirmed that 3D-assisted hepatectomy is associated with
reduced operative time, less bleeding, fewer complications, lower recurrence rates, and improved
survival [21]. These data suggest that the intraoperative use of 3D reconstructions is not just an
additional gadget, but a real clinical tool with meaningful impact.

4.3. Postoperative Outcomes and Clinical Impact

The influence of intraoperative 3D support does not end when the operation is finished. Its
benefits extend into the postoperative course. In liver surgery, reduced bleeding and shorter
operative times translate into fewer bile leaks, lower risk of postoperative liver failure, and shorter
hospital stays [22]. In pancreatic surgery, accurate recognition of vascular involvement allows for
safer resections, which reduces intraoperative injury and decreases the incidence of postoperative
pancreatic fistula [23]. Importantly, by helping to achieve RO resections, intraoperative 3D guidance
may also lower recurrence rates and support better long-term survival [24]. The cumulative evidence
from surveys, retrospective cohorts, prospective trials, and meta-analyses paints a consistent picture:
intraoperative 3D support improves not only technical precision but also clinical outcomes [14].
Patients benefit from fewer complications, quicker recovery, and in selected cases, better oncological
control. These gains are especially valuable in HPB surgery, where morbidity remains high despite
advances in perioperative care.

Overall, the intraoperative use of 3D reconstruction represents a major advancement in HPB
surgery. By providing real-time orientation and facilitating safer resections, it reduces intraoperative
risks and improves recovery. The evidence, drawn from multicentric surveys, systematic reviews,
and meta-analyses, shows that these technologies are not just experimental, but they are effective
clinical tools. Looking ahead, integration with Al-based segmentation, robotics, and immersive AR
platforms will likely make intraoperative 3D guidance an everyday part of surgical practice.

5. Artificial Intelligence and Virtual Reality in HPB Surgery

Artificial intelligence (AI) and virtual reality (VR) are now appearing increasingly in HPB
surgery. They rely on the progress of 3D reconstruction but go a step further, as they not only help
in showing anatomy before an operation, but also create tools that predict risks, allowing rehearsal
before surgery and supporting the surgeon during the operation.

Al predictive models are mainly used for risk estimation. By analyzing imaging data together
with clinical variables, machine learning can identify patients who are more likely to develop
complications. In pancreatic surgery, one of the biggest issues is postoperative pancreatic fistula. Al
models that incorporate duct size, gland texture, and vessel contact seem to outperform older risk
scores. Vicente et al. showed that 3D-based modeling was more accurate than CT or MRI in detecting
vascular infiltration, which directly influenced the surgical plan [3]. In liver surgery, algorithms that
process 3D reconstructions have been used to predict whether the future liver remnant is sufficient,
helping to avoid postoperative liver failure. Meta-analyses such as that of Zeng et al. have confirmed
that patients operated with 3D support have fewer complications and better survival [21].

VR for training and education is another rapidly growing field. Hepatic and pancreatic
operations are among the most demanding in surgical oncology, and VR tools provide a safe way to
train [14]. Based on patient-specific 3D models, VR systems allow the surgeon to “walk through” the
anatomy before actually entering the operating room. Studies such as Oshiro et al. and Rossi et al.
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described how VR or 3D-printed models improved spatial understanding, especially of vascular and
biliary variations. More importantly, these tools are not only for residents, as even experienced
surgeons can use them to test different strategies or rehearse rare scenarios [20,25].

Intraoperative VR guidance closes the circle. Real-time overlays of 3D anatomy onto the surgical
field are already used in both liver and pancreatic operations. Tang et al. reported the use of VR
during pancreatoduodenectomy with vascular resection; the 3D overlay made dissection safer and
helped to achieve negative margins [18]. In liver surgery, Wang et al. combined VR navigation with
fluorescence imaging, which resulted in less blood loss and shorter procedures [13]. A striking
example comes from Templin et al., who showed that an unexpected vascular variant, missed on
conventional CT, was identified with 3D vascular reconstruction and confirmed during surgery,
preventing possible major complications [7].

These developments are not only about technology but also have a real effect on patients. They
result in fewer complications such as bleeding, bile leaks or pancreatic fistula, shorter hospital stay,
and in some cases better long-term control of disease. VR-guided resections improve margin status,
which may reduce recurrence. Al-based prediction allows better patient selection, avoiding high-risk
operations in fragile individuals. At the same time, VR training ensures that younger surgeons are
better prepared for complex anatomy. Of course, challenges remain. Production of 3D/VR models
can be time-consuming and costly, as Rossi pointed out [20]. Al models need large, high-quality
datasets to be reliable, and this requires collaboration across centers. Yet, the trend is clear: predictive
Al VR training, and VR intraoperative guidance are gradually becoming part of routine HPB surgery.

In conclusion, these three elements form a complementary triad. Al helps to forecast
complications, VR training improves preparation, and intraoperative VR supports safe execution.
Together, they reduce perioperative risk and hold the promise of better outcomes for patients facing
complex liver and pancreatic operations.

6. Current Challenges and Future Perspectives

Despite the abundance of evidence demonstrating the benefits of 3D reconstruction and Al in
complex HPB surgery, the clinical translation of these tools still faces significant practical and
scientific hurdles. A primary obstacle is the current workflow’s reliance on resource-intensive model
production. Generating a patient-specific 3D model often involves a time-consuming manual or semi-
manual segmentation process by specialized technical staff, which limits the rapid turn-around
needed in urgent clinical scenarios and adds substantial cost [10]. Furthermore, current research is
often limited by a lack of standardization, with many reports originating from single centers with
relatively small patient cohorts and heterogeneous study endpoints. This limits the ability to draw
definitive, generalizable conclusions about the superiority and cost-effectiveness of these digital
technologies, creating a barrier to widespread adoption into routine surgical practice

To establish these technologies as the standard of care, future investigations must prioritize large
multicenter prospective trials that adhere to standardized outcome measures. These measures should
include metrics such as operative time, transfusion rates, major complications (Clavien-Dindo grade
> 3), and specific complication rates like postoperative pancreatic fistula (POPF) and post-
hepatectomy liver failure (PHLF) as defined by established international societies (ISGPS, ISGLS).
From a technical standpoint, the predictive Al models require a shift towards larger, high-quality,
and diverse datasets achieved through inter-institutional collaboration. This is necessary to enhance
the reliability and consistency of risk stratification algorithms, allowing Al to accurately forecast
complications by combining imaging-based anatomical metrics with clinical data.

In addition to the technical and logistical barriers, ethical and regulatory considerations must
not be overlooked. The implementation of Al-based surgical tools involves sensitive imaging data,
raising concerns about patient privacy, data security, and ownership of algorithm-generated insights.
Moreover, the absence of standardized validation and regulatory frameworks for surgical Al poses
challenges for safe clinical translation. The establishment of ethical guidelines, transparent data
governance, and international regulatory harmonization will be essential before full integration into
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daily surgical workflows. A realistic future vision, therefore, must balance innovation with
accountability, ensuring that the digital transformation of HPB surgery remains both effective and
ethically sound.

7. Limitations

Although the available literature demonstrates encouraging results, several limitations should
be acknowledged. Most of the evidence derives from case reports, small cohort studies, or single-
center experiences, often with heterogeneous endpoints and lack of randomization. The absence of
standardized metrics for evaluating 3D and AI tools limits comparability across studies.
Additionally, the rapid technological turnover may outpace clinical validation, while cost, data
storage demands, and dependence on specialized personnel remain substantial barriers. These
factors highlight the need for multicenter, prospective trials to confirm the reproducibility and long-
term clinical benefits of these digital tools.

8. Conclusions

Three-dimensional reconstruction, artificial intelligence, and immersive technologies such as
virtual and augmented reality are steadily transforming HPB surgery. Across both liver and
pancreatic procedures, these tools have consistently demonstrated benefits in terms of anatomic
clarity, operative safety, and postoperative outcomes. Evidence indicates shorter operative times,
reduced intraoperative blood loss, fewer major complications, and in certain cases, improved
oncologic results such as higher RO resection rates and lower recurrence. Their greatest value lies in
shifting surgery from a subjective, experience-driven process into a reproducible and data-driven
workflow that can benefit both surgeons and patients.
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