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Abstract

Background: Protective ventilation may improve outcomes following major surgery. However,
in the context of one lung ventilation the definition of such a strategy is incompletely defined. We
hypothesized that a putative one lung protective ventilation regimen would be independently
associated with decreased odds of pulmonary complications following thoracic surgery.

Methods: We merged Society of Thoracic Surgeons Database and Multicenter Perioperative
Outcomes Group intraoperative data for lung resection procedures using one lung ventilation
across five institutions from 2012 to 2016. We defined one lung protective ventilation as the
combination of both median tidal volume <5 ml/kg predicted body weight and positive end
expiratory pressure =5 cm H,O. The primary outcome was a composite of 30-day major
postoperative pulmonary complications.

Results: 3,232 cases were available for analysis. Tidal volumes decreased modestly during the
study period (6.7 ml/kg to 6.0 ml/kg, p < 0.001) and positive end expiratory pressure increased
from 4 to 5 cm H,0 (p < 0.001). Despite increasing adoption of a “protective ventilation” strategy
(5.7% in 2012 versus 17.9% in 2016), the prevalence of pulmonary complications did not change
significantly (11.4% to 15.7%, p = 0.147). In a propensity score matched cohort (381 matched
pairs), protective ventilation (mean tidal volume 6.4 vs 4.4 mL/kg) was not associated with a
reduction in pulmonary complications (adjusted odds ratio 0.86, 95% confidence interval 0.56,
1.32). In an unmatched cohort, we were unable to define a specific alternative combination of
positive end expiratory pressure and tidal volume that was associated with decreased risk of
pulmonary complications.
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Conclusions: In this multicenter retrospective observational analysis of patients undergoing one
lung ventilation during thoracic surgery we did not detect an independent association between a
low tidal volume lung protective ventilation regimen and a composite of postoperative pulmonary
complications.

Introduction

Postoperative pulmonary complications are common and highly morbid, particularly in
thoracic surgery patients.! Previous reports have demonstrated that protective ventilation can
improve postoperative pulmonary function and reduce the incidence of complications, but
the precise definition of protective ventilation remains elusive. Prospective studies of
protective ventilation in surgical patients have often compared groups which differ on the
basis of multiple ventilatory variables. These fixed ventilation “bundles” are typically
comprised of tidal volume (V1) and positive end-expiratory pressure (PEEP), with or
without alveolar recruitment maneuvers.2-” The optimal combination of tidal volume and
PEEP to minimize postoperative pulmonary complications has not yet been defined.

Definitions of protective one lung ventilation emerge from expert opinion, translation of
evidence from two lung ventilation in general surgical patients, and a small number of
clinical trials.26-10 Perioperative studies of protective ventilation typically compare lower
tidal volumes and moderate PEEP against higher tidal volumes and minimal PEEP.>-7
Recent work has demonstrated that lower V in the absence of adequate PEEP may be
detrimental to patient outcomes.11:12 While the specific impact of tidal volume is unclear,
emerging evidence appears to implicate airway driving pressure, rather than V1 or PEEP, as
a potential determinant of postoperative pulmonary complication risk.13.14

The Society of Thoracic Surgeons General Thoracic Surgery Database is a well-established,
validated national clinical outcomes registry used for peer-reviewed publications and quality
improvement.1516 We sought to leverage this database in combination with the Multicenter
Perioperative Outcomes Group (MPOG) database — a repository of machine-captured
intraoperative physiologic data including ventilator parameters — to evaluate the association
between intraoperative ventilation practices during one lung ventilation and patient
outcomes.

The primary aim of this study was to examine the relationship between tidal volume, PEEP
and use of a recommended protective ventilation strategy during one lung ventilation with
the subsequent development of pulmonary complications in patients undergoing thoracic
surgery. The secondary aims were 1) to identify an optimal combination of V1 and PEEP
which minimized postoperative pulmonary complications when adjusted for known risk
factors and 2) to determine whether increased airway pressures during ventilation were
associated with adverse outcomes. This study expands upon previous work we and others
have reported examining the association between ventilation exposures and postoperative
clinical outcomes.>7:12 Advances in the field attributable to this study derive from several
factors including the integration of MPOG and STS Thoracic Surgical databases to produce
a large relatively homogeneous multicenter cohort of lung resection patients and the
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subsequent detailed study of the individual and combinatorial associations between
ventilation variables and clinically relevant outcome measures.

We obtained coordinating center institutional review board (IRB) approval for this
observational cohort study (University of Michigan, IRB MED HUMO00024166,
HUMO00033894). Each participating site additionally obtained IRB approval for submission
of a limited data set to the MPOG database. The requirement for written informed consent
was waived by the IRB at participating centers. This site IRB approval includes provision for
submission of Society of Thoracic Surgeons registry data to MPOG from each center. In
keeping with the MPOG bylaws, this study protocol was presented to the MPOG
Perioperative Clinical Research Committee and was approved on March 281, 2017.
Following data acquisition an unanticipated imbalance between the protective vs non-
protective cohorts was discovered. We revised the protocol twice to address this as well as
unmeasured confounding caused by excess population heterogeneity. The plan for statistical
analysis was revised, circulated, and approved by Perioperative Clinical Research
Committee on July 11t", 2018 and January 29', 2020. After approval, a data analysis and
statistical plan was written and filed with a private entity (MPOG Perioperative Research
Committee) before data were accessed or revised analysis conducted. (Supplemental Digital
Content 1). During the peer-review process, additional changes as requested by editors were
incorporated. Final methods are presented below. We followed the STROBE checklist in
developing this manuscript.

Data source, Study Inclusion and Exclusion Criteria

The MPOG database, as well as methods for data entry, validation and quality assurance
have been previously describedl” and have been used for multiple published observational
studies.181% MPOG data is drawn from cases documented in the Electronic Health Record at
participating sites. These data are extracted, standardized, joined to additional laboratory,
billing and diagnosis coding data, and de-identified with the exception of date of service,
producing a limited dataset.

Five large academic medical centers which submit Society of Thoracic Surgeons General
Thoracic Surgery Database and MPOG data were included in this study. The Thoracic
Surgery Database is managed by each site and uses standard definitions and data elements
captured by the data collection form (https://www.sts.org/registries-research-center/sts-
national-database/general-thoracic-surgery-database/data-collection).

Data are gathered and aggregated by trained data managers who review medical records of
patients undergoing surgical procedures by participating thoracic surgeons at each institution
to capture demographics, comorbidities, details of preoperative evaluation, intraoperative
course, and postoperative outcomes. The Society of Thoracic Surgeons training manual is
the common reference for all data managers who receive annual training at the Advances in
Quality Outcomes Seminar hosted by the Society (https://www.sts.org/meetings/calendar-of-
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events/advances-quality-outcomes-data-managers-meeting). These data are externally and
independently audited and is known to be greater than 95% accurate.20

Thoracic Surgery Database records were linked to MPOG records using patient level
identifiers at each participating site. These identifiers were removed prior to data upload to
the MPOG Coordinating Center (University of Michigan, Ann Arbor, MI). At the
Coordinating Center, the patient-matched records from both databases were linked using
case start date and time.

Patients undergoing one lung ventilation between 01/01/2012 and 12/31/2016 for
pneumonectomy, bilobectomy, lobectomy, segmentectomy, or wedge resection/
metastasectomy with available General Thoracic Surgery Database and MPOG records were
included. We had originally intended to include procedures through 5/31/2017, but data was
not available across all sites for this time period and thus the study period was restricted to
12/31/2016. Time of one lung ventilation initiation and termination (where available) was
defined based on use of a structured data element in the anesthesia record. Cases were
excluded if one lung ventilation was used for less than 15 minutes, if either height or weight
data were unavailable, if lung transplantation was performed, or if surgery represented a
reoperation within 30 days of a prior included surgery.

Protective Ventilation and other Respiratory Parameter Exposure Variables

Values of tidal volume (V1), PEEP, airway pressures (mean, peak (Ppmax) and plateau
pressures), end tidal carbon dioxide concentration (ETCO,), fraction of inspired oxygen
(F10,), respiratory rate and calculated modified driving pressure (Ppax —PEEP) were
derived for use in this study. These variables are stored in the MPOG database at 1-minute
intervals. Consistent with our prior work we used a sampling methodology for evaluation of
ventilation parameters.18.19 We calculated the median value for the time period 5-15 minutes
after the time-stamped documentation of initiation of one lung ventilation for each case.

Criteria for protective ventilation were based upon expert opinion and guidelines for optimal
practice during one lung ventilation.8-10 Cases were considered to have been conducted with
protective ventilation only if both of the following criteria were met: median tidal volume
was < 5 ml/kg predicted body weight and median PEEP = 5 cm H,0. Ventilation variables
were subsequently expressed and analyzed as means of the individual case median values.

Modified driving pressure was used as a surrogate of driving pressure in this investigation,
since plateau airway pressure data, required for the calculation of driving pressure, was not
available from all participating institutions. This modification of driving pressure has been
previously reported.2!

Patient and procedure variables

In construction of the statistical models used in this manuscript we included data from the
MPOG and Thoracic Surgery databases (Appendix 1).

From the MPOG Database: institution, presence of blood product transfusion (as a binary
variable), fluid balance (volume of input [crystalloids + colloids + blood products] - volume
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of fluid output [urine + gastric tube output + estimated blood loss + chest tube] as
documented on the anesthetic record) and ASA Physical Status.

From the General Thoracic Surgery Database: forced expiratory volume in 1 second (FEV1),
presence of missing FEV data, preoperative renal dysfunction, preoperative steroid therapy,
Zubrod Performance Classification score, current smoking status, preoperative
chemotherapy and/or radiation, major preoperative comorbidity (defined as coronary artery
disease, congestive heart failure, peripheral vascular disease, or diabetes). Procedure type
was categorized as: pneumonectomy, bilobectomy, lobectomy, segmentectomy, or wedge
resection/metastasectomy (which acted as the reference value in our models). Additionally,
we classified surgical approach: thoracotomy or video-assisted thoracoscopic surgery (which
acted as the reference value in our models).

Demographic variables for age, sex, and body mass index were preferentially extracted from
the General Thoracic Surgery Database; however if not available or invalid they were
derived from the MPOG database.

Outcomes of Interest

The primary outcome was a composite of major postoperative pulmonary complications
drawn from the General Thoracic Surgery Database. Pulmonary complications were defined
as one or more of the following: initial ventilator support greater than 48 hours, reintubation,
pneumonia, atelectasis requiring bronchoscopy, ARDS, air leak greater than 5 days,
bronchopleural fistula, respiratory failure, tracheostomy, pulmonary embolism or empyema
requiring treatment. Two progressively more comprehensive secondary outcomes were 1)
major morbidity - pulmonary complications (as defined above) OR one or more of:
unexpected return to the operating room (during same hospital stay), atrial or ventricular
dysrhythmias requiring treatment, myocardial infarction, sepsis, renal failure, central
neurologic event, unexpected ICU admission, or anastomotic leak and 2) major morbidity
(defined above) and/or mortality. All outcomes were drawn from the General Thoracic
Surgery Database record and followed the definitions at time of data entry (https://
WwWW.sts.org/registries-research-center/sts-national-database/general-thoracic-surgery-
database/data-collection).

Statistical Analysis

A complete case analysis was conducted. Data were presented as means with standard
deviations or frequencies with percentages. Univariate comparisons between groups were
assessed using Pearson Chi-square or Fisher’s exact tests for categorical data and Student’s t
or Mann-Whitney U tests for continuous variables, as appropriate. Absolute standardized
difference percentages are reported.

The final statistical analysis plan included the use of propensity score matching to adjust for
differences between the protective and non-protective ventilation groups. A non-
parsimonious regression model was used to estimate each participant’s propensity to receive
the protective ventilation exposure. The propensity score model contained: age, sex, body
mass index, FEV1, presence of missing FEV data, ASA status, preoperative renal
dysfunction, preoperative steroid therapy, Zubrod score, current smoking status, preoperative
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chemotherapy and/or radiation, institution, and major preoperative comorbidity. Protective
ventilation patients were propensity-score matched 1:1 to those not receiving protective
ventilation using the “onetomanymtch” greedy matching algorithm.22 Residual covariate
imbalance after the match was assessed by computing standardized differences. Variables
with an absolute standardized difference <10% were considered a strong match. Within the
matched cohort, univariate differences between those with and without protective ventilation
were assessed using McNemar’s test for categorical variables and paired t-tests or Wilcoxon
signed-rank tests for continuous variables, as appropriate.

Before regression models were constructed, all variables under consideration for model
inclusion were assessed for collinearity using the condition index. If the condition index was
> 30, a Pearson’s correlation matrix was developed. Those variable pairs with a correlation
of >=0.70 were combined into a single concept, or the variable with the larger univariate
effect size was selected for inclusion. All other variables were considered fit for model entry.

To evaluate the primary aim in the matched cohort, a conditional logistic regression model
was used to assess the relationship between protective ventilation status and outcome with
the covariates of blood product transfusion, fluid balance, surgical procedure (wedge
resection, segmentectomy, lobectomy, bilobectomy, pneumonectomy) and surgical approach
(\VATS vs Open). Measures of effect for model covariates were reported as conditional
adjusted odds ratios with 95% confidence intervals. The model predictive capability was
reported using the area under the receiver operating characteristic curve c-statistic. Any
covariate found to be statistically significant was considered an independent predictor of the
outcome of interest. These models were also constructed for the secondary outcomes
(morbidity; morbidity and mortality).

The full study cohort was used for analysis of optimal V1 and PEEP combinations and
examination for any relationship between airway pressures and outcome. Traditional logistic
regression models were used for these analyses. Measures of effect for model covariates
were reported for logistic regression as adjusted odds ratios with 95% confidence intervals.
Any covariate found to be statistically significant after adjustment was considered an
independent predictor of the outcome of interest.

To assess if an alternative combination of V1 and PEEP was associated with a lower risk of
pulmonary complications, a matrix of adjusted odds ratios was constructed with the
reference category of V1 between 4 and 6 ml/kg predicted body weight and PEEP between 4
and 6 cm H,0.

To assess if modified driving pressure was associated with primary or secondary outcomes 3
multivariable logistic regression models were constructed, adjusted for the covariates
specified above. A similar analysis was conducted for Pyax.

All analyses were conducted using SAS 9.4 (SAS Institute, Cary, NC) and SPSS 24 (IBM
Corp.). Two-tailed hypothesis testing was conducted and a p-value of 0.05 was considered
statistically significant for all analyses. Additional information regarding aim-specific
analyses can be found in Appendix 2.
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Power Analysis

Results

An a priori sample size calculation was performed using a two-sided Z test with un-pooled
variance. A sample size of 1315 unmatched cases in each group (total study N = 2630)
provided 90% power at an alpha = 0.05 to detect a 5% difference (deemed to represent a
clinically significant difference) in the rate of pulmonary complications, assuming a 22%
rate of events in the non-protective ventilation group.

Study Populations and Outcomes Experienced

Of 3721 cases which were eligible for analysis, 489 were excluded for missing data required
for model construction. A total of 3,232 cases from 5 institutions were available for the final
analysis (Figure 1). Baseline cohort characteristics are shown in Table 1. It should be noted
that some cases from one institution have been previously reported (693 cases from
2012-2014; 194 cases which are included in the current matched cohort).12

In the unmatched cohort, a primary pulmonary complication outcome occurred in 427
(13.2%) of cases; secondary outcomes - major morbidity and major morbidity and/or
mortality - occurred in 659 (20.4%) and 676 (20.9%) cases respectively (Table 2). In 2012
mean V1 was 6.7 ml/kg (SD 1.61); in 2016 mean V1 was 6.0 (SD 1.25) (p < 0.0001), while
mean PEEP was 4 cm H,0 (SD 2) in 2012 and 5 cm H,0 (SD 2) in 2016 (p < 0.0001)
(Table 1; Figure 2). The proportion of cases meeting the definition of lung protective
ventilation was 5.7% in 2012 and 17.9% (p < 0.001) in 2016 (Figure 2). The prevalence of
the primary outcome and major morbidity did not change significantly during the study
period (pulmonary complications - 11.4% to 15.7%, p = 0.147; major morbidity - 18.5% to
22.9%, p = 0.088). However, there was a significant increase in secondary outcome of major
morbidity and/or mortality from 2012 to 2016 (18.6% to 23.8%, p = 0.039) (Supplemental
Digital Content 2 and 3).

Primary Aim: Relationship Between Protective Ventilation and Outcome

Propensity score matching addressed differences between the baseline characteristics of the
protective and non-protective ventilation populations (Table 1). Of the 388 cases which met
the protective ventilation definition, 381 (98.2%) were propensity score matched to non-
protective ventilation cases, resulting in a primary aim study population of 762 patients. In
our conditional logistic regression model, protective ventilation was not found to be
associated with differential risk of pulmonary complications (Adjusted Odds Ratio [AOR]:
0.86, 95% CI: 0.56, 1.32; p = 0.480), major morbidity (AOR: 0.81, 95% CI: 0.55, 1.19; p =
0.283) or morbidity and mortality (AOR: 0.81, 95% CI: 0.55, 1.19; p = 0.281).

Secondary Aim: Exploration of an alternative definition of lung protective ventilation

Given the lack of association between this definition of protective ventilation and outcome
we attempted to derive an alternative definition of protective ventilation associated with
lower risk for pulmonary complications. We used a matrix of odds ratios to determine if an
alternative combination of V1 and PEEP were associated with a lower risk of pulmonary
complications. We did not find a combination of these parameters that predicted a lower risk
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of pulmonary complications compared to the reference definition (data not shown). When
VT or PEEP were analyzed in isolation as categorical ranges — per 1 ml/kg for V1 and 1 cm
H,0 for PEEP - we found no significant relationship with predicted probability of
pulmonary complications (Supplemental Digital Content 4 and 5).

Secondary Aim: Relationship between airway pressures and patient outcome

Consistent with prior work, modified airway driving pressure was used as a proxy for airway
driving pressure. Using the subjects for which both values were available, we plotted the
relationship between them (Supplemental Digital Content 6). The correlation between
modified airway driving pressure and airway driving pressure was 0.87 (95% CI: 0.86, 0.88;
p < 0.001). In multivariable regression models, neither modified airway driving pressure nor
Pmax Were associated with a significant increase in the odds of pulmonary complications
for each 5 cm H,0 increase in pressure (modified airway driving pressure AOR: 0.93, 95%
C10.84, 1.04, p = 0.145; Ppax AOR: 0.94, 95% CI 0.85, 1.05, p = 0.304 — Supplemental
Digital Content 7, Figure 3).

Discussion

Association

In this study, we examined the relationship between ventilation variables — including VT,
PEEP and airway pressures and the subsequent development of postoperative complications
in patients undergoing one lung ventilation for thoracic surgery. We draw several
conclusions: First, use of recommended ventilation parameters increased during the study
period. Second, this definition of protective ventilation was not independently associated
with a lower prevalence of pulmonary complications. Third, the development of
postoperative complications was not associated with either modified driving pressure or

Pmax:

of a conventional definition of protective ventilation and outcome

The use of a conventional definition of protective one lung ventilation was not associated
with a difference in the prevalence of pulmonary complications (primary outcome), major
morbidity or major morbidity and/or mortality (secondary outcomes) between protective and
non-protective ventilation subcohorts after propensity score adjustment for population
differences. Our study demonstrates a practice trend of increasing use of recommended
protective ventilation parameters consistent with that from previous reports.18:19.23 Degpite
the decrease in V1 (6.7 ml/kg predicted body weight to 6.0 mi/kg predicted body weight),
and an increase in use of protective ventilation, the prevalence of pulmonary complications
and major morbidity did not change significantly during the study period. However, there
was a significant increase in the prevalence of major morbidity and/or mortality from 2012
to 2016 (18.6% to 23.8%, p = 0.039) (Supplemental Digital Content 2 and 3).

Our chosen target values for tidal volume (5 ml/kg predicted body weight) and PEEP (5 cm
H,0) in the definition of protective one lung ventilation are based on published expert
opinion.8-10 Although, these parameters are generally considered to be “protective”, the
former reflects a supraphysiologic V1 and the latter (PEEP) may be insufficient to maintain
an open lung state which prevents atelectasis and atelectrauma during one lung ventilation.
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24,25 The notion that low V7 in the setting of low PEEP is not intrinsically protective is
supported by the previously demonstrated inverse relationship 11:12 or lack of relationship26
between V1 and the risk of adverse outcomes in both two- and one- lung ventilation surgical
settings.

These findings are consistent with results of trials which have evaluated putative protective
regimens, combining lower tidal volumes and higher levels of PEEP compared to
conventional regimens combining supraphysiologic tidal volumes with minimal PEEP.24-7
Such protective regimens may minimize both volutrauma and atelectrauma by limiting
distending stress and volume loss/atelectasis respectively, and has been demonstrated to
decrease airway driving pressure and mechanical energy delivery.2”-28 In a meta-analysis of
multiple protective ventilation trials, protective ventilation differed from conventional
ventilation most markedly on the basis of PEEP (> 6 fold difference), whereas “protective”
V1 was only 32% lower than that of the conventional groups.2? Thus the primary difference
between protective and conventional ventilation may be the use of an open lung strategy
which includes sufficient PEEP to minimize volume loss, atelectasis, and the risk of
atelectrauma rather than lower V1 per se. This view is further supported by recent trials

which demonstrated no outcome improvements in patients randomized to receive lower V.
30,31

In our analysis, the primary outcome is a composite of 11 distinct postoperative pulmonary
complications, rather than a single outcome more directly related to lung injury, e.g. ARDS.
It should be noted that the individual outcome events contributing to a composite outcome
vary greatly on the basis of severity (i.e. ARDS vs atelectasis) and frequency (range: 0.3% to
3.1%). Despite its multicenter design and relatively large sample size, our study did not have
sufficient power to determine if specific outcome events were associated with different V1
and PEEP combinations.

Relationship of Driving Pressure and Outcome

Prior studies have demonstrated an association between airway driving pressure and
complications in patients ventilated for ARDS and surgery, though very little information is
available for procedures involving one lung ventilation.23:14 In the present study we found
that neither modified driving pressure nor Py ax Were associated with significantly increased
odds of pulmonary complications when analyzed as continuous variables in fixed effects
logistic regression models controlling for other risk predictors. These findings are not
consistent with those of prior studies.1213

The current study differs with regard to the use of a surrogate measure - modified driving
pressure (Ppmax — PEEP). Despite being shown to predict ARDS in a large cohort of general
surgical patients its specific utility as a predictor of pulmonary complications in a thoracic
surgical population receiving one lung ventilation is not yet established.?! Despite its very
close correlation with driving pressure (0.87 (95% CI: 0.86, 0.88; p < 0.001) it is
conceivable that this modification is less useful than driving pressure as a surrogate marker
of dynamic strain. It is also conceivable that the dramatic elevation of lung elastance
associated with one lung ventilation in the lateral position could confound the relationship
between airway driving pressure and dynamic strain.32 Finally, it is also possible that the
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contribution to the overall postoperative pulmonary complication rate from specific
pulmonary complications emerging from elevated dynamic strain (e.g. ARDS) is dwarfed by
complications from other injurious processes (e.g. atelectasis).

Park et al. recently reported a randomized trial of thoracic surgical patients who were
randomized to receive one lung ventilation (V1 6 ml/kg) with either fixed PEEP 5 cm H,0
or an individualized PEEP based on an increment trial to the lowest driving pressure.}4 In
this study, PEEP titration was associated with a reduction in the incidence of pulmonary
complications from 12.2% to 5.5%. However, both the delivered PEEP (5 vs. 3 cm H,0) and
resultant driving pressure (10 vs. 9 cm H,0) differences between groups were small. The
contribution of driving pressure, if any, to the observed findings remains unclear.

Although intraoperative ventilation exposures from the MPOG database are detailed and
accurate, available data is limited by relative practice homogeneity in ventilation
management during the study period. While tidal volume differences between groups are
similar to that seen in modern protective ventilation trials,2® the smaller difference in PEEP
between the protective and non-protective groups may be insufficient to elicit detectable
differences in outcome.

Although recruitment maneuvers have been advocated by some authors as a component of
protective ventilation8 they were not included in our definition for two reasons. First,
recruitment maneuvers cannot be accurately derived from physiologic data with one-minute
temporal resolution. Second, there are no evidence-based standardized criteria for their use.
Recruitment maneuvers represent a heterogeneous group of practices. Further, they neither
constitute a universal feature of protective ventilation nor are they required for the outcome
benefits® 7 or necessarily to maintain an open lung state avoiding atelectasis.?%33 Further,
they may have the potential to cause harm34:3% and recent guidelines for protective one lung
ventilation do not unambiguously support their usel%. While our study did not include them
and is unable to account for them, the possibility that recruitment maneuvers contribute to
the variance in patient outcome remains and may need to be addressed in future work.

We were not able to assess changes in ventilation management which may have occurred
during the course of the anesthetic in response to hypoxemia because our sampling
methodology focused on the start of one lung ventilation. We have previously demonstrated
that the ventilator data from this early period very closely matches that used for the entire
period of one lung ventilation.1® Furthermore, hypoxemia typically occurs early in the one
lung ventilation period and is thought to be a very infrequent occurrence in modern thoracic
anesthesia practice.36

Finally, included data was derived from five academic medical centers, which exhibited
variation in the prevalence of complications. The integration of both MPOG and Thoracic
Surgery Databases allowed us to combine the advantages of the automatically gathered,
detailed, annotated, dataset from MPOG with the highly accurate and validated outcome
data derived from the Thoracic Surgery Database. Limitations of the latter database derive
from the fact that participation is voluntary. As participants are typically general thoracic
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surgeons, results may not be generalizable to that of other surgeons or institutions
performing similar procedures. Our approach leverages the advantages and strengths of each
data source which improves the validity and generalizability of our findings.

Conclusions

This multicenter study demonstrates an increase in adoption of a ventilation regimen
including V1 <5 ml/kg PBW in combination with PEEP > 5 cm H,0 during one lung
ventilation. However, this lower tidal volume regimen was not associated with reduced odds
of major pulmonary complications. Furthermore, in this study cohort, neither increasing
Pmax or modified airway driving pressure were associated with increased odds of major
pulmonary complications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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APPENDIX 1 -: List of Variables Used in the Analysis from MPOG and STS

Databases

MPOG Database STS Database
MPOG_Patient_ID Race
MPOG_Case_ID_String Smoking status
MPOG_Institution_ID Reoperation
Date of surgery Hypertension
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MPOG Database STS Database
Case times Steroid use
Age Congestive heart failure
Sex Coronary artery disease
ASA class Peripheral vascular disorders
Height Prior cardio-thoracic surgery
Weight Current chemotherapy status
BMI Thoracic radiation therapy and timing

WHO BMI Classification

Cerebrovascular history

Predicted body weight

Pulmonary hypertension

Presence of existing airway

Diabetes and type of control

Bronchial blocker used

Dialysis

Primary anesthesia CPT code

Chronic obstructive pulmonary disease

Anesthesia and surgical duration

Interstitial fibrosis

Fluid totals

Smoking status

Total crystalloid equivalents given

FEV1 Percent Predicted

Tidal volume

Zubrod scale

Respiratory rate

Primary surgical CPT code

Positive end expiratory pressure

Intraoperative blood transfusion

Peak inspiratory pressure

Postoperative destination

Plateau airway pressure

30-day postoperative status

Mean inspiratory pressure

30-day postoperative morbidity

Sp0O2 Postop Complication - anastomic leak
FiO2 Postop Complication - unexpected ICU admission
EtCO2 Postop Complication - Central neurological event

One-lung and two-lung ventilation start and stop times

Postop Complication - Renal failure

Blood product use

Postop Complication - Sepsis

Postop Complication - Ml

Postop Complication - Atrial arrhythmia

Postop Complication - Ventricular arrhythmia

Postop Complication - Return to OR

Postop Complication - Respiratory failure

Postop Complication - Atelectasis

Postop Complication - Air leak > 5 days

Postop Complication - Pulmonary embolism

Postop Complication - Bronchopleural fistula

Postop Complication - ARDS

Postop Complication - Tracheostomy

Postop Complication - Empyema

Postop Complication - Pneumonia
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MPOG Database

STS Database

Postop Complication -

DVT

Postop Complication -

Pneumothorax

Postop Complication -

lleus

Postop Complication -

Surgical site infection

Postop Complication -

Sepsis

Postop Complication -

Other infection

Postop Complication -

Delirium

Postop Complication -

Other pulmonary event

Postop Complication -

Discharge status

Postop Complication -

30-day readmission

Postop Complication -

Ventilator support > 48 hours

Unanticipated surgical conversion

Unanticipated surgical conversion type

APPENDIX 2.: Aim-specific statistical analysis

Page 14

Aim 1: Assessment of the relationship of ventilator parameters, adherence

to suggested lung protective strategy and patient outcome

The matched cohort was used for this analysis. Univariate comparisons between LPV group

status and the rate of each outcome was computed using McNemar’s test. A Cochran-

Armitage test for trend was used to determine if there was an increase in documented use of
LPV over time, where time is defined in quarters.

Aim 2: Derivation of arecommended tidal volume and driving pressure

The full study cohort was used for this analysis. To determine the most beneficial
combination of PEEP and tidal volume to reduce pulmonary complications, a matrix of
adjusted odds ratios was constructed with the reference category of PEEP between 4 and 6

cmH,0 and tidal volume between 4 and 6 ml/kg predicted body weight. The logistic

regression model was adjusted for age, gender, body mass index, forced expiratory volume
in 1 second (FEV1), presence of missing FEV data, ASA status, preoperative renal
dysfunction, preoperative steroid therapy, Zubrod score, current smoking status, preoperative
chemotherapy and/or radiation, major preoperative comorbidity, institution, presence of
blood product transfusion, fluid balance, segmentectomy (vs. wedge resection), lobectomy
(vs. wedge resection), bilobectomy (vs. wedge resection) or pneumonectomy (vs. wedge
resection), thoracotomy (vs. video-assisted thoracoscopic surgery).
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Aim 3: Assessment of the relationship between driving pressure and

outcome

The full study cohort was used in this analysis. Two multivariable logistic regression models
were constructed as above to evaluate the impact of ventilator parameters on the primary
outcome of pulmonary complications. In addition to the previously mentioned covariates,
model 1 contained the variable for modified airway driving pressure (per 1 cm H,0). Model
2 contained the variable Pypax. If modified airway driving pressure or Pyax were
statistically significant after adjusting for other significant predictors, they were considered
independent predictors of pulmonary complications. Similar models were constructed for the
secondary outcomes. Non-linear trends were not assessed.

Aim 4: Assessment of Risk Groups for High Driving Pressures

The full study cohort was used in this analysis. To determine whether patients known to be
at higher risk for receiving high V1/kg predicted body weight were more likely to be
subjected to ventilator regimens associated with higher levels of modified airway driving
pressure, three bi-variable linear regression models were constructed for the dependent
variable of modified airway driving pressure. The first model contained the fixed effect of
body mass index, the second model contained the fixed effect of height (cm), and the third
model contained the fixed effect of gender.

Next, three non-parsimonious logistic regression models were constructed to evaluate
whether patients known to be at higher risk for receiving high V1 were at higher risk of
postoperative pulmonary complications. The covariates of body mass index and sex were
removed from the model previously specified, to be entered separately. The first model
contained the additional fixed effect of body mass index, the second model contained the
additional fixed effect of height, and the third model contained the additional fixed effect of
gender. A similar set of models was be constructed for all secondary outcomes. If the
additional fixed effect for each model was found to be statistically significant, that
characteristic was considered an independent predictor of the outcome of interest. If all three
were independent predictors, then those at high risk for receiving high V1 were said to be at
higher risk for postoperative complications.

Appendix 3

Group Collaborators

Patrick J. McCormick, M.D., M. Eng., Assistant Attending, Department of
Anesthesiology and Critical Care Medicine, Memorial Sloan Kettering Cancer Center, New
York, NY, USA

William Peterson, M.D., Assistant Clinical Professor, Department of Anesthesiology,
Sparrow Health System, Lansing, MI, USA
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Mean Positive End Expiratory Pressure (PEEP) in centimeters of water (cm H,0), Mean
Tidal Volume milliliters per kilogram of weight by predicted body weight and Percentage of
Cases Meeting Protective Ventilation criteria over time by study year.

Anesthesiology. Author manuscript; available in PMC 2022 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Colquhoun et al.

Page 21

0.35

0.30 A

0.25 A

0.20 A

0.15 A

Predicted Probability of a
Pulmonary Complication

0.10 A

0.05 A

0.00

—@— Modified Driving Pressure
—@— Peak Inspiratory Pressure

\

Figure 3.

T T T T

5-10 10-15 15-20 20-25

Pressure (cm H,0)

25-30

30-35 35-40 40-45

Mean and 95% confidence interval predictive probability of pulmonary complications by
modified driving pressure and peak inspiratory pressure (cm H,O). Pressure was analyzed in

five-unit increments.

Anesthesiology. Author manuscript; available in PMC 2022 April 01.



Page 22

Colquhoun et al.

v.T°0 6'6 (re) €T (871) 2 8980 60 (re) €T (s€) oot uonounysAQ feusy
162°0 €2 (e'9) 0¢ (8'9) ¢z 1€9°0 o (z9) oz (ov) TeT SLUOL 9 UIyNM uonelpey Jo/pue Adelayjowsyd
0690 6'C ('82) 80T (L62) €TT G6L°0 7T (T'82) 60T (182) L18 Aupigiowod aniesadoald Jofein
(5'sT) 65 (¢v1) vs (5's1) 09 (7'8T) 22G  I1ows uaun)d
(t58) 112 (6'v5) 602 (6'v8) €12 (068) G9G'T  (Yuow T<) Jxows Ised
(T62) 11T (0Te) 81T (962) STT (992) LS. paiows JanaN
9050 34 00T°0 68 buprows
VIN 9 Ty (00)o 100°0> zee (€1 s (8°0) v2 uoisuspadAH Areuowingd
0LL°0 14 (8'91) ¥9 (091) 19 Lve0 T'9 (0°21) 99 (8%1) 0zv A1aBing a1veioyjolpie Jotid
€170 99 @) v1 (T9) 61 60€0 9 (S) ¥1 (8'5) 101 259510 1eINISEA [elayduiag
T1T°0 91T (T°09) 16T (6'59) €12 G800 €6 (L'6v) €6T (7'v8) LvS'T uolsusladAH
666°0 0 (80) € (80) € SvS0 Ge (80) € (50) ¥T sisheig
€920 2e (8'51) 09 (0s1) L8 0.80 60 (5'51) 09 (8'ST) 6V salaqelq
(ze)er (T2)8 (1°¢) 21 (€2) 59 JU3PIDJE JRINISEACICRI3D
(ze) et (ze) et (te)et (92 vL 9ene JIWayas! Jualsuel |
v 0 8'G 00 6'S AUI0jSIH 18/n9SEN0IQaI8D
6660 0 (e'21) 99 (eL1) 99 YAZA] 19 (e21) 29 (0°ST) Lev asessiq Alsuy Areuoiod
8750 8y (€9)61 (1g) o1 1210 zot e Lv)18 »2INI1e< 1ESH 8ANSabUOD
2980 21 (T'e2) 88 (9°€2) 06 LS80 T (z'€2) 06 (9°€2) 129 adod
S91IPIgIOWOD
6850 6'€ (062) TOE (908) L0E €250 g (7'6L) 80E (08L) L12'C 18yby Jo € sse|D VS
¥S€°0 L9 (L'9)9°22 (L9)8z ¥10°0 zer (8'9)9'22 (5'9)5'82 xapu| sseN Apog
€9/°0 ze (2'ge) 9eT (8'9)OFT  TOO'0> Loy (97g¢) seT (568) 2251 X9S dewa
T6v°0 S (eeT)EC9 (8€1)9'19 TGE0 A (9€1)29 (rzr)9e9 abv
solydesbowsq
(%) (%)
30w BYIA (18€=N) (t8e=N) 20w YA (88€ =N) (82 =N)
anfeA  paziplepuelS  UOIR|NUSA  UOIR|HUBA  8NfeA  pazIpJepuels  UOIe|1UBA uolie|IIlA
-d anjosqy 9AI109101d 9AI1199101d ON -d anjosqy 9AI10910.d 911091014 ON

uoire|ndod payore W

uoiye|ndod 110uyoD Apnis (N4

Author Manuscript

uoneindod Apnis paydrew ayy pue uonejndod 110yod Apnis ||ns aya 1o} salydelBowsp pue SonsIIs1de.IRYD 1UdIlRd

‘Tal1qeL

Author Manuscript

Author Manuscript

Author Manuscript

Anesthesiology. Author manuscript; available in PMC 2022 April 01.



Page 23

Colquhoun et al.

6v0°0 v'ze () e )12 G200 9'8T (29) 12 (912 ainssald neajeld
100°0> 7'0€ (s9) ee (T9) ve 100°0> 6'1€ (L9) ez (e9) ve ainssaid Aorelidsu| Sead
v16'0 60 (z2) ot (e2) o1 €0T°0 z6 (za) 11 ) 11 ainssaid Alojeurdsu] uesiy
8850 4 (9€T) 88 (sz1) 68 ¥0L'0 14 (seT) 68 (5z1) 68 % 0l
100°0> 9/ (ee)vr (92 er 100°0> z'€9 (Te) vt (Lo)er ajey Aiojeurdsey
uope|UsA BunTauo Jo 1eis Buimo|jo- SSINULIAI GT 0} G ISU1H 104 s1ojoed d1bojosAud Ueipa N
(zel) 6Lz (0'02) 892 (z'eL) v8z (L'12)6€0'c  Asbins 01dodsoorIOy) PaISISSe-03PIA
(8'92) 20T (s0e) 911 (8'92) ¥0T (e87) 08  Awojooeioyt
524l T8 L€S°0 ¥'e yorouddy [2216inS
v9T°0 70T (6'v) TLT (6'6€) 25T ¥20°0 TeT (9sp) LT (9'6€) L2T'T  uoND3s3Y dBPAM
€1€0 €L (919 (92) o1 GZT0 9] (871) L (0e) 18 Awopauownsud
658'0 €1 (zv) ot (Sv) LT A d] Sy (Tv) 9T (e€) €6 Awoyoagolig
8210 1T (8'ep) 291 (e'6v) 88T 6100 8¢t (0ev) 29T (r6v) sov't  Awojagon
9220 8'8 (s9) 12 (ze) vt 995°0 € (rs) 12 (8'v) g€t Awoauswibas
30A1 [ea1bins
00€°0 152 (g0tT)8'eGe  (TLTTW'T9C  02v0 v (T1I1)926c  (¥'901)6'LYE uonein eisayissuy
60€0 6G.°L (comogor  ('90T)EELT  9€90 I4%4 (szom)esor  (526)8°29T uopeing [edlfing
95€'0 L9 (918)8°26TT  (LLSAT'SYIT 000 G'sT (9918)6'38TT  (G'26L)TTET aouejed pinj4
£9€°0 99 Ty (81) 2 LTT°0 5L (RN (6T) s » (N/A) 850 10npoid poojg
sJ0joe anlresedoenu |
(00 o (0T (9m9 (co)s 4
(s0)¢ (s0)e (s0)z (01) L2 €
(9°2) 62 Ty e (s2) 62 (6'9) 89T 14
(cov) 9LT (r'vv) 69T (9s¥) 22T (e vieT 1
(L'sy) L1 (8'Lv) 28T (6'7Y) ¥LT (Zvv) oLzt o
6690 8z 1§20 g9 3[e9S poignz
6660 0 (som) O¥ (s01) O 9020 TL (9T1) 57 (¥'6) 892 TA34 Buissin
986'0 70 (Tze)ovL (82e)5 7L 8700 90T (oee)LeL (L18)0LL (pororpaid %) *A34
(%) (%)
2ousBYIA (T8e=N) (tse=N) 2ousRYIA (88€ =N) (782 =N)
oneA  poziplepuels  UOIRIIUSGA  UOIE|IUBA  8NfeA  pazipiepuels  UOIe|1usA uole[1UBA
-d amnjosqy 8AII®I0Jd  8ANRIOION - anjosqy BAII®I0Id  BAI8I0Id ON

uole|ndod payore N

uo(re|ndod 140402 Apnis |In4

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Anesthesiology. Author manuscript; available in PMC 2022 April 01.



Page 24

Colquhoun et al.

"3apIX0Ip U0gJed [epn-pus = 0D 13 ‘ainssaid Alojelidxas-pua
annsod = 4334 ‘uonaely usbAxo pasidsul = COJ4 ‘s T ul awnjoA Alojelidxs padtoy = TATA ‘aseasip Areuow|nd aAIONISCO J1U0IYD = AOD ‘SI1SIBOJ0ISAYISaUY JO A18190S UBILIBWY = WSV :SUOIRIASIQAY

erep Buissiw-uou Jo abejuadiad se pajuasaid ale eleq
¥

'S10]9B) PAYIIRW 10} 940T < SAOUIBYIP pazipiepuels ou a1am alay | areridoidde se ‘sajqerien [ea1lobaled 1oy S1s8) JeWaNIN pue
S3]qelleA SNONUIUO0 J0J SISa] Yuel-paubls UOX0d[IAA Jo Sise)-1 palred Buisn payenaes atam suostiedwod uoneindod payore|y “sreridoidde se ‘sajqerien [eoliobaes oy s1sa) 19eX3 S,Jaysid Jo arenbs-1yD pue
S3|gelIeA SNONUNUOI 10} S1S8) N ABUNIYAN-UUBIA J0 S1$8)-) Buisn paje|najed alam suostiedwod 1oyod Apnis ||n4 “arenidoldde se ‘uoneinsp plepuels pue ueaw Jo (sbeuadsad) Aousnbaly se pajussald ale eleq

100°0> v (r's) 6T (ge1) L1 100°0> 9Ty (T9)sr (gzn) it ainssald BulALg payIpoN
100°0> 7’59 (TDo 81)S 100°0> L'19 (T1o 1S (O%H wo) d33d
100°0> 7802 (Sory (zT¥9 100°0> viTe (S0 vy w1 L9 (Bx1/1w) WB1a Apog pa1oIpaid/aWin|oA [eplL
100°0> gy (279) 68 (1°9) 28 100°0> 6'T9 (8'9) 68 (e79) s¢ ‘0013
(%) (%)

EalicIENN gl (18 =N) (T8 =N) U RYIA (88€=N) (#8'2=N)

8NeA  poziplepuels  UOI|IUBA  UOIR[IIBA  8N[eA  paziplepuels  UOIR|IUBA uolre|lIuBA
-d anjosqy 9AI109101d 9AI1199]10.d ON -d alnjosqy BAI119910.1d OA110910d ON
uolre|ndod payore i\ uolre|ndod 11oyoD Apnis [In4

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Anesthesiology. Author manuscript; available in PMC 2022 April 01.



Page 25

Colquhoun et al.

Author Manuscript

V/IN (0o (c0o V/IN (0o (00o ea JIWoIseUY
6660 (62) 11T (62) 11T €€5°0 (82) 11 (€2) 99 uolssiwpy N2 pajoadxaun
7950 (€0t (s0)z 6660 (€0t (€0)8 1uaAg [eo1bojoInaN [enusd
7950 (soe (€0t L9T°0 (80 e (€06 ain|res [eusy
6660 (€0t (€0t 666'0 (€0t (€0) 6 sisdag
14240 (soe ((9h7 1890 (s0z o)zt uonoseu| [e1pJed0AIN
V/IN (0o (€ns 1190 (0o (€06 BIWYIAYLIY JBINOLIUSA
20€0 (zot) 6E (T8) 1€ 00€'0 (T'ot) 6€E (58) Tv2 eIWYIAYLY [ely
VIN (0c0)o (0c0)o VIN (0c0)o (0c0)o wooy Bupressdo 03 uimey
suotyeatjdwo) ANpIgo N
VIN (00)o (€0t 6660 (€0t (€0) L sinoy gy < Hoddns Joye|1usA
6660 (0T (0T 6660 (soe (S0 vT Awososyoel |
8v2’0 (T2)8 TV 08T°0 (€2) 6 1) ov ain|re} Aiojelidsay
90L°0 Ty (80) € 9110 onv (¥0) 2T wsijoqws Areuowind
500 (To)s (ens 85T°0 (To)s (1) ¥e 1uane Areuownd J8y10
TET'0 (92) o1 (Lv) 8T €550 (92) o1 (T'2) 09 Xeloyjownaud
1280 (92) o1 (62) 11T ST'0 (8211 (z2) 29 ejuowinaud
V/IN (0o (c0o 6660 (0o (Toe [eanajdoyouoig
6€L°0 (s9) 12 (0) 61 2000 (L9)ze (22) 1L SISeI0R[BIY
299'0 (T Le (€9) ve 9650 (02 L2 (e9) 8.1 skep G < Xea| Iy
V/IN (soe (0coo 2€9°0 (soe (€06 sayv
suolredljdwo) Areuow|nd
0S50 (z's2) 96 (7€) 68 G200 (e'52) 86 (€02) 8.5 Aupeno sojpue Aupiguoln Jofe Aea-0g
vrS0 (rve) €6 (922) 98 900 (cve) v6 (6'6T) 595 Aupigio Jofe Aea-0g
G190 (8'91) ¥9 (5'sT) 6S 8200 (8'91) 59 (221) 29€¢ suonestjdwo) Areuow|nd Ae@-og
SaW02INO aAIre odosod

(t8e =u) (t8e =u) (88 =u) (rr8'z = u)

uolre|1luaA uoire|1IusA uole|1luaA uolre|1luaA

SNeA-d  SAIDI0Id  SABIOIJON  dNeA-d  SAISION]  BAISI0IH ON

110yoD peyde N

1oyoD Apnis |In4

140409 paydrewl pue 11oyod Apnis ||n) 3yl ul ‘sawioaino annelado-1sod paosusliadx3

‘¢ 9|qeL

Author Manuscript

Author Manuscript

Author Manuscript

Anesthesiology. Author manuscript; available in PMC 2022 April 01.



Page 26

Colquhoun et al.

Author Manuscript

“JIUN 8Jed dAISUAIUI = N ‘BWOIPUAS SSalsip Alojelidsal 8lnde = SAYV :SUONBIAIQAY

's3|qelLieA [ea1106a1ed 10} S153) JewaNIA Buisn pae|nofed atem suostiedwod uoneindod paydlely “sleridoidde se ‘sajqerien
JearioBared oy s1s8) 19ex3 S, JaysiH Jo arenbs-1yD Buisn parenajed suositredwod uonendod yorew-ald “aleridosdde se ‘sajnuadiad Yyig, pue yigz ynm ueipaw Jo (abejusdiad) Aouanbaly se pajussaid ale eleq

0870 (€TSs (80)¢€ 1120 Om9 (01 L2 Aureuon Ae@-og

suoiredljdwo) Aliferlo N

GZv'o (6°21) 67 (oTm) 27 98T'0 (6°21) 05 (2°01) €0€ Anpraquow Auy
(T8e =U) (tT8e =U) (88e =u) (rr8'z=u)

UONE|IUBA  LOITR[IIUSA UOIE|IIUBA  UOITR|IIUSA
anfeA-d  9AI910ld  OAIIRI0IJON  ONfeA-d  9AI910Md  9AI0910.d ON

110YyoD payorR N 1oyod Apnis |In4

Author Manuscript Author Manuscript

Author Manuscript

Anesthesiology. Author manuscript; available in PMC 2022 April 01.



	Abstract
	Introduction
	Methods
	Approvals
	Data source, Study Inclusion and Exclusion Criteria
	Protective Ventilation and other Respiratory Parameter Exposure Variables
	Patient and procedure variables
	Outcomes of Interest
	Statistical Analysis
	Power Analysis

	Results
	Study Populations and Outcomes Experienced
	Primary Aim: Relationship Between Protective Ventilation and Outcome
	Secondary Aim: Exploration of an alternative definition of lung protective ventilation
	Secondary Aim: Relationship between airway pressures and patient outcome

	Discussion
	Association of a conventional definition of protective ventilation and outcome
	Relationship of Driving Pressure and Outcome
	Limitations

	Conclusions
	List of Variables Used in the Analysis from MPOG and STS Databases
	Table T1
	Aim-specific statistical analysis
	Appendix 3
	References
	Figure 1
	Figure 2
	Figure 3
	Table 1.
	Table 2.

