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Abstract

Aim: Minimally invasive function-preserving pancreatic surgery has emerged as a
parenchyma-sparing strategy for benign or low-grade pancreatic lesions; however,
evidence regarding perioperative safety and functional outcomes remains limited. This
study aimed to evaluate perioperative outcomes, postoperative complications, functional
results, and pathological findings following minimally invasive function-preserving
pancreatic surgery in a single-center cohort.

Methods: This retrospective observational study included consecutive adult patients who
underwent minimally invasive function-preserving pancreatic surgery between January 1,
2023, and December 31, 2025. All procedures were performed by a single experienced
pancreatic surgeon. Surgical procedures included enucleation, central pancreatectomy,
spleen-preserving distal pancreatectomy, and duodenum-preserving pancreatic head
resection, performed using laparoscopic or robotic approaches. Perioperative outcomes,
postoperative complications, functional outcomes, and pathological findings were analyzed
descriptively.
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Results: A total of 39 patients were included, comprising 13 robotic and 26 laparoscopic procedures. The median
operative time was 240 min and median estimated blood loss was 200 mL. Clinically relevant postoperative
pancreatic fistula (ISGPS grade B/C) occurred in 12.8% of patients, with no perioperative mortality or reoperation.
New-onset diabetes mellitus developed in 7.7% of patients during follow-up. Pancreatic exocrine insufficiency was
identified in 28.2% of patients based on clinical symptoms, and 41.0% required pancreatic enzyme replacement
therapy. Pathological diagnoses predominantly included pancreatic neuroendocrine tumors, solid pseudopapillary
neoplasms, and cystic pancreatic lesions.

Conclusion: Minimally invasive function-preserving pancreatic surgery is a feasible and safe option for selected
patients with benign or low-grade pancreatic lesions, offering acceptable perioperative outcomes and preservation
of pancreatic function when performed in experienced centers.

INTRODUCTION

Pancreatic surgery is frequently associated with substantial postoperative morbidity, particularly involving
pancreatic endocrine and exocrine dysfunction. Conventional pancreatic resections, such as
pancreatoduodenectomy and distal pancreatectomy, involve removal of substantial functional pancreatic
parenchyma and can be followed by long-term metabolic consequences, including new-onset diabetes
mellitus and pancreatic exocrine insufficiency" . These functional impairments are of particular concern in
patients with benign or low-grade malignant pancreatic lesions, who are expected to achieve long-term
survival.

Function-preserving pancreatic surgery has therefore gained increasing attention as a parenchyma-sparing
strategy aimed at preserving pancreatic function while achieving adequate disease control*?. Procedures
such as enucleation, central pancreatectomy, spleen-preserving distal pancreatectomy, and
duodenum-preserving pancreatic head resection are increasingly performed in carefully selected patients,
particularly those with pancreatic neuroendocrine tumors, solid pseudopapillary neoplasms, and cystic
pancreatic lesions.

Alongside these developments, minimally invasive surgical approaches have further expanded the technical
feasibility of function-preserving pancreatic procedures. Laparoscopic and robotic techniques may offer
advantages in operative visualization, dissection precision, and postoperative recovery“*. However, these
procedures remain technically demanding, and the available evidence regarding perioperative safety and
functional outcomes of minimally invasive function-preserving pancreatic surgery remains limited, being
largely derived from small and heterogeneous series""\.

This study aimed to evaluate perioperative outcomes, postoperative complications, functional outcomes, and
pathological characteristics in a consecutive single-center cohort undergoing minimally invasive
function-preserving pancreatic surgery. By reporting our institutional experience, we sought to provide
additional evidence regarding the safety, feasibility, and functional preservation of parenchyma-sparing
pancreatic procedures in the minimally invasive setting.

METHODS

Study design and patient selection

This retrospective observational study included consecutive patients who underwent minimally invasive
function-preserving pancreatic surgery at a single tertiary referral center between January 1, 2023, and
December 31, 2025. All procedures were performed by a single experienced pancreatic surgeon to ensure
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Patients undergoing minimally invasive
function-preserving pancreatic surgery

(2023-2025)

Inclusion criteria:

(1) Adult patients (>18 years);

(2) Pancreatic lesions treated with minimally
invasive function-preserving resection; Exclusion criteria:

(3) Availability of complete perioperative data. (1) Conventional pancreatic resections
(e.g., standard pancreatoduodenectomy);

(2) Palliative or non-curative procedures;

(3) Incomplete clinical or follow-up data.

Final study cohort
n =39 (13 robotic, 26 laparoscopic)

(1) Standardized surgical technique;

Perioperative management: 1
(2) Postoperative care and follow-up protocol. J

Types of function-preserving pancreatic surgery
(1) Enucleation;
(2) Central pancreatectomy;
(3) Spleen-preserving distal pancreatectomys;

(4) Duodenum-preserving pancreatic head resection.

Data collection
(1) Perioperative assessment;
(2) Postoperative complications;
(3) Follow-up and functional outcomes;

(4) Pathological evaluation.

Figure 1. Study flowchart of patient selection and data collection. Flowchart illustrating patient inclusion and exclusion, the final study
cohort, types of minimally invasive function-preserving pancreatic surgery, perioperative management, and data collection for analysis.

procedural consistency. Patient selection, surgical classification, perioperative management, and data
collection are summarized in the study flowchart [Figure 1].

The inclusion criteria were as follows: (1) adult patients (2 18 years); (2) pancreatic lesions treated with
minimally invasive function-preserving pancreatic surgery; and (3) availability of complete perioperative and
follow-up data. The exclusion criteria included: (1) conventional pancreatic resections (e.g., standard
pancreatoduodenectomy); (2) palliative or non-curative procedures; and (3) incomplete clinical or follow-up
data.
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Figure 2. Patient positioning and trocar placement for minimally invasive function-preserving pancreatic surgery. (A) The patient is placed
in the supine position with slight reverse Trendelenburg tilt (approximately 15°-20°); (B) Schematic illustration of trocar placement, with
the camera port positioned at the midline and bilateral working ports arranged symmetrically to allow adequate exposure and instrument
triangulation.

A total of 39 patients were included in the final study cohort, including 13 robotic and 26 laparoscopic
procedures.

Surgical techniques and perioperative management

Minimally invasive function-preserving pancreatic surgery included four main procedure types: enucleation,
central pancreatectomy, spleen-preserving distal pancreatectomy, and duodenum-preserving pancreatic head
resection. The choice of surgical approach and specific procedure was determined based on tumor location,
size, biological behavior, and its relationship to the main pancreatic duct.

Enucleation was preferentially performed for small, well-circumscribed lesions located at a safe distance from
the main pancreatic duct, with the aim of preserving maximal pancreatic parenchyma. Central
pancreatectomy was considered for selected lesions located in the pancreatic neck or proximal body,
allowing preservation of both the pancreatic head and tail. Spleen-preserving distal pancreatectomy was
applied for lesions in the pancreatic body or tail, with preservation of the splenic vessels whenever feasible.
Duodenum-preserving pancreatic head resection was reserved for benign or low-grade lesions confined to
the pancreatic head and was performed using a modified Beger procedure with preservation of the
duodenum and biliary tract. After duodenum-preserving pancreatic head resection and central
pancreatectomy, the distal pancreatic stump was reconstructed with pancreaticojejunostomy, whereas the
proximal stump was closed by suture when applicable.

Perioperative management followed a standardized institutional protocol, including parenchyma-preserving
surgical techniques, standardized postoperative care pathways, and a structured follow-up program.

Patient positioning and trocar placement were standardized across all procedures. Patients were positioned
supine with a slight reverse Trendelenburg tilt of approximately 15°-20°. The camera port was positioned
along the midline, with bilateral working ports symmetrically arranged to ensure adequate exposure and
optimal instrument triangulation [Figure 2].

Figure 3A-D shows the preoperative magnetic resonance imaging findings of a pancreatic neuroendocrine
tumor, whereas Figure 3E-P illustrates the key steps of minimally invasive enucleation, including tumor
localization, pancreatic exposure, parenchyma-sparing dissection, hemostasis, specimen retrieval, and drain
placement. Figure 4A-C shows the preoperative computed tomography findings of a solid pseudopapillary
neoplasm, whereas Figure 4D-P demonstrates the main steps of robotic enucleation, including pancreatic
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Figure 3. Representative minimally invasive enucleation of a pancreatic neuroendocrine tumor. (A-D) Preoperative magnetic resonance
imaging demonstrating a well-circumscribed lesion located at the superior border of the pancreatic body, measuring approximately 1.7 cm
in diameter, with slightly hyperintense signal on T2-weighted imaging, mild diffusion restriction on DWI, hyperenhancement in the arterial
phase, isoenhancement in the venous phase, and no pancreatic duct dilation; (E) Adhesiolysis of the posterior gastric wall; (F)
Identification of the tumor location; (G) Opening of the lesser sac; (H) Suspension of the stomach to the upper abdominal wall; (1) Incision
of the pancreatic capsule along the tumor margin; (J) Suturing and suspension of the tumor; (K) Continued dissection of the lesion; (L)
Complete enucleation of the tumor; (M) Ligation of arterial bleeding; (N) Specimen retrieval; (O) Placement of hemostatic materials and
drainage; (P) Gross appearance of the resected specimen. DWI: Diffusion-weighted imaging.

exposure, intraoperative ultrasonography, stepwise tumor dissection, preservation of the main pancreatic
duct, hemostatic management, specimen retrieval, and postoperative imaging confirmation.

Data collection and outcome measures

Clinical data were extracted from electronic medical records and prospectively maintained institutional
databases. Collected data included: (1) perioperative variables, including operative time, estimated blood loss,
conversion to open surgery, and length of hospital stay; (2) postoperative complications, classified according
to the Clavien-Dindo classification system; (3) follow-up and functional outcomes, including pancreatic
endocrine and exocrine function, changes in body weight, and the requirement for pancreatic enzyme
replacement therapy; and (4) pathological outcomes based on final histopathological diagnosis.

Postoperative pancreatic fistula (POPF), delayed gastric emptying, and postpancreatectomy hemorrhage
were defined and graded according to established international consensus criteria. Biochemical leak was
recorded separately according to the updated International Study Group of Pancreatic Surgery (ISGPS)
definition and was not classified as a clinically relevant POPF. Overall clinically relevant postoperative
morbidity, as well as readmission and mortality, were additionally assessed within 90 days after surgery.
Pancreatic exocrine insufficiency was assessed based on clinical symptoms and the need for pancreatic
enzyme supplementation.
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Figure 4. Representative robotic enucleation for a solid pseudopapillary neoplasm of the pancreas. (A-C) Contrast-enhanced computed
tomography demonstrating a heterogeneous, relatively hypodense lesion at the pancreatic head—neck junction, measuring approximately

3.8 X 3.0 cm in maximal diameter, with focal calcifications, relative hypoenhancement, and no dilation of the main pancreatic duct; (D)
Adhesiolysis; (E) Clip ligation and division of encountered ductal structures; (F) Opening of the gastrocolic ligament to expose the
pancreas; (G) Intraoperative ultrasonography revealing a heterogeneous hypoechoic lesion; (H) Stepwise transection of pancreatic
parenchyma using an ultrasonic scalpel; (1) Suture ligation of arterial bleeding; (J) Complete enucleation of the lesion with preservation of
surrounding pancreatic parenchyma; (K and L) Repeat intraoperative ultrasonography confirming integrity of the main pancreatic duct;
(M) Placement of hemostatic materials and surgical drainage; (N and O) Gross appearance of the resected specimen; (P) Postoperative
computed tomography showing no abnormal findings and no pancreatic duct dilation.

Statistical analysis

Continuous variables were summarized as medians with interquartile ranges (IQRs), and categorical
variables were presented as counts and percentages. All statistical analyses were performed using SPSS
version 27.0 (IBM Corp., Armonk, NY, USA) and R software version 4.5.1 (R Foundation for Statistical
Computing, Vienna, Austria). Given the descriptive nature of this study and the limited sample size, no
formal hypothesis testing was performed.

RESULTS

Patient characteristics and tumor features

A total of 39 consecutive patients who underwent minimally invasive function-preserving pancreatic surgery
were included in the analysis. Baseline patient characteristics are summarized in Table 1. The median age
was 55 years (IQR, 36-67), and 22 patients (56.4%) were female. The median body mass index was 24.7 kg/m?
(IQR, 22.2-27.1). Most patients were classified as American Society of Anesthesiologists (ASA) physical
status I-1I (34/39, 87.2%), and the median Charlson Comorbidity Index was 0 (IQR, 0-1).

Pre-existing diabetes mellitus was present in 1 patient (2.6%), whereas preoperative hypoglycemia was
observed in 7 patients (17.9%). Pre-existing pancreatic exocrine insufficiency was documented in 2 patients
(5.1%). Nineteen patients (48.7%) were symptomatic at presentation, whereas 20 patients (51.3%) were
diagnosed incidentally.
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Table 1. Baseline characteristics of patients

Characteristic Value

No. of patients 39

Age, years 55 (36-67)
Sex (male/female), n 17/22

Body mass index, kg/m? 24.7 (22.2-27.1)
ASA score (I-1I/111-1V), n 34/5
Charlson Comorbidity Index 0 (0-1
Pre-existing diabetes mellitus, n (%) 1(2.6%)
Preoperative hypoglycemia, n (%) 7 (17.9%)
Pre-existing pancreatic exocrine insufficiency, n (%) 2 (51%)
Symptomatic presentation, n (%) 19 (48.7%)
Incidentally detected, n (%) 20 (51.3%)
Tumor configuration (solitary/multilocular or lobulated), n 33/6

Tumor location (head/body/tail), n 10/10/19
Tumor size, cm 3.0 (2.0-4.5)
Cystic lesion, n (%) 15 (38.5%)

Continuous variables are presented as median and IQR, and categorical variables are presented as number and percentage. ASA is American
Society of Anesthesiologists physical status classification system. Charlson Comorbidity Index is a validated comorbidity scoring system used to
quantify overall comorbidity burden and predict mortality risk. Preoperative hypoglycemia was defined as documented hypoglycemic episodes
before surgery. Tumor location at the pancreatic neck was classified as head. IQR: Interquartile range.

Regarding tumor characteristics, most lesions were solitary (33/39, 84.6%), whereas 6 patients (15.4%) had
multilocular or lobulated cystic lesions rather than truly separate tumors. Tumors were located in the
pancreatic head, body, and tail in 10 (25.6%), 10 (25.6%), and 19 patients (48.7%), respectively. The median
tumor size was 3.0 cm (IQR, 2.0-4.5), and cystic lesions accounted for 38.5% of cases (15/39).

Operative characteristics and perioperative outcomes

Operative characteristics and perioperative outcomes are summarized in Table 2. Thirteen procedures
(33.3%) were performed using a robotic approach, whereas 26 cases (66.7%) were completed
laparoscopically. Spleen-preserving distal pancreatectomy was the most frequently performed procedure (24
cases, 61.6%), followed by duodenum-preserving pancreatic head resection (9 cases, 23.1%), enucleation (5
cases, 12.8%), and central pancreatectomy (1 case, 2.6%).

The median operative time was 240 min (IQR, 200-340), and the median estimated blood loss was 200 mL
(IQR, 50-400). Conversion to open surgery occurred in 1 patient (2.6%). Intraoperative blood transfusion
was required in 6 patients (15.4%), and intraoperative ultrasound was used in 12 cases (30.8%). Abdominal
drain placement was performed in all patients. Postoperative admission to the intensive care unit was
required in 4 patients (10.3%). The median length of hospital stay was 9 days (IQR, 6.5-11.5).

Postoperative complications

Postoperative outcomes are summarized in Table 3. Overall clinically relevant postoperative complications
occurred in 7 patients (17.9%), with some patients experiencing more than one complication. Clinically
relevant POPF was observed in 5 patients (12.8%), whereas biochemical leak, recorded separately as a
non-clinically relevant ISGPS category, was identified in 33 patients (84.6%). Delayed gastric emptying
occurred in 5 patients (12.8%), and postpancreatectomy hemorrhage was noted in 2 patients (5.1%). No
patient required reoperation, and no 30-day mortality was observed. The 90-day morbidity, readmission, and
mortality rates were 17.9%, 15.4%, and 0%, respectively.
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Table 2. Operative characteristics and perioperative outcomes

Variable Value

Surgical approach (robotic/laparoscopic), n 13/26

Type of procedure

- Enucleation, n (%) 5(12.8%)

- Central pancreatectomy, n (%) 1(2.6%)

- Spleen-preserving distal pancreatectomy, n (%) 24 (61.6%)

- Duodenum-preserving pancreatic head resection, n (%) 9 (23.1%)
Operative time, min 240 (200-340)
Estimated blood loss, mL 200 (50-400)
Conversion to open surgery, n (%) 1(2.6%)
Intraoperative transfusion, n (%) 6 (15.4%)
Intraoperative ultrasound use, n (%) 12 (30.8%)
Drain placement, n (%) 39 (100%)
Postoperative ICU admission, n (%) 4 (10.3%)
Length of hospital stay, days 9 (6.5-11.5)

Continuous variables are presented as median and IQR, and categorical variables are presented as number and percentage. IQR: Interquartile range;
ICU: intensive care unit.

Table 3. Postoperative complications

Outcome Value
Overall clinically relevant postoperative complications, n (%) 7 (17.9%)
Clinically relevant POPF (ISGPS grade B/C), n (%) 5(12.8%)
Biochemical leak, n (%) 33 (84.6%)
Delayed gastric emptying, n (%) 5 (12.8%)
Postpancreatectomy hemorrhage, n (%) 2 (5.1%)
Reoperation, n (%) 0 (0%)
90-day morbidity, n (%) 7 (17.9%)
30-day readmission, n (%) 6 (15.4%)
90-day readmission, n (%) 6 (15.4%)
Clavien-Dindo grade I-1l, n (%) 32 (82.1%)
Clavien-Dindo grade 2 I, n (%) 5(12.8%)
No postoperative complications, n (%) 2 (51%)
30-day mortality, n (%) 0 (0%)
90-day mortality, n (%) 0 (0%)

POPF, delayed gastric emptying, and postpancreatectomy hemorrhage were defined and graded according to the ISGPS. Biochemical leak was
recorded separately and was not considered a clinically relevant POPF. “Overall clinically relevant postoperative complications” refers to patients
with at least one clinically relevant postoperative event. Postoperative complications were classified using the Clavien—Dindo grading system. POPF:
Postoperative pancreatic fistula; ISGPS: International Study Group of Pancreatic Surgery.

According to the Clavien-Dindo classification, 32 patients (82.1%) experienced grade I-II complications,
whereas 5 patients (12.8%) developed grade III or higher complications. Thirty-day readmission was
recorded in 6 patients (15.4%).
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Figure 5. Individual blood glucose levels before and after function-preserving pancreatic surgery. Paired bar chart showing preoperative
and postoperative blood glucose levels for each patient (P1-P39). Red bars represent preoperative measurements, and blue bars represent
postoperative values obtained during follow-up. Blood glucose levels are expressed in mmol/L.

Table 4. Functional outcomes during follow-up and pathological findings

Functional outcome Value

Median follow-up, months 9 (4-21.5)
New-onset diabetes mellitus, n (%) 3(7.7%)

Blood glucose change during follow-up, mmol/L 0.86 (0.08-2.17)
Pancreatic exocrine insufficiency, n (%) 1 (28.2%)

Need for pancreatic enzyme replacement therapy, n (%) 16 (41.0%)

Body weight change, kg -1.5(-3.0t0 0.5)

Final pathological diagnosis

- SPN, n (%)
- pNET, n (%)

11(28.2%)
11(28.2%)

-Gl 6

-G2 5

- Cystic neoplasms, n (%) 14 (35.9%)
- IPMN 5

- MCN 4

-SCN 5

- Other lesions 3(7.7%)

Continuous variables are presented as median and IQR, and categorical variables are presented as number and percentage. Pancreatic exocrine
insufficiency was defined primarily based on clinical symptoms. Pathological diagnoses were classified according to the World Health Organization
classification. SPN: Solid pseudopapillary neoplasm; pNET: pancreatic neuroendocrine tumor; IPMN: intraductal papillary mucinous neoplasm;
MCN: mucinous cystic neoplasm; SCN: serous cystic neoplasm. Other lesions included pancreatic pseudocyst (n = 1), enterogenous pancreatic cyst
(n=1), and pancreatic ductal adenocarcinoma (n = 1). IQR: Interquartile range.

Functional outcomes and pathological findings

Functional outcomes during follow-up and pathological findings are summarized in Table 4. The median
follow-up duration was 9 months (IQR, 4-21.5). New-onset diabetes mellitus developed in 3 patients (7.7%)
during follow-up. The median change in blood glucose level during follow-up was 0.86 mmol/L (IQR,
0.08-2.17). Individual preoperative and postoperative blood glucose values are illustrated in Figure 5.
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Pancreatic exocrine insufficiency was identified in 11 patients (28.2%), and 16 patients (41.0%) required
pancreatic enzyme replacement therapy during follow-up. The median body weight change was -1.5 kg (IQR,
-3.0 t0 0.5).

Final pathological diagnoses included solid pseudopapillary neoplasm in 11 patients (28.2%) and pancreatic
neuroendocrine tumors in 11 patients (28.2%), comprising 6 grade G1 and 5 grade G2 tumors. Cystic
neoplasms were identified in 14 patients (35.9%), including intraductal papillary mucinous neoplasm (# = 5),
mucinous cystic neoplasm (n = 4), and serous cystic neoplasm (#n = 5). Other pathological findings were
observed in 3 patients (7.7%), including one unexpected moderately differentiated pancreatic ductal
adenocarcinoma despite preoperative imaging and intraoperative frozen section favoring a neuroendocrine
tumor. Robotic duodenum-preserving pancreatic head resection with peripancreatic lymph node dissection
was performed in this patient, and no nodal metastasis or recurrence was observed during 8 months of
follow-up.

DISCUSSION

In this single-center experience, minimally invasive function-preserving pancreatic surgery demonstrated
acceptable perioperative safety, a manageable postoperative complication profile, and favorable functional
outcomes in carefully selected patients with benign or low-grade pancreatic lesions. The absence of
perioperative mortality and a clinically relevant POPF rate of 12.8% support the feasibility of minimally
invasive parenchyma-sparing pancreatic procedures in experienced centers. Similar findings have been
reported in recent series, indicating that minimally invasive enucleation and other parenchyma-sparing
resections can achieve morbidity rates comparable to open surgery, with potential advantages in
postoperative recovery and length of hospital stay; however, high-quality evidence remains limited'>*"*.

POPF remains the principal concern following function-preserving pancreatic surgery, as preservation of
pancreatic parenchyma and transection in close proximity to the main pancreatic duct inherently increase
the risk of pancreatic leakage!. In the present cohort, although biochemical leakage was common, the
incidence of clinically relevant POPF was relatively low compared with rates reported in several recent series
of minimally invasive central pancreatectomy. These studies suggest that minimally invasive approaches are
associated with comparable or even lower rates of clinically relevant POPF than open surgery, while offering
the additional benefit of reduced intraoperative blood loss*'*\. Importantly, no patient in our series required
reoperation, and severe morbidity was uncommon, indicating that although POPF was frequent, it was
generally manageable within a minimally invasive treatment framework.

Beyond patient selection, several pragmatic, procedure-specific strategies in our institutional practice may
have contributed to reducing the incidence and severity of clinically relevant POPF. Preoperative
cross-sectional imaging was systematically reviewed to delineate the anatomical relationship between the
lesion and the main pancreatic duct, thereby guiding operative planning. In one patient with a lesion in close
proximity to the pancreatic duct, a deliberately limited local resection was performed, accompanied by
selective placement of a prophylactic intraductal pancreatic stent to facilitate ductal drainage and reduce
intrapancreatic pressure. This was not used routinely in our series and remains to be further optimized with
increasing experience. Intraoperatively, ultrasonography was selectively employed in real-world practice,
particularly in cases requiring additional assessment of tumor localization and the tumor-main pancreatic
duct relationship, to facilitate precise parenchyma-sparing dissection and reduce the risk of ductal injury. It
may also serve as a valuable adjunct for defining the optimal site of pancreatic transection and guiding more
accurate tumor localization in parenchyma-sparing procedures. Postoperatively, closed-suction drains were
routinely positioned adjacent to the resection site and securely fixed to ensure effective drainage. This
approach was intended not only to monitor pancreatic leakage but also to reduce the risk of secondary
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complications, including infection or hemorrhage necessitating interventional drainage or reoperation.
Collectively, these individualized, anatomy-based measures may partly explain why, despite a high incidence
of biochemical leakage, clinically relevant POPF remained largely manageable in our cohort.

Function-preserving pancreatic surgery comprises a heterogeneous group of procedures, each associated
with distinct technical challenges and complication risk profiles. Enucleation and central pancreatectomy are
typically associated with higher fistula rates, largely due to limited resection margins and close proximity to
the main pancreatic duct, whereas spleen-preserving distal pancreatectomy and duodenum-preserving
pancreatic head resection involve more extensive dissection but may allow better ductal control"*'”. Recent
studies have demonstrated that minimally invasive duodenum-preserving pancreatic head resection can be
performed safely with acceptable outcomes when undertaken in high-volume centers by experienced
surgeons"®. In our series, overall complication rates across different procedures were acceptable, suggesting
that tailored, anatomy-based selection of parenchyma-sparing techniques is essential for balancing oncologic
adequacy with functional preservation. Careful preoperative evaluation remains crucial for appropriate case
selection, particularly when malignancy cannot be confidently excluded.

The adoption of minimally invasive techniques has further expanded the feasibility of function-preserving
pancreatic surgery. Enhanced visualization, improved instrument articulation, and refined dissection planes
provided by laparoscopic and robotic platforms may facilitate precise parenchyma-sparing resections while
minimizing surgical traumal">??). Although these procedures remain technically demanding and are
associated with a steep learning curve, this evolution parallels broader trends in minimally invasive
pancreatic surgery, whereby robotic and laparoscopic approaches have gradually gained acceptance and are
increasingly endorsed by contemporary guidelines for selected pancreatic resections when performed by
specialized teams®’!. Our experience, in which all procedures were performed by a single experienced
pancreatic surgeon, underscores the importance of technical expertise and procedural consistency in
achieving favorable outcomes.

Preservation of pancreatic endocrine function represents a key theoretical advantage of function-preserving
pancreatic surgery. In the present study, new-onset diabetes mellitus occurred in only 7.7% of patients during
follow-up, a rate substantially lower than that reported after conventional pancreatic resections. This finding
supports the concept that preservation of pancreatic parenchyma translates into meaningful metabolic
benefits, particularly in patients without pre-existing glucose intolerance. A recent comparison of
laparoscopic enucleation vs. formal resection for pancreatic neuroendocrine neoplasms also suggests a
potential advantage of parenchyma-sparing techniques in preserving endocrine function, although long-term
data remain limited"”. Although longer follow-up is required to confirm the durability of these findings, the
present results further reinforce the functional rationale for parenchyma-sparing approaches.

Pancreatic exocrine insufficiency is more difficult to interpret, given the complex interplay among pancreatic
volume, ductal integrity, and postoperative inflammation. In our cohort, pancreatic exocrine insufficiency
was identified in 28.2% of patients based on clinical symptoms, and symptoms were effectively controlled
with pancreatic enzyme supplementation when required. Although this incidence is not negligible, it
compares favorably with rates reported after standard pancreatic resections and underscores the
multifactorial nature of postoperative digestive dysfunction. Parenchyma-preserving approaches, particularly
for cystic pancreatic lesions, have been shown to preserve exocrine function without increasing the risk of
severe complications, further supporting the functional benefits of these strategies in carefully selected
patients'*****). Importantly, most patients maintained satisfactory nutritional status, as indicated by only
modest changes in body weight during follow-up.
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Table 5. Summary of published studies on minimally invasive function-preserving pancreatic surgery

. No. of . Type of o Clinically Functional
Author (year) Country Study design patients Surgical approach procedure Indication/pathology relevant POPF outcomes
reported

Fernandez-Cruz et al. (2012)t2¢1 Spain Retrospective single-center 13 Laparoscopic EN Non-functional pNETs 23.1% No

Peng et al. (2012)7 China Case series 4 Robotic DPPHR Chronic pancreatitis or benign lesions  75% Yes
Senthilnathan et al. (2015)8) India Retrospective single-center 14 Laparoscopic CP Benign/low-grade tumors 21.4% Yes

Jin et al. (2016)2 China Retrospective comparative 56 Robotic vs. open EN Benign or borderline tumors 38.7% No

Jiang et al. (2018)1% China Retrospective comparative 34 Robotic vs. open DPPHR Benign/pre-malignant disease 32.4% Yes

Cao et al. (2018)" China Retrospective single-center 12 Laparoscopic DPPHR Benign/low-grade tumors 16.7% No

Lin et al. (2021)B2 China Retrospective consecutive series 61 Robotic SPDP Benign/low-grade tumors 9.8% No
Esposito et al. (2020)t3 Italy Retrospective single-center 34 Robotic SPDP Benign/pre-malignant disease 12.0% No

Cai et al. (2020)B4 China Retrospective single-center 24 Laparoscopic DPPHR Benign/low-grade tumors 4.2% No

Zhou et al. (2022)5> China Retrospective single-center 30 Laparoscopic DPPHR Benign/low-grade tumors 6.7% No

Lu et al. (2022)59 China Retrospective single-center 25 Laparoscopic DPPHR Benign/low-grade tumors 48% Yes

Liu et al. (2022)B7 China Retrospective comparative 12 Laparoscopic DPPHR Pancreatic-head IPMN 16.7% Yes

Abu Hilalet al. (2023)t# Italy Retrospective single-center 50 Robotic/laparoscopic SPDP Benign/low-grade tumors 24% No

Wu et al. (2024)5 China Retrospective single-center 151 Laparoscopic EN Benign/low-grade tumors 21.9% No

Xiang et al. (2024)t40) China Retrospective single-center 16 Laparoscopic CpP Benign/low-grade tumors 31.3% No
Murata et al. (2024)1 Japan Retrospective comparative 33 Robotic vs. laparoscopic  SPDP Benign/low-grade tumors 24.2% No

Liang et al. (2024)©2 China Case series 10 Laparoscopic DPPHR Benign/low-grade tumors 30.0% No

Zhou et al. (2025)3 China Retrospective comparative 131 Robotic vs. laparoscopic  SPDP Benign/low-grade tumors 6.1% No
Present study China Retrospective single-center 39 Robotic/laparoscopic E,I\D‘PCHTQ SPDP, Low-grade or benign lesions 12.8% Yes

POPF: Postoperative pancreatic fistula; EN: enucleation; pNETs: pancreatic neuroendocrine tumors; DPPHR: duodenum-preserving pancreatic head resection; CP: central pancreatectomy; SPDP: spleen-preserving distal
pancreatectomy; IPMN: intraductal papillary mucinous neoplasm.

When placed in the context of existing literature, our findings are consistent with previously reported experiences summarized in Table 5. Most available studies on

minimally invasive function-preserving pancreatic surgery are retrospective, single-center series characterized by limited sample sizes and heterogeneous indications.

Reported rates of clinically relevant POPF vary widely, and only a minority of studies have systematically assessed postoperative functional outcomes. In this context,
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the present study adds incremental evidence by integrating perioperative outcomes with systematic
assessment of both endocrine and exocrine pancreatic function, thereby addressing an important gap in the
current literature.

Several limitations of this study should be acknowledged. First, this was a retrospective, single-center study,
which inevitably introduces selection bias and limits the generalizability of the findings. Second, the overall
sample size was modest, and the cohort included heterogeneous pathological diagnoses, procedure types, and
minimally invasive approaches, which restricted the ability to perform robust subgroup analyses and may
have affected the interpretability of procedure-specific outcomes. Third, all operations were performed by a
single experienced pancreatic surgeon. Although this ensured technical consistency and reduced
inter-operator variability, it may also limit the extrapolation of our results to lower-volume centers or
surgeons at an earlier stage of the learning curve. Fourth, pancreatic exocrine insufficiency was assessed
primarily on the basis of clinical symptoms and the requirement for enzyme supplementation rather than
standardized biochemical testing, which may have underestimated subclinical dysfunction. In addition, the
follow-up duration was relatively short, precluding definitive assessment of long-term endocrine and
exocrine durability as well as oncologic adequacy, particularly in patients with unexpected pathological
findings. Furthermore, outcomes of other pancreatic procedures performed during the same period were not
included for comparison, and this should be considered when interpreting the relative benefits of minimally
invasive function-preserving surgery. These limitations suggest that the present findings should be
interpreted cautiously and regarded mainly as descriptive evidence from a real-world institutional
experience.

In conclusion, minimally invasive function-preserving pancreatic surgery appears to be a feasible and safe
option for carefully selected patients with benign or low-grade pancreatic lesions, offering acceptable
perioperative outcomes and preservation of pancreatic function when performed within a standardized
framework by experienced surgeons. Further multicenter studies with larger cohorts, longer follow-up, and
more standardized functional assessments are warranted to refine patient selection and clarify the long-term
value of these parenchyma-sparing approaches.
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