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Abstract
Early detection of patients with a high risk of postoperative pulmonary complications (PPCs) could improve postoperative 
strategies. We investigated the role of monitoring systemic and lung inflammatory biomarkers during surgery and the early 
postoperative period to detect patients at high risk of PPCs after lung resection surgery (LRS). This is a substudy of a ran-
domized control trial on the inflammatory effects of anaesthetic drugs during LRS. We classified patients into two groups, 
depending on whether or not they developed PPCs. We constructed three multivariate logistic regression models to analyse 
the power of the biomarkers to predict PPCs. Model 1 only included the usual clinical variables; Model 2 included lung and 
systemic inflammatory biomarkers; and Model 3 combined Models 1 and 2. Comparisons between mathematical models 
were based on the area under the receiver operating characteristic curve (AUROC) and tests of integrated discrimination 
improvement (IDI). Statistical significance was set at p < 0.05. PPCs were detected in 37 (21.3%) patients during admission. 
The AUROC for Models 1, 2, and 3 was 0.79 (95% CI 0.71–0.87), 0.80 (95% CI 0.72–0.88), and 0.93 (95% CI 0.88–0.97), 
respectively. Comparison of the AUROC between Models 1 and 2 did not reveal statistically significant values (p = 0.79). 
However, Model 3 was superior to Model 1 (p < 0.001). Model 3 had had an IDI of 0.29 (p < 0.001) and a net reclassification 
index of 0.28 (p = 0.007). A mathematical model combining inflammation biomarkers with clinical variables predicts PPCs 
after LRS better than a model that includes only clinical data. Clinical registration number Clinical Trial Registration NCT 
02168751; EudraCT 2011-002294-29.
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Abbreviations
AUROC	� Area under receiver operating characteristic
BAL	� Bronchoalveolar lavage fluid
CPAP	� Continuous positive airway pressure
FEV1	� Forced expiratory volume in the first second
FVC	� Forced vital capacity
ICU	� Intensive care unit
IL	� Interleukin
LRS	� Lung resection surgery
MMP	� Matrix metalloproteinase
OLV	� One-lung ventilation
PPC	� Postoperative pulmonary complication

1  Introduction

Postoperative pulmonary complications (PPCs) continue 
to be one of the main causes of morbidity, mortality, and 
increased hospital stay in patients undergoing surgical pro-
cedures requiring anaesthesia [1]. The incidence of PPCs is 
particularly high in lung resection surgery (LRS) as a result 
of injury to structures associated with respiratory function 
(eg, resection of the lung parenchyma, respiratory muscle 
surgery, diaphragmatic dysfunction) and the frequent finding 
of smoking-related respiratory morbidity (chronic obstruc-
tive pulmonary disease, cancer) [2]. These inevitable predis-
posing causes of PPCs are compounded by the well-known 
harmful effects of one-lung ventilation (OLV) on postopera-
tive lung function [3].

Early detection of patients at risk of PPCs can modify the 
clinical course of the disease in that stay in the intensive care 
unit (ICU) is prolonged and prophylaxis against the onset 
of PPCs is intensified (eg, lung re-expansion manoeuvres, 
close monitoring of gas exchange, antibiotic therapy) [2, 4, 
5]. Similar studies that have analysed the effect of specific 
pre- and postoperative risk factors for PPCs after LRS are 
essentially based on spirometry testing and preoperative 
clinical conditions [2, 6, 7].

Chest surgery (LRS or oesophagectomy) is characterized 
by an exaggerated systemic and pulmonary inflammatory 
response resulting from surgical stress and from lung injury 
during OLV, both in the ventilated and non-ventilated lung 
[8].

An association has been proposed between this hyper-
inflammatory state and the onset of PPCs, although no in-
depth research has been carried out on the usefulness of 
measuring inflammatory biomarkers during or immediately 
after surgery for detection of patients with a high risk of 
PPCs [9–11].

We hypothesized that our ability to identify patients at 
the greatest risk of PPCs could be improved by combining 
assessment of biomarkers of inflammation during surgery 
and during the first 6 h after surgery and assessment of the 

risk factors habitually assessed to predict PPCs in LRS. Our 
study aimed to investigate whether performing a joint assess-
ment of clinical predictors of risk (pre- and intraoperative) 
and inflammatory markers (intraoperative and immediate 
postoperative) would increase our ability to detect patients 
who develop PPCs after LRS.

2 � Methods

Patients were included in the study if they had participated 
in clinical trial NCT 02168751 or EudraCT 2011-002294-29 
[12], both of which were approved by the Clinical Investiga-
tion Ethics Committee (No. 181/11) of Hospital Gregorio 
Marañón, Madrid, Spain (Chairperson Dr. Fernando Diaz) 
in August 2011. Informed consent was obtained from all 
patients included.

We analysed 174 patients, of whom only 160 were 
included. The remaining 14 cases were excluded because 
not all samples of plasma and bronchoalveolar lavage fluid 
(BAL) were available (11 pneumonectomies and 3 missing 
data).

The inclusion criteria were as follows: patients of either 
sex undergoing LRS; voluntary agreement to participate 
in the study; signed informed consent; age > 18 years and 
legally competent; scheduled surgery; forced expiratory vol-
ume in the first second (FEV1) > 50% or forced vital capac-
ity (FVC) > 50%. The exclusion criteria were as follows: 
pregnancy and breastfeeding; transfusion of blood products 
during the previous 10 days; impossibility of performing 
lung-protective ventilation; heart failure (New York Heart 
Association Functional Class 3 or 4) during the week before 
surgery; and previous long-term treatment with corticos-
teroids or immunosuppressive agents during the 3 months 
before surgery.

All of the study patients received the same perioperative 
care, with the exception of the hypnotic drug used during 
surgery. Induction was with propofol (2–3 mg kg−1), fenta-
nyl (3 µg kg−1), and rocuronium (0.6–1 mg kg−1). A double-
lumen tube was then inserted and correct placement was 
verified using a fiberoptic bronchoscope.

Initially, the lungs were ventilated at a tidal volume of 
8 ml kg−1 (ideal weight), a positive end expiratory pressure 
(PEEP) of 5 cmH2O, FiO2 of 0.4–0.5, and a breathing rate 
that enabled EtCO2 to be maintained at 30–35 mmHg. Dur-
ing OLV, we applied a Vt of 6 ml kg−1 (ideal weight), PEEP 
of 5 cmH2O, and FiO2 of 0.6–1 to maintain SpO2 > 90%. 
Recruitment manoeuvres were made and/or continuous 
positive airway pressure (CPAP) was applied to the nonde-
pendent lung if SpO2 was < 90% despite using an FiO2 of 1. 
Intra- and postoperative analgesia was maintained by para-
vertebral thoracic block. Administration of fluids was via 
a crystalloid solution at 2 ml.kg−1 h−1 to maintain diuresis 
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above 0.5 ml h−1. If urine output diminished, a bolus dose 
of 250 ml crystalloids was administered.

Clinical preoperative and intraoperative variables 
recorded are shown in “Appendix 1”.

2.1 � Laboratory data

2.1.1 � Arterial blood gas values

Blood samples were taken from the arterial line to deter-
mine blood gas values (PaO2, SaO2, and PaCO2) at 4 time 
points: in the operating room before starting OLV, 30 min 
after starting OLV, and on restarting two-lung ventilation, 
and 6 h after surgery was completed.

2.1.2 � Cytokines in BAL fluid

BAL samples were taken from both lungs during surgery and 
before and immediately after OLV had finished.

BAL fluid samples were taken by guiding a fiberoptic 
bronchoscope into the bronchus of the lower left lobe and 
lower right lobe until it met with resistance and could pro-
gress no further. At the end of surgery, in pneumonectomies, 
we only collect samples of dependent lung; In lobectomies 
we directed bronchoscope toward bronchus of lobe rema-
nent of non-dependent lung. A first injection of saline solu-
tion 0.9% (25 ml) was then made, and the residual fluid was 
extracted and discarded. A new bolus of saline solution 0.9% 
(25 ml) was then injected, and the aspirate was used for 
analysis of the BAL samples. The biomarkers analysed were 
as follows: Interleukin (IL)-1, IL-2, IL-4, IL-6, IL-7, IL-8, 
IL-10, IL-12, TNF-α, MCP-1, MMP2, MMP9. The rela-
tionship between pro-inflammatory and anti-inflammatory 
markers was measured using the ratios IL-8/IL-10 and IL-6/
IL-10 [13, 14].

2.1.3 � Cytokines in blood

Cytokine levels were determined in plasma by drawing 
blood from the arterial line when arterial blood gas values 
were being assessed. These samples were filtered using ster-
ile gauze and centrifuged at 400Xg for 15 min at 4 °C. The 
supernatant was stored at − 20 °C until analysis at a special-
ized laboratory. Concentrations of cytokines were analysed 
using ELISA. Blood biomarkers analysed were as follows: 
IL-1, IL-2, IL-4, IL-6, IL-7, IL-8, IL-10, TNF-α, MCP-1, 
MMP2, ratio IL8/IL10, and IL6/IL10.

2.2 � Postoperative clinical data

All patients were extubated in the operating room, then 
remained at least 1 day in the ICU. Then they were trans-
ferred to the intensive care unit where they remained 

admitted for at least 24 h. Postoperative analgesia was pro-
vided by paravertebral block and we used intravenous anal-
gesics on demand. At 6 h of stay in the ICU, patients were 
allowed to drink. A chest-X-ray was performed 24 h after 
surgery. Clinical data were collected as part of the study and 
during the postoperative hospital stay. PPCs were defined 
according to the criteria of ARISCAT “(Appendix 2)”. The 
investigator who classified patients as PPC or non-PPC 
was blind to the type of anaesthesia used and to values for 
cytokines in plasma or in BAL fluid. The postoperative day 
on which the first PPC was diagnosed was also recorded. 
Another medical complications included cardiac complica-
tions (myocardial infarction, arrhythmias, miocardial arrest, 
and cardiac failure), deep venous trombosis or pulmonary 
embolism, renal failure defined by AKIN criteria [15], and 
hepatic failure. Surgical complications, included air leak, 
surgical wound infection, bleeding, reintervention chylo-
thorax, empyema, and mediastinitis. In order to analyze the 
impact that surgical or medical complications could have 
on the postoperative course, we applied the Clavien-Dindo 
classification [16]. All the patients were followed up after 
surgery until discharge and during the first 30 days after 
surgery. We recorded the stay in the ICU and in the hospital 
and readmission to the ICU after discharge. All data were 
collected prospectively by study personnel.

2.3 � Statistical analysis

Results are presented as median (interquartile range) for 
continuous, non-normally distributed variables and as mean 
(standard deviation) for continuous, normally distributed 
variables. Normality was analysed using the Kolmogo-
rov–Smirnov test. Qualitative variables are expressed as 
frequency and percentage and were analysed using the Chi 
square test or Fisher exact test. Continuous variables were 
compared using a paired or unpaired t test and the Wilcoxon 
or Mann–Whitney test, as appropriate.

A univariate analysis was performed with all the vari-
ables collected before and during surgery and during the 
6 h after surgery. Variables with p < 0.1 were used in the 
comparison of the PPC group with the non-PPC group. For 
the analysis, the 4 most relevant clinical variables were 
analysed. For the analysis of inflammatory biomarkers in 
blood, the 4 with the largest area under the receiver operat-
ing characteristic curve (AUROC) were recorded. Similarly, 
the 4 biomarkers obtained from the analysis of BAL fluid 
were also collected.

Multiple logistic regression was performed to predict 
PPCs that included the clinical variables (Model 1: type of 
anaesthesia, FEV1, age and duration of surgery). We also 
ran another logistic regression model with cytokines only 
(Model 2) and a model with cytokines as well as clinical 
variables (Model 3). We applied the backward stepwise 
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method to select the most significant cytokines, leav-
ing the clinical variables as fixed variables. The numeri-
cal variables were previously dichotomized using ROC 
curves and choosing the optimal cut-off provided by the 
Youden J index [17]. The criteria chosen for the selection 
of cytokines were p < 0.05 and > 0.1 to include and exclude 
terms, respectively.

We also used ROC curves to determine the ability of the 
models to predict PPCs. Calibration was assessed using 
the Hosmer–Lemeshow goodness-of-fit test. ROC curves 
of models were compared following the method of Hanley 
and McNeil [18]. In addition, we calculated the integrated 
discrimination improvement and the net reclassification 
improvement as measures to evaluate discriminative ability 
between the 2 logistic regression predictive models (Model 
1 vs Model 3) [19]. We´ve performed a 10-fold cross-vali-
dation to provide potential validity of the results.

All statistical tests were 2-tailed, and a p value of < 0.05 
was considered statistically significant. The calculations 
were performed using IBM SPSS Statistics for Windows, 
Version 21.0 (IBM Corp, Armonk, New York, USA) and 
the R package [20].

Table 1   Demographic and intraoperative data

Data expressed as median (interquartile 25–75)
PPC postoperative pulmonary complications, BMI body mass index, 
FVC pre forced vital capacity predicted, FEV1pre forced expiratory 
volume in the first second predicted, DLCOpre diffusing capacity 
of lung for carbon monoxide predicted, OLV one-lung ventilation, R 
right, L left, N neumonectomy, L lobectomy, S Segmentectomy

PPC p value

No (n = 137) Yes (n = 37)

Age (years) 64 (56–70) 70 (63–76) 0.005
BMI 26 (22.9–28.7) 25.8 (23.8–28.9) 0.671
ASA 7/82/48/0 1/14/21/1 0.018
FVC pre (%) 103 (95–122) 99.8 (81–104) 0.008
FEV1pre (%) 98.6 (84–111) 78 (63–92) < 0.001
Tifenneau Index 74.7 (68–82) 66 (59–75) < 0.001
DLCOpre (%) 88.2 (77.8–102.4) 77 (62.6–88.6) 0.02
Length OLV 155 (107–210) 190 (128–268) 0.017
Cristalloids (ml/kg) 9.33 (7.3–12.6) 9.72 (7.2–13.1) 0.373
Side (R/L) 77/60 21/16 0.552
Surgery (N/L/S) 7/61/69 4/18/15 0.335

Table 2   Blood gas values and respiratory and hemodynamic data obtained during surgery

Data are expressed as median (interquartile range)
PPC postoperative pulmonary complications, OLV one-lung ventilation, END end of OLV, P p value PPC versus non-PPC, Grad CO2 gradient 
CO2 (PaCO2-EtCO2), LC lung compliance, AP airway pressure, DP driving pressure, MAP mean arterial pressure, HR heart rate, CI cardiac 
index, SVV stroke volume variation

PPC Baseline OLV END

Median (IQ 25–75) p Median (IQ 25–75) p Median (IQ 25–75) p

PaO2/FiO2 Yes 308 (233–373) 0.016 97 (83–125) 0.493 274 (211–362) 0.136
No 350 (307–419) 102 (86–126) 319 (253–392)

PaCO2 (mmHg) Yes 46 (42–52) 0.044 53 (48–59) < 0.001 49.5 (45–56) 0.092
No 44 (41–49) 47 (42–52) 47 (43–52)

Grad CO2 Yes 13 (10.5–17) 0.02 16 (12–19.5) 0.007 13 (9–19.5) 0.171
No 11 (8–13) 13 (10–16) 12 (8–16)

Peak AP (cmH2O) Yes 20 (19–24) 0.793 26 (22–29) 0.792 21 (20–24) 0.147
No 21 (19–23) 25 (22–29) 21 (18–24)

Plateau AP (cmH2O) Yes 18 (16–20) 0.833 20 (17.5–22.5) 0.202 18 (15.5 − 22) 0.385
No 18 (16–21) 21 (18–24) 18 (15–21)

LC (cmH2O) Yes 39.5 (33–51) 0.848 28.4 (23–37) 0.634 37.3 (31–49) 0.769
No 39.7 (34–46) 29 (24–35) 40 (31–49)

DP (cmH2O) Yes 13.1 (11–15) 0.794 14.8 (12–17) 0.266 12.2 (10–16) 0.697
No 12.9 (11–16) 15.6 (13–18) 13.1 (10–15)

MAP (mmHg) Yes 72 (64.5–80) 0.027 73 (64–80) 0.436 78 (67–85.5) 0.055
No 79 (68–90) 75 (65–86) 82 (70–93)

HR (bpm) Yes 75 (64.5–84.5) 0.012 71 (62.5–83) 0.688 77 (69.5–90) 0.135
No 69 (60.5–78.5) 71 (62–80.5) 73 (64–83)

CI (ml min− 1 m− 2) Yes 2.4 (1.9–3.1) 0.35 2.4 (2–2.8) 0.514 2.6 (2.4–2.9) 0.341
No 2.5 (2.1–3.1) 2.5 (2.1–3) 2.7 (2.3–3.2)

SVV (%) Yes 14 (10–20) 0.117 9 (7–12) 0.635 10 (7–13) 0.929
No 12 (9–17) 9 (7–12) 9 (7–14)
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3 � Results

3.1 � Respiratory complications

Of the 174 patients included in the study, 37 (21.3%) had 
PPCs during their postsurgical hospital stay. The demo-
graphic and surgical characteristics of both groups are 
shown in Table 1. The most common PPC was suspected 
respiratory infection (36/37 patients). A diagnosis of pneu-
monia was confirmed in 13 cases. The second most common 
PPC was respiratory insufficiency (32/37 patients) and four 
patients needed reintubation. Atelectasis was recorded in 7 
of the 37 patients. There were no cases of bronchospasm, 
pneumothorax, or pleural effusion in the contralateral lung. 

All of the patients were extubated in the operating room at 
the end of surgery.

The time mean when the first PPC was detected based 
on clinical criteria was 3.32 (SD 1.76) days after surgery. 
No PPCs were detected on day 0 (day the patient underwent 
surgery).

Table 2 shows the main ventilatory and hemodynamic 
parameters assessed during surgery. At the beginning of 
surgery, patients who developed PPCs had a lower PaO2/
FiO2 ratio and higher PaCO2. During OLV, the only differ-
ence observed was greater PaCO2 in patients who developed 
PPCs.

Table 3   Data obtained from bronchoalveolar lavage fluid during surgery

OLV one-lung ventilation, PPC postoperative pulmonary complications, IL interleukin, TNF tumor necrosis factor, MCP monocyte chemoat-
tractant protein

PPC Nondependent lung Dependent lung

Baseline End of OLV Baseline End of OLV

Median (IQR) p Median (IQR) p Median (IQR) p Median (IQR) p

TNF (pg·ml− 1) Yes 15.2 (13.3–16.6) 0.967 23.4 (20.1–25.6) 0.062 15.1 (14–16) 0.949 22 (20.4–24.6) 0.506
No 15.0 (13.8–15.9) 20.9 (20.1–23.8) 15 (14–16) 21 (19.9–25)

IL-1 (pg·ml− 1) Yes 127 (114–133) 0.375 193 (173–218) 0.393 125 (113–143) 0.85 204 (173–236) 0.152
No 128 (116–146) 188 (169–219) 127 (110–137) 187 (173–218)

IL-2 (pg·ml− 1) Yes 2.14 (1.95–2.40) 0.896 3.54 (3.02–3.95) 0.124 2.19 (1.97–2.32) 0.17 3.57 (2.99–3.95) 0.011
No 2.17 (1.97–2.36) 3.15 (2.91–3.77) 2.11 (1.97–2.25) 3.13 (2.92–3.56)

IL-4 (pg·ml− 1) Yes 0.41 (0.39–0.44) 0.592 0.91 (0.72–0.97) 0.023 0.41 (0.39–0.46) 0.482 0.88 (0.74–0.97) 0.152
No 0.41 (0.38–0.44) 0.82 (0.72–0.91) 0.41 (0.39–0.44) 0.81 (0.73–0.93)

IL-6 (pg·ml− 1) Yes 6.46 (5.98–7.02) 0.106 7.73 (6.99–8.33) 0.013 6.41 (5.77–6.79) 0.726 7.6 (6.94–8.03) 0.153
No 6.28 (5.82–6.82) 7.27 (6.88–7.85) 6.34 (5.87–6.87) 7.2 (6.88–7.78)

IL-7 (pg·ml− 1) Yes 3.15 (2.94–3.45) 0.962 5.49 (4.99–5.97) 0.005 3.12 (2.94–3.49) 0.504 5.30 (5.05–5.88) 0.086
No 3.17 (2.94–3.44) 5.10 (4.97–5.49) 3.23 (2.97–3.47) 5.11 (4.97–5.66)

IL-8 (pg·ml− 1) Yes 2.63 (2.28–2.97) 0.745 53.3 (29.8–56.9) 0.039 2.70 (2.58–2.85) 0.369 47.7 (27.6–58.5) 0.102
No 2.72 (2.50–2.95) 32.01 (26.3–53.5) 2.78 (2.54–3.05) 33.5 (24.9–57.2)

IL-10 (pg·ml− 1) Yes 40.9 (39.5–42.2) 0.173 41.1 (39.6–43) 0.013 41.3 (40.2–41.9) 0.505 40.4 (38.6–45) 0.1
No 41.4 (40.2–42.9) 42.7 (40.2–44.9) 41.5 (39.9–42.6) 42.6 (40–45.4)

IL-12 (pg·ml− 1) Yes 0.066 (0.01–0.08) 0.072 0.144 (0.12–0.17) 0.004 0.068 (0.05–0.08) 0.756 0.131 (0.11–0.15) 0.501
No 0.072 (0.06–0.08) 0.127 (0.11–0.14) 0.069 (0.06–0.08) 0.134 (0.11–0.15)

MCP1 (pg·ml− 1) Yes 385 (363–404) 0.37 543 (533–568) 0.684 373 (349–393) 0.652 544 (517–573) 0.911
No 378 (358–395) 545 (518–567) 376 (354–392) 543 (526–568)

MMP2 (pg·ml− 1) Yes 4.56 (4.31–4.97) 0.161 9.58 (8.32–9.84) 0.044 4.36 (4.18–4.92) 0.665 8.82 (7.99–9.50) 0.711
No 4.51 (4.23–4.81) 8.75 (7.82–9.76) 4.48 (4.20–4.86) 8.69 (7.77–9.78)

MMP9 (pg·ml− 1) Yes 3.06 (2.74–3.59) 0.002 9.12 (7.14–9.99) 0.154 3.70 (3.3–4.08) 0.444 9.28 (7.87–9.91) 0.11
No 3.63 (3.1–4) 8.10 (7.07–9.68) 3.65 (3.11–3.99) 8.26 (7.06–9.88)

IL-6/IL-10 Yes 0.157 (0.15–0.17) 0.032 0.190 (0.17–0.207) 0.001 0.156 (0.14–0.17) 0.945 0.183 (0.17–0.21) 0.085
No 0.15 (0.14–0.17) 0.168 (0.16–0.19) 0.153 (0.14–0.17) 0.172 (0.15–0.19)

IL-8/IL-10 Yes 0.064 (0.06–0.07) 0.931 0.065 (0.06–0.07) 0.021 0.065 (0.06–0.071) 0.484 1.223 (0.64–1.48) 0.073
No 0.065 (0.06–0.07) 0.068 (0.06–0.07) 0.068 (0.06–0.074) 0.752 (0.56–1.4)
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3.2 � Lung inflammatory markers (Table 3)

In samples taken at the beginning of surgery, before OLV 
was started, expression of cytokines in BAL fluid from both 
lungs was similar in patients who experienced PPCs and 
those who did not. However, the same comparisons yielded 
different data when they were made at the end of surgery, 
since patients who developed PPCs had higher levels of pro-
inflammatory cytokines in the operated lung than those of 
the non-PPC group, whereas in the dependent lung, the dif-
ference was only significantly greater for IL-2 levels.

3.3 � Systemic inflammatory markers (Table 4)

Levels of all proinflammatory cytokines increased from the 
beginning of surgery until the last determination. Expression 
of cytokines after induction of anaesthesia and at 30 min 
after initiation of OLV was greater in the PPC group than in 
the other group. Proinflammatory cytokines analysed were 
significantly greater in some of the readings taken after 

surgery in the PPC group than in the non-PPC group. In 
contrast, expression of IL-10 did not differ significantly at 
any of the time points analysed.

3.4 � Factors predicting respiratory complications

The multivariate logistic regression model included only 
clinical variables as independent variables (Model 1), 
namely anaesthesia group, age, FEV1, and duration of sur-
gery. The AUROC of the model for prediction of PPCs was 
0.79 (95% CI 0.71–0.87).

We then ran a second multivariate logistic regression 
model, which included only values for cytokines analysed 
in blood and BAL during surgery and immediately after 
surgery (6 h) (Model 2). A stepwise approach revealed the 
variables to be IL-12 and IL-6 in BAL fluid from the non-
dependent lung and MMP-9 from the same lung measured 
at initiation of OLV and the IL-8/IL-10 ratio measured in 
plasma at 6 h after surgery. The AU-ROC curve of this 

Table 4   Cytokines obtained from blood samples during and after surgery

Data are expressed as median (interquartile 25–75)
OLV one-lung ventilation, OLV 30 OLV 30 min after starting OLV, End OLV OLV when surgery complete but prior to tracheal extubation, PO 
postoperative, IL interleukin, TNF tumor necrosis factor; MCP monocyte chemoattractant protein

PPC BASELINE OLV-30 OLV-END PO 6 h

Median (IQR) P value Median (IQR) P value Median (IQR) P value Median (IQR) P value

TNF-α (pg·ml− 1) Yes 6.86 (6.3–7.3) 0.352 8.78 (8.2–9.4) 0.147 10 (8.4–11.4) 0.039 10.41 (8–11.5) 0.196
No 6.96 (6.4–7.5) 8.5 (7.6–9.1) 9.04 (7.9–10.7) 8.7 (7.5–11.5)

IL-1 (pg·ml− 1) Yes 26.5 (24.2–31.4) 0.398 33.6 (28.7–35.4) 0.39 32.4 (28.1–36.8) 0.349 41.5 (26.5–46.8) 0.059
No 27.8 (24.9–31.7) 30.6 (28.5–34.2) 31.2 (28–35.8) 30 (24.4–44.8)

IL-2 (pg·ml− 1) Yes 0.853 (0.82–0.89) 0.622 1.34 (1.17–1.54) 0.421 1.37 (0.87–1.54) 0.249 1.34 (0.98–1.46) 0.007
No 0.857 (0.8–0.9) 1.2 (1.16–1.54) 0.996 (0.88–1.52) 0.979 (0.91–1.37)

IL-4 (pg·ml− 1) Yes 0.35 (0.31–0.38) 0.075 0.345 (0.32–0.37) 0.554 0.346 (0.32–0.38) 0.774 0.367 (0.35–0.4) 0.661
No 0.333 (0.3–0.36) 0.341 (0.31–0.37) 0.347 (0.31–0.38) 0.37 (0.34–0.4)

IL-6 (pg·ml− 1) Yes 3.09 (2.87–3.21) 0.067 3.75 (3.02–4.01) 0.922 4.09 (3.55–5.06) 0.651 4.88 (3.19–5.14) 0.006
No 2.96 (2.83–3.11) 3.65 (3.27–4) 3.92 (3.55–5.07) 3.47 (2.96–4.9)

IL-7 (pg·ml− 1) Yes 2.93 (2.59–3.3) 0.057 3.12 (2.84–3.56) 0.087 6.13 (4.81–7.19) 0.038 7.05 (4.28–8) 0.007
No 2.73 (2.41–3.06) 3.01 (2.71–3.25) 5.04 (4.13–6.85) 4.22 (3.92–7.2)

IL-8 (pg·ml− 1) Yes 0.96 (0.78–1.26) 0.452 2.73 (1.93–3.54) 0.069 42.7 (26.5–56.5) 0.009 22.4 (9.2–29.6) < 0.001
No 0.93 (0.68–1.13) 2.95 (2.51–3.35) 29.3 (22.9–43.4) 9.56 (6.87–21.5)

IL-10 (pg·ml− 1) Yes 0.084 (0.08–0.09) 0.294 0.092 (0.08–0.11) 0.156 0.092 (0.09–0.1) 0.365 0.092 (0.09–0.1) 0.705
No 0.087 (0.08–0.09) 0.098 (0.09–0.12) 0.097 (0.09–0.11) 0.091 (0.08–0.1)

MMP2 (pg·ml− 1) Yes 223 (192–241) 0.827 356 (341–387) 0.012 510 (423–531) 0.007 576 (418–634) 0.032
No 219 (193–251) 342 (310–365) 416 (375–524) 415 (374–619)

IL-8/IL-10 Yes 11.5 (8.7–14.6) 0.279 27.8 (22.7–34.4) 0.435 476 (271–634) 0.01 241 (120–321) < 0.001
No 10.4 (8.2–14) 29.8 (22.7–36.4) 322 (209–473) 110 (75–233)

IL-6/IL-10 Yes 35.7 (31.5–41.2) 0.249 40.2 (29.6–47.8) 0.461 46.5 (33.7–56.4) 0.504 49.5 (41.7–59.6) 0.005
No 34.1 (30.3–39.1) 35.1 (29.2–46.5) 41.7 (33.5–55.5) 42.8 (31.7–53.8)

MCP1 (pg·ml− 1) Yes 220 (184–274) 0.039 248 (221–284) 0.192 359 (318–384) 0.878 355 (327–386) 0.672
No 244 (218–271) 260 (232–293) 350 (321–378) 361 (338–386)
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Fig. 1   Comparison of logistic regression models 1 versus 2 and 1 versus 3. Model 1 only usual clinical variables, Model 2 only inflammatory 
biomarkers, Model 3 clinical and inflammatory biomarkers, AUC​ Area under ROC curve

Table 5   Area under the receiver operating characteristic curve

AUROC area under the receiver operating characteristic curve, OLV 
one-lung ventilation, FEV1 pre forced expired volume in the first 
second predicted, BS blood samples, BAL bronchoalveolar lavage, 
PO postoperative, DL dependent lung, NDL nondependent lung, BAS 
baseline, END at the end of OLV

AUROC (CI 95%) p

Age 0.65 (0.545–0.754) 0.005
Length OLV 0.631 (0.529–0.733) 0.015
FEV1 pre 0.732 (0.636–0.827) < 0.001
Sevoflurane 0.608 (0.507–0.709) 0.044
IL-2 BS PO 0.648 (0.549–0.746) 0.007
IL-6 BS PO 0.650 (0.550–0.749) 0.006
IL-8 BS PO 0.704 (0.612–0.797) < 0.001
IL-8/IL-10 BS PO 0.705 (0.613–0.797) < 0.001
MMP3 BAL NDL BAS 0.668 (0.568–0.769) 0.002
IL-6/IL-10 BAL NDL END 0.676 (0.582–0.770) 0.001
IL-12 BAL NDL END 0.657 (0.549–0.764) 0.004
IL-7 BAL NDL END 0.652 (0.543–0.761) 0.005
IL-2 BAL DL END 0.637 (0.527–0.746) 0.011
IL-10 BAL NDL END 0.364 (0.271–0.458) 0.013
IL-6 BAL NDL END 0.635 (0.527–0.742) 0.013

Table 6   Postoperative data

Data expressed as median (interquartile range) or number of patients 
and percentage
PPC postoperative pulmonary complications; ICU intensive care unit, 
AKIN acute kidney injury network, PCC postoperative cardiac com-
plications

PPC PPC p
No Yes

Length of stay (days) 6 (5–8) 9 (6–18) < 0.001
ICU stay (hours) 19 (16–21) 21 (18.5–30.5) 0.001
AKIN (%) 6 (4.3%) 6 (16.2%) 0.012
PCC (%) 8 (6.2%) 7 (18.9%) 0.012
Readmission to ICU (%) 6 (4.4%) 10 (27%) < 0.001
Reintubation 0 (0) 4 (10.8%) 0.001
Mortality first month (%) 0 (0) 3 (8.1%) 0.001
Mortality first year (%) 6 (4.3%) 7 (18.9%) 0.003
PaO2/FiO2 6 h PO 344 (290–425) 285 (260–367) 0.007
PaO2/FiO2 18 h PO 391 (333–465) 302 (260–368) < 0.001
Prolonged air leak (%) 14 (10.2%) 10 (27%) 0.009
Clavien-Dindo classifica-

tion
(0/1/2/3/4)

92/4/36/3/2 0/0/20/8/9 < 0.001
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model was 0.80 (95% CI 0.72–0.88). The result of the com-
parison of the ROC curves between Models 1 and 2 was not 
statistically significant (p = 0.79).

We also ran a third multivariate logistic regression model 
by adding the cytokines analysed to the clinical variables 
(Model 3). The cytokine-related factors with the best pre-
dictive ability in this model were the IL-8/IL-10 ratio in 
blood at 6 h after surgery and IL-12 measured in the non-
dependent lung at the end of OLV. The AUROC for Model 
3 was 0.93 (95% CI 0.88–0.97), and the result of the com-
parison with Model 1 was significantly higher (p < 0.001). 
This model had an integrated discrimination improvement 
of 0.29 (p < 0.001) and a net reclassification index of 0.28 
(p = 0.007). In other words, the net improvement in the clas-
sification of PPC events from Model 3 with respect to Model 
1 was 28% (Fig. 1).

Table 5 shows the AUROC values for the 4 variables 
selected from the clinical parameters analysed, the 4 
inflammatory biomarkers obtained from blood, and the 4 
mediators obtained from the BAL fluid samples for which 
the highest AUROC values were detected. After the cross-
validation process, the areas under the ROC curve were 
smaller, but the model 3 was still superior to previous mod-
els. The AUROC for Models 1, 2, and 3 was 0.75 (95% 
CI 0.66–0.85), 0.73 (95% CI 0.64–0.82), and 0.87 (95% CI 
0.81–0.93), respectively.

3.5 � Postoperative complications

Patients in the PPC group had lower PaO2/FiO2 values than 
the non-PPC patients, both at 6 h and at 18 h after the inter-
vention. Furthermore, these patients showed a significant 
increase with respect to patients from the non-PPC group in 
the incidence of other postsurgical complications, hospital 
stay, duration of stay in the ICU, and mortality at 1 month 
and 1 year after surgery (Table 6).

4 � Discussion

The most important finding in our study was that the deter-
mination of cytokines combined with classic clinical vari-
ables considerably facilitates prediction of PPCs after LRS. 
Furthermore, a predictive model based only on inflammatory 
mediators has a predictive power similar to that of the clini-
cal variables analysed separately. These findings confirm the 
strong association between inflammation and the pathogen-
esis of PPCs after LRS.

The development of probability models that are able 
to predict PPCs early after LRS and with a high predic-
tive capacity is of major importance, given that they facili-
tate application of preventive strategies immediately after 

surgery and before clinical signs of complications appear. 
Consequently, we can slow down or attenuate the develop-
ment of disease and eventually reduce the impact of PPCs on 
clinical course. Such models will also enable us to improve 
upon those used to date to decrease the frequency of PPCs 
(prolongation of ICU stay, prophylaxis with CPAP, intensi-
fication of chest physiotherapy, and even antibiotic therapy). 
In contrast, hospital resources could be saved in patients who 
do not present clinical or laboratory risk factors (1).

Therefore, many studies have run logistic regression 
models in an attempt to identify factors that could prove 
more able to predict postsurgical findings. As in most other 
similar studies, we found that specific perioperative charac-
teristics—age, FEV1, duration of surgery—were relevant for 
prediction of PPCs [2, 6, 10, 21]. However, a series of issues 
must be addressed. First, to our knowledge, none of the pre-
vious studies have introduced type of anesthesia (inhalatory 
versus intravenous) as a variable. Our logistic regression 
model showed that the type of anaesthesia used was more 
closely associated with the development of complications 
than other variables in the model that only included peri- and 
preoperative data [OR, 2.94 (95% CI 1.23–7.04)]. According 
to a recent meta-analysis by Sun et al. [22], the close asso-
ciation between the anaesthetic drug used and onset of PPCs 
could be explained by the attenuation of the intraoperative 
pulmonary inflammatory response associated with the use 
of inhaled anaesthetic in LRS. Another relevant finding of 
our study was that patients who developed PPC had lower 
PaCO2 and CO2 Gradient, despite use the same tidal volume/
kg/ ideal weight in both groups. We think that greater dead 
space related with previous pulmonary illness could be the 
cause of these differences.

4.1 � Cytokines

Surgery leads to marked suppression of cellular immunity, 
which is in turn associated with increased susceptibility 
to PPCs, especially infection [23]. The lung is considered 
one of the main organs in the exaggerated inflammatory 
response. The proinflammatory cytokines IL-1, IL-6, IL-8, 
and TNF are early mediators in the host response, and, in sit-
uations of a heightened inflammatory response, neutrophils 
are sequestered in the alveoli [10, 24]. The end consequences 
of increased cytokine levels after trauma/surgery are asso-
ciated with more frequent lung infections [25], lung injury 
[26], and postoperative morbidity and mortality [27]. The 
relevance of some cytokines in the development of PPCs 
after LRS has been reinforced by the fact that the expres-
sion of specific genes that code for cytokine production, 
especially that of IL-6 and TNF-alfa, leave the patient more 
susceptible to PPCs [28, 29].

Determination of cytokine levels in BAL is a key 
method for detection of changes in the alveoli of patients 
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undergoing mechanical ventilation and for better under-
standing of the pathogenic mechanisms most frequently 
associated with the postoperative lung injury that is 
often observed after LRS. Previous studies—albeit with 
small sample sizes—in patients undergoing thoracic sur-
gery (oesophagectomy or LRS) found that a more pro-
nounced pulmonary inflammatory response (based on 
BAL cytokine levels) was associated with PPCs [30–32]. 
We found that expression of proinflammatory mediators 
in BAL was more pronounced immediately after OLV-
related lung injury, especially in the nondependent lung 
of patients who developed PPCs. We also observed that 
measurement of this initial inflammatory response was 
highly predictive of PPCs. In addition, we verified that 
predictive ability was greater in BAL samples from the 
collapsed lung than in the dependent lung. We believe 
that this was mainly due to the ischemia/reperfusion (I/R) 
injury that ensues after the collapse and subsequent re-
expansion of the lung and that interleukins play a major 
role in this process. Alveolar macrophages and the release 
of a potent chemoattractant, such as IL-8, have been 
linked to lung damage, especially due to I/R phenomena. 
Initially it was found that the increase in IL-8 after col-
lapse and lung reexpansion was related to the appearance 
of severe pulmonary edema [33]. Subsequently, two clas-
sic studies that analyzed early graft function after lung 
transplantation showed the role of this cytokine meas-
ured in BAL on postoperative lung damage [34, 35]. 
More recently, Jones et al. showed that an increase in 
the release of pro and anti-inflammatory cytokines from 
monocytes was associated with the appearance of post-
operative pneumonia [32]. Furthermore, prevention of 
complete lung collapse using CPAP in the operated lung 
has been shown to attenuate the expression of proinflam-
matory mediators, reinforcing the relevance of I/R dur-
ing OLV [36]. By the other hand, we cannot rule out the 
impact on inflammatory response in non-dependent lung 
injury produced by surgical manipulation of the paren-
chyma [37]. I/R injury is characterized biochemically by 
the generation of reactive oxygen species resulting from 
intense oxidative stress. This injury manifests as massive 
infiltration by neutrophils, in which alveolar cytokines 
play a major role [34]. Overproduction of reactive oxygen 
species is observed in patients with ventilation-related 
pneumonia and generates more pronounced oxidative 
stress than patients who do not become infected [38]. Our 
group previously reported preliminary results of the first 
40 patients anaesthetized with sevoflurane, and although 
we verified the association between cytokine expression 
and development of PPC [39], we found no differences 
when we compared the inflammatory response in each 
lung of patients who had developed PPCs. The results of 
the present study indicate that one of the main reasons for 

the lower rate of PPCs was the clearly superior protec-
tive effect of sevoflurane on pulmonary I/R mechanisms 
compared with that of propofol [40].

Mediators other than cytokines can play a role in 
lung injury. Matrix metalloproteinases (MMPs) can 
degrade components of the extracellular matrix, includ-
ing the basement membrane of the alveolar epithelium 
and endothelial cells, and have been associated with the 
pathogenesis of acute lung injury and acute respiratory 
distress syndrome [41]. Increased MMP-2 levels in BAL 
fluid have been reported to be a marker of lung injury, and 
there is thought to be an association between production 
of reactive oxygen species and increased MMP-2 [41]. 
Furthermore, given that MMPs participate in cell repair 
processes during lung injury, in many cases, it is unknown 
whether the presence of MMPs is beneficial or destructive 
[42]. As in other studies, we verified the protective role 
of MMP-9 against lung injury, since expression of this 
MMP in the nondependent lung was poorer in patients 
with PPCs before OLV. This could have facilitated the cell 
repair process and thus protected patients in the present 
study against PPCs [42].

However, analysis of the balance between the proinflam-
matory state and the anti-inflammatory state could be even 
more important than monitoring proinflammatory cytokine 
levels in plasma or in BAL fluid [43]. A balance between 
both states has been thought to improve postoperative prog-
nosis [44, 45]. We observed that an increase in the inflam-
matory response with respect to the anti-inflammatory 
response (IL8/IL10 or IL6/IL10 ratio) is highly predictive 
of the onset of PPCs.

Measurement of inflammatory cytokines enables us to 
better predict the onset of PPC. Furthermore, given the win-
dow period between the tests and the clinical manifestation 
of PPCs, we could implement measures aimed at attenuat-
ing them or at reducing their incidence, for example, early 
antibiotic therapy, chest physiotherapy, or even longer stays 
in specialized postsurgical care units where patients can 
be more closely monitored or care can be intensified after 
surgery.

The risk/benefit ratio of taking bronchoalveolar lav-
age samples has not bees studied during LRS, since most 
of the information that exists about this technique comes 
from patients admitted to ICUs (with suspected pulmonary 
infection) or patients for diagnostic procedures performed 
under sedation and without intubation. It has been describe 
several complications (hemodynamic or respiratory) 
related with BAL. In our study we didn´t observed any 
inmmediate complication during the technique. However, 
we can not rule out that some of the infectious pulmonary 
complications that appeared in the postoperative period 
could have been facilitated by bronchoalveolar lavage. Pre-
viously, some rare cases of respiratory infection have been 
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described after performing a bronchoscopy with biopsy or 
brush pulmonary [46]. A 25% incidence of fever after bron-
choscopy has been described, but it has been mainly related 
to an inflammatory etiology [47], and the use of prophylac-
tic antibiotics is not currently accepted for the performance 
of bronchoscopy. By the other side, PPCs are recognized as 
a large healthcare burden, and it is considered that strate-
gies that allow early recognition of high-risk patients can 
provide important savings in healthcare resources [1]. With 
the taking of BAL samples, the greatest cost comes from 
the measurement of inflammatory markers since the use of 
bronchoscopy today is widespread during LRS.

4.2 � Limitations

Although our study is part of a randomized controlled 
trial, the predictive models were retrospective. The use of 
cytokine-based predictive models should take into account 
the curves of expression over time for each cytokine, and 
biomarkers that respond more quickly to surgical insult 
should be used.

A key limitation of the study is the fact that cytokine 
levels in BAL fluid were only measured during surgery: we 
would probably have obtained more information if we had 
continued to collect samples after surgery, although such 
an approach is not recommended in this clinical scenario.

Also, we do not know if the results would have been the 
same if we had used a ventilatory strategy with lower Vt 
and inidividualizing PEEP levels during OLV or if we had 
included patients with severe COPD.

In conclusion, combining systemic and pulmonary 
biomarkers with clinical variables increases the ability of 
models based only on clinical data to identify PPC early 
and could prove useful when deciding which hospital 
resources will be used after LRS. The optimal biomarkers 
are those associated with the balance between inflamma-
tory and anti-inflammatory mediators, thus confirming the 
importance of these pathways in the pathogenesis of PPC.
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Appendix 1: Clinical preoperative 
and intraoperative variables recorded

Preoperative

Age; height, weight, body mass index, ASA classifica-
tion, arterial blood gases, haemoglobin, forced vital 
capacity predicted; Forced expiratory volume in the first 
second predicted; Diffusing capacity of lung for carbon 
monoxide; comorbidity, and preoperative pharmacologi-
cal treatment.

Intraoperative

Kind of surgery: (Pneumonectomy; Lobectomy; Segmentec-
tomy). Side of surgery.

Length surgery, length one-lung ventilation.
Anaesthetic used to maintain hypnosis: propofol or 

sevoflurane.
Amount of crystalloids and colloids administered.
Three moments (Previous to one-lung ventilation, 30 min 

after start one-lung ventilation, and during re-establishment 
of two lung ventilation).

•	 Respiratory rate, peak airway pressure, plateau airway 
pressure, mean airway pressure, positive end expiratory 
pressure, lung dynamic compliance, and the driving pres-
sure. Fraction inspired oxygen, Saturation peripheral 
arterial oxygen, end tidal CO2

•	 Amount of crystalloids and colloids infused
•	 Blood samples: Arterial blood gases (PaO2, PaCO2, pH). 

Inflammatory biomarkers IL-1, IL-2, IL-4, IL-6, IL-7, 
IL-8, IL-10, MPP-2, TNF-α, and monocyte chemoattract-
ant protein. Ratios IL-8/IL-10 and IL-6/IL-10

Two moments (Previous to one-lung ventilation, and dur-
ing re-establishment of two lung ventilation).

•	 Bilateral bronchoalveolar samples: IL-1, IL-2, IL-4, IL-6, 
IL-7, IL-8, IL-10, IL12, TNF-α, monocyte chemoattract-
ant protein, MMP-2, and MMP-9. Ratios IL-8/IL-10 and 
IL-6/IL-10

Appendix 2

See Table 7.
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Table 7   Definition of postoperative pulmonary complications

Pulmonary complication Definition

Respiratory infection When a patient received antibiotics for a suspected respiratory infection and met at least one of the following criteria: 
new or changed sputum, new or changed lung opacities, fever, leukocyte count > 12,000/µ

Respiratory failure When postoperative PaO2 < 60 mmHg on room air, a ratio PaO2 to inspired oxygen fraction < 300 or arterial oxyhae-
moglobin saturation measured with pulse oximetry < 90% and requiring oxygen therapy

Pleural effusion Chest X-ray demonstrating blunting of the costophrenic angle, lost of the sharp silhouette of the ipsilateral hemidi-
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