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Background: Lobectomy, or the removal of a lobe of the lung, is the most commonly performed lung 
cancer surgery. One of the most severe postoperative complications is a bronchial stump fistula, which often 
occurs following a right lower lobectomy. During lymph node dissection, the bronchial arteries, which 
supply blood to the bronchus, are cut. Subsequently, reduced blood supply to the bronchus may result in 
bronchofistula. We investigated the relationship between the level of the surgical ligation of the bronchial 
arteries and the decrease in blood flow at the bronchial stump during a right lower lobectomy. This study 
aimed to clarify the relationship between the anatomical amputation level of the bronchial artery and the 
decrease in tissue oxygen saturation at the bronchial stump, allowing us to identify a surgical procedure that 
reduces the risk of a bronchopleural fistula following pulmonary lobectomy and an appropriate bronchial 
artery amputation site that could be used in future lobectomies.
Methods: We developed a new system (micro-tissue oxygen saturation) that enabled the semi-quantification 
of the oxygen saturation of thin tissues in pinpoint during video-assisted thoracic surgery. Changes in 
the blood flow at the bronchial stump were examined during lymph node dissection and bronchial artery 
amputation using a biological pig lobectomy model.
Results: The regional oxygen saturation level at the bronchial wall was 95.5%±1.0% in normal conditions. 
A gradual decrease in regional oxygen saturation was observed, as the cutting point of the bronchial artery 
was moved higher. When the bronchial artery coursing into the middle lobe bronchus was preserved, the 
blood flow in the bronchus was preserved at 82.8%±1.3%. When the branches of the bronchial arteries 
running both inside and outside of the intermediate bronchial trunk were cut at high positions, regional 
oxygen saturation level decreased to 55.7%±1.2%.
Conclusions: The preservation of at least one bronchial artery at the level of the middle lobe bronchus 
minimizes the reduction of tissue oxygen saturation at the lower lobe bronchial stump. The ligation of 
bronchial arteries at a higher position results in desaturation <60%, which may increase the risk of bronchial 
stump fistula.
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Introduction

Postoperative leakage of a surgical anastomosis, such as those 
in the intestinal tract or bronchus, is a major postoperative 
complication (1,2). Suture failure occurs when local blood 
flow in the affected tissue is reduced, which causes hypoxia in 
the sutured tissue and delays the healing process. Therefore, 
preserving locally distributed blood vessels to maintain blood 
flow to sutured tissue is crucial.

Bronchopleural fistula (BPF) is one of the most serious 
complications of lobectomy (2). The incidence of a BPF 
following a lobectomy is 0.5%, and the mortality rate of 
patients with a BPF is 27% (3-5). BPFs most often occur 
following right lower lobectomies and have a postoperative 
incidence rate of 1.1–1.7% (6). BPF is also common after 
pneumonectomy, and the incidence is higher (4.5%) than 
after lobectomy (5). Decreased local blood flow is generally 
the main cause of delayed healing or suture failure. BPF 
may be also caused by decreased blood flow through 
bronchial arteries at the bronchial stump. 

Bronchial arteries branch right and left from the 
descending aorta and the intercostal arteries and feed the 
lungs and bronchi (7). From the right bronchial artery, 
multiple branches run into the periphery of the lower 
right lobe. One artery descends from the carina inside the 
bronchi. Another artery branches to the upper right lobe 
and then down to the middle trunk, exits the middle lobe 
bronchus, and finally courses into the lower right lobe 
bronchus (8-10). 

The standard procedure for the curative resection of lung 

cancer in the right lower lobe is a right lower lobectomy and 
mediastinal lymph node dissection (11). In this procedure, 
the hilar lymphatic tissue that covers the bronchus is excised 
to remove the metastatic lymph nodes. For the lobectomy 
of the lower lobe, the lymphatic tissue on both the outside 
and inside of the inferior trunk of the bronchus is dissected 
during lymph node dissection, and the peripheral branches 
of the bronchial arteries are ligated along with the lymph 
nodes. Ligation of the bronchial arteries in the central part 
of the lobe results in reduced tissue oxygenation in the 
peripheral bronchus.

Indocyanine green (ICG) fluorescence has previously 
been used to evaluate blood flow during surgery. The ICG 
fluorescence technique evaluates blood flow by visualizing 
the fluorescence of ICG in the blood, as it is administered 
systemically from outside of the body. This visualization is 
possible with a near-infrared camera because the wavelength 
of the light fluorescence excitation is in the near-infrared 
region, and there is a high level of tissue permeability. This 
technique is safe for the human body and is often used to 
monitor coronary artery bypass blood flow and muscle valve 
blood flow (12-15). Blood flow in the bronchial arteries 
can be visualized with ICG fluorescence during thoracic 
surgery for lung cancer (Figure 1). However, this qualitative 
evaluation only determines the presence or absence of 
fluorescence. Quantitation of tissue oxygenation levels is 
difficult with this modality.

By contrast, the tissue oxygen saturation (TOS)-
OR regional oxygen saturation (rSO2) monitor (Fujita 

Figure 1 Thoracoscopic image of the tracheal bifurcation observed from the dorsal side of the right thorax. The white light image (on the 
left) and the infrared fluorescent image (on the right) of right bronchus. The anatomical tracheal bifurcation (a), right middle bronchial 
trunk (b), and right lower bronchial trunk (c) were visualized by a white light thoracoscope. One of the right bronchial arteries branches 
into the right middle lobe bronchus (d) and the lower lobe bronchus (e). Another bronchial artery descends the inside of the bronchus to the 
lower lobe bronchus (f). ML, right middle lobe; LL, right lower lobe.
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Medical Instruments, Tokyo, Japan) (16) and the INVOS 
system (Medtronic, Tokyo, Japan) (17) have been used to 
quantitatively measure TOS levels using a non-invasive 
near-infrared spectroscopy technique. In this technique, the 
near-infrared light that has entered the tissue is absorbed 
by oxygenated and deoxygenated hemoglobin (Hb). The 
oxygen saturation can then be measured from the varying 
Hb absorption rates because oxygenated and deoxygenated 
Hb have different near-infrared l ight absorption 
characteristics (18).

The TOS-OR rSO2 monitor and INVOS system can 
measure oxygen saturation in tissue at depths of 2–3 cm or 
more (18). They are frequently used to monitor cerebral 
blood flow during general anesthesia surgery and evaluate 
blood flow in pedicled flaps in the field of plastic surgery. 
While these tools may be used to measure oxygen saturation 
in the deep parts of thick tissues, they cannot quantify 
oxygen saturation in thin tissues, such as the bronchus or 
intestinal tract, with a thickness of <1 cm.

In this study, we developed a new micro-TOS system that 

can semi-quantify oxygen saturation in thin tissues. Then, 
we used a biological pig lobectomy model to investigate the 
changes in blood flow at the bronchial stump, following 
lymph node dissection and bronchial artery amputation. 
Thus, this study aimed to clarify the influence of the level 
of the surgical ligation of the bronchial arteries on the 
reduction of TOS at the bronchial stump, allowing us 
to identify a surgical procedure that reduces the risk of a 
bronchopleural fistula following a right lower pulmonary 
lobectomy and the appropriate bronchial artery amputation 
site that could be used in future lobectomies.

Methods

Development of the micro-TOS system

A sensor compatible with the TOS-OR rSO2 monitor (Fujita 
Medical Instrument) was shaped into a 250-mm rod (Figure 
2) for use in a minimally invasive endoscopic surgery. A 
light source and a sensor were built into the tip of the 
stainless-steel rod at a 30° angle. An ultra-small infrared 

Figure 2 The newly developed micro-TOS sensor and thoracoscopic tissue oxygen saturation measurement. (A) An extremely small-
sized tissue oxygen saturation monitor was molded into a rod with a diameter of 8 mm and a length of 250 mm to be inserted through the 
access port during endoscopic surgery. (B) A near-infrared LED and a near-infrared sensor were built on the tip of the rod. (C) When the 
surrounding area was covered with black resin and brought into close contact with the tissue, tissue oxygen saturation could be measured 
in a state where local light was shielded. UL, upper lobe of right lung; ML, middle lobe; LL, lower lobe; MLB, middle lobe bronchus; BS, 
bronchial stump (the location of the cut and stapled inferior trunk).
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light-emitting diode (LED) light source and two types 
of infrared light sensors were placed at the tip of the rod. 
The tips of the sensors were covered with black resin for 
measurement of the intended targets under light shielding. 
Three wavelengths of light (770, 805, and 870 nm) were 
irradiated from the LED light source for measurement. 
They were received for measurement by a sensor 6 mm 
away from the source. By attaching this custom sensor to 
the bronchial wall, TOS could be measured at a depth of 4– 
5 mm from the surface of the bronchus. The device captured 
10 continuous time series data every second. Validation 
testing of the micro-TOS system was performed using the 
small intestine of a live porcine, as the organ has a simple 
anatomical structure and it is easy to surgically control the 
blood flow. While blood flow through the intestinal serosa 
was maintained, the rSO2 level was 80.7%±1.7%, but the 
rSO2 level decreased to 29.4%±2.5% in the ischemic state. 
The blood vessels of the intestinal tract that we wished to 
evaluate were ligated, and both sides of the intestinal tract 
were blocked with clamp forceps to inhibit mucosal blood 
flow. We were then able to accurately determine the TOS 
of the intestinal wall of several millimeters (figure not 
shown).

Animal experiment

Experiments were performed under a project license (No. 
015-2019) granted by the institutional ethics board of the 
Foundation for Kobe International Medical Alliance, Kobe, 
Japan, in compliance with the institutional guidelines for 
the care and use of animals.

Specific pathogen-free porcine models (body weight 
45±5 kg; male) were used for this experiment (n=2). 
The pre-carry-in treatment was as follows: A mixture of 
ketamine (10 mg/kg; 500 mg for intramuscular injection of 
Ketalal: Daiichi Sankyo Propharma Co., Ltd.) and xylazine 
(2 mg/kg; Celactal 2% injection: Bayer Medical Co., Ltd.) 
was administered intramuscularly, and atropine sulfate 
(0.5 mg/head; atropine sulfate injection 0.5 mg “Tanabe”, 
Mitsubishi Tanabe Pharma Corporation) was administered 
intravenously for sedation and prevention of casting and 
pulse elimination.

The porcine models were anesthetized with inhaled 
isoflurane (5% concentration, 3% oxygen flow; Escaine: 
Mylan Pharmaceutical Co., Ltd.) until the jaw muscles 
relaxed and tracheal intubation was possible. Thereafter, 
sevoflurane (2–5%) was used for continued inhalation 

anesthesia, and an infusion of saline or extracellular fluid 
solution (Soldem 3A) was started. Intravenous rocuronium 
bromide (0.6 L/kg) or vecuronium bromide (masculate; 
0.1 mg/kg) was administered as a muscle relaxant, and the 
models were attached to a ventilator.

Evaluation of rSO2 at the bronchial stump during a right 
lower lobectomy

Under general anesthesia, the right lung was collapsed by 
separate lung ventilation, followed by thoracoscopic surgery. 
Then, thoracoscopic surgery was performed as follows: The 
pulmonary artery, inferior pulmonary vein, and lower lobe 
bronchus were cut with a stapler (Powered Echelon 45 mm, 
Ethicon Endosurgery, Johnson and Johnson, Tokyo, Japan), 
and the lower lobe was resected.

Firstly, the rSO2 level was measured at multiple points 
in the right bronchus: The rSO2 level of the main bronchus 
(MB), intermediate bronchial trunk (IT), and bronchial 
stump (BS) were measured after the right lower lobectomy 
(BS1), when the middle bronchus was clamped with forceps 
(BS2) and when the clamp was released (BS3) (Figure 3). 
The rSO2 level of the bronchial stump was measured on the 
site 5 mm of the central side of the stump. The micro-TOS 
sensor was applied to the target area, and measurements 
were obtained every second for 10 seconds once the value 
had stabilized. When all bronchial arteries were preserved, 
the rSO2 level of the bronchial wall was used as the positive 
control, and when all bronchial arteries were completely 
blocked, the rSO2 level of the bronchial wall was used as the 
negative control.

Secondly, the rSO2 level was measured at the fixed point 
of the bronchial stump. Multiple points of the bronchial 
arteries were then cut in stages as follows (Figure 4): Every 
bronchial artery was preserved before the lower lobe 
resection (i), the bronchial artery running from below 
to inside the trachea was ligated (ii), right lower lobe 
bronchotomy was performed (iii), a bronchial artery was 
ligated at the outside of the bronchi at the middle bronchial 
level (iv), and finally, a bronchial artery was ligated at the 
right main bronchial level (v).

Statistical methods

The Wilcoxon or Kruskal-Wallis test was used to determine 
any significant differences between the two unpaired 
groups. Analysis was performed using the JMP®14.2 



3161Quantitative Imaging in Medicine and Surgery, Vol 11, No 7 July 2021

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2021;11(7):3157-3164 | http://dx.doi.org/10.21037/qims-20-1057

Figure 3 Evaluation of tissue oxygen saturation of the lower lobe 
bronchial stump during a right lower lobectomy. (A) Measurement 
site with schema. (B) rSO2 level at each measurement site. The 
rSO2 level was measured at each point on the bronchial wall. MB, 
main bronchus; IT, intermedial bronchial trunk; BS1, bronchial 
stump; BS2, near the bronchial stump when clamping the middle 
bronchus with forceps; BS3, indication of the location of the BS2 
clamp prior to its removal. The bronchial block at BS2 significantly 
reduced the rSO2 level; however, the rSO2 level increased after the 
blockade was released (BS3).
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Figure 4 Relationship between the ligation site of the bronchial 
artery and the rSO2 level at the bronchial stump. (A) Cut level 
of the bronchial artery. (B) The rSO2 level at a fixed point in the 
bronchial stump. i: Bronchial artery preservation state before 
the lower lobe resection. ii: After ligation of the bronchial artery 
running from below to inside the trachea. iii: After lower lobe 
bronchotomy. iv: After ligation of the bronchial arteries that 
run outside of the bronchi at the middle bronchial level. v: After 
ligation of the bronchial arteries at the right main bronchial 
level. When the bronchial arteries were preserved, the rSO2 level 
remained above 80%; however, when both the outer and inner 
bronchial arteries were ligated (iv), the rSO2 level decreased to 
55.7%±1.2%.
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statistical analysis software (SAS Institute Inc., Cary, NC). 
The significance level was set at P<0.01.

Results

The rSO2 level was measured at each point in the right 
bronchus (Figure 3), and the rSO2 level near the bronchial 
stump was semi-quantified. The rSO2 level of the preserved 
bronchial wall was 90.5%±1.8% in the right main bronchus, 
which was defined as the upper limit positive control (Figure 3,  
MB). In the preserved bronchial artery, the rSO2 level at every 
point was semi-quantified with the micro-TOS sensor. The 

rSO2 level at the central end of the middle bronchial trunk 
(near #11, inter-lobar nodes) was 83.2%±5.1% (Figure 3,  
IT), and the rSO2 level in the bronchial stump was 
77.1%±1.4% (Figure 3, BS1). The rSO2 level at the center 
of the bronchus was significantly higher than that of the 
bronchial stump (P=0.0002). When the bronchial stump 
was centrally clamped, the rSO2 level in the bronchial 
stump decreased to 67.1%±0.8% (Figure 3, BS2). This value 
was defined as the negative control. When the clamp was 
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released, the rSO2 level in the bronchial stump increased to 
71.5%±4.6% (Figure 3, BS3).

The rSO2 level was then evaluated at a fixed point in the 
bronchial stump when the bronchial artery was cut at different 
levels (Figure 4). When the bronchial artery was preserved, 
the rSO2 level was 95.5%±1.0% (Figure 4, i). The bronchi and 
bronchial arteries were then sequentially dissected from the 
periphery toward the center. First, the descending bronchial 
artery on the medial side of the bronchial bifurcation was cut, 
and the rSO2 level of the bronchial wall decreased slightly to 
82.8%±1.3% (Figure 4, ii). Then, the bronchi were cut, and 
the rSO2 level remained at a similar level at 86.7%±0.5% 
(Figure 4, iii). The descending bronchial artery on the outside 
of the middle bronchus was then cut, and the rSO2 level 
abruptly decreased to 55.7%±1.2% (Figure 4, iv). Finally, the 
right bronchial artery was cut at the level of the right main 
bronchus, and the rSO2 level remained relatively constant at 
58.9%±2.9% (Figure 4, v).

Discussion

To the best of our knowledge, this study is the first to 
semi-quantitatively measure blood flow at the bronchial 
stump during the transection of the bronchial artery. The 
bronchial arteries of the right lower lobe are distributed 
from the lateral side (middle bronchial trunk or outside) 
and medial side (tracheal bifurcation or inside). The rSO2 
level significantly reduced to <60% (P=0.0002) when 
the bronchial artery branch, running at the high level on 
the lateral side of the bronchus, and the bronchial artery 
branch, running on the medial side, were severed.

A previous study examined extracorporeal circulation 
in the brain region in a cardiovascular surgery setting and 
showed that postoperative brain injury, such as cerebral 
infarction and intellectual impairment, occurred if the rSO2 
level measured with a forehead probe dropped to ≤55–60% 
for longer than 5 min or decreased to an initial range of 
76–86% (19,20). 

The lower limit of the TOS required to prevent hypoxic 
tissue damage in the bronchus is currently unknown; 
however, with reference to other tissues, the TOS of 
bronchial tissues may need to be kept >60%. In this study, 
the central transection of the bronchial artery reduced the 
rSO2 level to <60%, indicating that cutting the bronchial 
artery at the central level may increase the risk of suture 
failure at the bronchial stump.

A BPF does not always occur when the bronchial artery is 
completely cut because blood flow to the bronchi is supplied 

from the bronchial artery and pulmonary circulation (8). 
For example, in lung transplantation, the bronchial artery 
is not anastomosed; however, the donor lung is still able to 
successfully engraft in the recipient.

In this study, we demonstrated that maintaining the 
blood flow of the bronchial artery into the middle lobe kept 
the rSO2 of the bronchial stump at an adequate level. Blood 
possibly flows into the lower lobe bronchus through the 
capillaries of the bronchial mucosa and submucosa between 
the middle and lower lobe bronchi. Individual differences 
can be observed in the degree of development of the 
bronchial arteries that flow into the remaining right middle 
lobe and the quality of oxygenation of the pulmonary 
circulation system in the right lung. Therefore, there may 
be differences in the amount of oxygen supplied to the 
lower lobe bronchial stump via the mucosa and submucosa. 
In this study, when at least one of the two inner or outer 
bronchial arteries were preserved, the TOS at the bronchial 
stump was maintained with an rSO2 level of ≥80%. When 
both arteries were cut, the rSO2 level dropped to <60%, and 
the risk of developing a bronchial stump fistula may have 
increased.

In clinical cases, additional reinforcement, such as 
covering the bronchial stump with a pericardial fat-tissue 
flap or intercostal muscle flap (21-23), may be considered 
to further reduce the risk of a bronchofistula. However, it 
is unclear whether strengthening the anastomotic site by 
covering it with other tissues may prevent suture failure.

Limitations

To adhere to the bioethical considerations for large animals, 
this pilot study used a minimum number of animals. In 
addition, pigs were chosen as our animal model because 
their physical size is closest to humans; however, the micro-
TOS system has yet to be validated for use in human 
lobectomies in clinical studies.

Conclusions

The relationship between the surgical ligation level of 
the bronchial artery and the desaturation of the bronchial 
stump during a lobectomy was clarified in this porcine 
model study. During hilar lymph node dissection around 
the bronchus in the right lower lobe, central ligation of the 
bronchial artery may cause severe hypoxia at the bronchial 
stump. By preserving either the inside or outside of the 
bronchial artery running through the bronchial wall to the 
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periphery, TOS at the bronchial stump may be maintained 
above the level at which hypoxia occurs.
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