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A B S T R A C T   

The incidence of postoperative pancreatic fistula is influenced by the effectiveness of the pan-
creaticojejunostomy, and the most suitable pancreaticojejunostomy for pan-
creaticoduodenectomy remains uncertain. Since grade A postoperative pancreatic fistula is no 
longer considered a true fistula, the purpose of this meta-analysis was to compare the effective-
ness of duct-to-mucosa anastomosis and invagination anastomosis in reducing the incidence of 
grade B/C postoperative pancreatic fistula. The meta-analysis was conducted using software 
Review Manager 5.3, and the fixed-effect model was employed for pooled statistic calculations. 
The Cochrane Collaboration Risk of Bias Tool was utilized for quality assessment. Ten randomized 
controlled trials from Embase, Web of Science, MEDLINE, and the Cochrane Library 
(1990.01–2022.10) including 1471 patients, met the inclusion criteria. This meta-analysis has 
been registered on PROSPERO with the registration number CRD42023491673. The incidence of 
grade B/C fistula was significantly lower in the invagination group (7.7 %) compared to the duct- 
to-mucosa group (12.8 %, mostly Cattell manner)(RR = 1.65, 95%CI: 1.14–2.39, P = 0.008; 
heterogeneity: P = 0.008, I2 = 68 %),heterogeneity among the results was addressed through 
sensitivity analysis. In patients with a soft pancreas, the incidence of grade B/C fistula was 
significantly lower in those who underwent invagination anastomosis (10 %) compared to those 
who underwent duct-to-mucosa anastomosis (41.9 %)(RR = 4.19, 95%CI: 1.33–13.25, P = 0.01). 
No significant differences were observed in terms of the occurrence of grade B/C fistula in firm 
pancreas, postoperative mortality, other major postoperative complications, anastomosis time, 
and postoperative bile leak. Therefore, we concluded that invagination anastomosis is signifi-
cantly superior to duct-to-mucosa anastomosis in reducing the incidence of grade B/C fistula, 
especially in patients with a soft pancreas.  
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1. Introduction 

Pancreaticoduodenectomy is a viable surgical procedure for suitable patients with a resectable tumor in the pancreatic head or 
periampullary region, as well as certain benign diseases presenting with distinct clinical manifestations, such as mass-chronic 
pancreatitis of the pancreatic head. Nevertheless, owing to the extensive resection and the utilization of multiple methods for anas-
tomosis in alimentary tract reconstruction, pancreaticoduodenectomy often results in a significant occurrence of postoperative 
morbidity, which can reach up to 50 % [1,2]. 

Currently, two reconstruction methods are commonly used for the pancreatic stump and alimentary tract: pancreaticogastrostomy 
and pancreaticojejunostomy. Among these, pancreaticojejunostomy is preferred because it has a lower incidence of post- 
pancreatectomy hemorrhage and better long-term outcomes in terms of pancreatic exocrine function and patient nutrition [3,4]. 
The use of pancreaticogastrostomy has become less common, pancreaticojejunostomy now being the primary method for 
pancreato-digestive tract reconstruction [5,6]. 

Postoperative pancreatic fistula (POPF) is a severe complication that can occur after pancreaticoduodenectomy and has the po-
tential to be life-threatening due to subsequent abdominal hemorrhage or sepsis. POPF usually arises as a result of dehiscence in the 
pancreatic-intestinal anastomosis [7], making it imperative to effectively manage the pancreatic remnant following pan-
creaticoduodenectomy. The effectiveness of different methods of pancreaticojejunostomy in preventing POPF has been extensively 
studied, with one of the key areas of research being the need for duct-to-mucosa anastomosis in pancreaticojejunostomy [8,9]. 

Varco (1945) was the pioneer in introducing the concept of duct-to-mucosa anastomosis, as described in his groundbreaking case 
report [10]. This technique ensures that the main pancreatic duct directly drains into the intestine, thereby maintaining the continuity 
of the pancreatic duct and jejunal mucosa. This facilitates tissue healing and is consistent with physiological processes. The invagi-
nation anastomosis method is a straightforward and easily executed procedure. It involves fully inserting the pancreatic stump into the 
lumen of the jejunum, thereby enabling drainage of both the cut surface of the pancreatic stump and the main pancreatic duct [11]. 
Both methods have their advantages in pancreatic stump drainage. However, it remains to be determined which technique has a lower 
incidence of POPF. 

Several meta-analyses have been conducted to compare the benefits of duct-to-mucosa anastomosis and invagination anastomosis 
in reducing the incidence of POPF. However, no definitive conclusions have been reached. The latest meta-analysis conducted by Hai 
et al. was unable to ascertain the superior approach for reducing the incidence of POPF [12]. Cao et al. conducted a meta-analysis that 
included seven randomized controlled trials (RCTs) and concluded that invagination anastomosis is more advantageous than 
duct-to-mucosa anastomosis in reducing the incidence of grade B/C POPF after pancreaticoduodenectomy [13]. However, while the 
authors claimed to have used the newest International Study Group Definition and Grading of POPF (ISGPF Definition) in 2016 for 
comparison [14], all the included studies in their articles still adhered to the ISGPF Definition of 2005 [15]. Therefore, this indis-
criminate direct application approach appears to lack rationality. Zhang et al. and Sun et al. found no significant difference in the 
prevention of overall and grade B/C POPF between duct-to-mucosa anastomosis and invagination anastomosis [16,17]. However, Hua 
et al. concluded that invagination anastomosis was not superior to duct-to-mucosa anastomosis in terms of overall POPF but appeared 
to reduce grade B/C POPF [18]. As a result, there is still ongoing controversy regarding which pancreaticojejunostomy technique is 
more advantageous in reducing the incidence of POPF after pancreaticoduodenectomy. 

Since grade A POPF is no longer considered a true pancreatic fistula according to the ISGPF Definition 2016, we conducted a meta- 
analysis based on 10 RCTs to investigate the safety and efficacy of duct-to-mucosa anastomosis and invagination anastomosis in 
reducing the incidence of grade B/C POPF (clinically relevant POPF). Additionally, we aimed to determine the superiority in terms of 
time efficiency between the two anastomosis methods. Subgroup analysis was conducted to investigate the effect of the two anasto-
mosis methods on the incidence of grade B/C POPF in patients with different pancreatic textures, furthermore, the impact of the two 
methods on grade B/C POPF was examined when pancreaticojejunostomy was not accompanied by either internal or external stent 
drainage. 

2. Materials and methods 

2.1. Methods 

This meta-analysis adhered to the guidelines outlined in the Preferred Reporting Items for Systematic Reviews and Meta-analysis 
(PRISMA) 2020 statement: An updated guideline for reporting systematic reviews [19]. This meta-analysis has been registered on 
PROSPERO, the registration number is CRD42023491673, and the registration title is ‘Is Duct-to-Mucosa Pancreaticojejunostomy 
Necessary after Pancreaticoduodenectomy: A meta-analysis of randomized controlled trials’. 

2.2. Data sources and search Strategies 

The meta-analysis utilized several electronic databases as retrieval tools: Embase, Web of Science, MEDLINE (Pubmed and Ovid), 
and the Cochrane Library (CENTRAL). A comprehensive literature search was conducted to identify relevant studies comparing duct- 
to-mucosa pancreaticojejunostomy with alternative types of pancreaticojejunostomy following pancreaticoduodenectomy from 
January 1990 to October 2022. The keywords employed for retrieval included ’pancreaticoduodenectomy’, ’duct-to-mucosa’, 
’invagination’, ’anastomosis’, ’pancreaticojejunostomy’, and ’pancreatic fistula’. The search strategy was established as follows: 
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(“pancreaticoduodenectomy” OR “pancreatoduodenectomy”) AND “duct-to-mucosa” AND (“invagination” OR “invaginate” OR 
“invaginating” OR “invaginated”) AND (“anastomosis” OR “pancreaticojejunostomy”) AND “pancreatic fistula”. Relevant studies from 
reference lists and recommended studies from databases were also manually retrieved. 

2.3. Inclusion and exclusion criteria 

During the initial selection process and full-text assessment stages, two independent reviewers (X.F. Hao and Y. Li) evaluated the 
eligibility of the retrieved studies. In order to ensure a robust research direction and minimize confounding bias in the current meta- 
analysis, the studies were required to meet the following criteria.  

1) Only RCT literature was considered for inclusion;  
2) Patients (age≥18y) with a diagnosis of malignant or benign pancreatic, periampullary, duodenal, or billiary disease that required 

surgical intervention;  
3) Only patients who had undergone pancreaticoduodenectomy were included. Pancreaticoduodenectomy encompassed standard 

pancreaticoduodenectomy, pyloric-preserving/resecting pancreaticoduodenectomy, or subtotal stomach-preserving 
pancreaticoduodenectomy;  

4) The reconstruction method for the pancreatic stump and alimentary tract was limited to pancreaticojejunostomy. Studies that 
reported pancreaticogastrostomy were excluded;  

5) Studies comparing duct-to-mucosa anastomosis with non-duct-to-mucosa anastomosis, specifically invagination anastomosis, were 
included;  

6) There were no language restrictions for the included studies;  
7) The selected studies must have reported the incidence of POPF after pancreaticoduodenectomy at least. 

2.4. Outcomes of interest 

Based on the primary objective of this meta-analysis, the incidence of grade B/C postoperative POPF was identified as the primary 
outcome. The secondary outcomes were established to assess the potential superiority of duct-to-mucosa anastomosis in terms of safety 
and operative efficiency. 

2.4.1. Primary outcomes  

1) The incidence of grade B/C POPF (clinically relevant POPF), as assessed by the ISGPF Definition in 2005 or 2016, was examined; 

2.4.2. Secondary outcomes  

1) Postoperative mortality;  
2) The incidence of other major postoperative complications (excluding POPF, with a Clavien-Dindo grade III or higher);  
3) Incidence of postoperative bile leak;  
4) The duration of the anastomosis procedure for pancreaticojejunostomy. 

2.5. Study selection 

The study selection process followed the PICOS principle (Participants, Interventions, Comparisons, Outcomes, Study types). Two 
review authors, X.F. Hao and Y. Li, independently screened the titles and abstracts of the preliminarily retrieved studies during the 
initial selection process. In this process, non-RCTs and irrelevant studies were excluded by applying the predetermined inclusion and 
exclusion criteria. This step was taken to identify studies that potentially met the eligibility criteria. During the full-text assessment, 
both authors thoroughly read the full text of the potentially eligible studies and evaluated them based on the inclusion and exclusion 
criteria. This process determined which studies were suitable for quantitative synthesis (meta-analysis). Any disagreements in the 
study selection process were resolved through discussion among the work group. 

2.6. Data extraction 

The relevant information regarding the study characteristics and outcomes from the included studies was independently extracted 
by the two review authors, X.F. Hao and Y. Li.  

⋅ Study characteristics: study design, publication date, country, sample size, randomization scheme;  
⋅ Participants: number, sex, age, diagnosis;  
⋅ Types of interventions: operation methods, anastomosis methods;  
⋅ Outcome measures: primary and secondary outcomes. 

The accuracy and correctness of the extracted data were subsequently verified by the authors, X.F. Hao and Y. Li. In cases of 
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disagreement, resolutions were reached through group discussions. 

2.7. Study quality assessment 

The quality assessment of the included RCTs was conducted using the Cochrane Collaboration Risk of Bias Tool [20], which pri-
marily emphasizes the analysis of methodological quality and risk of bias in the included studies. The assessment items were as follows.  

⋅ Selection bias: random sequence generation and allocation concealment;  
⋅ Performance bias: blinding of participants and personnel;  
⋅ Detection bias: blinding of outcome assessment;  
⋅ Attrition bias: incomplete outcome data;  
⋅ Reporting bias: selective reporting;  
⋅ Other potential sources of bias. 

Fig. 1. Flow diagram of study selection.  
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2.8. Statistical analysis 

The present meta-analysis was conducted using software Review Manager 5.3(RevMan 5.3) obtained from Cochrane Collaboration. 
Risk ratios (RRs) were employed to calculate dichotomous variables, while weighted mean differences (WMDs) were used for 
continuous variables. The heterogeneity was evaluated using the Chi [2] test. If no significant heterogeneity was observed in the results 
of the included studies (P > 0.10), a fixed-effect model (Mantel-Haenszel method) was selected for pooled statistic calculations. 
However, if the P value of heterogeneity was≤0.10, it suggested the presence of substantial heterogeneity in the results of the included 
studies, which prompted either the use of a random effects model for pooled statistic calculations or the performance of a subgroup 
analysis. For the measuring heterogeneity, if I2 was ≤50 %, the heterogeneity was considered acceptable. Finally, a funnel plot was 
utilized for assessing publication bias. 

3. Results 

3.1. Included studies and study characteristics 

A total of 239 original records were initially retrieved through database searching (n = 237) and other sources (n = 2). After 
removing duplicates, a total of 84 records were subjected to the initial selection process. Subsequently, 72 records were excluded due 
to their classification as irrelevant studies, review articles, case reports, or non-randomized studies. The remaining 12 records un-
derwent full-text assessment, resulting in the exclusion of two records. One record was excluded due to its comparison of different 
types of duct-to-mucosa anastomosis, while the other record involved pancreaticogastrostomy. Ultimately, 10 RCTs were considered 
eligible for inclusion in this meta-analysis [21–30]. All assessments were conducted based on the predefined inclusion and exclusion 
criteria outlined in the protocol. A flow diagram illustrating the study selection process is presented in Fig. 1. 

A total of 1471 patients, comprising 853 men and 618 women, were included from the 10 RCTs. Among these patients, 732 were in 
the duct-to-mucosa pancreaticojejunostomy group, while 739 were in the invagination pancreaticojejunostomy group. Out of the 
included RCTs, seven used the ISGPF Definition 2005 to define POPF [24–30], and six of them also assessed the severity of POPF based 
on this definition [24,26–30]. The characteristics of the included studies are summarized in Table 1, while Table 2 presents the 
operation methods, description of pancreaticojejunostomy methods, and other relevant procedures. 

3.2. Quality assessment of the included studies 

We employed the Cochrane Collaboration Risk of Bias Tool to evaluate the quality of the RCTs included in our study. Detailed 
descriptions of ’random sequence generation’ were not provided in four studies [21,23,26,29], hence, we assessed these studies as 
having an ’unclear risk of bias’ in this item. Four studies did not provide information regarding the ’allocation concealment’ and were 
deemed to have an “unclear risk of bias” in relation to this aspect [21,22,25,27]. Due to the inability of the surgeons to be blinded 
during the operations, all the studies included in the analysis were deemed to have a “high risk of bias” in terms of ‘blinding of 
participants and personnel’. In one study, which was conducted as an open-label trial, the ’blinding of outcome assessment’ item was 

Table 1 
Characteristics of the included studies.  

Study Date Country Group Patient Sex (M/ 
F) 

Age (range or 
SD) 

Pancreatic Texture 
(S/F) 

Primary 
Outcome 

Definition 

Chou et al. [21] 1996 China D-M 47 23/24 60 ± 11 NM NM Non-ISGPF 
Invagination 46 27/19 56 ± 12 

Bassi et al. [22] 2003 Italy D-M 72 40/32 62 ± 10 72/0 NM Non-ISGPF 
Invagination 72 46/26 61 ± 12 72/0 

Langrehr et al. 
[23] 

2005 Germany D-M 56 34/22 59 (28–86) NM NM Non-ISGPF 
Invagination 57 32/25 60 (35–79) 

Beger et al. [24] 2009 America D-M 97 45/52 68 (32–84) 50/47 Incidence of 
POPF 

ISGPF 
2005 Invagination 100 54/46 68 (41–90) 51/49 

Han et al. [25] 2009 China D-M 32 20/12 59 ± 11 32/0 Incidence of 
POPF 

ISGPF 
2005 Invagination 32 24/8 56 ± 11 32/0 

Nakeeb et al. 
[26] 

2015 Egypt D-M 53 34/19 54 (12–73) 25/28 Incidence of 
POPF 

ISGPF 
2005 Invagination 54 33/21 54 (20–75) 27/27 

Xu et al. [27] 2015 China D-M 153 82/71 58.17 ± 11.72 95/58 Incidence of 
POPF 

ISGPF 
2005 Invagination 155 84/71 58.19 ± 10.7 104/51 

Bai et al. [28] 2016 China D-M 64 38/26 62 (32–79) 36/28 Incidence of 
POPF 

ISGPF 
2005 Invagination 68 39/29 64 (21–78) 44/24 

Senda et al. [29] 2018 Japan D-M 61 36/25 66（36–84） 31/30 Grade B/C POPF ISGPF 
2005 Invagination 59 36/23 68（22–81） 30/29 

Singh et al. [30] 2018 India D-M 97 63/34 53.4 (12.1) 42/55 Incidence of 
POPF 

ISGPF 
2005 Dunking 96 63/33 51.5 (14.2) 48/48 

D-M, duct-to-mucosa; POPF, postoperative pancreatic fistula; ISGPF, International Study Group definition and grading of postoperative pancreatic 
fistula; NM, not mentioned; S, soft; F, firm; M, male; F, female; SD, standard deviation. 
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deemed to have a “high risk of bias” [30]. However, in another study, an appropriate method was employed to assess the outcome, 
resulting in a judgment of “low risk of bias” [28]. The remaining studies lacked sufficient information on ’blinding of outcome 
assessment’, leading to an “unclear risk of bias” judgment. All the included studies were assessed to have a “low risk of bias” in terms of 
‘incomplete outcome data’. One study did not report on specific types of complications that were pre-determined in the study protocol 
[24]; therefore, it was deemed to have a “high risk of bias” in the ’selective reporting’ item. There were no other sources of bias. The 
authors’ assessment of each risk of bias item for every included study is presented in Fig. 2. 

3.3. Primary outcome 

3.3.1. Grade B/C POPF (clinically relevant POPF) 
Six studies, involving a total of 1057 patients, reported the occurrence rate of grade B/C POPF according to the ISGPF Definition 

2005 [24,26–30]. Although Han et al. also utilized ISGPF Definition 2005 to define POPF [25], the grading criteria for POPF were 
different, thus it was excluded from the pooled analysis. A total of 67 patients (12.8 %) in the duct-to-mucosa group and 41 patients 
(7.7 %) in the invagination group experienced grade B/C POPF. The invagination group had a significantly lower incidence of grade 
B/C POPF compared to the duct-to-mucosa group (RR = 1.65, 95%CI: 1.14–2.39, P = 0.008; substantial heterogeneity existed: P =
0.008, I2 = 68 %) Fig. 3. 

3.4. Secondary outcomes 

3.4.1. Postoperative morality 
Ten studies included in the analysis reported postoperative mortality. Out of these studies, 15 patients (2 %) in the duct-to-mucosa 

group and 18 patients (2.4 %) in the invagination group experienced postoperative mortality. The findings revealed no significant 

Table 2 
Descriptions of operation methods and perioperative measures.  

Study Group Operation Anastomosis Techniques Pancreatic Duct 
Stent 

Somatostatin 
Analogues 

Chou et al. 
[21] 

D-M CPD,PPPD End-to-side manner with 2 layers suture. External drainage 
for D-M 

NM 
Invagination End-to side manner with 1 layer suture: Pan-capsule to jejunum. 

Bassi et al. 
[22] 

D-M PPPD 
mostly 

End-to-side manner with 2 layers suture, similar to the Cattell 
manner. 

Depend on the 
surgeon 

Yes 

Invagination End-to-side manner with 1 layer suture. 
Langrehr 

et al. 
[23] 

D-M CPD,PPPD End-to-side manner with 2 layers suture, the Cattell manner. External drainage Most patients 
Invagination The pancreatic remnant totally enclosed by the jejunal loop, sutures 

brought through the pancreatic remnant. 
Beger et al. 

[24] 
D-M CPD End-to-side manner with 2 layers suture, similar to the Cattell 

manner. 
No No 

Invagination End-to-side manner with 2 layers suture: Full thickness jejunum to 
pan-remnant for the inner; seromuscular layer to pan-capsule for the 
outer. 

Han et al. 
[25] 

D-M CPD End-to-side manner with 2 layers suture. Internal or 
external drainage 

No 
Invagination End-to-side manner in 20 cases, end-to-end manner in 12 cases. 

Nakeeb et al. 
[26] 

D-M PPPD 
mostly 

End-to-side manner with 2 layers suture, similar to the Cattell 
manner. 

No NM 

Invagination End-to-side manner with 2 layers suture: Jejunum mucosa to pan- 
parenchyma for the inner; jejunum serosa to pan-capsule for the 
outer. 

Xu et al. [27] D-M CPD,PPPD End-to-side manner with 2 layers suture No Yes 
Invagination End-to-side with 2 layers suture: Full thickness jejunum to 

“periductal” parenchyma for the inner; seromuscular layer to pan- 
capsule for the outer. 

Bai et al. [28] D-M PD End-to-side manner with 2 layers suture, similar to the Cattell 
manner. 

For MPD＜5 mm For grade B/C 
POPF 

Invagination End-to-side manner with 2 layers suture: Full thickness jejunum to 
pan-remnant for the inner; seromuscular layer to pan-capsule for the 
outer. 

Senda et al. 
[29] 

D-M SSPPD End-to-side manner with 2 layers suture, according to the Kakita 
manner. 

External drainage No 

Invagination End-to-side manner with 2 layers suture: Full thickness jejunum to 
pan-remnant for the inner. 

Singh et al. 
[30] 

D-M CPD,PPPD, 
PRPD 

End-to-side manner with 2 layers suture, similar to the Cattell 
manner. 

Depend on the 
surgeon 

Depend on the 
surgeon 

Dunking End-to-end manner with continuous non-absorbable suture. 

D-M, duct-to-mucosa; POPF, postoperative pancreatic fistula; CPD, classical pancreaticoduodenectomy; PPPD, pylorus-preserving pan-
creaticoduodenectomy; PRPD, pylorus-resecting pancreaticoduodenectomy; SSPPD, subtotal stomach-preserving pancreaticoduodenectomy; MPD, 
main pancreatic duct; NM, not mentioned; pan-, pancreatic. 
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difference in mortality rates between the two groups (RR = 0.85, 95%CI: 0.45–1.60, P = 0.62; no obvious heterogeneity: P = 0.81, I2 =

0 %) Fig. 4A. 

3.4.2. Other major postoperative complications (excluding POPF, with a Clavien-Dindo grade III or higher) 
Two studies [26,29] reported the occurrence of other major postoperative complications using the Clavien-Dindo classification 

[31]. Among the patients included in these studies, 13 (11 %) in the duct-to-mucosa group and five (4 %) in the invagination group 
encountered other major postoperative complications. While the outcome favored the invagination group, the observed difference was 
not statistically significant (RR = 2.57, 95%CI: 0.95–6.96, P = 0.06; no obvious heterogeneity: P = 0.99, I2 = 0 %) Fig. 4B. 

3.4.3. Postoperative Bile leak 
Eight studies reported the incidence of postoperative bile leak [22,23,25–30]. Bile leak occurred in 23 patients in both the 

duct-to-mucosa group (3.9 %) and the invagination group (3.9 %). There was no significant difference in the incidence of postoperative 
bile leak between the two groups (RR = 1.00, 95%CI: 0.58–1.71, P = 0.99; no obvious heterogeneity: P = 0.85, I2 = 0 %) Fig. 4C. 

Fig. 2. The authors’ assessment of the risk of bias for all the included studies and the risk of bias graph.  

Fig. 3. Comparison of incidence of grade B/C postoperative pancreatic fistula (POPF). The invagination group exhibited a significantly lower 
incidence of grade B/C POPF in comparison to the duct-to-mucosa group. 
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Fig. 4. Comparison of the secondary outcomes. A) No statistically significant difference in postoperative mortality was observed between the two 
groups. B) The results indicate that there was no statistically significant difference in the incidence of other major postoperative complications 
between the two groups. C) No significant difference was observed in the incidence of postoperative bile leak between the two groups. D) No 
statistically significant difference was found in anastomosis time between the two groups. 
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3.4.4. Anastomosis time of pancreaticojejunostomy 
Three studies reported the anastomosis time of pancreaticojejunostomy [23,26,29]. Since all of the studies described the data using 

median and range, it was necessary to transform the data into sample mean and standard deviation. The equation for calculating the 
mean was as follows [32]: 

X≈

(
4

4 + n0.75

)
a + b

2
+

(
n0.75

4 + n0.75

)

m 

The equation for calculating the standard deviation was as follows [33]: 

SD ≈
b − a

2Φ− 1
(

n− 0.375
n+0.25

)

In the above two equations, a = the minimum value, m = the median, b = the maximum value, n = the sample size. 
We can also utilize the online calculator developed by Tong et al. based on the above calculation principles [34]. The calculator can 

be accessed at the following link: https://www.math.hkbu.edu.hk/~tongt/papers/median2mean.html. The meta-analysis did not 
show a statistically significant difference in the observed anastomosis time between the two groups (RR = 1.71, 95%CI: 4.77-8.20, P =
0.60; substantial heterogeneity existed: P＜0.00001, I2 = 97 %, random effects model)Fig. 4D. 

3.5. Subgroup analysis 

Soft pancreatic tissue has been identified as one of the most significant risk factors for POPF following pancreaticoduodenectomy. 
Therefore, we performed a subgroup analysis to assess the occurrence of grade B/C POPF in patients with soft and firm pancreatic 

Fig. 5. Subgroup analysis. A) The invagination group exhibited a significantly lower occurrence of grade B/C postoperative pancreatic fistula 
(POPF) when compared to the duct-to-mucosa group among patients with a soft pancreas. B) In patients with firm pancreas, there was no significant 
difference in the incidence of grade B/C POPF between the two groups. C) In patients who did not undergo internal or external stent drainage 
placement, the invagination group exhibited a substantially lower occurrence of grade B/C POPF in comparison to the duct-to-mucosa group. 
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tissue who underwent either duct-to-mucosa anastomosis or invagination anastomosis. Additionally, our study aims to investigate the 
impact of two different anastomosis methods on the occurrence of grade B/C POPF in patients who did not undergo internal or external 
stent drainage for pancreaticojejunostomy. 

3.5.1. Grade B/C POPF in soft pancreas 
One study reported the incidence grade B/C POPF in patients with soft pancreas based on ISGPF definition 2005 [29]. The results 

showed that the invagination group (10 %) had a significantly lower incidence of POPF compared to the duct-to-mucosa group (41.9 
%) (RR = 4.19, 95%CI: 1.33–13.25, P = 0.01; heterogeneity not applicable) Fig. 5A. 

3.5.2. Grade B/C POPF in firm pancreas 
One study reported the incidence of grade B/C POPF in patients with a firm pancreas [29]. The results indicated that there was no 

significant difference between the duct-to-mucosa group (3.3 %) and the invagination group (10.3 %) (RR = 0.32, 95%CI: 0.04–2.92, 
P = 0.31; heterogeneity not applicable) Fig. 5B. 

3.5.3. Grade B/C POPF without stent drainage 
Three studies did not utilize the stent drainage (internal or external) following pancreaticojejunostomy [24,26,27]. The results 

showed that the incidence of grade B/C POPF was significantly lower in the invagination group (6.3 %) compared to the 
duct-to-mucosa group (15.8 %) (RR = 2.51, 95%CI: 1.44–4.36, P = 0.001; no obvious heterogeneity: P = 1.00, I2 = 0 %) Fig. 5C. 

3.6. Sensitivity analysis 

Significant heterogeneity was observed in the outcome of grade B/C POPF (primary outcome). Despite employing the random 
effects model for pooled statistic calculation, the heterogeneity remained high (P = 0.008, I2 = 68 % for grade B/C POPF). After 
thoroughly reviewing the full-texts of the studies that reported relevant outcomes, we identified that one of the included studies 
excluded patients if the anastomotic method was deemed difficult to perform based on subjective judgment prior to randomization 
[28]. Additionally, another study excluded patients with a main pancreatic duct diameter less than 2 mm prior to randomization [30]. 
The two studies exhibited a preference for selecting study participants with specific characteristics, particularly those directly asso-
ciated with the efficiency of anastomosis. This approach effectively minimized the challenges and risks associated with duct-to-mucosa 
anastomosis or invagination anastomosis, which could potentially skew the study results and introduce selection bias [35,36]. 
Therefore, we excluded these two studies and recalculated the pooled statistics on the incidence of grade B/C POPF. 

Subsequently, we incorporated the remaining four studies to assess the incidence of grade B/C POPF [24,26,27,29]. The results 
indicated that invagination anastomosis had a significantly lower incidence of grade B/C POPF compared to duct-to-mucosa anas-
tomosis (RR = 3.08, 95%CI: 1.80–5.27, P＜0.0001; no obvious heterogeneity: P = 0.43, I2 = 0 %)Fig. 6. The sensitivity analysis 
corroborated the findings of the primary outcome comparison. 

3.7. Publication bias 

The funnel plots for the outcomes of grade B/C POPF, postoperative mortality, and postoperative bile leak are displayed in Fig. 7. In 
the funnel plot of the results for grade B/C POPF, one study exceeded the 95 % confidence interval for the effect size [28], this outlier 
was further analyzed in the sensitivity analysis. There was no apparent asymmetry in the distribution of the three funnel plots, sug-
gesting the absence of significant publication bias in the included studies. 

4. Discussion 

In this meta-analysis, we have demonstrated that invagination pancreaticojejunostomy has a significantly lower incidence of grade 
B/C POPF compared to duct-to-mucosa pancreaticojejunostomy based on the ISGPF Definition 2005 after pancreaticoduodenectomy. 

Fig. 6. Sensitivity analysis. The incidence of grade B/C postoperative pancreatic fistula was significantly lower in the invagination anastomosis 
compared to the duct-to-mucosa anastomosis. 
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Fig. 7. Funnel plot based on the results of grade B/C postoperative pancreatic fistula, postoperative morality and postoperative bile leak.  
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Through sensitivity analysis, we effectively addressed the heterogeneity present in the primary outcome results. Additionally, this is 
the first study to examine the anastomosis time in pancreaticojejunostomy, and unexpectedly, we found that the anastomosis time of 
invagination pancreaticojejunostomy was not significantly shorter than that of duct-to-mucosa pancreaticojejunostomy. In subgroup 
analysis, we confirmed that invagination pancreaticojejunostomy was significantly superior to duct-to-mucosa pan-
creaticojejunostomy in terms of grade B/C POPF in patients with a soft pancreas. Furthermore, even without internal or external stent 
drainage of pancreaticojejunostomy, the incidence of grade B/C POPF in the invagination group was still significantly lower than that 
in the duct-to-mucosa group. There was no statistically significant difference between the two types of pancreaticojejunostomy in 
terms of postoperative mortality, other major postoperative complications (excluding POPF, ≥Clavien-Dindo grade III), postoperative 
bile leak, and the incidence of grade B/C POPF in patients with a firm pancreas. 

POPF continues to be a significant and detrimental complication following pancreaticoduodenectomy [37,38]. Our findings 
indicate that invagination anastomosis has a significantly lower incidence of grade B/C POPF compared to duct-to-mucosa anastomosis 
(12.8 % vs. 7.7 %, RR = 1.65, 95%CI: 1.14–2.39, P = 0.008). This result is further supported by sensitivity analysis. Currently, the 
ISGPF classification is considered the standard for defining POPF in clinical practice. Some evidence suggests that clinical outcomes of 
grade A POPF are comparable to the absence of a fistula and have no predictors of established risk scores assessment [39–41]. 
Therefore, in the latest version of the ISGPF Definition 2016, grade A POPF is no longer classified as a true fistula or an actual 
complication, but rather as a “biochemical fistula”. We focused solely on comparing grade B/C POPF, which is clinically relevant, and 
selected it as the primary outcome for our meta-analysis. However, the studies included in our analysis adhered to the definition and 
classification criteria of the ISGPF Definition 2005. Consequently, it is unclear whether this version demonstrates the same diagnostic 
and grading efficiency as the 2016 version. In comparison to the ISGPF 2005, the ISGPF 2016 has made two significant revisions: 1) 
The designation of “grade A POPF” in the ISGPF 2005 has now been changed to “biochemical fistula”, and it is no longer classified as a 
true pancreatic fistula or an actual complication; 2) The diagnostic criteria for grade C POPF have been modified. However, both the 
ISGPF 2005 and ISGPF 2016 indicate that a change in the management of the clinical or expected postoperative pathway is a critical 
characteristic of grade B POPF and above, which has remained unchanged. Thus, grade B and grade C POPF can be analyzed as a 
whole. Despite the fact that the studies included in the present meta-analysis employed the ISGPF Definition 2005 for POPF definition 
and classification, the results of this analysis remain compelling, particularly when examining the comparison of grade B/C POPF. 
However, the ISGPF Definition of 2016 has updated the demarcation point distinguishing between grade B and grade C POPF, 
highlighting the features associated with grade C POPF, including re-operation, organ failure, and mortality. Consequently, we did not 
analyze grade B and grade C POPF separately. 

Although duct-to-mucosa pancreaticojejunostomy aligns more closely with normal anatomy, our findings did not establish its 
superiority in reducing the incidence of POPF. On the one hand, duct-to-mucosa anastomosis entails a direct connection between the 
main pancreatic duct and the mucosal layer of the intestine. This procedure demands considerable technical proficiency, particularly 
when the main pancreatic duct is not dilated and a suitable stent is unavailable. Consequently, there may be variations in the quality of 
pancreaticojejunostomy performed by surgeons with different levels of expertise. On the other hand, the pancreatic parenchyma is 
delicate, which makes sutures difficult to secure and increases the likelihood of leakage [42]. Furthermore, we observed that out of the 
six studies included in the analysis that reported primary outcomes, the majority of studies utilized the Cattell-Warren method for 
duct-to-mucosa pancreaticojejunostomy, with the exception of Senda’s study, which employed the Kakita method. Both methods carry 
the potential risk of generating shear forces on the pancreatic parenchyma, potentially resulting in pancreatic tissue laceration [43,44]. 
The Cattell method generally employs a significant number of needles and sutures, which can potentially negatively impact the local 
blood supply and hinder the healing process of pancreaticojejunostomy [45]. Additionally, the examination of histological sections of a 
healthy pancreas revealed that the branch ducts on the incised surface occasionally exhibited a larger diameter than the main 
pancreatic duct, and numerous pancreatic acinar cells were observable. This observation indicates that a significant amount of 
pancreatic juice flows out from the cut surface, making it challenging to perform conventional compression by attaching the pancreatic 
cut surface to the jejunal serosa [46]. Consequently, the healing process of the adhesive bond between the cut surface of the pancreatic 
stump and the jejunal serosa could be compromised. The invagination anastomosis, also referred to as the “dunking anastomosis”, 
facilitates effective drainage of the main pancreatic duct and numerous small pancreatic branch ducts situated on the cut surface of the 
pancreatic stump. Additionally, the invagination technique is less challenging to perform compared to duct-to-mucosa anastomosis. 
This is because invagination anastomosis does not require a more elaborate connection between the main pancreatic duct and the 
intestinal mucosa. Therefore, invagination anastomosis is more suitable for narrow pancreatic duct diameters. However, invagination 
anastomosis has certain limitations, when the pancreatic stump is excessively large, invaginating it into the jejunum becomes chal-
lenging. Moreover, the pancreatic stump is prone to corrosion and bleeding as a result of prolonged exposure to pancreatic juice 
activated by digestive fluids in the intestinal lumen. 

In the subgroup of soft pancreas, there was a significant increase in the incidence of grade B/C POPF in the duct-to-mucosa group 
compared to the invagination group (41.9 % vs. 10 %, RR = 4.19, 95%CI: 1.33–13.25, P = 0.01). In the subgroup of firm pancreas, no 
significant difference was observed in the incidence of grade B/C POPF between the two groups (3.3 % vs. 10.3 %, RR = 0.32, 95 %: 
0.04–2.92, P = 0.31). The texture of the pancreas was assessed through palpation of the gland, either alone or in conjunction with 
postoperative pathological findings in the studies included. Soft pancreas, often accompanied by a non-dilated pancreatic duct, is 
considered a significant risk factor for POPF [47,48], increasing the probability of its occurrence. In contrast, the firm or hard pancreas 
often exhibits pathological features such as reduced acinar cells, fibrosis, and degeneration of branch pancreatic ducts due to pro-
longed malignant obstruction and pancreatitis. Consequently, the firm pancreatic parenchyma tends to be thin, accompanied by 
dilatation of the main pancreatic duct [46], resulting in a reduction in exocrine function and a low incidence of POPF [49,50]. Several 
RCTs have examined the short-term outcomes of patients who undergo pancreaticojejunostomy with or without external or internal 
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stent drainage after pancreaticoduodenectomy [51–53], however, the conclusions regarding the protective effect of stent drainage on 
the incidence of POPF or other complications have been inconsistent. Therefore, the application of stent drainage for pan-
creaticojejunostomy without strict guidelines may influence the outcome. To further investigate the impact of the two anastomosis 
methods on the occurrence of grade B/C POPF in the absence of stent drainage, we conducted a subgroup analysis. The results 
demonstrated that the invagination group (6.3 %) had a significantly lower incidence of grade B/C POPF compared to the 
duct-to-mucosa group (15.8 %) (RR = 2.51, 95%CI: 1.44–4.36, P = 0.001; no obvious heterogeneity: P = 1.00, I2 = 0 %). 

The term “major postoperative complications” primarily refers to Clavien-Dindo grade III to V complications [54,55]. We con-
ducted an analysis of major complications other than POPF, only two studies furnished data regarding these outcomes. There was no 
statistically significant difference observed between the duct-to-mucosa and invagination groups (RR = 2.57, 95%CI: 0.95–6.96, P =
0.06). Unfortunately, the specific classifications of other major postoperative complications were unavailable. There was no significant 
difference in the incidence of postoperative bile leak between the duct-to-mucosa group and the invagination group (3.9 % vs. 3.9 %, 
RR = 1.00, 95%CI: 0.58–1.71, P = 0.99). Bile leaks typically occur due to inadequate healing of the biliary-jejunal anastomosis. It is 
important to note that bile can also escape from a pancreaticojejunal anastomosis with inadequate healing, even if the biliary-jejunal 
anastomosis is intact. Additionally, it should be considered that fluid draining from a pancreatic fistula may resemble green bilious 
fluid [15], thus leading to potential misdiagnosis of a bile leak. Notably, invagination anastomosis did not demonstrate any advantages 
in terms of reducing the duration of the operation. This could be attributed to the fact that the operational benefits of invagination 
anastomosis are not effectively demonstrated in open surgery. Hence, it is necessary to verify this in laparoscopic surgery. The sig-
nificant heterogeneity in the meta-analysis of anastomosis time may arise from variations in surgical techniques and practices 
employed by different surgeons. We utilized an online calculator, which was developed based on the theories presented by Wan et al. 
and Luo et al., to compute the sample means and standard deviations using statistical data on medians and ranges [33,34]. Hozo et al.’s 
method of estimating the median and range is widely recognized for accurately estimating the mean and standard deviation of a 
sample [56]. However, this approach has certain limitations. One significant limitation is the failure to incorporate information on 
sample size, which ultimately reduces the practical effectiveness of their method. 

During the quality assessment, all included studies were considered to have a high risk of bias in the item of ’blinding of participants 
and personnel’. This is because it was impossible to blind participants to the surgical procedures. However, the outcome measures of a 
clinical trial are inherently objective and not easily influenced by subjective factors, an unblinded evaluation can still provide 
reasonably satisfactory results [57]. 

The two most recent meta-analyses, which examined this specific topic, were published by Hai et al., in 2022 and Cao et al., in 2020 
[12,13]. These studies conducted a thorough literature search in this specific field. Cao et al. demonstrated the effectiveness of 
invagination anastomosis in reducing the incidence of grade B/C POPF, which further supports our conclusion. Hai et al. published 
their article in Cochrane Library. In their meta-analysis, factors contributing to confusion in the included studies were identified by the 
authors, including a high risk of bias in blinding of participants and personnel, substantial heterogeneity in the results, varied use of 
pancreatic duct stent and somatostatin or its analogues among patients, and differences in the levels of surgeon experience. However, 
further analysis on these factors was lacking. The first three factors have been discussed in the present meta-analysis. Several studies 
have confirmed that the use of somatostatin analogues as a perioperative measure has no significant effect on preventing POPF [58, 
59]. Nevertheless, we acknowledge that the findings could potentially be influenced by variations in surgeons’ levels of experience or 
skill. 

There are several limitations associated with this meta-analysis. Firstly, the majority of the studies included in this analysis utilized 
the ISGPS Definition 2005, this limits our capability to thoroughly analyze the outcomes in accordance with the updated version. 
Secondly, the number of studies included in this meta-analysis that reported primary and secondary outcomes, as well as data from 
subgroup analyses, was relatively limited, this limitation might impact the robustness of the conclusions. Thirdly, both a smaller 
diameter of the main pancreatic duct (<5 mm) and a larger amount of intraoperative blood loss (>1000 ml) are identified as inde-
pendent risk factors for POPF [60]. Unfortunately, we were unable to compare the effectiveness of the two anastomosis methods in 
preventing POPF in relation to different main pancreatic duct diameters and blood loss due to the absence of reported outcomes and 
limited data validity. Finally, the included studies were deficient in long-term follow-up data, specifically regarding the occurrence of 
pancreatic duct stenosis or the assessment of pancreatic exocrine function. 

5. Conclusions 

In summary, our study revealed that patients who underwent pancreaticoduodenectomy with invagination anastomosis exhibited a 
significantly lower incidence of grade B/C POPF (clinically relevant POPF) compared to those who underwent duct-to-mucosa 
anastomosis, particularly in cases of a soft pancreas. However, there was no notable disparity in the incidence of grade B/C POPF 
between the two techniques in patients with a firm pancreas. Additionally, there was no significant distinction in postoperative 
mortality, other major complications, or postoperative bile leak between the two types of pancreaticojejunostomy. 

Therefore, invagination anastomosis is recommended for patients with a soft pancreas, while either method can be used for those 
with a firm pancreas. Performing invagination anastomosis may not result in superior time efficiency compared to duct-to-mucosa 
anastomosis in open surgery. 
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