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Abstract

Objectives Postoperative pancreatic fistula (POPF) is a major concern after pancreatoduodenectomy (PD). We recently designed
a new anastomotic method to reduce the rate of pancreatic fistula: polytetrafluoroethylene suture buttress-reinforced
pancreaticojejunostomy (PBRP).

Methods An animal model and a computer simulation were used to measure the maximum stress and tensile strength of the
pancreas with and without the suture buttresses. Then, a randomized controlled trial (RCT) was performed to compare the
outcome of PD between patients who underwent PBRP vs traditional pancreaticojejunostomy (TP).

Results The maximum load in the animal model was significantly higher with the suture buttresses than without (5.47 £1.67 N vs
3.72+1.36 N, p<0.01), and in the computer simulation, the peak stress was lower with the suture buttresses than without (54.86
vs 486.8 MPa). There were no significant differences between the two groups in the overall frequency of POPF, but the rate of
clinically relevant POPF was significantly lower in the PBRP group (2.8 vs 22.8%, p = 0.028). The pancreaticojejunostomy time
was significantly longer in the PBRP group (19.57 +3.31 vs 17.17 £4.83 min, p = 0.018), and the PBRP group showed a shorter
drainage tube retention duration (10 vs 12 days, p = 0.006) and postoperative hospital stay (13 d vs 15 d, p=0.031).
Conclusions PBRP is a feasible and reliable procedure for preventing clinically relevant POPF. Additional multi-institution
randomized trials should be conducted to confirm these results.

Keywords Postoperative pancreatic fistula - Pancreaticojejunostomy - Pancreatoduodenectomy - Biomechanics - Finite element
modeling

Introduction morbidity rate. Despite the increased safety of PD in recent
decades, postoperative pancreatic fistula (POPF), which can
result in abscess formation, peritonitis, sepsis, and hemor-

rhage, still greatly contributes to operation-related mortality,

Pancreaticoduodenectomy (PD) has been established as a
standard procedure for a variety of malignant and benign dis-

orders involving the head of the pancreas or the periampullary
region.'? It is notable for its intricacy and high postoperative
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morbidity, hospital stay duration, and associated costs.®> ® The
incidence of POPF depends on several factors, including the
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pancreatic tissue quality, the diameter of the major pancreatic
duct (MPD), the general condition and nutritional status of the
patient, the skill of the surgeon, and the anastomotic method
used in the pancreaticojejunostomy.”® Among these, the anas-
tomotic method is a key factor. Although attempts have been
made to decrease the POPF rate by improving techniques for
pancreatoenteric anastomosis and reconstruction,” !
gle method has been shown to be superior.

It is well known that the incidence of POPF is higher in
patients with a soft pancreatic texture because the tissue is
prone to developing parenchymal lacerations from the stress
of sutures. Reducing the stress applied during suturing appears
to be important for reducing the incidence of POPF.

Recently, we designed a new anastomotic method to reduce
this stress: polytetrafluoroethylene suture buttress-reinforced
pancreaticojejunostomy (PBRP), in which interrupted U-
shaped 4-0 Prolene sutures are placed between the
seromuscular layer of the jejunum and the pancreas with
polytetrafluoroethylene suture buttresses. The aim of the pres-
ent study was to introduce this novel anastomotic method and
to estimate its curative effect. This study comprised a biome-
chanical study, a computer simulation, and a randomized con-
trolled trial (RCT) of 70 patients.

no sin-

Materials and Methods
Biomechanical Study

Twenty-one fresh porcine pancreases were obtained to simu-
late the process of suturing with U-shaped 4—0 Prolene sutures
and suture buttresses (polymer pledget, 7 mm x 3 mm X
1.5 mm). The mechanical properties of the pancreatic tissue
were measured with a dynamic testing instrument (800LE
Mechanical Test System, Test Resources, Inc., MN) by the
process shown in Fig. 1. The load was changed with the

4-0 prolene

pancreas

Fig. 1 Process of mechanical measurement. The suture was stretched
tight gradually when the actuator was activated, and the induced
specimen offset data were transferred to the analysis software

stretch offset (Fig. 2). The measurement data were processed
using Bluehill software (Illinois Tool Works, Inc., USA).

Computer Simulation

Finite element (FE) models of the pancreas were produced
using ABAQUS software (ABAQUS 6.13, Simulia, Inc.,
USA). To effectively investigate the biomechanical behavior
of the suture line, the line model of the truss element was
simplified and applied to simulate two sutured parts of the
postoperative pancreas (Fig. 3). The two parts of the pancreas
and the suture line were assembled in ABAQUS. The FE
model was meshed with 3972 hexahedral elements. The uni-
axial tension of the suture line was loaded as the boundary
using the connector element in ABAQUS. As linearly elastic,
homogeneous, and isotropic materials, the pancreas and suture
line were assigned elastic moduli and Poisson’s ratios of 1.14
and 350 MPa and 0.4 and 0.3, respectively.
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Fig. 3 FE models of the pancreas and suture line with and without suture
buttresses. a Model without suture buttresses. b Model with suture
buttresses

Clinical Trial
Study Design

To assess the efficacy of the method, patients from the
Chinese Academy of Medical Sciences Cancer Hospital were
recruited to undergo either PBRP or traditional
pancreaticojejunostomy (TP). This study was conducted in
accordance with the Declaration of Helsinki and approved
by the Ethics Committee of the Chinese Academy of
Medical Sciences Cancer Hospital (NCC2013S-010).

Patient Selection

Patients were recruited from the Chinese Academy of Medical
Sciences Cancer Hospital between September 2013 and
June 2017. All participants provided informed consent and
were then screened to confirm their eligibility before
randomization.

The inclusion criteria were as follows: (1) written informed
consent, (2) male or female subjects aged 18 to 80 years, (3) no
history of epigastric operation, and (4) resectability with radio-
graphic assessment. The exclusion criteria were as follows: (1)
severe comorbidities, including myocardial infarction, respirato-
ry disorder requiring oxygen inhalation, hepatic cirrhosis, hemo-
dialysis, or active malignant disease that could affect adverse
events; (2) lymph node invasion of major blood vessels revealed
by preoperative examination or intraoperative exploration; (3)
metastatic cancer; (4) metastasis to the liver, lungs, or other organ
according to enhanced abdominal CT and chest X-ray; (5) tumor
invasion into adjacent organs revealed by preoperative examina-
tion or intraoperative exploration; (6) peritoneal dissemination;
and (7) receiving neoadjuvant chemotherapy.

Randomization

Randomization was implemented using individual sealed en-
velopes prepared in advance by a statistician, allocating

patients at a 1:1 ratio to either the PBRP or TP group. The
envelopes were opened according to the operation order after
completion of the pancreaticoduodenal resection and, if nec-
essary, lymph node dissection.

Procedures and Treatment

Surgery All surgeries were performed by the same surgical
team. Under general anesthesia, a median abdominal incision
was made. The abdomen was explored to rule out distal me-
tastasis before PD. No patient underwent additional organ
resection. The MPD was identified after the pancreas was
transected at the level of the left wall of the portal vein. If
the MPD diameter was <5 mm, a stent with a diameter ap-
proximating that of the MPD was permanently placed such
that one end lay 4 to 5 cm within the MPD, directed toward the
pancreatic body, and the other end lay 3 to 4 cm within the
lumen of the jejunum.

Invagination anastomosis: approximately 2 cm of the cut
edge of the pancreatic remnant was mobilized. An opening
slightly smaller than the transection through the pancreas was
created at the side of the jejunum by electrocautery. Then, the
pancreatic stump was invaginated into the jejunum with two
layers of sutures. For the inner layer, 4-0 Prolene was used to
suture the full-thickness jejunum and the pancreatic remnant.
Interrupted sutures were placed at approximately 1-cm inter-
vals. The posterior wall was sutured before the anterior wall.
For the outer layer, interrupted U-shaped 40 Prolene sutures
with or without suture buttresses (polymer pledget, 7 mm x
3 mm x 1.5 mm) were placed between the seromuscular layer
of the jejunum and the capsular parenchyma of the pancreatic
remnant (Fig. 4).

Duct-to-mucosa anastomosis: An opening matching the size
of the MPD was made by electrocautery in the jejunum, opposite
the mesentery. The MPD was discontinuously anastomosed with
the full-thickness jejunum using 5-0 Prolene at approximately 5-
mm intervals. Sutures were placed in the anterior wall of the
pancreatic duct in a fashion similar to those in the posterior wall.
After all the sutures were placed, they were tied with knots to the
outside. To reduce the anastomotic tension, a second layer of
discontinuous U-shaped 4-0 Prolene sutures with or without
suture buttresses (polymer pledget, 7 mm % 3 mm x 1.5 mm)
was placed between the jejunal seromuscular layer and the cap-
sular parenchyma of the pancreatic remnant.

The remaining procedures were routine. After all anastomoses
were completed, two drains were placed near the sites of both the
pancreaticojejunostomy and the cholangiojejunostomy and were
brought out through the foramen of Winslow from the right side
of the anterior abdominal wall.

Clinical Management Prophylactic antibiotics were routinely

given 30 min preoperatively and were continued until postop-
erative day (POD) 3 unless infection was suspected. Neither
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Fig. 4 Schematic diagram of a

PRBP
suture buttress
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octreotide nor somatostatin was used prophylactically but
could be given if a grade B or C PF was diagnosed. The
abdominal drains were removed if POPF (according to PF as
defined by the guidelines of the International Study Group on
Pancreatic Fistula (ISGPF)) had not been diagnosed and the
daily output was < 30 ml. Otherwise, the drains were retained
until the daily output was <30 ml. Amylase levels were mea-
sured in the output from the abdominal drains on PODs 3-7.
When the levels were < 3 times the upper limit of normal, no
additional measurements were made. Otherwise, amylase
levels in the output continued to be monitored.

Table 1 The comparing of maximum load
Group with Group without P
suture buttress (V) suture buttress (V)

1 5.59244 4.89888

2 5.08744 4.24552

3 6.10238 3.64771

4 3.25667 2.56073

5 7.32619 7.17601

6 537914 3.54615

7 6.59636 3.93191

8 5.03966 2.21261

9 6.82804 5.51292

10 4.2446 2.89977

11 2.94256 1.75714

12 6.41945 4.32903

13 7.19529 2.84207

14 4.16058 2.60213

15 9.12255 5.14334

16 4.65137 3.6191

17 2.43595 1.87251

18 3.32195 2.83933

19 6.50948 5.08791

20 6.51857 2.79361

21 6.13962 4.63784

Xt 547+1.67 3.72+1.36 <0.01

@ Springer

Primary and Secondary Outcomes POPF was defined accord-
ing to the criteria of the ISGPF, i.e., an amylase level in drain-
age fluid collected on POD 3 that was more than three times
the serum amylase level.'? The primary endpoint was the in-
cidence of clinically relevant POPF (ISGPF grade B or C)."?

The secondary endpoints were overall postoperative morbid-
ity, mortality, and postoperative hospital stay. Morbidity was de-
fined as a complication of greater than grade II by the Clavien
classification.”” Biliary leakage was diagnosed if bile was ob-
served in the abdominal drain and the total bilirubin exceeded
the upper limits of normal. Delayed gastric emptying (DGE) and
postpancreatectomy hemorrhage were defined according to a
consensus definition by the ISGPS.'* DGE was then classified
as grade A, B, or C by the ISGPF clinical criteria based on the
clinical course and postoperative management. Intra-abdominal
infection was diagnosed on the basis of clinical signs, including
purulent drainage with positive cultures and an elevated white
blood cell count. Pulmonary infection was diagnosed based on
X-ray changes and a positive sputum culture for bacteria. The
discharge conditions were defined as follows: return to preoper-
ative activities of daily living, no deep-site infections, normal
laboratory data, no drains, and the possibility for oral nutrition
above the basal metabolism. Mortality was defined as death
within 90 days after surgery.

Clinical Data Collection Background demographic and clinical
data were collected from the medical records. Surgical data
(procedure duration, pancreaticojejunostomy duration, and
blood loss) and pancreatic data (pancreas texture and MPD
diameter) were collected during the operation. Postsurgical
data were collected by one clinical nursing staff member
blinded to the group assignment. All patients were reviewed
on PODs 10, 30, and 90 for the presence of any complications
or the need for readmission.

Statistical Analysis

All statistical analyses were performed using SPSS for
Windows version 14.0 (SPSS, Chicago, IL, USA).
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a
S, Mises
(Avg: 75%)

Fig. 5 Results of FE models. a
Model without suture buttresses.
b Model with suture buttresses.
The color and shape represent the
stress magnitude and range. The
peak stress occurred in the area
where the suture was connected
with the pancreas. The peak stress
(486.8 MPa) and the area of the
stress are obviously greater in (a)

- +4.868e+02
+4.462e+02
+4.057e+02
+3.651e+02
+3.245e+02
+2.840e+02
- +2.434e+02
+2.028e+02
+1.623e+02
+1.217e+02
+8.113e+01
+4.057e+01
- +0.000e+00

Continuous variables with a normal distribution are re-
ported as mean + SD and those with a non-normal distri-
bution as median (range). Student’s ¢ test and Mann—
Whitney U test respectively were used for analysis of
these variables, and the chi-squared test or Fisher’s exact
test for categorical variables. P < 0.05 was considered sta-
tistically significant.

b
S, Mises
(Avg: 75%)
+5.486e+01
- +5.029e+01
+4.572e+01
+4.115e+01
+3.658e+01
+3.201e+01
+2.743e+01
+2.286e+01
+1.829%e+01
+1.372e+01
+9.150e+00
+4.579e+00
- +7.998e-03

Peakvalue
54.86MPa

Peakvalue
486.8MPa

Results

Biomechanical Study

We obtained 21 sets of data. The maximum load was signifi-
cantly higher in the PBRP group than in the control group
(5.47+1.67 N vs 3.72+£1.36 N) (Table 1).

Fig. 6 CONSORT diagram for

the study { Enrollment }

Assessed for eligibility (n=76)

Excluded (n=3)
®  Not meeting inclusion criteria (n=3)
» Peritoneal dissemination (n=2)

Pancreatic tumor invasion of the portal

vein(n=1)

Randomized (n=70)

l

)

A4

Allocated to intervention PRP (n=35)
® Received allocated intervention (n=35)

reasons) (n=0)

® Did not receive allocated intervention (give

Allocation

Allocated to intervention TP(n=35)

® Received allocated intervention (n=35)
® Did not receive allocated intervention (give
reasons) (n=0)

T

Lost to follow-up (n=0)

Follow-Up

Lost to follow-up (n=0)
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v
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Table 2 Demographic and

pathological data of patients in Variables Group P value
the study
PRBP (n=35) TP (n=35)
Gender

Male 24 (68.6%) 20 (57.1%)

Female 11 (31.4%) 15 (42.9%) 0.322
Age (years) 60.40 £ 10.097 58.17+9.266 0.339
BMI (kg/m?) 22.67+3.26 24.25+342 0.051
Diabetes 7(20%) 4(11.4%) 0.324

ASA

1 1 (2.9%) 0

11 31 (88.6%) 31 (88.6%)

1L 3 (8.5%) 4 (11.4%) 0.565
Jaundice 13 (37.1%) 17 (48.6%) 0334
Albumin (g/L) 37.563 +5.462 39.434+5.534 0.159

Pancreatic texture

Soft 24 (68.6%) 20 (57.1%)

Hard 11 (31.4%) 15 (42.8%) 0.458
MPD diameter

<3 mm 21 (60%) 16 (45.7%)

>3 mm 14 (40%) 19 (54.3%) 0.338
Pathology

Pancreatic head cancer 11 (31.4%) 14 (40%)

Distal cholangio cancer 9 (25.7%) 7 (20%)

Ampullary cancer 6(17.1%) 4 (11.4%)

Duodenal cancer 9 (25.7%) 10 (28.6%) 0.786

Anastomosis
Invaginated pancreaticojejunostomy 13 (37.1%) 18 (51.4%)
Duct-to-mucosa pancreaticojejunostomy 22 (62.8%) 17 (48.6%) 0.336

BMI body mass index, ASA American Society of Anesthesiologists, MPD main pancreatic duct

Computer Simulation

The peak stress occurred in the area where the sutures
connected with the pancreas in both FE models, but the
stress (486.8 MPa) and the area of the stress were both
significantly greater in the model without the suture but-
tresses (Fig. 5).

Clinical Trial
Patient Enroliment

From September 2013 through June 2017, 76 patients
were initially included in the study, but 3 were excluded
because of tumor invasion or metastasis, and 3 patients
did not provide written informed consent. Therefore, 70
patients were randomized, with 35 allocated to the PBRP
group and 35 to the TP group. All 70 patients were

@ Springer

included in the analysis, and there was no loss to
follow-up during the study period (Fig. 6).

Baseline Characteristics

Table 2 shows that the two groups were comparable in terms
of sex, age, BMI, ASA classification, and concomitant medi-
cal conditions. In addition, there were no significant differ-
ences between the groups in terms of MPD diameter, pancreas
texture, pathological data, or anastomotic method.

Comparison of Surgical Safety and Postoperative Recovery

The two groups were similar in terms of the operative time,
blood loss and rates of biliary fistula, DGE, and wound infec-
tion. Complications such as hemorrhage, intra-abdominal ab-
scess, and cholangitis were not observed. The PBRP group
had a significantly longer pancreaticojejunostomy time
(19.57+£3.31 vs 17.17+4.83 min, p=0.018). No
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Table 3 Comparison of
surgery-related variables Variables Group P value
between two groups
PRBP (n=35) TP (n=35)
Pancreaticojejunostomy time (min) 19.57+3.31 17.17+4.83 0.018
Operative time (min) 290.00 +60.02 285.60 +54.65 0.749
Blood loss (ml) 300 (50~800) 300 (50~600) 0.543
Biliary fistulae 1 (2.9%) 0 0.314
Delayed gastric emptying
Grade A 1 (2.9%) 3 (8.6%)
Grade B 0 1 (2.9%)
Grade C 1 (2.9%) 0 0.382
Wound infection 3 (8.6%) 1 (2.9%) 0.303
Bleeding complications 0 0 -
Intestinal exhaust time (days) 4 (2~6) 52~7) 0.169
Gastric tube detaining time (days) 6 (4~33) 6 (4~23) 0.430
Drainage tube detaining time (days) 10 (7~33) 12 (8~31) 0.006
Postoperative hospital stay (days) 13 (9~35) 15 (9~33) 0.031
Mortality 0 0 -
postoperative complications required surgical intervention, — Discussion

and all complications resolved after medical treatment. The
time to first flatus and the gastric tube retention duration were
similar in both groups; however, the drainage tube retention
and postoperative hospital stay durations were significantly
shorter in the PBRP group (Table 3).

For overall POPF, there was no significant difference be-
tween the groups (34.3 vs 42.8%, p=0.461); however, the
rate of clinical POPF was significantly lower in the PBRP
group than in the TP group (p = 0.028) (Table 4). For patients
with soft pancreas, we got the same result in the stratified
analysis (Tables 5, 6). There was no statistical difference in
the rate of POPF and clinical POPF between different anasto-
mosis methods (Table 7). No mortality was observed in either
group. After discharge, all patients recovered well within the
90-day follow-up period without emergency room visits or
readmission.

Table 4 Rates of POPF

Variables Group P value
PRBP (n=35) TP (n=35)

POPF 12 (34.3%) 15 (42.8%) 0.624

Grade A 11 (31.4%) 7 (20%)

Grade B 1 (2.9%) 8 (22.8%)

Grade C 0 0

Clinically relevant POPF 1 (2.9%) 8 (22.8%) 0.028

With recent advances in surgical techniques and perioperative
management, the mortality rate of PD has decreased to less
than 2%.">'® However, the incidence of POPF ranges from 3
to 45%."7"' Solid pancreaticojejunostomy anastomosis plays
a crucial role in PD. However, the texture of the pancreas is
generally soft, making it prone to developing parenchymal
lacerations from shear forces applied during suturing and

Table 5  Stratified analysis of POPF according to pancreatic texture

Variables Group P value

PRBP TP

Soft texture (n =44)
Hard texture (n =26)

9/24 (37.5%)
3/11 (27.3%)

10/20 (50%) 0.598
5/15 (33.3%) NA

POPF postoperative pancreatic fistula, NA not available

Table 6  Stratified analysis of clinically relevant POPF according to
pancreatic texture

Variables Group P value

PRBP TP

Soft texture (n=44) 1/24 (4.2%)
Hard texture (n=26) 0/11

7/20 (35%) 0.025
1/15 (6.7%) NA

POPF postoperative pancreatic fistula

POPF postoperative pancreatic fistula, NA not available
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Table 7 Rates of POPF and

clinically relevant POPF in Variables Invaginated Duct-to-mucosa P value
different anastomoses pancreaticojejunostomy (n=31) pancreaticojejunostomy (n = 39)
POPF 13/31 (41.9%) 14/39 (35.9%) 0.788
clinically relevant POPF 5/31 (16.1%) 4/39 (10.3%) 0.712

POPF postoperative pancreatic fistula

leading to POPF. Therefore, relieving these shear forces ap-
pears to be a key factor for preventing POPF.

Inspired by heart valve replacement surgery, we applied suture
buttresses used in cardiac surgery to pancreaticojejunostomy for
the first time. These suture buttresses can be used as protective
“clothing” for the pancreas to reduce the shear forces from the
sutures, especially in soft pancreatic parenchyma, and to increase
the reliability of the anastomosis, thus preventing the occurrence
of POPF.

First, we established two simple animal models using fresh
porcine pancreases with or without suture buttresses. Then, we
measured the force conditions using the 800LE Mechanical Test
System, a state-of-the-art, electronic instrument designed for dy-
namic testing on a wide range of materials and components. The
results showed that the suture buttresses significantly increased
the ability of the porcine pancreas to resist damage. Then, we
built two FE models of the pancreas and suture line with and
without the suture buttresses and precisely calculated the stress
conditions of the tissue. The results showed that both the stress
and the area of the stress were significantly smaller in the model
with the suture buttresses, laying a foundation for the clinical
trial. Finally, we performed an RCT including 70 patients to
compare the outcomes of PBRP and TP. In our study, all patients,
regardless of pancreatic texture and comorbidities, were random-
ly assigned to one of the two groups to eliminate selection bias.
The two groups were as close to identical as possible. The two
groups had similar rates of overall postoperative morbidities, but
the rate of clinical POPF was significantly lower in the PBRP
group than in TP the group (p =0.028), and the drainage tube
retention and postoperative hospital stay durations were signifi-
cantly shorter in the PBRP group. Type of anastomosis may
affect the incidence of POPF. In our study, there was no statistical
difference in the rate of POPF and clinical POPF between invag-
inated pancreaticojejunostomy and duct-to-mucosa
pancreaticojejunostomy, which ensured that the association of
PRBP with improved outcomes was specific to PRBP rather than
the type of anastomosis performed. Infection is a major concern
for surgeons when using these buttresses. While we have not
observed any adverse effects of these buttresses, a longer
follow-up time is needed for confirmation. Thus, PBRP was
preliminarily shown to be a safe and effective method.

The success of this technique may be due to several
aspects. From a materials science perspective, the suture
buttress is made of polytetrafluoroethylene, which is safe
for placement in the body, may promote tissue adherence
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and stimulate the growth of fibroblasts, and may promote
adhesion between the pancreas and bowel pouch. In addi-
tion, the buttress is only 7 mm x 3 mm x 1.5 mm in size
and can be tailored as needed to fit the pancreas. Regarding
the anastomotic technique, we placed interrupted sutures
for a better blood supply to the anastomotic stoma.
Simultaneously, the suture buttresses reinforced the outer
layer; therefore, this method is convenient to perform and
does not increase the difficulty of the operation.

The main limitation of the study is related to its inherent biases
as a single-institution study. Another limitation could be that few
clinical cases were included. Finally, these results were obtained
from a single surgeon and might not easily translate to other
surgeons, thereby potentially lacking generalizability.

Conclusion

PRBP is a feasible and safe procedure for decreasing the inci-
dence of clinical POPF despite its longer pancreaticojejunostomy
time. However, larger-scale and multicenter clinical trials are
needed to verify its clinical efficacy.
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