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Abstract

Purpose One-lung ventilation (OLV) is commonly used

during thoracic surgery. Clinical studies using bronchoal-

veolar lavage fluid analysis have demonstrated that OLV

induces pulmonary inflammatory reactions in the ventilated

dependent lung. However, few clinical studies have

investigated such inflammatory reactions in the dependent

lung compared with the collapsed nondependent lung. Here

we used a bronchoscopic microsampling method to obtain

epithelial lining fluid (ELF) from each lung, and then

compared the inflammatory reactions in the dependent lung

and the nondependent lung during thoracic surgery.

Methods Twenty adult patients were studied. All patients

underwent thoracic surgery using OLV. Propofol and

remifentanil were used for total intravenous anesthesia.

A double-lumen endotracheal tube was used to perform

OLV. ELF was obtained from each lung using the bron-

choscopic microsampling method. ELF levels of inflam-

matory mediators, tumor necrosis factor a, interleukin

(IL)-1b, IL-6, IL-8, IL-10, and IL-12p70 were measured

using ELISA before and after OLV.

Results ELF levels of IL-1b, IL-6, and IL-8 were sig-

nificantly increased in the dependent lung and the nonde-

pendent lung at the end of surgery compared with their

baseline levels (p \ 0.05). ELF level of IL-6 was signifi-

cantly higher in the dependent lung than in the nonde-

pendent lung at the end of surgery (p = 0.019).

Conclusions One-lung ventilation induced inflammatory

responses of the bronchial epithelia in the dependent lung

and the nondependent lung during thoracic surgery. In

addition, these inflammatory responses were more aug-

mented in the dependent lung than in the nondependent lung.

Keywords One-lung ventilation � Epithelial lining

fluid � Bronchoscopic microsampling � Pulmonary

inflammation � Cytokine

Introduction

One-lung ventilation (OLV) is commonly used in thoracic

surgery. During OLV, pulmonary inflammatory reactions

can be induced by multiple factors such as mechanical

damage due to surgical manipulation, OLV-induced ate-

lectasis and re-expansion, damage by high oxygen tension,

or by high inspiratory pressure due to mechanical ventila-

tion [1–5].

Some studies have shown that bronchial epithelia

express various immune molecules [6, 7]. Inflammatory

cytokines, tumor necrosis factor a, interleukin (IL)-1b,

IL-6, and IL-8 are important chemoattractants that affect

the recruitment of neutrophils and alveolar macrophages.

Alveolar macrophages not only act as phagocytes but

also secrete biologically active products, thereby play a
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significant role in regulating pulmonary inflammatory

reactions [8–10]. By expressing these inflammatory medi-

ators, the bronchial epithelium may play an important role

in the initiation and exacerbation of an inflammatory

response in the airway. An increase in these inflammatory

cytokines can be clinically relevant to pulmonary compli-

cations following thoracic surgery [2, 3, 11, 12].

Some clinical studies have analyzed bronchoalveolar

lavage fluid (BALF) and reported OLV-induced pulmonary

inflammatory reactions in the ventilated dependent lung [1,

13]. However, few clinical studies have compared inflam-

matory reaction differences between the ventilated depen-

dent lung and the collapsed nondependent lung.

Assessment of the pulmonary biochemical environment

using BALF analysis can provide valuable pathophysio-

logic information. However, complications including

hypoxia may limit the serial examination of BALF, par-

ticularly in patients undergoing thoracic surgery using

OLV. In earlier studies, a less invasive and quantitative

bronchoscopic microsampling probe was developed in

order to measure biochemical constituents in the epithelial

lining fluid (ELF) of small airways [14, 15]. This enabled

us to obtain ELF from each lung during OLV.

We hypothesized that the extent of OLV-induced

inflammatory responses may differ in the dependent lung

and the nondependent lung during thoracic surgery. The

aims of this study were to: (1) examine OLV-induced

effects in the dependent lung and the nondependent lung,

and (2) compare inflammatory reactions in the dependent

lung and the nondependent lung during thoracic surgery.

Since a lateral position can induce a gravitational shift in

blood distribution in the lungs [16], we also hypothesized

that inflammatory responses may differ between the upper

lung and the lower lung while in a lateral position. We

therefore investigated an additional patient group to eval-

uate the effect of a lateral position upon the pulmonary

inflammatory reaction.

In the first part of our study (study I), we investigated the

effects of OLV upon pulmonary inflammatory responses

during lung resection. In the second part (study II), we also

investigated the effect of lateral position on the pulmonary

inflammatory reaction as a control study.

Materials and methods

Study I: the pulmonary inflammatory effect

of one-lung ventilation

Participants

Twenty consecutive adult patients undergoing thoracic

surgery with OLV were studied, after providing written

informed consent. The study was approved by our institu-

tional review board. Operations were performed at Junt-

endo University Hospital in 2009 and included lobectomy

(n = 13 patients) and partial lung resection (n = 7

patients). Lung resections were performed through a stan-

dard posterolateral or an anterolateral thoracotomy. All

patients met the criteria for the American Society of

Anesthesiologists physical status I–II category.

Exclusion criteria

Exclusion criteria included cardiac disease categorized as

NYHA classes II–IV; preoperative severe impairment of

respiratory function, such as a vital capacity of\50% or a

forced expiratory volume in one second of \50% of that

predicted; pre-existing coagulopathy or thrombocytopenia;

and preoperative nonsurgical supplemental treatments such

as chemotherapy, radiation therapy, or immunotherapy.

Patients were excluded if they had systemic or local active

infections (either clinically defined or suggested by evi-

dence such as elevated C-reactive protein levels, leukocy-

tosis, or a body temperature [38�C).

Anesthesia

None of our patients received premedication. All patients

underwent general anesthesia combined with epidural

anesthesia. Before the operation, a thoracic epidural cath-

eter was inserted between the T4/5 and the T6/7 interver-

tebral spaces for postoperative pain management.

Propofol and remifentanil were used for total intravenous

anesthesia. Induction of anesthesia was initiated with

intravenous propofol, using a target-controlled infusion

technique with a target concentration of 3–5 lg/ml, and

a continuous infusion of remifentanil at 0.5 lg/kg/min.

Rocuronium (0.6–0.9 mg/kg) facilitated orotracheal intu-

bation. Following orotracheal intubation, patients were

placed in a lateral position. Anesthesia was maintained with

propofol (at target concentrations of 2–4 lg/ml) and rem-

ifentanil (0.2–1.0 lg/kg/min). For further muscle relaxa-

tion, rocuronium was administered, as clinically indicated.

For postoperative pain management, patients were

administered 1 lg/kg of fentanyl (intravenous) and 5–8 ml

of 0.375% ropivacaine (intra-epidural) before the discon-

tinuation of anesthetic agents, followed by intra-epidural

continuous infusion of 0.2% ropivacaine (2–5 ml/h).

OLV was achieved with a left- or right-sided double-

lumen endotracheal tube (Blue Line� Endobronchial Tube

37 or 39 Fr; Smiths Medical, St Paul, MN, USA). Correct

positioning of the tube was confirmed using a bronchofi-

berscope (BF-MP60; Olympus, Tokyo, Japan). Pressure-

controlled ventilation with 5 cmH2O positive end-expiratory

pressure (PEEP) was used for bilateral lung ventilation and
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for OLV. During OLV, peak inspiratory pressure was main-

tained below 30 cmH2O with a tidal volume of 6–8 ml/kg,

and FIO2 was maintained between 0.6 and 1.0 to ensure

oxygen saturation of[90%. Respiratory rate was adjusted to

maintain normocapnia. The collapsed lung was not inflated

periodically. None of our patients required intermittent

continuous positive airway pressure on the nondependent

lung in order to maintain oxygenation during OLV.

Electrocardiogram, oxygen saturation, invasive arterial

blood pressure, end-tidal carbon dioxide pressure, rectal

body temperature, and urine output were continuously

monitored during anesthesia. Arterial blood gas analyses

were performed, as clinically required. Crystalloids were

used for hydration, in accordance with clinical needs. None

of our patients required blood transfusion.

After completing the surgical procedures, the previously

collapsed lung was re-inflated until visible atelectatic areas

were resolved with a peak airway pressure of below

25 cmH2O. All patients were extubated in the operating

room and transferred to a post-anesthesia care unit or

intensive care unit.

Bronchoscopic microsampling

ELF was obtained from each lung using the bronchoscopic

microsampling method before OLV (i.e., baseline) and

15 min after terminating OLV (i.e., end of surgery).

A bronchofiberscope was inserted into each lung through

an endotracheal tube. The fiberscope was placed on the

bronchus 7 cm distal to the bifurcation of the trachea.

A bronchoscopic microsampling probe (BC-401C;

Olympus, Tokyo, Japan) was inserted into the lungs

through the channel of the bronchofiberscope. The probe

consisted of a 1.8 mm outer-diameter polyethylene sheath

and an inner 1.1 mm cotton probe attached to a stainless

steel guide wire. The probe was inserted into the channel of

the bronchofiberscope, and the inner probe was advanced

slowly into the distal airway until it made contact with the

mucosal surface. ELF was obtained from each bronchus

under direct observation. After absorbing ELF, the inner

probe was withdrawn and stored at -80�C until analysis.

Peripheral blood was collected from an arterial catheter

before OLV and at the end of surgery, simultaneous with

ELF sampling.

Measurement of cytokines

After obtaining ELF, the bronchoscopic microsampling

probe was sectioned at 3.0 cm from its tip, introduced into

a pre-weighed tube, weighed, and frozen at -80�C until

analysis. A diluted solution for measuring cytokines was

prepared by adding 500 ll of saline to the tube containing

the frozen probe. The solution was then vortexed for 1 min.

Afterwards, the probe was dried and weighed again to

measure the recovered ELF volume, and the dilution factor

was calculated. We also measured OD280nm for each

sample to standardize protein concentrations of all samples

using bovine serum albumin as the standard. Inflammatory

level was expressed as the amount of cytokine per 1 mg of

protein in ELF.

Inflammatory cytokine levels in ELF were measured

using a cytometric bead array system (CBA Human

Inflammatory Cytokines Kit; Becton, Dickinson and Com-

pany, Franklin Lakes, NJ, USA).The system included six

fluorescently distinguishable capture microbeads coated

with antibodies against six analytes: TNFa, IL-1b, IL-6,

IL-8, IL-10, and IL-12p70. The method detected cytokines

bound onto microbeads by enzyme-linked immunosorbent

assay (ELISA). Using the cytometric bead array system, the

minimum quantifiable level of cytokines was 20 pg/ml.

The cytometric bead array system measured plasma

cytokine levels before OLV and at the end of surgery.

Serum was prepared from blood samples by centrifugation

at 10009g for 10 min and measured without dilution.

Study II: the pulmonary inflammatory

effect of a lateral position

Five patients exhibiting acetabular dysplasia and under-

going rotational acetabular osteotomy were studied. All

patients met the criteria for the American Society of

Anesthesiologists physical status I–II category. None of

our patients received premedication. All patients under-

went general anesthesia combined with epidural anesthesia.

Before the operation, a lumbar epidural catheter was

inserted at either the L1/2 or the L2/3 intervertebral space.

Total intravenous anesthesia was performed with propofol

and remifentanil, as previously described for study I. A

left-sided double-lumen endotracheal tube was used to

prevent sample contamination. Following anesthetic

induction, the patient was placed in a lateral position.

Bilateral lung ventilation with 5 cmH2O PEEP was main-

tained throughout the operation. The peak inspiratory

pressure was maintained below 30 cmH2O with a tidal

volume of 8–10 ml/kg and an FIO2 of 0.4–0.6. The respi-

ratory rate was adjusted to maintain normocapnia.

ELF was obtained from each lung using the broncho-

scopic microsampling method before and after surgery.

A cytometric bead array system measured the levels of

inflammatory cytokines in the ELF. We measured OD280nm

for each sample to standardize protein concentrations of all

samples, as previously described for study I. We then

compared the expression of the inflammatory cytokines in

ELF from each lung.
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Statistical analysis

Statistical results are presented as the median (25th–75th),

with statistical significance (p \ 0.05) determined by the

Mann–Whitney U test or the Wilcoxon signed-rank test.

Correlation was determined by the Spearman’s correlation

coefficient by rank. Parametric data are expressed as the

mean ± standard error of the mean in tables. All analyses

were performed with the statistical software program

GraphPad Prism 5 (GraphPad Software Inc., San Diego,

CA, USA).

Results

Study I: the pulmonary inflammatory

effect of one-lung ventilation

Clinical characteristics

Table 1 depicts the characteristics and surgical data of the

20 patients. All patients were extubated after surgery in the

operating room and experienced uneventful postoperative

recoveries.

The expression of inflammatory mediators in ELF

Figure 1 shows the ELF levels of IL-1b, IL-6, and IL-8 at

each sampling point in the dependent lung and the non-

dependent lung. Inflammatory level was expressed as

cytokine amount per 1 mg of protein in ELF. The levels of

other cytokines were undetectable at each sampling point.

Table 1 Thoracic surgery: patient characteristics and surgical data

Age (years) 61.4 ± 3.0

Sex (M/F) 14/6

BMI (kg/m2) 22.1 ± 0.7

Right/left-sided thoracotomy 10/10

Lobectomy/partial resection 13/7

PIP during OLV (cmH2O) 23.0 ± 0.3

Duration of OLV (min) 140.6 ± 12.6

Duration of surgery (min) 164.4 ± 13.6

Duration of anesthesia (min) 242.7 ± 13.4

Data are expressed as mean ± standard error of the mean (SEM)

BMI body mass index, PIP peak inspiratory pressure, OLV one-lung

ventilation

Fig. 1 Changes in the epithelial lining fluid levels of interleukin-1b,

interleukin-6, and interleukin-8 during thoracic surgery. Thoracic

surgery was associated with changes in the levels of interleukin (IL)-

1b, IL-6, and IL-8 in the epithelial lining fluid (ELF). Graphs show

the levels of these interleukins at each time point in the ventilated

dependent lung (DL) and the collapsed nondependent lung (NDL).

ELF levels of IL-1b, IL-6 and IL-8 increased significantly in the

dependent lung [IL-1b (p \ 0.001), IL-6 (p \ 0.001), IL-8

(p \ 0.001)] and in the nondependent lung [IL-1b (p \ 0.001), IL-6

(p = 0.001), IL-8 (p = 0.029)] at the end of surgery, compared with

their baseline levels. The ELF level of IL-6 was significantly higher in

the dependent lung than in the nondependent lung at the end of

surgery (p = 0.019). Data are expressed as the median (25th–75th)

c
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However, ELF levels of IL-1b, IL-6 and IL-8 significantly

were increased in the dependent lung and the nondependent

lung at the end of surgery compared with their baseline

levels (p \ 0.05). The ELF level of IL-6 was significantly

higher in the dependent lung than in the nondependent lung

at the end of surgery (p = 0.019).

The magnitude of cytokine expression at the end of

surgery showed a progressive increase with prolonged

duration of OLV (Fig. 2). There was a correlation between

the increase in the level of IL-1b or IL-6 and the duration

of OLV in the dependent lung and the nondependent lung

at the end of surgery. For IL-1b in the dependent lung,

r = 0.482, p = 0.032; and for IL-1b in the nondependent

lung, r = 0.495, p = 0.026. For IL-6 in the dependent

lung, r = 0.467, p = 0.038; and for IL-6 in the non-

dependent lung, r = 0.466, p = 0.038. For IL-8, there was

no correlation in the dependent lung (r = 0.225), whereas

there was a correlation in the nondependent lung

(r = 0.517, p = 0.020). The plasma cytokine levels of

tumor necrosis factor a, IL-1b, IL-6, IL-8, IL-10, and

IL-12p70 were undetectable.

Study II: the pulmonary inflammatory

effect of a lateral position

Table 2 depicts patient characteristics and surgical data.

All patients were extubated following surgery in the

operating room and had uneventful postoperative recov-

ery periods. Inflammatory level was expressed as cyto-

kine amount per 1 mg of protein in ELF. ELF levels

of the cytokines tumor necrosis factor a, IL-1b, IL-6,

IL-8, IL-10, and IL-12p70 did not significantly differ

between the upper and lower lung at each sampling point

(Fig. 3).

Discussion

In study I, we demonstrated that ELF levels of IL-1b, IL-6

and IL-8 were significantly increased in the dependent lung

and the nondependent lung at the end of thoracic surgery,

compared with their baseline levels. We also demonstrated

that the ELF level of IL-6 was significantly higher in the

dependent lung than in the nondependent lung.

Our data suggest that, during thoracic surgery, OLV

induces inflammatory responses of the bronchial epithe-

lia in the dependent lung and the nondependent lung.

Inflammatory responses were more augmented in the

dependent lung than in the nondependent lung, as indicated

by the higher ELF level of IL-6 in the dependent lung at the

end of surgery. ELF level of cytokine expression indicated

a local inflammatory response, since the plasma cytokine

levels were undetectable during surgery.

The duration of OLV is a most important factor in

promoting pulmonary inflammatory responses, as shown

in previous studies [2, 17, 18]. These earlier studies dem-

onstrated a significant correlation between the extent of

pulmonary inflammatory response and the duration of

Fig. 2 Correlation between the increase in interleukin-1b, interleu-

kin-6, or interleukin-8 and the duration of one-lung ventilation in both

lungs at the end of surgery. There was a correlation between the

increase in interleukin (IL)-1b or IL-6 levels and the duration of one-

lung ventilation in both the ventilated dependent lung (DL) and the

collapsed nondependent lung (NDL) at the end of surgery. For IL-1b,

r = 0.482, p = 0.032 for the dependent lung; and r = 0.495,

p = 0.026 for the nondependent lung. For IL-6, r = 0.467,

p = 0.038 for the dependent lung; and r = 0.466, p = 0.038 for

the nondependent lung. There was no correlation between IL-8 level

and the duration of one-lung ventilation in the dependent lung

(r = 0.225), but a correlation did exist with the nondependent lung

(r = 0.517, p = 0.020)
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OLV. Our present data were compatible with these

findings.

The lateral position is thought to induce differences in

pulmonary perfusion and ventilation in the lungs because

of the gravitational shift [16]. However, recent studies

show that there are other factors that affect pulmonary

perfusion and ventilation while in the lateral position. The

underlying structure of the bronchial and pulmonary vas-

cular anatomy with asymmetrical branching is now con-

sidered an important factor in causing differences in

pulmonary perfusion and ventilation in the lungs while in

the lateral position [19, 20].

We hypothesized that heterogeneity in the lungs may

induce different levels of inflammatory responses between

the upper lung and the lower lung while in the lateral

position. Despite heterogeneity, our present data suggested

that the lateral position did not result in a significant

difference in the pulmonary inflammatory reaction

between the upper and lower lungs during bilateral lung

ventilation in study II.

Based on this finding, we do not believe that the lateral

position itself augmented the inflammatory responses in the

dependent lung in study I. We believe that multiple pul-

monary factors induced inflammatory reactions, such as

mechanical damage due to surgical manipulation, OLV-

induced atelectasis and re-expansion, or damage due to a

high inspiratory oxygen concentration or a high inspiratory

pressure due to mechanical ventilation. A higher oxygen

concentration and a higher inspiratory pressure were uti-

lized in study I than in study II. Therefore, we believe these

factors are important in inducing inflammatory responses

in the dependent lung.

The ventilation of the dependent lung with an inspira-

tory oxygen concentration of[60% can lead to pulmonary

injury [21–24]. Oxygen toxicity of the lung is a well-rec-

ognized complication of prolonged exposure to a high

inspiratory oxygen concentration and is characterized by

histopathologic changes similar to an acute lung injury.

Oxygen toxicity may occur during OLV with a high

inspiratory oxygen concentration (even for a short period

of time); it also involves ischemia–reperfusion injury and

oxidative stress [25].

Fig. 3 Changes in the epithelial lining fluid levels of interleukin-1b,

interleukin-6, and interleukin-8 during rotational acetabular osteot-

omy. Changes in the levels of interleukin (IL)-1b, IL-6, and IL-8 in

epithelial lining fluid (ELF) while in a lateral position are shown.

Graphs show the upper lung (upper) and the lower lung (lower) levels

before and after surgery. ELF levels of cytokines were not signifi-

cantly different between the upper lung and the lower lung at each

time point. Data are expressed as the median (25th–75th)

Table 2 Rotational acetabular osteotomy: patient characteristics and

surgical data

Age (years) 40.2 ± 4.6

Sex (M/F) 0/5

BMI (kg/m2) 21.1 ± 0.9

Right/left lateral position 1/4

PIP during lateral position (cmH2O) 17.4 ± 1.1

Duration of surgery (min) 170.2 ± 15.3

Duration of lateral position (min) 199.8 ± 16.6

Duration of anesthesia (min) 235.8 ± 14.8

Data are expressed as mean ± standard error of the mean (SEM)

BMI body mass index, PIP peak inspiratory pressure
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A higher inspiratory pressure generally tends to be used

during OLV than during bilateral lung ventilation. A high

inspiratory pressure resulting from mechanical ventilation

can also damage the dependent lung [26, 27]. Experimental

data show that a high pulmonary capillary pressure is

accompanied by the deterioration of the alveolar–capillary

barrier [28, 29]. The terms ‘‘barotrauma’’ and ‘‘volutrau-

ma’’ are closely related [27]. Some studies have demon-

strated that intraoperative mechanical ventilation with a

high tidal volume is associated with an increased risk of

respiratory failure [1, 4, 30, 31]. Recent guidelines

emphasize the importance of limiting the inspiratory

pressure and the degree of alveolar distension for a given

alveolar pressure [32].

OLV-induced atelectasis and re-expansion might induce

ischemia–reperfusion injury [33]. This could explain

the underlying mechanisms of inflammation in both the

dependent lung and the nondependent lung [3, 34]. The

nondependent lung remains completely atelectatic for a

period of time, which is accompanied by hypoperfusion

due to hypoxic vasoconstriction. A lack of ventilation to

the collapsed lung might exacerbate reperfusion injury. De

Leyn et al. [35] found greater lactate concentrations and

lower ATP concentrations in isolated ischemic rabbit lungs

that were deflated rather than inflated. Hamvas et al. [36]

further studied ischemia–reperfusion lung injury in dogs

and identified that ventilation or static inflation attenuated

lung injury.

Madjdpour et al. [37] showed that acute hypoxia resul-

ted in inflammatory changes in the lung. Alveolar hypoxia

in the nondependent lung during OLV leads to the aug-

mented expression of adhesion molecules on alveolar epi-

thelial cells, an increase in albumin leakage, and enhanced

expression of inflammatory mediators, which are mainly

macrophage dependent. Alveolar macrophages may play a

pivotal role in inflammatory mechanisms during hypoxia-

induced lung injury. Alveolar damage following hypoxia is

biphasic; it starts with the lack of oxygen and is then

exacerbated during reoxygenation [37].

Our present data suggest that factors leading to inflam-

mation during OLV can be more significant in the depen-

dent lung than in the nondependent lung.

Padley et al. studied patients undergoing open thoracic

surgery who developed postoperative acute respiratory dis-

tress syndrome. Preoperative and postoperative CT scans

demonstrated that lung tissue density increased at a signifi-

cantly higher rate in the ventilated lung than in the operated

lung, indicating a virtually asymmetric lung injury [38].

Recent studies suggest that ELF levels of cytokines such as

IL-1b, IL-6 and IL-8 are clinically relevant to pulmonary

complications after thoracic surgery [2, 3]. Our present data

suggest that increased expression of cytokines is possibly

related to postoperative injury in the dependent lung.

In summary, OLV may promote the production and

release of proinflammatory substances in the alveoli of the

dependent lung and the nondependent lung during thoracic

surgery. Furthermore, inflammatory responses were more

augmented in the dependent lung than in the nondependent

lung at the end of surgery. These pulmonary inflammatory

responses, as indicated by increased cytokine expression,

may be relevant to postoperative complications in the

dependent lung.
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