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Abstract

Laparoscopic pancreaticoduodenectomy (LPD) is an established but complex
approach for ampullary and periampullary tumours, causing postoperative
complications in 30% - 50% of cases. Postpancreatectomy haemorrhage (PPH)
occurs in 1% - 8% of patients with an 11% - 38% mortality, making it one of
the most lethal complications; early prevention and recognition are therefore
essential. However, its risk factors remain incompletely characterized, and op-
timal management is not yet established. In order to inform perioperative man-
agement, this narrative review synthesized evidence on the presentation, clas-
sification, pathogenesis, and risk factors of PPH, together with preventive and
therapeutic strategies. The review found risk factors distributed across preoper-
ative (hyperbilirubinemia, advanced age, hypertension, ASA grade > III, and
elevated body mass index), intraoperative (soft pancreatic parenchyma, main
pancreatic duct < 3 mm, transfusion, increased blood loss, and prolonged op-
erative time > 610 min), and postoperative phases, in which pancreatic fistula
and intra-abdominal infection drive delayed haemorrhage via the cascade of
fistula > infection > vascular erosion - pseudoaneurysm - haemorrhage. This
review indicates that PPH arises from converging perioperative factors and
warrants risk-stratified, whole-period prevention, with treatment following a
severity-stratified algorithm: conservative management for mild haemorrhage,
endovascular intervention first-line for moderate-to-severe haemorrhage, and
prompt surgery for haemodynamically unstable patients.
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Factors, Prevention, Treatment

1. Introduction

Laparoscopic pancreaticoduodenectomy (LPD) is an accepted surgical option for
malignant and selected borderline tumours of the ampulla of Vater and pancreas,
and ranks among the most technically demanding procedures in general surgery,
owing to the complexity of the resection, the number of reconstructive anastomo-
ses required, and the steep learning curve. LPD was first reported by Gagner et al.
in 1994 [1]. Advances in laparoscopic instrumentation and technique have since
driven a steady increase in the number of LPDs performed worldwide. In a single-
center series of 550 consecutive cases, Wang et al [2] demonstrated that LPD can
be performed safely in high-volume centers. Using the Clavien-Dindo classifica-
tion, Song et al [3] found that LPD was associated with a lower rate of severe
complications, and a systematic review by Li et al [4] confirmed reductions in
intraoperative blood loss and length of stay, with long-term outcomes comparable
to those of open pancreaticoduodenectomy (OPD). A multicenter randomized
controlled trial by Wang et al. [5] subsequently provided level I evidence: when
performed by experienced surgeons at high-volume centers, LPD did not differ
significantly from OPD with respect to 90-day mortality, the incidence of Clavien-
Dindo grade III - IV complications, the comprehensive complication index, or
postoperative length of stay.

Current evidence indicates that, relative to OPD, LPD is associated with less
intraoperative blood loss, lower postoperative pain scores, fewer intra-abdominal
infections, a shorter hospital stay, a greater lymph node yield, and a lower inci-
dence of postoperative pancreatic fistula [6]-[10]. Nevertheless, the overall com-
plication rate after LPD remains high, at 30% - 50% [11]. Postpancreatectomy
haemorrhage (PPH) is among the most serious of these complications. In this re-
view, PPH is used in its broad ISGPS sense, encompassing haemorrhage after any
form of pancreatic resection; haemorrhage following LPD is the principal focus.
Meta-analyses of randomized controlled trials have found no statistically signifi-
cant difference between LPD and OPD in the incidence of PPH or in 90-day mor-
tality [12] [13], and perioperative mortality after LPD is approximately 2% - 5%
[13] [14]. Contemporary international guidelines and consensus statements—in-
cluding the Brescia Internationally Validated European Guidelines on Minimally
Invasive Pancreatic Surgery (EGUMIPS) [15] and the International Study Group
for Pancreatic Surgery (ISGPS) consensus on complexity and experience grading
for patient selection in minimally invasive pancreatoduodenectomy [16]—do not
report pooled haemorrhage or mortality rates, but both emphasize that LPD
should be performed only by adequately trained surgeons at high-volume pancre-
atic centers, with strict patient selection, in order to safeguard operative safety.

Recent reviews have addressed PPH after pancreaticoduodenectomy either
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broadly across treatment strategies [17] or with a narrow focus on the learning
curve in minimally invasive pancreaticoduodenectomy [18]; however, none has
systematically integrated preoperative risk stratification, laparoscopy-specific tech-
nical factors (pneumoperitoneum, energy-device thermal injury), and severity-
stratified management for PPH after LPD. The present review therefore synthe-
sizes current evidence on the risk factors, prevention, and management of PPH
after LPD, with particular emphasis on these laparoscopy-specific dimensions.
According to the ISGPS, PPH occurs in 1% - 8% of patients, with a reported
mortality of 11% - 38% [11]. In a series of 1122 patients, Correa-Gallego et al. [19]
observed a significant increase in the reported incidence of PPH following adop-
tion of the ISGPS definition. Beyond its direct threat to patient survival, PPH im-
poses a substantial clinical and psychological burden on the operating team.
Therefore, systematic identification of the risk factors for PPH and the develop-
ment of evidence-based preventive and therapeutic strategies are central to reduc-

ing its incidence and improving patient outcomes.

2. Materials and Methods

This narrative review was informed by a structured literature search of PubMed,
Web of Science, and Scopus, covering the period from January 1994 to August
2026. Eligible publications comprised peer-reviewed original research (retrospec-
tive and prospective cohort studies, randomized controlled trials, and multicenter
series), systematic reviews and meta-analyses, and expert consensus statements
and clinical guidelines. The search strategy combined the following terms with
Boolean operators: (“laparoscopic pancreaticoduodenectomy” OR “LPD”) AND
(“post pancreatectomy hemorrhage” OR “PPH” OR “postoperative bleeding”)
AND (“risk factors” OR “prevention” OR “management”). Supplementary free-
text terms included “pancreatic fistula”, “pseudoaneurysm”, and “transcatheter
arterial embolization”; the search was further expanded using MeSH headings in
PubMed. Only peer-reviewed studies involving human subjects were considered.
When multiple reports addressed the same question, studies were prioritized ac-
cording to methodological quality, sample size, and relevance to the scope of this
review. Although studies reporting ISGPS-defined PPH as the primary endpoint
were preferred, many eligible reports evaluated related but broader outcomes—
such as overall severe complications, intraoperative blood loss, or postoperative
pancreatic fistula—rather than ISGPS-defined PPH per se. Such data were re-
tained and are explicitly labelled in the text as indirect evidence for PPH risk ra-
ther than direct estimates. The search identified a total of 249 records; after re-
moval of duplicates, 249 records were screened by title and abstract, and 91 studies
met the inclusion criteria and were included in this review. Because several pub-
lications drew on the same institutional series or overlapping patient populations,
overlapping cohorts were treated as a single source of evidence, with the largest or
most representative report prioritized. In view of the heterogeneity in outcome

definitions across studies, quantitative pooling was not performed; findings were
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synthesized narratively, with study-specific definitions noted where relevant. Two
reviewers independently screened records; disagreements were resolved by con-
sensus. Extracted data comprised study design, sample size, PPH incidence, risk

factor effect sizes, and preventive or therapeutic interventions evaluated.

3. Clinical Manifestations and Classification of Postoperative
Bleeding

3.1. Clinical Manifestations of Postoperative Hemorrhage

The clinical manifestations of PPH may be grouped as follows. 1) Blood in surgical
drains—sanguineous output from abdominal drains or the nasogastric tube; this
is typically the earliest and most readily observed sign. 2) Gastrointestinal bleed-
ing—manifesting as haematemesis or melaena; with high-volume bleeding, both
may occur concurrently. 3) Haemodynamic changes reflecting compensation for
blood loss—tachycardia (2100 beats/min), tachypnoea (=20 breaths/min), hypo-
tension (a systolic pressure < 90 mmHg indicates shock), a narrowed pulse pres-
sure (<20 mmHg), and orthostatic hypotension (a fall of 220 mmHg on standing)
[11] [20]. 4) Laboratory findings—a progressive fall in haemoglobin (Hb) on serial
full blood counts, the magnitude of which broadly reflects the volume of blood
lost. 5) Haemorrhagic shock—blood pressure below 90/60 mmHg, accompanied
by agitation, altered consciousness, thirst, cold and clammy skin, oliguria
(<0.5 mL/kg/h), and pallor of the conjunctivae and nail beds [11]. Early recogni-
tion of these features is critical to the timely diagnosis and management of PPH
[20]-[24].

3.2. Classification and Clinical Significance of Postoperative
Bleeding

PPH is conventionally classified according to three parameters: the timing of on-
set, the anatomical site, and the severity of bleeding.

1) Classification by timing: Using a 24-hour cut-off, PPH is classified as early
(=24 h) or late (>24 h). Early haemorrhage typically reflects technical failure of
intraoperative haemostasis—vascular injury, inadequate ligation, clip displace-
ment, or incomplete vessel occlusion [22]. Late haemorrhage arises predomi-
nantly from vascular erosion secondary to pancreatic fistula, biliary leak, or intra-
abdominal infection, and from rupture of a pseudoaneurysm [11]. Gao et al. [25]
have proposed subdividing early PPH into <24 h and 24 - 48 h intervals, on the
grounds that these represent distinct aetiological groups. In our view, the princi-
pal value of this temporal classification is that it enables rapid triage between tech-
nical failure of intraoperative haemostasis and erosive processes that arise later;
management options range from conservative measures and endoscopic haemo-
stasis to endovascular embolization and re-operation [22].

2) Classification by site: PPH is classified as intra-abdominal or gastrointestinal
in origin. Intra-abdominal haemorrhage typically arises from the resection bed,

vascular stumps, or pseudoaneurysms, and presents as sanguineous drain output.
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The reported distribution of bleeding sites is: the gastroduodenal artery (GDA)
stump (26%), the common hepatic artery and its branches (24%), the splenic ar-
tery and its branches (11%), the superior mesenteric artery and its branches (7%),
othervessels (21%), and an unidentified source (11%) [26]-[28]. Gastrointestinal
haemorrhage originates from the pancreaticojejunal, hepaticojejunal, or gastro-
jejunal anastomoses, or from stress ulceration, and manifests as blood in the na-
sogastric tube, T-tube, or feeding jejunostomy, or as haematemesis or melaena
[11]. Anatomical classification is clinically useful because it directs the choice of
haemostatic modality: minor bleeding may be managed conservatively, intra-ab-
dominal haemorrhage is generally amenable to endovascular embolization or sur-
gical control, and gastrointestinal haemorrhage to endoscopic or endovascular
therapy.

3) Classification by severity: According to the ISGPS, severity is graded A
(mild), B (moderate), or C (severe) on the basis of the clinical impact of bleeding,
together with the diagnostic work-up and the therapeutic intervention required,
rather than on laboratory thresholds alone [11] [19] [20] [29]. Grade A (mild)
denotes haemorrhage with no or only minimal clinical impact: the patient remains
haemodynamically stable, and the bleeding is usually detected incidentally by
drain inspection, serial full blood counts, or abdominal ultrasound or CT, without
the need for a specific therapeutic intervention; conservative management—car-
diac monitoring, proton-pump inhibitors, somatostatin analogues, haemostatic
agents, nutritional support, and transfusion as required—is sufficient. Grade B
(moderate) denotes haemorrhage that causes clinical deterioration but is not im-
mediately life-threatening; it requires adjustment of the clinical pathway and a
specific therapeutic intervention, such as transfusion, intermediate care or ICU
admission, therapeutic endoscopy, endovascular embolization, or operative con-
trol, depending on whether the bleeding is intraluminal or intra-abdominal; a fall
in haemoglobin of <30 g/L (<3 g/dL) and a transfusion requirement of <3 units of
packed red cells are typical of this grade but do not by themselves define it. Grade
C (severe) denotes life-threatening haemorrhage that requires immediate, often
emergency, intervention—angiography with embolization, covered stent place-
ment, or re-operation—together with intensive care; such bleeding is frequently
accompanied by haemorrhagic shock, a fall in haemoglobin of >30 g/L, and a
transfusion requirement exceeding 3 units of packed red cells, but it is the severity
of the clinical impact and the need for emergency treatment that determine the
grade [11].

4) Brodsky and Turnbull [30] introduced the concept of the sentinel bleed—a
small, self-limiting herald haemorrhage that frequently precedes delayed massive
bleeding and serves as a critical early warning sign of severe PPH (discussed fur-
ther in Section 5.3). A further practical distinction may be drawn between overt
and occult haemorrhage, according to whether blood loss is externally apparent.
Overt haemorrhage is externally evident—as haematemesis, melaena, wound

bleeding, or fresh blood in the drains—and its source is usually readily identified.
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Occult haemorrhage accumulates within a body cavity or the tissues and is not
externally visible; it is signaled by a falling haemoglobin concentration and blood
pressure, and confirmation requires cross-sectional imaging or diagnostic aspira-
tion. Retroperitoneal haematoma and contained intra-abdominal bleeding are

characteristic examples.

4. Analysis of Risk Factors Associated with Postoperative
Bleeding

Throughout this section, the evidence base comprises cohorts with differing sur-
gical approaches. Where findings derive from open, robotic, or mixed pancreatic
resection cohorts rather than LPD-specific populations, this is indicated explicitly,
and such data are interpreted as supportive (indirect) evidence rather than as di-

rect LPD-specific estimates.

4.1. Preoperative Risk Factors

The patient’s baseline physiological status and comorbid burden significantly in-
fluence the risk of PPH. The best-characterized preoperative determinants include
serum total bilirubin (TBIL), advanced age, hypertension, American Society of
Anesthesiologists (ASA) physical status, and body mass index (BMI) [2] [31]-[34].

4.1.1. Preoperative Serum Total Bilirubin

Several studies have identified elevated preoperative TBIL as an independent risk
factor for haemorrhage after LPD. Tumor-related biliary obstruction causes cho-
lestasis, which in turn impairs hepatic functional reserve, reduces synthesis of vit-
amin K-dependent clotting factors, and diminishes intestinal absorption of vita-
min K; coagulopathy is thus established before surgery. This pre-existing coag-
ulopathy predisposes to bleeding after a technically demanding resection. In 793
patients undergoing LPD, Song et al. [3] found a preoperative TBIL > 170 pmol/L
was independently associated with severe postoperative complications, including
major haemorrhage (OR 1.523; P = 0.029). In a bicenter analysis of 879 LPD pa-
tients, Meng et al. [33] similarly identified severe obstructive jaundice (TBIL 2
171 umol/L) as an independent predictor of severe postoperative complications,
and Lin et al [35], a cohort of 1722 patients undergoing pancreaticoduodenec-
tomy that was not LPD-specific, found a preoperative TBIL > 200 pumol/L to be
independently associated with increased perioperative blood loss (95% CI 6.948 -
16.797; P < 0.001). Collectively, these data indicate a positive association between
preoperative bilirubin concentration and bleeding risk, although the threshold
above which risk rises most steeply remains undefined—reported cut-offs range
from 170 to 200 umol/L. Prospective randomized trials or large multicenter co-
horts will be required to resolve this uncertainty. Of note, the studies of Song,
Meng, and Lin used related but broader endpoints—severe postoperative compli-
cations including haemorrhage, or perioperative blood loss—rather than ISGPS-
defined PPH as the primary outcome; they therefore provide indirect evidence for

the bilirubin-haemorrhage association rather than direct PPH risk estimates.
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4.1.2. Advanced Age

Advanced age, conventionally defined as 265 years, is an established risk factor
for postoperative haemorrhage. Aging is accompanied by a progressive decline in
organ function—reduced cardiovascular reserve, diminished arterial compliance,
and a greater burden of microvascular disease—which reduces physiological tol-
erance of major resection. In a nationwide Japanese study of predominantly open
pancreaticoduodenectomies, Aoki ef al. [36] identified advanced age as an inde-
pendent determinant of severe complications after pancreatoduodenectomy—a
broader endpoint that constitutes indirect evidence for PPH risk. In 326 patients
undergoing LPD, Wang et a/. [34] found that the risk of postoperative intra-ab-
dominal haemorrhage rose with each additional year of age (OR 1.065; P = 0.045).
Older patients are also at higher risk of pancreatic fistula and intra-abdominal
infection, both of which are key triggers of delayed erosive haemorrhage [35] [37]-
[39]. Perioperative assessment and management should therefore be intensified

in this group.

4.1.3. Hypertension

Long-standing hypertension causes systemic arteriolosclerosis, reduced arterial
wall compliance, and endothelial dysfunction [37], thereby increasing the risk of
intraoperative vessel rupture and postoperative bleeding from vascular stumps or
anastomoses. In a series of 183 patients undergoing pancreatoduodenectomy (not
an LPD-specific cohort), Uggeri et al. [32] identified hypertension as an independ-
ent risk factor for postoperative haemorrhage. Three mechanisms may be opera-
tive. First, hypertension is associated with an imbalance between coagulation and
fibrinolysis, which predisposes to bleeding. Second, hypertension has been linked
to an increased incidence of postoperative pancreatic fistula after LPD [38], which
in turn predisposes to delayed haemorrhage. Third, hypertensive vascular remod-

eling complicates intraoperative vascular control.

4.1.4. American Society of Anesthesiologists Classification

The American Society of Anesthesiologists (ASA) physical status classification is
a standard instrument for preoperative risk assessment. The system comprises six
classes (I - VI), with ascending class denoting greater comorbid burden and oper-
ative risk [40] [41]. Patients in ASA class III or above frequently have cardiopul-
monary impairment, coagulation abnormalities, or metabolic syndrome, each of
which increases the risk of complications after major laparoscopic surgery [23]
[41]. In a non-LPD-specific cohort of 1722 patients undergoing pancreatoduode-
nectomy, Lin et al [35] found ASA class IV to be independently associated with
perioperative blood loss (95% CI 45.934 - 105.485; P < 0.001). In an international
multicentre study of 9631 patients undergoing open, laparoscopic, or robotic pan-
creatic resections, Duan et al [41] used Lasso and logistic regression to identify
ASA class > III as one of five independent preoperative predictors of PPH. In a
nationwide Japanese analysis of 17,564 predominantly open pancreaticoduode-
nectomies, Aoki et al. [36] likewise found ASA class > III to be an independent
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risk factor for severe postoperative complications, including haemorrhage (P <
0.05). Moreover, because of their comorbid burden and limited physiological re-
serve, such patients tolerate blood loss poorly once PPH occurs, and are corre-
spondingly more difficult to manage. The findings of Lin et al (perioperative
blood loss) and Aoki et al. (severe complications including haemorrhage) relate
to broader endpoints and thus constitute indirect evidence for PPH risk, whereas
the model of Duan et al. was specifically developed to predict PPH. (Level III:

international multicenter retrospective study)

4.1.5. Body Mass Index

Body mass index (BMI) is the standard index of adiposity. BMI is calculated as
weight (kg) divided by the square of height (m?). The reference range is 18.5 - 24.9
kg/m* according to WHO criteria [42] and 18.5 - 23.9 kg/m? according to Chinese
criteria [43]. Lin et al. [35] identified a BMI > 24 kg/m* as an independent risk
factor for postoperative haemorrhage in a pancreaticoduodenectomy cohort that
was not LPD-specific; this threshold denotes overweight by Chinese criteria, with
obesity defined as 228 kg/m?. Several mechanisms may underlie this association.
First, abundant visceral adipose tissue impedes exposure and dissection, and hin-
ders complete haemostasis of the resection bed. Second, obesity frequently coex-
ists with metabolic syndrome—insulin resistance and chronic low-grade inflam-
mation—which may impair tissue healing and haemostasis. Third, an elevated
BMI is an established risk factor for postoperative pancreatic fistula [38] which
itself predisposes to haemorrhage.

In summary, preoperative factors act through distinct mechanisms: impaired
hepatic and coagulation reserve (hyperbilirubinemia), diminished physiological
reserve (advanced age), accelerated vascular pathology (hypertension), aggregate
comorbidity burden (high ASA class), and increased technical difficulty (obesity).
Because these factors frequently coexist, multivariable preoperative assessment is
likely to predict risk more reliably than any single index. The optimal bilirubin
threshold for preoperative biliary drainage remains unsettled, and the reported
cut-offs are study-specific rather than universally established: Kanani et al [44]
proposed 14.6 mg/dL (=250 umol/L), whereas Chu et al. [45] advocated a lower
target. Zhu et al. [46] further reported that drainage in patients with mild jaundice
may increase the incidence of intra-abdominal infection. Preoperative biliary
drainage is therefore not appropriate for all patients with obstructive jaundice,
and the decision should be individualized according to the severity of jaundice,

the presence of cholangitis, the anticipated surgical delay, and local expertise.

4.2. Intraoperative Risk Factors

Several intraoperative variables are likewise associated with haemorrhage after
LPD. These include pancreatic parenchymal texture, main pancreatic duct diam-
eter, operative duration, blood loss, and the surgeon’s position on the learning
curve. Each may influence bleeding risk directly or through the intermediate de-

velopment of pancreatic fistula.
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4.2.1. Pancreatic Texture and Pancreatic Duct Diameter

A soft pancreatic parenchyma and a narrow main pancreatic duct are the in-
traoperative characteristics most strongly associated with postoperative pancre-
atic fistula (POPF), which is the principal cause of delayed haemorrhage. In a
quantitative study, Belyaev et al [47] showed that the suture-holding capacity of
soft pancreatic tissue was only 63% of that of firm tissue, and that suture-holding
capacity correlated closely with parenchymal firmness (r = 0.98; P < 0.001)—a
finding that accounts for the high fistula rate associated with a soft gland. A main
pancreatic duct diameter < 3 mm renders the pancreatic jejunal anastomosis tech-
nically demanding and increases the risk of POPF, and has been identified as a
risk factor for postoperative haemorrhage [47] [48]. Wu et al [49] have described
reconstruction of the pancreatic remnant as the “Achilles heel” of laparoscopic
pancreatectomy, and it remains the most technically demanding step of the oper-
ation. In an analysis of risk factors for POPF after LPD, Xu et al. [38] identified
soft pancreatic parenchyma as an independent predictor of clinically relevant fis-
tula (OR 42.015; P < 0.001). In high-risk patients with a soft gland and a narrow

duct, the anastomotic technique should be selected individually.

4.2.2. Intraoperative Transfusion and Intraoperative Blood Loss
Substantial intraoperative blood loss may reflect anatomical complexity, difficult
vascular control, or inadvertent vascular injury. Transfusion is both a marker of
operative complexity and a potential contributor to coagulopathy through dilu-
tion and transfusion-related immunomodulation. In 793 patients undergoing
LPD, Song et al. [3] found intraoperative transfusion to be independently associ-
ated with overall postoperative complications (OR 1.517; P = 0.033) and with se-
vere complications, including haemorrhage (OR 2.123; P = 0.004). In a retrospec-
tive, predominantly open multicenter study of 5323 patients undergoing pancre-
aticoduodenectomy, Seykora ef al [50] reported that the transfusion rate rose
sharply from 8.14% to 40.9% once intraoperative blood loss exceeded 750 mL (P
<0.001), an intraoperative blood-loss surrogate rather than a direct PPH estimate.
Few studies, however, have examined transfusion and blood loss specifically in
LPD cohorts. The independent predictive value of these two variables therefore
requires validation in larger prospective studies confined to patients undergoing
LPD.

4.2.3. Surgical Duration and Technical Proficiency

LPD is associated with a well-documented learning curve. Prolonged operative
time increases tissue retraction, thermal injury, and systemic inflammatory acti-
vation, each of which may raise the risk of postoperative complications. In a ret-
rospective analysis of 453 patients undergoing predominantly open pancreati-
coduodenectomy, Chipaila et al. [51] used receiver operating characteristic anal-
ysis to define optimal cut-offs, and identified an operative time > 610 min
and >657 min as an independent risk factor for arterial pseudoaneurysm for-

mation and fatal pseudoaneurysm rupture, respectively. Cioltean et al [52] retro-
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spectively analyzed 121 LPD procedures and observed significant improvements
in blood loss, operative time, and length of stay after the first 50 cases. Applying
risk-adjusted cumulative sum (RA-CUSUM) analysis to 115 LPD procedures,
Kim et al [53] found that the rates of overall complications (Clavien-Dindo >
IIIa), POPF, and haemorrhage fell significantly after 42 cases, thereby providing
an objective benchmark for the LPD learning curve.

Taken together, these data suggest that the contribution of operative time to
bleeding risk diminishes as surgical experience accumulates. Comparative studies
of LPD and OPD support this interpretation: although LPD requires longer oper-
ating times, in experienced hands it confers advantages in operative trauma, blood
loss, recovery, and length of stay, with rates of haemorrhage and overall compli-
cations comparable to or lower than those of OPD [4] [54] [55]. In a randomized
controlled trial, Wang et al [5] found short-term outcomes after LPD for pancre-
atic ductal adenocarcinoma to be non-inferior to those after OPD, with lower in-
traoperative blood loss in the LPD group (145 vs 200 mL; P = 0.02). Longer oper-
ative times therefore do not necessarily translate into greater bleeding risk once
technical proficiency is achieved. LPD should accordingly be undertaken in high-
volume centers with established expertise in both pancreatic and minimally inva-
sive surgery to shorten the learning curve and improve operative safety.

In summary, intraoperative risk is determined by three interacting domains:
the anatomical constraints imposed by parenchymal texture and duct diameter,
the interplay between blood loss and transfusion, and the surgeon’s position on
the LPD learning curve. The precise inflection points of the LPD learning curve
remain uncertain: Cioltean ef al. [52] placed it at 50 cases and Kim et al. [53] at
42. This discrepancy may reflect differences in case mix, the surgeon’s prior lapa-
roscopic experience, and the outcome measures used to define proficiency. Mul-
ticenter data will be needed to clarify learning-curve thresholds for surgeons with
differing backgrounds and to inform standardized training in LPD.

4.3. Postoperative Risk Factors

Postoperative pancreatic fistula (POPF), intra-abdominal infection, and delayed
gastric emptying (DGE) are the principal postoperative determinants of PPH.

Each directly influences postoperative outcome.

4.3.1. Pancreatic Fistula

POPF is the single most important risk factor for PPH. The underlying mecha-
nism is well characterized: leakage of enzyme-rich pancreatic secretions causes
progressive erosion of adjacent exposed vessels and arterial stumps, and loss of
vessel wall integrity permits pseudoaneurysm formation and, ultimately, rupture
with haemorrhage. Numerous studies have identified POPF as an independent
risk factor for haemorrhage after LPD [11] [48] [49]. In a review of emerging ap-
proaches to the early diagnosis of pancreatic fistula, Coppola et al. [56] noted that,
beyond drain amylase kinetics and CT features, inflammatory markers—C-reac-

tive protein, procalcitonin, and presepsin (soluble CD14 subtype)—and serial
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drain volumes carry some predictive value. Findings across studies remain incon-
sistent, however, and no single marker has achieved general acceptance; inte-
grated validation and the identification of novel biomarkers are required. In a ret-
rospective analysis of 500 mixed pancreatic resections (open and minimally inva-
sive), Ansari et al. [57] reported an overall PPH rate of 13.6%. The median time
to grade C haemorrhage was 13 days (range 1 - 85 days), and a sentinel bleed
preceded the event in 63.2% of these patients; grade B or C pancreatic fistula (OR
5.2; P = 0.003) and biliary fistula were independent risk factors for severe PPH. In
an analysis of unplanned re-operation within 30 days of LPD, Zhang et al. [48]
found haemorrhage to be the leading indication (82.6%), with pancreatic fistula
the predominant cause of delayed bleeding—further confirming the clinical im-
portance of the fistula-haemorrhage sequence.

4.3.2. Intra-Abdominal Infection

Intra-abdominal infection is another important risk factor for haemorrhage after
LPD. The local inflammatory response produces tissue edema, increased vascular
permeability, and coagulopathy, all of which predispose to haemorrhage. In a
multivariable analysis of 326 patients undergoing LPD, Wang et al. [34] identified
intra-abdominal infection as an independent risk factor for postoperative intra-
peritoneal haemorrhage (OR 6.347; 95% CI 1.454 - 27.716; P = 0.014), and intra-
abdominal infection was likewise among the principal factors associated with un-
planned re-operation in the series of Zhang et al [48] Intra-abdominal infection
and enteric fistulae—pancreatic, biliary, or intestinal —frequently coexist and are
casually reciprocal, constituting the sequence of fistula > infection > haemor-
rhage [38] [58].

4.3.3. Delayed Gastric Emptying

Although DGE is not a direct cause of PPH, it may indirectly increase bleeding
risk. DGE commonly coexists with intra-abdominal infection, pancreatic fistula,
and inadequate nutritional intake, delaying recovery and adding to the overall
complication burden. Gastric stasis may also promote acid accumulation, com-
promise the mucosal barrier, and predispose to gastric mucosal bleeding. Li et al.
[59] reported that preserving the hepatic branch of the vagus nerve during LPD
significantly reduced the incidence of DGE (23.08% vs 46.61%; P < 0.001) and
shortened hospital stay, indicating that nerve preservation may help mitigate DGE
and its associated indirect bleeding risk. Specific preventive strategies are dis-
cussed in Section 5.

In summary, POPF is the dominant postoperative risk factor. Through enzy-
matic erosion, synergy with intra-abdominal infection, and the indirect contribu-
tion of DGE, it drives the characteristic sequence of pancreatic fistula > intra-
abdominal infection > haemorrhage. The self-reinforcing cycle between pancre-
atic fistula and intra-abdominal infection is the key mechanism underlying de-
layed PPH. Therefore, the principal objective of postoperative management is to

interrupt this cycle at any point (Table 1).
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Table 1. Summary of risk factors associated with postoperative bleeding following laparoscopic pancreaticoduodenectomy.

Clinical Prevention and

T Risk Factor Possible Mechanism
pe sk racto ossible Aechanis Management Recommendations

. . . . Assess liver function and coagulation
. Elevated preoperative serum Impaired liver function, . . .
Preoperative factors o . ) status; perform biliary drainage if

total bilirubin coagulation disorders

necessary

Comprehensively assess general health

. Decreased organ reserve and . .

Preoperative factors Advanced age (=65 years) . ] o status and enhance perioperative
increased risk of complications

management

Increased vascular fragility; blood .
. . . . Control blood pressure preoperatively
Preoperative factors Hypertension pressure fluctuations can easily lead . .

. and perioperatively
to bleeding

Complete a thorough preoperative
High burden of comorbidities, p g1p p .
. . . . ASA assessment and optimize
Preoperative factors ASA Classification reduced cardiopulmonary reserve, . i
] ] ) . cardiopulmonary function and

and impaired coagulation function .
coagulation status

Elevated body mass index Difficulty with surgical exposure;  Assess obesity and metabolic status;

Preoperative factors . increased risk of pancreatic fistula perform precise intraoperative
(BMI)/obesity . .
and infection maneuvers
Select an appropriate
. L Difficult anastomosis, increased R PPToP .
Intraoperative factors Soft pancreatic tissue pancreaticojejunal anastomosis;

risk of pancreatic fistula L. .
enhance anastomotic site protection

. . Poor pancreatic juice drainage, Perform meticulous anastomosis;
. Small main pancreatic duct . . . . .
Intraoperative factors diamet increased risk of anastomotic place a pancreatic duct stent if
iameter
leakage necessary
Reflects anatomical complexity or
. . . o -p ¥ Optimize hemostasis and ensure
Intraoperative factors  intraoperative blood loss vascular injury; may induce .
o thorough hemostasis
dilutional coagulopathy
. Increased tissue damage and ~ Improve surgical efficiency and reduce
Intraoperative factors Prolonged surgery .
inflammatory response unnecessary procedures
. Surgeon Inconsistent hemostasis and Enhance training and standardize
Intraoperative factors . . . . .
inexperience/learning curve anastomotic quality surgical procedures

Pancreatic juice corrodes blood
vessels, leading to
pseudoaneurysms

Postoperative pancreatic
fistula

. Monitor amylase levels in drainage
Postoperative factors . .
fluid and ensure adequate drainage

. o . Inflammation and digestive fluids Antibiotic therapy to control the
Postoperative factors  Intra-abdominal infection . .
erode blood vessels source of infection

. . . . . Promote recovery of gastrointestinal
. Delayed postoperative gastric Delayed recovery and increased risk . . .
Postoperative factors ) o function and provide nutritional
emptying of complications

support

Abbreviations: ASA: American Society of Anesthesiologists; BMI: Body Mass Index; POPF: Postoperative Pancreatic Fistula.

5. Strategies for Preventing Postoperative Bleeding

Preventing PPH requires an integrated approach spanning the entire periopera-
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tive period. Within a multidisciplinary framework, this approach comprises tar-
geted correction of preoperative risk factors, refinement of operative technique
with reinforced vascular protection, and structured postoperative surveillance.
Together, these constitute a continuum from risk assessment to early interven-

tion.

5.1. Preoperative Optimization

Preoperative optimization is the primary step in reducing the risk of postoperative
hemorrhage after LPD and forms the foundation for minimizing PPH risk. The
goal of preoperative optimization should be to correct as many preoperative risk
factors as possible.

The indications for and timing of preoperative biliary drainage require careful
consideration. In a single-center retrospective study of 665 patients undergoing
pancreaticoduodenectomy (not an LPD-specific cohort), Kanani et al. [44] iden-
tified a preoperative bilirubin level of >14.6 mg/dL (=250 umol/L) as an independ-
ent predictor of 90-day mortality. Among patients with severe hyperbilirubinemia
who did not undergo drainage, 90-day mortality was 13.3%, significantly higher
than in the remaining groups (2.9% - 5.7%; P = 0.001). In 148 patients with ob-
structive jaundice undergoing (open or mixed) pancreaticoduodenectomy, Zhu et
al. [46] similarly concluded that drainage should be undertaken routinely when
bilirubin exceeds 250 umol/L, with the drainage interval limited to two weeks;
conversely, drainage in patients with mild jaundice increased the incidence of in-
tra-abdominal infection. With respect to technique, a Chinese expert consensus
[60] recommends selective preoperative drainage in patients with cholangitis, se-
vere jaundice (bilirubin > 300 umol/L in distal biliary obstruction), malnutrition,
or planned neoadjuvant therapy. For distal obstruction, endoscopic nasobiliary
drainage (ENBD) or endoscopic biliary stenting (EBS) is preferred over a 4 - 6
week drainage interval. However, that document does not specify a target pre-
operative bilirubin concentration for pancreatoduodenectomy. However, pre-
operative biliary diranage (PBD) remains controversial: some evidence suggests
PBD may increase overall complications in certain subgroups. Current evidence
therefore supports selective rather than routine PBD, reserving it for patients with
severe jaundice, cholangitis, or anticipated surgical delay.

Cao et al [61] proposed a goal-directed drainage strategy in a retrospective
analysis of 194 patients with pancreatic cancer and obstructive jaundice, defining
a target of TBIL < 93.0 pmol/L or a reduction of 268.5%. Achievement of this
target, at a median of three weeks, was associated with a lower incidence of PPH.
In a non-LPD-specific cohort of 292 patients undergoing pancreatoduodenec-
tomy, Chu et al. [45] found that reducing TBIL below 151.8 pmol/L before surgery
was associated with significantly fewer severe postoperative complications (P =
0.047). These thresholds and targets derive from individual retrospective studies
and shouldbe regarded asstudy-specific rather than universal recommendations.

Taken together, they suggest that a preoperative TBIL above approximately 250
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umol/L is commonly used as an indication forbiliary drainage in LPD candidates,
with ENBD or EBSpreferredwhere endoscopic expertise isavailable andpercuta-
neous transhepatic cholangial drainage (PTCD) an acceptable alternative; a drain-
age interval of approximately 2 - 3 weeks, aiming for a study-derived target such
as TBIL < 93 umol/L (or a reduction of 268.5%), may be reasonable. Such astrat-
egy permits recovery of hepatic reserve and correction of coagulopathy while lim-
iting the risk of infection from prolonged or unnecessary drainage.

In older patients and those with comorbidity, operative decisions should be
based on physiological reserve rather than chronological age alone. In a meta-
analysis of robotic pancreatoduodenectomy, Chrysikos et al [62] found that older
patients had significantly higher rates of severe complications (Clavien-Dindo >
III: OR 2.20), DGE (OR 2.34), and mortality (OR 3.42) than younger patients;
complication risk appeared to rise beyond 70 years and mortality beyond 80 years.
Preoperative evaluation should therefore include ASA grading, cardiopulmonary
assessment, and frailty screening, with targeted optimization—including correc-
tion of anemia and rate control—in patients with limited functional reserve [63]
[64]. In high-risk patients of ASA class III or above, preoperative management
should focus on correcting coagulation abnormalities and improving cardiopul-
monary reserve; where appropriate, a multidisciplinary team should assess the
risk-benefit balance of surgery and formulate an individualized perioperative plan
[65]. In hypertensive patients, blood pressure should be managed throughout the
perioperative period: preoperatively it should be brought below 180/110 mmHg
and as close to baseline as feasible; intraoperatively, marked fluctuation should be
avoided; and postoperatively, stress-related elevation should be monitored and
treated promptly [39]. In overweight and obese patients, preoperative weight re-
duction and meticulous dissection are advisable to minimize tissue trauma. Zhang
et al. [66] reported that protein-energy malnutrition significantly worsened in-
hospital outcomes after open pancreatoduodenectomy in patients with pancreatic
cancer; preoperative nutritional support should therefore form part of routine
preparation in high-risk patients.

Evidence for pharmacological prophylaxis remains limited. In a randomized
controlled trial, Chen et al [67] found that intraoperative dexmedetomidine at-
tenuated the early postoperative inflammatory response after LPD, with a non-
significant trend towards fewer pancreatic fistulae, less DGE, and fewer severe in-
tra-abdominal infections. Whether this translates into a reduction in infection-
related PPH remains to be established. A systematic review and meta-analysis by
Wang et al. [68] found the efficacy of prophylactic octreotide across open and
minimally invasivepancreatic resections to be inconclusive, and its use is best re-
served for selected high-risk patients.

In summary, preoperative optimization should center on goal-directed biliary
drainage and on assessment of organ reserve in older and comorbid patients, sup-
plemented by nutritional support and selective pharmacological prophylaxis. To-

gether these measures improve baseline physiological status and reduce the un-
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derlying risk of haemorrhage. Given ongoing debate, PBD is best reserved for se-
lected patients, for example thosewith severe jaundiceor cholangitis, and the de-
cision should be individualized according to jaundice severity, the presence of
cholangitis, the anticipated surgical delay, and local expertise, with study-specific

bilirubin thresholds used as guidance rather than fixed rules.

5.2. Improvements in Surgical Techniques

Improvements in surgical techniques are a key factor in reducing the risk of PPH,
encompassing four aspects: optimization of pancreatico-intestinal anastomosis
techniques, intraoperative hemostasis, protection of vascular stumps, and man-
agement of the learning curve. The quality of the pancreaticojejunal anastomosis
is a principal determinant of POPF, which in turn is the main driver of delayed
PPH. Although numerous anastomotic techniques have been described, guide-
lines recommend that surgeons use the method with which they are most expe-
rienced. Several modifications have been evaluated specifically for high-risk
glands—those with soft parenchyma and a main duct < 3 mm. In 112 patients
undergoing LPD with Chen’s pancreaticojejunostomy, Zhu et al. [69] reported an
overall grade B fistula rate of 7.1%, with no significant difference between sub-
groups with a soft versus firm gland (11.1% vs 4.5%; P = 0.264) or a narrow versus
wide duct (9.8% vs 5.6%; P = 0.461), indicating stable performance under unfa-
vorable anatomical conditions, with a mean anastomotic time of 27 min. The
modified Kakita duct-to-mucosa technique described by Zhao et al [70] requires
only six sutures and, in a series of 98 patients, had a median anastomotic time of
17 min; the overall grade B fistula rate was 4.1%, and 4.4% in the high-risk sub-
group with a soft gland and a duct < 3 mm, suggesting that the technique performs
consistently regardless of parenchymal texture or duct caliber. Li et al [71] re-
ported, in a series of 184 patients, a single-layer continuous duct-to-mucosa anas-
tomosis reinforced with two figure-of-eight sutures (the “1 + 2” technique), with
a median anastomotic time of 15 min (range 10 - 20) compared with 50 min for
conventional two-layer interrupted anastomosis (P < 0.001). Grade B/C fistula oc-
curred in 4.21% versus 12.34% (P = 0.044), with correspondingly lower rates of
intra-abdominal infection (2.11% vs 8.99%; P = 0.040) and a shorter hospital stay
(11 vs 13 days; P = 0.013). The “double-R” technique described by Tang et al. [72]
isolates the anastomosis from pancreatic secretions, with a mean anastomotic
time of 34 + 5 min. Among 35 patients undergoing LPD, no bleeding-related
deaths occurred, though the small sample size and lack of a control group limit
interpretation. Comparative data for representative anastomotic techniques are
summarized in Table 2.

Modifications to pancreatic duct drainage have also been reported. Tu et al [73]
described a split pancreatic duct stent, and Li et al [74] reported that a variable-
diameter duct catheter reduced the pancreatic leak rate from 9.89% to 2.70%.

The relative merits of pancreaticogastrostomy (PG) and pancreaticojejunos-

tomy (P]) remain debated. In a meta-analysis of open and mixed pancreatic
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Table 2. Comparison of representative pancreaticojejunal anastomotic techniques evaluated for pph prevention during LPD.

Anastomotic Grade B/C Evidence
Techni Author/Ref N Key Featur
echnique uthot/Ze Time (min) Fistula (%) ey Feature Level
7.1% Grade B Stable fistula rat
Chen’s Zhu et al. % Grade able fistua rate Level III
ticoiei " [69] 112 27 (soft 11.1% vs. across gland types (ret tive)
ancreaticojejunostom retrospective
p )€) Y firm 4.5%, P = 0.264) and duct calibers p
Only 6 sut 5
Modified Kakita Zhao et al. 4.1% Grade B ‘n Y .su 1%res . Level III
98 17 ] ) consistent in high-risk ]
duct-to-mucosa [70] (high-risk: 4.4%) (retrospective)
glands
« . Reduced infection
1 + 2” single-layer . 15 (10 - 20) 4.21% vs. 12.34% Level III
. Li etal (2.11% vs. 8.99%) .
continuous 184  vs. 50 (conv.) Grade B/C . (comparative
[71] and hospital stay .
duct-to-mucosa P <0.001 P =0.044 retrospective)
(11vs.13d)
Isolates anastomosis Level III
Tang et al. 0%* Grade B/C .
Double-R 35 34+5 from pancreatic (small sample,
[72] (0/35) .
secretions no control)

Abbreviations: conv., conventional two-layer interrupted anastomosis; Grade B/C, clinically relevant postoperative pancreatic fis-
tula. Evidence levels follow the Oxford Centre for Evidence-Based Medicine (OCEBM) 2011 classification. *Grade B/C (clinically
relevant) fistula rate of 0% derived from Tang ef a/: no clinically relevant pancreatic fistula was recorded among the 35 patients.

resections, Salman et al. [75] found a significantly lower incidence of clinically
relevant POPF after PG than after PJ (P = 0.043), but a significantly higher overall
incidence of PPH after PG (P = 0.018). Rates of clinically significant postoperative
bleeding did not differ between the two (P = 0.287). PG may therefore reduce CR-
POPEF at the cost of a higher overall haemorrhage rate. In practice, PJ remains the
preferred reconstruction because it is more physiological, and PG is reserved for
selected cases.

Intraoperative blood-flow control and protection of vascular stumps are central
to the prevention of PPH. In a predominantly open multicenter cohort of 5323
patients undergoing pancreatoduodenectomy, Seykora et al [50] found that in-
creased intraoperative blood loss was significantly associated with adverse out-
comes, including PPH, supporting the use of an intraoperative blood-loss alert
threshold. Tan et al [76] described blood-flow control strategies—including early
devascularization and dual-system pre-occlusion—that reduced intraoperative
blood loss and, in their series, the risk of postoperative haemorrhage. Vascular
anatomy and its variants should be assessed preoperatively by contrast-enhanced
CT, and the gastroduodenal artery (GDA), common hepatic artery, and superior
mesenteric vein should be handled with meticulous dissection. Rupture of the
GDA stump is a major cause of PPH. Yu et a/ [77] and Wang et al. [78] reported
that wrapping the GDA stump and the hepatic artery at the porta hepatis, respec-
tively, with the ligamentum teres hepatis was associated with a lower incidence of
PPH after LPD. In 272 patients undergoing LPD, Liu et al [79] found that wrap-
ping the GDA stump with the ligamentum teres hepatis and the falciform liga-
ment, combined with a modified Blumgart anastomosis, reduced the incidence of
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clinically relevant postoperative pancreatic fistula and Clavien-Dindo grade > II
complications. Finally, as discussed in Section 4.2.3, blood loss, operative time,
and complication rates all improve with accumulated experience; LPD should
therefore be performed in high-volume centers with an established pancreatic sur-
gery program, and the learning curve managed through structured training under
senior supervision. Specifically, Yu et al [77] reported that LTH wrapping re-
duced GDA stump bleeding from 7.9% to 0% (n = 148). Wang et al [78] con-
firmed LTH as an independent protective factor (PPH 0% vs. 11.3%, P = 0.019, n
= 131) with shorter hospital stay (12 vs. 15 days, P < 0.001). The two-parts wrap-
ping technique has also demonstrated significant efficacy [80]. Hepaticojejunos-
tomy insufficiency represents an additional source of arterial hemorrhage after
pancreatic surgery [58].

In summary, technical refinement should proceed across four domains: preci-
sion in pancreaticojejunal anastomosis, systematic control of blood flow, deliber-
ate protection of vascular stumps, and structured management of the learning
curve. The optimal material for wrapping the GDA stump—Iligamentum teres
hepatis, falciform ligament, autologous liver tissue, or greater omentum—has not
been established in randomized trials and warrants further study. LTH wrapping
reduces GDA stump bleeding from 7.9% to 0% [77] and is independently protec-
tive against PPH (0% vs. 11.3%, P = 0.019) [78].

5.3. Postoperative Monitoring and Early Intervention

Postoperative surveillance and early intervention represent the final opportunity
to interrupt the fistula-infection-haemorrhage sequence and to improve outcomes
in PPH. Routine monitoring should encompass vital signs (blood pressure, heart
rate, respiratory rate), the character and volume of abdominal drain output, serial
haemoglobin concentrations, and coagulation indices. In a review of coagulation
disorders in sepsis, Iba et a/. [81] observed that serial trends in platelet count, pro-
thrombin time/international normalised ratio, fibrinogen, and D-dimer are more
informative than isolated threshold values—a principle that applies equally to co-
agulation monitoring after LPD. Shiozaki ef al [82] reported that a second fall in
the eosinophil ratio after (open or mixed) pancreatoduodenectomy predicted se-
vere complications, including PPH, with an area under the receiver operating
characteristic curve of 0.96 (95% CI 0.93 - 0.99), although this finding requires
external validation. Where haemorrhage is suspected, CT angiography (CTA) or
digital subtraction angiography (DSA) should be undertaken promptly to localise
the source and direct treatment.

Recognizing sentinel bleed provides a critical window to pre-empt delayed ma-
jor haemorrhage. In 1991, Brodsky and Turnbull [30] described the sentinel bleed:
a small volume of blood appearing in the abdominal drain or nasogastric tube
before major haemorrhage, in a patient whose vital signs remain stable and whose
haemoglobin has fallen only slightly. Such an event frequently heralds subsequent,

potentially fatal haemorrhage, most often from rupture of a pseudoaneurysm. Ar-
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terial bleeding from a ruptured pseudoaneurysm may rapidly precipitate haemor-
rhagic shock, and mortality from severe PPH has been reported to reach 29% [23].
In 76 patients with pseudoaneurysm after mixed open and minimally invasive
pancreatic surgery, Liu et al. [83] found that pseudoaneurysm formation was sig-
nificantly associated with POPF, intra-abdominal infection, and a serum albumin
< 30 g/L. Patients with a sentinel bleed therefore warrant intensive monitoring.
Even when haemodynamically stable, they should undergo contrast-enhanced
CT, CTA, or DSA without delay to exclude a pseudoaneurysm or arterial stump
rupture. If either is confirmed, prompt embolization, covered stent placement, or
operative repair is indicated.

Preventing and managing pancreatic fistula and intra-abdominal infection re-
quire several concurrent measures: judicious antimicrobial therapy, somatostatin
analogs to reduce exocrine secretion, and adequate drainage to limit enzymatic
erosion of adjacent vessels. In established pancreatic fistula, conservative
measures should be initiated without delay: nil by mouth, gastrointestinal decom-
pression, suppression of pancreatic secretion, and double-lumen tube irrigation.
Nutritional support should be optimized, fluid and electrolyte balance main-
tained, and conditions favorable to anastomotic healing preserved. In patients
with active bleeding or haemodynamic instability, resuscitation should be goal-
directed, guided by haemoglobin concentration, coagulation status, and indices of
tissue perfusion, with packed red cells, fresh frozen plasma, platelets, and fibrino-
gen concentrate administered as required.

In summary, postoperative surveillance should be based on serial assessment of
vital signs and drain output, with recognition of the sentinel bleed as the principal
early-warning signal and cross-sectional imaging for localization, thereby estab-
lishing an uninterrupted pathway from detection to intervention. Novel bi-
omarkers, such as a second fall in the eosinophil ratio, [82] may further improve
the timeliness and accuracy of early warning. Prevention of haemorrhage after
LPD thus rests on a continuous perioperative model comprising preoperative risk
assessment, intraoperative technical optimization, and early postoperative detec-
tion (Figure 1). Close multidisciplinary collaboration offers the best prospect of
reducing both the incidence and the mortality of PPH. Emerging biomarkers such

as the second-drop eosinophil ratio [82] may enhance early detection.

6. Treatment Strategies for Postoperative Bleeding

Management of haemorrhage after LPD should follow a stepwise algorithm deter-
mined by haemodynamic status, the timing of bleeding, and ISGPS severity grade.
The ISGPS grades PPH as A (mild), B (moderate), or C (severe). Treatment prin-
ciples may be summarized as follows: conservative management for mild bleed-
ing; endovascular intervention as first-line therapy for moderate-to-severe bleed-
ing; and prompt surgical exploration when the patient is haemodynamically un-
stable or endovascular treatment has failed. These approaches are considered be-

low in order of increasing intensity.
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l. Preoperative Optimization

v v v v

Nutrition & Pharmacologic

Preoperative Biliary Drainage Functional Reserve Assessment Comorbidity Control Probhvlaxi
rophylaxis
TBIL > 250 pmol/L; ASA, cardiopulmonary, BP < 180/110 mmHg; Preoperative nutritional support;
Target < 93 pmol/L frailty manage BMI, correct coagulation individualized somatostatin '

Il. Intraoperative Technical Optimization

v
Optimizi(:‘:’se::;:iastoenteric Intraoperative Blood Flow Control ) Vascular Stump Protection
Chen's anastomosis, Devascularization first, Contrast-enhancgd CT for
duct-to-mucosa PJ preferred dual-system pre-clamping; VTR R
to lower POPF alert when blood loss > 750 mL wrap GDA stump with round ligament
[ Learning Curve Management: Perform at high-volume centers; 42-50 cases to complete the transition ]
lll. Postoperative Monitoring & Early Intervention
== p e < .
Routine Monitoring Sentinel Bleed Recognition Fistula & Infection Control
Vital signs, drainage character Minor bleeding from drain Antibiotics, somatostatin analogs;
and volume; dynamic trends or gastric tube; hemodynamics adequate drainage,
of Hb and coagulation indices | still stable J double-lumen irrigation
) s i — —5 S -
Contrast-Enhanced CT / CTA/ DSA
Immediately localize the bleeding site when hemorrhage is suspected
o W o e =
I Confirmed Hemorrhage: Initiate the Treatment Pathway ]
\, ________________________________________________________________________________________ 4

Figure 1. Perioperative prevention flowchart for postoperative bleeding following laparoscopic pancreaticoduodenectomy. Abbre-
viations: LPD, laparoscopic pancreaticoduodenectomy; TBIL, total bilirubin; ASA, American Society of Anesthesiologists classifi-
cation; BMI, body mass index; POPF, postoperative pancreatic fistula; PJ, pancreaticojejunostomy; GDA, gastroduodenal artery;
Hb, hemoglobin; CTA, computed tomography angiography; DSA, digital subtraction angiography.

Treatment should also be tailored to the site of bleeding. In haemodynamically
stable patients with intraluminal (gastrointestinal) bleeding—presenting as hae-
matemesis, melaena, or blood via the nasogastric tube—upper gastrointestinal en-
doscopy should generally precede CTA or angiography, because it permits direct
identification and endoscopic haemostasis of anastomotic bleeding (for example,
from the gastrojejunostomy, hepaticojejunostomy, or pancreaticojejunostomy) or
stress ulceration. By contrast, CTA or DSA should be the first-line investigation
when the bleeding is extraluminal (sanguineous drain output), when the patient
is haemodynamically unstable, when a sentinel bleed raises suspicion of a pseu-
doaneurysm or arterial stump rupture, or when endoscopy has been negative or
cannot be completed; these situations point to an arterial source requiring angio-
graphic localization and endovascular or surgical control. Distinguishing intralu-
minal anastomotic bleeding from suspected arterial or pseudoaneurysmal bleed-
ing in this way avoids unnecessary delay in definitive treatment. Of note, the evi-
dence for interventional and surgical management of PPH derives predominantly
from open or mixed pancreatic resection cohorts, because LPD-specific treatment
series remain limited; the underlying haemostatic principles are nevertheless di-

rectly applicable to bleeding after LPD.
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6.1. Conservative Treatment

Conservative management is appropriate for haemodynamically stable patients
with minimal blood loss (ISGPS grade A) and no evidence of active arterial bleed-
ing [11]. Key measures comprise continuous cardiac monitoring; nil by mouth;
fluid resuscitation and transfusion to correct hypovolaemia; correction of coag-
ulopathy with fresh frozen plasma, platelets, fibrinogen concentrate, or prothrom-
bin complex concentrate; gastric mucosal protection with proton-pump inhibi-
tors; somatostatin or its analogs to suppress pancreatic secretion and thereby limit
enzymatic erosion of adjacent vessels; and hemostatic agents and antimicrobial
therapy where indicated [84] [85]. Somatostatin-like drugs have a dual effect in
these patients: on the one hand, they reduce corrosion of the vascular stumps by
inhibiting pancreatic secretion; on the other hand, their pharmacological proper-
ties—which constrict visceral blood vessels and reduce visceral blood flow—the-
oretically also help reduce bleeding volume, although this effect is primarily based
on studies of portal hypertension and variceal bleeding [86]. Many patients with
grade A PPH resolve with conservative management alone. Close observation is
nonetheless essential: a progressive fall in haemoglobin, increasing sanguineous
drain output, haemodynamic instability, or rising transfusion requirement should
rajse suspicion of active arterial bleeding and prompt escalation to endovascular

or surgical treatment.

6.2. Interventional Treatment

Endovascular therapy is the principal treatment for moderate-to-severe PPH in
patients who are haemodynamically stable or have been stabilized by resuscita-
tion, and is indicated for arterial bleeding, ruptured pseudoaneurysm, and failure
of conservative management. DSA permits simultaneous localization and treat-
ment of the bleeding source. Fang et al. [26] reported a diagnostic yield of 66.7%
for DSA in PPH, with successful haemostasis by transarterial embolization (TAE)
in 87.5% (14/16) of cases. In a multicentre cohort of 4062 pancreatic resections,
Gao et al. [25] found that early haemorrhage after pancreatoduodenectomy arose
most often from branches of the common hepatic and superior mesenteric arter-
ies; endovascular embolization permitted rapid localisation and selective occlu-
sion, with significant reductions in ICU admission and postoperative mortality.
In a nine-year series of 76 postoperative pseudoaneurysms, Liu et a/. [83] found
that these arose most frequently from the common hepatic artery and its branches
(32.9%) and the superior mesenteric artery and its branches (28.9%), followed by
the GDA and its branches (15.8%); technical and clinical success were both
achieved in 100% of cases, although the small single-center sample limits general-
isability. Pottier et al [27] employed endovascular therapy as first-line treatment
for delayed PPH in 69 patients. Technical success at the initial procedure was 70%,
and re-bleeding occurred in 43%; with repeated intervention, 74% were ultimately
managed by endovascular means alone, while 26% required surgery. For patients

with negative angiography, Guan et al. [28] suggested that empirical embolization
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of high-risk feeding vessels—the GDA stump, hepatic artery, left gastric artery,
splenic artery, and dorsal pancreatic artery—may be preferable to conservative
management in reducing re-bleeding. Ono et al. [87] reported successful percuta-
neous transhepatic coil embolization and covered stent placement for extrahe-
patic portal venous bleeding after pancreatic surgery, extending minimally inva-
sive options to the portal system.

Endovascular therapy has become the first-line treatment for haemodynami-
cally stable patients with moderate-to-severe PPH, with reported technical success
rates of 70% - 100%. Compared with surgery, it is less invasive, more selective,
and associated with faster recovery. Covered stents achieve haemostasis while pre-
serving flow in critical arteries, whereas superselective embolization of peripheral
branches limits the risk of organ ischemia. Selected cases of portal venous haem-
orrhage may likewise be managed by percutaneous puncture with coils or covered
stents [87]. When angiography is negative, however, the choice between empirical
embolization and conservative management remains unresolved. Guan et al. [28]
found that empirical embolization may reduce re-bleeding, at the cost of is-
chaemic complications—hepatic, biliary, or gastrointestinal ischemia and splenic
infarction. Conservative management avoids procedural risk but may delay defin-
itive treatment of occult haemorrhage. The decision must therefore take account
of the rate of bleeding, the presence of infection, and the adequacy of collateral
circulation. Long-term complications of endovascular therapy—stent infection,

in-stent thrombosis, and restenosis—also remain incompletely characterized.

6.3. Surgical Intervention

Surgery is indicated for persistent massive haemorrhage, haemodynamic instabil-
ity (ISGPS grade C), or failure of conservative and endovascular treatment [84]
[85] [88]. The objectives are rapid haemostasis, debridement of infected and ne-
crotic tissue, control of associated pancreatic or biliary fistula, and prevention of
re-bleeding. Exploration should be systematic: the operative field is first fully ex-
posed, the bleeding source identified, and the responsible vessel suture-ligated,
with vascular clips applied as an additional safeguard where necessary [23] [89]
[90].

Where haemorrhage is complicated by pancreatic or biliary fistula and perito-
neal infection, marked local inflammation and edema obscure the tissue planes,
and the bleeding source may be difficult to identify at exploration. Evacuation of
intraperitoneal blood and clot should be performed first. Exploration should then
proceed from superficial to deep and from distal to proximal, so progressively ex-
posing the suspected source and avoiding iatrogenic vascular or bowel injury from
blind dissection. Once blood has been evacuated, the field should be irrigated co-
piously with normal saline and necrotic tissue around the anastomoses should be
removed. Where adhesions are dense, the field is deep, or anatomical planes are
indistinct, adjunctive measures include local compression, ligation, packing, tis-
sue coverage, and intraoperative ultrasound. When slow bleeding cannot be local-

ized despite thorough exploration, haemostasis may be achieved by mass suture
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e Fluid resuscitation, transfusion, correct coagulation

of the affected area together with adjacent healthy tissue, and suspected sources
should be ligated with non-absorbable suture (for example, polypropylene).
Zhang et al. [48] reported that re-operation after LPD was performed predomi-
nantly for haemorrhage and pancreatic fistula, underlining the need to address
fistula and intra-abdominal infection during the same procedure. Exposed vascu-
lar stumps should be covered with autologous tissue—the ligamentum teres hepa-
tis, falciform ligament, or greater omentum—to reduce the risk of re-bleeding
[77]-[80]. Attention should also be given to revision of the pancreaticojejunal anas-
tomosis and to optimizing drainage, using techniques such as a modified anasto-
mosis, pancreatic duct stenting, and retro-anastomotic drainage, so as to reduce
the risk of recurrent fistula and secondary haemorrhage [71]-[75] [91].

In summary, surgery is the definitive recourse within the graded management
of PPH, and its principal value lies in addressing haemorrhage, infection, and fis-
tula at a single procedure. The optimal timing of re-operation remains undefined:
early surgery may be technically more difficult and carry a higher risk of re-bleed-
ing because of inflammation and oedema, whereas delay risks irreversible haem-
orrhagic shock and multi-organ failure. Current evidence favours early explora-
tion after adequate resuscitation, although the decision should be taken by a mul-
tidisciplinary team, weighing the rate of bleeding, the patient’s physiological re-
serve, and the interval since failure of endovascular treatment.

Management of haemorrhage after LPD should therefore proceed stepwise: as-
sessment of haemodynamic status, characterisation of the bleeding, and selection

of conservative, endovascular, or operative treatment accordingly (Figure 2).

[ Confirmed Post-LPD Hemorrhage (from Figure 1) J

!

_

Integrated Judgment based on timing, S|te and rate of bleeding

Assess Hemodynamic Status & ISGPS Grade J
B ’T — . .

v

!

= Conservative Management
(Grade A - Mild)

e Stable, low volume, no evidence of

arterial bleeding

Endovascular Intervention Open Surgery
/7 j{& (Grade B-C - Stable) / % (Grade C - Unstable / Failed)
Stable or stable after resuscitation, Unstable, persistent massive hemorrhage

artenal bleeding

NPO, continuous cardiac monitoring

Acid suppression, somatostatin, enzyme inhibition

Hemostatics and anti-infectives as needed

l

o DSA for concurrent localization and hemostasis o Evacuate hematoma, explore superficial to deep
e Superselective embolization or coiling o Suture-ligate the culprit vessel and reinforce
o Covered stent to preserve main-trunk flow o Concurrently manage fistula and abdominal sepsis
e Empiric embolization if angiography is negative e Cover vascular stump with autologous tissue
| " J
v

Stepwise Escalation Pathway

During conservative management: falling Hb, increasing bloody drainage, or unstable vitals — escalate to intervention

Interventional technical success 70-100%,; rebleeding rate ~43%,; recurrent bleeding or failed intervention — convert to open surgery

v

MDT Collaboration Throughout: Simultaneously address bleeding, infection, and gastrointestinal fistula

Figure 2. Flowchart for the treatment of postoperative bleeding following laparoscopic pancreaticoduodenectomy. Abbreviations:

LPD, laparoscopic pancreaticoduodenectomy; PPH, post-pancreatectomy hemorrhage; ISGPS, International Study Group of Pan-

creatic Surgery; Hb, hemoglobin; DSA, digital subtraction angiography; MDT, multidisciplinary team.
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7. Future Prospects

Management of haemorrhage after LPD is largely reactive at present; the field is
likely to shift towards earlier prediction and more targeted intervention. First, risk
prediction models that draw on large clinical datasets, radiomics, and machine
learning may allow high-risk patients before major haemorrhage occurs. Second,
diagnostic and therapeutic pathways following a sentinel bleed require standard-
ization, with explicit indications for CTA, DSA, and pre-emptive embolization.
Third, endovascular technique may be refined further, including superselective
embolization, covered stent materials, empirical embolization for angiograph-
ically negative bleeding, and minimally invasive management of portal venous
haemorrhage. Novel topical haemostatic agents, enzyme-resistant vascular wrap-
ping materials, biodegradable covered stents, and robot-assisted re-operation also
merit investigation. With continued development of multidisciplinary pathways,
the management of PPH should evolve from reactive haemostasis towards an in-
tegrated strategy of risk prediction, early detection, targeted intervention, and pre-

vention of recurrence.

8. Conclusion

Haemorrhage after LPD is a serious complication that significantly affects out-
come, and its pathogenesis spans the preoperative, intraoperative, and postoper-
ative periods. As noted above, PPH occurs in 1% - 8% of patients, with a mortality
of 11% - 38%. Contributing factors include preoperative hyperbilirubinaemia, ad-
vanced age, hypertension, high ASA class, and elevated BMI; substantial in-
traoperative blood loss and transfusion, a soft pancreatic parenchyma (with cor-
respondingly reduced suture-holding capacity), and a main pancreatic duct < 3
mm; and postoperative pancreatic fistula and intra-abdominal infection. Among
these, the sequence pancreatic fistula > intra-abdominal infection - vascular ero-
sion > pseudoaneurysm > delayed haemorrhage is of greatest clinical importance.
Prevention should span the whole perioperative period: preoperatively, individu-
alized biliary drainage according to jaundice severity, cholangitis, anticipated sur-
gical delay, and local expertise (with study-specific thresholds and targets), blood
pressure control, correction of coagulopathy, and nutritional support; intraoper-
atively, meticulous dissection, thorough haemostasis, an optimised pancreati-
cojejunal anastomosis (for example, a modified Chen’s or duct-to-mucosa tech-
nique), and vascular protection by wrapping with the ligamentum teres hepatis or
the falciform ligament; and postoperatively, close monitoring of vital signs, drain
output, and emerging predictive biomarkers to identify a sentinel bleed. Treat-
ment should be stratified by severity and haemodynamic status, with conservative,
endovascular, or operative management selected accordingly; DSA with TAE,
which achieves success rates of 70% - 100%, is the first-line option for haemody-
namically stable patients. Refined risk prediction (for example, nomograms), im-
proved endovascular technique, and better-defined multidisciplinary pathways
should together reduce both the incidence and the mortality of PPH.
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