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Abstract

The aim of this narrative review is to discuss current training for the robotic approach to pancreatic surgery and the
potential use of machine learning to progress robotic surgical training. A literature search using PubMed and
MEDLINE was conducted to investigate training programmes in robotic pancreatic surgery and advances in the use
of artificial intelligence for training. The use of virtual reality can assist novice robotic surgeons in learning basic
surgical skills. The use of automated video analytics can also improve surgical education to enable self-directed
learning both within and outside the operating room. The emerging role and novel applications of machine learning
in robotic surgery could shape future training by aiding the autonomous recognition of anatomical structures in the
surgical field, instrument tracking and providing feedback on surgical competence. Training should be standardised
to ensure the attainment of assessment benchmarks and include virtual simulation basic training in addition to
procedural-specific training. Standardised procedural techniques should be used to improve patient safety, theatre
efficiency and the continuation of robotic practice.
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INTRODUCTION
Why develop robotic training?
Minimally invasive surgery (MIS) has consistently demonstrated a number of advantages over open
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surgery"’

operations™. In several surgical specialities, such as colorectal and bariatrics, most procedures are

and the benefit of smaller incisions has resulted in MIS becoming the standard approach for many

performed using an MIS technique. MIS has not yet been widely embraced in hepato-pancreato-biliary
(HPB) surgery, specifically pancreatic surgery. This is largely because of the nature of complex resections,
proximity to major vessels requiring precise tissue dissection and small calibre lumen anastomoses that
make a laparoscopic approach technically difficult. There is a considerable learning curve for
laparoscopic pancreatoduodenectomy (LPD); in a study, researchers reported that 104 procedures are
required before proficiency is achieved'.

The delay in the uptake of pancreatic MIS is also partly because of perceived poor outcomes. In several
studies, researchers have shown an increase in 30-day mortality with LPD®", which is thought to be
because of low-volume complex procedures and the absence of an adequate surgical training

programme’®*'.

Robotic surgery, the next generation of MIS, has overcome many of the technical limitations of
laparoscopy'**. The advances include a high-resolution three-dimensional (3D) camera and articulated
instruments that have seven degrees of motion and eliminate physiological tremors. The resulting increased
dexterity and improvement in hand-eye coordination enhance surgical precision. This has led surgeons to
perform operations that were traditionally not amenable to, or difficult to perform with, minimal access
techniques'”'¥. The first robotic pancreatoduodenectomy (RPD) was performed by Giulianotti in 2003""”
and there are now several studies in which researchers have reported robotic surgery to be beneficial for
technically complex procedures>*. Furthermore, there is increasing evidence that robotic pancreatic
resections, in trained and experienced hands, are feasible and safe, with morbidity, mortality and
oncological outcomes comparable to other surgical techniques!****".

As robotic surgery is gaining momentum in other surgical specialities, an increasing number of hospitals
now have access to robotic theatres””. From 2010 to 2017, there was an increase of 2360% in the number of
general surgical robotic operations in the US™. In a recent study on trends in minimally invasive
pancreatoduodenectomy in the US, researchers showed that there was an overall decrease in the use of
conventional laparoscopy and an increase in the use of robotics over the last few years””. In England, there
was a 410% increase in robotic surgery between 2013 and 2019 Thus, the continued evolution of robotic
surgery is considered to be inevitable and there is now a strong drive for robotic pancreatic surgery to
expand.

Robotic surgery requires different technical skills from both open and laparoscopic surgery. New operative
conditions that need to be managed include the separation of the console surgeon from the operative field,
absence of direct perception of the position of surgical instruments outside the visual field and absence of
haptic feedback®*”. During early experiences with robotic pancreatic surgery, the loss of haptic feedback
was thought to potentially increase blood loss. However, it has since been shown that improved visual
feedback by magnified 3D vision offers greater visualisation and control of splenic vessels, which leads to
improved outcomes and a higher splenic preservation rate in robotic pancreatic surgery compared with
laparoscopic distal pancreatectomy [106/198 (53.6%) and 76/281 (27.0%), respectively; P < 0.0001]%.

A significant drawback of robotic surgery has been the high cost, particularly associated with increased
perioperative costs, which are likely to deter centres in low-income countries. However, many centres have
shown reduced post-operative costs because of a shorter length of stay and improved post-operative
outcomes”**”. With the increasing use of robotic surgery, subsequent competition between robotic
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platforms and future technological innovation, a reduction in cost is hopeful and would enable further
implementation and access to minimal access surgery"”.

In the majority of centres worldwide, robotic pancreatic operations are usually low-volume procedures.
Therefore, without deliberate training outside the operating room, it is challenging to develop adequate
robotic skills to become familiar with complex resections and this will limit the growth in robotic pancreatic
resections. Researchers have shown that a comprehensive procedure-specific robotic training protocol for
pancreatic surgery can improve the initial learning curve from training and simulation to the live operating
phase®. Note that, inevitably, the learning curve also depends on a surgeon’s experience with open and
laparoscopic surgery”. Robotic training should enhance the acquisition of these robotic technical skills,
potentially shortening the learning curve. Training programmes should aim for the participant to develop
mastery of the procedure within a standardised environment, which must be introduced to ensure the safe
introduction and expansion of this technology.

METHODS

A non-systematic search of the MEDLINE and Embase databases was performed on 5 July 2022 to identify
relevant studies in which current training pathways in HPB robotic surgery were assessed. Search terms
included the following, individually or in combination: “hepatobiliary”, “pancreas”, “robotic” or “minimally
invasive” and “training”; in addition to “machine learning”, “video analysis”, “computer vision”, “neural
networks” and “surgery”. Articles were included if they were in English or translated into English and
included robotic pancreatic training. After titles and abstracts were screened, full-text articles and references

were reviewed. Conference abstracts were excluded.

DISCUSSION

How should surgeons train?

The Miami Consensus guidelines on minimally invasive pancreas resections strongly recommend that all
surgeons interested in performing MIS HPB procedures participate in a structured training programme'”.
This is supported by the Society of American Gastrointestinal and Endoscopic Surgeons”’. A training
programme should include virtual reality simulation, inanimate bio-tissue model work to practice
dissection and anastomotic techniques, surgical video review, on-site proctoring and remote tele-
mentorship. Following formal training programmes, a steep increase in the use of MIS has been seen, with
reduced blood loss and conversion rates"™.

Specific to RPD, a five-step proficiency-based robotic curriculum has been described by the University of
Pittsburgh Medical Center”. The five steps are (1) a proficiency-based virtual reality simulation
curriculum; (2) an inanimate bio-tissue curriculum; (3) video library training; (4) an intra-operative
evaluation; and (5) skill maintenance with ongoing assessment. The European-African HPB Association
(E-AHPBA) has now also developed a European training programme for RPD based on the Pittsburgh
technique.

The simulation curriculum is delivered using the inbuilt Da Vinci robotic system (Intuitive Surgical Inc.
Mountain View, CA) simulation exercises. Simulation should be the first stage of console training for all
robotic procedures. An understanding of the system, instrument manipulation and fourth arm integration,
camera skills, energy device and needle control needs to be established. After each module, an automated
score is calculated from performance metrics, including time to completion, the economy of motion,
instrument collisions, instrument force, instruments out of view and master workspace range. Progression
through the curriculum is based on the achievement of target scores for individual tasks. The median time
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to complete “mastery” level is 4.5 to 7 h®. This basic robotic simulation programme can be effectively

introduced at an early postgraduate stage of training"**.

During the second stage of the programme, participants use box trainers to perform a
pancreaticojejunostomy, hepato-jejunostomy and gastro-jejunostomy using bio-tissue created to mimic the
respective organs. This allows the development of a standardised technique to improve efficiency in the
operating room, and enables adjustment to the loss of haptic feedback and recognition of the level of finger
pressure required to exert the intended instrument force. Each practice anastomosis is recorded and later
video scored by trained experts. Specific scores are required before progression to the next step.

All candidates later watch live cases in addition to several recordings of procedures, divided into distinct
operative phases. The curriculum participants then progress to intra-operative performance under the
guidance of a trained mentor with a step-wise progression of the number of operative phases performed. An
evaluation of the RPD training programme showed that fellows increasingly perform the complete

procedure and outcomes improve after they complete all curricula steps™’.

To ensure that robotic surgery is performed safely in an experienced setting, pancreatic robotic training
should be recommended to surgeons with specific characteristics that work in centres with defined surgical
volumes. The E-AHPBA course requires that at least 50 PD per year are performed at the applicant’s centre,
robot time is secured in the theatre and at least two surgeons are trained”. Morbidity and mortality in MIS
pancreatic resections is higher in low-volume centres'*"*”; thus, the Miami guidelines recommend that
centres participating in MIS should perform more than 20 MIS pancreas resections per year". This leads to
the questions of where future training will take place, and if an organised link between low- and high-
volume centres is required™*.

Does HPB robotic training work?

There is a shorter learning curve for robotic surgery compared with laparoscopic surgery, with novices able
to achieve basic surgical skills, including suturing and knot tying, more quickly*". Furthermore, significant
improvements in outcomes after pancreaticoduodenectomy have been shown in robotic surgery after 40

cases'*” in comparison with 60-104 cases for LPD'**/,

Virtual reality participation effectively trains the novice robotic surgeon in basic surgical skills. In a recent
RCT, 20 surgical trainees and 20 medical students were randomised to either laparoscopic or robotic
training. They performed 6 h of training on the simulator and box trainer, and then the following day
performed three surgical tasks on cadavers. Videos were recorded and analysed for time to complete, global
rating score and suture errors. The robotic group consistently performed better than the laparoscopic
group, with higher scores for each task and fewer suture errors*. In the US, where more surgical trainees
have proportionately had robotic simulation exposure than the UK and Ireland, over 90% of trainees go on
to perform more than 15 general surgical procedures as a console surgeon compared with only 3% of UK
trainees'"”..

Procedural-specific training has also been shown to be effective. A Dutch pancreatic cancer group was
trained using the Pittsburgh five-step technique. In its first 275 cases, it had excellent operative outcomes,
with minimal blood loss, a conversion rate of 6.5% and a pancreatic fistula rate of 23.6%"". This RPD

training protocol has also been safely implemented in Japan'*.
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The Pittsburgh group analysed its RPD cases over a nine-year period, with three phases of surgeons:
(1) those with no mentorship or curriculum; (2) those with mentorship but no curriculum; and (3) those
with mentorship who underwent the robotic curriculum. The surgeons in the third category, despite having
performed fewer operations, had shorter operative times, with less blood loss, lower transfusion rate, fewer

complications and a shorter length of hospital stay*.

Despite these examples, more data are required to address the optimal metric for the assessment of the
minimum number of cases needed to accomplish competency and acceptable outcomes. We would
advocate routine and regular video assessment of procedures to demonstrate surgical proficiency in
addition to patient outcome analysis. Multi-institutional, international registries are good sources of data
and participation should be encouraged.

Machine learning in robotic training

Artificial intelligence (AI) can be defined as the development of computer systems to be able to perform
tasks that normally require human intelligence. Machine learning (ML) is a subset of Al in which computer
systems can learn and adapt using statistical models to analyse data patterns™’. The applications of both Al
and ML are exponentially increasing in medicine, yet their use in surgery is still in its infancy. However, the
arrival of more complex algorithms and higher-powered computing has recently allowed for an increase in
the use of ML in surgery”*, and ML is expected to revolutionise the operating theatre and surgical
training. The increasingly widespread use of MIS and robotic platforms in surgery has the potential to
provide a rich dataset of surgical videos for analysis. However, the challenges of applying ML algorithms to
surgical video analytics are worth noting and have limited their effective use to date™. There is variability in
image quality, movement and smoke artefacts, and changing objects within the visual field and anatomical
structures are not clearly visualised; they lie within and are covered by other tissues. Despite these inherent
difficulties, more recently, groups have evaluated the use of ML algorithms in surgery with encouraging
results. However, with small datasets, the accuracy of current algorithms must be interpreted with caution.
Standardising robotic training and robotic procedures will reduce some of this intra-operative variability,
thus enhancing the accuracy of ML tools. The use of automated video analytics can improve surgical
education and enable self-directed learning both within and outside the operating room. The ethics of using
surgical videos for data analysis and the creation of ML algorithms remain an important issue for discussion
by international surgical bodies. Data protection laws provide a framework to prevent the misuse of data by
healthcare providers and technology companies, but with the continued evolution of Al in surgery, these
regulatory organisations must adapt to ensure that collaborations between surgeons and the industry gain
appropriate patient consent.

The groundwork for ML for operative interpretation has been surgical phase recognition. In this task, a
dataset of MIS operative videos is input into the system that is being trained. Experienced surgeons annotate
these videos with the operative phase or procedural step. These videos are then input as another dataset
known as labelled training data to create the ML model. The created model aims to automatically assign the
surgical phase in further operative videos. The more data the model receives, the more accurate the
created algorithm. Most work published to date has looked at distinct operative phases during laparoscopic
cholecystectomy, given that there are several large video datasets available to access™. Jin et al. created an
ML algorithm after analysing 107 cholecystectomy videos. This successfully assigned the seven operative
steps of the procedure with 92.4% accuracy™. Other researchers have similarly created algorithms that have
correctly recognised the surgical phases in sleeve gastrectomy (mean accuracy 82% + 4%)”, cataract surgery
(mean accuracy 96.5%)"", laparoscopic sigmoidectomy (mean accuracy 91.9%)"" and endoscopic myotomy
[mean accuracy 87.6% (95%Cl: 87.4%-87.9%)]". By combining automated surgical phase recognition and
the routine recording of an individual surgeon or trainee’s procedures, operative efficiency and constructive
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self-criticism can be interpreted quickly. This may improve the time taken to acquire expert procedural
skills. It will also facilitate the attainment of educational tools for future surgeons.

Another application of ML in video analytics is surgical instrument recognition. The instrument used
during an operation provides a guide for which procedural step or action is underway". Algorithms
created by analysing laparoscopic gastrectomy found that 14 different surgical instruments could be
classified with an accuracy of 83.75%'*”. ML applications were similarly able to recognise the surgical tool
used during MIS colorectal resections!'”. Instrument recognition allows for instrument tracking, leading to
automated gesture and error identification. This application is particularly important as a potential
assessment of surgical expertise and skill”’. When using ML algorithms to analyse and track instrument
motion from surgical videos, surgical expertise was predicted with an accuracy of 83%, using the Objective
Structured Assessment of Technical Skills and Global Evaluative Assessment of Robotic Skills scores as the
standard’. Deep learning neural networks trained on videos of MIS suturing could also classify a surgeon’s
suturing proficiency with an accuracy of over 80%'. These models consitute the starting point for the
autonomous assessment of surgical competence. Similarly, computer vision models trained on over 2000
live robotic suturing videos could accurately identify the presence and type of suturing gesture (area under
the curve 0.88 and 0.87, respectively)'*”. This may be the start of autonomous robotic suturing, an area of
surgery that may well transform the traditional concept of operating and surgical training.

Another novel and exciting application of ML in surgery is anatomical landmark recognition. A deep
learning model was trained to identify safe and unsafe zones of dissection in laparoscopic cholecystectomies
with an accuracy of 0.94 and 0.95". The models could also produce a dynamic overlay of the zones onto
surgical videos. Similarly, deep artificial neural networks were created that can assess the achievement of the
critical view of safety during cholecystectomy before ligation'*”. Taking this one step further, the Institute of
Image-guided Surgery of Strasbourg, France, has used real-time intra-operative augmented reality feedback
during cholecystectomy, highlighting the cystic duct and cystic artery. Expanding on these algorithms, there
is the potential to provide intra-operative augmented reality feedback to surgeons, particularly trainees,
thereby enabling decision support and enhancing patient safety. This future application may well result in a
real-time dynamic overlay of anatomy during the majority of robotic procedures.

Discrepancies in the technical abilities of surgeons are well established, and we know that higher proficiency
scores, assessed using video analysis, reduce patient morbidity'*”. Robotic surgery allows for an increasing
number of objective performance metrics'””, which, combined with ML algorithms, could be used as
automated surgical assessment tools in the future.

SUMMARY

Robotic surgery is rapidly expanding across surgical specialties. While it remains a low-volume technique in
pancreatic surgery, involvement in focused training programmes is recommended to enable surgeons to
master skills prior to independent operating. Training should be standardised to ensure the attainment of
assessment benchmarks and should include virtual simulation basic training in addition to procedural-
specific training. Exposure to basic robotic training should be implemented in the early postgraduate years.
Procedural techniques should be standardised to improve patient safety, theatre efficiency and the
continuation of robotic practice. Centres undertaking MIS pancreatic resections should consider the
implementation of dedicated team training and perform at least 20 robotic pancreatic resections per year.
Auditing outcomes for quality assurance and participation in MIS HPB international registries are
advocated. With the advance of robotic surgery and availability of surgical video datasets, ML in surgery
may rapidly increase. Combined ML applications and real-time dynamic augmented reality overlays will



Body et al. Art Int Surg 2022;2:186-94 | https://dx.doi.org/10.20517/ais.2022.28 Page 192

help to hasten the surgical learning curve, reducing the time needed to reach proficiency in training in
addition to altering trainee competency assessment. Ultimately, and importantly, it will also improve patient

safety.

DECLARATIONS
Authors’ contributions
Made substantial contributions to research and writing of the paper: Body S, Kawka M, Gall TMH

Availability of data and materials
Not applicable.

Financial support and sponsorship
None.

Conflicts of interest
All authors declared that there are no conflicts of interest.

Ethical approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Copyright
© The Author(s) 2022.

REFERENCES

1. Qin R, Kendrick ML, Wolfgang CL, et al. International expert consensus on laparoscopic pancreaticoduodenectomy. Hepatobiliary
Surg Nutr 2020;9:464-83. DOI PubMed PMC

2. Keus F, de Jong JAF, Gooszen HG, van Laarhoven CJHM. Laparoscopic versus open cholecystectomy for patients with symptomatic
cholecystolithiasis. Cochrane Database Syst Rev 2006;(4):CD006231. DOI PubMed

3. Jaschinski T, Mosch CG, Eikermann M, Neugebauer EA, Sauerland S. Laparoscopic versus open surgery for suspected appendicitis.

Cochrane Database Syst Rev 2018;11:CD001546. DOI PubMed PMC

4. Liang S, Hameed U, Jayaraman S. Laparoscopic pancreatectomy: indications and outcomes. World J Gastroenterol 2014;20:14246-54.
DOI PubMed PMC

5. Deoliveira ML, Winter JM, Schafer M, et al. Assessment of complications after pancreatic surgery: a novel grading system applied to
633 patients undergoing pancreaticoduodenectomy. Ann Surg 2006;244:931-9. DOI PubMed PMC

6. Heemskerk J, Zandbergen R, Maessen JG, Greve JW, Bouvy ND. Advantages of advanced laparoscopic systems. Surg Endosc
2006;20:730-3. DOI PubMed

7. Wang M, Peng B, Liu J, et al. Practice patterns and perioperative outcomes of laparoscopic pancreaticoduodenectomy in China: a
retrospective multicenter analysis of 1029 patients. Ann Surg 2021;273:145-53. DOI PubMed

8. Adam MA, Choudhury K, Dinan MA, et al. Minimally invasive versus open pancreaticoduodenectomy for cancer: practice patterns
and short-term outcomes among 7061 patients. Ann Surg 2015;262:372-7. DOI PubMed

9. Sharpe SM, Talamonti MS, Wang CE, et al. Early national experience with laparoscopic pancreaticoduodenectomy for ductal

adenocarcinoma: a comparison of laparoscopic pancreaticoduodenectomy and open pancreaticoduodenectomy from the National
Cancer Database. J Am Coll Surg 2015;221:175-84. DOI

10. van Hilst J, de Rooij T, Bosscha K, et al. Laparoscopic versus open pancreatoduodenectomy for pancreatic or periampullary tumours
(LEOPARD-2): a multicentre, patient-blinded, randomised controlled phase 2/3 trial. Lancet Gastroenterol Hepatol 2019;4:199-207.
DOI PubMed

11.  de Rooijj T, van Hilst J, Topal B, et al; Dutch Pancreatic Cancer Group. Outcomes of a multicenter training program in laparoscopic
pancreatoduodenectomy (LAELAPS-2). Ann Surg 2019;269:344-50. DOI

12.  Choi S, Song JH, Lee S, et al. Trends in clinical outcomes and long-term survival after robotic gastrectomy for gastric cancer: a single
high-volume center experience of consecutive 2000 patients. Gastric Cancer 2022;25:275-86. DOI PubMed


https://dx.doi.org/10.21037/hbsn-20-446
http://www.ncbi.nlm.nih.gov/pubmed/32832497
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7423539
https://dx.doi.org/10.1002/14651858.CD006231
http://www.ncbi.nlm.nih.gov/pubmed/17054285
https://dx.doi.org/10.1002/14651858.CD001546.pub4
http://www.ncbi.nlm.nih.gov/pubmed/30484855
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6517145
https://dx.doi.org/10.3748/wjg.v20.i39.14246
http://www.ncbi.nlm.nih.gov/pubmed/25339811
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4202353
https://dx.doi.org/10.1097/01.sla.0000246856.03918.9a
http://www.ncbi.nlm.nih.gov/pubmed/17122618
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1856636
https://dx.doi.org/10.1007/s00464-005-0456-3
http://www.ncbi.nlm.nih.gov/pubmed/16528462
https://dx.doi.org/10.1097/SLA.0000000000003190
http://www.ncbi.nlm.nih.gov/pubmed/30672792
https://dx.doi.org/10.1097/SLA.0000000000001055
http://www.ncbi.nlm.nih.gov/pubmed/26158612
https://dx.doi.org/10.1016/j.jamcollsurg.2015.04.021
https://dx.doi.org/10.1016/S2468-1253(19)30004-4
http://www.ncbi.nlm.nih.gov/pubmed/30685489
https://dx.doi.org/10.1097/sla.0000000000002563
https://dx.doi.org/10.1007/s10120-021-01231-3
http://www.ncbi.nlm.nih.gov/pubmed/34405291

Page 193 Body et al. Art Int Surg 2022;2:186-94 | https://dx.doi.org/10.20517/ais.2022.28

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Guerrini GP, Esposito G, Magistri P, et al. Robotic versus laparoscopic gastrectomy for gastric cancer: the largest meta-analysis. /nt J
Surg 2020;82:210-28. DOI PubMed

Gall TM, Pencavel TD, Cunningham D, Nicol D, Jiao LR. Transition from open and laparoscopic to robotic pancreaticoduodenectomy
in a UK tertiary referral hepatobiliary and pancreatic centre - early experience of robotic pancreaticoduodenectomy. HPB (Oxford)
2020;22:1637-44. DOI PubMed

Prete FP, Pezzolla A, Prete F, et al. Robotic versus laparoscopic minimally invasive surgery for rectal cancer: a systematic review and
meta-analysis of randomized controlled trials. Ann Surg 2018;267:1034-46. DOI PubMed

Basiri A, de la Rosette JJ, Tabatabaei S, Woo HH, Laguna MP, Shemshaki H. Comparison of retropubic, laparoscopic and robotic
radical prostatectomy: who is the winner? World J Urol 2018;36:609-21. DOI PubMed

Lanfranco AR, Castellanos AE, Desai JP, Meyers WC. Robotic surgery: a current perspective. Ann Surg 2004;239:14-21. DOI

PubMed PMC

Diana M, Marescaux J. Robotic surgery. BrJ Surg 2015;102:¢15-28. DOI PubMed

Giulianotti PC, Sbrana F, Bianco FM, et al. Robot-assisted laparoscopic pancreatic surgery: single-surgeon experience. Surg Endosc
2010;24:1646-57. DOI PubMed

Ji WB, Wang HG, Zhao ZM, Duan WD, Lu F, Dong JH. Robotic-assisted laparoscopic anatomic hepatectomy in China: initial
experience. Ann Surg 2011;253:342-8. DOI PubMed

Zureikat AH, Beane JD, Zenati MS, et al. 500 minimally invasive robotic pancreatoduodenectomies: one decade of optimizing
performance. Ann Surg 2021;273:966-72. DOI PubMed PMC

Sheetz KH, Claflin J, Dimick JB. Trends in the adoption of robotic surgery for common surgical procedures. JAMA Netw Open
2020;3:¢1918911. DOI PubMed PMC

Childers CP, Maggard-Gibbons M. Estimation of the acquisition and operating costs for robotic surgery. JAMA 2018;320:835-6. DOI

PubMed PMC

Panni RZ, Guerra J, Hawkins WG, Hall BL, Asbun HJ, Sanford DE. National pancreatic fistula rates after minimally invasive
pancreaticoduodenectomy: a NSQIP analysis. J Am Coll Surg 2019;229:192-199.e1. DOI PubMed

Lam K, Clarke J, Purkayastha S, Kinross JM. Uptake and accessibility of surgical robotics in England. Int J Med Robot 2021;17:1-7.

DOI PubMed

Hanna T, Imber C. Robotics in HPB surgery. Ann R Coll Surg Engl 2018;100:31-7. DOI PubMed PMC

Lai ECH, Tang CN. Training robotic hepatectomy: the Hong Kong experience and perspective. Hepatobiliary Surg Nutr 2017;6:222-9.

DOI PubMed PMC

Hawksworth J, Llore N, Holzner ML, et al. Robotic hepatectomy is a safe and cost-effective alternative to conventional open
hepatectomy: a single-center preliminary experience. J Gastrointest Surg 2021;25:825-8. DOI PubMed

Bozkurt E, Sijberden JP, Hilal MA. What is the current role and what are the prospects of the robotic approach in liver surgery?
Cancers 2022;14:4268. DOI PubMed PMC

Conlon KC, de Rooij T, van Hilst J, et al; Minimally Invasive Pancreatic Resection Organizing Committee. Minimally invasive
pancreatic resections: cost and value perspectives. HPB (Oxford) 2017;19:225-33. DOI PubMed

Ryoo DY, Eskander MF, Hamad A, et al. Mitigation of the robotic pancreaticoduodenectomy learning curve through comprehensive
training. HPB (Oxford) 2021;23:1550-6. DOI PubMed

Liu R, Wakabayashi G, Palanivelu C, et al. International consensus statement on robotic pancreatic surgery. Hepatobiliary Surg Nutr
2019;8:345-60. DOI PubMed PMC

Asbun HJ, Moekotte AL, Vissers FL, et al; International Study Group on Minimally Invasive Pancreas Surgery (I-MIPS). The miami
international evidence-based guidelines on minimally invasive pancreas resection. Ann Surg 2020;271:1-14. DOI PubMed

Herron DM, Marohn M; SAGES-MIRA Robotic Surgery Consensus Group. A consensus document on robotic surgery. Surg Endosc
2008;22:313-25; discussion 311. DOI PubMed

de Rooij T, van Hilst J, Boerma D, et al; Dutch Pancreatic Cancer Group. Impact of a nationwide training program in minimally
invasive distal pancreatectomy (LAELAPS). Ann Surg 2016;264:754-62. DOI

Hogg ME, Besselink MG, Clavien PA, et al; Minimally Invasive Pancreatic Resection Organizing Committee. Training in minimally
invasive pancreatic resections: a paradigm shift away from “See one, Do one, Teach one”. HPB (Oxford) 2017;19:234-45. DOI

PubMed

Knab LM, Zureikat AH, Zeh HJ 3rd, Hogg ME. Towards standardized robotic surgery in gastrointestinal oncology. Langenbecks Arch
Surg 2017;402:1003-14. DOI PubMed

Radi I, Tellez JC, Alterio RE, et al. Feasibility, effectiveness and transferability of a novel mastery-based virtual reality robotic training
platform for general surgery residents. Surg Endosc 2022;36:7279-87. DOI PubMed PMC

Mark Knab L, Zenati MS, Khodakov A, et al. Evolution of a novel robotic training curriculum in a complex general surgical oncology
fellowship. Ann Surg Oncol 2018;25:3445-52. DOI PubMed

LEARNBOT. European consortium on minimally invasive pancreatic surgery. Available from: http://e-mips.com/learnbot [Last
accessed on 8 Dec 2022].

Adam MA, Thomas S, Youngwirth L, Pappas T, Roman SA, Sosa JA. Defining a hospital volume threshold for minimally invasive
pancreaticoduodenectomy in the United States. JAMA Surg 2017;152:336-42. DOI PubMed PMC

Torphy RJ, Friedman C, Halpern A, et al. Comparing short-term and oncologic outcomes of minimally invasive versus open


https://dx.doi.org/10.1016/j.ijsu.2020.07.053
http://www.ncbi.nlm.nih.gov/pubmed/32800976
https://dx.doi.org/10.1016/j.hpb.2020.03.008
http://www.ncbi.nlm.nih.gov/pubmed/32247586
https://dx.doi.org/10.1097/SLA.0000000000002523
http://www.ncbi.nlm.nih.gov/pubmed/28984644
https://dx.doi.org/10.1007/s00345-018-2174-1
http://www.ncbi.nlm.nih.gov/pubmed/29362896
https://dx.doi.org/10.1097/01.sla.0000103020.19595.7d
http://www.ncbi.nlm.nih.gov/pubmed/14685095
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1356187
https://dx.doi.org/10.1002/bjs.9711
http://www.ncbi.nlm.nih.gov/pubmed/25627128
https://dx.doi.org/10.1007/s00464-009-0825-4
http://www.ncbi.nlm.nih.gov/pubmed/20063016
https://dx.doi.org/10.1097/SLA.0b013e3181ff4601
http://www.ncbi.nlm.nih.gov/pubmed/21135692
https://dx.doi.org/10.1097/SLA.0000000000003550
http://www.ncbi.nlm.nih.gov/pubmed/31851003
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7871451
https://dx.doi.org/10.1001/jamanetworkopen.2019.18911
http://www.ncbi.nlm.nih.gov/pubmed/31922557
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6991252
https://dx.doi.org/10.1001/jama.2018.9219
http://www.ncbi.nlm.nih.gov/pubmed/30167686
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6142989
https://dx.doi.org/10.1016/j.jamcollsurg.2019.02.042
http://www.ncbi.nlm.nih.gov/pubmed/30797082
https://dx.doi.org/10.1002/rcs.2174
http://www.ncbi.nlm.nih.gov/pubmed/32979293
https://dx.doi.org/10.1308/rcsann.supp1.31
http://www.ncbi.nlm.nih.gov/pubmed/29717893
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5956575
https://dx.doi.org/10.21037/hbsn.2017.01.21
http://www.ncbi.nlm.nih.gov/pubmed/28848744
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5554762
https://dx.doi.org/10.1007/s11605-020-04793-2
http://www.ncbi.nlm.nih.gov/pubmed/33001352
https://dx.doi.org/10.3390/cancers14174268
http://www.ncbi.nlm.nih.gov/pubmed/36077803
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9454668
https://dx.doi.org/10.1016/j.hpb.2017.01.019
http://www.ncbi.nlm.nih.gov/pubmed/28268161
https://dx.doi.org/10.1016/j.hpb.2021.03.010
http://www.ncbi.nlm.nih.gov/pubmed/33903049
https://dx.doi.org/10.21037/hbsn.2019.07.08
http://www.ncbi.nlm.nih.gov/pubmed/31489304
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6700012
https://dx.doi.org/10.1097/SLA.0000000000003590
http://www.ncbi.nlm.nih.gov/pubmed/31567509
https://dx.doi.org/10.1007/s00464-007-9727-5
http://www.ncbi.nlm.nih.gov/pubmed/18163170
https://dx.doi.org/10.21037/ales.2016.10.07
https://dx.doi.org/10.1016/j.hpb.2017.01.016
http://www.ncbi.nlm.nih.gov/pubmed/28190709
https://dx.doi.org/10.1007/s00423-017-1623-4
http://www.ncbi.nlm.nih.gov/pubmed/28956165
https://dx.doi.org/10.1007/s00464-022-09106-z
http://www.ncbi.nlm.nih.gov/pubmed/35194662
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8863393
https://dx.doi.org/10.1245/s10434-018-6686-0
http://www.ncbi.nlm.nih.gov/pubmed/30073601
http://e-mips.com/learnbot
https://dx.doi.org/10.1001/jamasurg.2016.4753
http://www.ncbi.nlm.nih.gov/pubmed/28030713
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5470427

Body et al. Art Int Surg 2022;2:186-94 | https://dx.doi.org/10.20517/ais.2022.28 Page 194

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.
53.

54.

55.

56.

57.

58.

59.

60.
61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

pancreaticoduodenectomy across low and high volume centers. Ann Surg 2019;270:1147-55. DOI PubMed

Ceccarelli G, Andolfi E, Fontani A, Calise F, Rocca A, Giuliani A. Robot-assisted liver surgery in a general surgery unit with a
“Referral Centre Hub&Spoke Learning Program”. Early outcomes after our first 70 consecutive patients. Minerva Chir 2018;73:460-8.
DOI PubMed

Gall TMH, Alrawashdeh W, Soomro N, White S, Jiao LR. Shortening surgical training through robotics: randomized clinical trial of
laparoscopic versus robotic surgical learning curves. BJS Open 2020;4:1100-8. DOI PubMed PMC

Zhang T, Zhao ZM, Gao YX, Lau WY, Liu R. The learning curve for a surgeon in robot-assisted laparoscopic
pancreaticoduodenectomy: a retrospective study in a high-volume pancreatic center. Surg Endosc 2019;33:2927-33. DOI PubMed

Lu C, Jin W, Mou YP, et al. Analysis of learning curve for laparoscopic pancreaticoduodenectomy. J Vis Surg 2016;2:145. DOI
PubMed PMC

Gall TMH, Malhotra G, Elliott JA, Conneely JB, Fong Y, Jiao LR. The Atlantic divide: contrasting surgical robotics training in the
USA, UK and Ireland. J Robot Surg 2022. DOI PubMed

Takagi K, Umeda Y, Yoshida R, et al. Surgical training model and safe implementation of robotic pancreatoduodenectomy in Japan: a
technical note. World J Surg Oncol 2021;19:55. DOI PubMed PMC

Rice MK, Hodges JC, Bellon J, et al. Association of mentorship and a formal robotic proficiency skills curriculum with subsequent
generations’ learning curve and safety for robotic pancreaticoduodenectomy. JAMA Surg 2020;155:607-15. DOI PubMed PMC
Yamashita R, Nishio M, Do RKG, Togashi K. Convolutional neural networks: an overview and application in radiology. Insights
Imaging 2018;9:611-29. DOI PubMed PMC

Malik P, Pathania M, Rathaur VK. Overview of artificial intelligence in medicine. J Family Med Prim Care 2019;8:2328. DOI
PubMed PMC

Deo RC. Machine learning in medicine. Circulation 2015;132:1920-30. DOI PubMed PMC

Mascagni P, Alapatt D, Urade T, et al. A computer vision platform to automatically locate critical events in surgical videos:
documenting safety in laparoscopic cholecystectomy. Ann Surg 2021;274:¢93-5. DOI PubMed

Malpani A, Vedula SS, Lin HC, Hager GD, Taylor RH. Effect of real-time virtual reality-based teaching cues on learning needle
passing for robot-assisted minimally invasive surgery: a randomized controlled trial. /nt J Comput Assist Radiol Surg 2020;15:1187-
94. DOI PubMed

Twinanda AP, Shehata S, Mutter D, Marescaux J, de Mathelin M, Padoy N. EndoNet: a deep architecture for recognition tasks on
laparoscopic videos. /IEEE Trans Med Imaging 2017;36:86-97. DOI PubMed

Jin Y, Dou Q, Chen H, et al. SV-RCNet: workflow recognition from surgical videos using recurrent convolutional network. /EEE
Trans Med Imaging 2018;37:1114-26. DOI PubMed

Hashimoto DA, Rosman G, Witkowski ER, et al. Computer vision analysis of intraoperative video: automated recognition of operative
steps in laparoscopic sleeve gastrectomy. Ann Surg 2019;270:414-21. DOI PubMed PMC

Morita S, Tabuchi H, Masumoto H, Yamauchi T, Kamiura N. Real-time extraction of important surgical phases in cataract surgery
videos. Sci Rep 2019;9:16590. DOI PubMed PMC

Kitaguchi D, Takeshita N, Matsuzaki H, et al. Real-time automatic surgical phase recognition in laparoscopic sigmoidectomy using the
convolutional neural network-based deep learning approach. Surg Endosc 2020;34:4924-31. DOI PubMed

Ward TM, Mascagni P, Ban Y, et al. Computer vision in surgery. Surgery 2021;169:1253-6. DOI PubMed

Kitaguchi D, Takeshita N, Matsuzaki H, et al. Automated laparoscopic colorectal surgery workflow recognition using artificial
intelligence: experimental research. Int J Surg 2020;79:88-94. DOI PubMed

Yamazaki Y, Kanaji S, Matsuda T, et al. Automated surgical instrument detection from laparoscopic gastrectomy video images using
an open source convolutional neural network platform. J Am Coll Surg 2020;230:725-732.e1. DOI PubMed

Lee D, Yu HW, Kwon H, Kong HJ, Lee KE, Kim HC. Evaluation of surgical skills during robotic surgery by deep learning-based
multiple surgical instrument tracking in training and actual operations. J Clin Med 2020;9:1964. DOI PubMed PMC

Khalid S, Goldenberg M, Grantcharov T, Taati B, Rudzicz F. Evaluation of deep learning models for identifying surgical actions and
measuring performance. JAMA Netw Open 2020;3:¢201664. DOI PubMed

Luongo F, Hakim R, Nguyen JH, Anandkumar A, Hung AJ. Deep learning-based computer vision to recognize and classify suturing
gestures in robot-assisted surgery. Surgery 2021;169:1240-4. DOI PubMed PMC

Madani A, Namazi B, Altieri MS, et al. Artificial intelligence for intraoperative guidance: using semantic segmentation to identify
surgical anatomy during laparoscopic cholecystectomy. Ann Surg 2022;276:363-9. DOI PubMed PMC

Mascagni P, Vardazaryan A, Alapatt D, et al. Artificial intelligence for surgical safety: automatic assessment of the critical view of
safety in laparoscopic cholecystectomy using deep learning. Ann Surg 2022;275:955-61. DOI PubMed

Stulberg JJ, Huang R, Kreutzer L, et al. Association between surgeon technical skills and patient outcomes. JAMA Surg 2020;155:960-
8. DOI PubMed PMC

Hung AJ, Chen J, Che Z, et al. Utilizing machine learning and automated performance metrics to evaluate robot-assisted radical
prostatectomy performance and predict outcomes. J Endourol 2018;32:438-44. DOI PubMed

Jarc AM, Curet MJ. Viewpoint matters: objective performance metrics for surgeon endoscope control during robot-assisted surgery.
Surg Endosc 2017;31:1192-202. DOI PubMed PMC


https://dx.doi.org/10.1097/SLA.0000000000002810
http://www.ncbi.nlm.nih.gov/pubmed/29771723
https://dx.doi.org/10.23736/S0026-4733.18.07651-4
http://www.ncbi.nlm.nih.gov/pubmed/29795060
https://dx.doi.org/10.1002/bjs5.50353
http://www.ncbi.nlm.nih.gov/pubmed/33052038
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7709379
https://dx.doi.org/10.1007/s00464-018-6595-0
http://www.ncbi.nlm.nih.gov/pubmed/30483970
https://dx.doi.org/10.21037/jovs.2016.07.25
http://www.ncbi.nlm.nih.gov/pubmed/29078532
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5637755
https://dx.doi.org/10.1007/s11701-022-01399-5
http://www.ncbi.nlm.nih.gov/pubmed/35366194
https://dx.doi.org/10.1186/s12957-021-02167-9
http://www.ncbi.nlm.nih.gov/pubmed/33608019
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7896387
https://dx.doi.org/10.1001/jamasurg.2020.1040
http://www.ncbi.nlm.nih.gov/pubmed/32432666
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7240650
https://dx.doi.org/10.1007/s13244-018-0639-9
http://www.ncbi.nlm.nih.gov/pubmed/29934920
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6108980
https://dx.doi.org/10.4103/jfmpc.jfmpc_440_19
http://www.ncbi.nlm.nih.gov/pubmed/31463251
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6691444
https://dx.doi.org/10.1161/CIRCULATIONAHA.115.001593
http://www.ncbi.nlm.nih.gov/pubmed/26572668
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5831252
https://dx.doi.org/10.1097/SLA.0000000000004736
http://www.ncbi.nlm.nih.gov/pubmed/33417329
https://dx.doi.org/10.1007/s11548-020-02156-5
http://www.ncbi.nlm.nih.gov/pubmed/32385598
https://dx.doi.org/10.1109/TMI.2016.2593957
http://www.ncbi.nlm.nih.gov/pubmed/27455522
https://dx.doi.org/10.1109/TMI.2017.2787657
http://www.ncbi.nlm.nih.gov/pubmed/29727275
https://dx.doi.org/10.1097/SLA.0000000000003460
http://www.ncbi.nlm.nih.gov/pubmed/31274652
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7216040
https://dx.doi.org/10.1038/s41598-019-53091-8
http://www.ncbi.nlm.nih.gov/pubmed/31719589
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6851365
https://dx.doi.org/10.1007/s00464-019-07281-0
http://www.ncbi.nlm.nih.gov/pubmed/31797047
https://dx.doi.org/10.1016/j.surg.2020.10.039
http://www.ncbi.nlm.nih.gov/pubmed/33272610
https://dx.doi.org/10.1016/j.ijsu.2020.05.015
http://www.ncbi.nlm.nih.gov/pubmed/32413503
https://dx.doi.org/10.1016/j.jamcollsurg.2020.01.037
http://www.ncbi.nlm.nih.gov/pubmed/32156655
https://dx.doi.org/10.3390/jcm9061964
http://www.ncbi.nlm.nih.gov/pubmed/32585953
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7355689
https://dx.doi.org/10.1001/jamanetworkopen.2020.1664
http://www.ncbi.nlm.nih.gov/pubmed/32227178
https://dx.doi.org/10.1016/j.surg.2020.08.016
http://www.ncbi.nlm.nih.gov/pubmed/32988620
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7994208
https://dx.doi.org/10.1097/SLA.0000000000004594
http://www.ncbi.nlm.nih.gov/pubmed/33196488
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8186165
https://dx.doi.org/10.1097/SLA.0000000000004351
http://www.ncbi.nlm.nih.gov/pubmed/33201104
https://dx.doi.org/10.1001/jamasurg.2020.3007
http://www.ncbi.nlm.nih.gov/pubmed/32838425
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7439214
https://dx.doi.org/10.1089/end.2018.0035
http://www.ncbi.nlm.nih.gov/pubmed/29448809
https://dx.doi.org/10.1007/s00464-016-5090-8
http://www.ncbi.nlm.nih.gov/pubmed/27422247
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5315708



