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Abstract

Artificial intelligence (Al), machine learning (ML), and image guidance are increasingly being used to support
surgeons in preoperative, intraoperative, and postoperative decision making and optimized patient care. Surgery is
the cornerstone of curative treatment in pancreatic diseases, and a large amount of perioperative data are
becoming available with the widespread application of minimally invasive surgical techniques. Al is showing
promise in the prediction of malignancy and resectability from preoperative images. A further clinical focus is the
prediction of postoperative complications, especially pancreatic fistula, and several Al algorithms now outperform
conventional fistula risk scores. Future research will be directed toward refinement of intraoperative decision
support systems, individualization of surgical training, and improvement of pre- and postoperative oncologic risk
stratification to personalize the sequence of surgery and chemotherapy. This review summarizes recent
developments in Al and image guidance for pancreatic surgery.
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INTRODUCTION
Minimally invasive surgery (MIS) has found wide acceptance in various surgical fields; however,

implementation of MIS in pancreatic surgery (MIPS) has been slow!"\. Even at highly specialized pancreatic
centers, MIPS is still performed in only about 20%-40% of cases, and due to oncologic concerns, particularly
resections for pancreatic ductal adenocarcinoma (PDAC) are traditionally performed via an open
approach®?). Although the first laparoscopic pancreatoduodenectomy (LPD) was performed by Gagner as
long ago as 1994, this technique has still not gained broad acceptance due to its complexity and the steep
learning curve'”. Meanwhile, high-volume centers have mainly demonstrated slight benefits for
laparoscopic pancreatic resection by experienced surgeons with regard to postoperative recovery, but high-
level evidence from studies comparing oncologic outcomes is scarce”*. More recently, interest has shifted
toward robotic-assisted surgery, mainly due to its advantages over the laparoscopic technique, such as
enhanced versatility of the robotic instruments, elimination of surgeon tremor, and better three-
dimensional (3D) vision"”. With increasing experience in robotic surgery, compelling short-term results
have been demonstrated both for robotic pancreaticoduodenectomy (RPD) and robotic distal
pancreatectomy (RDP)!"' .

Artificial intelligence (AI), the simulation of intelligent behavior by computers, has emerged as a promising
resource in the field of healthcare. Al is applied to extract and classify information from complex data, and
its utility has been demonstrated above all for image recognition tasks". As formulated by John McCarthy
in 1955, Al aims “to make machines use language, form abstractions and concepts, solve kind of problems
now reserved for humans, and improve themselves"*””. Machine learning (ML), a subfield of Al, imitates
human learning using computer algorithms. ML algorithms can be trained to classify data or to identify
patterns within a given data set. Recently, AI has been progressively implemented in surgical practice,
specifically aiming to improve clinical decision making and surgical procedures and predict and reduce
human error through preoperative risk stratification and intraoperative monitoring"*.

Together with the introduction of AI, different methods for 3D real-time visualization of anatomical
structures and landmarks (LM) have been implemented in various specialties"”*. This is of particular
interest in MIPS, since the combination of AI and 3D image guidance has the potential to improve
intraoperative decision making, including the assessment of resectability or the extent of surgery. Given the
large amount of data thrown up by surgical cases, the introduction and application of Al in MIPS has the
potential to improve both short-term postoperative outcomes and long-term oncologic survival, with
particular impacts on the following aspects of MIPS [Figure 1]

(1) Improved surgical technique through better orientation and presentation of structures at risk by image
guidance;

(2) Enhanced intraoperative decision making by context-aware Al assistant systems, helping to determine
the feasibility of complete oncologic resection;

(3) Reduction of the learning curve through novel teaching methods, including the application of
augmented reality (AR) and Al-assisted skill assessment.

Together, these three aspirations comprise the overarching goal of improving both the short-term
perioperative outcomes and the long-term oncologic outcomes after MIPS.

In this narrative literature review, we summarize the current state of Al and image-guided surgery in MIPS
and focus on their influence on perioperative results and oncologic outcomes.
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CURRENT STATUS OF MINIMALLY INVASIVE PANCREATIC SURGERY
Laparoscopic pancreatic surgery

The international guidelines on MIPS recommend minimally invasive distal pancreatectomy (MIDP) in
preference to open distal pancreatectomy (ODP) for benign and low-grade malignant tumors in the body
and tail of the pancreas, while advanced malignant tumors are traditionally approached via open access” .

These recommendations were recently confirmed by level 1 evidence from the randomized controlled non-
inferiority DIPLOMA trial, comparing MIDP with ODP®". This trial demonstrated the non-inferiority of
MIDP regarding Ro resection rates (73% vs. 69%) and lymph node yield [22 (16-30) vs. 23 (14-32)]%.

Furthermore, the hazard ratios for overall survival [0.99 (0.67-1.46)] and disease-free survival [0.97 (0.67-

1.42)] confirmed comparable long-term oncologic outcomes.

Other than in distal pancreatectomy, the safety and oncological effectiveness of laparoscopic pancreatic
head resection remain debatable””**. The findings of four randomized controlled trials (RCTs) indicate that
at high-volume centers with adequate surgical experience, LPD may be an alternative to OPD in selected
patients with comparable short-term perioperative outcomes. However, one of those trials, LEOPARD-2,
had to be terminated early due to a 15% rate of postoperative mortality in the LPD group™. In the highly
selected PDAC patients included in those RCTs, oncological outcomes have been comparable, although
neither were the studies powered for those outcomes, nor do the patient cohorts reflect a real-world
population, leaving the question of oncologic comparability to an open approach unanswered™ .

Robotic pancreatic surgery

RDP was first reported by Giulianotti et al. in 2003 A recent meta-analysis of non-randomized studies
revealed that RDP was associated with a lower conversion rate [OR = 0.44 (0.36-0.55)] and a lower rate of
unplanned splenectomies [OR = 0.32 (0.24-0.42)] than LDP"*. Additionally, a subgroup analysis of patients
with PDAC demonstrated that RDP was associated with a higher lymph node yield [MD = 3.95 (1.67-6.23)]
and a similar Ro resection rate [OR = 0.96 (0.67-1.37)] compared with LDP".

In contrast to RDP, RPD has been slow to gain acceptance, with the exception of a few early adopters'**”.
No RCTs on this topic have yet not been published, and the highest level of evidence comes from a large
Chinese propensity-matched multicenter study including a selected cohort of low-risk patients whose
operations were performed after completion of the surgeons’ learning curves™'. A total of 982 patients were
included after propensity score matching. The RPD group had less blood loss (190 mL vs. 260 mL; P <
0.001) and a shorter length of hospital stay (LOS) [12 (9-16) days vs. 15 (11-19) days; P < 0.001] than the
OPD group. No significant differences in major morbidity or 90-day mortality were found. A subgroup
analysis of patients with PDAC showed no significant differences in median disease-free survival (15
months vs. 14 months, P = 0.94) or median overall survival (24 months vs. 24 months, P = 0.88).
Nevertheless, this evidence gap urgently needs to be filled by high-quality studies comparing the long-term
oncologic outcomes of patients with unselected tumors to determine the oncologic non-inferiority of RPD
to OPD.

IMAGE GUIDANCE FOR MIPS

The intraoperative integration of various preoperative imaging modalities such as magnetic resonance
imaging (MRI) or CT, resulting in image guidance, promises to enable more precise and patient-tailored
MIPS. In theory, image guidance offers enhanced visualization and improved safety by providing real-time
feedback to the surgeon. Hitherto, the intraoperative safety and effectiveness of MIPS have depended on
detailed knowledge of the anatomy of the pancreas and its surrounding structures. To date, only 2D
preoperative imaging studies have been routinely available during surgery.
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Figure 1. Artificial intelligence applications along the surgical treatment path of pancreatic cancer.

A crucial, as yet unsolved challenge in image guidance is the precise matching of preoperative images with
the patient's actual anatomy in the operating room. Compared with the liver, the retroperitoneal localization
of the pancreas makes the organ less prone to intraoperative deformation after mobilization and, therefore,
more suitable for navigation. In an experimental study in which pancreatic parenchyma was resected from
inside the pancreatic duct (“endopancreatic surgery”), a commercially available computer-assisted
navigation system (CAScination AG, Bern, Switzerland) achieved excellent registration accuracy of
2 mm"”*. For the registration process, both surface LM on the pancreas and intraparenchymal LM within
the organ were used for image-to-physical space registration [Figure 2]. In this study, lesions that were not
visible through the endoscope were successfully resected only with the help of image guidance in an
experimental model.

Current clinical applications of image guidance in pancreatic surgery are scarce. Pilot studies have shown
image guidance to be useful for the detection of the pancreatic duct, for the depiction of the vascular
anatomy in artery-first approaches, and in patients with locally advanced tumors with vascular infiltration;
however, the registration accuracies were no better than 15-20 mm"™*. These image-to-patient
registrations are mainly based on surface LM (e.g., selection of prominent structures such as large vessels or
the pancreatic border) and need to be improved before clinical benefit can be expected from improvement
of either technical aspects or oncologic radicality. Especially accurate intraoperative 3D visualization of the
major abdominal vessels in relation to the tumor would enable the surgeon to assess the feasibility of
complete tumor resection or the necessity for vascular reconstruction**". With the increasing application
of robotic surgery, 3D image guidance should be integrated to achieve a real-time AR environment to
display patient anatomy and therefore increase the accuracy of complete tumor resection. Currently, the
main limitation for clinical application is the lack of precise image-to-patient registration with accuracy
better than 10 mm.

Apart from 3D image guidance, fluorescence-guided surgery (FGS), where tumor-specific agents in
combination with fluorophores are linked to tumor cells, could lead to more precise surgical cancer
removal*’. FGS enhances the identification of cancer tissue and could, therefore, help to achieve tumor-free
resection margins. Given the lack of tactile feedback in MIPS, FGS, in combination with frozen sections,
may have a role to play in the radical removal of advanced pancreatic tumors®. In a recent study,
highlighting human pancreatic cancer cells by means of fluorophore-conjugated antibodies achieved a
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Figure 2. Image-guided endopancreatic resection with ultrasound-guided landmark registration (A and B). With the help of image
guidance, accurate resections from inside the pancreatic duct are possible (C and D).

higher complete tumor resection rate in the FGS group than in the conventional resection group in a
preclinical model (92% vs. 46%)"”. Furthermore, with FGS, an additional 14% of metastases were detected.
This may be pivotal in robotic pancreatic surgery, where the limited tactile feedback impedes the detection
of liver metastases compared with open surgery*.

A recent study demonstrated the utility of intraoperative angiography by means of indocyanine green (ICG)
fluorescence imaging in evaluating the quality of vascular reconstructions, particularly following left gastric
artery (LGA) reconstruction during distal pancreatectomy with celiac axis resection. The study showed
that ICG imaging effectively assessed arterial flow and tissue perfusion, enabling early identification of poor
flow. This allowed for prompt surgical adjustments, e.g., re-anastomosis, thus contributing to improved
postoperative outcomes. These findings underscore the potential of ICG fluorescence imaging not only in
guiding surgical decisions but also in optimizing vascular reconstructions to enhance short-term outcomes.

INTRAOPERATIVE DECISION MAKING

In MIPS, a large amount of intraoperative data are becoming available and can be processed for Al
applications. This includes intraoperative video data, use of instruments, and anesthesiologic data over the
course of the procedure. The sum of these intraoperative data has recently been summarized with the term

»[50]

“surgomics

One of the most important steps - indeed, the basis for Al-guided intraoperative decision making - is the
partition of the surgical procedure into clearly defined phases. Surgical phase recognition divides huge data
sets generated during a surgical procedure into standardized, clearly defined smaller units, which form the
backbone of intraoperative assistance or workflow optimization. ML has been applied for automated phase
recognition and forms the basis for context-aware intraoperative Al applications”'. To date, however, ML
has been successful mainly in automatic phase recognition of less extensive and less complex operations
such as laparoscopic cholecystectomy, colorectal surgery, and upper gastrointestinal surgery™ .
Nevertheless, ML has achieved high accuracy in differentiating surgical phases in those procedures, but it
was often dependent on the annotation of data by humans beforehand. This concept has recently been
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challenged by autonomic ML systems that have accurately identified surgical steps such as dissection,
suturing, or the critical view of safety in cholecystectomy*"”.. A team from Strasbourg has successfully
trained an AT algorithm to identify the critical view of safety with an accuracy of 71%.

In pancreatic surgery, complex intraoperative decisions are currently based wholly on previous human
experience. As mentioned above, Al applications have the potential to learn from the vast amount of
surgomic data to assist in improved decision making”’. While current Al applications mainly focus on
decision support for postoperative events (such as POPF, see below), intraoperative assistance of surgical
steps would be desirable. In particular, intraoperative evaluation of resectability, resection margins, and the
need for vascular resection would facilitate MIPS. In line with those suggestions, an AI model has been
developed to predict the resectability of PDAC and periampullary tumors in 80 patients using 3D
preoperative CT scans''. The model performed excellently, with 100% accuracy in the prediction of
resectability. The same group then simulated the peripancreatic vessels in 43 patients to aid the surgeon
with vascular resection and reconstruction, demonstrating less blood loss and a lower operating time than
the conventional approach””. However, the application was based on preoperative imaging and did not
address the intraoperative deformation of the pancreas after surgical mobilization. More recently,
intraoperative decision support has been successfully implemented in other surgical fields such as
orthopedics and ophthalmic surgery. In spinal cord surgery, algorithms have been trained to predict
somatosensory evoked potentials, to intraoperatively assess the neurological function and, therefore,
accurately detect intraoperative spinal trauma while reducing false warnings””. To date, similar
intraoperative applications of Al-guided decision support are lacking in MIPS. However, Al will soon be
able to automatically divide the MIPS procedures into different surgical steps, enabling precise, phase-
dependent intraoperative support for important steps such as the transection of the pancreas or division of
vessels"™®.

POSTOPERATIVE DECISION MAKING

Early identification and treatment of postoperative complications is vital to improve patient outcomes,
particularly in high-risk procedures such as pancreatic resection. To address this, a nationwide stepped-
wedge cluster-randomized trial was conducted using an algorithm for early complication recognition'.
Patients in the algorithm group had lower rates of both organ failure (5% vs. 10%) and 90-day mortality (3%
vs. 5%). In line with this study, Merath et al. trained a ML algorithm to predict postoperative complications
after pancreatic, hepatic, and colorectal resections. After processing 34 preoperative patient characteristics,
the algorithm predicted 13 general complications with high accuracy (AUC > 80%); however, the study did
not assess procedure-specific complications'®.

Another ML algorithm was developed using data from the National Surgical Quality Improvement Program
(n = 38,209 patients) to predict unexpected mortality after pancreatectomy in low-risk patients. Age,
preoperative albumin level, vascular resection, and the presence of a bleeding disorder were found to be the
most important factors contributing to the ML decision-tree model. After including these procedure-
specific variables, the ML model achieved an excellent AUC of 88% for the prediction of unexpected
mortality®".

With the aim of preoperatively stratifying the risk of POPF, the single most important postoperative
complication after pancreatic resections, Kambakamba et al. and Skawran et al. used preoperative CT and
MRI radiomics to predict this adverse event'®®). Based on plain CT scans, ML-based texture analysis
revealed excellent accuracy in predicting POPF (AUC 95%). The proposed ML algorithm exceeded the
prediction performance of currently applied fistula risk scores. From the same research group,

62,63
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Skawran et al. implemented an ML algorithm analyzing radiomic features on preoperative MRI. Integration
of the five most important radiomic features into the algorithm achieved an AUC of 82% for POPF
prediction. Therefore, MRI not only has the ability to measure lipomatosis and fibrosis of the pancreas, both
important factors contributing to the risk of POPF, but also provides promising preoperative prediction of
POPF through routine imaging sequences'. Based on the NSQIP database, two groups recently developed

64,65

ML algorithms to predict clinically relevant POPF****. They found that non-adenocarcinoma histology, lack
of neoadjuvant chemotherapy, pancreatic duct size less than 3 mm, higher BMI, and higher preoperative
serum creatinine were the top five variables associated with POPE. Furthermore, the ML algorithm was
more accurate in predicting clinically relevant POPF than the modified fistula risk score (AUC 0.79 vs.

0.75).

MODERN MIPS TRAINING

MIPS is technically complex and is associated with extensive learning curves between 20-40 procedures,
dependent on the surgeon’s previous experience'* . The Pittsburgh group and the LAELAPS-3 training
program in the Netherlands have demonstrated that structured training with stepwise learning objectives
reduces the learning curve, especially for younger and less experienced surgeons'®”. Al-assisted training
programs have the potential to dramatically improve the quality of surgical training by implementing
automated learning curve assessment and thus surgeon-tailored feedback” . In virtual orthopedic
procedures, Al achieved a 97.6% accuracy in the identification of surgical training level (senior vs. junior)
based on 12 procedure-related metrics”. Al-assisted surgical training will, therefore, automatically assess
trainees’ strengths and weaknesses and could potentially reduce training time while improving the efficiency
of surgical education".

Automated motion and instrument tracking can provide individual, contextually relevant feedback, as
suggested by the “iSurgeon” training system'”. This system implements surgical telestration, in which the
mentor can highlight anatomical target structures to guide a less experienced surgeon through a procedure
[Figure 3]. Mentors using such a system could provide guidance remotely, enabling persons in remote
locations to access structured, high-quality surgical training. In the next step, AR can provide a real-time
overlay of the patient's anatomy or even the movements of expert surgeons directly on the laparoscopic
screen or the robotic console for simulation-based training”””. Trainees can then practice procedures in a
virtual environment, allowing them to gain experience without putting patients at risk”*. Furthermore, Al
has been shown to automatically decode surgical activity into individual steps with high accuracy (AUC >
0.9) and to assess the quality of the different movements from surgical videos. The ML system reliably
decoded the skill level of surgical activity, such as needle handling and needle driving (AUC 0.849 and
0.821). Such an algorithm can already provide automatic feedback to surgeons and comment on their

operating skills, enabling the identification of limitations in surgical behavior!®.

VALIDITY AND REPRODUCIBILITY OF Al MODELS

AT models have demonstrated the potential to assist surgeons with various tasks; however, most studies are
limited by a small sample size and lack of external validation””. Models perform well in controlled
environments, but struggle with real-world applications, where variables such as patient diversity and
surgical conditions are less controlled. Moreover, the reproducibility of Al models is often compromised by
inconsistent data quality and variations in surgical procedures, underscoring the need for standardized
protocols for data collection and model evaluation”™. Many Al systems rely on retrospective datasets, which
may not capture real-time clinical complexity, and there is considerable variability in model accuracy due to
differences in training data and evaluation methods. The absence of universally accepted benchmarks
further complicates the assessment of AI models' efficacy and safety. Thus, there is an urgent need for large-
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Figure 3. Individualized training through telestration with the “iSurgeon” application. The system allows for augmented reality
applications and for the teaching surgeon to depict important structures or next steps.

scale, multicenter prospective studies to rigorously validate Al tools in diverse clinical environments'®..

CHALLENGES IN THE INTEGRATION OF Al MODELS

The integration of Al in healthcare faces key challenges, including ethical concerns, data privacy risks, and
uncertain cost-effectiveness. Ethical issues include algorithmic biases that could exacerbate inequalities,
while data privacy concerns arise from the handling of sensitive patient information"". Additionally, the
financial viability of AT implementation remains unclear, raising questions about the return on investment
in terms of patient care and operational efficiency™. Addressing these issues will be essential for the
responsible adoption of Al technologies in healthcare.

CONCLUSION

Early applications of Al and ML in MIPS show promise in enhancing intraoperative support through 3D
image guidance and Al-driven decision making. However, most applications are still in the early stages, lack
external validation, and have yet to demonstrate their efficacy beyond controlled study environments.

Future efforts should prioritize large-scale, multicenter validation studies to improve generalizability,
together with addressing regulatory and ethical challenges. Training surgeons in Al tools and leveraging
multimodal data integration will be critical for advancing decision support. Progress in AR, robotics, and
cost-effective solutions holds the potential to enhance accessibility and precision, while standardized
metrics and collaborative platforms will drive benchmarking and continuous improvement. In the near
future, Al algorithms will enhance surgeons' expertise, potentially improving perioperative and oncologic
outcomes.
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