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Abstract

Background: Compared to historic ventilation strategies, modern lung-protective ventilation
includes lower tidal volumes (V1), lower driving pressures, and application of positive end-
expiratory pressure (PEEP). The contributions of each component to an overall intraoperative
protective ventilation strategy aimed at reducing postoperative pulmonary complications have
neither been adequately resolved, nor comprehensively evaluated within an adult cardiac surgical
population. We hypothesized that a bundled intraoperative protective ventilation strategy was
independently associated with decreased odds of pulmonary complications following cardiac
surgery.

Methods: In this observational cohort study, we reviewed non-emergent cardiac surgical
procedures utilizing cardiopulmonary bypass at a tertiary care academic medical center from
2006-2017. We tested associations between bundled or component intraoperative protective
ventilation strategies (V1 <8 mL/kg ideal body weight, modified driving pressure [peak inspiratory
pressure - PEEP] <16cm H,0, and PEEP =5c¢cm H,0) and postoperative outcomes, adjusting for
previously identified risk factors. The primary outcome was a composite pulmonary complication;
secondary outcomes included individual pulmonary complications, postoperative mortality, as well
as durations of mechanical ventilation, intensive care unit stay, and hospital stay.

Corresponding Author: Michael R. Mathis, MD, mathism@med.umich.edu, Department of Anesthesiology, University of Michigan,
1H247 UH, SPC 5048, 1500 East Medical Center Drive, Ann Arbor, M1 48109-5048, Phone: 734-936-4280, Fax: 734-936-9091.

Conflict of Interest: The authors declare no competing interests beyond those described in the funding statement.




1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mathis et al. Page 2

Results: Among 4,694 cases reviewed, 513 (10.9%) experienced pulmonary complications.
Following adjustment, an intraoperative lung-protective ventilation bundle was associated with
decreased pulmonary complications (adjusted odds ratio 0.56; 95% confidence interval [CI] 0.42—
0.75). Via a sensitivity analysis, modified driving pressure <16 cm H,O was independently
associated with decreased pulmonary complications (adjusted odds ratio 0.51; 95% CI 0.39-0.66),
but V1 <8 mL/kg and PEEP =5c¢cm H,0O were not.

Conclusions: We identified an intraoperative lung-protective ventilation bundle as
independently associated with pulmonary complications following cardiac surgery. Our findings
offer insight into components of protective ventilation associated with adverse outcomes and may
serve as targets for future prospective interventional studies investigating the impact of specific
protective ventilation strategies on postoperative outcomes following cardiac surgery.

INTRODUCTION

Postoperative pulmonary complications (PPCs), a well-documented group of complications
following cardiac surgery, are associated with a 4-fold increase in mortality,:2 extended
intensive care unit (ICU) and hospital lengths of stay,22 and over $20,000 institutional
expenses per event.3-5 In the cardiac surgery population, measurable derangements in
pulmonary function occur in nearly all patients,6.7 and approximately 10-25% develop PPCs
requiring substantial healthcare resource utilization.1:6

Cardiopulmonary bypass (CPB), mechanical ventilation, and surgical manipulation of the
thoracic cavity each play major roles in the evolution of pulmonary injury.! Preoperative,
intraoperative, and postoperative factors impact a patient’s ability to cope with these insults.
7.8 several externally validated risk scores incorporating these factors have been developed
to improve risk stratification for PPCs following cardiac surgery.®10 Despite rigorous model
development, shortcomings of PPC prediction models remain evident. One recent
multicenter study demonstrated that a large proportion of variation in pneumonia rates
remains unexplained by prediction models focused on surgical technique and underlying
patient risk, suggesting that other unmeasured practices may account for the differences
observed.11 One such process of care associated with PPCs, yet not accounted for in current
prediction models, is the practice of intraoperative lung-protective ventilation (LPV).
Compared to historic intraoperative ventilation techniques, modern LPV strategies employ
lower tidal volumes (V),2:4512-15 |ower driving pressures (AP),16-18 and use of positive
end-expiratory pressure (PEEP).13.15.19 These techniques have already gained acceptance in
intensive care units after large studies have demonstrated reduced morbidity and mortality.
18,20 However, the contributions of each component to an overall intraoperative LPV
strategy aimed at reducing postoperative pulmonary complications (PPCs) has not been
comprehensively studied in an adult cardiac surgical population.

Although ICU ventilation following cardiac surgery has been assessed,?1:22 scarce data
currently exist evaluating the relationship between intraoperative ventilator management
during cardiac surgery, PPCs, and mortality. As the post-CPB intraoperative period
represents a unique transition from often non-ventilated to ventilated lungs, optimizing
respiratory mechanics to reduce lung injury is of critical concern. To better characterize this
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currently understudied relationship, we performed an observational cohort study using the
Society of Thoracic Surgeons (STS) and Multicenter Perioperative Outcomes Group
(MPOG) databases at our institution. We hypothesized that a bundled intraoperative LPV
strategy (i.e., lower V1, AP, and application of PEEP) was independently associated with
decreased odds of PPCs following cardiac surgery, when adjusted within a novel, robust
multivariable model leveraging data uniquely available from each database. We additionally
hypothesized that when studied as separate exposures, components of the intraoperative
bundled LPV strategy had differential associations with PPCs.

MATERIALS AND METHODS

We obtained Institutional Review Board approval (HUM00132314) for this observational
cohort study performed at our academic quaternary care center; the requirement for
informed patient consent was waived. We adhered to the Strengthening the Reporting of
Observational Studies in Epidemiology checklist for reporting observational studies. Study
methods including data collection, outcomes, and statistical analyses were established
prospectively and presented at an institutional peer-review committee on January 20, 2016; a
revised finalized proposal was registered prior to accessing study data.23

Patient Population

Inclusion criteria for the study were adult (=18 years) patients who underwent elective or
urgent cardiac surgical procedures with full CPB, limited to coronary artery bypass grafting,
valve, and aortic procedures, performed in isolation or in combination. We reviewed patients
over a continuous 11-year study period from January 1, 2006 to June 1, 2017. Exclusion
criteria were preoperative mechanical ventilation within 60 days of surgery, use of a double-
lumen endotracheal tube and/or one lung ventilation, American Society of Anesthesiologists
(ASA) class 5 or 6 physical status, preoperative extracorporeal membrane oxygenation
support, ventricular assist device implantation procedures (planned and unplanned),
reoperative cardiac surgical procedures, transcatheter procedures, or procedures utilizing
partial- or left-heart bypass. At our institution, surgical techniques for the study cohort
commonly included direct aortic cannulation via full sternotomy, and rarely, axillary or
femoral cannulation or direct cannulation via mini-sternotomy. No robotic procedures or
minimally invasive direct coronary artery bypass procedures were performed.

Data collection

We collected study data from three sources: the MPOG electronic anesthesia database, the
STS Adult Cardiac Surgery Database, and our hospital enterprise electronic health record.
Within the MPOG database, physiologic monitors including vital signs and ventilator
settings/measurements are collected in automated fashion every 60 seconds and stored in an
electronic intraoperative anesthesia record for all cases. Templated intraoperative script
elements — including case times, medications and fluids administered, and anesthetic
interventions such as airway management techniques — are additionally routinely recorded
within the anesthesia record for all cases. Within the STS database, patient history, surgical
procedure, and outcome data are similarly stored as discrete concepts for all adult cardiac
surgical procedures performed within our institution. To maintain high rates of interobserver
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agreement across cases, data are standardized using detailed pre-specified definitions, and
are collected (STS database)?* or validated (MPOG database) by nurses with completed
training in data definitions used. Detailed methods for data entry, validation, and quality
assurance are described elsewhere,25-27 and have been utilized for multiple published
studies.28-31 Within the MPOG and STS databases, local datasets were linked via unique
codified surgical case and patient identifiers; data extraction and analyses were performed on
a secure server. Finally, local electronic health record data (Epic Systems Corporation,
Verona, WI) were used to determine postoperative arterial blood gas values and ICU
ventilator data, as necessary for components of outcome variables described below; these
data were similarly linked to the final analytic dataset. The quality of local electronic health
record data used for this study was verified via manual review by an anesthesiologist
investigator (MRM) of all cases experiencing the primary outcome, all cases with outlier
data, and 10% of cases not experiencing the primary outcome.

Clinical Processes of Care

Perioperative anesthetic management for all cases was at the discretion of the attending
cardiac anesthesiologist, who directs an anesthesia care team of anesthesiology fellows and
residents. Routinely, anesthetic agents included induction with midazolam, propofol, or
etomidate; analgesia with fentanyl and/or morphine; neuromuscular blockade with
rocuronium, vecuronium, or cisatracurium; and maintenance with isoflurane, transitioned to
a propofol or dexmedetomidine infusion prior to transport to ICU. In addition to standard
monitoring, intraoperative hemodynamic management was routinely guided by invasive
arterial line, central venous pressure, and pulmonary artery catheter monitors, as well as
transesophageal echocardiography and arterial/mixed venous blood gas measurements.
Fluids, blood products, and vasoactive/inotropic infusions were managed at the discretion of
the attending anesthesiologist in communication with the cardiac surgeon, with typical
hemodynamic targets including a mean arterial pressure >65 mmHg, cardiac index >2.2
L/min/m2, mixed venous oxygen saturation >65%, hematocrit >21%, and echocardiographic
assessment of post-CPB ventricular systolic function unchanged to improved compared to
pre-CPB function.

Ventilator settings in the operating room were managed by the attending anesthesiologist.
Intubation was performed with a 7.5 or 8.0 mm internal diameter endotracheal tube.
Mechanical ventilation was performed using Aisys CS2™ anesthesia workstations (General
Electric Healthcare, Chicago, IL). Providers typically employed a pressure-controlled
volume-guaranteed ventilation mode (default setting) throughout the entire study period,
targeting normocapnia or mild hypocapnia, and avoiding hypoxemia. Of note, default
settings on ventilators used included V1 =500 mL and PEEP = 0 cm H,0O; the default PEEP
setting was subsequently changed to PEEP =5 cm H,0 in March 2007. Ventilation was
paused during CPB; the ventilator circuit remained connected to the patient, but with no
application of PEEP. Prior to discontinuation of CPB, it was resumed after providing
recruitment maneuvers. Following transport to ICU, a structured handoff detailing
intraoperative management, including final ventilator settings and plan for extubation was
communicated to an ICU team of intensivists, nurses, and respiratory therapists. Ventilator
weaning, extubation, and management of complications were made at the discretion of the
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ICU team, as based on local protocols and targeting goals discussed during postoperative
handoff.

The primary outcome was occurrence of a PPC, predefined as a composite of pulmonary
complications recorded in STS and adjudicated by nurses trained in outcome definitions, or
recorded in our enterprise electronic health record and adjudicated by an anesthesiologist
(MRM). These included any one of the following: prolonged initial postoperative ventilator
duration >24 hours (STS), pneumonia (STS), reintubation (STS), or postoperative partial
pressure of oxygen to fractional inspired oxygen (PaO,/FiO,) <100 mmHg within 48 hours
postoperatively while intubated (local electronic health record, Appendix 1).

We selected a threshold of PaO,/FiO, <100 mmHg as a PPC component based upon
previously validated assessments of pulmonary dysfunction associated with mortality
following cardiac surgery.32-34 Given varied mechanisms of pulmonary injury, and the
distinction between pneumonia versus other pulmonary complications as described in recent
consensus guidelines,3%36 each component of the PPC composite outcome was also
separately analyzed as a secondary outcome. Additional predefined secondary outcomes
included 30-day postoperative mortality, initial postoperative mechanical ventilation
duration, minimum PaO4/FiO, within 48 hours postoperatively while intubated (as a
continuous variable), length of ICU stay, and length of hospital stay. All secondary outcomes
were similarly adjudicated by trained STS nurse reviewers with the exception of minimum
Pa0,/FiO, which was adjudicated by an anesthesiologist (MRM).

Exposure Variables — Lung-Protective Ventilation

The primary exposure variable studied was a bundled intraoperative LPV strategy,
comprised of median V1 <8 mL/kg predicted body weight and median AP <16 cm H,0 and
median PEEP =5 cm H,0. Varying lung-protective cutoffs for each ventilator component are
currently described in the literature, ranging from V1 6-10 mL/kg predicted body
weight113.15 driving pressure 8-19 cm H,016:18:37 ‘and PEEP 3-12 cm H,013.15, Given
these ranges, our cutoffs were selected by inspection of previously collected ventilation
practice institutional data, targeting upper quartiles (approximately 75% compliance for each
component) to ensure class balance between cases with LPV versus non-LPV and to
improve multivariable model discrimination,513.28.38-40

Predicted body weight (PBW, in kg) was calculated as: 50 + 2.3 * (height (in) - 60) for men;
45 + 2.3 * (height (in) - 60) for women.*! Modified airway driving pressure (AP) was
calculated as (peak inspiratory pressure - PEEP). As performed in previous studies,*? we
used modified driving pressure for all cases, given the lack of ventilator plateau pressure
data available within our electronic medical record necessary for a true driving pressure
calculation. To adjust for decisions to maintain normoxia rather than a LPV strategy
(otherwise favoring lower FiO, and moderate PEEP), intraoperative SpO2 and FiO, were
included as covariates. To summarize each ventilator variable on a per-case basis, median
values while mechanically ventilated were calculated. Ventilator parameters while on CPB,
during which ventilators were routinely paused, were excluded from the median value
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calculation. For descriptive purposes, ventilator parameters were additionally subdivided
into median value pairs, separated into the pre-CPB and post-CPB periods. In cases with
multiple instances of CPB, post-CPB ventilator parameters were analyzed after the final
CPB instance.

Covariate Data

For descriptive purposes and to adjust for confounding variables potentially associated with
the exposure variables or study outcomes, a range of perioperative characteristics were
included as covariates within our study. Patient anthropometric, medical history, anesthetic,
surgical, and laboratory testing/study variables were selected as available within the MPOG
and STS databases. All variables used in several existing scores for calculating risk of
complications including PPCs following cardiac surgery were included (e.g. cardiac surgery
type, bypass times, comorbidities, etc.), in addition to other relevant descriptive covariates
(Table 1).2:10:43 To evaluate for changes in practice and STS reporting over the study time
period, the STS version was included as a covariate; this resulted in four time periods for
adjustment (1/1/2006 — 12/31/2007; 1/1/2008 — 6/30/2011; 7/1/2011 - 6/30/2014; 7/1/2014 —
5/31/2017) To account for variation in unmeasured intraoperative practices attributable to the
attending anesthesiologist and potentially associated with PPCs, we characterized attending
anesthesiologists by tertiles of low/medium/high frequency of bundled intraoperative LPV
use.

Statistical Analysis

All statistical analyses were performed using SAS version 9.3 (SAS Institute, Cary, NC).
Normality of continuous variables was graphically assessed using histograms and Q-Q plots.
Continuous data were presented as mean and standard deviation (SD) or median and
interquartile range; binary data were summarized via frequency and percentage.
Comparisons of continuous data were made using a two-tailed independent t-test or a Mann-
Whitney U test, and categorical data were compared by a Pearson chi-square or Fisher’s
exact test, as appropriate. Trend analyses of the components of the LPV bundle were
completed using the Cochran-Armitage test. A p-value of <0.05 denoted statistical
significance.

Prior to any multivariable analyses, collinearity among covariates was assessed using the
variance inflation factor; variables with a variance inflation factor >10 were excluded. To
target development of a clinically usable reduced-fit PPC multivariable model avoiding
overfitting, covariates meaningfully describing the study population but not used in existing
cardiac surgery risk score models were additionally excluded from multivariable analyses.
Missing data were handled via a complete case analysis. To further aid in covariate
selection, we used the least absolute shrinkage and selection operators technique and
restricted covariates to the number of outcomes divided by 10, while also accounting for the
LPV bundle as well as LPV bundle components (VT, AP and PEEP). We chose this variable
selection technique, given its ability to perform regularization and variable selection to
improve model accuracy and interpretability, particularly among analyses with a relatively
large number of covariates and modest number of outcomes.#4 Using a multivariable logistic
regression model, we characterized the risk-adjusted association between the primary
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exposure of intraoperative LPV bundle and the primary outcome of postoperative pulmonary
complication. Additionally, we repeated our multivariable analysis to assess independent
associations between each LPV bundle component and PPCs. Overall model discrimination
of logistic regression models was assessed using the c-statistic. Secondary outcomes were
assessed using multivariable linear regression models. Goodness-of-fit for linear regression
models was summarized via R-squared; such models were evaluated using varied
distributional assumptions (i.e. linear versus logarithmic transformations) for continuous
secondary outcomes. Multilevel modelling clustering at the provider level was not possible
due to limited sample size per provider; instead, the previously mentioned fixed covariate of
anesthesiology attending LPV frequency tertile was used.

In addition to analyzing independent associations between an overall LPV strategy and the
PPC primary outcome, we performed several sensitivity analyses, including an analysis of
LPV separated into component parts: V1 <8 mL/kg PBW, AP <16 cm H,0, or PEEP =5 cm
H>,0, and analyses of LPV strategies separately examined before and after CPB.

We also performed a sensitivity analysis, using a model that further restricted the number of
covariates to the number of outcomes divided by 20.4> Additionally, we compared our

multivariable PPC model developed using least absolute shrinkage and selection operator for
covariate selection, to a multivariable PPC model including all non-collinear covariates with
p<0.10. Finally, we performed subgroup analyses stratified by salient clinical characteristics.

Of the 5,365 cardiac surgical cases reviewed, 4,694 met study inclusion criteria (fig. 1).
Among these cases, 513 (10.9%) experienced a PPC. Individual non-mutually exclusive
components of PPCs included pneumonia (121 cases, 23.6% of PPCs), prolonged ventilation
>24 hours, (302, 58.9% of PPCs), reintubation (115, 22.4% of PPCs), and PaO,/FiO, <100
mmHg (164, 32.0% of PPCs).

Patient Population - Baseline Characteristics & Univariate Analyses

As described in Table 1, our study population had a median age of 62 years, and 64% were
men. Cardiac surgeries performed included coronary artery bypass grafting (20.6%), valve
(44.3%), aorta (2.1%), and combination (33.0%). Cases were primarily elective (79.7%);
remaining cases were urgent (20.3%). Our study population included cases across four time
partitions by STS version, including 349 (7.4%) from 1/1/2006 — 12/31/2007; 1,286 (27.4%)
1/1/2008 - 6/30/2011; 1,679 (35.8%) 7/1/2011 — 6/30/2014; 1,380 (29.4%) 7/1/2014 —
5/31/2017. An overall LPV strategy was used in 1,913 cases (40.8%); among components of
a LPV strategy, a V1 <8 mL/kg PBW was achieved in 64% of cases, modified driving
pressure AP <16 cm H0 in 71% of cases, and PEEP =5 cm H,0 in 63% of cases.
Adherence to varying thresholds and independent associations with PPCs are provided in
Supplemental Digital Content 1A-1C. Crude incidence of PPCs among cases using an
overall LPV strategy was 6.6%, compared to 13.9% among cases without an overall LPV
strategy (Table 2). PPCs were associated with increased postoperative mortality as well as
longer postoperative mechanical ventilation, ICU stay, and hospital stay (Table 3). Patients
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receiving a LPV strategy were more commonly tall, non-obese, male, and non-smokers
(Supplemental Digital Content 2).

Intraoperative Ventilator Management

Patients were ventilated with a cohort mean + SD V1 of 7.8 = 1.5 mL/kg PBW, and median
(interquartile range) AP of 13 (11-16) cm H,O; and PEEP of 5 (4-5) cm H,0. Compared to
pre-CPB ventilator parameters, we observed no significant differences in post-CPB
parameters (Table 1). We observed distributions of overall per-case median ventilator
parameters to be unimodal and rightward-skewed for V1 and AP, versus a bimodal
distribution (0 cm H,0 and 5 cm H,0) for PEEP (fig. 2). Over the study period, we
observed significant linear trends in ventilation practices: providers employed decreasing V-t
and AP, and increasingly employed PEEP (p <0.001 for all trends, fig. 3).

Impact of Ventilator Parameters - Multivariable Analyses

Of the 4,694 cases studied, we observed data completeness rates >99% for all but two risk
adjustment variables, preoperative respiratory rate (97.0%) and total intraoperative
crystalloid (98.8%). Peak inspiratory pressure and weight were removed from the model due
to multicollinearity (variance inflation factor >10). Platelet count, international normalized
ratio, total intraoperative opioid, preoperative respiratory rate, and history of cancer were
removed, given a lack of use in previous validated cardiac surgery or PPC risk score models.
9.1043 Multiple additional variables were removed via least absolute shrinkage and selection
operator (denoted by “-” in Supplemental Digital Content 3). Through multivariable
analyses adjusting for PPC risk factors, an intraoperative LPV bundle was independently
associated with reduced PPCs (adjusted odds ratio 0.56, 95% confidence interval [CI] 0.42—
0.75, fig. 4 and 5). Modelling LPV exposure as a “treatment”, we observed a “number
needed to expose” of 18 (95% CI 14-33) in order to prevent one PPC.

We observed no associations between a LPV bundle and minimum postoperative PaO5/FiO»
while intubated, initial postoperative ventilator duration in hours, length of ICU stay in
hours, or length of hospital stay in days (Supplemental Digital Content 4). We observed
similar findings for logarithmically transformed secondary outcomes. Postoperative
mortality occurred in 49 cases (1.0%); our study was not adequately powered to analyze
independent associations between LPV and mortality.

Among individual pulmonary complications (pneumonia, prolonged ventilation >24 hours,
reintubation, and PaO,/FiO, <100 mmHg postoperatively while intubated), a LPV bundle
demonstrated univariate associations across all PPC components; following multivariable
adjustment, a LPV bundle remained protective against all PPC components except for
prolonged ventilation >24 hours (Supplemental Digital Content 5 and 6).

Sensitivity Analyses

When analyzing each component of the LPV bundle separately, we found that modified
driving pressure AP <16 cm H,O was independently associated with reduced PPCs (adjusted
odds ratio 0.51, 95% CI 0.39-0.66) whereas V1 <8 mL/kg PBW and PEEP =5 cm H,0 did
not demonstrate significant independent associations (adjusted odds ratios [95% Cls] 0.99
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[0.75-1.30] and 1.18 [0.91-1.53] respectively, fig. 4). Furthermore, AP <16 cm H,0 was
independently associated with improvements in all secondary outcomes.

When analyzing the LPV bundle as partitioned into pre-CPB and post-CPB periods, we
observed no collinearity between corresponding pre-CPB and post-CPB variables (variance
inflation factors <10) and thus included all variables into a single model. We found that
adherence to the post-CPB LPV bundle was associated with less PPCs (adjusted odds ratio
0.53, 95% CI 0.38-0.74) whereas the pre-CPB LPV bundle was not associated with PPCs
(adjusted odds ratio 1.19, 95% CI 0.84-1.68, Supplemental Digital Content 7). Similarly,
when analyzing the LPV components individually partitioned into pre-CPB and post-CPB
periods, we observed no collinearity between corresponding pre-CPB and post-CPB
components and thus included all variables into a single model. We observed post-CPB AP
<16 cm H,0 was associated with lesser likelihood of PPC (adjusted odds ratio 0.57, 95% ClI
0.42-0.78), but neither the pre-CPB AP <16 cm H,0 (adjusted odds ratio 0.77, 95% CI
0.56-1.07) nor V1 <8 mL/kg PBW nor PEEP =5 cm H,0 pre-CPB and post-CPB
components was associated with PPCs.

Logistic regression models using either least absolute shrinkage and selection of operator
restricted to 24 covariates, or forward selection of univariate association thresholds (p<0.10)
found independent associations between LPV, AP and PPCs, but not V1 or PEEP
(Supplemental Digital Content 8, 9). Finally, sensitivity analyses of clinically important
subgroups yielded similar independent associations between the LPV bundle and outcomes.
The protective association of the LPV bundle was observed in both males and females, in
elective but not urgent cases, across all body mass index ranges, only in patients without
chronic lung disease, and in patients undergoing valve procedures (Supplemental Digital
Content 10).

DISCUSSION

Using robust, validated observational databases, we report an overall pulmonary
complication incidence of 10.9% after cardiac surgery, and identify an intraoperative lung-
protective ventilation bundle as independently associated with a clinically and statistically
significant reduction in pulmonary complications. Our study builds upon existing literature
by providing an analysis of the impact of intraoperative ventilation strategies on
postoperative outcomes among a generalizable cardiac surgery population. Although
unaccounted for in current risk scoring systems, we report that an intraoperative LPV
strategy is independently associated with development of PPCs. Through a sensitivity
analysis evaluating components of the LPV bundle, we importantly note that AP, but not V1
or PEEP, is independently associated with PPCs.

Compared to prior literature, our findings demonstrate the importance of considering
multiple components of LPV when evaluating the impact of mechanical ventilation on
outcomes. Notably, we observed that not all components of LPV were independently
associated with decreased PPCs; however, a LPV bundled approach was independently
associated with decreased PPCs. Furthermore, within the LPV bundle studied, we observed
AP as the component primarily driving the association with reduced PPCs, rather than V1 or
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PEEP. These findings offer insight towards sustaining a trend of expedited recovery from
cardiac surgery, a process in which postoperative care teams are increasingly reliant on
intraoperative practices — such as LPV — to target reduced postoperative complications and
to safely enable rapid de-escalation of care upon arrival to the ICU.46:47

Our study highlights the importance of AP, and conversely the limitations of V1 and PEEP,
as independently associated with PPCs and secondary outcomes. We offer two hypotheses to
explain these findings: (i) increased AP is a marker for non-compliant lungs, assuming such
patients are at increased risk of PPCs and remain unidentified by model covariates; and/or
(ii) increased AP reflects direct pulmonary injury via barotrauma as a PPC mechanism.
Countervailing to a hypothesis that AP serves as a marker for non-compliance, however, was
our observation that lower V1 was not independently associated with increased PPCs, as
would be the case for increasingly non-compliant lungs at a given constant AP exposure
(controlled covariate). This finding was similarly observed in an analysis performed among
3,562 patients with acute respiratory distress syndrome enrolled across nine randomized
trials.1” Within a surgical population, a recent randomized controlled trial demonstrated a
driving pressure-guided ventilation strategy during one-lung ventilation to be similarly
associated with a lower incidence of PPCs compared to conventional ventilation strategies,
during thoracic surgery.4®

Additionally of note, in a sensitivity analysis analyzing pre-CPB AP and post-CPB AP
separately, our observations that (i) pre-CPB and post-CPB variables were not collinear and
(ii) post-CPB AP but not pre-CPB AP <16 cm H,0 was independently associated with PPCs,
suggests our AP findings cannot solely be explained as a marker for poor baseline lung
function. However, whether this independent association between post-CPB AP <16 cm H,0
and PPCs remains explained by a direct lung injury hypothesis, versus a marker for varying
degrees of CPB-induced pulmonary dysfunction, remains unanswerable based on our data.
Other explanations for a lack of collinearity between pre-CPB and post-CPB AP may
include nuanced surgery stage-specific ventilation strategies, such as low V1 and low AP
during internal mammary artery surgical dissection and/or cannulation prior to CPB. Finally,
although a AP threshold of <16 cm H,0 enabled class balance between cases adherent
versus non-adherent to an overall LPV bundle, an “optimal” AP threshold defining LPV
remains unclear, and likely varies by clinical context.

Our findings that lower intraoperative AP was associated with improved outcomes suggest
an opportunity for improved care through the implementation of an LPV protocol favoring
lower AP. Additionally, our observation that intraoperative AP, but not V1 or PEEP, was
independently associated with PPCs, reflects a potential benefit of individualized ventilation
strategies among patients with varying respiratory compliance (ignored with Vt - targeted
ventilator management) or varying volume of aerated functional lung (ignored with uniform
application of PEEP). However, given the observational nature of this study, our findings
require prospective interventional evaluation and validation prior to large-scale adoption of
the technique.

Our 10.9% observed incidence of PPCs is consistent with previous studies.1-6 However, this
comparison is challenged by varied definitions of a PPC, which remain subject to debate.
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Our PPC definition is consistent with international consensus guidelines3®36 and was
derived from clinician-adjudicated data available within STS or our electronic health record.
Nonetheless, other recognized components of PPCs include (i) atelectasis defined by
radiographic evidence,3® (ii) pulmonary aspiration defined by clinical history and
radiographic evidence,3® (iii) pleural effusion defined by radiographic evidence,3® (iv)
pneumothorax,3® (v) bronchospasm defined by expiratory wheezing treated with
bronchodilators,36 or (vi) aspiration pneumonitis.3® We determined a priorito exclude these
additional PPC components in our composite outcome on the basis of either unclear clinical
significance in a cardiac surgical population, underlying mechanisms likely not amenable to
treatment via LPV, or lack of access to component-specific high-fidelity data across all
patients in the study cohort.

Study Limitations

Our study possessed several limitations. First, we were unable to account for all potential
mechanisms leading to a composite PPC. Mechanisms for pulmonary injury following
cardiac surgery are multifactorial.” In our study, we investigate LPV as a means to reduce
ventilator-induced lung injury, leading to PPCs through mechanisms including volutrauma,
barotrauma, and atelectasis, and respectively mitigated by lower V1 lower AP, and
application of PEEP.8 However, additional PPC mechanisms to be targeted by
anesthesiologists include (i) pulmonary edema, mitigated by fluid and transfusion
management, 0 (ii) inadequate respiratory effort, mitigated by monitoring/reversal of
neuromuscular blockade®152 or rapid-acting, opioid-limiting anesthetic agents,*8 and (iii)
respiratory infection, mitigated by ventilator associated pneumonia prevention bundles.>3:54
In our study, we successfully accounted for several of these targets as covariates. However,
the relative importance of each technique, and the impact of LPV on the association between
such techniques and PPCs, remains beyond the scope of this study.

In our study, precise times for sternotomy and chest closure were unavailable; however cases
excluded redo-sternotomies with protracted closed chest times. As such, driving pressures
were assessed during open-chest conditions for a majority of intraoperative ventilation. Our
study adds new data to studies of protective ventilation, previously performed during closed-
chest conditions. As this relates to the driving pressures observed, our study may
demonstrate comparatively less bias introduced by variable chest wall compliance. Thus,
airway driving pressure in this study is likely to more closely reflect actual transpulmonary
driving pressure, a determinant of dynamic lung strain.5® Despite this strength, we caution
generalizing our findings to more commonly studied patient populations ventilated under
closed-chest conditions. We additionally caution generalizing our driving pressure threshold
<16 cm H,0 as LPV without consideration of clinical context. In previous studies of cardiac
surgical populations,16:37 thresholds for LPV defined by driving pressure (plateau pressure -
PEEP) ranged from 8-19 cm H,0. Such variation may be explained by (i) time of
measurement (e.g. intraoperative versus postoperative), (ii) surgical conditions (e.g. closed-
chest versus open-chest), (iii) patient populations and practice patterns varying by year and
institution, and (iv) covariates used for multivariable adjustment. However, it should be
noted that despite such sources of variation influencing driving pressure-based LPV
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thresholds, independent associations between increased ventilator driving pressures and
increased postoperative complications have been consistently observed.

Additional limitations to our study include those inherent to our single-center, observational
study design: our conclusions require prospective multicenter validation. Patients receiving a
LPV bundle were non-random; although multiple covariates associated with the LPV
exposure were accounted for via multivariable analyses, unmeasured confounders
influencing receiving a LPV bundle and impacting our PPC primary outcome was a source
of potential bias. As pertaining to our LPV exposure variable, limitations included a lack of
formal Py ventilator data for more accurate characterization of driving pressure. Although
differences between ventilator peak inspiratory pressure and Ppjo¢ may be approximated in
specified circumstances, the availability of all data necessary for calculations - and the
degree to which confounding factors may bias such calculations (e.g. patient differences in
airway resistance, endotracheal tube obstructions from kinking/secretions, and the use of
end-inspiratory pressure to approximate inspiratory pause pressure for calculating true Ppjqt)
- remain beyond the scope of our study.

Consistent with existing literature,128 we represented the intraoperative period using LPV
exposure median values — potentially failing to account for brief periods of profoundly
injurious ventilation. Finally, although our study goal was to specifically examine
relationships between intraoperative ventilation and PPCs, relationships between
postoperative ventilation and PPCs were not studied.

Conclusions

Despite limitations, our study advances understanding of the relationship between
intraoperative LPV and impact on costly, life-threatening PPC outcomes. In summary, we
describe a 10.9% incidence of PPCs among adults undergoing cardiac surgery. Importantly,
we observed that a bundled LPV strategy was independently associated with a lower
likelihood of PPCs and that this was mostly associated with lower AP. Through robust
capture of variables describing intraoperative anesthesia management for cardiac surgery
patients, our study provides data which may better inform PPC multivariable models in this
population. Additionally, our findings offer targets for future prospective trials investigating
the impact of specific LPV strategies for improving cardiac surgery outcomes.
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Refer to Web version on PubMed Central for supplementary material.
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Appendix 1:: Postoperative Pulmonary Complications - Data Definitions

Postoperative Data Source Definition

Pulmonary

Complication

Component

Prolonged initial STS database Yes/No Indicate whether the patient had prolonged postoperative
postoperative ventilator pulmonary ventilation > 24.0 hours.

duration >24 hours

Pneumonia STS database Yes/No Indicate whether the patient had pneumonia according to
the Center for Disease Control and Prevention definition.

Reintubation STS database Yes/No Indicate whether the patient was reintubated during the
hospital stay after the initial extubation. This may include patients
who have been extubated in the OR and require intubation in the
postoperative period.

Postoperative Hospital enterprise | Yes/No Indicate whether the patient had a postoperative PaO2:FiO2
Pa02:FiO2 <100 mmHg | electronic health <100 mmHg within 48 hours while intubated:
within 48 hours record (Epic i i
postoperatively while Systems . Intubated determined by ventilator mode
intubated Corporation ©, . . ; : :
Verona, WI) FiO2 determined by ventilator setting
. PaO2 determined by arterial blood gas analysis

FiO2 = Fraction of inspired oxygen; PaO2 = Arterial partial pressure of oxygen; STS = Society of Thoracic Surgeons
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5365 Adult elective or urgent index cardiac surgical procedures
(coronary artery bypass, valve, aortic, or combination) with
cardiopulmonary bypass

—> 479 Preoperative extracorporeal membrane
oxygenation support or mechanical ventilation
within 60 days of surgery

—> 128 Double lumen endotracheal tube and/or one
lung ventilation used

L5/ 40 Partial cardiopulmonary bypass used

5| 15 Ventricular assist device placement

—> 9 American Society of Anesthesiologists Physical
Status Classification 5 or 6

v
4694 Cases included in study
Fig. 1:

Study inclusion and exclusion criteria.
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Fig. 2:

Frequency distributions of per-case median intraoperative ventilator parameters, including
tidal volume per predicted body weight, modified driving pressure, and positive end-
expiratory pressure (in left, middle, and right panels, respectively).
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Fig. 3:

Temporal trends in intraoperative ventilator strategies, including tidal volume per predicted
body weight, modified driving pressure, and positive end-expiratory pressure (in left,

middle, and right panels, respectively).
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Fig. 4:

Independent associations between intraoperative lung protective ventilation strategies and

postoperative pulmonary complications.
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Significant independent associations between multivariable model components and

postoperative pulmonary complications.

Anesthesiology. Author manuscript; available in PMC 2020 May 01.

T T T T T

1 2 3 4 5

4




Page 22

Mathis et al.

(59) g (99) 2z (99) s0e 1l
(8'02) 6S¢€ (e'¢8) svve (6'18) L08€ |
0'66 T000"> SSE|D UOIIBID0SSY HEedH YI0OA MaN
(Lo1) vs (09) 80¢ (9'9) 292 (BHwWIW GG< anssaid o110sAs Wd) a1anaS
(T'6T) 26 (T'92) 8801 (z'52) G811 (BHWW G5-T¢ ainssaid 21101SAS d) 81RIBPOIN
5’66 1000"> (¥'62) ST (0'T€) 9621 (8'0¢) LT uotsuspadAH Areuowind
00T LG6€°0 (r'6) 8y (9°01) 2vv (v°o1) 06 eaudy dos|s
00T 62800 (02) ot Ty (zT) a8 UIUOW 8UO UIY}IM BIUOWINSUG JUSJ8Y
00T 7000°> (¢'67) 66 (9'01) v¥¥ (9'1T) £¥5 » 9528810 Bun auoayd
00T LEIT'0 (r's1) 6L (ceT) 188 (7'eT) 0€9 120WS JUsLIND
(z6) Ly (¥°9) 89¢ (L'9) g1 (0v=) Ausaqo 111 sse|o
(6'07) 95 (v'6) z6€ (5'6) 8vY (6'6€-G€) ANSaqO 11 SselD
(9T2) TTT (8'22) v56 (£'22) s90T (6'€-0€) ANsaqQ | sse|o
(Lee)eLt (T°28) 18GT (L98) veLt (6'62-G¢) Wbramiano
(ze2) 61T (cea) 1.6 (z'€2) 060T (6'2—5'8T) Jub1am [ewioN
1)L (T sy (T1)es (5'81>) WBremispun
00T 68ET°0 Zw/Bx ‘xapur ssew Apog
00T T000"> (9'1T) 9°€9 (0TT) T'99 (T'TT) 8'59 B ‘b1 Apog pardipaid
00T 2920 (8'z2) 838 (8:02) 0’28 (072) 6'98 63 ‘WB1am Apog emoy
00T 1000"> (TT) 0L1T (o1) 2.1 (tm) 2Lt wo WbiaH
6'66 12100 (zvn) el (9°01) 2vv (0'TT) 6T allym-uou ‘adey
00T ¥000°0 (€'29) v62 (£'99) 0gLe (7'v9) v20e slew ‘xas
00T T000"> 1) ¥9 (¥1) 29 1) 29 aby
sonsia810eIReY D aAleadoald
elRq 919|dwod anjeA-d4 [ebues ajnrenbieul] [ebuesanrenbieul] [ebuess|nrenbieul] ansLIgRIRYD
UNM $35BD % ueipaw/(as)ueaw Jo (%) u uepaw/(as)uesw Jo (96) U uelpaw/(as)ueaw Jo (%) u
(%6'0T) €15 =N (%71'68) T8TY=N 7697 = N
SOA ON JoyoD aanug
uonesljdwo) Areuownd aAireadolsod

suonealdwo) Areuowng aAIRIadoIsod YIIM SUOIRIJ0SSY S1eLIBAIg/a1BLIBAIUN PUR SONSLIBIORIRYD usNed aAleIadolIad

Author Manuscript

‘T algeL

Author Manuscript

Author Manuscript

Author Manuscript

Anesthesiology. Author manuscript; available in PMC 2020 May 01.



Page 23

Mathis et al.

L'66 8.19°0 (L2) gze (89) see (69) G2 N/ ‘IUnoY 1919%eld
L'66 1000"> (zd o (6'1) 9°€T (6'T)S€T p/6 ‘uiqojBowsH
00T 7000"> ve (80) e (¢7) 89 dwind uoojfeq d1pioe-eHU|
00T 89200 (1) 9 (0) 8T (s0) vz >o0ys oluabolpred
00T 7000"> (5°67) 00T (v°9) 992 (8'2) 99¢ uoddng ardonou) snnelsdoald
(uoisnjoxa) (uoisnjoxa) | (uoisnjoxa) (uoisnjoxa) (uoisnjoxa) uone[ua/ annesadoald
00T 7000"> (r'12) oT1 (¢2) oog (2'8) oty are1s anneIadoald [eanLD
00T #1000 (08) v (L'v) L6T (T'g) 8ez SIIPJEIOPUT SANOY
00T 8IEV'0 (Tv) 12 (6%) 0z (8'v) Gee 1aoued
00T G8/8°0 (91)8 (2'1) 69 (91) 2L aseasiq Janl
00T €000°0 (Tzr) 29 (g ezte (08) vLe ulInsu Y)m paresl) se1eqelq
00T 1000"> (z9)ze (L1)2L (z2) vor JuswauInbay sisAeiq
8'66 7000°> (r'12) 799 (8'€2) 6'LL (sv2) 5oL s 2 ELT/UIW/TW'BOURIER]D BUIURERID
Juswuredw| [eusy

00T 20000 (€'12) 60T (0'sT) 929 ('sT) 5€L s BWUAGUY
00T €082°0 (¥'s5) v82 (6°25) 6T¥7C (929) €0l elwspidiisia

GIT00 (02) 9t (s'v) 88T (8'v) vee uonuaAIaju| [ed1BING JeINoseA Jofelnl snolAsld

0£80°0 (€ er (r1) 25 (57) 69 aseasi [elany 1o} uonendwy

19700 (zot) €8 (y'21) 615 (8'21) 209 aseasi pioJed

L0000 (201) 58 (L9)8Le (T2) eee aseasi [ela|Y [esaydiiad
00T 20000 (6'52) €€T (T'61) 86L (8'61) €6 Ayyedoniapy deipredesxy
00T 000> (0'€9) €2 (9'8v) 0802 (T°08) £5€2 . RUNGOW J00OG
00T €000°0 [s9 ‘051 09 [s9 ‘ss] 09 [s9 ‘ss] 09 ‘U0139BIS UOI3(T JeINDLIUSA Y37 m>_§a8m
00T 60000 (507) ¥§ (99) 522 (02) 62€ sAep Tg > uondseyu| [eIPIEI0AIN JUBIDY

(€9) ze (€2) €6 (L2) ger Al
(rom) €8 (6°2) 9z (8'8) 60 1]
ereq a19|dwo) anjen-d [pbues s|nrenbieiui] [ebues anrenbmiul] [pbues sjnrenbieiui] ansiIgIoRIRYD
UNM saseD % Uelpaw/(as)uesw Jo (%) U Uepaww/(as)uesw Jo (95) U Uepaw/(as)uesw Jo (%) u
(%6'0T) €IS =N (%71°68) 18TY=N ¥697 =N
SOA ON 140409 aJniu3g
uonesljdwo) Areuow|nd anieadolsod

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Anesthesiology. Author manuscript; available in PMC 2020 May 01.



Page 24

Mathis et al.

00T 1000"> (eT) 62 (omTte (onze SINoY ‘s UoISNyad
sansigRIRyD aAIreladoraIu|
(9°82) €0 (e°29) G182 (9'89) 812E v
(7'12) 01T (22€) 99¢eT (r'1€) 9L¥T €
00T 000> smels [edtshyd vSv
(€'6T) 66 (9'0¢) 82T ('62) 08€T (2102 AReN-¥TOZ AINC) T8'C
(v'8¢e) L6T (5°se) 28yt (8'5€) 6291 (¥70z 2un(-TTOZ AINC) €272
(T'ge) 081 (5'92) 90TT (¥'L2) 9821 (TTOC 2Unr-8002 Uer) 19°2
(c2) L (52 zte (L) 6v€ (200z 93@-900¢ uer) 25°C
00T 1000"> uotsian S1S Ag Asabins Jo sjeq
(eev) zee (5€2) v86 (£'52) 902T 1uaiedu]
(2'99) 162 (592) L6T€ (e'v2) 88ve Hwpy
00T T000> adA L uoissiwpy
(T'02) €01 (¥'o1) €€ (7'11) 9€§ 9gVv0 + dA[EA
(eve) oLt (5°sv) 2061 (e'vv) 8L0C BAJEA Pate|os]
(0s1) 22 (€'12) 268 (9°02) 696 98vO paje|os|
(Tv) 12 (5T €9 (871)v8 9AVO + IOV + BA[BA
(ree) ozt (e6T) 208 (8'61) 226 IOV + SA[EA
(Te)or (02 v8 (T2) ot ooy
00T T000"> adA] ainpadoud [edibing
(5°se) 281 (s81) 2LL (€02) ¥56 webin
(5'v9) T€CE (5'78) 60VE (2'62) ovLe aNI393|3
00T 1000"> Aunoy
0'26 GT00°0 [8T ‘o1l 91 [8T ‘o1l 91 [sT ‘9Tl 9T arey Alojesidsay anneladoaid
00T 1000"> [86 ‘s6] 26 [86 ‘961 L6 [86 '96] L6 % ‘©0ds annesadoald
9'66 1000"> [tT'otloT [oT'oTloT [tT'0TloT Oley POZI[eWION [euoieulalu]
L'66 1000"> [T 09lv2 [eg'Lclgg [eg2sl89 N/ JUNoY |99 Poolg SUUM
ereq a19|dwo) anjen-d [pbues s|nrenbieiui] [ebues anrenbmiul] [pbues sjnrenbieiui] ansiIgIoRIRYD
UNM saseD % Uelpaw/(as)uesw Jo (%) U Uepaww/(as)uesw Jo (95) U Uepaw/(as)uesw Jo (%) u
(%6'0T) €IS =N (%71°68) 18TY=N ¥697 =N
SOA ON 110yoQ ainuzg
uonesljdwo) Areuow|nd anieadolsod

Author Manuscript Author Manuscript

Author Manuscript

Author Manuscript

Anesthesiology. Author manuscript; available in PMC 2020 May 01.



Page 25

Mathis et al.

00T 1000"> [T ‘et 51 [ot ‘tTl €T [ot ‘tTl €T O%H wo ‘ainssald Buiaug
00T 65€0°0 [sas [svls [svls OFH W ‘aInssald Alojesidx3-pus aAnIsod
00T 1000"> [zz ‘ol 6T [oz ‘'sT] 21 [oz ‘'sT] 2T O%H WO ‘ainssaid Aloyestdsu| yead
00T 10000 (z1)T18 (s1) 82 (ST 8L wBrem Apog pajorpaid B/ w ‘swnjon [epiL
sJa1aweled Alojelidsay / uonle|iuaA 9dd-31d
166 T9EV'0 16T TneT (cm6T 7 'INdino suun [ejoL
00T 1000"> [o‘olo [o‘olo [o'olo suun ‘ajeydidaidoAi) annesadoenul
00T 1000"> [z'0lo [o'0lo [o'0lo SHUN ‘S}3]91e]d aAlIeadoeu]
00T 1000"> [z*0lo [o‘olo [o'al o sHun ‘ewse|d uazoly ysaid anijesadoenu
00T ¥ST6°0 [o‘0lo [o‘0lo [o'al o 7 ‘abenjes 192 poo|q pai sAeladoenul
00T 1000"> [v'olz [z'0lo [c'0l0 sHun 's|[39 poojq pal paxoed aanessdoenu
00T 867€°0 [so‘0l0 [so'0lo [so'0lo 71 'p1o]j0 aAneIadoeul [ej0L
8'86 1000"> [es'eadve [tv'ocoe [ev'ozoe 71 ‘plojeisAio antyesadoenul [ejoL
sjuajeninba
6'66 L1700 [sz€ ‘ovel oog [09€ ‘0221 00€E [o9€ ‘0221 00€E aulyd.iow [elo ‘piordo sanessdoenul [ejoL
(suiwredop ‘jouataloidosi ‘BuouLjiW ‘BuILRINGOP
00T 1000"> (9€9) 9¢¢ (€€ L6€ET (L'9g) €211 ‘aunlydauida) uoisnjul adonjou] anlesadoenu]
(uissaadosen ‘suriydauidaiou ‘suriydajAusyd)
00T 92070 (r'e6) 6L (e'16) GT8E (5'16) V62 uoIsnyur Jossaidosen annesadoenul
001 6.150 (v'09) 01¢ (6'79) 8852 (2'79) 8682 sy 2RANIQ BAEIDAORDU]
00T 9T+0°0 (Tar1t (T oy (z1) 28 [0J3nq|V aAle1adoRNU|

(82 ov (L) Tee (22) 19 185N Ad1 UbIH

(9'8¢) 86T (¥'6€) 9v9T (e'6€) vv8T 185N Ad7 wnipsin

(9€9) sLe (0°€s) v1ee (0°€s) 68YC 185N AdTT MO
001 eYY60 rrny J3PINOIG BISBUISBUY
00T 1000°> [re'valLL [L2'eslv l62'7sls9 sinoy ‘uopeIng BIssLisauy
1'66 1000°> tDee ®0) LT ©0) 27T sinoy ‘awiL duwiefossoid a0y
ereq a19|dwo) anjen-d [pbues s|nrenbieiui] [ebues anrenbmiul] [pbues sjnrenbieiui] ansiIgIoRIRYD

UM S3SED %%

uepaw/(as)uesw Jo (%) u
(9%6°0T) €IS =N
SOA

Uepaw/(as)uesw Jo (%) u
(967°68) T8TY=N
ON

uonesljdwo) Areuow|nd anieadolsod

uelpow/(as)ues Jo (%) u
¥69y = N
110yoD aunu3

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2020 May 01.

Anesthesiology. Author manuscript



Page 26

Mathis et al.

‘ajenidoudde se ‘1s9) arenbs-1yD 40 ‘1581 N ASUNYAA-UUBIA ‘1S3 -1 Juspuadapul Wouy anjeA-d

OZH W 9T> aInssaid BulALp pue ‘OzH wo G ainssald Alojelidxa-pus aanisod ‘Wybiam Apoq pajoipald BX/w 8> swin|oA [epl} 0 SanjeA Uelpaw aAlyesadoe.iul Se paulyeq
KEKKKKK

JolUURW 1O ‘apluelaWINg ‘apIWaso.ny 4O uoreasiulpe aAneladoenul se paulag
KEKKKK
'Sa118] 01Ul pauioysuel) ‘uonejndod
Apnis ay) Buowe Buipuane ABojoisayisaue ayy Aq pawloyiad sased JeipJed |je jo uoniodold e se ‘ABarens Ad pajpung e Buisn Buipusie ABojoisayisaue Arewild Jo Aouanbauy ayy se paulyeq

FHKEKK

uonenba (1d3-a> D) uonelogejod Abojorwapidg — aseasiq Asupiy d1uoyd ayy Buisn parenajed

FHKK

eIpIROAYDR) JRINDLIUBA ‘UOITR[|LIGL JR[NILIUBA 00]q Lieay asifap pJ€ “4aNNyy [elie ‘uone|LqY [eLie :Buimoljoy ayp Jo Aue Jo AI0isiy e se S1S BIA pauleq
KKK

1eaisAyd 7 A103siy eisayisaue aalresadoald uo (3sel Jo siuafeainba aljogeisw ¢5) moT — Aloeded [euonouny Aq paulaq
*x

1ea1sAyd 7 A103s1y eISayisaue aAneladoald uo ayesapow 2 440D 40 ‘SIS ulynm Adesays J01e|1poyduoiq /o arelapow Z aseasip Bun| aluoiyd Agq pauiaq
¥

suoabung o19eloy 4o A18190S = S1S ‘Alane Areuownd
= Vd ‘uonejnuaa aanosjold-Bun| = AdT ‘uabAxo palidsul Jo uonoely = zol4 ‘ssedAq Areuowndoipied =gdo ‘1yelb ssedAq Alalie A1euoliod = HgWD $15160]01SayIsauy JO A18190S UBILIBWY = VSV

00T 000> (92) 921 (L'zv) 1811 (s°ov) £T6T sxxsnn NDOIRNS AT PRIPUNG
uolle|ilus ||edsAQ
00T €€00°0 [86 ‘961 L6 [86 ‘961 0'26 [86 ‘961 26 % ‘©014 palidsuj
00T A [oot ‘861 00T [oot ‘661 00T [oot ‘661 00T % '20ds
00T 1000"> [6T ‘€Tl 91 [oT‘TTl €T [ot ‘1Tl €T O%H wo ‘ainssald Buiauq
00T 912L°0 [s'vls [s'vls [s'vls O%H wo ‘ainssald Aojeutdx3-pu3g sanIsod
00T 1000"> [ez ‘21l 02 [0z ‘a1l 2T [oz ‘sT] 8T O°H W ‘ainssald Alojesidsu] >ead
00T 1000"> (CRIRN:] wnLrL (CRIX:P) B1am Apog pajoipaid B/ ‘awnjon [ep! L
slalaweded A1o1eaidsay / uone|iusA 9dd-150d
00T 1000"> [86 ‘961 L6 [86 ‘s6l 26 [86 ‘961 26 % ‘“014 palidsuj
00T 1000"> [ooT ‘661 66 [oot ‘861 66 [oot '86] 66 % '20ds
eleQ 919|dwo)d anjen-d [Buelajnrenbioiui] [ebuesanrenbieiul] [eBuelajnrenbioui] JnsLBRIRYD

UNM saseD % Uelpaw/(as)uesw Jo (%) U Uepaww/(as)uesw Jo (95) U Uepaw/(as)uesw Jo (%) u

(%6'0T) €IS =N (%71°68) 18TY=N ¥697 =N
SOA ON 140409 aJniu3g

uonesljdwo) Areuow|nd anieadolsod

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Anesthesiology. Author manuscript; available in PMC 2020 May 01.



Page 27

Mathis et al.

‘ajelidoadde se s8] asenbs-1yD J0 1581 -1 Juspuadapul Wolj anjeA-d

paregniul aj1iym Ajaanesadolsod sinoy g UIYIAA

KKK

SINOY $g< UOIE|IIUSA [ed1ueydaW aAneladoisod [eniul se pauaq

*¥

OZH W 9T> aInssaid BulALp pue ‘OzH wo G ainssald Alojelidxa-pus aanisod ‘wybrem Apoq paioipald Bx/Jw 8> :Jo SanjeA ueipaw aAljesadoeul se paulyaqg
¥

uabAxo Jo ainssaid ened Jeliale = zOed ‘UoIe|IIUBA aAIda04d-Bun| = AdT ‘uabAxo patidsul Jo uonoely = ZOI4

1000> | (6'T) €€ (z9)1er | (89 vo1 s DHUW 00T> 2O!-4/208d
1000> | (97T)0g (5¢) 58 (92) 11T uonegnuiay
1000> | (0%) 92 (re)ozz | (#9)zo0e s UOTRINUSA BA1EIBDOISO4 PRBUOJ0IY
1000> | (21) 22 (9¢) 66 (92 121 eluownaud
1000> | (99) 92T (6'€T) L8 | (6°0T) €15 uonresljdwod Areuow|nd sArelsdoisod

(eteT=u) | (1822=U)
anfen-d | 9%.°0% ‘SeA | 9€'65 ‘ON

¥697 = N
. ABarenns Ad psjpung 140400 a4nug

ABsrens uonenusA aAd8104d-bunT pajpung pue ‘sjusuodwod awodnQ Alewild ‘sswoanQ Apms Arewlid o Arewwns

Author Manuscript

‘¢ dlgeL

Author Manuscript

Author Manuscript

Author Manuscript

Anesthesiology. Author manuscript; available in PMC 2020 May 01.



Page 28

Mathis et al.

‘alelidoidde se s8] asenbs-1yD 40 153 -1 Juapuadapul Wolj anjeA-d

OZH W 9T> aInssaud BulALp pue ‘OzH wo G ainssald Alojelidxa-pus aanisod ‘wybrem Apoq paioipald Bx/w 8> :J0 sanjeA ueipaw aAljesadoesul se paulysqg

UONE|NUaA aA1103104d-Bun| = AdT ‘21Un a1ed aaIsualul = NI

1000> | (7'v) 29 718 1000"> (ry1) L°ST (6€) 59 (L9)sL Ae1s Jo yrbus endsoH [elol
1000> | (€69) v's9 | (9°2€T) 2’62 | TO0O™> (Tz8a)T20z | (919 926 | (0STT) 6°EL SINOH NI [el0L
1000> | (€ve)60T | (196) STz | TOOO™> (5°912) ¥'66 @9)TL (20Tt SINOH Jore|NUaA aAlesadolsod [e10L
suoneing m>_um‘_mQ9mOn_
01800 | (20)¥T (eT)se 1000"> (6°S) 0€ (5°0) 6T (071) 6¥ Aujeno aanessdosod Aed-og

(eteT=u) | (1822=U) (eTg=u) (1817 = U)

anjeA-d | 96/°0% ‘SSA | %€£'65 ‘ON | anfea-d | 946°0T ‘S8A %T'68 'ON

76 7697 =N
, Abarens Ad1 psjpung uonesljdwo? Areuow|nd sanesadoisod | 140yoD ainug

AB81enS uone[IUBA 8A1198101d-BunT pajpung pue ‘sawoanQ Apms Alepuodss ‘sswoanQ Apms Arewlid o Arewwns

Author Manuscript

‘€ 9|geL

Author Manuscript

Author Manuscript

Author Manuscript

Anesthesiology. Author manuscript; available in PMC 2020 May 01.



	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Patient Population
	Data collection
	Clinical Processes of Care
	Outcomes
	Exposure Variables – Lung-Protective Ventilation
	Covariate Data
	Statistical Analysis

	RESULTS
	Patient Population - Baseline Characteristics & Univariate Analyses
	Intraoperative Ventilator Management
	Impact of Ventilator Parameters - Multivariable Analyses
	Sensitivity Analyses

	DISCUSSION
	Study Limitations
	Conclusions

	Postoperative Pulmonary Complications - Data Definitions
	Table T1
	References
	Fig. 1:
	Fig. 2:
	Fig. 3:
	Fig. 4:
	Fig. 5:
	Table 1:
	Table 2:
	Table 3:

