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Double stapling method for closure of intraoperative alveolar air
leakage adjacent to the staple line: a randomized experimental
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Background: Alveolar air leakage from a pleural defect around the staple line is one of the complications
after wedge resection of the lung. An intraoperative closure of the pleural defect by suturing can cause
additional pleural rupture due to tension of the pleura adjacent to staple lines. Therefore, we have introduced
a novel closure method for pleural defect adjacent to the staple line, named the double stapling method. This
study compared the efficacy of two closure methods; the double stapling method and conventional suturing
method with pledgets using ex vivo porcine lungs.

Methods: The double stapling method involves closing the pleural defect by suturing the two parallel staple
lines at both sides of the pleural defect. This method was developed to distribute the pleural tension around
the needle holes of suturing. As a model of pleural defect adjacent to the staple line after wedge resection,
wedge resection of the caudal lobe of left porcine lungs was performed, and a superficial square pleural
defect (10 mm x 10 mm) adjacent to the staple line was made by scalpel. The defect was closed using the
following two methods: (I) suturing with pledgets (n=10); and (II) double stapling method (n=10). The lobe
was inflated in water at an airway pressure of 20, 25, and 30 cmH,O; closure success or failure was judged by
the absence or presence of air leakage.

Results: The closure success was confirmed in 2 (20%) out of 10 cases in the suturing with pledgets group
and 9 (90%) out of 10 in the double stapling method group (P=0.007). In 4 out of 10 cases in the suturing
with pledgets group, new pleural clefts longer than 3 mm were created around the needle holes of suturing.
Conclusions: Ex vivo experiments have suggested the superiority of the double stapling method for the
intraoperative closure of alveolar air leakage adjacent to the staple line after wedge resection, compared to

conventional suturing with the pledget method.
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Introduction

Alveolar air leakage from visceral pleural defects is a
frequent complication after lung resection. It can occur
during the dissection of pleural adhesion, that of incomplete
fissures, or stapling of the lung parenchyma (1-3). Prolonged
alveolar air leakage can lead to extended hospitalization
and postoperative complications such as intrathoracic
infection (4,5). Therefore, intraoperative closure of alveolar
air leakage is required to avoid these situations. Interlobar
fissures dissected with electrocautery or scissors, and
dissected areas from pleural adhesions to the chest wall are
frequent sites of alveolar leakage during lung surgery. On
the other hand, the air leakage adjacent to the staple lines
after wedge resection is a challenging air leakage in terms of
intraoperative closure (6-10). After closing the pleural defect
by conventional suturing with the pledget method, the
visceral pleura occasionally tears from the needle holes due
to tension around the staple line. We recently introduced a
novel closure technique named the double stapling method
for the intraoperative closure of pleural defect adjacent to
the staple line. Although there is no literature about this
technique as far as we searched, it is currently used in some
institutions for patients with fragile lung parenchyma that
will not withstand the application of sutures. We expected
this method to distribute tension around the staple line to
prevent further pleural tears. To investigate the efficacy of
this method, we established a model of alveolar air leakage
adjacent to the staple line using ex vivo porcine lungs,
based on a previous ex vivo experimental study on pleural
defects after wedge resection (6). This study compared the
efficacy of two closure methods; the double stapling method
and conventional suturing method with pledgets using
ex vivo porcine lungs. We present the following article in
accordance with the ARRIVE reporting checklist (available
at https://jtd.amegroups.com/article/view/10.21037/jtd-21-
1960/rc).

Methods
Experimental protocol

Ex vivo lungs, freshly excised from slaughtered edible pigs,
aged from 6 to 10 months and weighing approximately
100 kg, were used in the study. We used lungs obtained
from dead animals; therefore, ethical approval was not
required based on our institutional guidelines. Damaged
lungs were not included. The left porcine lungs consist of
cranial and caudal lobes, similar to humans’ left upper and
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lower lobes. Before the experiment, the weight of the whole
left lung was measured to compare differences in lung size
among individual pigs.

To assume large wedge resection of basal segments
of the left lower lobe in humans, wedge resection of the
caudal lobe was performed using the following procedure.
After connecting the left caudal lobe bronchus to a manual
ventilation pump, the lobe was inflated in water at a
pressure of 30 cmH,O to ensure permeability and expand
the visceral pleura. The thickness of the inflated caudal lobe
was measured using a vernier caliper; a point of 60 mm-
thickness was marked using ink. Following deflation of the
caudal lobe, a wedge resection was performed using two
staplers 6 cm long (Endo GIA reinforced black, Medtronic,
Dublin, Ireland). The crossing point of the two staple lines
was matched with the marked point with a 60 mm thickness.
Endo GIA-reinforced black cartridges were designed for
1.95-2.7-mm-thick tissue after compression. When inflated,
60-mm thickness corresponded to almost 2.5-mm thickness
at compression in the pilot experiments. Therefore, we
selected a thickness of 60 mm. The angles between two
staple lines were designed to be 120°. Following wedge
resection, a superficial square visceral pleural defect (10 mm
x 10 mm) adjacent to the crossing point of the two staple
lines was made using a scalpel (Figure 14,1B).

Assuming intraoperative fixation of the defect in
clinical practice, it was closed using the following two
methods: (I) suturing with pledgets (n=10); and (II) double
stapling method (n=10). The 20 caudal lobes with pleural
defects were randomly allocated to the two groups using
a computer-generated randomization list to minimize
potential cofounders. The weights of lungs were measured
to compare differences in lung size between the groups.
We are aware of the group allocation during the conduct
of the experiment, the following outcome assessment, and
the data analysis because it was impossible to perform these
operations in a blinded fashion.

When suturing with pledgets, two pledget pads
(3 mm x 7 mm; Medtronic) were attached on the side of the
pleural defect opposite to the staple line. The staple line
and pledgets were then closely sutured using 2-0 Surgipro
V-20 (90 cm; Medtronic) (Figure 2A4). The double stapling
method was performed as follows. First, stapling of the
edges of the pleural defect opposite to the original staple
lines was performed using a stapler 6 cm in length and
1.2-1.95 mm thick [Endo GIA reinforced (purple),
Medtronic] (Figure 2B). The parallel staple lines on both
sides of the pleural defect were then attached and sutured
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Figure 1 The model of visceral pleural defect adjacent to the staple line after wedge resection. (A) Wedge resection of the left caudal lobe
was performed using two staplers crossed at 120°. The maximum thickness of the stapled lung was 60 mm when it was inflated. (B) A pleural

defect (10 mm x 10 mm) developed adjacent to the crossing point of the staple lines using a scalpel.

Figure 2 Procedures of the suturing with pledget and the double stapling method. (A) Suturing with pledgets method: a pledget pad (3 mm
x 7 mm) was attached to the pleural defect on the opposite side of the staple line. Then two pledget pads and the staple line were closely
sutured with 2-0 Surgipro V-20. (B) Double stapling method: another staple along the pleural defect parallel to the original staple line. (C)
Double stapling method: two staple lines were sutured using 2-0 Surgipro V-20. (D) Double stapling method: two staple lines were closely
attached, and the lobe was inflated.
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Figure 3 Schema of our hypothesis regarding the distribution of tension after suturing with pledgets and the double stapling method. (A)

Pleural defects (black circles) adjacent to the staple line (dotted lines) were closed by suturing with pledget pads (white squares) and the

original staple line. The tension derived from suturing was concentrated around the needle hole after suturing with the pledget method (large

black arrows). On the side of the original staple line, tension derived from suturing (small black arrows) was distributed over the integrated

structure of the lung parenchyma, staples, buttress materials, and suture strings. (B) All the tension derived from suturing (small black

arrows) was distributed over the integrated structure of the lung parenchyma, staples, buttress materials, and suture strings after the double

stapling method.

Figure 4 Air leak test: the caudal lobe was inflated in water

at pressures up to 30 cmH,O. The absence of air leakage was
confirmed (suturing with pledgets).

using 2-0 Surgipro V-20 (Figure 2C,2D). The double
stapling method was developed to distribute tension along
two staple lines (Figure 3). After the closure of the pleural
defect, the caudal lobe was inflated in water to confirm the
presence or absence of air leakage at airway pressures of
20, 25, and 30 cmH,O (Figure 4), according to the methods
described in previous studies (11,12). If air leakage was
observed (closure failure), the pressure at the time was
recorded. Closure success was defined by the absence of
air leakage at a pressure of 30 cmH,0. The experimental

procedures for each caudal lobe were completed within
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2 hours after defrosting the specimen to avoid tissue
deterioration. Finally, the lung specimens containing
closed defects were resected and fixed in 15% formalin;
cross-sectionally cut. The closure status of the pleura was
compared between the two methods macroscopically. The
specimens were further embedded in paraffin and processed
to obtain sections for hematoxylin-eosin staining. All
experiments, including preservation of ex vivo materials and
recording study data, were conducted at the laboratory in
the Division of Thoracic Surgery, Keio University School
of Medicine.

Statistical analysis

The sample size was estimated based on pilot experiments
(3 per group). Closure success rates in the pilot experiments
were 1/3 (33.3%) in the suturing with pledget group and
3/3 (100%) in the double stapling group. A sample size
estimation for Fisher’s exact test, with a power of 0.8 and
an alpha of 0.05, indicated that at least nine specimens were
required in each group to detect a statistically significant
difference (G*Power 3.1.9.2, University of Diisseldorf,
Diisseldorf, Germany). Considering a potential dropout
rate of 10%, we allocated 10 specimens to each group.
Fisher’ exact test was used to compare the closure success
rates between the two methods, while the Mann-Whitney
U test was used to compare the average weight of the lungs
between the two groups; statistical significance was assumed
if P<0.05. All statistical evaluations were performed using
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Figure 5 Rate of closure success in double stapling method
group and the suturing with pledgets group. The double stapling
method group showed a higher closure success rate (90% vs. 20%,
P=0.007).

JMP®15 (SAS Institute Inc., Cary, NC, USA).

Results

The average weights of the whole left lungs used for
suturing with pledgets group (n=10) and double stapling
method group (n=10) were 248+16 and 25215 g,
respectively; this difference was not statistically significant
(P=0.62). Wedge resection of the left caudal lobe and
creation of pleural defects were performed according to the
experimental procedures described in the Methods section
on 20 lungs; pleural defect closure was performed by either
suturing with pledgets (n=10) or via the double stapling
method (n=10). During additional stapling in the double
stapling method, further tearing of the lung parenchyma
beyond the second staple lines was not observed.

Air leak test

After closing the pleural defects, we performed air leak
tests. Closure success was confirmed in two (20%) out of
10 cases in the suturing with pledgets group, and nine (90%)
out of 10 in the double stapling method group (P=0.007)
(Figure 5). Among eight failed cases in the suturing with
pledget group, air leakage was confirmed in one case at a
pressure of 20 cmH,O, four cases at 25 cmH,O, three cases
at 30 cmH,0. In the double stapling method group, nine
cases showed closure success, and one failed case presented
air leakage at a pressure of 30 cmH,O. In nine failed cases in
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both groups, air leakage was observed from the needle holes
of suturing; four cases in the suturing with pledget method
had needle holes extended more than 3 mm, vertical to the
initial staple lines (Figure 64). In contrast, there were no
cases with additional pleural clefts longer than 3 mm in the
double stapling group.

Histological examination

In nine failed cases, a discontinuity of visceral pleura and
exposure of bare alveoli were confirmed histologically
with hematoxylin-eosin staining (Figure 6B). In addition,
bronchioles with cartilage components were observed close
to the staple lines, suggesting that the wedge resection was
sufficiently deep (Figure 6B). In the successful cases, the
visceral pleura around the closure sites was not interrupted,
suggesting closure of the defect without pleural damage,
even microscopically (Figure 6C). In the parenchymal area,
a dense concentration of collapsed parenchyma was found
near the staple line owing to the influence of suturing in

both groups (Figure 6B,6C).

Discussion

Alveolar air leakage is a common complication of lung
resection, and its closure can be problematic. Among
several types of alveolar air leakage, the leakage adjacent
to the staple line after large wedge resection is challenging
to close intraoperatively. The dissection of thick tissues
using staplers can cause strong tension around the staple
line. When attempting to close the pleural defects by
conventional suturing with pledgets, we occasionally
experience expansion of the cleft from the suturing needle
holes. Therefore, we assessed the efficacy of a new closure
technique called double stapling method for air leakage
adjacent to the staple line in an ex vivo porcine model.

In this study, the double stapling method was found more
effective in closing pleural defects adjacent to the staple line
than the conventional suturing with pledgets. The closure
success was confirmed in two (20%) out of 10 cases in the
suturing with pledgets group and nine (90%) out of 10 in
the double stapling method group (P=0.007). In four out of
10 cases in the suturing with pledgets group, new pleural
clefts longer than 3 mm developed around the needle holes
on the side of the pledget, and none developed on the side
of the original buttressed staple line. In contrast, there were
no cases with additional pleural clefts longer than 3 mm
in the double stapling method group. This is evidence of
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Figure 6 Macroscopic and microscopic findings of the specimen. (A) Macroscopic findings of closure failure in the suturing with pledgets

method: a 3 mm long cleft, vertical to the staple line (arrow), newly appeared around the suture needle hole after inflation. (B) Hematoxylin-

eosin stain of lung specimen in the suturing with pledgets method (failure case, original x40). The visceral pleura is partially lacking, and

bare alveoli are exposed (arrows). Bronchioles (arrowhead) are contained near the staple line (dashed line). (C) Hematoxylin-eosin stain of

lung specimen in the double stapling method (success case, original x40). The visceral pleura around the closure sites was not interrupted

(arrows), suggesting closure of the defect without pleural damage.

the superiority of the buttressed staple line in preventing
pleural tears. The possible mechanism was the distribution
of tension over the integrated structure of the lung
parenchyma, staples, buttress material, and suture strings,
although we could not prove this hypothesis mechanically
in this study (Figure 3). There might be a concern that the
double stapling method has a negative impact on residual
lung volume. We speculate that the loss of pulmonary
function derived from the double stapling method should
be minimal, although we did not assess the residual lung
volume in this study. The reasons for this are as follows.
First, the amount of parenchyma resected by additional
stapling was small (Figure 2B). Second, the distance between
the two parallel staple lines was within 1 cm (Figure 2C).

In previous studies, various surgical techniques and
materials have been used to control the intraoperative alveolar
air leakage. Attachment of fibrin glue and polyglycolic acid
sheets is a widely used method for alveolar air leakage (13).
The attachment of human fibrinogen-thrombin sheets
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(TachoSil®) is also widely used (4,14). The attachment of
these biological sealants are easy and fast to perform even in
thoracoscopic surgery, compared with suturing. However,
these biological materials are associated with the risk of viral
infections (15). Moreover, detachment of the sheets owing to
airway pressure sometimes occurs during the air leakage test
before chest wall closure. The sealant can peel off because
of inadequate bonding strength. On the other hand, recent
studies have reported that placement of a free subcutaneous/
pericardial fat pad was effective in preventing prolonged air
leakage (16,17). This method does not involve the risk of
viral infection. Moreover, it seems more resistant to airway
pressure than the attachment of sheets because the fat pad is
fixed to the pleura by stitching. A comparison between the
efficacy of the free fat pad method and the double stapling
method will be a subject of future research.

Due to the similarities in lung anatomy and physiology
between humans and pigs (18), ex vivo porcine lungs were
used in this study. The ex-vivo porcine lungs have been
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used in several studies, including our previous study to
investigate optimal alveolar air leakage closure techniques
(11,12,19). In this study, we set the maximum thickness of
the lung parenchyma to be resected at 60 mm, assuming
large wedge resection in routine clinical practice. The
histological examination revealed bronchioles with cartilage
components near the staple line, suggesting that wedge
resection was deep enough. The size of the pleural defect
adjacent to the staple line was set to 10 mm square based
on our clinical experience of defect sizes that were difficult
to close intraoperatively. The maximum airway pressure for
the air leak test was set at 30 cmH,O, based on the pressure
used in clinical practice and previous studies (12).

"This study has three limitations. The major limitation of
our experiment is that it was limited to wedge resections of
the basal segments of the left caudal lobe. In pleural defects
created by wedge resection of parts near the interlobar
fissure, the second stapling could be difficult due to an
insufficient amount of lung parenchyma between the staple
lines and intrapulmonary vessels and bronchus. Therefore,
the double stapling method can be applied to selected parts
of the lung, distant from the hilar or interlobar portions.
The second limitation is the selection of surgical devices in
this study. We generally use buttressed staplers for fragile
lungs at our institution based on previous studies reporting
its efficacy for preventing air leakage (7-10). We sutured the
lung parenchyma with 2-0 non-absorbable monofilament
sutures, such as Surgipro. However, the selection of staplers
or sutures is surgeon-dependent. Therefore, the efficacy
of the double stapling method using other materials such
as non-buttressed staplers or thinner suture strings should
be assessed in the future. The third limitation is the
extrapolability of this ex vivo porcine lung experiment to
clinical practice. Although this model is well established
for assessing air leakage (12,20-22), we could not assess
the long-term results of the double stapling method or
its efficacy on emphysematous lungs in this model. These
assessments will be the subject of future clinical research.

In this ex vive study investigating a suitable intraoperative
closure method for the alveolar air leakage adjacent to the
staple line after wedge resection, the double stapling method
was found more effective than the conventional suturing
method with pledgets. This method is not only effective but
also easy to perform using standard surgical equipment.
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