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management

Abstract
Although the outcome of patients undergoing pulmonary resection surgeries for lung cancer has improved, postoperative acute 
lung injury (ALI) remains the leading cause of death. High oxygen concentration, high peak airway pressure, and hyper-perfusion 
due to hypoxic pulmonary vasoconstriction play a major role in the development of ALI in the ventilated dependent lung during 
one-lung ventilation. In the collapsed non-dependent lung, mechanical stress induced by re-expansion, ischemia-reperfusion injury, 
and direct surgical manipulation are associated with the onset of ALI. These contributing factors to ALI elicit local inflammatory 
responses, resulting in pulmonary edema that resembles acute respiratory distress syndrome histologically. 

Some preventive strategies to reduce ALI are recommended during mechanical ventilation, OLV support in particular. A lung 
protective strategy, including sufficient positive end-expiratory pressure, low tidal volume, and lower inspiratory oxygen 
concentration, should be adopted to attenuate lung damage. The application of continuous positive airway pressure to the collapsed 
non-dependent lung has been shown to reduce inflammatory cytokines. Given that excessive fluid administration is associated 
with the risk of postoperative pulmonary complications, a fluid restrictive strategy should be considered to prevent ALI. Anesthetic 
management may affect the onset of postoperative ALI. Compared to propofol anesthesia, volatile anesthetics have been shown 
to attenuate local inflammatory responses in both lungs during thoracic surgeries. Thoracic epidural analgesia may attenuate a 
local inflammatory response in the lung through the blockade of sympathetic nerve stimulation. 

Thus, more effective strategies to prevent ALI should be investigated to improve the prognosis of patients undergoing thoracic 
surgeries.
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Abbreviations
ALI: Acute Lung Injury, ARDS: Acute Respiratory Distress 
Syndrome, BALF: Bronchoalveolar Lavage Fluid, CPAP: 
Continuous Positive Airway Pressure, HPV: Hypoxic Pulmonary 
Vasoconstriction, IL: Interleukin, NO: Nitric Oxide, OLV: One-
Lung Ventilation, PEEP: Positive End-Expiratory Pressure, TEA: 
Thoracic Epidural Analgesia, TNF: Tumor Necrosis Factor.

Introduction
Surgical pulmonary resection is the first-choice therapy for 
patients with early-stage lung cancer. Due to marvelous advances 
in medical technology, the survival rate of patients undergoing 
pulmonary resection surgeries has been improved and the incidence 
of complications has been declined remarkably [1, 2]. However, 
postoperative complications such as atelectasis, infection of the 
surgical site, pneumonia, empyema, sepsis, and respiratory failure 
requiring mechanical ventilatory support, sometimes occur. 

Among these complications, postoperative acute lung injury 
(ALI) remains the leading cause of death after surgical pulmonary 
resection [3]. Therefore, the attenuation of postoperative ALI 
is a key to further improve the prognosis of patients with lung 
cancer. Although many factors, including surgical manipulation, 
barotrauma to alveoli caused by mechanical ventilation, and one-
lung ventilation (OLV), have been shown to contribute to the 
development of postoperative ALI [4], the exact mechanisms 
and the effective measures for its prevention remain unclarified 
fully yet. In the last two decades, some excellent review articles 
elucidated the pathophysiology of ALI after thoracic surgery under 
OLV, and discussed the effective preventive strategies against 
postoperative ALI [5-7]. However, some randomized controlled 
trials to investigate preventive measures for postoperative ALI 
after thoracic surgery were performed after these reviews were 
published. Thus, an updated new review article is warranted to 
clarify the pathophysiological mechanisms and discuss preventive 
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measures regarding ALI for improving the prognosis of patients 
undergoing pulmonary surgery for lung cancer. In this narrative 
review including recent randomized clinical trials, current 
knowledge regarding the pathophysiology and preventive strategies 
for postoperative ALI after lung cancer surgery is reviewed and 
discussed. Especially, specific anesthetic management to attenuate 
the development of ALI was debated, such as choice of anesthetic 
agents, usage of thoracic epidural analgesia (TEA), detailed 
mechanical ventilatory support during OLV, fluid management, 
and steroid therapy. All recent important literatures regarding 
ALI after thoracic surgery were identified from the PubMed using 
following terms, thoracic surgery, pulmonary surgery, lung cancer, 
OLV, ALI, pathophysiology, respiratory complications, anesthetic 
management, anesthetic agents, TEA, preventive strategy, and 
improvement of outcome. In this manuscript, “ALI” is referred to 
as a “primary lung injury” that is caused by surgical and anesthetic 
procedures during lung cancer surgery.

Incidence and Pathophysiology of ALI after Pulmonary 
Surgery for Lung Cancer
The morbidity and mortality rates of thoracic surgery for lung 
cancer have been declined mainly due to advanced surgical 
techniques, anesthetic management, and postoperative care [2]. 
However, the incidence of ALI, one of the most severe pulmonary 
complications, has been reported to range from 2% to 7% [8,9]. 
Besides, once postoperative ALI developed, the mortality rate 
goes up to more than 20% [8,10]. The frequency of ALI differs 
depending on the patient characteristics and the type of surgical 
procedure. For example, advanced age, diabetes mellitus, smoking 
habits, alcohol abuse, and chronic obstructive pulmonary disease 
have been reported as major contributors to the development 
of ALI after thoracic surgery [11,12]. Furthermore, the rate of 
postoperative ALI after extensive resections was higher compared 
to those after lobectomies [4]. Another study has shown that 
predicted postoperative lung perfusion of <55% compared with the 
preoperative condition, predicted reduced postoperative FEV1 of 
< 45% and preoperative chemotherapy or radiotherapy were found 
to be significant risk factors for developing ALI that presented as 
pulmonary edema [13].

The histological features of ALI after lung cancer surgery, such as 
exudative alveolar edema, neutrophil accumulation, and hyaline 
membrane deposition are basically consistent with so-called acute 
respiratory distress syndrome (ARDS) [14]. Recent evidence 
suggests that high inflammatory response plays a pivotal role in 
the development of ALI after lung cancer resection [3], the same 
mechanisms as ARDS. Increased proinflammatory cytokines, 
such as tumor necrosis factor (TNF)-α and interleukin (IL)-1β are 
likely to alter microvascular permeability and induce an excessive 
activation of neutrophils, leading to pulmonary edema. While 
OLV has been shown to contribute to these histological changes of 
ALI [6], are the actual mechanisms of lung damage quite different 
between the ventilated dependent and collapsed non-dependent 
lungs during OLV?

Deleterious Effects of OLV
OLV is a mandatory anesthetic technique during thoracic surgery 
to provide a sufficient surgical field. However, OLV has been 
recognized as a major contributing factor to develop ALI after 
thoracic surgery [15]. Although an intense inflammatory response 
is one of the major causes of ALI in both ventilated and collapsed 
lungs as described previously, each lung is damaged through a 
different pathophysiologic mechanism [6].

In the ventilated lung, oxygen toxicity due to its high concentration 
delivered to maintain sufficient oxygenation, lung overdistension 
due to high peak airway pressure to provide a sufficient tidal 
volume, and hyper-perfusion due to circulatory distribution from 
the collapsed lung play major roles in the development of ALI 
[6, 16]. High concentration oxygen elicits lung injury through 
oxidative stress induced by the generation of reactive oxygen 
species. High peak inspiratory pressure has been shown to be 
associated with ALI in patients undergoing a pneumonectomy 
[17]. Injuries to the alveolar-capillary membrane caused by high 
inspiratory pressure result in the release of high concentrations of 
cytokines, accumulation of neutrophils, and increased alveolar-
capillary permeability, leading to further lung injury [18]. Due 
to deleterious effects of high pressure on the alveolar-capillary 
membrane, the breakdown of glycocalyx, which maintains the 
integrity of the alveolar-capillary membrane by regulating oncotic 
pressure, modulating plasma-endothelial cell interactions, and 
preventing leukocyte and platelet adhesion to the endothelium 
[19], contributes to increased alveolar-capillary permeability, 
capillary leak, and alveolar edema formation [20]. During OLV, 
blood flow to the collapsed lung is distributed to the ventilated 
lung due to hypoxic pulmonary vasoconstriction (HPV), which 
is a compensatory mechanism to improve oxygenation, resulting 
in an approximately 50% increase in pulmonary blood flow to 
the ventilated lung  [20,21]. This increased blood flow further 
damages glycocalyx due to high capillary blood pressure, leading 
to lung injury, as described above.

On the other hand, in the collapsed lung, mechanical stress and 
strain exposed to the alveolar units during lung expansion from 
the collapsed state, ischemia-reperfusion injury, and direct surgical 
manipulation are major contributing factors to ALI during and 
after OLV [6,16]. Re-expansion of the collapsed lung creates high 
shear stress to the alveolus, which elicits an overproduction of 
inflammatory cytokines in the collapsed lung [22]. This increased 
cytokine production could further exacerbate lung injury, not only 
in the collapsed lung but also in the ventilated lung. Ischemia-
reperfusion injury is also associated with the development of 
ALI. During OLV, the collapsed lung is exposed to hypoperfusion 
because of HPV, leading to hypoxemic changes. In the rat 
pneumothorax model, the levels of reactive oxygen species were 
increased in the collapsed lung [23]. Furthermore, some clinical 
studies have shown that oxidative stress is induced after OLV 
during a lobectomy for lung cancer, as reflected by elevated 
hydrogen peroxide and hydrogen ions in exhaled condensates, 
and increased myeloperoxidase levels in bronchoalveolar lavage 



J Clin Rev Case Rep, 2022       Volume 7 | Issue  1 | 799www.opastonline.com

samples [24-26]. The degree of oxidative stress and inflammatory 
response increases with a longer duration of OLV [24,26]. Ischemia-
reperfusion injury through increased oxidative stress levels causes 
molecular and cellular damage in the lung and induces further 
deterioration of the damaged glycocalyx [27]. Surgical trauma also 
causes diffuse alveolar damage, including alveolar edema, lung 
parenchyma hemorrhage, neutrophil accumulation, and enhanced 
local inflammatory response [6]. The impairment in lymphatic 
drainage caused by surgical manipulation also contributes to lung 
injury, particularly pulmonary edema [4,28].

Collectively, a number of factors and substantial mechanisms are 
associated with the development of ALI in both lungs during OLV 
for pulmonary resection surgery.

Strategies for Anesthetic Management to Prevent ALI 
after Pulmonary Resection Surgery for Lung Cancer
Without question, we anesthesiologists should prioritize the 
prevention of ALI since it is the leading cause of death after 
pulmonary resection surgery. Some preventive strategies to reduce 
the incidence of ALI have been recommended in previous reports 
[1,4,6,13,28].

Ventilatory strategy during OLV
Compared with the collapsed lung, ALI is more prone to occur in 
the ventilated lung during OLV [16]. As managing patients with 
ARDS in the intensive care unit, lung-protective ventilation is 
mandatory to attenuate the damage to the ventilated lung caused 
by inappropriate ventilatory settings.

An increase in the tidal volume of 1 mL/kg of predicted body 
weight was found to increase the incidence of ALI in 146 
pneumonectomy patients [17], and some randomized trials have 
demonstrated that high tidal volume during OLV contributes to the 
development of pulmonary complications [29,30]. Furthermore, 
recent randomized controlled trials have shown that low tidal 
volume of 4 ml/kg reduced extravascular lung water during OLV 
for thoracoscopic surgery, compared with larger tidal volume of 
6 to 8 ml/kg [31], and 5 ml/kg low tidal volume ventilation was 
associated with lower major postoperative complications and 
shorter hospital stay, compared with tidal volume of 10 ml/kg, in 
patients undergoing lung cancer surgery [32]. Thus, a restricted 
tidal volume of between 4 to 5  ml/kg of predicted body weight is 
recommended to suppress lung strain, which is one of the major 
factors in lung injury caused by mechanical ventilation, and to 
reduce postoperative respiratory complications. 

Positive end-expiratory pressure (PEEP) should be applied to 
improve oxygenation and prevent lung injury by restoring end-
expiratory lung volume and attenuating atelectrauma in the 
ventilated lung [6,16]. Compared with zero PEEP, patients with 
4 cmH2O PEEP level during OLV have displayed improved 
oxygenation and decreased lung injury markers [33]. One PEEP 
decrement trial found that an average PEEP level of 10 cmH2O 
was optimal in patients ventilated with 5-7 mL/kg tidal volume 

during OLV [34]. While the best PEEP level varies depending on 
each patient’s respiratory condition, anesthesiologists had better 
adjust PEEP levels continuously through lung recruitment and 
PEEP titration to maintain oxygenation and to reduce damage 
to the ventilated lung. In addition, continuous positive airway 
pressure (CPAP) to the collapsed lung during OLV has also been 
shown to reduce the local immune response in patients undergoing 
esophagectomy [35]. Application of CPAP to the collapsed lung 
attenuated the increase in inflammatory cytokines, such as TNF-α, 
IL-1β, IL-8, and IL-10, in bronchoalveolar lavage fluid (BALF) 
collected from the collapsed lung, compared to the non-CPAP 
group. Collectively, CPAP applied to the collapsed lung may 
attenuate the degree of postoperative ALI by reducing the local 
inflammatory response and improving oxygenation during OLV. 
However, the best PEEP level applied to the collapsed lung during 
OLV remain to be elucidated yet.

Delivery of high oxygen concentrations to keep sufficient SpO2 
during OLV should be avoided because of damage to the lung 
through oxidative stress. High FIO2 at the initiation of OLV should 
be gradually reduced according to the decrease of shunt blood flow 
elicited by HPV after 20-30 minutes of OLV [36]. Reduction of 
oxygen concentration can also attenuate absorption atelectasis in 
the ventilated lung.

Respiratory ratio should be reduced as much as possible to 
attenuate mechanical stress to the alveoli, leading to the reduction 
of cytokine release shown in animal models [37,38]. Although 
extreme hypercapnia above 70 mmHg can elicit elevated 
intracranial pressure, myocardial dysfunction, cardiovascular 
instability, and pulmonary hypertension, mild hypercapnia (40-60 
mmHg) is well tolerated and may suppress ventilator-induced lung 
injury [39,40].

Recruitment maneuvers during OLV may be an effective method 
to improve the distribution of ventilation and oxygenation by 
opening the area of atelectasis and improving lung compliance 
since atelectasis and ventilation-perfusion mismatch are common 
in OLV. Although a study by Park et al. showed that the preemptive 
alveolar recruitment maneuver improved oxygenation during OLV 
[41], no randomized trials to date have demonstrated its significant 
effects to prevent postoperative lung injuries.

In several clinical trials, such lung-protective strategies as discussed 
above attenuated systematic inflammatory responses and reduced 
the incidence of ALI after thoracic surgery [42-44]. However, 
the ventilatory strategy should be individualized depending on 
the condition of each patient to minimize the risk of lung injury. 
The clinical randomized trial that investigates the effect of an 
individualized ventilatory strategy in patients undergoing thoracic 
surgery with OLV is ongoing now [45]. Anesthesiologists should 
consider that appropriate management of mechanical ventilation 
during OLV, which should be adjusted in accordance with each 
patient’s respiratory condition, can result in less lung damage and 
improve the prognosis of patients undergoing pulmonary resection 
surgery for lung cancer. 
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Fluid management
Administration of excessive fluid during pneumonectomies 
is associated with a higher risk of postoperative pulmonary 
complications [46, 47], thereby a perioperative fluid restriction 
strategy is recommended for lung cancer surgery. The relationship 
between perioperative extra fluid loading and the risk for ALI has 
been reported over the last couple of decades. In a study by Partin 
et al., an intraoperative fluid balance of more than 2000 mL was 
significantly associated with postoperative pulmonary edema in 
patients undergoing a pneumonectomy [48]. Licker et al. reported 
that patients developing ALI received a larger perioperative 
cumulative fluid balance compared with non-ALI patients (2.6 vs. 
2.0 mL/kg/h) [8]. To reduce such adverse effects of excessive fluid 
loading, the initiation of inotropic/vasopressor is recommended if 
hypoperfusion exists, despite a >1.5 L positive fluid balance [49]. 
While one retrospective study involving 1,442 thoracic surgery 
patients showed that intraoperative restricted fluid administration 
of 2 to 3 mL/kg/h had no association with the onset of acute kidney 
injury [50], anesthesiologists should ensure adequate perfusion to 
vital organs when limiting fluid administration during pulmonary 
resection surgery. However, it is quite difficult to restrict fluid 
administration as much as possible to attenuate the onset of 
ALI while keeping adequate blood flow to vital organs during 
pulmonary resection surgery. 

There is no consensus as to whether blood product transfusion has 
an impact on ALI and how blood transfusion should be managed 
during pulmonary resection surgery. Although some studies have 
identified blood transfusion as a risk factor for postoperative 
respiratory failure in patients undergoing lung resection [51,52], 
this issue remains controversial.

Steroids
Since an increased inflammatory response is associated with the 
occurrence of ALI after lung cancer surgery, administration of 
steroids to suppress inflammation may be able to minimize the 
incidence of ALI. In one study, involving 72 patients undergoing 
a pneumonectomy, 250 mg of methylprednisolone administered 
before pulmonary artery ligation reduced the incidence of 
postoperative pulmonary edema compared to the control group 
(0 vs. 13.5%, p=0.049) [53]. Steroid therapy, however, has 
been shown to provide no beneficial impact on the prognosis 
of general ALI/ARDS patients [54], and could delay wound 
healing and increase the incidence of postoperative infection 
through immunosuppressive effects, thus, the administration of 
steroids to prevent ALI after pulmonary resection surgery is not 
recommended.

Effect of Anesthetic Agents on Postoperative ALI after 
Lung Cancer Surgery
The choice of anesthetic agents for lung cancer surgery may 
affect the severity of postoperative ALI. Some previous reports 
demonstrated that volatile anesthetics, compared to propofol, 
contributed to the attenuation of the local inflammatory response in 
both ventilated and collapsed lungs in thoracic surgery with OLV 

[55-57]. In a study by Schilling et al., in which 30 thoracic surgery 
patients were enrolled, desflurane anesthesia reduced alveolar 
granulocytes accumulation, TNF-α, and soluble intercellular 
adhesion molecule-1 in the BALF collected from the ventilated 
lung, compared to propofol anaesthesia [57]. In another study, 
the effects of three anesthetic agents (propofol, sevoflurane, and 
desflurane) on local alveolar and systemic inflammatory responses 
were examined in 63 thoracic surgery patients. Both 2 volatile 
anesthetic agents attenuated the local alveolar inflammatory 
response, as reflected by the decrease of proinflammatory cytokines 
in the BALF of the ventilated lung, compared with propofol, 
without affecting the systemic inflammatory response [55]. De 
Conno et al. also examined the effect of sevoflurane anesthesia 
on inflammatory markers in the collapsed lung during OLV in 54 
patients undergoing thoracic surgery. The alveolar inflammatory 
markers in the BALF collected from the collapsed lung, including 
TNF-α, IL-6, IL-8, and monocyte chemoattractant protein 1, were 
less elevated in the sevoflurane group than in the propofol group 
[56].

The exact mechanisms by which volatile anesthetic agents mitigate 
local inflammatory responses in both ventilated and collapsed 
lungs remains to be elucidated. However, some possible underlying 
mechanisms for this immunomodulatory effect can be considered. 
One experimental study suggested that volatile anesthetics 
have potent inhibitory effects on neutrophil function [57, 58]. 
Attenuated activation of neutrophils by volatile anesthetics may 
contribute to suppressing the inflammatory response, as reflected 
by reduced alveolar cytokines. Another possible mechanism is the 
reduction of nitric oxide (NO) production by the interaction with 
inducible NO synthetase [59], caused by reversible inhibition of 
voltage-dependent calcium channels, and subsequent intracellular 
calcium concentration decreases through exposure to volatile 
anesthetics [60]. Such reduction of NO synthesis is likely to 
alleviate the degree of lung injury. In addition, suppression of HPV 
by volatile anesthetics might be associated with reduced ischemia-
reperfusion injury, leading to attenuation of lung injuries [61]. The 
vasodilation effect of volatile anesthetics on pulmonary arteries 
might prevent hypoxic lung injuries in the collapsed lung during 
OLV and attenuate the consequent ischemic reperfusion injury.

Collectively, volatile anesthetics have been shown to suppress 
local inflammatory responses in both lungs during OLV in some 
clinical studies, whereas it remains unclear as to whether such 
beneficial effects help to reduce postoperative ALI and improve 
the overall outcomes of patients undergoing pulmonary resection 
surgery for lung cancer.

Potential of TEA to Attenuate ALI
TEA has been applied to control stress responses and perioperative 
pain in thoracic and abdominal surgeries. The efficient analgesia 
with TEA can enable thoracic and abdominal surgery patients 
to cough up enough phlegm and initiate an early rehabilitation, 
resulting in reduced postoperative pulmonary complications 
and early hospital discharge. Furthermore, since the activity of 
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sympathetic nervous system influences the immune system [62], 
the neuroendocrine response blunted by TEA could modulate 
postoperative immune function. Fares et al. showed that TEA 
reduced the systemic inflammatory response reflected by reduction 
of systemic IL-6 and IL-8 in patients undergoing esophagectomy 
with protective lung ventilation [63]. Another study revealed that 
TEA under a sufficient depth of general anesthesia attenuated 
excessive production of systemic inflammatory cytokines (TNF-α, 
IL-6, and IL-10), compared to general anesthesia alone in 120 
patients undergoing colonectomy [64]. Besides, Su et al. reported 
that TEA, combined with general anesthesia, reduced postoperative 
inflammatory responses by reducing inflammatory cytokines, and 
improved postoperative cognitive function in elderly patients 
undergoing liver cancer surgeries [65].

To our knowledge, however, no study examined the effect of TEA 
on the development of ALI after thoracic surgery. Our recent 
clinical study revealed that TEA reduced the IL-6 concentration 
in the epithelial lining fluid collected from the collapsed lung in 
patients undergoing pulmonary resection surgery for ling cancer 
[66]. Considering the pivotal roles of sympathetic nervous system 
in immune function, it is plausible that TEA could influence lung 
injuries during and after thoracic surgery by modulating systemic 
and local inflammatory responses. One review article suggested 
a possibility that TEA induces a reduction of partial arterial 
oxygen pressure through an increased pulmonary shunt during 
OLV [67]. Since this increased pulmonary shunt could be caused 
by pulmonary arterial vasodilation and reduced HPV, TEA during 
pulmonary resection surgery might alleviate ischemic-reperfusion 
injury after OLV due to suppressed HPV, leading to attenuation of 
lung injury.

Conclusion
In this narrative review, the pathophysiology and preventive 
measures of ALI after pulmonary resection surgery were 
discussed. While various mechanisms contribute to ALI after 
pulmonary resection surgery (Figure 1), systemic and local 
inflammatory responses have been shown to be strongly associated 
with the onset and degree of ALI. Moreover, deleterious effects 
on the lungs caused by mechanical ventilation and physiological 
changes induced by OLV are major factors that contribute to 
the progression of perioperative lung injury. Protective lung 
strategies are particularly important to attenuate the damage to the 
ventilated lung during OLV. The use of volatile anesthetic agents 
and TEA should be carefully considered as they might attenuate 
ALI after pulmonary resection surgery. Although a novel therapy, 
administration of serine protease inhibitor to protect endothelial 
glycocalyx layer, which plays a key role in vascular permeability, 
was tried to prevent ALI in a clinical study [68], this therapy is far 
away from a clinical application yet. Further studies to establish 
preventive strategies against ALI are warranted to further improve 
the prognosis of patients undergoing pulmonary resection surgery 
for lung cancer.

Figure 1: Contributing factors to the onset of acute lung injury 
after pulmonary resection surgery for lung cancer.
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