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Abstract 
 

Background: While acute lung injury (ALI) is among the most serious postoperative 
pulmonary complications, its incidence, risk factors and outcome have not been 
prospectively studied.   
Objective: To determine the incidence and survival of ALI associated postoperative 
respiratory failure and its association with intraoperative ventilator settings, specifically 
tidal volume. 
Design: Prospective, nested case-control study.  

Setting: Single tertiary referral center.  

Patients: 4,420 consecutive patients without ALI undergoing high-risk elective surgeries 
for postoperative pulmonary complications. 
Measurements: Incidence of ALI, survival, and 2:1 matched case-control comparison of 
intraoperative exposures. 
Results: 238 (5.4%) developed postoperative respiratory failure. Causes included ALI in 
83 (35%), hydrostatic pulmonary edema in 74 (31%), shock in 27 (11.3%), pneumonia in 
9 (4%), carbon dioxide retention in 8 (3.4%), and miscellaneous in 37 (15%). Compared 
to match controls (n=166), ALI cases had lower 60-day and one-year survival (99% vs. 
73% and 92% vs. 56%, p<0.001). Cases were more likely to have a history of smoking, 
chronic obstructive pulmonary disease and diabetes, and to be exposed to longer duration 
of surgery, intraoperative hypotension and larger amount of fluid and transfusions. After 
adjustment for non-ventilator parameters, mean first hour peak airway pressure (OR 1.07; 
95%CI 1.02 to 1.15cmH2O) but not tidal volume (OR 1.03; 95%CI 0.84 to 1.26ml/kg), 
PEEP (OR 0.89; 95%CI 0.77 to 1.04cmH2O), or FIO2 (OR 1.0; 95%CI 0.98 to 1.03) were 
associated with ALI. 
Conclusion: ALI is the most common cause of postoperative respiratory failure and is 
associated with markedly lower postoperative survival. Intraoperative tidal volume was 
not associated with an increased risk for early postoperative ALI. 
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Introduction 

Postoperative pulmonary complications, and in particular postoperative 
respiratory failure, are important causes of perioperative morbidity and mortality.1-3 Of 
all the potential causes of early postoperative respiratory failure, acute lung injury (ALI)4 
may be the most serious, with estimated mortality rates exceeding 45% in some 
populations.5 6 The incidence, the risk intraoperative ventilator settings (specifically tidal 
volume) and attributable outcome of postoperative ALI have not been prospectively 
studied in large samples of patients undergoing elective surgery.   

While ventilation-induced lung injury (VILI) contributes to ALI development and 
progression in patients undergoing mechanical ventilation in the intensive care unit, the 
role of short-term intraoperative ventilation is less well defined. Two prior studies have 
identified mechanical ventilation with large intraoperative tidal volume7 or airway 
pressure8 to be associated with increased risk of postoperative respiratory failure and ALI 
after lung resection.  Several small randomized controlled trials have reported conflicting 
results regarding the influence of ventilator settings on surrogate end-points of pulmonary 
and systemic inflammation.9-16 Interpretation of these studies is limited by small sample 
size and the measurement of surrogate markers instead of clinically significant outcomes.    
 The objective of this study was to estimate the incidence, the risk intraoperative 
ventilator settings (specifically tidal volume) and survival of ALI associated 
postoperative respiratory failure in patients undergoing elective surgery. We 
hypothesized that potentially injurious intraoperative ventilator settings (i.e. higher tidal 
volumes) would be associated with higher risk of postoperative respiratory failure 
secondary to ALI. 
 
Methods 
 
Design 

Additional methods are provided in online data supplement.  We established an 
observational cohort of consecutive patients undergoing elective surgery at Mayo Clinic, 
Rochester, MN, from November 2005 to August 2006 and documented the development 
of pulmonary complications over the first five postoperative days. We chose a 5-day 
follow up period as respiratory failure directly attributable to interventions at the time of 
surgery are unlikely to occur later than 5 days after surgery.8 Using this cohort, we 
conducted a nested case-control study with cases defined as those who developed ALI 
associated postoperative respiratory failure during the 5 days after surgical intervention 
and matched controls not developing postoperative pulmonary complications or 
respiratory failure over this time frame. Each case was matched to two controls selected at 
random from the pool of all potential controls matched for age (within 5 years), gender, 
American Society of Anesthesiologists’ (ASA) class17 and type of elective surgical 
intervention (by primary International Classification of Diseases, 9th revision, codes).  For 
all cases and controls, we also evaluated length of stay, 60-day and one-year survival.   

 
Settings and Participants 
  Patients were included if mechanically ventilated for three or more hours during 
general anesthesia for the following procedures: 1) all cardiac and vascular surgeries, 2) 
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non-cardiac thoracic surgeries including esophageal and pulmonary surgeries, 3) all 
major open abdominal surgeries, including laparoscopic procedures (excluding 
appendectomies and other lower abdominal procedures such as hernia repairs) and 
laparoscopic gastric bypasses, 4) non-orthopedic spine surgeries, 5) surgical procedures 
on the hips and knees, 6) cystectomies, 7) neurosurgical procedures (excluding 
ventriculoperitoneal shunts, stereotactic and peripheral nerve surgeries), and 8) head and 
neck surgeries.   

Patients were excluded if: previously denied permission to utilize their health 
information for research, less than 18 years old, had prevalent risk factors for lung injury, 
respiratory failure or previously required mechanical ventilation: 1) mechanically 
ventilated prior to surgery, 2) had history of pre-operative trauma, sepsis, aspiration, 
shock, acute congestive heart failure, idiopathic interstitial pneumonias 18, pneumonia or 
respiratory failure, 3) underwent emergency surgery, 4) had previous high-risk surgery 
for postoperative pulmonary complications,1 5) had history of sleep apnea or 
neuromuscular disease requiring continuous positive airway pressure for postoperative 
respiratory failure, 6) required re-intubation or need of mechanical ventilation for re-
operation. 

The Mayo Clinic Institutional Review Board approved the study.   
 

Measurements and outcomes 
  One research coordinator (blinded to the assessment of outcomes) daily screened 
eligible patients from the institutional electronic surgical listing prior to surgical 
intervention and prospectively reviewed the medical records, laboratory, and radiology 
data.  Information was abstracted on type and date of surgery, demographics, history of 
smoking and alcohol intake, presence or absence of comorbid conditions (diabetes 
mellitus, heart failure, hypertension, coronary artery disease, immunosuppression, 
chronic hepatic insufficiency and chronic renal insufficiency) height, weight, and ASA 
class.  

The following intraoperative data were abstracted from an electronic anesthesia 
record: 1) oxygen saturation by pulse oximetry, 2) invasive hemodynamic parameters 
(systolic, diastolic and mean arterial blood pressures), 3) ventilator parameters [one vs. 
two lung ventilation, ventilator mode, set respiratory rate, fraction of inspired oxygen 
(FIO2), positive end-expiratory pressure (PEEP), peak airway pressure, and set tidal 
volume in ml per kg predicted body weight] 4) quantity of blood product transfusions 
(red blood cells, platelets, fresh-frozen plasma or cryoprecipitate), fluid balance 
(calculated as the difference between the fluid intake and output during anesthesia, and 5) 
anesthesia time.  All intraoperative measurements were collected every 2 minutes.  The 
first and last 15 minutes of all ventilator variables were excluded from the analysis due to 
variability during induction and emergence. Ventilator settings during the first hour 
(primary predictor variable) and during the total time of anesthesia were used.  The first 
continuous hour of mechanical ventilation (after the initial 15 minutes) were primarily 
utilized since ventilator settings during the total time of anesthesia are more likely to 
reflect an effect-cause relationship (e.g. a patient who has worsening oxygenation may 
requires higher tidal volumes and/or may have reduced respiratory system compliance 
with resultant high peak airway pressures from direct surgical interventions or pulmonary 
edema from ongoing fluid administration).  Of note, volume-controlled ventilation was 
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the primary mode of ventilation in all patients.  One-lung ventilation was started after the 
first hour in 28 patients.  We were unable to use static compliance of the total respiratory 
system and set flow rate and profile during the analysis since this was not routinely 
measured during intraoperative ventilation.  

Postoperatively, a second investigator (blinded to the perioperative predictors) 
collected data on the occurrence of the primary outcome measure.  Table 1 describes the 
outcome variables. 
 
Table 1. Definitions of postoperative pulmonary complications 
 
Postoperative respiratory failure Need for mechanical ventilation for greater than 48 

hours postoperatively or the need for reinstitution of 
mechanical or noninvasive ventilation after 
extubation.   

Acute lung injury 1) New or worsening hypoxemia with a ratio of 
arterial oxygen to fraction of inspired oxygen ≤ 300 
mmHg (acute respiratory distress syndrome < 200 
mm Hg) on two consecutive days, 2) new bilateral 
pulmonary infiltrates on two consecutive days, 3) no 
evidence of left atrial hypertension (pulmonary-
capillary wedge pressure ≤ 18 mm Hg, when 
available).4  
The diagnosis of ALI or ARDS was mandatory to 
persist for more than 24 hours. 

Hydrostatic pulmonary edema Radiographic (diffuse bilateral pulmonary 
infiltrates), hemodynamic (pulmonary artery 
occlusion pressure >18mm Hg or echocardiographic 
evidence of left ventricular or right ventricular 
dysfunction, and elevated ventricular filling 
pressures), laboratory (brain natriuretic peptide >350 
pg/ml), and documented physical findings (gallop, 
jugular venous distension). 

Pneumonia a) New or progressive pulmonary infiltrate or 
consolidation in the chest radiograph and one or 
more of the following: new onset of purulent sputum 
or change in the character of sputum, sputum 
cultures showing a respiratory pathogen, isolation of 
pathogen from specimen obtained by transtracheal 
aspirate, or bronchial brushing. 
b) Three or more of the following: fever 
(temperature >101 °F [38.5 °C]), rales or rhonchi on 
chest auscultation, new onset of purulent sputum or 
change in the character of sputum, sputum cultures 
showing a respiratory pathogen, isolation of 
pathogen from specimen obtained by transtracheal 
aspirate, or bronchial brushing. 
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Atelectasis Lobar or multilobar atelectasis on chest radiograph 
and requiring bronchoscopic intervention  

Pneumothorax If newly present on chest radiograph and requiring 
chest tube placement. 

 

Statistical Analyses 
  Based on our preliminary study of tidal volume as a risk factor for postoperative 
respiratory failure7 and taking the matched design into account, sample size calculations 
showed that approximately 70 ALI associated postoperative respiratory failure cases 
would provide a 90% statistical power (2-tailed alpha= 0.05) to detect a mean tidal 
volume difference of 1 ml/kg predicted body weight between cases and controls.  To 
account for subjects with potential missing data during the study, 18% more patients were 
added (arbitrary estimation), for a final sample size of 83 patients.   

Potential risk factors for ALI associated postoperative respiratory failure were 
evaluated using conditional logistic regression, making use of the 2:1 matched-set study 
design. Univariate analyses were performed to assess each variable individually as a 
potential risk factor for ALI associated postoperative respiratory failure (table 4 and 5). 
For each ventilator variables (table 6), additional multivariable analyses were performed 
to assess whether these variables were associated with ALI associated postoperative 
respiratory failure after adjusting for non-ventilator characteristics. 

 Survival curves were constructed using the Kaplan-Meier methods and compared 
using the log rank test. In all cases, two-sided tests were used, with P values <= 0.05 
considered statistically significant.   
 
Results 
 

Excluding 114 patients who did not authorize the use of health information for 
research, 4,420 patients were eligible for the study (flow diagram, figure 1).  Four 
hundred and fifty two patients (10.2%) developed postoperative pulmonary complications 
(Table 2).  Of these, 133 (29%) developed ALI, of whom 55 had acute respiratory 
distress syndrome. The type of operation influenced the frequency of ALI; it varied from 
a low of 0.8 % for laparoscopic abdominal procedures to a high of 7.4% for aortic 
vascular surgery (Table 2).  Two hundred and thirty eight patients (incidence 5.4%, 95% 
CI 4.7-6.1%) experienced postoperative respiratory failure (Table 3).  ALI was the most 
common cause of postoperative respiratory failure occurring in 83 (34.9%) patients 
(incidence 1.9%, 95% CI 1.5-2.3%).  None of the ALI associated respiratory failure cases 
(n=83) had other identifiable non-surgical explanation for ALI (e.g. aspiration, 
pneumonia, sepsis).  Non-ALI associated causes of postoperative respiratory failure 
included hydrostatic pulmonary edema in 74 (31.1%), shock in 27 (11.3%), pneumonia in 
9 (3.8%), carbon dioxide retention in 8 (3.4%), and miscellaneous in 37 (15.5%).   
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Table 2.  Postoperative pulmonary complications (with and without respiratory failure) 
by type of surgery  
 

Type of Surgery N 
Hydrostatic Edema 

n (%) 
ALI 

n (%) 
Pneumonia

n (%) 
Atelectasis 

n (%) 
Pneumothorax 

n (%) 

Cardiac 1,381 147 (10.6) 79 (5.7) 38 (2.7) 11 (0.8) 8 (0.6) 

Thoracic 659 14 (2) 24 (3.6) 14 (2) 6 (0.9) 3 (0.4) 

Open abdomen 547 7 (1.2) 8 (1.5) 2 (0.4) 1 (0.2) 2 (0.4) 

Orthopedic 399 12 (3) 4 (1) 1 (0.2) 1 (0.2) 1 (0.2) 

Peripheral vascular 352 4 (1) 2 (0.6) 1 (0.3) 0 0 

Neurological 339 2 (0.6) 3 (0.9) 2 (0.6) 0 0 

Non-orthopedic spine 258 2 (0.8) 0 0 1 0 

Aortic vascular 148 23 (15) 11 (7.4) 6 (4) 0 0 

Laparoscopic 
abdominal 

123 2 (1.6) 1 (0.8) 1 (0.8) 1 (0.8) 0 

Urological 158 3 (1.8) 0 0 0 0 

Head and neck 24 1 (4) 1 (4) 2 (8) 0 0 

General 33 0 0 0 0 0 

Total (%) 4,420 217 (4.9) 133 (3) 67 (1.5) 21 (0.5) 14 (0.3) 

ALI, acute lung injury 

Table 3. Postoperative respiratory failure intervention (within 5 days) by type of surgery 
 

Type of Surgery N 
Mechanical ventilation 

>48 hours 
Re-intubation 

Non-invasive positive 
pressure ventilation 

Cardiac 1,381 70 8 57 

Thoracic                   659 1 9 8 

Open abdomen  547 7 3 10 

Orthopedic                399 9 3 6 

Peripheral vascular  352 2 1 5 

Neurological                 339 4 0 2 

Non-orthopedic spine  258 4 0 1 

Aortic vascular  148 13 1 5 

Laparoscopic abdominal  123 1 0 4 

Urological 158 0 0 0 

Neck  24 3 0 0 

General 33 0 1 0 

Total (%) 4,420 114 (2.6) 26 (0.6) 98 (2.2) 
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Univariate analysis revealed that a preoperative history of diabetes, smoking and 
alcohol use were significant risk factors for ALI associated postoperative respiratory 
failure (Table 4).  Intraoperative factors significant in univariate analysis for ALI 
included (Tables 5 and 6) duration of anesthesia, transfusion of red blood cells, 
transfusion of non-red blood cell products, colloid infusion, fluid balance, mean arterial 
blood pressure, and mean FIO2 and mean peak airway pressure over the first hour of 
anesthesia.  When adjusted for non-ventilator parameters, mean intraoperative peak 
airway pressure, but not tidal volume, PEEP, respiratory rate or FIO2, was associated 
with ALI associated postoperative respiratory failure (Table 6).  The same results were 
obtained when ventilator variables were calculated as the mean of values measured over 
the total duration of anesthesia (table 1, online supplement).  

 

Table 4.  Univariate analysis of preoperative predictor variables of matched ALI case- 
controls. 
 

Variable  
Controls (N=166)   

n  (%)            
Cases (N=83) 

  n  (%)             Odds Ratio (95% CI) P-value 
Diabetes Mellitus 30 (18.1) 30 (36.1) 2.598 (1.40- 4.81) 0.002 
Hypertension 109 (65.7) 63 (75.9) 1.771 (0.93- 3.38) 0.082 
Coronary artery disease 97 (58.4) 53 (63.9) 1.371 (0.72- 2.61) 0.339 
Heart failure 60 (36.1) 24 (28.9) 0.651 (0.34- 1.25) 0.198 
Immunosuppression 2 (1.2) 4 (4.8) 6.606 (0.72- 60.86) 0.096 
Chronic renal failure 4 (2.4) 2 (2.4)     
Hepatic insufficiency 2 (1.2) 2 (2.4) 2.000 (0.28- 14.19) 0.488 
Asthma 10 (6.0) 8 (9.6) 1.600 (0.63- 4.05) 0.322 
COPD 14 (8.4) 15 (18.1) 2.689 (1.15- 6.31) 0.023 
Smoking  83 (50) 56 (70) 2.43 (1.31- 4.51) 0.005 
Alcohol  40 (24) 28 (35) 1.86 (1.00- 3.50) 0.055 

COPD, chronic obstructive pulmonary disease 
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Table 5. Univariate analysis of intraoperative predictor variables of matched ALI case-
controls. 
 

Variable 

Controls 
(N=166) 

Mean (SD) 
 

Cases 
(N=83) 

Mean (SD) 
 

Odds Ratio (95% CI) P-value 

Duration of Anesthesia (min) 324 (113) 450 (161) 1.64* (1.37 1.96) <0.001 
Non-red blood cells (ml)‡ 122 (432) 683 (1161) 1.13† (1.06- 1.20) <0.001 
Red blood cells (ml) 760 (941) 1723 (1939) 1.06† (1.03- 1.09) <0.001 
Colloids (ml) 736 (658) 1101 (832) 1.07† (1.03- 1.11) <0.001 
Fluid Balance (L) 3.69 (2.21) 6.1 (3.77) 1.03† (1.02- 1.05) <0.001 
Blood Pressure (mmHg) 71 (7.64) 67.9 (8) 0.93 (0.89- 0.97) 0.001 
SpaO2 (%) 98.5 (2.06) 98.6 (1.38) 0.63 (0.89- 1.03) 1.212 

*Per hour, †Per 100ml 
‡Non-red blood cells: platelets, fresh-frozen plasma or cryoprecipitate 
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Table 6. Unadjusted univariate and adjusted multivariate analysis of intraoperative 
ventilator variables of matched ALI case-controls. 
 

Variable 
Controls 
(N=166) 

Mean (SD) 

Cases 
(N=83) 

Mean (SD) 

Unadjusted 
Odds Ratio (95%CI) 

P 
Value 

          Adjusted  
Odds Ratio (95%CI)* 

P 
Value

First Hour        

Tidal volume/ Kg PBW 8.7 (1.7) 8.9 (1.6) 1.08 (0.92-1.27) 0.336 1.03 (0.84-1.26) 0.801

PEEP, cmH2O 1.7 (2.2) 1.4 (2.5) 0.94 (0.83-1.07) 0.344 0.89 (0.77-1.04) 0.180
Peak airway pressure, 
cmH2O 

19 (4.8) 21 (5.9) 1.10 (1.04-1.15) <0.001 1.07 (1.02-1.15) 0.045

Respiratory rate, 
cycles/min 

11 (1.4) 11 (1.3) 1.01 (0.82-1.24) 0.909 1.01 (0.77-1.32) 0.940

FIO2, % 73 (18) 80 (17) 1.03 (1.01-1.04) 0.002 1.00 (0.98-1.03) 0.708
Legend: FIO2, fraction of inspired oxygen; PEEP, positive end-expiratory pressure; 
PBW, predicted body weight.  *Adjusted for diabetes, chronic obstructive pulmonary 
disease, duration of anesthesia, total red blood cell given, mean arterial blood pressure, 
smoking status and alcohol use. 

 
In-hospital mortality of patients with ALI associated postoperative respiratory 

failure (17%, 14 of 83) was significantly higher than that of patients without 
postoperative respiratory failure (5%, 8 of 155, p=0.004).  The 60-day and one-year 
survival (figure 2) of patients with ALI associated respiratory failure (cases, n=83) was 
73% and 56%, respectively, in contrast to 99% and 92% of patients that did not have 
postoperative pulmonary complications (controls, n=166). When compared to control 
patients, ALI cases had longer hospital lengths of stay (mean17, 95% CI 15 to 21 days vs. 
5, 95% CI 4 to 6 days, p<0.001).    
 
Discussion 
 

The main findings of this study are: 1) ALI occurred in 3% of high-risk elective 
surgeries and was the most common cause of postoperative respiratory failure, 2) 
compared to matched controls, patients with ALI associated postoperative respiratory 
failure had markedly lower postoperative survival and longer length of hospital stay and 
3) when adjusted for nonventilator variables, intraoperative peak airway pressure, but not 
tidal volume, PEEP or FIO2, was associated with ALI associated postoperative 
respiratory failure. 

Although the observed incidence and outcome of postoperative ALI come as no 
surprise to practicing intensivists, this relationship may not be widely appreciated among 
internists, anesthesiologists, and surgeons involved in the perioperative management. In 
fact, no previous prospective study formally evaluated the development and outcome of 
postoperative ALI in a large sample of patients undergoing high-risk elective surgery for 
postoperative pulmonary complications. There are several limitations of existing studies 
addressing the incidence and prognosis of postoperative ALI, including: 1) retrospective 
design, 5 7 8 2) inclusion of cases with prevalent risk factors for ALI,6 19 3) lack of a clear 
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definition of postoperative ALI, 20 21 4) restricted to specific age groups, 22 and 5) 
examination of only in-hospital mortality as an endpoint.22 23 Furthermore, none of the 
published studies to date have provided an assessment of the relative contribution of ALI 
in determining postoperative respiratory failure and long-term postoperative survival and 
we therefore cannot compare our findings with those of other studies.  However, the six-
month survival of 63% (figure 2) in our study is similar to that found in the prospective 
study at the Mayo Clinic by Yilmaz et al in medical, surgical, and mixed medical-surgical 
ICU patients with ALI (62%).24 Consistent with our findings, the importance of 
perioperative risk factors in determining the incidence of ALI after specific surgeries has 

been reported by others 8 25 and may represent an attractive target for the prevention of 
postoperative ALI (e.g. strategies to prevent intraoperative transfusion related acute lung 
injury, perioperative antioxidants in those with history of alcoholism).26-28  

The development of ALI associated postoperative respiratory failure in our study 
was associated with markedly worse outcome when compared to all other causes of 
postoperative respiratory failure combined and at one year when compared to matched 
controls.  This is a significant problem given the fact that over 40 million surgical 
procedures are performed in the USA annually 29 with several million of these procedures 
representing high-risk surgery for postoperative pulmonary complications.1 16 Thus, the 
identification of mechanisms contributing to the development of this complication and 
testing preventive interventions geared toward improved intraoperative care is needed to 
reduce the occurrence of postoperative ALI.  One of the main aims of our study was to 
explore one of the potential mechanisms: VILI and the relationship between 
intraoperative ventilator parameters and the development of postoperative ALI.  We 
hypothesized that the use of high volume ventilation in patients in the operating room 
may initiate injury or conversely, that intraoperative protective ventilation can favorably 
influence outcome by attenuating the pulmonary and systemic inflammatory response. 
Nine small randomized controlled trials of patients with healthy lungs undergoing 
elective surgery evaluated the effect of protective versus conventional mechanical on 
several surrogate endpoints.9-16 In four studies, the concentration of pro-inflammatory 
cytokines did not differ between patients randomized to receive either high or low tidal 
volume. In contrast, five other studies found that mechanical ventilation with larger tidal 
volumes and low PEEP was associated with pulmonary procoagulant changes, higher 
cytokine levels and postoperative pulmonary dysfunction (increases in airway pressure, 
decreases in lung compliance, and increases in shunt) to a greater extent than that seen in 
patients ventilated with small tidal volumes and higher PEEP. 

Exposure to higher peak airway pressure, but not tidal volume, was associated 
with the development of ALI in our study. A number of hypotheses could explain the 
observation that ALI associated postoperative respiratory failure is associated with higher 
intraoperative peak airway pressures compared to controls.  High peak pressure suggests 
either systematic group differences in ventilator settings (e.g. flow rate and profile) or 
systematic differences in the mechanical properties of the intubated respiratory system 
(e.g. differences in respiratory system compliance and resistance including effects of 
auto-PEEP).  Given the small variability and lack of association between tidal volume 
and outcome, the differences in peak pressures may be explained by subtle differences in 
lung mechanics and thus function at baseline (i.e. preexisting lung disease, degree of 
post-intubation atelectasis) making these patients more susceptible to ventilator 
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associated lung injury.  Restricting the analysis to those with peak airway pressure ≥20 
mH2O (controls 74 [45.4%], cases 59 [71.2%]) the unadjusted odds ratio was 2.98 (95% 
CI 1.67 to 5.34, p<0.001) but 1.68 (0.79 to 1.32, p=0.182) after adjustment.  More 
evidence on this potential association is needed and we would not recommend any 
change in practice on the strength of this specific finding. On the other hand, 
intraoperative ventilation with modest tidal volumes (< 9 mL/kg predicted body weight) 
as used in this study does not appear to increase the risk of postoperative ALI. 

In the prospective cohort study of Esteban et al,30  critically ill patients requiring 
mechanical ventilation for conditions not fulfilling acute respiratory distress syndrome 
criteria, mortality was associated with high peak (>50 cmH2O) and plateau pressure (>35 
cmH2O).  Three historical cohort studies also identified high airway pressures and tidal 
volumes as independent risk factors for development of ALI in patients requiring 
mechanical ventilation for acute respiratory failure.31-33 With a mean tidal volume of 
approximately 10 ml/kg of predicted body weight the mean peak pressure in those who 
developed ALI from these three studies ranged between 32 and 35 cmH2O. Van der Werf 
et al.34 studied 190 patients who underwent lung resection and found that peak inspiratory 
pressures in excess of 40 cmH2O were associated with the development of 
postpneumonectomy pulmonary edema (relative risk, 3.0; 95% CI, 1.2–7.3). In the study 
by Licker et al 8 of 879 patients undergoing lung resection for lung cancer, the 
“ventilatory hyperpressure index” (product of duration of one-lung ventilation and 
inspiratory plateau pressure exceeding 10 cmH2O) was associated with the development 
of ALI in the postoperative period (odds ratio, 3.53; 95% CI, 1.71– 8.45). Excessive 
airway pressures (mean plateau pressure of 29 cmH2O) were likely to have contributed to 
development of ALI in these patients undergoing lung resection. On the other hand it is 
less clear to what extent, if at all, the ventilation at mildly increased airway pressures 
(mean peak airway pressure of 21 cmH2O) contributed to the development of ALI in our 
study.  Although controversy remains regarding the extent to which tidal volume and 
inspiratory airway pressures should be reduced to optimize clinical outcomes in patients 
with ALI and the best intraoperative ventilator thresholds in patients with normal lungs or 
at risk for ALI, trying to relate lung injury to a single ventilator variable is probably 
naive. 

Strengths of this study include rigorous methods to minimize bias (concealed 
outcome ascertainment and data analysis, explicit definitions outlined a priori, collecting 
predictor variables before the outcome has occurred establishing a sequence of events, and 
random control sampling from a large concurrent cohort) and confounding (exclusion of 
prevalent-incident cases, matching and multivariate adjustment).  However, our study has 
several potential shortcomings.  First of all, potential postsurgical differences such as in 
mechanical ventilation settings and fluid management could affect our results.  Secondly, 
residual confounding due to unmeasured variables (e.g. surgical complications, 
intraoperative atelectasis) and absence of important ventilator variables such as static 
compliance limits the interpretation of our findings.  Although we attempted to 
distinguish ALI from cardiogenic pulmonary edema by utilizing current accepted 
diagnostic criteria and relying on prospective screening, it is possible that some patients 
who presented with ALI had hydrostatic pulmonary edema.  Sensitivity and specificity of 
either clinical assessment or pulmonary artery occlusion pressure have not been 
rigorously defined and are likely modest at best.35 The specific cause of death for each 
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patient was not recorded.  Finally, our study took place in a single tertiary referral center.  
However, patients, at other referral and community centers in the country, undergoing 
these types of outlined elective surgeries should not considerably differ from those 
enrolled in the study with regard to age, sex, severity of illness and comorbid conditions. 

In conclusion, in this prospective cohort study ALI was the most common cause 
of postoperative respiratory failure and was associated with markedly lower short- and 
long-term postoperative survival. Intraoperative ventilation with limited tidal volumes as 
used in this study does not appear to increase the risk of ALI associated postoperative 
respiratory failure. 
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Intraoperative Ventilator Settings and Acute Lung Injury after 
Elective Surgery: a Nested Case-Control Study 

 
 

Supplementary Material 
 
Methods: 
 

This investigation includes a nested-case control study within a prospective cohort 
design, to estimate the incidence, the risk of intraoperative ventilator settings (specifically 
tidal volume-primary predictor variable) and survival of acute lung injury (ALI) 
associated postoperative respiratory failure (primary outcome), in patients undergoing 
elective surgical procedures associated with high risk for development of postoperative 
pulmonary complications.   

We hypothesized that potentially injurious intraoperative ventilator settings (i.e. 
higher tidal volumes) would be associated with higher risk of postoperative respiratory 
failure secondary to ALI. 

During the first phase of the investigation we identified the patients in the 
prospective cohort who did (the cases) develop solely ALI associated postoperative 
respiratory failure (within the first 5 days postoperatively).  Each patient on the prospective 
cohort was follow up daily for 5 days.  None of the ALI associated respiratory failure 
cases (n=83) had other identifiable explanation for ALI (e.g. aspiration, pneumonia, 
sepsis).    

Do to confounding effect for the primary outcome; patients with underlying 
conditions predisposing to postoperative ALI (i.e. pre-operative trauma, sepsis, 
aspiration, shock) were excluded.  Similarly, patients with newly diagnose postoperative 
conditions related to ALI (e.g. post-operative shock or pneumonia) were not counted as 
cases.  Development of ALI was ascertained by trained expert intensivists according to 
the standard American European Consensus Conference Criteria. 

After identifying the cases from the prospective cohort (flow diagram, figure 1), 
each case was matched to two controls selected at random from the pool of all potential 
controls (those without any complication or respiratory failure from the prospective cohort) 
matched on age (within 5 years), gender, American Society of Anesthesiologists’ class 
(ASA) and type of elective surgical intervention (by primary International Classification of 
Diseases, 9th revision, codes). 
 
Measurements and outcomes 
  

One research coordinator (blinded to the assessment of outcomes) daily screened 
eligible patients from the institutional electronic surgical listing prior to surgical 
intervention and prospectively reviewed the medical records, laboratory, and radiology 
data.  At the time of patient ascertainment, through a standardized data collection form, 
information was abstracted on the type and date of surgery, demographics, history of 
smoking and alcohol intake, presence or absence of comorbid conditions (diabetes 
mellitus, heart failure, hypertension, coronary artery disease, immunosuppression, 
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chronic hepatic insufficiency and chronic renal insufficiency) height, weight, and ASA 
class.  

The following intraoperative data were abstracted from an electronic anesthesia 
record (PICIS Chart Plus, Wakefield, MA): 1) oxygen saturation by pulse oximetry, 2) 
invasive hemodynamic parameters (systolic, diastolic and mean arterial blood pressures), 
3) ventilator parameters [one vs. two lung ventilation, ventilator mode, set respiratory 
rate, fraction of inspired oxygen (FIO2), positive end-expiratory pressure (PEEP), peak 
airway pressure, and set tidal volume in ml per kg predicted body weight] 4) quantity of 
blood product transfusions (red blood cells, platelets, fresh-frozen plasma or 
cryoprecipitate), fluid balance (calculated as the difference between the fluid intake and 
output during anesthesia, and 5) anesthesia time.  All intraoperative measurements were 
collected every 2 minutes.  The first and last 15 minutes of all ventilator variables were 
excluded from the analysis due to variability during induction and emergence. Ventilator 
settings during the first hour (primary predictor variable) and during the total time of 
anesthesia were used.  The first continuous hour of mechanical ventilation (after the 
initial 15 minutes) were primarily utilized since ventilator settings during the total time of 
anesthesia are more likely to reflect an effect-cause relationship (e.g. a patient who has 
worsening oxygenation may requires higher tidal volumes and/or may have reduced 
respiratory system compliance with resultant high peak airway pressures from direct 
surgical interventions or pulmonary edema from ongoing fluid administration).  Of note, 
volume-controlled ventilation was the primary mode of ventilation in all patients. One-
lung ventilation was started after the first hour in 28 patients.  We were unable to use 
static compliance of the total respiratory system and set flow rate and profile during the 
analysis since this was not routinely measured during intraoperative ventilation.  

Postoperatively, a second investigator (a physician blinded to the perioperative 
predictors and not involved in the patient’s ongoing care) collected data on the 
occurrence of the primary outcome measure.  Table 1 describes the outcome variables. 
 
Statistical Analyses 
  

Based on our preliminary study of tidal volume as a risk factor for postoperative 
respiratory failure7 and taking the matched design into account, sample size calculations 
showed that approximately 70 ALI associated postoperative respiratory failure cases 
would provide a 90% statistical power (2-tailed alpha= 0.05) to detect a mean tidal 
volume difference of 1 ml/kg predicted body weight between cases and controls.  To 
account for subjects with potential missing data during the study, 18% more patients were 
added (arbitrary estimation), for a final sample size of 83 patients.   

Potential risk factors for ALI associated postoperative respiratory failure were 
evaluated using conditional logistic regression, making use of the 2:1 matched-set study 
design. For the present study, the ventilator variables were of specific interest. These 
variables were modeled as continuous variables. Other baseline patient and procedural 
characteristics that were evaluated as potential risk factors for ALI associated 
postoperative respiratory failure are listed in Table 4 and 5. All preoperative risk factors 
(table 4) were treated as categorical variables in the logistic regression analysis. For 
analysis purposes, ASA class (<= 2 vs. >= 3) and smoking (never and former vs. current-
within 6 months of surgery) and alcohol (never and former vs. current-within 6 months of 
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surgery) history were dichotomized. Other potential risk factors included in the logistic 
regression analyses were treated as continuous variables as presented in table 5. 
Univariate analyses were performed to assess each characteristic individually as a 
potential risk factor for ALI associated postoperative respiratory failure. For each 
ventilator variables, additional multivariable analyses were performed to assess whether 
these variables were associated with ALI associated postoperative respiratory failure after 
adjusting for non-ventilator characteristics. The non-ventilator variables included as 
covariates for these analyses included diabetes, chronic obstructive pulmonary disease 
(COPD), duration of anesthesia, red blood cell transfusions, mean arterial blood pressure, 
smoking status and alcohol use. These covariates were selected based on the significance 
from the univariate analysis and previous literature suggesting association with 
postoperative respiratory failure. Since including more than one ventilator variable in the 
same model would create problems due to collinearity, the multivariate modeling was 
performed separately for each ventilator variable.  In order to avoid over fitting each 
model, no more than 8 adjusting variables were used.   

Survival following surgery was ascertained using the most recent follow-up 
information from the medical record and from Social Security Death Index. Survival 
curves were constructed using the Kaplan-Meier methods and compared using the log 
rank test. In all cases, two-sided tests were used, with P values <= 0.05 considered 
statistically significant.  Statistical analysis was performed with SAS® Software Release 
6.12 (SAS Institute Inc., Cary, NC). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://thorax.bm

j.com
/

T
horax: first published as 10.1136/thx.2008.102228 on 6 N

ovem
ber 2008. D

ow
nloaded from

 

http://thorax.bmj.com/


 4 

Results: 
 
Ventilator settings during the first hour (primary predictor variable) and during the total 
time of anesthesia were used. 
 
Table 1.  Unadjusted and multivariate analysis of intraoperative ventilator variables of 
matched ALI case-controls during the first hour and overall duration of anesthesia. 
 

Variable 
Controls 
(N=166) 

Mean (SD) 

Cases 
(N=83) 

Mean (SD) 

Unadjusted 
Odds Ratio (95%CI) 

P 
Value 

          Adjusted  
Odds Ratio (95%CI)* 

P 
Value

First Hour        

Tidal volume/ Kg PBW 8.7 (1.7) 8.9 (1.6) 1.08 (0.92-1.27) 0.336 1.03 (0.84-1.26) 0.801

PEEP, cmH2O 1.7 (2.2) 1.4 (2.5) 0.94 (0.83-1.07) 0.344 0.89 (0.77-1.04) 0.180
Peak airway pressure, cmH2O 19 (4.8) 21 (5.9) 1.10 (1.04-1.15) <0.001 1.07 (1.02-1.15) 0.045
Respiratory rate, cycles/min 11 (1.4) 11 (1.3) 1.01 (0.82-1.24) 0.909 1.01 (0.77-1.32) 0.940
FIO2, % 73 (18) 80 (17) 1.03 (1.01-1.04) 0.002 1.00 (0.98-1.03) 0.708
Overall        

Tidal volume/ Kg PBW 8.5 (1.5) 8.6 (1.6) 1.04 (0.87-1.25) 0.640 0.93 (0.71-1.21) 0.585

PEEP, cmH2O 2.5 (2.4) 2.3 (2.6) 0.94 (0.83-1.07) 0.371 0.89 (0.74-1.06) 0.201
Peak airway pressure, cmH2O 20 (4.8) 23 (5.1) 1.13 (1.07-1.20) <0.001 1.08 (1.00-1.17) 0.064
Respiratory rate, cycles/min 11 (1.5) 11 (1.4) 1.01 (0.84-1.26) 0.904 1.01 (0.77-1.32) 0.940
FIO2, % 73 (19) 80 (17) 1.03 (1.02-1.04) 0.002 1.00 (0.95-1.03) 0.714

Legend: FIO2, fraction of inspired oxygen; PEEP, positive end-expiratory pressure; PBW, 
predicted body weight.  *Adjusted for diabetes, chronic obstructive pulmonary disease, 
duration of anesthesia, total red blood cell given, mean arterial blood pressure, smoking 
status and alcohol use. 
 
 
 
Non-ALI associated causes of postoperative respiratory failure included hydrostatic 
pulmonary edema in 74 (31%), shock in 27 (11.3%), pneumonia in 9 (4%), carbon 
dioxide retention in 8 (3.4%), and miscellaneous in 37 (15%).   
 

   Carbon dioxide retention in 8 patients included:  
-Postoperative hypoventilation: 2 
-Postoperative COPD exacerbation: 6 

 
              Miscellaneous causes in 37 patients included: 

-Postoperative hypoxemia: 14 
-Early postoperative surgical complication: 2 
-Postoperative over-sedation/prolong sedation with failure to wean 
(leading to postoperative mechanical ventilation >48h): 11 
-Postoperative laryngospasm/laryngeal edema: 4 

                        -Hemodynamically unstable: 6 
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