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Background: Newly formed bullae after video-assisted thoracoscopic surgery (VATS) bullectomy in 
primary spontaneous pneumothorax (PSP) are an important etiology for recurrence and are associated 
with mechanical stress along the stapling line. However, the distribution or pattern of stress after VATS 
bullectomy has not been thoroughly investigated. Our aim was to analyze the stress distribution following 
lung resection. 
Methods: Using finite element method analyses in COMSOL Multiphysics software to evaluate the 
stress distribution along the stapling line, a solid ellipsoidal lung model was constructed. Simulations were 
subsequently conducted to evaluate changes in stress along the stapling line after VATS bullectomy. Finally, 
a parametric study investigating the changes in stress based on the difference between the lung resection 
volume and the degree of lung collapse was conducted. 
Results: The magnitude of the stress progressively increased with the inflation of the lung, and the highest 
stresses were observed at both ends and the center of the stapling line. The parametric studies showed 
that the maximum stress observed was positively correlated with the amount of lung resection (R2=0.961, 
P<0.001) and negatively correlated with the degree of lung collapse before stapling (R2=0.964, P<0.001). A 
wrinkling phenomenon was also observed adjacent to the stapling line. 
Conclusions: The mechanical stress during inflation progressively increased, reaching its peak at both 
ends and in the center, resulting in uneven wrinkling along the stapling line. Minimal resection with 
incomplete collapse before stapling could be considered a potential strategy to reduce stress.
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Introduction

Primary spontaneous pneumothorax (PSP) is a clinical 
manifestation that commonly occurs in young males. Video-
assisted thoracoscopic surgery (VATS) bullectomy has 
become a standard treatment for managing PSP. VATS 
using staplers has several advantages, including procedural 
simplicity, diminished postoperative pain, cosmetic benefits, 
and rapid resumption of daily activity. Nevertheless, recent 
comprehensive studies have demonstrated a recurrent 
pneumothorax rate of 8.1–13.3% after VATS despite 
advancements in surgical techniques and stapling devices (1-6).

Young age, female sex, lower body mass index, prolonged 
postoperative air leakage, and incomplete resection of the 
diseased portion of lung tissue have been identified as risk 
factors for recurrence after VATS (3,7,8). Surgeons believe 
that resection of healthy lung tissue in the subpleural region 
could prevent recurrence following VATS for PSP, but 
extensive resection, rather than conservative resection, is 
associated with a higher risk of recurrence and new bullae 
formation (2,7). To mitigate the risk of recurrence following 
VATS, other surgical interventions, such as parietal 
pleurectomy, mechanical abrasion, and reinforcement of the 
staple line using synthetic materials, have been developed 
(9-14). Despite these advancements, the risk of recurrence 
remains a major concern for surgeons, primarily due to the 
uncertain pathogenesis of recurrence.

The formation of new bullae is considered to play 
a pivotal role in recurrent pneumothorax after VATS 
bullectomy. Specifically, bullae that emerge near the stapling 
line after VATS have shown a significant association with 
recurrent pneumothorax compared with newly formed 
bullae emerging outside the stapling line (1,15). Tsuboshima 
et al. (7) postulated that increased tension along the stapling 
line during reinflation results in the deformation of alveolar 
bronchioles near the staple line and that this deformation, 
in combination with the constrictive effect of a check-valve-
like mechanism, plays a role in the formation of new bullae 
around the staple line. West (16) suggested that high apical 
mechanical stress and distortion of the lung are closely 
related to the development of bullae and the occurrence 
of pneumothorax. Nonetheless, there is little research 
on tension around the stapling line. To overcome the 
difficulty of directly assessing tension at the stapling site, 
we constructed a solid lung model to simulate stress along 
the stapling line after resection of bullae. Compared with 
previous bronchial structure modeling, porous medium 
modeling, and balloon modeling, our solid lung model has 
the advantages of simplicity and low cost.

The aim of this study was to analyze the changes in stress 
patterns during the reinflation process after lung resection 
using a stapler and to investigate variations in stress under 
various surgical conditions through parametric simulations 
of changes in lung volume and degree of collapse. This 
work introduces a distinct approach using the finite 
element method (FEM) with COMSOL Multiphysics. 
This simulation method using a solid lung model based on 
a thermomechanical analogy provides a new mechanical 
perspective that can enhance our understanding of PSP 
recurrence mechanisms and potentially inform more 
effective surgical strategies.

Methods 

Study design and ethical approval

This study received approval from the Institutional Review 
Board of Incheon St. Mary’s Hospital (No. OC21RISI0126 
on November 5, 2021), and informed consent was waived. 
The study was conducted in accordance with the amended 
Declaration of Helsinki (as revised in 2013). The primary 
aim of this study was to evaluate the alterations in the stress 
distribution pattern along the staple line during reinflation 
after lung resection with a stapler. The secondary aim of 
this study was to investigate whether maintaining complete 
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resection of bullous lesion is beneficial during VATS by 
varying the extent of lung resection. The changes in stress 
induced by differences in the volumes of resected lung 
tissue were evaluated for this purpose. Furthermore, in 
this study, we investigated the possibility of reducing stress 
at the stapling site by varying the extent of lung collapse 
immediately before lung resection.

Finite element model design

To evaluate the stress distribution on the stapling line, FEM 
analysis was performed using the COMSOL Multiphysics 
software module version 6.1. A model of a solid ellipsoid 
lung with Young’s modulus of 20 kPa and a Poisson’s ratio 
(ν) of 0.3, based on Carrie’s determination of alveolar 
septal strain, stress, and effective Young’s modulus, was  
constructed (17). The shape of the natural lung was 
asymmetric  and complex,  making calculat ions in 
simulations complex and time-consuming. Therefore, we 
adopted an ellipsoidal lung shape that closely matched 
the volume of an actual lung. Its geometry was defined by 
three semiaxes. Two dimensions along the x- and y-axes 
measured 50 mm each, with the third dimension, along the 
z-axis, measuring 120 mm. The geometric configuration 
was achieved utilizing axial, coronal, and sagittal chest 
computed tomography (CT) images of a young patient with 
PSP as references. The use of an ellipsoidal model reduced 
the computational costs owing to its geometric symmetry. 
An ellipsoid shape was approximated and reconstructed 
to match the specified dimensions (Figure S1A-S1E), 
and this solid lung model was assumed to have isotropic, 
homogeneous, and elastic properties, which did not provide 
an exact representation of the pressure changes within the 
alveoli and bronchial tree as air entered. In the natural 
lung, expansion occurs as air fills numerous alveoli and 
airways, creating internal pressure. However, replicating 
this intricate porous structure in a computational model is 
highly challenging. Instead, we used a thermal expansion 
coefficient of 0.02×K−1 to simulate uniform volumetric 
expansion in response to temperature changes. This allowed 
us to achieve a simplified approximation of the overall 
deformation observed during lung inflation. Temperature 
changes, which simulate pressure changes, were based 
on thermomechanical analogy (18). Thermal inflation, as 
applied in this study, involves increasing volumetric strain 
through a uniform temperature change. While thermal 
expansion itself does not generate stress, we extracted 
deformation data induced by thermal expansion and used 

the stress-strain relationship of the material to calculate the 
stresses corresponding to equivalent volumetric strain. This 
approach enabled us to evaluate mechanical stress resulting 
from deformation. After applying a uniform temperature 
change ΔT, the stress-strain relationship is presented 
by using the thermal coefficient αv, and the inflation is 
described as αvΔT. Then, αvΔT corresponds to the area 
change before and after inflation (Figure S2). The strain 
data obtained from the simulation using thermal expansion 
were converted into actual stress data.

VATS simulation

VATS was simulated in two main steps (Figure S3). The first 
step involved a stapling process in which the lung collapsed 
to 10% of its normal tidal volume, and a stapler was used to 
resect the apex of the collapsed lung. We hypothesized that 
the lung would collapse by 10% of its initial volume, which 
is comparable to the usual volume collapse observed during 
one-lung ventilation in young patients undergoing VATS 
for pneumothorax. The second step was the simulation of 
the reinflation of the lung. The temperature was increased 
while maintaining a fixed position in the stapled area to 
facilitate lung inflation. Inflation of the lung was terminated 
when the lung achieved a volume equivalent to that required 
for normal respiration. By excluding the complex bronchial 
tree, this simulation approach simplified the prediction of 
lung deformation without the need to model entire complex 
lung structures.

Parametric analysis

To comprehensively investigate the impact of changes in the 
resected volume and collapse ratio (rcollapse) on the stapling 
procedure and its associated stress distribution, a parametric 
analysis of the stress distribution along the stapling area was 
conducted using the simulation process described above. 
First, to change the resected volume while keeping a fixed 
collapse ratio of 10%, the distance from the stapling line 
to the apex (dstapling) was raised from 5 to 30 mm in 1 mm 
intervals, with the apex of the lung serving as the reference 
point. Second, dstapling was fixed at 10 mm, and rcollapse, 
the collapsing volume divided by the original volume, was 
raised from 10% to 40% at 2% intervals (Figure S4).

Statistical analysis

Pearson’s correlation coefficient (r) was calculated between 
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the distance from the stapling line to the apex and the 
measured maximal stress. It was also calculated between 
the ratio of collapse and the measured maximal stress. All 
the statistical analyses were performed using IBM SPSS 
Statistics for Windows (v. 26, IBM Corp.). A value of 
P<0.05 indicated statistical significance.

Results

Progressive increase in stress during inflation and 
wrinkling 

In the first step, stapling was performed perpendicular 
to the z-axis while the lung collapsed to 10% of its 
normal volume. Stress was generated at the stapling site 
immediately after stapling and before inflation (Figure 1). 

This stress increased gradually and reached its peak value 
when the model was maximally inflated. The stress peaked 
in the central region and gradually decreased towards the 
edges, but a sudden increase in stress was observed at the 
edges of the stapling area (Figure 2).

The stress distribution along the stapling line exhibited 
distinct spatial patterns (Figure 3A). Dual-peak patterns 
were observed in the outer stapling line (Figure 3B), one 
peak originating from the center of the stapling line (x=0) 
and the other peak arising from the terminal end of the 
stapling line. Along the median line, oscillations in stress 
were not present, revealing a curvilinear stress pattern with a 

single peak stress at the end of the stapling line (Figure 3C).  
The stress distribution in the outer line showed many spike-
shaped peaks, which coincided with the development of 
wrinkles on the model surface.

Increased mechanical stress correlates with the volume of 
lung resection

A gradual increase in maximal stress corresponding to an 
increase in dstapling (from 5 to 30 mm) was observed in the 
series of resected sections of tissue sections, which ranged 
from 5 to 30 mm in dstapling. The height of the resected 
lung was significantly correlated with the maximal stress 
(R2=0.961, P=0.001) (Figure 4). As the dstapling of the resected 
lung increased, an increasing trend was observed in the 
temperature (pressure) required to revert to the original 
volume (Figure S5).

Comparison of complete and incomplete lung deflation 
before stapling

The stress levels varied with the level of lung deflation in 
the parametric simulation. Incomplete deflation resulted 
in less stress than complete deflation. The collapse ratio 
was correlated with the stress level (R2=0.964, P=0.001) 
(Figure 5). A lower temperature was required to revert to 
its original volume as the proportion of the collapsed lung 
increased (Figure S6).
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Discussion

The findings of the present study indicate that the stress 
along the stapling line increases with lung inflation. The 
stress at the edges of the stapling line increased the most, 
closely followed by that in the central area of the stapling 
line. The volume of the resected lung and the ratio of lung 
collapse before stapling were correlated with the maximum 
stress. Additionally, a wrinkling phenomenon associated 
with local stress peaks was identified.

Inderbitzi et al. (19) postulated that incomplete resection 
of the diseased portion of lung tissue located adjacent to 
the stapling area leads to recurrence. However, several 

recent studies (1,2,7,8,13,15) have demonstrated that 
excessive resection of the lung is a significant risk factor 
for the postoperative formation of new bullae and that 
the formation of new bullae along the staple line is a 
strong risk factor for the recurrence of pneumothorax. 
Our previous study examined high-resolution CT images 
of patients with recurrent pneumothorax after VATS; in 
that study, the formation of a new bulla along the stapling 
line was associated with an increased risk of recurrent  
pneumothorax (15). These findings were consistent 
with those of the study by Cho et al. (1), which included  
76 patients with ipsilateral recurrence who underwent 
repeated VATS; they intraoperatively observed fifty new 
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bullae on the staple line. The mechanism underlying the 
formation of new bullae along the stapling line is unclear, 
but current research suggests that tension at the staple line 
is the most important factor for recurrent pneumothorax 
following VATS (7,13,20).

West reported that mechanical failure, particularly 
at sites with high stress on the upper lobes, is the cause 
of spontaneous pneumothorax (16), but the distribution 
or magnitude of stress on the stapling line after VATS 
for PSP has not been investigated. Therefore, in this 
study, we constructed a solid lung model to simulate the 
stapling approach. We developed our solid lung structure 
modeling method based on the thermomechanical 
analogy relating temperature to pressure to avoid the 

high cost and complexity associated with constructing 
a more complex model. Our study was not focused on a 
functional investigation related to the intricate airways 
or interstitial tissue that compose the lung; instead, it is 
primarily an exploration of the stress exerted along the 
stapling line. Therefore, as described by Werner et al. (21), 
we assumed the lung model to be isotropic, homogeneous, 
and elastic. This thermomechanical analogy equates the 
solid’s mechanical loading behavior to its thermal response, 
a method chosen despite the known differences between 
temperature- and pressure-induced deformations. This 
approach enables the estimation of lung stress distribution 
by inversely calculating von Mises stress from thermal 
expansion-induced strains. Although simplified, it offers 
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critical insights into stress patterns around the stapling line, 
significantly enhancing our understanding of the mechanical 
stresses from surgical interventions and their potential for 
postoperative complications. Thus, our model effectively 
translates pressure variations into temperature changes for 
simulating lung inflation (18).

The stress that occurred immediately after stapling 
gradually increased until the lung was fully inflated, when 
it reached its maximum stress. Stapling of the lung tissue 
results in fixation in areas with expansile properties, 
preventing these areas from expanding. However, normal 
expansile properties are retained in the unstapled area. This 
discrepancy between fixation and expansibility leads to 
stress around the stapled area.

Here, the area with the greatest stress exhibited 
distinctive peak patterns. The stress gradually decreased 
from the center toward the edges and then increased 
abruptly at the edges along the outer line. The finding of 
high stress in the center and low stress toward the edges 
can be attributed to the greater thickness in the center of 
the stapling line. Specifically, the force required to staple 
thicker areas is greater than that required to staple thinner 
areas, contributing to the higher stress observed in the 
central thick region rather than toward the edges. The 
sudden increase in stress observed at the stapling edges is 
a novel finding that has yet to be explained. This finding 
is associated with the radial direction of the expansile 
force at the edges, which contrasts with the perpendicular 
bidirectional force experienced by the central stapling 
area. The expansion forces exerted in the radial direction 
increase the stress levels at the edges of the stapling site. 
Understanding these stress patterns will facilitate the 
development of improved stapler designs that distribute 
stress more evenly, which may reduce the potential for 
complications and improve the overall efficacy of the 
stapling procedure.

The presence of wrinkles adjacent to the stapling line 
is another novel finding of this study. Wrinkling refers 
to periodic or chaotic surface undulations appearing on 
an originally flat surface. Inhomogeneous growth or 
atrophy of tissues in a constrained environment induces 
internal residual stresses, which are believed to play a 
significant role in the morphogenesis of tissues (22,23). 
Although the residual stresses in living tissues created 
by growth are physiologically important for maintaining 
the normal biological functions of tissues (24), increased 
residual stresses and volumetric growth of tissue trigger 
morphological instabilities and induce surface wrinkling 

patterns. The stress occurring after stapling induces wrinkle 
patterns, and subsequent volumetric growth accompanying 
lung inflation can increase the severity of wrinkles, along 
with the deformation of the tissue surrounding the 
stapling area. The deformation of tissue accompanied by 
wrinkles may lead to uneven and round expansion of the 
lungs, thereby creating an environment favorable to the 
development of new bullae. However, further studies must 
be conducted to determine the exact role of wrinkling in the 
pathogenesis of new bulla formation.

The current parametric study provides direct evidence 
supporting the hypothesis that the volume of resected lung 
tissue is correlated with the stress level. The lungs have the 
inherent ability to return to their original volume during 
reinflation. A greater degree of pressure is required when 
the volume of the resected lung is greater, which leads to 
greater stress. The wrinkling amplitude tended to increase 
as the stress level increased, particularly in conjunction with 
a greater resected lung volume. Thus, a larger resection, 
coupled with increased stress levels and wrinkling around 
the stapling line, may be related to the pathogenesis of new 
bulla formation.

Further simulation was performed to investigate the 
effect of deflating the volume of the lung before stapling 
to alleviate the stress on the stapling line. In terms of 
reducing stress on the lung, incomplete lung collapse 
before stapling is more advantageous than complete lung 
collapse. However, there is a substantial risk of lung injury 
during the stapling procedure as the volume of the deflated 
lung increases. Therefore, incomplete deflation can be 
considered a trade-off between stress reduction and the risk 
of injury.

This study has several limitations. First, the pathogenesis 
of recurrent pneumothorax after VATS is multifactorial. 
While various statistical methods can adjust for risk 
factors, achieving exact and precise control is not possible. 
Simulation enables the transformation of a complex disease 
entity into a simplified model, enabling the investigation of 
a key contributing factor. While this simulation study has 
the limitation of not reflecting various clinical situations, 
it has the advantage of allowing an analysis of the presence 
and role of mechanical stress, which has recently been 
identified as the most critical risk factor for new bulla 
formation and recurrent pneumothorax after VATS, in 
isolation. Second, most previous studies depended mainly 
on indirect research methods utilizing resected pathology 
specimens (7,8,12,13). This study has the advantage of 
allowing the portion of the lung that remains after resection 
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to be analyzed; this portion plays a role in the recurrence 
of pneumothorax. Third, this study utilizes a simplified 
model that focuses on isotropic volumetric expansion to 
derive stress distribution patterns along the stapling line. 
While this approach provides valuable insights, it does not 
explicitly account for physiological details such as pleural 
mechanics, suture clip thermal absorption, or parenchymal 
interdigitation near the suture line. Incorporating these 
factors in future studies could enhance the physiological 
relevance and accuracy of the model, enabling a more 
comprehensive understanding of stress distribution 
during lung inflation. Our parametric studies, which 
could not be conducted in a clinical population, provide 
recommendations and guidance for surgical approaches for 
spontaneous pneumothorax.

Conclusions

In summary, stress along the stapling line increased 
gradually during lung inflation and exhibited a distinctive 
maximal peak pattern at both the edges and in the central 
area of the stapling line. The extent of lung resection and 
the degree of lung collapse before stapling were correlated 
with the von Mises stress. Increased stress resulted in 
wrinkles along the stapling line in our simulation.

The current study could have several implications. 
First, in terms of surgical procedures, we recommend 
minimizing the volume of resected tissue whenever 
possible and only partially deflating the lung before 
stapling. Second, we propose the development of a novel 
material that can accommodate the inflation of lung tissue 
to be used for staples, along with the modification of the 
stapler’s configuration to reduce stress at its edges. Third, 
stress and wrinkling during stapling might represent 
another recurrence mechanism, warranting further 
research. The implementation of these improvements in 
surgical procedures and devices, coupled with a deeper 
understanding of recurrence mechanisms, could improve 
the coordination between stapled and unstapled lung tissue. 
This, in turn, could facilitate a more effective and less 
stressful stapling procedure, thereby reducing the risk of 
recurrent pneumothorax following VATS.
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