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Abstract

Purpose To evaluate whether intraoperative ventilation
using lower driving pressure decreases the risk of nonhome
discharge.

Methods We conducted a historical cohort study of
patients aged > 60 yr who were living at home before
undergoing elective, noncardiothoracic surgery at two
tertiary healthcare networks in Massachusetts between
2007 and 2018. We assessed the association of the median

driving pressure during intraoperative mechanical

Preliminary data of this study were presented at the International
Anesthesia Research Society and Association of University
Anesthesiologists meetings in March 2022.
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ventilation with nonhome discharge using multivariable
logistic regression analysis, adjusted for patient and
procedural  factors. Contingent on the primary
association, we assessed effect modification by patients’
baseline risk and mediation by postoperative respiratory
failure.

Results Of 87,407 included patients, 12,584 (14.4%)
experienced nonhome discharge. In adjusted analyses, a
lower driving pressure was associated with a lower risk of
nonhome discharge (adjusted odds ratio [aOR], 0.88; 95%
confidence interval [CI], 0.83 to 0.93, per 10 cm H,O
decrease; P < 0.001). This association was magnified in
patients with a high baseline risk (aOR, 0.77; 95% CI, 0.73
to 0.81, per 10 cm H,O decrease, P-for-interaction
< 0.001). The findings were confirmed in 19,518 patients
matched for their baseline respiratory system compliance
(aOR, 0.90; 95% CI, 0.81 to 1.00; P = 0.04 for low

Center for Anesthesia Research Excellence (CARE), Beth Israel
Deaconess Medical Center, Harvard Medical School, Boston,
MA, USA

Department of Anesthesiology, Montefiore Medical Center and
Albert Einstein College of Medicine, Bronx, NY, USA

A. Suleiman, MD, MSc

Department of Anesthesia, Critical Care and Pain Medicine,
Beth Israel Deaconess Medical Center, Harvard Medical School,
330 Brookline Avenue, Boston, MA 02215, USA

Center for Anesthesia Research Excellence (CARE), Beth Israel

Deaconess Medical Center, Harvard Medical School, Boston,
MA, USA

@ Springer


http://orcid.org/0000-0002-3770-498X
http://orcid.org/0000-0002-9966-2092
http://orcid.org/0000-0003-2625-4028
http://orcid.org/0000-0002-6249-4478
http://orcid.org/0000-0002-0264-5959
http://orcid.org/0000-0003-2092-2056
http://orcid.org/0000-0003-0702-5334
http://orcid.org/0000-0002-1735-0774
http://orcid.org/0000-0002-9866-8417
http://orcid.org/0000-0002-7893-0596
http://orcid.org/0000-0001-8186-4748
https://doi.org/10.1007/s12630-022-02378-y
https://doi.org/10.1007/s12630-022-02378-y
https://doi.org/10.1007/s12630-022-02378-y
https://doi.org/10.1007/s12630-022-02378-y
http://crossmark.crossref.org/dialog/?doi=10.1007/s12630-022-02378-y&amp;domain=pdf
https://doi.org/10.1007/s12630-022-02378-y

360

T. M. Tartler et al.

[< 15 cm HyO] vs high [> 15 cm H,O] driving pressures).
A lower risk of respiratory failure mediated the association
of a low driving pressure with nonhome discharge (20.8%;
95% CI, 15.0 to 56.8; P < 0.001).

Conclusions Intraoperative ventilation maintaining lower
driving pressure was associated with a lower risk of
nonhome discharge, which can be partially explained by
lowered rates of postoperative respiratory failure. Future
randomized controlled trials should target driving pressure
as a potential intervention to decrease nonhome discharge.

Résumé

Objectif Evaluer si la ventilation peropératoire utilisant
une pression motrice plus faible diminue le risque de conge’
hors domicile.

Méthode Nous avons realise une etude
historique de patients dges de > 60 ans vivant d la
maison avant de beneficier d’une chirurgie non
cardiothoracique non urgente dans deux reseaux de soins
de santée tertiaires du Massachusetts entre 2007 et 2018.
Nous avons evalue I’association entre la pression motrice
mediane pendant la ventilation mecanique peroperatoire et
le congé ailleurs qu’au domicile d ’aide d’une analyse de
regression logistique multivariable, ajustee pour tenir
compte des facteurs lies aux patients et d l’intervention.
En fonction de I’association primaire, nous avons evalue’la
modification de [’effet par le risque initial des patients et la
mediation par insuffisance respiratoire postoperatoire.
Résultats Sur les 87 407 patients inclus, 12 584 (14,4 %)
ont recu leur conge ailleurs qu’au domicile. Dans les
analyses ajustees, une pression motrice plus faible etait
associee d un risque reduit de conge hors domicile (rapport
de cotes ajuste’ [RCa], 0,88; intervalle de confiance [IC] a
95 %, 0,83 a 0,93, par diminution de 10 cm H,O; P <
0,001). Cette association a ete’ amplifice chez les patients
presentant un risque initial €leve’ (RCa, 0,77, IC 95 %, 0,73
a 0,81, par diminution de 10 cm H,0, P-pour-interaction <
0,001). Les resultats ont ete confirmes chez 19 518 patients
apparies pour la compliance initiale de leur systeme

de cohorte
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respiratoire (RCa, 0,90; IC 95 %, 0,81 a 1,00, P = 0,04
pour des pressions motrices faibles [< 15 ¢cm H,0] vs
[= 15 cm H>0]). Un risque plus faible
d’insuffisance respiratoire a entraine€ une association
entre une faible pression motrice et un conge d
Dexterieur du domicile (20,8 %; IC 95 %, 15,0 a 56,8 ;
P < 0,001).

Conclusion La ventilation peroperatoire maintenant une
pression motrice plus faible a ete associee a un risque plus
faible de conge hors domicile, ce qui peut s’expliquer en
partie par des taux reduits d’insuffisance respiratoire
postoperatoire. Les futures etudes randomisees controlees
devraient cibler la pression motrice comme intervention
potentielle pour reduire les conges hors domicile.

elevees

Keywords anesthesia - discharge disposition -
lung-protective ventilation - mechanical ventilation -
respiratory insufficiency

Over 300 million patients undergo surgery with anesthesia
worldwide each year.' Postoperative nonhome discharge to
a long-term care facility or nursing home is an important
adverse outcome, and its avoidance highly prioritized by
patients and their families.>* This unfavorable endpoint is
associated with a higher risk of hospital readmission and
increased overall healthcare costs.* For example, the cost
of long-term care in a nursing home is estimated at 349 to
397 CAD per patient per day, resulting in more than
137,000 CAD (conversion rate 1.37 from USD) annually
for every patient admitted to a nursing home.”

While many screening tools have been derived and
validated to reliably identify patients at high risk of
nonhome discharge,®'? clinicians still lack a thorough
understanding of modifiable intraoperative risk factors and
related interventions that can decrease rates of nonhome
discharge. Postoperative programs including targeted
mobilization may increase patients’ functional status,
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potentially avoiding nonhome discharge.'""'? Few

intraoperative interventions are known that help prevent
this unfavourable outcome.

Previous research has suggested that postoperative
respiratory failure is associated with an increased risk of
nonhome discharge.”® In addition, avoiding postoperative
respiratory complications can mitigate intensive care unit
admission and hospitalization,'* favoring maintenance of
patient autonomy after surgery. Multiple studies have
found that intraoperative mechanical ventilation can
decrease the risk of postoperative  respiratory
complications,'””  particularly ~when lower driving
pressures are maintained.'®'® A meta-analysis showed
that the beneficial effects of low intraoperative tidal
volume were completely mediated by lower driving
pressure,'® which imposes lung tissue damage through
stretch and strain.’*~? Mechanical injury increases the
release of inflammatory mediators that can lead to systemic
inflammation, reduced functional status, and multiorgan
impairment, translating into a higher incidence of nonhome
discharge ">

In this study, we sought to investigate the hypothesis
that a lower driving pressure during intraoperative
ventilation is associated with a lower risk of nonhome
discharge, and that this effect could be explained by a
lower risk of postoperative respiratory failure.

Methods
Study design

In this historical cohort study, we analyzed data from cases
of surgery performed between January 2007 and December
2018 at two academic hospital networks in Massachusetts,
USA: Beth Israel Lahey Health (Beth Israel Deaconess
Medical Center) and Mass General Brigham
(Massachusetts General Hospital and its affiliated
community hospitals). Ethical approval for this study
(Institutional Review Board numbers, 2021P000494 and
2021P001727) was provided by the Committee on Clinical
Investigations affiliated with the Beth Israel Lahey Health
Network in June 2021 and by the Mass General Brigham
Institutional Review Board in July 2021, with waivers of
informed consent.

Data sources used to establish the dataset are described
in the FElectronic Supplementary Material (ESM),
eAppendix 1. This manuscript complies with the
Strengthening the Reporting of Observational Studies in
Epidemiology guidelines.?

Study population

Patients aged 60 yr and older who underwent
noncardiothoracic surgery under general anesthesia were
eligible for inclusion if they lived at home prior to surgery
and had available electronic documentation of exposure
and primary outcome variables. Patients undergoing
emergency procedures and those with an American
Society of Anesthesiologists (ASA) Physical Status
classification of V or higher were excluded. Patients
undergoing laparoscopic or microlaryngoscopic surgery
were also excluded as driving pressure recordings from
these procedures are likely to be subject to overestimation.
Observations with missing data for potential confounding
variables were excluded and the primary analysis was
performed using the complete-case method.

Primary analysis

The primary exposure variable was the median driving
pressure during intraoperative mechanical ventilation.
Driving pressure was calculated as the difference
between median plateau pressure (Pp,) and median
positive end-expiratory pressure (PEEP). In cases without
available plateau pressure, the peak inspiratory pressure
was used to estimate Py, The primary outcome was
nonhome discharge after surgery (previously also referred
to as “adverse discharge”®?° or “loss of the ability to live
independently”'"), defined as discharge to a skilled nursing
home or long-term care facility, discharge to hospice care,
or in-hospital death.”’

In the primary analysis, we assessed the association
between lower intraoperative driving pressure and
nonhome discharge using multivariable logistic regression
analysis adjusted a priori for defined confounding variables
based on a literature review and clinical plausibility.® 3
Potential confounding variables included admission type,
year of surgery, patient’s a priori risk for postoperative
respiratory complications, and nonhome discharge based
on the individual predictors®® of the Score for Prediction of
Postoperative Respiratory Complications (SPORC)**-°
and of the Discharge Prediction for Patients Undergoing
Inpatient Surgery (DEPENDENSE) score.® We further
adjusted for anesthesia-related factors and markers of
procedural severity, including the duration of surgery, work
relative value units, hypotension (time with mean arterial
pressure [MAP] < 55 mm Hg), vasopressor dose (mg
norepinephrine equivalents), administered fluid volume,
dose of nondepolarizing neuromuscular blocking agents
(effective dose [ED]os equivalents), dose of long- and
short-acting opioids (mg oral morphine equivalents),
neostigmine dose,’'*? age-adjusted minimum alveolar
concentration of volatile anesthetics and nitrous oxide,*
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and intraoperative blood transfusions.”® The healthcare
network was additionally included to address potential bias
arising from the multicentre design of this study. Details on
exposure, outcome, and confounding variables are
provided in the ESM eAppendix 1. We then applied path
mediation analysis to evaluate whether the association
between low (< 15 cm H,O) vs high (> 15 cm H,0)
driving pressure and nonhome discharge was mediated by
lower rates of postoperative respiratory failure, defined as
reintubation within seven days after surgery or oxygen
saturation below 90% during the first ten minutes after
extubation.®>® Details on the mediation analysis are
provided in the ESM eAppendix 2.

Secondary and exploratory analyses

In a key secondary analysis, we matched patients receiving
high vs low driving pressure based on their baseline
respiratory system compliance (defined as the median
compliance during the first ten minutes after intubation,
normalized to ideal body weight) using a 1:1 scheme and a
caliper of 0.005 mg-kg™'/cm H,O. The goal of this
procedure was to create two cohorts with different
driving pressures but identical respiratory system
compliance. This analysis was conducted in a subgroup
of patients with available minute-by-minute recordings of
respiratory parameters. We estimated the risk of nonhome
discharge in the matched cohort for patients receiving low
vs high driving pressure using multivariable logistic
regression analysis adjusted for the aforementioned
potential confounding variables.

We then applied interaction term analysis to assess a
potential effect modification of the primary association by
a high baseline risk of nonhome discharge, defined as a
DEPENDENSE score® above the median in the cohort.

To assess potential variability in the application of
intraoperative driving pressure across anesthesia providers,
we calculated the mean predicted probability of using low
vs high driving pressure for each individual provider,
adjusted for patient-, anesthesia-, and procedure-related
factors.”’

With exploratory intent, we assessed whether a lower
driving pressure was associated with intraoperative
hypotension, defined as a MAP < 55 mm Hg for > five
cumulative minutes, and with major postoperative
complications within 30 days.*® Further, we investigated
the primary association in subgroups of hospitalized
patients, patients with an ASA Physical Status
classification of III or higher, and patients with a prior
diagnosis of chronic obstructive pulmonary disease. In post
hoc exploratory analyses, we investigated a possible
mediation of the association of low driving pressure with
nonhome discharge by postextubation oxygen desaturation

@ Springer

(defined as peripheral oxygen saturation < 90% within ten
minutes after extubation),'? the requirement of reintubation
or noninvasive ventilation within seven days after
surgery,” ¥4 and major postoperative complications
within 30 days.*® Details of secondary and exploratory

analyses are provided in the ESM eAppendices 3 and 4.
Sensitivity analyses

The primary model was designed to provide estimates of
the relationship between lower driving pressure ventilation
and nonhome discharge. Sensitivity analyses were
conducted to test the robustness of the primary analysis,
including 1) multiple imputation of missing Pp; 2)
multiple imputation of missing data for confounding
variables; 3) estimation of driving pressure from peak
inspiratory pressure; 4) propensity score matching; 5)
inverse probability of treatment weighting; 6) effect
modification analyses by airway device, body mass index
(BMI), surgical complexity, and long-acting opioids; 7)
mixed-effects logistic regression analysis including
individual anesthesia providers as random effects to
account for variability in using low driving pressure
across providers; 8) recategorization of the primary
exposure and outcome based on quantiles and clinical
definitions; 9) adjustment for the interaction of surgical
service and work relative value units; 10) adjustment for
the administration of sugammadex; 11) removal of
neostigmine dose and duration of surgery from the
confounder model; 12) removal of all intraoperative
factors from the confounder model; 13) removal of
variables with a high variance inflation factor from the
confounder model; and 14) Lasso regression of the primary
analysis. Details on all sensitivity analyses are provided in
the ESM eAppendix 5.

Statistical analyses

All analyses were performed retrospectively with
prespecified  endpoints and  statistical =~ methods.
Exploratory analyses were conducted after the results of
the main analyses became available. The effect of lower
driving pressure ventilation on nonhome discharge was
tested using multivariable logistic regression and results
are reported as adjusted odds ratios (aORs) with
corresponding 95% confidence intervals (Cls). Possible
adjusted fractional polynomial models were assessed.*' A
P value of less than 0.05 was considered statistically
significant. Path mediation analyses were conducted using
single conditional models where each mediator was
investigated separately, as previously published.?®****
Model discrimination of the primary regression model
was assessed through the concordance c-statistic. Model
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calibration of the primary analysis was evaluated using the
Hosmer-Lemeshow test and a reliability plot. Statistical
analyses were performed using Stata (Version 16.1,
StataCorp LLC, College Station, TX, USA) and R
statistical software (Version 4.1.0, R Foundation for
Statistical Computing, Vienna, Austria). Sample size
calculation was done using G*Power (Version 3.1,
Heinrich-Heine-University =~ Duesseldorf, = Duesseldorf,
Germany). Statistical methods are further detailed in the
ESM.

Results
Study cohort and characteristics
A total of 112,628 surgical patients aged 60 yr and older

were screened for inclusion. After application of exclusion
criteria and excluding cases with missing confounder data,

the study cohort consisted of 87,407 patients (Fig. 1).
Missing confounder data were present in 9.9% of the
included observations (n = 9,588), with a missing at
random pattern. The following variables used as
confounders in the primary regression model had missing
data: intraoperative hypotension (n = 14), vasopressor dose
(n = 502), nondepolarizing neuromuscular blocking agents
EDgs dose (n = 575), SPORC (n = 2,474), estimated
household income (n = 4,737), BMI < 18.5 kg-m*2
(n = 2,355), BMI > 30 (n = 2,355), ASA Physical Status
classification > II (n = 500), work relative value units
(n = 187), and federal insurance (n = 70).

The median [interquartile range (IQR)] driving pressure
in the study cohort was 15.0 [12.0-18.2] cm H,O.
Characteristics of patients by a high vs low driving
pressure are provided in Table 1. The rates of patients
who experienced nonhome discharge by year are displayed
in ESM eFig. 1.

Fig. 1 Study flow diagram
*Multiple criteria may 1 12,628
applyEDys = median effective
dose required to achieve a 95%
reduction in maximal twitch
response from baseline; ND-
NMBA = nondepolarizing
neuromuscular blocking agents;
SPORC = Score for Prediction
of Postoperative Respiratory
Complications; work RVUs =

Non-cardiothoracic surgical patients at two
tertiary hospital networks (Massachusetts,
USA), aged 60 years and older, living at home
prior to undergoing general anesthesia with
available information for exposure and

outcome between January 2007 and December
2018

work relative value units.

\ 4

15,633 Excluded

340 ASA Physical Status =2V
8,219 Emergency procedure
7,729 Laparoscopic surgery

94 Microlaryngoscopic surgery

96,995 Eligible for imputation

v

9,588* Excluded for missing data

14 Intraoperative hypotension
502 Vasopressor dose
575 ND-NMBA EDy; dose
2,474 SPORC
4,737 Estimated household income
70 Insurance status
2,355 BMI
187 Work RVUs
500 ASA Physical Status

87,407 Included in the primary analysis
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Table 1 Patient characteristics and distribution of variables of patients by high vs low driving pressure

Driving pressure
> 15 cm H,O

N =44921

Driving pressure
< 15 cm H,O

N = 42,486

Standardized
difference

Age (yn)*
60-70
70-80
80-90
over 90
Sex (female)*
BMI (kg-m~%)*
< 185
> 30
Low estimated household income*{
Federal insurance*
Length of stay prior surgery (days)*
1-3
3-7
>
Surgical service*
Reproductive
Peritoneal
Vascular
HEENT
Mediastinal
Nervous
Integumentary
Musculoskeletal
Trauma

Work relative value units > 20*

Work relative value units, median [IQR]

Peripheral vascular disease*
Chronic renal failure*
Chronic pulmonary disease*
Cerebrovascular disease*
Chronic heart failure*
Smoking*
Atrial fibrillation*
Diabetes mellitus*
Liver disease*
Home O, dependency*
Anemia*
ASA Physical Status > II*
DEPENDENSE scoref, median [IQR]
Ambulatory admission
Study center
Healthcare network 1
Healthcare network 2
SPORC (score value), median [IQR]
SPORC > 7
Duration of surgery (min)

25,548/44,921 (56.9%)
14,049/44,921 (31.3%)
4,808/44,921 (10.7%)
516/44,921 (1.1%)

25,107/44,921 (55.9%)

451/44,921 (1.0%)

20,361/44,921 (45.3%)
15,146/44,921 (33.7%)
25,510/44,921 (56.8%)

5,380/44,921 (12.0%)
1,629/44,921 (3.6%)
1,335/44,921 (3.0%)

3,934/44,921 (8.8%)
8,745/44,921 (19.5%)
3,851/44,921 (8.6%)
2,728/44,921 (6.1%)
531/44,921 (1.2%)
1,565/44,921 (3.5%)
3,223/44,921 (7.2%)
13,015/44,921 (29.0%)
1,996/44,921 (4.4%)
16,550/44,921 (36.8%)
17.3 [10.5-23.5]
5,994/44,921 (13.3%)
5,057/44,921 (11.3%)
7,481/44,921 (16.7%)
4,697/44,921 (10.5%)
4,616/44,921 (10.3%)
3,396/44,921 (7.6%)
4,417/44,921 (9.8%)
10,809/44,921 (24.1%)
3,503/44,921 (7.8%)
479/44,921 (1.1%)
8,237/44,921 (18.3%)
25,265/44,921 (56.2%)
39 [28-51]
9,752/44,921 (21.7%)

28,615/44,921 (63.7%)
16,306/44,921 (36.3%)
3 [0-5]

1,718/44,921 (3.8%)
159.0 [109.2-231.0]

22,546/42,486 (53.1%)
13,845/42,486 (32.6%)
5,517/42,486 (13.0%)
578/42,486 (1.4%)
20,048/42,486 (47.2%)

1,197/42,486 (2.8%)
7,937/42,486 (18.7%)
11,934/42,486 (28.1%)
24,511/42,486 (57.7%)

4,523/42,486 (10.6%)
1,317/42,486 (3.1%)
1,121/42,486 (2.6%)

2,779/42,486 (6.5%)
9,040/42,486 (21.3%)
3,857/42,486 (9.1%)
2,590/42,486 (6.1%)
200/42,486 (0.5%)
1,704/42,486 (4.0%)
4,385/42,486 (10.3%)
9,540/42,486 (22.5%)
1,740/42,486 (4.1%)
11,665/42,486 (27.5%)
14.1 [7.3-21.1]
6,114/42,486 (14.4%)
4,464/42,486 (10.5%)
5,868/42,486 (13.8%)
4,682/42,486 (11.0%)
3,344/42,486 (7.9%)
3,122/42,486 (7.3%)
3,448/42,486 (8.1%)
6,586/42,486 (15.5%)
3,452/42,486 (8.1%)
183/42,486 (0.4%)
6,614/42,486 (15.6%)
19,412/42,486 (45.7%)
35 [25-45]
14,761/42,486 (34.7%)

19,594/42,486 (46.1%)
22,892/42,486 (53.9%)
2 [0-4]

1,235/42,486 (2.9%)
126.7 [80.8-196.0]

0.077
-0.028
-0.071
-0.019
0.175

-0.133
0.596
0.122
-0.018

0.042
0.029
0.020

0.083
-0.045
-0.018
-0.001
0.079
-0.028
-0.112
0.150
0.017
0.202
0.222
-0.030
0.024
0.079
-0.018
0.084
0.008
0.060
0.216
-0.012
0.074
0.074
0.212
0.237
-0.293
-0.359

0.171
0.051
0.280
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Table 1 continued
Driving pressure Driving pressure Standardized
> 15 cm H,O < 15 cm H,0 difference
N =44921 N = 42,486
Minutes of mean arterial pressure 1 [0-4] 0 [0-3] 0.158
below 55 mm Hg, median [IQR]
Vasopressors (mg norepinephrine 0.0 [0.0-0.3] 0.0 [0.0-0.2] 0.002
equivalents), median [IQR]
Crystalloid and colloid infusions 1,250 [900-2,000] 1,000 [700-1,700] 0.193
(mL), median [IQR]
Short-acting opioids (mg oral morphine 37.5 [25.0-62.5] 37.5 [25.0-62.5] 0.008
equivalents), median [IQR]
Long-acting opioids (mg oral morphine 8.5 [0.0-17.0] 3.2 [0.0-15.0] 0.199
equivalents), median [IQR]
Nondepolarizing NMBA (EDys), 2.1 [0.9-3.2] 1.8 [0.0-3.1] 0.130
median [IQR]
Age-adjusted MAC of inhalation 1.0 [0.9-1.2] 1.0 [0.8-1.1] 0.195
anesthetics, median [IQR]
Neostigmine (mg), median [IQR] 2.0 [0.0-3.0] 0.0 [0.0-3.0] 0.315
Units of packed red blood cells 0.047
0 42,449/44,921 (94.5%) 41,006/42,486 (96.5%)
1 1,080/44,921 (2.4%) 714/42,486 (1.7%)
2 855/44,921 (1.9%) 514/42,486 (1.2%)
>2 537/44,921 (1.2%) 252/42,486 (0.6%)
Tidal volume (mg-kg_l ideal body 9.1 [8.0-10.3] 7.5 [6.5-8.5] 0.949
weight, median [IQR]
Positive end-expiratory pressure 4.1 [2.0-5.0] 5.0 [2.0-5.0] -0.084
(cm H,0), median [IQR]
Standardized compliance 0.5 [0.4-0.6] 0.7 [0.6-0.8] -1.318
(mg-kgfllcm H,0), median [IQR]
Plateau pressure (cm H,0)§, median [IQR] 22.0 [20.0-25.5] 16.0 [13.5-18.0] 2.027

Data are expressed as n/total N (%) or median [IQR]
" Individual predictor of the DEPENDENSE score

 Defined as a household income in the lowest tertile

i Discharge Prediction for Patients Undergoing Inpatient Surgery (DEPENDENSE) score. Patients with emergency surgery were excluded.
Therefore, emergency surgery was not considered as part of the DEPENDENSE score

¥ In cases without available plateau pressure, the median peak inspiratory pressure was used to estimate the plateau pressure

ASA = American Society of Anesthesiologists; BMI = body mass index; EDys = median effective dose required to achieve a 95% reduction in
maximal twitch response from baseline; HEENT = head, eyes, ears, nose, and throat; IQR = interquartile range; MAC = minimum alveolar
concentration; NMBA = neuromuscular blocking agents; O, = oxygen; SPORC = Score for Prediction of Postoperative Respiratory

Complications

Primary analysis

In total, 12,584 (14.4%) patients experienced nonhome
discharge. The median [IQR] driving pressure in patients
who experienced this endpoint was 16.0 [13.0-19.5] cm
H,0 vs 14.7 [12.0-18.0] cm H,O in those who did not (P <
0.001). After confounder adjustment, a lower driving
pressure was associated with a reduced risk of nonhome
discharge (aOR, 0.88; 95% (I, 0.83 to 0.93, per 10 cm H,O
decrease; P < 0.001), corresponding to an adjusted risk
difference of -1.1% (95% CI, -1.6 to -0.6; P < 0.001) per

10 cm H,O decrease in driving pressure (Fig. 2). This
translated to a number needed to treat (NNT) of 92 (95%
CI, 64 to 164). A higher order fractional polynomial model
showed an equal deviance of 48,660 with insignificant
difference in model fitness (P = 0.37) compared with the
primary model. The primary model output is given in ESM
eTable 1, the calibration plot in ESM eFig. 2, and the
receiver operating characteristic (ROC) curve in ESM
eFig. 3.

Path mediation analysis revealed that ventilation with
low driving pressure was associated with lower rates of
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Fig. 2 Driving pressure and the
probability of nonhome
discharge

Predicted probability of
nonhome discharge as a
function of intraoperatively
applied driving pressure in cm
H,0. A lower driving pressure
was associated with lower
predicted probability of
nonhome discharge after
anesthesia for surgery. The
relationship between driving
pressure and the outcome was
tested for linearity and potential
fractional polynomial models
were assessed. The best model

20%
1

18%

Probability of nonhome discharge
16%
1

fit was observed for the linear ‘:\_f 7
model. Blue line: mean
predicted probability of
nonhome discharge; blue area:
95% confidence interval.
X
N

postoperative respiratory failure, which mediated 20.8%
(95% CI, 15.0 to 56.8; P < 0.001) of the effect of lower
driving pressure ventilation on nonhome discharge (ESM
eFig. 4).

Secondary, exploratory, and sensitivity analyses
A total of 19,518 patients with low vs high driving pressure

ventilation were matched in a 1:1 scheme based on their
baseline standardized respiratory system compliance. After

1450 2175 2900 >

Frequency

725
1

lﬂ.l mﬂm

Baseline respiratory system compliance [(ml-kg™)/cm H,0]

| [N Driving pressure 2 15 cm H,O [IIll Driving pressure < 15 cm H,0

Fig. 3 Baseline respiratory system compliance in the nonmatched
and matched cohortsBaseline respiratory system compliance, defined
as the median respiratory system compliance during the first ten
minutes after intubation, for patients whose lungs were ventilated
with high (> 15 cm H,O, navy) vs low (< 15 cm H,O, maroon)
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Driving pressure (cm H,0)

matching, the mean (standard deviation [SD]) driving
pressure was 19.2 (4.1) ecm H,O in patients in the high
driving pressure group and 12.0 (2.1) cm H,O in patients in
the low driving pressure group (standardized difference,
2.195). The baseline standardized compliance for both
groups was 0.65 (0.13) mgkg '/em H,O (standardized
difference, 0.001; Fig. 3). In this matched cohort and after
confounder adjustment, a low driving pressure was
associated with a lower risk of nonhome discharge (aOR,
0.90; 95% (I, 0.81 to 1.00; P = 0.04), corresponding to an
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driving pressure, before (A) and after (B) matching for baseline
respiratory system compliance.
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adjusted risk difference of -0.9% (95% CI, -1.8 to -0.0;
P =0.04).

The primary association between intraoperative low
driving pressure ventilation and nonhome discharge was
magnified in patients at a high baseline risk, defined as a
DEPENDENSE score > 37 (corresponding to a predicted
risk of nonhome discharge of > 8.8%) (aOR, 0.77; 95% CI,
0.73 to 0.81, per 10 cm H,O decrease; P < 0.001; P-for-
interaction < 0.001). In the subgroup of patients that were
at a high baseline risk, the adjusted risk difference was
-24% (95% CI, -3.3 to -1.5; P < 0.001), translating to a
NNT of 42 (95% CI, 31 to 67).

There was wide variability in the use of low (< 15 cm
H,0) driving pressure across all 945 individual providers
who provided anesthesia care. The adjusted probabilities of
using low driving pressure ranged from 13.1% to 82.5%
across individual caseloads (Fig. 4).

There was a statistically significant association between
lower driving pressure and intraoperative hypotension
(aOR, 1.09; 95% CI, 1.05 to 1.14, per 10 cm H,O
decrease; P < 0.001). Lower driving pressure ventilation
was associated with a lower risk of major postoperative
complications (aOR, 0.85; 95% CI, 0.79 to 0.91, per 10 cm
H,O decrease; P < 0.001).

In subgroup analyses, lower driving pressure ventilation
was significantly associated with a lower risk of nonhome
discharge in hospitalized patients (aOR, 0.88; 95% CI, 0.84
to 0.93, per 10 cm H,O decrease; P < 0.001), patients with
an ASA Physical Status classification of at least III (aOR,
0.89; 95% (1, 0.83 to 0.94, per 10 cm H,O decrease; P <
0.001), and patients with a prior diagnosis of chronic

Fig. 4 Variability in the use of
low driving pressure across
anesthesia providers

Predicted probabilities for the
use of low driving pressure (<
15 cm H,0) during anesthesia
(mean, black line, and 95%
confidence interval, defined by
the lines in navy) across
individual anesthesia providers
were obtained from an adjusted
mixed-effects logistic
regression model, including
individual providers as random
effects. The use of low driving
pressure during anesthesia was
subject to a large interprovider
variability, with some providers
using low driving pressure
rarely (as low as 13.1%) and
others more routinely (up to
82.5%).

20% 40% 60% 80% 100%
1 1 1 1 1

Predicted probability for using low driving pressure, mean (SD)

0%

obstructive pulmonary disease (aOR, 0.81; 95% CI, 0.71 to
0.92, per 10 cm H,0 decrease; P = 0.001).

The association of low driving pressure with nonhome
discharge was in part mediated by a lower risk of
postextubation desaturation (2.8% mediation; P = 0.01),
the need for reintubation within seven days after surgery
(18.9% mediation; P < 0.001), the need for noninvasive
ventilation within seven days after surgery (10.3%
mediation; P < 0.001), and a lower risk of major
postoperative complications within 30 days of surgery
(9.7% mediation; P < 0.001).

Further details on secondary and exploratory analyses
are provided in the ESM eAppendices 3 and 4.

Our primary findings remained robust across all
sensitivity analyses, as detailed in Table 2 and in the
ESM eAppendix 5. Quintiles of driving pressure and
nonhome discharge are given in ESM eTable 2, patient
characteristics and distribution of variables in the
propensity score-matched cohort in ESM eTable 3, and
patient characteristics and distribution of variables in the
primary cohort by nonhome discharge in ESM eTable 4. A
histogram of the variables with missing data and the pattern
of missingness are shown in ESM eFig. 5.

Discussion

In this multicentre study of surgical patients aged 60 yr and
older, intraoperative mechanical ventilation maintaining
lower driving pressure was associated with a lower risk of
nonhome discharge, which was more pronounced in

T
0 200

T T T T
400 600 800 1000
Individual anesthesia provider
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Table 2 Summary of sensitivity analyses

Analysis aOR 95% CI P value Section of the ESM

Re-evaluation of the primary analysis following 0.77* 0.74 to 0.81* < 0.001 S5.1
multiple imputation of missing plateau pressures

Re-evaluation of the primary analysis following 0.88* 0.83 to 0.92% < 0.001 S5.2
multiple imputation of missing data for
confounding variables

Re-evaluation of the primary analysis following 0.90* 0.85 to 0.95* < 0.001 S5.3
estimation of driving pressure from peak
inspiratory pressures

Evaluation of the association of low driving pressure 0.88 0.84 to 0.92 < 0.001 S5.4
ventilation (< 15 cm H,O) with NHD in a
propensity score-matched cohort

Re-evaluation of the primary analysis in the 0.93% 0.88 to 0.98%* 0.006 S5.4
propensity score-matched cohort

Evaluation of the association of low driving pressure 0.92 0.87 to 0.97 0.001 S5.5
ventilation (< 15 cm H,0) with NHD following
inverse probability of treatment weighting

Effect modification of the primary analysis by: S5.6

Tracheal tube/supraglottic airway device 0.36%

Tracheal tube/both airway devices 0.99+

Obesity (BMI > 30 kg/m?) 0.48%

Procedural complexity (work RVUs > 20) 0.96t

Procedural complexity (work RVUs) 0.807

Long-acting opioids (> 6.8 mg OME) } 0.04+

Adjustment for anesthesia provider variability in the 0.92 0.87 to 0.97 0.001 S5.7
use of low driving pressure (< 15 cm H,0)

Categorization of the primary exposure S5.8

Quintiles of driving pressure 0.85 0.77 to 0.94 0.002

Cutoff for low driving pressure at 15 cm H,O 0.92 0.87 to 0.96 0.001

Cutoff for low driving pressure at 13.5 cm H,O 0.93 0.88 to 0.98 0.011

Driving pressure in decrements of 5 cm H,0 0.94 0.91 to 0.97 < 0.001

Categorization of the primary outcome

Discharge to a skilled nursing home/long-term care 0.92* 0.87 to 0.98* 0.004
facility/hospice care

In-hospital mortality 0.55% 0.46 to 0.70%* < 0.001

Additional adjustment for the interaction of surgical 0.91% 0.87 to 0.97* 0.001 S5.9
service and work RVUs

Additional adjustment for the administration of 0.88%* 0.83 to 0.93* < 0.001 S5.10
sugammadex

Removal of neostigmine and duration of surgery 0.89% 0.84 to 0.94* < 0.001 S5.11
from the confounder model

Removal of all intraoperative factors from the 0.85% 0.80 to 0.89* < 0.001 S5.12
confounder model

Removal of variables with high VIF from the 0.91%* 0.86 to 0.96* 0.001 S5.13
confounder model

Lasso regression of the primary analysis 0.88%* 0.83 to 0.93* < 0.001 S5.14

*per 10 cm H,O decrease in driving pressure
' P-for-interaction

¥ Nevertheless, there were no differential effects (aOR, 0.83; 95% CI, 0.77 to 0.90; P < 0.001 for patients with low doses of long-acting opioids

vs aOR, 0.92; 95% CI, 0.86 to 0.98; P = 0.012 for patients with high doses of long-acting opioids).

aOR: adjusted odds ratio; BMI = body mass index; CI = confidence interval; ESM = Electronic Supplementary Material; NHD = nonhome

discharge; OME = oral morphine equivalents; VIF = variance inflation factors; work RVUs = work relative value units
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patients at a high baseline risk of nonhome discharge.
Patients’ respiratory mechanics were further accounted for
by matching based on baseline compliance. The association
of a low driving pressure with nonhome discharge was
partially mediated by a reduction in postoperative
respiratory failure.

Previous studies have illustrated the relevance of
intraoperative  lung-protective  ventilation  strategies
maintaining low inspiratory pressure in avoiding
postoperative adverse events including pulmonary and
extrapulmonary complications.'®'?*% A secondary
analysis of randomized controlled trials found that
interventions such as lowering the tidal volume and the
application of PEEP mediate their effects on lowering
postoperative respiratory complications through a reduction
in driving pressure.'® Our study adds to these findings that a
lower intraoperative driving pressure might be a potential
target for maintaining patients’ functional status and
autonomy by mitigating the risk of nonhome discharge.
Maintenance of independent living is an important patient-
centered outcome and a relevant performance metric after
surgery.”'**” Opposed to previously identified risk factors,®”
104748 our findings suggest that the intraoperative driving
pressure might represent one of few modifiable factors
associated with nonhome discharge.

While physicians can modify the intraoperative driving
pressure by changing the applied tidal volume or adjusting
PEEP, the individual patient’s respiratory mechanics,
characterized by the compliance of the respiratory system,
are an important determinant. Patients with poor respiratory
system compliance that increases the driving pressure, for
example, through structural lung disease or increased
stiffness of the chest wall, are at high risk of postoperative
respiratory failure and therefore at increased risk of
discharge to a nursing home.'**’ Consequently, the
question arises whether a high intraoperative driving
pressure reflects pre-existing or developing lung injury
characterized by impaired pulmonary mechanics,”® or
whether ventilation with high driving pressure is causally
related to nonhome discharge. To address this, we matched
patients by their standardized respiratory system
compliance. In this analysis, we were able to create two
groups with comparable baseline compliance, but different
driving pressures (12 vs 19 cm H,0). We believe that this
was possible because of the variability in driving pressures
among anesthesia providers observed in our study, which
reflects practice patterns worldwide.”'”? This analysis
controlling for patients’ respiratory system mechanics
confirmed our primary findings, thereby supporting the
conclusion that the intraoperative driving pressure is not
merely a reflection of lung disease and poor functional status
at baseline but may impact postoperative recovery and
maintenance of independence. This is further supported by

369
experimental data linking high driving pressure to
pulmonary stress, which can initiate and propagate

ventilator-induced lung injury™ and contribute to
extrapulmonary organ dysfunction through systemic
release of inflammatory mediators.’*>® Previous studies
further indicated that lung tissue damage is closely related to
the amplitude of cyclic stress, depicted by the driving
pressure’”>  and  higher driving  pressures  may
decompartmentalize lung tissue, characterized by stress
failure of epithelial and endothelial layers with subsequent
promotion of organ dysfunction by the systemic release of
inflammatory mediators into the lungs and circulation.’’
Even in non-injured lungs, overstretching can lead to
inhomogeneous recruitment and expansion of lung areas,
which can enhance mechanical stress.”® High pressure is
further known to damage the fragile pulmonary intercellular
matrix structure.’® These injuries to epithelial and
endothelial layers might facilitate bacterial translocation,
and the presence of postoperative atelectasis might result in
more favorable conditions for bacterial growth.'®

Our findings may be explained as a result of minimizing
ventilator-induced lung injury and extrapulmonary organ
dysfunction, which is supported by our finding that the
effect of lower intraoperative driving pressure on reduced
nonhome discharge was partially mediated by a reduction
in postoperative respiratory failure, the occurrence of
postextubation oxygen desaturation, the requirement of
reintubation or noninvasive ventilation, and major
postoperative complications. Based on our results,
physicians should establish strategies to measure and
reduce intraoperative driving pressure, supporting a
recent consensus statement.”” While the effect in our
overall cohort was rather small with an NNT of 92, we
identified a larger effect size in patients with a high
baseline risk for nonhome discharge, reflected by a NNT of
42 (95% upper limit, 67). Nonhome discharge is a serious
and potentially devastating event for patients and their
families™ and our data identify a lower driving pressure as
a potential zero-cost intervention. Low driving pressure
ventilation can be implemented through judicious
application of tidal volume, in particular in patients with
impaired respiratory system compliance,®’ as well as
titration of PEEP to maintain optimum intratidal
compliance.'” Recruitment maneuvers after induction of
anesthesia might lower the driving pressure by reducing
atelectasis and increasing functional lung volume;
however, they might threaten hemodynamic stability and
are of unproven beneficial effect.°*®® Future randomized
controlled studies on nonhome discharge after
intraoperative mechanical ventilation are warranted in
patients aged 60 yr and older living at home before
undergoing noncardiothoracic and nonlaparoscopic surgery
with general anesthesia. Assuming the observed incidence
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of nonhome discharge of 14.4% in our study, a two-sided
alpha of 0.05, and the statistical power set to 80%, a sample
size of 2,546 would be required in a future clinical trial to
detect a difference in the risk of nonhome discharge of at
least 15.0%°* between patients who were exposed to high
(= 15 cm H,0) vs low (< 15 cm H,0) driving pressure
(effect size = 0.062). This design could benefit from a pilot
study assessing feasibility of applying this protocol if
stratification by baseline compliance is used.

Limitations

Limitations arise from the retrospective design of the study
as residual unidentified confounding cannot be fully
excluded, especially when analyzing routinely collected
billing, administrative, and clinical data. We conducted
several exploratory and sensitivity analyses to mitigate the
inherently  arising limitations of working with
observational data. Furthermore, data from a limited
geographical region were analyzed and data on functional
status in patients living at home prior to hospital admission
were not readily available. The course of hospital discharge
may have further been influenced by distinct insurance
plans, and ultimately, being discharged to a nursing facility
may still yield independent living in some cases.
Nevertheless, the large cohort size allowed for a wide
range of confounder adjustments, and the robustness of the
results was confirmed in several sensitivity analyses. We
calculated driving pressure from data acquired during
routine clinical practice, where Py, might not always be
adequate as the duration of the plateau rarely exceeds 10%
of inspiratory time with routine ventilator settings. In
addition, driving pressure was estimated from peak
inspiratory pressure where Py, was missing. This might
have resulted in an overestimation of the driving pressure
by including the pressure required to overcome airway
resistance. Most accurate data would involve esophageal
manometry to estimate pleural pressure and calculate
transpulmonary pressure; however, it is important to point
out that the vast majority of data on driving pressure from
patients with acute respiratory distress syndrome similarly
only used data from retrospective datasets.®>°

A major part of causal inference with observational data
is identifying and measuring important confounders and
including them correctly in the statistical model; however,
key sources of bias cannot always be fully excluded.®’
Therefore, comparing results across methods with different
sources of bias is an important element.®®

Despite these limitations, we are convinced that our
findings in a large patient collective provide clinically
relevant information and identify potential mechanisms as
well as patients at high risk and will therefore help inform
the design of future randomized controlled trials.

@ Springer

Conclusion

Intraoperative mechanical ventilation maintaining lower
driving pressure is associated with a lower risk of nonhome
discharge, which can be partially explained by lowered
rates of postoperative respiratory failure. This effect is
especially relevant in patients with a high baseline risk of
nonhome discharge. Future randomized controlled trials
should target driving pressure as a potential intervention to
decrease nonhome discharge.
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