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ABBREVIATIONS

ASA American Society of Anesthesiologists
BMI Body Mass Index

CCI® Comprehensive Complication Index®
CI Confidence Interval

HPB Hepato-Pancreato-Biliary
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ICU

Intensive Care Unit

IDEAL Idea, Development, Exploration, Assessment, Long-term follow-
up

IQR Interquartile Range

MIS Minimally Invasive Surgery

OR Odds Ratio

OS Overall Survival

PDAC Pancreatic Ductal Adenocarcinoma

PD-ROBOSCORE Difficulty Score for Robotic Pancreatoduodenectomy

POPF Postoperative Pancreatic Fistula

PPH Post-Pancreatectomy Hemorrhage

RCT Randomized Controlled Trial

RFS Recurrence-Free Survival

STRUCTURED ABSTRACT

Objective

To establish international benchmark values for relevant outcome parameters in

robotic Whipple.

Summary Background Data

For safe adoption of surgical innovation, robust quality control is essential.

Benchmarking is a validated tool for assessing surgical performance. Recent international

consensus identified establishing benchmark values for robotic Whipple as top priority.

Methods

We analyzed consecutive patients undergoing robotic Whipple between 2020-2023

with a minimum one-year follow-up. Reference centers were required to perform >15

cases/year, be scientifically active in the field, and maintain a prospective database.

Benchmark criteria included benign or resectable malignant disease without neoadjuvant
therapy, arterial resection, major co-morbidities, or significant previous abdominal surgery.
Benchmarks were established for 13 outcome parameters.
Result

The benchmark cohort comprised 418 patients from 12 centers across four continents.
Benchmark values were: conversion rate <4.3%, transfusion rate <2.1%, 6-month mortality

<2.2%, major complications <23.2%, and CCI® <20.9. Clinically relevant pancreatic fistula
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(grade B/C) and hemorrhage (grade B/C) rates were <23.6% and <12.7%, respectively. For
pancreatic ductal adenocarcinoma (n=123), the benchmark for lymph node yield was >20.
Higher surgical difficulty was associated with increased overall postoperative morbidity
(R?=0.38, p=0.019), higher center caseload with reduced pancreas-specific complications
(R*=0.28, p=0.044). Independent POPF predictors included duct diameter <4mm (OR 1.37,
95% CI: 1.03, 1.82), anticoagulation (OR 2.45, 95% CI: 1.47, 3.99), and indication other than
PDAC (OR 2.33,95% CI: 1.68, 3.27).
Conclusions

This study establishes the first international benchmarks for robotic Whipple,
demonstrating oncologic outcomes and morbidity comparable to open surgery with the

benefits of minimally invasive surgery.
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INTRODUCTION

The adoption of minimally invasive surgery (MIS) in pancreatic surgery has progressed
unevenly through the IDEAL framework for the development of surgical innovation ', with
Whipple (i.e., pancreatoduodenectomy) procedures lagging behind distal pancreatectomy °.
This discrepancy is primarily related to the technical limitations of laparoscopy in advanced
procedures requiring complex reconstruction, which have resulted in steep learning curves *
and significant safety concerns . Laparoscopic Whipple remains restricted to a few high-
volume centers with advanced laparoscopic skills, hindering widespread implementation and
denying most patients the benefits of MIS known from other procedures, such as reduced

blood loss, lower conversion rates, and faster functional recovery .

Robotic surgery, with its technical advantages over laparoscopy, holds the potential to
overcome these limitations and facilitate broader adoption of MIS for Whipple procedures.
While accumulating observational data supports its feasibility and safety in selected patients
1 recent randomized-controlled trials (RCTs) show conflicting results . The EUROPA
trial *, comparing robotic and open Whipple surgery, reported higher rates of pancreas-
specific complications without demonstrating the expected advantages of MIS. Albeit not
significant, higher R1 resection rates additionally raised concerns about the oncologic
outcomes of the robotic approach in malignant disease. Therefore, the recent Paris Consensus
on robotic HPB surgery * emphasized the need for further robust data and identified
benchmarking as a top research priority. Meanwhile—fueled by many surgeons’ enthusiasm—

14,15

robotic Whipple surgery is undoubtedly here to stay ™ °, making robust performance quality

control more important for its safe adoption.

Benchmarking is a validated tool for improving quality of surgical performance and
16,17

enables the comparison of outcomes across surgical techniques on an international scale
It has been recognized as one of the critical features and milestones in the structured
assessment of surgical innovation and new procedures '®. Critical elements in the lifecycle of
a new advancement include the creation of an international registry, a timely consensus
conference, the generation of level-one data, and finally the iterative designation of
benchmark values (Supplemental Figure 1, supplemental data content 1,
http://links.Iww.com/SLA/F711) '®. Such best-achievable results have been established for

19,20

numerous surgical procedures —including robotic distal pancreatectomy and open

21,22

Whipple surgery “““—but are lacking for robotic Whipple.
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To address this gap, this large-scale, international study aimed to establish benchmark
cutoffs for key outcome parameters in robotic Whipple surgery. Using validated
benchmarking methodology, these reference values provide a crucial framework for

evaluating robotic Whipple outcomes and enable direct comparisons with the open approach.

METHODS

Study Design

We analyzed consecutive adult (> 18 years) patients who underwent robotic Whipple
surgery (interchangeably used with pancreatoduodenectomy throughout this manuscript) for
benign or malignant indications from January 2020 until December 2023 in international
expert centers. We employed the validated 10-step approach to establish benchmark cutoffs
' Benchmark centers (i.e., international reference institutions from which benchmark values
are derived) had to fulfil the following criteria: 1) caseload of > 15 robotic Whipple
procedures/year, ii) active research in the field, and iii) maintenance of prospective data
collection for pancreatic surgery. The first 40 patients provided by each center that did not
embark on robotic Whipple surgery prior to the study period were omitted from the analysis
to account for a potential learning curve (threshold defined by learning curve (CUSUM)
analyses > and applied in the most recent RCT '?). A minimum patient follow-up of one year
was required. Patients were stratified into a benchmark (i.e., low risk) and a non-benchmark
cohort. Benchmark patients were defined as those with benign disease or upfront resectable
malignant disease, no neoadjuvant therapy, no arterial resection, American Society of
Anesthesiologists (ASA) score < 2, body mass index (BMI) > 18.5 and < 35, no major
comorbidities, no history of previous pancreatic or major abdominal surgery (Supplemental
Table 1, supplemental data content 1, http://links.Iww.com/SLA/F711). We applied the same
selection criteria as for published benchmark studies on open Whipple surgery to allow for
comparability of results *2. Then, we defined cutoff values for relevant outcome parameters.
Ethical approval was obtained from the Cantonal Ethics Committee of Zurich (BASEC 2024-
01461) and by each participating center according to applicable regulations.
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Outcome Parameters and Definitions

Benchmark cutoffs were defined for clinically relevant outcome parameters. Operative
metrics: operative time, conversion to open (i.e., procedure started robotically but requiring
laparotomy for any reason except specimen extraction), blood transfusion rate, intensive care
unit (ICU) length of stay; pancreas-specific complications: any pancreas-specific
complication (grade B/C), Post-Operative Pancreatic Fistula (POPF, grade B/C **), Post-
Pancreatectomy Hemorrhage (PPH, grade B/C *°); surgical complications at 6 months: any

complication, major complication (Clavien Dindo grade > 3a ****

), mortality, Comprehensive
Complication Index® (CCI® **); oncologic outcome: number of lymph nodes harvested. The
6-month follow-up cutoff to assess morbidity was chosen according to established benchmark

analyses for open Whipple surgery 2, where morbidity plateaued after this period.

Oncological resectability was defined as in the National Comprehensive Cancer
Network guidelines *°. Surgical difficulty was assessed using the PD-ROBOSCORE (1.6-23
points) *' and patients were classified into low-, intermediate-, and high-difficulty subgroups
based on tertiles of the score. This is in line with the previously published approach *'.
Overall survival (OS) was defined as the time from surgery to death from any cause or last
follow-up; Recurrence-Free Survival (RFS) as the time from surgery to either disease
recurrence, death from any cause, or last oncological follow-up. The use of anticoagulation
was defined as any anticoagulation medication other than single platelet inhibition (e.g.,

acetylic salicylic acid) in therapeutic dose administered at least preoperatively.

Statistical Analysis

The 75" and 25" percentile across the benchmark centers” medians represented the
benchmark cutoff values for negative and positive outcome parameters, respectively.
Continuous variables were presented as median with its interquartile range (IQR), and
categorical variables as count with percentage. Continuous variables were compared using
Mann-Whitney U Test, categorical variables using Chi-square/ Fisher’s exact Test and
logistic regression. Time-to-event outcomes were analyzed using Kaplan-Meier and Cox
proportional hazards regression model. The Pearson correlation coefficient (R?) was
calculated to evaluate the association between center characteristics and outcomes.
Multivariable logistic regression using bidirectional stepwise variable selection was

employed to assess predictors for POPF grade B/C. P-values are two-sided and reported up to
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3 decimal places. A predefined significance level of < 0.05 was used. Statistical analyses

were performed using R Statistical Software (v4.3.2, R Core Team, Vienna, Austria).

RESULTS

Baseline Characteristics

21 centers contributed a total of 1526 cases. Of these, 12 qualified as benchmark
centers spanning four continents (Asia n=6, Europe n=2, North America n=3, and South
America n=1) performing a total of 1079 robotic Whipple procedures. The final benchmark
cohort consisted of 418 patients (39 %). The proportion of benchmark cases varied
considerably among centers (range: 11 — 80 %) (Supplemental Figure 2, supplemental data
content 1, http://links.lww.com/SLA/F711). The median follow-up among benchmark
patients was 24.9 months (IQR: 14.5-42.1). Baseline characteristics for the benchmark cohort
and the entire study population are depicted in Supplemental Table 2, supplemental data
content 1, http://links.lww.com/SLA/F711. Benchmark patients had a median age of 61 years
(IQR: 53-68); the majority (54 %) were male. The median PD-ROBOSCORE was 4.8 (IQR:
4.8-8.2), reflecting low surgical difficulty. Thirty per cent (n=123) underwent robotic
Whipple for pancreatic ductal adenocarcinoma (PDAC). Other indications included
ampullary carcinoma (18 %), distal cholangiocarcinoma (15 %), pancreatic neuroendocrine

neoplasms (12 %), and benign disease (23 %).

Benchmark Cutoffs and Long-Term Outcome in the Benchmark Cohort

Benchmark cutoffs were defined for 13 outcome parameters (Table 1). The cutoffs for
operative metrics included operative time < 514 min, conversion to open < 4.3 %, blood
transfusion < 2.1 %, and ICU length of stay < 1 day. The cutoffs for pancreatic-specific
complications were any pancreas-specific complication B/C < 35.2 %, POPF B/C <23.6 %
and PPH B/C < 12.7 %. The cutoffs for surgical complications after 6 months were < 90.6 %
for any complication, < 23.2 % for major (Clavien-Dindo > 3a) complications, < 2.2 % for
mortality, and < 20.9 CCI® points. The cutoffs for lymph nodes harvested was > 20.
Compared to non-benchmark patients, the benchmark cohort exhibited significantly lower

conversion rates, less blood transfusions, lower postoperative pancreas-specific and overall
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morbidity (Supplemental Table 3, supplemental data content 1,
http://links.Iww.com/SLA/F711).

Figure 1 illustrates the Kaplan-Meier survival analyses in PDAC patients meeting
benchmark criteria. Median OS (Figure 1A) was 33.7 months; median RFS (Figure 1B) 29.6
months. Actuarial OS and RFS were > 92 % and > 84 % at 1 year, and > 45 % and > 44 % at

3 years, respectively.

Correlation of Center Characteristics with Postoperative Qutcome in the Entire Cohort

Figure 2A-D presents the association between center characteristics, 1.€., case
complexity and caseload per center, and overall and pancreas-specific postoperative
morbidity, across all participating centers. Higher surgical complexity, measured by the PD-
ROBOSCORE, positively correlated with an increased CCI® score (R*=0.38, p=0.019).
Subgroup analysis (Supplemental Table 4, supplemental data content 1,
http://links.lww.com/SLA/F711) further confirmed that cases of higher difficulty show higher
rates of conversion to open (p<0.001), higher rates of any (p<<0.001) and major (p=0.004)
complications, as well as an increased CCI® score (p<0.001). Surgical difficulty, however,
was not associated with increased pancreas-specific morbidity (R?=0.02, p=0.66). In contrast,
higher technical expertise as in increased surgical caseload was associated with a lower
incidence of pancreas-specific complications in both the entire cohort (R*=0.28, p=0.044) and
specifically in non-benchmark patients (R>=0.28, p=0.042), but did not correlate with overall
postoperative morbidity (R*=0.11, p=0.26).

Risk Factors for POPF grade B/C in the Entire Cohort

Multivariable logistic regression identified three independent risk factors for
developing POPF grade B/C (Table 2): anticoagulation (OR 2.45, 95% CI: 1.47, 3.99), duct
diameter < 4mm (OR 1.37, 95% CI: 1.03, 1.82), and indication other than PDAC (OR 2.33,
95% CI: 1.68, 3.27). Surgical difficulty, increased BMI, previous major abdominal surgery,

and cases requiring venous resection were not associated with increased POPF rates.

DISCUSSION

This international multicenter study establishes benchmark cutoffs for robotic Whipple

surgery for key surgical outcome parameters. Applying validated benchmarking
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methodology, we demonstrate that outcomes achieved in expert centers are broadly

comparable to those previously reported for the open approach '

while introducing the
benefits of MIS to this cohort and thereby supporting its broader adoption. Besides
substantiating the feasibility and safety of robotic Whipple, this study further confirms its

oncological benefit in patients treated for PDAC with favorable patient survival.

By applying the same inclusion criteria as open Whipple benchmark studies %', this
analysis enables direct comparison across surgical modalities—a key benefit of benchmarking
(Table 1). Still, potential differences in patient selection not captured by the inclusion criteria,
as well as potential temporal bias cannot be excluded. While the duration of surgery for the
robotic approach is one hour longer compared to the open benchmark (< 514min vs. <
450min), the robot demonstrates lower blood transfusion rates (< 2.1% vs. < 23%) with
comparable rates of surgical morbidity and mortality. This is in line with the commonly
discussed trade-off of minimally invasive surgery also observed in other procedures.
Importantly, operative time—though dependent on technical complexity—is anticipated to
approach standards in open surgery with increasing adoption and standardization. Notably,
benchmarks for pancreas-specific complications including the index complication POPF are
similar between the robotic and open approach, underscoring the safety of robotic
reconstruction even in complex surgical settings. Multivariable analysis confirms that
traditional risk factors for POPF—such as small duct diameter and indication other than
PDAC—retain their predictive value irrespective of surgical technique, while the robotic
approach may possibly even be an independent protective factor as evidenced by multicentric
observational evidence **. Anticoagulation is most likely a surrogate for the presence of

medical risk factors indicating a higher risk subgroup.

These important findings stand in contrast to the recent EUROPA trial comparing
robotic to open Whipple ', which reported a significantly higher incidence of grade B/C
pancreas-specific complications following robotic resection (59% vs. 33%, p=0.046) without
demonstrating MIS-related benefits. EUROPA concluded the safety of the robotic approach
based on the non-inferiority in 90-day CCI® (34 vs. 36 points, p=0.713), but reported values
beyond the newly established benchmark cutoffs in both groups. While not directly
comparable to the current benchmark cohort because of differences in selection criteria, this
may support prior observations that adverse outcomes in randomized trials may be subject to

an institutional learning curve or procedural immaturity, rather than intrinsic limitations of
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the robotic technique. In fact, recent evidence indicates that achieving maturity in terms of
mastery with robotic Whipple requires far more procedures than those needed to complete the
competency learning curve >. Mastery is associated not only with improved outcomes but
also with the capacity to manage more complex cases. This highlights the critical role of
benchmarking as an indispensable milestone in the systematic adoption of surgical innovation
'8 Importantly, another recent RCT from China comparing robotic to open Whipple after the
initial learning curve ', found postoperative morbidity within both open and robotic
benchmark cutoffs, thus further reinforcing the reproducibility of robotic Whipple in mature

programs.

A central concern in robotic Whipple surgery pertains to the noninferiority of oncologic
outcomes. The EUROPA trial reported increased R1-resection rates of 18% to 0% observed
in the robotic vs the open group . This difference, however, did not reach statistical
significance. The current benchmark study establishes a benchmark of > 20 lymph nodes
harvested, which exceeds established benchmarks for open Whipple (= 16). This finding
likely reflects the combination of two critical aspects: 1) the high surgical quality achieved in
low-risk patients treated at high-volume expert centers after the learning curve, and ii) the
enhanced visualization and dexterity afforded by robotic systems, particularly during deep
dissection and vascular margin clearance >. One limitation of this study was the inconsistent
reporting of surgical margins without uniform definition Ge;=tmm)-for RO across centers.
Therefore, no robust benchmark value for RO resection rate could be determined. Future
benchmarking initiatives on robotic Whipple surgery should focus on deriving robust R0
resection rate cutoffs based on standardized reporting practice across centers (e.g., > 1 mm).
Corresponding survival data—although limited through the lack of adjustment for net
stratified-by margin status, the receipt of adjuvant therapy and tumor stage—however,
strenghy-support favorable oncologic outcome of the robotic approach in upfront resectable
PDAC **.

Conversion remains a critical quality indicator in minimally invasive surgery. In line
with available observational evidence >, our data show conversion rates (< 4.3%)
consistently lower than laparoscopy, thus underlining the technical advantages inherent with
robotic systems. This technical advantage is particularly relevant during the reconstruction
phase, where robotic articulation enables precise suturing in constrained anatomical

environments. In line with recent international consensus °, this supports the superior
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reconstructive capabilities of the robot and strengthens its case in high-complexity procedures
such as Whipple surgery. Still, surgical difficulty remains an important factor in clinical
decision making, as it increases the risk of conversion and surgical morbidity *'. When
interpreting conversion rates, however, inconsistent distinction between urgent vs nonurgent
conversion across studies needs to be considered. Similarly, because of the retrospective
nature of the current study and limited information on the intraoperative course we could not
reliably determine the reason for conversion. Importantly, urgent robotic conversions may
represent a logistical challenge that impair surgical performance and outcome *°. Therefore,
for emergent scenarios—particularly in robotic surgery—standardized team-based conversion

protocols are indispensable to ensure patient safety .

This study has some limitations. First, its retrospective design inherently introduces
potential biases related to data collection and reporting, mitigated by prospective data capture
and meticulous control of reporting quality. Second, the robotic approach remains in an
intermediate phase of adoption, and although early institutional learning curve effects were
excluded, residual center-specific and inter-surgeon variability cannot be entirely ruled out.
Third, caseload varied considerably across participating centers with large centers
contributing most cases. The robust benchmark methodology, however, counteracts such
potential imbalances by weighing each center outcome parameter equally. Still, residual
heterogeneity across centers cannot be excluded and may have influenced the results. Finally,
no data on pancreatic texture was available. This well-established predictor of POPF in open
surgery >’ remains more difficult to assess using the robotic technique as it is exclusively

based on visual cues and needs further standardization.

In conclusion, this global analysis provides robust benchmark cutoffs for robotic
Whipple surgery, supporting its evidence-based adoption. It affirms the approach’s safety and
oncologic adequacy in expert hands and highlights the key advantages of the robot compared
to other modalities. Careful patient selection remains critical also in the robotic approach to
ensure a favorable patient outcome. By defining objective reference values, this study
provides guidance for adopting and established robotic HPB units and represents a critical
tool for surgical quality improvement. The establishment of an international registry will be
paramount to guide the robotic Whipple’s further adoption, particularly in more technically

challenging scenarios like borderline tumors or the need for vascular resection.
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Figure 1. Overall and Recurrence-Free Survival in Benchmark Patients with Pancreatic

Ductal Adenocarcinoma
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Figure 2. Correlation of Center Characteristics with Postoperative Outcome in all Patient
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Table 1: Benchmark Cutoffs for Robotic Whipple Compared to Open Whipple

Robotic Whipple Open Whipple'
(12 centers, 418 patients) (23 centers, 2375 patients)
Benchmar Benchmar
Median - Median -
Operative metrics
Duration of surgery (min) <402 <514 <366 <450
Conversion to open (%) <0.0 <4.3 - -
Blood transfusion (%) <0.0 <21 <13 <23
ICU length of stay (days) <1 <1 - -
Pancreas-specific
complications
Any complication grade B/C | <18.8 <35.2 - -
(%)
POPF grade B/C (%) <134 <23.6 <10 <19
PPH grade B/C (%) <32 <12.7 <4 <13
Surgical complications
(6 months)
Any complication (%) <62.1 <90.6 <65.3 <73
Clavien-Dindo grade >3a (%) | <17.5 <23.2 <21.0 <35
Mortality (%) <0.0 <2.2 - -
ccr® <0.0 <20.9 <20.9 <20.9
PDAC (n=123)
Lymph nodes harvested (n) >22 >20 >19 >16
#75"/25M percentile of centers medians.
'Sanchez-Velazquez et al., “Mean across centers, *Disease-free survival
Abbreviations: Min (minutes), ICU (Intensive Care Unit), POPF (Post-Operative
Pancreatic Fistula), PPH (Post-Pancreatectomy Hemorrhage), DGE (Delayed Gastric
Emptying), CCI® (Comprehensive Complication Index®), OS (Overall Survival), RFS
(Recurrence-free survival)
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Table 2: Independent Predictors of Post-Operative Pancreatic Fistula Grade B/C

Development

. . o 1
Univariate analysis

Multivariable logistic

regression’

OR (95% CI) p-value | OR (95% CI) p-value
PD-ROBOSCORE* 0.99 (0.94,1.04) | 0.7
BMI (kg/m®) 0.99 (0.95, 1.04) | 0.7
ASA>3 0.82(0.54,1.24) | 0.4
Borderline-resectable 0.36 (0.09, 0.99) | 0.088
Duct diameter <4mm 1.46 (0.98,2.19) | 0.062 1.37 (1.03,1.82) | 0.031
Prior major abdominal 0.29 (0.02, 1.38) [ 0.2
surgery
Anticoagulation 2.77 (1.40, 5.18) | 0.002 2.45(1.47,3.99) | <0.001
Venous resection 0.43 (0.13,1.07) | 0.11 0.56 (0.26,1.09) | 0.11
Conversion 0.35 (0.06, 1.18) | 0.2
Indication other than 2.14 (1.39, 3.39) | <0.001 2.33 (1.68,3.27) | <0.001

PDAC

'Analysis of entire cohort (N=1079), 2Napoli et al.

Abbreviations: OR (Odds Ratio), CI (Confidence Interval), BMI (Body Mass Index), ASA

(American Society of Anesthesiologists), PDAC (Pancreatic Ductal Adenocarcinoma).
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