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Abstract
Background

Pulmonary complications after cardiac surgery are a leading cause of morbidity and mortality. The aim of this study was to develop predictive models
for postoperative lung dysfunction and mortality.

Methods

This was a single-center, observational, retrospective study, which took place in a tertiary care University Hospital. We retrospectively analyzed data
regarding 11285 adult patients who underwent all types of cardiac surgery from 2003 to 2015.

We developed logistic predictive models for in-hospital mortality, for postoperative pulmonary complications (PPC) occurring in the intensive care unit
(ICU), and the need for postoperative non-invasive mechanical ventilation (NIMV) when clinically indicated.

Results

Age, preoperative ejection fraction, New York Heart Association (NYHA) class, emergency surgery, pharmacological and mechanical circulatory support,
creatinine peak in the ICU, tracheostomy, and a lower PaO2/FiO2 ratio at ICU discharge were predictors of mortality. Age, ejection fraction, body mass
index, creatinine peak in the ICU, blood-product use, inotropic support, and a lower PaO2/FiO2 ratio were predictors of postoperative NIMV. Preoperative
lung disease, ejection fraction, NYHA class, inotropic and mechanical support, and preoperative serum creatinine were predictors of PPC.

Conclusions

We provide three models for the prediction of major pulmonary complications and mortality following cardiac surgery.

Background
Postoperative pulmonary complications (complete definition in Supplementary 1) are still a leading cause of morbidity after cardiac surgery, causing
longer hospital and ICU length-of-stay[1], higher mortality, and increased costs[2–7].

Various factors, e.g. an inflammatory response following cardiopulmonary bypass, transfusions[8–10], ventilation stop, perfusion stop, myocardial
damage, and hyperoxia[11] can all contribute to lung injury after cardiac surgery[12]. Moreover, many risk factors for lung dysfunction and prolonged
mechanical ventilation after cardiac surgery have been identified; these include preoperative variables (e.g. age, sex, cardiovascular risk factors, chronic
lung disease, chronic kidney disease, and coexisting endocarditis), intraoperative variables (e.g. type of surgery, pump time, intervention time,
transfusions, and bleeding), and postoperative variables (e.g. inotrope dependency, and cardiogenic shock)[13–20]. Pulmonary damage has also been
associated with the necessity for non-invasive mechanical ventilation (NIMV) and re-intubation, as well as with readmission to the ICU[21, 22].

The PaO2/FiO2 ratio is a widely used and helpful tool, especially in non-cardiac surgery, for the assessment of lung injury[23, 24]. However, few studies
have investigated the predictive power of this parameter in cardiac surgery[4]. Moreover, predictive models with strong clinical implications for
perioperative care are still lacking[7], especially for cardiac surgery and ICU.

The aim of this study was to investigate the predictive factors for three distinct end-points, namely in-hospital mortality, the necessity of NIMV, and the
incidence of PPC after cardiac surgery. Since different potentially predictive variables become observable in different moments during the patients’
clinical course, for each end-point we built a first model that considered only variables available upon hospital admission (“admission model”) and a
second model that considers also variables that become available at the time of surgery (“surgery model”). For in-hospital mortality and the necessity
of NIMV, we could also build a third model, which also considered variables that become available at the time of ICU stay (“ICU model”). This approach
is meant to provide prognostic tools applicable by clinicians during different stages of patients’ clinical course.

We also studied a new cut-off in the PaO2/FiO2 ratio to predict the need for NIMV in the ward[25].

The main hypothesis of this study was that the PaO2/FiO2 ratio at the discharge from ICU would be a good predictor of postoperative pulmonary
complications and death after cardiac surgery.

Methods
This was a single-center, observational, retrospective study that took place at a university hospital in Italy from 2003 to 2015. The study protocol
conforms to the ethical guidelines of the 1975 Declaration of Helsinki[26]. We carried out a retrospective analysis of clinical and administrative data.
Following approval of the Ethics Committee of the San Raffaele IRCCS Scientific Institute (date of approval 29th October 2015), 11285 consecutive
adult patients, American Society of Anesthesiologists (ASA) physical status class II or higher, who underwent open-heart surgery with or without CPB
and with or without aortic cross-clamping, were included in this study. Each patient gave written informed consent. Every type of surgical intervention
was included in this study. The routine perioperative management of our center is summarized in Supplementary 2[14, 27, 28]. 
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Statistical analysis
Statistical analysis was carried out using the dedicated software Stata 11.1 (Copyright 2009 Stata Corp. LP, Stata Corp, 4905 Lakeway Drive, College
Station, Texas 77845 USA). Categorical variables are reported as numbers (percentage). Continuous variables are reported as mean ± SD. Their normal
distribution was confirmed by both the Shapiro-Wilk W test for normality and the Kolmogorov-Smirnov tests of the equality of distributions.

We developed three logistic predictive models for in-hospital mortality (as a dichotomous variable): a first model (“preoperative model”) in which
variable selection was applied only to variables available at the time of hospital admission, a second model (“surgery model”) considering also
variables that become available at the time of surgery, and a third model (“ICU model”) considering also variables that become available at the time of
ICU admission. In a similar way, we developed three logistic predictive models indicating the need for postoperative NIMV (as a dichotomous variable).
Moreover, for the occurrence of any PPC in the ICU (as a dichotomous variable), we developed two logistic predictive models (A “preoperative model”
and a “surgery model”). Variable selection was performed with a stepwise method with probability to enter 0.10 and probability to exit 0.20.

Model accuracy was compared by generating non-parametric ROC curves for each model and comparing their AUROC with the algorithm proposed by
DeLong ER et al.28 AUROCs are reported as AUROC (95% CI). Model calibration was assessed reporting the intercept (”calibration-in-the-large”) and the
slope of the relevant calibration plots.26 Marginal predictions were used for the calculation of overall validation measures.29

Since the PaO2/FiO2 ratio entered our final predictive models both for in-hospital mortality and NIMV use and given its widespread use as a predictor
thereof, we studied the relevant ROC curves to report the PaO2/FiO2 cut-off value that maximizes sensitivity and specificity.

Our series covers a wide time span, so the year of surgery was considered as a random effect variable and the aforementioned analysis models were
actually studied as mixed logistic regression models. The difference between mixed versus logistic regression models was tested with the Log-
likelihood ratio test. The Intra cluster Correlation Coefficient (ICC) is reported for each mixed effect model. The random intercepts were omitted from the
prediction equation to provide risk estimates for “an average” year, which is clinically useful when addressing prediction for years, not in our sample.

Moreover, given the high number of cases in our series, we split the series into a training set and a test set. The aforementioned models were obtained
on the training set and were tested thereafter on the test set. The training set was obtained by selecting cases from our original series with a Bernoulli
process (random selection without replacement) with probability 0.66: this generated a training set containing 7448 cases. The test set consisted of the
3837 cases not selected in the training set. The AUROC of the models applied to the test sets is reported together with their 95% CI and compared with
the corresponding training test AUROCs with the Chi-square test.

We developed three logistic predictive models for in-hospital mortality (as a dichotomous variable). In the first model (“Admission model”), the
predictive variable selection was performed on variables with data available on admission, i.e. age (years), surgical diagnosis, coronaropathy (yes/no),
ACEF score value[28] (%), BMI (kg/m2), redo surgery (yes/no), elective surgery (yes/no), hypertension (yes/no), diabetes mellitus (yes/no), chronic
obstructive pulmonary disease (yes/no), peripheral vasculopathy (yes/no), previous ictus or transitory ischemic attack (yes/no), preoperative history of
smoking (yes/no), preoperative ejection fraction (%), preoperative serum creatinine (mg/dl), New York Heart Association class (from I to IV), ASA class
(from I to V). In the second model (“Surgery model”), variables with data available after completion of surgery were added to the variable selection
process, i.e. aortic cross-clamp (yes/no) and aortic cross-clamp time (minutes), blood-product administration during surgery (yes/no), inotropic support
during surgery (yes/no), and use of Intra-Aortic Balloon Pump (IABP) (yes/no). In the third model (“ICU model”), variables with data available from ICU
stay were added to the variable selection process, i.e. peak postoperative creatinine in ICU (mg/dl), the lowest hematocrit value in ICU (%), inotropic
drugs after surgery (yes/no), postoperative IABP (yes/no), duration of mechanical ventilation (hours), postoperative renal replacement therapy (yes/no),
postoperative Extracorporeal Membrane Oxygenator (ECMO) (yes/no), tracheostomy in ICU (yes/no), re-intubation in ICU (yes/no), postoperative
pulmonary complication (PPC[14]) (yes/no), septic shock (yes/no, according to the Sepsis-3 consensus definition[27]), use of diuretic therapy (yes/no),
blood-product administration during ICU stay (yes/no), PaO2/FiO2 ratio on ICU discharge.

Similarly, we developed three logistic predictive models indicating the need for postoperative NIMV (as a dichotomous variable). Moreover, we
developed two logistic predictive models for the occurrence of any PPC during ICU stay (as a dichotomous variable).

In the variable selection process, variables with P<0.20 were taken as possible predictors for the multivariate model. When developing the final model, P
< 0.05 was considered significant. The interaction was checked, and linearity in the logit was verified using the fractional polynomial method.

In reporting the final models, odds ratios are shown as OR (95% CI).
We included under the definition of NIMV all the techniques which involved the application of a positive pressure via a face mask or helmet, mostly
including a continuous positive airway pressure (CPAP) and a pressure support ventilation with positive end-expiratory pressure (PEEP). The main
indication for CPAP was hypoxemic respiratory failure of any origin, defined as PaO2/FiO2 ratio between 100 and 250. The main indication for pressure
support NIMV was respiratory acidosis. 

Sample size calculation

https://paperpile.com/c/AhTPUE/ep2Xm
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Given the retrospective nature of our study, no formal prior sample size evaluation was performed. Nevertheless in building our logistic regression
models we took care to respect the well-known rule of thumb derived from simulation studies of a minimum of 10 events per dependent variable.

Results
The study population includes 11285 and is described in Table 1.

Table 1
Description of the baseline data of the study population (N=11285). Data are expressed as mean ±

standard deviation or number (percentage). Preoperative chronic obstructive pulmonary disease
(COPD) was defined according to clinical criteria (a patient was considered to be affected by COPD
if he was prescribed inhalation bronchodilators or corticosteroids or other drugs labeled for COPD

therapy by a pneumologist of the family physician, even without obtaining confirmation from
preoperative instrumental data) at the time of hospital admission.

Variable Preoperative value

Age, y 67.55 ± 13.97

Male sex, n (%) 9844 (87.2%)

Height, cm 169 ± 9

Weight, kg 73 ± 13

BMI, kg/m2 25.46 ± 3.95

Preoperative EF, % 56.41% ± 9.77

NYHA class > II, n (%)  

Preoperative comorbidities

     COPD, n (%) 920 (8.1%)

     Hypertension, n (%) 7.248 (64.2%)

     Type II Diabetes, n (%) 1.528 (13.5%)

     Preoperative creatinine, mg/dl 0.98 + 0.67

     Chronic renal failure, n (%) 1161 (10.2%)

     Peripheral vasculopathy, n (%) 2036 (18.0%)

    Smoking habits, n (%) 2443 (21.6%)

    Stroke, n (%) 989 (8.8%)

Timing of surgery

     Emergency or urgency, n (%) 214 (1.9%)

     Planned, n (%) 11071 (98.1%)

Surgery type

Valvular surgery, n (%) 5178 (45.88%)

Coronary surgery, n (%) 1814 (16.07%)

Ascending aorta aneurysm surgery, n (%) 420 (3.71%)

Other surgical procedures, n (%) 999 (8.85%)

Combined surgery (two or more procedures), n (%) 5564 (49.31%)

BMI – body mass index; EF – ejection fraction; COPD – chronic obstructive pulmonary disease.

The most frequent (5564, 49.31%) procedure was combined surgery (Coronary Artery Bypass Graft + valvular procedure), followed by valvular surgery
alone (5178, 45.88%). Coronary surgery alone was performed on 1814 patients (16.07%). Aortic surgery was performed on 420 patients (3.71%). The
remaining 999 patients (8.85%) underwent other cardiac surgery procedures, such as percutaneous surgery (e.g. Mitraclip® implantation), tumor
exeresis, the Maze procedure for atrial fibrillation, or patent foramen ovale closure. The PaO2/FiO2 ratio at ICU discharge was 292.6 ±114.0, showing
normal distribution. The initial population’s mean age was 67.55 years ± 13.97. Mean BMI was 25.46 kg/m2 ± 3.95. The mean preoperative ejection
fraction was 56.41% ± 9.77.
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Intraoperative inotropic support was necessary for 5339 patients (47.31%). Postoperative pulmonary complications occurred in 248 (2.19%) cases.
Non-Invasive Mechanical Ventilation, considering both continuous positive airway pressure (CPAP) and pressure support ventilation (PSV), was
prescribed in 658 patients (5.83%). 

1 In-hospital mortality predictive models 

1.1 Preoperative model
Four variables predicted in-hospital mortality in the preoperative multivariate logistic model (whole model P<0.0001; Pseudo R2=0.10), namely age, EF,
NYHA class, and elective vs. emergency procedure. When the year of the procedure was considered as a random effect, the resulting mixed effect model
did not differ from the correspondent logistic regression model (Likelihood ratio test P=1.000; ICC<0.01). Nevertheless, table 2 reports on the model
which entails the year of surgery as a random intercept, given its importance.

This model’s AUROC was 0.81 (95% CI = 0.76-0.85).

When the model was applied to the test set, its AUROC was 0.79 (95% CI = 0.75- 0.83) and did not differ from the training test’s (P=0.6685). The relevant
calibration plot exhibited calibration-in-the-large=0.0024 and calibration slope=0.7065. 

1.2 Surgery model
Five variables predicted in-hospital mortality in the surgery multivariate logistic model (whole model p<0,0001; Pseudo R2=0,18), namely use of
inotropic drugs, use of Intra-Aortic Balloon Pump (IABP), age, NYHA class, and elective vs. emergency procedure. When the year of the procedure was
considered as a random effect, the resulting mixed effect model did not differ from the correspondent logistic regression model (Likelihood ratio test
P=0,32; ICC=0,02). Nevertheless, Table2 reports on the model, which entails the year of surgery as a random intercept, given its importance.

This model’s AUROC was 0,86 (95%CI = 0,82-0,89). When the model was applied to the test set, its AUROC was 0,85 (95% CI = 0,82- 0,89): this did not
differ from the training test’s (P= 0,7417), but was significantly higher than the corresponding test admission model’s AUROC (P=0,0005). The relevant
calibration plot exhibited calibration-in-the-large=0,0057 and calibration slope=0,8643 (see figure 1). 

1.3 ICU model
Six variables predicted in-hospital mortality in the ICU multivariate logistic model (whole model p<0,0001; Pseudo R2= 0,26), namely serum creatinine
peak value in ICU, tracheostomy, use of inotropic drugs, NYHA class, age, and PaO2/FiO2 at ICU discharge. When the year of the procedure was
considered as a random effect, the resulting mixed effect model did not differ from the correspondent logistic regression model (Likelihood ratio test
P=1,000; ICC=0,11). Nevertheless, Table 2 reports on the model which entails the year of surgery as a random intercept, given its importance.

This model’s AUROC was 0,90 (95% CI = 0,87-0,94). When the model was applied to the test set, its AUROC was 0,89 (95% CI = 0,84- 0,93) and did not
differ from the training test’s (P=0,4390), but was significantly higher than the corresponding test surgery model’s AUROC (P=0,0061). The relevant
calibration plot exhibited calibration-in-the-large=0,0021 and calibration slope= 0,8443.(see Figure 1) 

2 Postoperative NIMV predictive models 

2.1 Preoperative /Surgery model
No variable with data available after surgery entered a multivariate model. Hence the “Preoperative” and “Surgery” multivariate logistic models for NIMV
use were actually not different from one another.

Four variables predicted NIMV use in the preoperative/surgery multivariate logistic model (whole model P<0,0001; Pseudo R2= 0,05), namely age, EF,
Body Mass Index (BMI), and preoperative serum creatinine. When the year of the procedure was considered as a random effect, the resulting mixed
effect model differed from the correspondent logistic regression model (Likelihood ratio testP= 0.0002; ICC=0.08). Tab. 2 reports on the model which
entails the year of surgery as a random intercept.

This model’s AUROC was 0.71 (95% CI = 0.67-0.75).

When the model was applied to the test set, its AUROC was 0.71(95% CI = 0.67-0.75) and did not differ from the training test’s (P=0.8687). The relevant
calibration plot exhibited calibration-in-the-large=0.0057 and calibration slope=0.8643. 
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Table 2
Results of the logistic regression models.

  Models for mortality Models for NIMV Models for PPC

Preoperative
models

Predictive
variable

Odds
ratio

95%
CI

P-
value

Predictive
variable

Odds
ratio

95%
CI

P-
value

Predictive
variable

Odds
ratio

95%
CI

P-
value

Age 1.05   1.02 -
1.08

<0.001 Age 1.04 1.02-
1.06

<0.001 COPD 2.63 1.31
-5.28

0.007

Preoperative
EF

0.97 0.95 -
0.99

0.011 Preoperative
EF

0.97 0.96-
1.00

0.023 Creatinine
Peaks

1.48 1.19
-1.83

<0.001

NYHA class 2.97 1.63 -
5.41

<0.001 BMI 1.10 1.05-
1.15

<0.001 EF 0.97 0.95
–
0.99

0.004

Elective
surgery

0.29 0.90 -
0.91

0.036 Preoperative
Creatinine

1.26 1.01-
1.58

0.043 NYHA class 1.81 1.05
–
3.14

0.033

Random
effect variable

SD SE P Random
effect
variable

SD SE P Random
effect
variable

SD SE P

Year of
surgery

<0.001 0.37 1.000 Year of
surgery

0.53 0.18 <0.001 Year of
surgery

0.28 0.20 0.176

Surgery
models

Predictive
variable

Odds
ratio   

95%
CI

P-
value

Predictive
variable

Odds
ratio

95%
CI

P-
value

Predictive
variable

Odds
ratio

95%
CI

P-
value

Inotropes in
the operating
room

3.09 1.45
– 6.6

0.003 Age 1.04 1.02-
1.06

<0.001 Inotropes in
the
operating
room

2.79 1.38-
5.64

0.004

IABP in the
operating
room

3.91 1.90
–
8.04

<0.001 Preoperative
EF

0.97 0.96-
1.00

0.023 IABP in the
operating
room

2.64 1.02-
6.81

0.045

Age 1.06 1.03
–
1.10

<0.001 BMI 1.10 1.05-
1.15

<0.001 COPD 3.74 1.64-
8.51

0.002

NYHA class 2.35 1.24
–
4.47

0.009 Preoperative
Creatinine

1.26 1.01-
1.58

0.043 Preoperative
creatinine

1.39 1.07-
1.81

0.014

Elective
surgery

0.22 0.08
–
0.65

0.006                

Random
effect variable

SD SE P Random
effect
variable

SD SE P Random
effect
variable

SD SE P

Year of
surgery

0.24 0.30 0.320 Year of
surgery

0.53 0.18 <0.001 Year of
surgery

0.53 0.25 1.329

ICU models Predictive
variable

Odds
ratio   

95%
CI

P-
value

Predictive
variable

Odds
ratio

95%
CI

P-
value

       

Creatinine
peak

1.50 1.24
–
1.82

<0.001 Creatinine
peak

1.35 1.21
-1.51

<0.001        

Tracheostomy 18.08 7.14
–
45.76

<0.001 Inotropes 1.60 1.25
–
2.04

<0.001        

Inotropes in
the ICU in the
ICU

2.52 1.01–
5.77

0.029 P/F 0.99 0.991-
0.993

<0.001        

NYHA class 2.79 1.35
–
5.78

0.006 Blood
transfusion

2.41 1.87
–
3.13

<0.001        

Age 1.08 1.03
–
1.12

<0.001 BMI 1.07 1.05
–
1.11

<0.001        

P/F ratio 0.1  0.99
– 0.1

0.028                



Page 7/12

Random
effect variable

SD SE P Random
effect
variable

SD SE P        

Year of
surgery

<0.001 0.44 1.000 Year of
surgery

0.83 0.18 <0.001        

List of abbreviations used

CI: confidence interval – SD: standard deviation – SE: standard error – EF: ejection fraction – NYHA: New York heart association –
EF: ejection fraction – NYHA: New York heart association – BMI: body mass index – COPD: chronic obstructive pulmonary disease
– IABP intra-aortic balloon pump – ICU: intensive care unit – P/F: PaO2/FiO2 ratio at the discharge from the ICU.

2.2 ICU model
Four variables predicted NIMV use in the ICU multivariate logistic model (whole model p<0.0001; Pseudo R2=0.13), namely serum creatinine peak in ICU,
inotropic drug use, PaO2/FiO2 ratio at ICU discharge, use of blood products, and BMI. When the year of the procedure was considered as a random
effect, the resulting mixed effect model (both intercept and slope) differed from the correspondent logistic regression model (Likelihood ratio test
P<0.001; ICC=0.17). Tab. 2 reports on the model which entails the year of surgery as a random intercept.

This model’s AUROC was 0.81 (95% CI = 0.77-0.85). When the model was applied to the test set, its AUROC was 0.79 (95% CI = 0.77 -0.81) and did not
differ from the training test’s (P=0.3966) but was significantly higher than the corresponding test surgery model’s AUROC (P<0.0001). The relevant
calibration plot exhibited calibration-in-the-large=0.0063 and calibration slope= 0.8814.(see Figure 2) 

3 Postoperative pulmonary complication predictive model

3.1 Preoperative model
Four variables predicted PPC in the preoperative multivariate logistic model (whole model P<0.00001; Pseudo R2 = 0.06), namely Chronic Obstructive
Pulmonary Disease (COPD), preoperative serum creatinine, EF, and NYHA class. When the year of the procedure was considered as a random effect, the
resulting mixed effect model did not differ from the correspondent logistic regression model (Likelihood ratio test P= 0.1767; ICC=0.06).  Nevertheless,
Tab. 2 reports on the model which entails the year of surgery as a random intercept, given its importance

This model’s AUROC was 0.70 (95% CI = 0.62-0.78).

When the model was applied to the test set, its AUROC was 0.69  (95% CI = 0.61 -0.76) and did not differ from the training test’s (P=0.9299).The relevant
calibration plot exhibited calibration-in-the-large= 0.0059 and calibration slope=0.5278. 

3.2 Surgery model
Four variables predicted PPC in the Surgery multivariate logistic model (whole model p<0.0001; Pseudo R2=0.088), namely use of inotropic drugs, use
of IABP, COPD, and preoperative serum creatinine. When the year of the procedure was considered as a random effect, the resulting mixed effect model
(both intercept and slope) differed from the correspondent logistic regression model (Likelihood ratio test P=0.0275; ICC=0.08). Tab. 2 reports on the
model which entails the year of surgery as a random intercept.

This model’s AUROC was 0.70 (95% CI = 0.62-0.78).When the model was applied to the test set, its AUROC was 0.68 (95% CI = 0.60-0.76) and did not
differ from the training test’s (P=0.3478), but was not significantly different from the corresponding test admission model’s AUROC (P=0.4467). The
relevant calibration plot exhibited calibration-in-the-large= -0.0006 and calibration slope=1.1434.(see Figure 1) 

4 A new cut-off for the PaO2/FiO2 ratio
A ROC curve was developed using the PaO2/FiO2 ratio at ICU discharge and the incidence of NIMV use during hospital stay. The PaO2/FiO2 ratio cut-off
value, maximizing sensitivity, and specificity was 240. At this point in the curve, sensitivity was 66,53% while specificity was 66,06%, correct
classification occurred in 66.51% of cases. Figure 2 shows the ROC curve we developed.

Discussion
We investigated the potential predictive factors for mortality and NIMV use after cardiac surgery in a large adult population (11285 patients undergoing
elective or emergency cardiac surgery). Our model found significant predictors among many pre-operative, intraoperative, and post-operative factors
(Table 2).
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We propose a new cut-off for PaO2/FiO2 ratio evaluation. The ROC curve we developed found the best cut-off point that maximized sensitivity and
specificity at 239. The curve was developed on a cohort of 11285 patients. In what might be referred to as the gray zone, this information might help
clinicians to distinguish between those patients with sub-optimal gas exchange that do not require respiratory support and those that do need it.

The discharge from the ICU must be safe[29]. Cardiac-surgery patients with risk factors for postoperative respiratory insufficiency would probably
benefit from closer monitoring of gas exchange and respiratory mechanics.

Among anamnestic data, we underlined the importance of age, poor cardiac function with symptoms of heart failure (quantified using the NYHA
classification), poor renal function, the presence of COPD, and obesity. Intraoperative low cardiac output, highlighted by the need for inotropic support
and IABP, is shown by our data to be a predictor of poor outcome regarding pulmonary complications. During post-operative care, attention should be
paid to patients receiving high quantities of blood products, which can lead to a risk of direct lung injury[21, 29].

Our data show the association between inotropic and mechanical circulatory support and lung dysfunction, as well as mortality. We believe that
hemodynamic instability and low cardiac output syndrome are implicated in these findings, although inotropic drugs have their own side-effects as they
increase myocardial oxygen consumption.

All of these risk factors need to be taken into consideration during clinical decision-making, and patients at high risk of postoperative pulmonary
dysfunction can benefit from a specific protocol for intraoperative and postoperative optimization, for ICU discharge, and for respiratory chest
physiotherapy and NIMV in the ward. In addition to the previously described risk factors, this might help to decide optimal ICU discharge timing. The
delayed discharge could lead to healthcare-related infections and is globally associated with a worse outcome[19] and increased costs, whereas
premature discharge carries the risk of readmission to the ICU, which can also be very harmful[22].

Other studies have investigated post-cardiac-surgery pulmonary complications and the predictive value of the PaO2/FiO2 ratio. A prospective
observational trial on 2725 consecutive cardiac-surgery patients[21] identified lower PaO2/FiO2 ratio values in non-survivors compared to survivors and
highlighted the importance of this parameter in predicting a worse postoperative outcome. Another smaller observational trial identified several risk
factors for a reduced PaO2/FiO2 ratio during the postoperative period, including age, obesity, reduced cardiac function, emergency surgery, high
creatinine levels, and inotropic support[4].

We also identified factors associated with the need for NIMV and the incidence of postoperative pulmonary complications. We confirm data provided by
a recent retrospective trial[16] regarding obesity and postoperative hypoxia, defining preoperative BMI as a predictor for postoperative NIMV, and a
reduced PaO2/FiO2 ratio at ICU discharge. A smaller observational trial[15] identified BMI as an important risk factor, providing findings similar to ours
concerning intraoperative risk factors for difficult respiratory management, concentrating on prolonged mechanical ventilation in the ICU. Finally, a
recent study on 145 adult cardiac-surgery patients found a correlation between lower PaO2/FiO2 ratios and length of hospital and ICU stay[29].

The importance of our data is represented by the larger sample size compared with previous studies, the robustness of our statistical analysis, and the
step-by-step inclusion of preoperative, intraoperative, and postoperative factors in a manner closely related to a clinical practice model, which might
prove useful to identify high-risk patients that could benefit from closer monitoring and observation. Moreover, the need for NIMV and the presence of
PPC following cardiac surgery have never been examined with a comprehensive predictive model. Finally, we were able to provide a new cut-off for
PaO2/FiO2 ratio evaluation in routine clinical activity.

The main limitation of the present study is that it is a retrospective analysis. We were unable to collect all of the necessary data from each of the
included patients as many of the source documents were 12 years old, and it was at times, difficult to obtain the correct information. Due to stepwise
selection, the global sample size is numerically inferior to the initial sample size. We acknowledge that some random error may still be present in data
coming from different years and multiple sources, but we are confident that the high number of patients analyzed and the robustness of the models we
developed can overcome this limitation. Another important limitation is that anesthesia and surgical techniques have changed over the years, and we
are aware that what we performed in 2003 may not be the same as what we are doing nowadays. Nevertheless, we believe that the risk factors we
investigated, such as preoperative conditions, intraoperative inotropes and mechanical support, postoperative infections, etc. are, unfortunately, ever-
present problems. The management and understanding of complications and high-risk patients might have changed, but the pathophysiology of
diseases, together with the risk factors and predictors, most probably have not.

Conclusions
We define important risk factors for pulmonary complications following cardiac surgery, for NIMV use in the ICU or in the ward, and for hospital
mortality. We found a new cut-off for the PaO2/FiO2 ratio to evaluate patients undergoing adult cardiac surgery that might prove useful for clinical
decision-making.
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Figure 1

Comparison between predictive models by roc curves.
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Figure 2

The roc curve for the PaO2/FiO2 ratio and the incidence of post-operative non invasive mechanical ventilation.
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