@E]M Published November 25, 2025

NEJM Evid 2025;4(12)

EVldence DOI: 10.1056/EVID0a2500045

ORIGINAL ARTICLE

Minimally Invasive versus Open
Pancreatoduodenectomy for Resectable Neoplasms

Nine de Graaf, M.D., Ph.D.,"?* Anouk M. L. H. Emmen, M.D., Ph.D.,"?* Marco Ramera, M.D.,>* Jony van Hilst, M.D., Ph.D.,"®
Bergthor Bjérnsson, M.D., Ph.D.,* Ugo Boggi, M.D., Ph.D.,” Caro L. Bruna, M.D.,"*? Olivier R. Busch, M.D., Ph.D.,"?

Freek Daams, M.D., Ph.D.,%® Daphne H. M. Droogh, M.D.,° Giovanni Ferrari, M.D.,'® Sebastiaan Festen, M.D., Ph.D.,®
Martina Guerra, M.D.,* Ignace de Hingh, M.D., Ph.D.," Tobias Keck, M.D., Ph.D.,'? Bas Groot Koerkamp, M.D., Ph.D.,"
Daan J. Lips, M.D., Ph.D.,' Misha D. P. Luyer, M.D., Ph.D.,"" . Sven D. Mieog, M.D., Ph.D.,® Luca Morelli, M.D., Ph.D.,"”®

I. Quintus Molenaar, M.D., Ph.D.,'"” Roeland F. de Wilde, M.D., Ph.D.,” Mahsoem Ali, B.Sc.,>8'® Clarissa Ferrari, Ph.D.,?
Johannes Berkhof, Ph.D.,'® Patrick Maisonneuve, Dipl.Eng.," Mohammad Abu Hilal, M.D., Ph.D.,?*

Marc G. Besselink, M.D., Ph.D.,"? for the European Consortium on Minimally Invasive Pancreatic Surgery

Abstract

BACKGROUND Minimally invasive pancreatoduodenectomy (MIPD) might accelerate
postoperative recovery in patients with primary resectable neoplasm compared with open
pancreatoduodenectomy (OPD), although the safety of MIPD remains debated. We aimed to
assess whether MIPD is noninferior to OPD for overall complications and superior for time
to functional recovery (TTFR).

METHODS We conducted an international, multicenter, patient-blinded randomized non-
inferiority trial in patients undergoing pancreatoduodenectomy for primary resectable pan-
creatic and periampullary neoplasm from high-volume centers. Patients were randomly
assigned in a 2:1 ratio to undergo robot-assisted or laparoscopic MIPD versus OPD and were
blinded to the procedure until postoperative day 5. The primary end point was overall compli-
cations within 90 days of surgery, as measured using the Comprehensive Complication Index
(range 0-100, with higher scores indicating more severe complications). Noninferiority was
tested using a margin of —7.5 points (one-sided 97.5% confidence interval [CI]; P<0.025
for noninferiority). The main secondary end point was TTFR, tested for superiority. Analyses
were reported by the intention-to-treat principle.
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Background

ancreatoduodenectomy is a complex surgical pro-

cedure used to treat neoplasms in the pancreatic

head and periampullary region. Following pancre-
atoduodenectomy, approximately 30%-40% of patients
require postoperative interventions for surgical complica-
tions, affecting time to functional recovery (TTFR), quality
of life, and health care resources.' Therefore, innovative
surgical techniques and treatment strategies are sought to
improve outcomes for this highly complex and low-volume
procedure.

Minimally invasive pancreatoduodenectomy (MIPD) aims
to improve patient outcomes by reducing the impact of
surgery.”* However, there has been considerable reluc-
tance to embrace MIPD as an alternative to open pan-
creatoduodenectomy (OPD), which has been especially
fueled by the premature termination of the multicenter
LEOPARD-2 (Laparoscopic versus open pancreatoduo-
denectomy for pancreatic or periampullary tumours) trial
due to safety concerns with laparoscopic MIPD.® Although
other randomized trials reported small benefits of laparo-
scopic MIPD, safety concerns remain.”” Investigations of
robotic MIPD have also yielded mixed results. Recently,
a single-center phase 2 randomized trial from Germany
reported a higher rate of pancreatic surgery-specific com-
plications following robotic MIPD, no reduction in hospi-
tal stay, and a 23% conversion rate to OPD.° On the other
hand, a recent multicenter phase 3 randomized trial from
China reported shorter hospital stays among patients after
robotic MIPD without benefits in terms of complication
rates compared with OPD."

An international, multicenter randomized trial compar-
ing MIPD with OPD in experienced high-volume centers,
where surgeons have surpassed the initial learning curve, is
currently lacking. Such a trial is needed to assess the safety
and potential benefits of MIPD, which need to be weighed
against the potentially higher costs of MIPD. Therefore,
the DIPLOMA-2 trial primarily aimed to investigate the
safety of robotic and laparoscopic MIPD (noninferiority
design) in terms of morbidity and mortality rate and, sec-
ondarily, TTFR, surgery-specific complications, quality of
life, and costs.

Methods

The investigator-initiated, international, multicenter,
patient-blinded noninferiority randomized controlled
DIPLOMA-2 trial compared MIPD (robotic and laparo-
scopic) with OPD in patients with a primary resectable
neoplasm in the pancreatic head and periampullary region.
The trial was conducted in 14 high-volume centers across
6 countries collaborating in the European Consortium on
Minimally Invasive Pancreatic Surgery (E-MIPS).

Patient inclusion started after approval of the trial pro-
tocol by the primary medical ethical review committees
in Amsterdam University Medical Center (Amsterdam
UMC), in Amsterdam, the Netherlands, and Fondazione
Poliambulanza Hospital Institute, in Brescia, Italy.
Local ethics approval was obtained for every participat-
ing center. The trial is registered in the International
Standard Randomised Controlled Trial Number Registry
(ISRCTN27483786), and the trial protocol has been pub-
lished.'” Written informed consent was obtained from
each patient. The trial was reported according to the
Consolidated Standards of Reporting Trials guidelines for
randomized controlled trials. Clinical trial monitoring was
performed by an independent monitor from Amsterdam
UMC. An independent data and safety monitoring com-
mittee assessed patient recruitment and repeated patient
safety evaluations at three time points during the recruit-
ment phase.

TRIAL POPULATION AND CENTERS

Adult patients with an indication for elective pancreato-
duodenectomy because of pathology-proven or clinically
suspected pancreatic and periampullary neoplasm with-
out any (0°) vascular contact were assessed for eligibility
(i.e., primary resectable neoplasm). Patients who received
neoadjuvant chemotherapy were considered eligible only
if the tumor was upfront resectable (i.e., without vascu-
lar contact).'* Exclusion criteria were a body-mass index
(BMI) of more than 35 (the body-mass index is the weight
in kilograms divided by the square of the height in meters),
distant metastases, (history of) chronic pancreatitis, and
pregnancy.

The required minimum annual center volume, prior to trial
participation, was a total of 30 MIPD and 30 OPD proce-
dures per year. As a quality standard, the minimum per-
sonal lifetime experience of the primary surgeon within
the trial was 60 MIPD procedures and 60 OPD procedures.
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Centers participated in either robotic or laparoscopic
MIPD, depending on their expertise. To participate in the
trial, all surgeons performing MIPD were required to have
successfully participated in an endorsed MIPD training
program. Alternatively, surgeons were required to send a
recorded and anonymized video of a personally performed
MIPD procedure before the start of the trial, which was
evaluated by the trial team, to be endorsed in trial partici-
pation. All MIPD procedures within the DIPLOMA-2 trial
were video recorded and stored. An independent data and
safety monitoring committee was established for the trial to
continuously monitor patient safety throughout the inclu-
sion period and to conduct interim reviews of the safety end
points.

RANDOM ASSIGNMENT AND BLINDING

Patients were randomly allocated in a 2:1 ratio to MIPD
and OPD. The 2:1 ratio was chosen to maintain a suffi-
cient MIPD volume during the trial. Randomization was
performed by the trial coordinators using an online com-
puter-controlled permuted-block randomization mod-
ule (Castor EDC, Ciwit, Amsterdam, the Netherlands)
with concealed block sizes varying between 3, 6, and 9
patients.'* Randomization was stratified for the minimally
invasive technique group (robot-assisted or laparoscopic),
the preoperative pancreatic fistula risk group (normal risk:
pancreatic duct diameter 23 mm and BMI <25; versus high
risk: pancreatic duct diameter <3 mm or BMI >25 on pre-
operative imaging), and the indication (pancreatic ductal
adenocarcinoma vs. other).

For logistical reasons, it was not deemed possible to blind
the assessors of the primary outcome. Therefore, an adju-
dication committee, blinded for treatment allocation,
assessed the primary outcome of each included patient.
Regarding the most important secondary outcome, TTFR,
patients were blinded for treatment allocation preoper-
atively and until 5 days after surgery. Directly after skin
closure, while the patient was still under general anes-
thesia, they received a firmly taped 40x40 cm abdominal
dressing covering the incision(s) in an attempt to ensure
their treatment allocation remained blinded (minimally
invasive or open). This abdominal dressing was removed
either on postoperative day 5 or earlier, when all criteria
for functional recovery were met or there were medical
reasons, such as a suspicion of wound infection. The suc-
cess of blinding was assessed using the blinding index as
proposed by Bang et al.'® Patients were asked on day 2 and
before dressing removal about treatment allocation, based

on five categories: (1) strongly believe it was MIPD, (2)
somewhat believe it was MIPD, (3) do not know, (4) some-
what believe it was OPD, and (5) strongly believe it was
OPD. Patient blinding was also performed in patients who
were converted to open surgery. Patient blinding was not
performed in patients who underwent no resection due to
occult metastases or locally advanced disease diagnosed
during surgery

PROCEDURES, SURGICAL TECHNIQUE, AND
POSTOPERATIVE REGIMEN

Patients were screened for eligibility in each individual
participating center during local multidisciplinary meet-
ings. In case of (suspected) malignancy, an abdominal com-
puted tomography scan that was a maximum of 4 weeks
(28 days) old at the time of surgery was required to mini-
mize the risk of including patients with vascular contact or
distant metastases. Because of the pragmatic design of the
DIPLOMA-2 trial, MIPD and OPD procedures were per-
formed according to the local/hospital/surgeon standards.
All procedure details were recorded in an online case report
form immediately after surgery. Patients were followed at
the outpatient clinic according to local protocols. No direc-
tions or restrictions regarding postoperative care, blood
tests, drain management, the use of medication, or other
kinds of cointervention were given.

Participating centers were instructed to provide the same
postoperative care for both trial groups based on enhanced
recovery principles, which include early mobilization and
expanding oral intake as desired by the patient.'® Any
incision used for reasons other than trocar placement and
specimen extraction was defined as conversion. Patients
allocated to the MIPD group who underwent conversion
to OPD were analyzed in the MIPD group, according to the
intention-to-treat principle. Reasons for conversion were
categorized as urgent or nonurgent conversions.'’

PRIMARY END POINT

The primary end point was overall complications up to
90 days post operation, as measured by the Comprehensive
Complication Index (CCI). The CCI score was developed
to reflect the cumulative postoperative morbidity based on
the Clavien-Dindo classification of complications, and is
validated for pancreatic surgery.'**° The CCI scores range
from O (no complication of any kind during the postopera-
tive period) to 100 (death of the patient). A detailed descrip-
tion of the CCI calculation within the DIPLOMA-2 trial can
be found in the Supplementary Appendix (page 10).
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SECONDARY END POINTS

The main predefined secondary end point (including a sam-
ple size calculation) was postoperative TTFR. Functional
recovery, as defined by previous randomized trials,*>** was
reached when all of the following criteria were met: (1) ade-
quate pain control with oral analgesia only, (2) restoration
of mobility to an independent level (or to preoperative
level if previously impaired), (3) ability to maintain suffi-
cient caloric intake (minimum 50% of required calories),
(4) absence of intravenous fluid administration, and (5) no
signs of active infection (no fever, decreasing C-reactive
protein level below 150 mg/]). In addition, to assess post-
operative daily activity up to 90 days, patients were asked
to wear a Fitbit Inspire 2 device to record their daily step
counts (as a measure of physical activity) and heart rate,
combined as total active minutes per day.”**° A comprehen-
sive overview of the outcomes of the postoperative activity
tracking is not reported herein.

Other secondary end points included intraoperative param-
eters (type of surgery: robotic vs. laparoscopic), conversion
(urgent or nonurgent), method of anastomosis, vascular
resection, operative time, and blood loss. Surgeon-reported
outcomes were collected using the National Aeronautics
and Space Administration Task Load Index questionnaire
following each procedure, which includes six task indica-
tors: mental demand, physical demand, temporal demand,
performance, frustration, and effort. Postoperative out-
comes (up to 90 days after surgery) included major compli-
cations (defined as a Clavien-Dindo grade I1I or higher) and
death (and whether this was related to surgical complica-
tions), postoperative pancreatic fistula grade B or C,*’ post-
pancreatectomy hemorrhage grade B or C,* bile leak grade
B or C,”” delayed gastric emptying grade B or C,*° chyle leak
grade B or C,** surgical site infection,*” postoperative inter-
vention (surgical, radiologic, or endoscopic), (length of)
intensive care unit admission, (multi)organ failure, length
of hospital stay, readmission, (time to) start of adjuvant
therapy, and pathological outcomes (pathological diagno-
sis, tumor size, histology, and tumor grading),** distance
from the tumor to all margins, and number of retrieved
(positive) lymph nodes. Quality-of-life outcomes using the
validated EuroQol 5 Dimensions five-level questionnaire
(which uses scores ranging from —0.39 to 1, with higher
scores indicating a better quality of life), the European
Organization for Research and Treatment of Cancer
Quality of Life Questionnaire Core-30 (which ranges from
scores O to 100, with higher scores for the functional and
general health status domains indicating better functional
status and quality of life, and higher scores for the symptom

domains and items indicating more severe symptoms), and
the European Organization for Research and Treatment of
Cancer pancreatic cancer module (QLQ-PAN26) (which
ranges from scores O to 100, with higher scores indicating
greater symptom burden) questionnaires with additional
questions regarding scar complications and body image at
baseline and at 1, 3, and 6 months after surgery were com-
pared.’>* Further details, including questionnaire descrip-
tions and minimal clinically important difference values,
are provided in the Supplementary Appendix, pages 12-13.

All data were collected using standardized online case
report forms by the local treating physicians. All outcome
data were cross-checked with source data by the trial coor-
dinators after the 90-day follow-up period was completed.

STATISTICAL ANALYSIS

The DIPLOMA-2 trial was designed as a noninferiority
trial, hypothesizing that the mean 90-day CCI score for
MIPD would be noninferior to OPD. In addition, the trial
was powered to analyze the superiority of MIPD to OPD
regarding TTFR in days. Full details about the sample-size
calculation, including considerations for clinical relevance,
are provided in the published trial protocol.’”” The sample
size was calculated using PASS 2022 software to achieve
80% power (1 - {3) in a per-protocol analysis with the fol-
lowing assumptions: 2.5% one-sided significance level (o),
expected difference of the mean CCI score in the MIPD and
OPD groups of O points, and a noninferiority margin of 7.5
points, with a standard deviation of 20 pointsin both groups,
including 5% metastasized disease, a 10% conversion rate,
and a 3% lost-to-follow-up rate after randomization leads
to a total number of patients for random assignment of 288
(192 in the MIPD trial group and 96 in the OPD trial group).
For TTFR (measured in days), which was analyzed with a
Gehan-Breslow-Wilcoxon and log-rank test in their stan-
dard two-sided forms using the log-rank test, a sample of
247 patients (159 in the MIPD group and 88 in the OPD
group) in a per-protocol analysis achieves 80% power to
detect a 28% reduction in days (i.e., 6.5 days in the MIPD
group; hazard ratio=0.72).

Primary and secondary end points were cross-checked
with data from primary sources, and a blinded adjudica-
tion committee checked the definitions used. There were
no patients with missing data for the primary end point
and a few with missing data for secondary end points. No
data were imputed. Primary and secondary end point data
of all randomly assigned patients were analyzed based on
three analysis sets. The modified intention-to-treat set
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comprises all patients in the group to which they were ran-
domly assigned (converted patients remain in the MIPD
group) and served as the primary analysis set. Patients
with preoperatively diagnosed tumor progression (vascular
involvement or metastasized disease on repeated imaging),
or patients who withdrew consent before surgery, were
excluded and replaced. The per-protocol set consisted of all
patients treated per protocol without major protocol viola-
tions and without conversions. In addition, the as-treated
set was analyzed considering the patients in the group of the
intervention that was performed (i.e., converted patients in
the OPD group).

The primary outcome measure, CCI, was expressed as
means (standard deviations) and tested for noninferiority
using independent samples t-tests. Noninferiority was con-
cluded if the upper limit of the one-sided 97.5% CI for the
between-group difference was below the predefined nonin-
feriority margin. The most important secondary outcome
measure, TTFR, was tested two-sided for superiority using
a Gehan-Breslow-Wilcoxon test. In addition, the individual
TTFR criteria were analyzed descriptively and presented
separately. The distribution of variables was determined
using several plots (boxplot, Q-Q plot, and histogram) and
Kolmogorov-Smirnov and Shapiro-Wilk tests. Other non-
normally distributed continuous variables are expressed as
medians (interquartile ranges [IQRs]) and were compared
using the Mann-Whitney U test. Categorical variables,
expressed as proportions, were compared by chi-square
or Fisher’s exact tests as appropriate. There was no adjust-
ment for multiple testing in secondary end points, and the
CIs were not adjusted for multiplicity; hence, a P value is
assigned only for the primary outcome, CCI, and the pre-
defined main secondary end point, TTFR, and CIs should
not be used to infer clinical benefit. See Supplementary
Appendix, pages 12-13, for a detailed description of qual-
ity of life.

The following prespecified subgroup and sensitivity analy-
ses were performed: (1) comparison of MIPD and OPD in
patients with major complications (Clavien-Dindo grade
>I1I) and in patients without major complications (no com-
plication or Clavien-Dindo grade I or II) separately; (2) com-
parison of centers for low and high annual MIPD volume
during the trial separately (<20 MIPD/year vs. 220 MIPDs/
year); (3) comparison of MIPD and OPD in patients with
pancreatic ductal adenocarcinoma separately; (4) compar-
ison of the rate of postoperative pancreatic fistula in MIPD
and OPD for the International Study Group for Pancreatic
Surgery subgroups of postoperative pancreatic fistula risk
(A-B-C variant);*>*” (5) comparison of robotic MIPD and

OPD for the primary outcome, CCI, TTFR, and other out-
comes (i.e., sensitivity analysis excluding laparoscopic
MIPD); and (6) comparison of laparoscopic MIPD and OPD
for the primary outcome, CCI, TTFR, and other outcomes
(i.e., sensitivity analysis excluding robotic MIPD).

All analyses were performed in SPSS for Macintosh ver-
sion 26.0 (IBM, New York, New York, USA), RStudio
(cran.r-project.org), and SAS (version 9.3 or earlier; SAS
Institute, Cary, North Carolina, USA).

Results

From January 2022 through July 2023, 302 patients were
enrolled in 14 centers; 199 were randomly assigned to
undergo MIPD and 102 toundergo OPD (Fig. 1). Overall, 13
patients (9 assigned to MIPD (4.5 %) and 4 (3.9%) assigned
to OPD) did not undergo surgery and were replaced in
accordance with the trial protocol, 12 patients had vascu-
lar contact on repeat preoperative imaging, and 1 patient
withdrew consent before surgery. The primary analysis of
the trial (modified intention to treat) included 288 patients:
190 for MIPD (170 robotic and 20 laparoscopic) and 98 for
OPD. The baseline characteristics of the enrolled patients
are summarized in Table 1 and were well balanced between
groups. In total, 84 (29.2%) patients underwent surgery for
pancreatic ductal adenocarcinoma and 128 (44.4%) for
other malignant diseases (Table 2). Details on the demo-
graphic characteristics and representativeness of the study
population are provided in Table S20.

The median annual volume of MIPD (i.e., randomly
assigned patients) per center was 22 (IQR 15-30), with 11
out of 14 centers (79%) performing more than 20 MIPD
procedures per year during the trial.

SURGICAL FINDINGS

Among the included trial population, five patients (1.7 %)
did not undergo resection due to occult metastases or locally
advanced disease diagnosed during surgery (Table 2).
Robotic MIPD procedures were most common, accounting
for 170 (89.5%) of the 190 MIPD procedures. A total of 16
out of 190 MIPD procedures (8.4 %) were converted intra-
operatively to OPD, including 2 of the 20 (10.0%) laparo-
scopic MIPD procedures and 14 of the 170 (8.2%) robotic
MIPD procedures. Of these, 12 conversions (6.3%) were
nonurgent conversions due to unexpected tumor involve-
ment of vascular structures or adhesions. Four conversions
(2.1%) were urgent due to bleeding. One patient randomly
assigned to MIPD directly received open surgery due to
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[ Screening ]

349 Met Inclusion Criteria and Were Randomly Assigned

58 Eligible but not enrolled
48 Declined to participate
10 Enrollment declined by physician: urgent
surgery required

[ Enrollment ]

9 Did not receive surgery and were replaced
according to protocol
9 Had vascular involvement on repeated imaging

4 Did not receive surgery and were replaced
according to protocol
3 Had vascular involvement on repeated imaging
1 Withdrew informed consent prior to surgery

301 Randomly Assigned

[ Allocation ]
190 Allocated to minimally invasive
pancreatoduodenectomy
170 Received MIPD 98 Allocated to open pancreatoduodenectomy
16 Converted from MIPD to OPD 97 Received OPD
1 E)i;ﬁszc;z:]fete;ig:?smSes or 1 Received exploration without resection due to
caly . metastases or locally advanced disease
1 directly received open surgery
4 Received exploration without resection due to
metastases or locally advanced disease
[ Follow-Up ]
0 Lost to follow-up | | 0 Lost to follow-up
[ Analysis ]

190 Included in modified intention-to-treat
analysis

170 Included in per-protocol analysis
20 Excluded from analysis

170 Included in as-treated analysis
20 Excluded from analysis

98 Included in modified intention-to-treat
analysis

97 Included in per-protocol analysis
1 Excluded from analysis

112 Included in as-treated analysis
1 Excluded from analysis
15 Included in from intervention group

Figure 1. Trial Flowchart.

CONSORT denotes Consolidated Standards of Reporting Trials; MIPD, minimally invasive pancreatoduodenectomy; and OPD, open

pancreatoduodenectomy.

pneumoperitoneum causing ventilation problems. The
median operative time was 47 minutes longer in the MIPD
group (MIPD 339 [IQR 280-3420] vs. OPD 292 [IQR 227-
345] minutes), whereas estimated blood losswas 125 mlless

after MIPD (175 ml [IQR 100-300] vs. 300 ml [IQR 130-
500]) (Table 3). In the MIPD group, pylorus-resecting proce-
dures were performed in 54% of patients (95% CI, 47-61)
versus 30% (95% CI, 22-40) in the OPD group. Results of
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Table 1. Characteristics of the Participants (Modified Intention-to-Treat Population).

Characteristic
Age (IQR) — years

Minimally Invasive PD
(N=190)

70.0 (63.0-76.0)

Open PD
(N=98)

68.0 (59.0-74.0)

Male sex — no. (%) 112 (58.9) 56 (57.1)
Body-mass index* — median (IQR) 24.8 (22.1-27.5) 24.8 (23.1-27.6)
Abdominal surgery in medical history — no. (%) 66 (36.1) 28 (30.4)
Diabetes mellitus in medical history — no. (%) 38 (20.0) 20 (20.4)
Preoperative biliary drainage — no. (%) 99 (53.5) 51 (52.6)
ASA physical status — no. (%)

1 8 (4.3) 5(5.2)

2 114 (60.6) 60 (61.9)

3 65 (34.6) 32 (33.0)

4 1(0.5) 0 (0.0)
WHO physical status — no. (%)

0 126 (67.4) 74 (77.9)

1 57 (30.5) 18 (18.9)

2 42 3(3.2)
Tumor size on imaging — median (IQR) mm 20 (12-30) 20 (12-29)
Preoperative pancreatic duct size =3 mm 120 (72.3) 63 (73.3)
High preoperative risk for postoperative pancreatic fistula — no. (%)§ 121 (63.7) 60 (61.2)
Neoadjuvant therapy — no. (%)9 12 (6.7) 6 (6.5)

3

The body-mass index is the weight in kilograms divided by the square of the height in meters. ASA denotes American Society of Anesthesiologists;

IQR, interquartile range; PD, pancreatoduodenectomy; and WHO, World Health Organization.

systemic disease that is a constant threat to life.

requiring some assistance.

American Society of Anesthesiologists physical status: 1 = normal healthy patient, 2 = mild systemic disease, 3 = severe systemic disease, and 4 = severe

World Health Organization physical status: 0 = fully active; 1 = restricted in strenuous activity but ambulatory; and 2 = ambulatory but unable to work,

§ High preoperative risk for postoperative pancreatic fistula was based on preoperative pancreatic duct size (<3 mm) and body-mass index =25.

9 Neoadjuvant therapy includes chemotherapy or radiation therapy administered before surgery. Data were missing for: sex (N=1), body-mass index
(N=1), abdominal surgery in medical history (N=13), preoperative biliary drainage (N=6), American Society of Anesthesiologists physical status
(N=3), World Health Organization physical status (N=6), tumor size on imaging (N=91), preoperative pancreatic duct size =3 mm (N=36), and

neoadjuvant therapy (N=5).

the National Aeronautics and Space Administration Task
Load Index questionnaires are presented in Figure S5 and
Table S15. Surgeons perceived higher mental demand
(median 9 [IQR 5-11] vs. 7 [IQR 3-10]) and time pressure
(median 4 [IQR 2-6] vs. 3 [IQR 1-7]) during MIPD compared
with OPD (Table S15). The number (percentage) of patients
successfully blinded after surgery, defined as blinded up to
postoperative day 5, was 157 (84.9%) after MIPD and 82
(84.5%) after OPD (Table S6).

PRIMARY AND SECONDARY END POINTS

In the modified intention-to-treat analysis, the primary end
point CCI score was 33.4+27.5 in the MIPD group versus
35.3%25.5 in the OPD group (difference in means [95%
CI]: -1.9 [-8.5 to 4.7]), which met criteria for noninferi-
ority (P=0.002 for noninferiority) (Table 3). The median
TTFR, the predefined main secondary end point, was 7

days (IQR 6-14) after MIPD versus 8 days (IQR 5-11) after
OPD (Gehan-Breslow-Wilcoxon test, P=0.024; Fig. 2 and
Table S6). In a post hoc analysis using the log-rank test, the
median TTFR was 7 days (IQR 6-14) after MIPD versus 8
days (IQR 5-11) after OPD.

The median length of hospital stay was 9 days (IQR 6-15)
after MIPD versus 11 days (IQR 7-20) after OPD. At post-
operative day 30, the median daily step count was 2711
(IQR 514-4803) in the MIPD group and 2034 (IQR 371-
4087) in the OPD group. Other secondary outcomes of
mortality and morbidity rates are shown in Table 3. The
rate of postoperative pancreatic fistula grade B or C was
23% after MIPD versus 36% after OPD. Within 90 days
of surgery, there were 11 deaths (3.8%) among the 288
patients: 9 (4.7 %) in the MIPD group versus 2 (2.0%) in the
OPD group. Further details about the deaths are described
in Table S16.
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Table 2. Surgical Characteristics and Histopathology (Modified Intention-to-Treat Population).*

Characteristic

Robot-assisted procedure — no. (%)
Conversion to open surgery — no. (%)
Laparoscopic to open surgery
Robot-assisted to open surgery
Soft/normal pancreatic texture — no. (%)
Pancreatic duct diameter — median (IQR) mm§
Type of procedure — no. (%)
Pylorus-preserving PD
Pylorus resection PD/classic Whipple
Type of pancreatic anastomosis — no. (%)
Pancreaticojejunostomy duct-to-mucosa
Pancreaticojejunostomy — dunking/invagination
Pancreatogastrostomy duct-to-mucosa
Pancreatogastrostomy — dunking/invagination
Intraoperative pancreatic stent placement
Intraoperative drain placement
Histopathology diagnosis — no. (%)
Adenocarcinoma
Pancreatic ductal adenocarcinoma
Distal cholangiocarcinoma
Ampullary tumor
Duodenal carcinoma
Other
Neuroendocrine tumor
Intraductal papillary mucinous neoplasm
Adenoma
Other
Unknown|

Tumor size — median (IQR) mm

No resection performed (intraoperatively diagnosed advanced disease/metastasis) — no. (%)

Minimally Invasive PD Open PD
(N=190) (N=98)
5 (2.6) 1(1.0)
170 (89.5) —
6 (8.4) —
2/20 (10.0) —
14/170 (8.2) —
62 (33.2) 30 (30.6)
3(2-4) 3(2-5)
46 (24.2) 50 (51.0)
137 (72.1) 47 (48.0)
153 (80.5) 76 (77.6)
27 (14.2) 18 (18.4)

1(0.5) 0 (0)

2 (1.1) 3(3.1)
157 (85.3) 41 (42.3)
177 (93.2) 93 (94.9)
146 (76.8) 66 (67.3)

58 (30.5) 26 (26.5)
31 (16.3) 14 (14.3)
40 (21.1) 18 (18.4)
11 (5.8) 8 (8.2)
6(3.2) 0 (0.0)
8 (4.2) 6 (6.1)
16 (8.4) 11(11.2)
2(1.1) 5 (5.1)
14 (7.4) 8(8.2)
4(2.1) 2 (2.0)
25 (17-33) 22 (15-30)

*

IQR denotes interquartile range and PD, pancreatoduodenectomy.

challenges.

Conversion to open surgery was defined as the unplanned need to switch from a minimally invasive approach to laparotomy due to intraoperative

I Pancreatic texture was assessed intraoperatively and based on the surgeon’s subjective evaluation.

§ Tumor size was defined as the largest diameter of the tumor in millimeters as measured by the pathologist.

9 Unknown diagnosis refers to cases where histopathological findings were inconclusive or unavailable. Data were missing for soft/normal pancreatic
texture (N=3), pancreatic duct diameter (N=7), type of pancreatic anastomosis (N=8), and tumor size (N=34).

No apparent differences in postoperative major morbidity or
reintervention rates were observed between MIPD and OPD
(Table 3). Other pancreatic surgery-related complication
rates, such as rates of delayed gastric emptying, bile leak-
age, and postpancreatectomy hemorrhage, appeared to be
comparable between groups. The rate of surgical site infec-
tion was 13 % after MIPD versus 23% after OPD. The read-
mission rate appeared comparable between groups (30% vs.
26%). Among patients who underwent surgery for pancre-
atic ductal adenocarcinoma or distal cholangiocarcinoma,

the radical (RO) resection rate and lymph node count
appeared comparable between the groups (Table 3).

Data on the global health status and quality of life up to
6 months postoperatively are reported in the Supplementary
Appendix, pages 27-30.

SUBGROUP AND SENSITIVITY ANALYSES

Outcomes of the per-protocol, as-treated, and sensitivity
analyses are reported in Tables S7-S13. The additional
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Figure 2. Kaplan-Meier Analysis of Time to Functional Recovery Following Minimally Invasive
Pancreatoduodenectomy versus Open Pancreatoduodenectomy (Modified Intention-to-Treat Population).

Kaplan—Meier curves show the proportion of patients who functionally recovered over time. The median time to recovery was 7 days
(95% confidence interval, 6 to 8) in the minimally invasive pancreatoduodenectomy group and 8 days (95% confidence interval, 7
to 11) in the open pancreatoduodenectomy group. The number at risk is shown below the x-axis. MIPD denotes minimally invasive
pancreatoduodenectomy; OPD, open pancreatoduodenectomy; and Cl, confidence interval.

per-protocol and as-treated analyses did not show differ-
ences in outcomes as compared with the primary modi-
fied intention-to-treat analyses. In patients operated on for
pancreatic ductal adenocarcinoma, a higher CCI score was
found after MIPD, without differences in specific compli-
cations or mortality rates. In the subgroup of patients with
major complications, a lower CCI score was found after
MIPD. An exploratory center-level analysis showed that
CCI outcomes were broadly comparable between MIPD
and OPD across participating centers (Table S19).

Discussion

Thisinternational, multicenter patient-blinded randomized
trial comparing MIPD and OPD for resectable pancreatic

and periampullary neoplasms confirmed the noninferior-
ity of MIPD in terms of CCI (i.e., safety) up to 90 days after

surgery.

MIPD was associated with 1-day faster TTFR, 2-day shorter
hospital stays, a 13 percentage point reduction in postoper-
ative pancreatic fistula occurrences, and a 10 percentage
point reduction in surgical-site infection compared with
OPD. Moreover, MIPD was associated with an increase
in daily steps between postoperative days 14 and 38. No
apparent differences were observed in reinterventions,
readmissions, or quality of life between the two approaches
within the 90-day postoperative period.

Our results support the hypothesis that MIPD, if per-
formed in high-volume centers by experienced surgeons
beyond the learning curve, may offer the advantage of
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Table 3. Outcomes (Modified Intention-to-Treat Population).*

Outcome

Primary end point

Comprehensive Complication Indexy
Meanzstandard deviation
Median (IQR)

Secondary end pointsi

Operative time — median (IQR) minutes

Estimated operative blood loss — median (IQR) ml

Vascular resection — no. (%)

Histopathological RO resection margin — no. (%)§,9

Lymph node count — median (IQR) no.

Tumor positive nodes — median (IQR) no.
Major morbidity (Clavien—Dindo grade =Ill) — no. (%)||

I1la

I11b

IVa

IVb

V (death)

Complication-related mortality — no. (%)
Reintervention — no. (%)

Radiologic

Endoscopic

Angiographic

Surgical
Unplanned ICU admission — no. (%)

Ifyes, total unplanned ICU stay — median (IQR) days
Postoperative pancreatic fistula (B or C) — no. (%)
Bile leakage (B or C) — no. (%)

Delayed gastric emptying (B or C) — no. (%)
Postpancreatectomy hemorrhage (B or C) — no. (%)
Chyle leakage (B or C) — no (%)

Surgical-site infection — no. (%)

Superficial — no. (%)

Deep — no. (%)

Organ space — no. (%)

Pneumonia — no. (%)

Postoperative blood transfusion

Length of initial hospital stay — median (IQR) days
Total hospital stay <90 days — median (IQR) days

Readmission — no. (%)

Minimally Invasive PD

(N=190)

33.4+27.5
30.3 (8.7-48.1)

7-23)
57/189 (30.2)

Open PD
(N=98)

35.3+25.5
32.3 (11.8-52.7)

296 (226-345)
300 (130-500)
5 (5.1)
23/40 (57.5)

17 (12-22)

0 (0-2)

51 (52.0)

34 (34.7)

8 (8.2)

6 (6.1)
1(1.0)
2(2.0)

2 (2.0)

41 (41.8)
22 (22.4)
8 (8.2)
7(7.0)
14 (14.3)
3.0 (2.0-17.0)
35 (35.7)
6 (6.1)
19/82 (23.2)
10 (10.2)
3(3.0)
22 (22.7)
13 (13.3)
3(3.0)
6 (6.1)
9(9.2)
19 (19.4)
11 (7-20)
14 (8-27)
25/96 (26.0)

Mean Difference or Relative

Risk (95% Cl)

-1.9 (-8.5t0 4.7)
-2.4 (-11.3 10 6.5)

43.0 (15.3 t0 70.7)
~125 (~209 to -40)
0.62 (0.19 to 1.98)
0.90 (0.64 to 1.25)
-10( 3.6t0 1.6)

0 (-0.3 to 2.3)
0.93 (0.73 to 1.18)
0.85 (0.60 to 1.21)
0.97 (0.42 to 2.20)
0.77 (0.28 to 2.11)
1.55 (0.16 to 14.7)
2.32 (0.51 to 10.5)
2.06 (0.45 to 9.53)

0.79 (0.58 to 1.08)
0.89 (0.56 to 1.42)
0.71 (0.29 to 1.71)
1.33 (0.57 to 3.07)
077(041 to 1.45)

9(-7.9t09.7)
0.63 (0.44 t0 0.92)
1.29 (0.52 to 3.22)
1.05 (0.65 to 1.70)
0.77 (0.36 to 1.66)
0.86 (0.21 to 3.52)
0.56 (0.33 t0 0.94)
0.48 (0.22t0 1.02)
0.85 (0.20 to 3.55)
0.61 (0.21 to 1.81)
1.26 (0.60 to 2.63)
0.97 (0.52 to 1.80)
-2.0 (-4.7100.7)
-2.6 (-6.1100.9)
1.16 (0.78 to 1.73)

*

Cl denotes confidence interval; ICU, intensive care unit; IQR, interquartile range; and PD, pancreatoduodenectomy.
i The Comprehensive Complications Index values range from 0 (no complications) to 100 (death) and are calculated using the sum of all

complications weighted according to Clavien—Dindo grade. The P value equals 0.572 for the mean difference between the groups.

=

margin <1 mm). No R2 resections (macroscopically positive resection margins) were performed.
9 Pancreatic ductal adenocarcinoma/distal cholangiocarcinoma pathological diagnosis (N=129).
|| Clavien-Dindo grade Ill, complications requiring endoscopic or radiologic intervention or surgical intervention; Clavien—Dindo grade 1V,
complications leading to single-organ failure or multiorgan failure; Clavien-Dindo grade V, death. Data were missing for operative time (N=7),
estimated operative blood loss (N=6), lymph node count (N=6), and tumor-positive nodes (N=6).

i Confidence intervals for secondary end points were not adjusted for multiple testing; therefore, no definite conclusions can be drawn from these data.
RO, microscopically negative resection margins (distance tumor to margin >1 mm); R1, microscopically positive resection margins (distance tumor to
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faster postoperative recovery without compromising patient
safety in the short term. The findings of the DIPLOMA-2
trial contrast with those of the LEOPARD-2 trial, which was
prematurely terminated for safety concerns.” The current
DIPLOMA-2 trial mandated a threefold higher experience
with MIPD for participating surgeons to mitigate the learn-
ing curve effect.*®** The minimum annual center volume of
30 MIPD procedures before participation in combination
with 2:1 randomization safeguarded sufficient experience
with MIPD during the trial.** The observed median annual
center volume of 22 MIPD procedures among the participat-
ing centers confirms the impact of these design measures.

The associated 1-day reduction in TTFR in the MIPD
group is modest and consistent with previous studies.
Nevertheless, it does not seem unreasonable to speculate
that the 3-day shorter overall hospital stay could be use-
ful, especially in regions and countries with nursing staff
shortages and, consequently, pressures on hospital bed
capacity. In contrast, the single-center phase 2 EUROPA
trial from Germany did not demonstrate a benefit in TTFR
with robotic MIPD as compared with OPD.'° Moreover,
the primary end point, as measured by CCI score, did not
differ between the groups in the EUROPA trial, which
also reported higher rates of major (grade B or C) pancre-
atic surgery-specific complications after robotic MIPD. As
noted by the authors, and suggested by the 23% conversion
rate, that trial was performed during the early stages of the
surgeons’ learning curve.”' A second randomized trial on
robotic MIPD from China reported that the sole benefit for
robotic MIPD was a median 2.5-day shorter hospital stay."!
Therefore, the DIPLOMA-2 trial reports multiple advan-
tages of (robotic) MIPD over OPD, highlighting the impor-
tance of center experience and volume. Such experience is
ideally acquired following a structured training program to
minimize and shorten the learning curve.*”

The vast majority (89.5%) of MIPD procedures in
DIPLOMA-2 were performed robotically, which is in line
with the ongoing strong shift from laparoscopic to robotic
pancreatic surgery worldwide.® In addition, during the
trial, all three centers that initially performed high-vol-
ume laparoscopic MIPD surgery switched to robotic MIPD.
Therefore, only a small proportion of laparoscopic MIPD
procedures was included. This also means that no con-
clusion can be drawn regarding the safety of laparoscopic
MIPD in our trial. In addition to the LEOPARD-2 trial, four
other randomized trials compared laparoscopic MIPD with
OPD. Two single-center trials from India and Spain reported
shorter hospital stays with comparable or lower compli-
cation rates after laparoscopic MIPD.”* Furthermore, two

large multicenter trials from the same research group from
China reported similar postoperative outcomes for laparo-
scopic pancreaticoduodenectomy compared with OPD.**
None of these trials reported superior results of MIPD, as
compared with OPD.

Notably, the association between MIPD and lower rates
of postoperative pancreatic fistula, lower rates of surgical
site infection, and increased daily activity observed after
robotic MIPD compared with OPD in the current trial
suggests potential benefits of MIPD, which have not been
reported in previous randomized trials on MIPD versus
OPD. The lower fistula rate after MIPD was unexpected but
observed across most participating centers. All surgeons
met strict volume and experience thresholds (=60 MIPD
and 260 OPD procedures), and conversion rates were
evenly distributed across centers, which makes variation in
surgical expertise as an explanation for this finding unlikely.
Stratified analysis indicated comparable postoperative pan-
creatic fistula risks between groups. It is important to note
that patients eligible for MIPD typically have a high pan-
creatic fistula risk, which includes a challenging pancreatic
reconstructive phase. We speculate that, in these patients
with small pancreatic ducts, the enhanced visualization
and dexterity offered by the robotic platform may facili-
tate a more precise anastomosis. Further in-depth analyses
and prospective studies are required to critically assess this
potential advantage of MIPD. Similarly, the lower levels of
blood loss rates despite longer operative time are also inter-
esting; less blood loss and a shorter operative time in the
MIPD group were reported in the trial from China, whereas
the EUROPA trial reported no difference in blood loss and
longer operative times.'*!!

The overall 90-day mortality rate in the DIPLOMA-2 trial
was 4.7% for MIPD versus 2.0% for OPD, with no appar-
ent differences in reinterventions or intensive care unit
admissions between the groups. The most common cause
of death was postoperative pancreatic fistula, whereas no
intraoperative adverse events resulted in patient death. The
high rate of postoperative pancreatic fistula in the selected
patients undergoing MIPD confirms the ongoing relevance
of auditing the safe introduction of MIPD as advised by
international guidelines.*’

Surgical trials can be complex, often involving both meth-
odological and practical challenges. In the DIPLOMA-2
trial, patient blinding up to postoperative day 5 was success-
fully implemented, minimizing bias in early activity assess-
ment. The blinding of the laparotomy wound in patients
who underwent OPD may even have positively influenced
TFFR in these patients, as well as reduced pain sensation.
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A frequent criticism of surgical randomized trials, par-
ticularly when comparing novel with conventional inter-
ventions, is the potential imbalance in surgical expertise
among surgeons. Such disparities in experience can skew
outcomes, especially regarding safety and complications.
The DIPLOMA-2 trial specifically addressed this through
measures safeguarding both sufficient surgeon experience
and center volume.

The results of this trial should be interpreted considering
several limitations. First, the CCI score is quite difficult to
measure because lower-grade complications are quite com-
mon in patients after pancreatoduodenectomy, and scoring
may involve heterogeneity due to interpretation. We tried to
minimize heterogeneity by creating an instruction manual
for scoring complications (Table S1), performing an on-site
cross-check, and conducting two blinded adjudication
committee meetings. Second, as this was a pragmatic trial,
procedures were not standardized. This means that differ-
ences in drain management, pain management, postoper-
ative feeding protocols, and other factors between centers
did exist. However, in each center, one postoperative proto-
col was used for patients undergoing both MIPD and OPD.
Third, the results of this trial apply to high-volume centers
with experienced surgeons. Caution should be exercised
when extrapolating these findings to lower-volume centers
or settings with less-specialized surgeons. Both the evi-
dence-based Miami*® and Brescia*® guidelines state that a
center should performatleast 20 MIPD procedures per year.
To select 20 patients for MIPD, a center should probably
perform at least 40-50 pancreatoduodenectomies per year.
The higher (i.e., 60) center volume cutoff value in this trial
was chosen to maintain sufficient experience with MIPD
during the trial, as a third of patients were randomized to
OPD. Fourth, our trial was focused on a specific subset of
the patients undergoing pancreatoduodenectomy, namely
those without vascular contact and with a BMI of less than
35. Further studies are warranted to evaluate the safety
and efficacy of MIPD in patients with a BMI above 35 and
vascular involvement. Fifth, patients with pancreatic ductal
adenocarcinoma only form a minority in this trial (29.2%);
for this reason, the DIPLOMA 2x2 trial is currently ongo-
ing to answer questions regarding the oncological efficacy
of (robotic) MIPD versus OPD (ISRCTN27483786). Sixth,
a limitation of this trial is the relatively short follow-up
period, which precludes definitive conclusions about long-
term oncological outcomes; future trials with extended fol-
low-up are needed to determine whether MIPD and OPD
differ in cancer-related survival and recurrence. Strengths
of'this trial include the international multicenter design, the

blinding, the experience thresholds for participating sur-
geons and centers, and the patient activity measurements.

Conclusion

In conclusion, the DIPLOMA-2 trial demonstrated the
noninferiority of MIPD to OPD regarding CCI scores in
patients with a primary resectable pancreatic and periam-
pullary neoplasm. In addition, MIPD was associated with a
modest benefit in terms of TTFR.
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