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Abstract

Purpose: Lung protective ventilation (LPV), defined as a tidal volume (Vt) <8cc/kg of predicted
body weight, reduces ventilator-induced lung injury but is applied inconsistently.

Materials and Methods: We conducted (1) a prospective, quasi-experimental, cohort study of
adults mechanically ventilated admitted to intensive care units (ICU) in the year before, year after,
and second year after implementation of an electronic medical record based LPV order, and (2) a
cross-sectional qualitative study of ICU providers regarding their perceptions of the order. We
applied the Reach, Efficacy, Adoption, Implementation, and Maintenance (RE-AIM) framework to
evaluate the implementation.

Results: There were 1405, 1424, and 1342 in the control, adoption, and maintenance cohorts,
representing 95% of mechanically ventilated adult ICU patients. The overall prevalence of LPV
increased from 65% to 73% (p<0.001, adjusted-OR for LPV adherence: 1.9, 95% CI 1.5-2.3), but
LPV adherence in women was approximately 30% worse than in men (women: 44% to 56%
[p<0.001],men: 79% to 86% [p<0.001]). ICU providers noted difficulty obtaining an accurate

Corresponding Author: Briana Short, MD, Division of Pulmonary, Allergy, and Critical Care, 622 West 168t St, PH 8 East, Room
101, New York, NY 10032, USA, 212-342-3846, bs2886@cumc.columbia.edu.

Conflict of Interest: There are no conflicts of interest or competing interest regarding this manuscript

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Short et al. Page 2

height measurement and mistrust of the Vt calculation as barriers to implementation. LPV
adherence increased further in the second year post implementation.

Conclusion: We designed and implemented an LPV order that sustainably improved LPV
adherence across diverse ICUs.

Keywords

Lung Protective Ventilation (LPV); Low tidal volume ventilation (LTVV); Mechanical Ventilation;
Clinical decision support tool (CDS); Implementation science

INTRODUCTION

Lung protective ventilation (LPV) with low tidal volumes (Vt) of 4-8 cc/kg based on
predicted body weight (PBW) improves mortality in patients with acute respiratory distress
syndrome (ARDS) (1, 2). In patients without ARDS, when compared to higher tidal volumes
of 10-12 cc/kg of PBW, lower tidal volumes of 4-8cc/kg of PBW are associated with
decreased atelectasis, fewer pulmonary infections, decreased risk of developing ARDS,
decreased length of stay (1, 3-11). While a recent trial showed no difference between
mortality or ventilator days in patients without ARDS using low tidal volume ventilation
versus intermediate tidal volume ventilation, median tidal volumes in the intermediate tidal
volume ventilation arm were less than 8cc/kg PBW (12). In daily clinical practice,
recognition of ARDS and adherence to LPV remains low (13-16). Barriers to adherence
include under-recognition of LPV guidelines, perceived contraindications to LPV, and
clinician overestimation of LPV use (17, 18).

Clinical decision support (CDS) tools provide clinicians with patient-specific
recommendations that help clinical decision making (19). CDS tools within the electronic
medical record (EMR) have been shown to improve adherence to clinical practice guidelines
for deep vein thrombosis prophylaxis and other preventative care services (19-21). In prior
studies, EMR-based LPV CDS tools were shown to improve LPV adherence (5, 15, 22-24).
However, these prior studies have been limited to single ICUs, did not seek to identify
barriers to its implementation nor factors that contributed to its success, and did not assess
long-term sustainability of LPV adherence using an EMR-based LPV CDS tool. To address
these knowledge gaps, the under-recognition of ARDS by clinicians, and decreased use of
LPV when there is proven benefit, we implemented an LPV order with an embedded CDS
tool at a quaternary-care medical center with five types of ICUs. We measured adherence to
LPV one year before implementation, and for two years after implementation. We also
conducted qualitative interviews with providers from the Emergency Department (ED), and
from medical, surgical, cardiothoracic, cardiac, and neurological ICUs to identify factors
that contributed to the LPV order success, and barriers that limited LPV adherence.

METHODS

Study Overview

We conducted a two-part, quality improvement, mixed-methods, implementation science
study. First, we conducted a prospective, quasi-experimental, cohort study at NewYork-
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Presbyterian/Columbia University Irving Medical Center (NYP-CUIMC). On January 1,
2017, we implemented an LPV order that automatically calculated Vt based on PBW using
patient height as entered in the EMR. We sought to determine whether this intervention
would initially improve and then maintain better adherence to LPV among adults admitted
to one of five intensive care units (ICUs). Second, we conducted a cross-sectional study,
where we asked focus group participants comprised of ED and ICU providers for their
opinions about the utility of and potential patient benefits from the LPV order. We applied
the implementation science analytic framework of Reach, Efficacy, Adoption,
Implementation, and Maintenance (RE-AIM) to evaluate the LPV order and its effect on
LPV adherence (25-29).

Pre- versus Post-Lung Protective Ventilation Order Cohort Study

Patients—We included all adults age =18 years who newly required invasive mechanical
ventilation (IMV) and were admitted to a medical, surgical, cardiothoracic, cardiac, or
neurological ICU during the pre-implementation period (January — June 2016, control
cohort), post-implementation period (January — June 2017, adoption cohort), and
maintenance period (January — June 2018, maintenance cohort). We excluded patients who
were not mechanically ventilated via Volume Assist Control mode since their intended tidal
volumes were not prescribed, or who required chronic mechanical ventilation, which we
defined as having a tracheostomy at the time of admission to the ICU. The institutional
review board of Columbia University Irving Medical Center approved the study (Protocol
Number AAAR4739).

Lung Protective Ventilation (LPV) Order—Prior to implementing the LPV order, the
original EMR-based mechanical ventilation order required the user to enter the Vt in cubic
centimeters (cc) without any reference to the patient’s height. We developed software within
the Allscripts EMR (Allscripts, Chicago, II) that contains a CDS tool imbedded in the
mechanical ventilation order (Figure E1). In order for the mechanical ventilation order to
generate an LPV tidal volume, the patient’s height had to be already entered into the EMR.
First, the CDS tool states the definition of ARDS using Berlin Criteria in a dialog box (30),
and asks the prescriber to indicate whether or not the patient has ARDS. Second, an initial
Vt of 6¢ce/kg or 8cc/kg of PBW is suggested based on the presence or absence of ARDS,
respectively. Third, the provider selects from a dropdown menu a Vt in a range of 4-8 cc/kg
of PBW. The order has a function where it automatically calculates and displays the Vt
based on the patient’s entered height. There are two “override options” for ordering Vt in the
dropdown menu: the “other cc/kg” allows the provider to enter a numeric value in cc/kg of
PBW, which then calculates a Vt accordingly; and the “direct entry” option that allows the
prescriber to manually enter the Vt in cc.

Cross-Sectional Qualitative Study of Providers

We conducted focus groups with resident physicians, nurse practitioners (NP), and physician
assistants (PA) from the ED and each ICU during the maintenance study period in March
2018. We did not include attending physicians, since they do not regularly enter orders for
ICU patients at our medical center. Participation was voluntary and uncompensated, and we
obtained written informed consent. We asked providers open-ended questions about (1) their
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perceptions of the clinical benefit of LPV, (2) applicability to their ICU patients, (3) factors
and clinical situations that limit the effectiveness of the LPV order, and (4) ways to further
improve and maintain the delivery of LPV at our medical center. We reviewed transcripts
using the constant comparison method, which involved coding transcripts in three phases in
order to identify common themes, and to assess for theme saturation across the focus groups
(32).

RE-AIM Model

We used the RE-AIM framework to organize our study of the LPV order implementation.
The framework focuses on the reach of the intervention to the target population; whether the
intervention produces expected results when it is delivered (efficacy); adoption of the
intervention across a broad and representative proportion of settings; whether the
intervention is delivered as intended (implementation); and, whether changes are maintained
over a period time and whether there is an infrastructure to ensure the sustainability of the
intervention (maintenance) (32).

RE-AIM Measurements

We defined reach as the study population, which included all adult patients receiving
invasive mechanical ventilation (IMV) who were admitted to ICU’s at NYP-CUIMC during
each of the study periods (Table 1). Our primary measure of efficacy was the proportion of
patients receiving volume control IMV with a delivered Vt that was adherent to LPV
(defined as <8 cc/kg of PBW) after an initial mechanical ventilation order. We measured
delivered Vt as the Vt that was set on the ventilator and recorded in the EMR by the
respiratory therapist. The delivered Vt was the first Vt recorded in the EMR by the
respiratory therapist after the order was placed. Our secondary measure of efficacy was the
proportion of patients receiving volume control IMV whose initial ordered V't was adherent
to LPV. We defined ordered V1 as the Vt that was calculated or entered using the LPV order.
We measured both delivered and ordered Vt because we did not want to assume that what
was ordered in the EMR was actually what was delivered to the patient. Of note, several
patients admitted to the ICUs were first ordered and started on mechanical ventilation in the
ED, post-anesthesia care unit, or hospital floor, and we used the initial ordered and delivered
V1t recorded while patients were in these locations. We measured adoption as the proportion
of adoption cohort patients receiving volume control IMV who had an IMV order that was
placed using the implemented LPV order. We measured /implementation as the proportion of
volume control IMV orders with a pre-calculated Vt of 4-8 cc/kg of PBW, rather than having
a Vt entered by the provider using the “direct entry” option. We measured maintenance as
the adherence to LPV in the second year after the LPV order was implemented. We used
focus group feedback to assess the utility of the LPV order in the ED and each of the
different specialty ICUs (reach), to identify factors that contributed to the successful delivery
of LPV (efficacy), to identify specific benefits and barriers to the use of the LPV order
(adoption, implementation), and to identify ways to maintain improved LPV delivery using
the LPV order (maintenance).

J Crit Care. Author manuscript; available in PMC 2022 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Short etal. Page 5

Variables and Statistical Analysis

We ascertained patient demographics, clinical data, ventilator orders, and ventilator Vt from
the EMR. ICU Admission diagnosis were defined by groups of diagnosis codes in the
International Classification of Diseases 10t edition, according to the Clinical Classifications
Software by the Health Cost and Utilization Project (33). We calculated the Sequential
Organ Failure Assessment (SOFA) score for each patient based on the first 24 hours after
initiation of IMV (34). We made comparisons between the control, adoption, and
maintenance cohorts using chi square, Student’s t-, Wilcoxon rank sum, analysis of variance,
and Kruskal-Wallis tests, as appropriate. We used logistic regression models with adoption
versus control cohort membership as the dependent variable, and LPV adherence as the
independent variable of interest to estimate the odds of being adherent to LPV after LPV
order implementation while controlling for age, sex, height, SOFA score, and type of ICU.

We conducted a pre-specified stratified analysis by sex, because we assumed the risk of
being nonadherent to LPV would vary by height, and because women are, on average,
shorter than men. In unadjusted sex-stratified analyses, we report the percentage of Vt orders
and percentage of Vt delivered that are LPV-adherent for men and for women in each of the
three cohorts. In adjusted sex-stratified analyses, we estimate the odds of receiving an LPV-
adherent order and having LPV delivered for men and for women, while controlling for age,
height, SOFA score, and ICU. We tested for the presence of interaction between sex and
adoption vs. control cohort, while controlling for age, height, SOFA score, and ICU. To
examine whether the LPV orderset was more effective for ARDS patients than non-ARDS
patients, we conducted a post-hoc analysis stratifying patients by PaO,:FiO, (P:F) ratio
<300 (a liberal estimate of the patients who potentially had ARDS) versus =300 (unlikely to
have ARDS) during the first 24 hours of IMV. We compared the OR of ordered and
delivered Vts adherent to LPV in adoption versus control cohort patients with P:F<300 and
P:F=300. Wke tested for the presence of interaction between P:F ratio category and adoption
vs. control cohort, while controlling for age, height, sex, SOFA score, and ICU. For all
analyses, a p <0.05 was considered significant. We used SAS version 9.4 software for
analyses (SAS Institute, Cary, NC).

RESULTS

Reach

There were 1405, 1424, and 1342 patients in the control, adoption, and maintenance cohorts,
respectively (Figure 1). For the entire study population, the mean (SD) age was 63 (16)
years, and 40% were women. There were no significant differences in age, sex, height, BMI,
or SOFA scores between the cohorts (Table 2). More patients in the adoption and
maintenance cohorts than in the control cohort had a P:F ratio <300 (p = 0.002).

Efficacy

Comparing the control cohort to the adoption cohort, the percentage of ordered Vts adherent
to LPV increased from 70% to 82% (p <0.001), and the percentage of delivered Vts adherent
to LPV increased from 65% to 73% (p <0.001), respectively (Figure 2). After controlling for
age, sex, height, SOFA score, and ICU, the adoption cohort had about twice the odds of
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having an order adherent to LPV (OR 2.4, 95% CI 2.0-3.0) and having LPV delivered (OR
1.9, 95% CI 1.5-2.3) compared to the control cohort (Figure 2, Table E1). Scatter plots of
delivered Vts by height show that control cohort Vts are more likely to be in increments of
50 cc (e.g. 400, 450, 500, 550); suggesting that they were estimated without performing a
height measurement (Figure 3A,C). Adoption cohort Vts appeared less likely to be in
increments of 50cc and corresponded more to the patient’s calculated PBW, especially for
ordered Vts (Figure 3B, D). Indeed, 91% versus 34% of ordered Vts in the control versus
adoption cohorts were in increments of 50 cc (p <0.001), and 85% versus 81% of delivered
V1s in the control versus adoption were in increments of 50cc (p=0.009).

Despite the overall improvement in ordered and delivered LPV across the control and
adoption cohorts, an underlying sex disparity in LPV orders and delivery persisted. In the
control cohort, women were significantly less likely than men to have ordered Vts adherent
to LPV (44% vs 87%, p <0.001), and to have LPV delivered (43% vs. 79% p <0.001)
(Figure 4). While the percentage of ordered and delivered Vt adherent to LPV improved in
women in the adoption cohort, these were still significantly lower than for men (ordered
LPV adherence: 75% vs 87%, delivered: 55% vs. 86%, p-value for both <0.001). Still,
ordered LPV adherence improved more significantly in women than in men after the
intervention. After the intervention and controlling for age, height, SOFA score, and ICU,
women had a fivefold greater odds of having ordered Vts adherent to LPV in the adoption
cohort compared to the control cohort (OR: 5.3, 95% CI 3.8-7.3), whereas men showed no
difference in the adoption vs. control cohort (OR: 0.98, 95% CI 0.71-1.35) (p-for-interaction
<0.001). Ultimately, the relatively greater improvement in ordered Vts adherent to LPV for
women in the adoption cohort did not fix the sex-disparity of a lower rate of delivered LPV
for women. After controlling for age, height, SOFA score, and ICU, women were no more
likely than men to have LPV delivered post-intervention (OR for women: 1.9, 95% CI
1.4-2.6 vs. OR for men: 1.8, 95% CI 1.3-2.5, p-for-interaction = 0.72). In multivariable
analyses that include controlling for height, this sex disparity in LPV adherence seen in the
adoption cohort became non-significant (OR for ordered Vt adherent to LPV in women vs.
men was 0.8 [95% CI 0.6-1.3] and for delivered Vt adherent to LPV was 0.9 [95% ClI
0.6-1.3]).

Post-hoc stratified analyses suggested that the LPV orderset was as effective at improving
LPV adherence among those with P:F <300 compared to those with P:F =300. Specifically,
the adjusted odds of ordered Vts adherent to LPV in the adoption versus control cohorts for
patients with P:F <300 and =300 were 2.4 (95% CI 1.8-3.1) and 2.7 (95% CI 1.8-4.1), (p-
for-interaction=0.75). The adjusted odds of delivered LPV adherence in the adoption versus
control cohorts for patients with P:F <300 and =300 were 1.9 (95% CI 1.5-2.5) and 1.9 (95%
Cl 1.2-2.9), (p-for-interaction=0.91).

In the adoption cohort, the implemented LPV order was used 83% of the time. The original
EMR-based IMV order was used 8% of the time prior to it being removed from the EMR
two weeks into the post-implementation period. Nine percent of IMV patients had no IMV
order placed, which was most often observed in surgical ICU patients.
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Implementation

After implementation of the LPV order, providers used the order as intended by selecting the
pre-calculated Vt from the drop-down menu 79% of the time and used the “direct entry”
order 21% of the time. Comparing pre-calculated Vt orders to “direct entry” Vt orders, the
pre-calculated Vt orders were more often adherent to LPV in both unadjusted and adjusted
analyses (83% vs. 73% (p = 0.002), adjusted-OR 2.74, 95% CI 1.8-4.2).

Maintenance

Comparing the adoption cohort to the maintenance cohort, the proportion of ordered Vts
adherent to LPV remained the same at 81%, and the proportion of delivered Vt adherent to
LPV increased from 73% to 81% (p<0.0001). The improvement in delivered LPV during the
maintenance phase occurred in both women and men, but LPV adherence in women still
remained significantly worse than in men (women: 56% to 64% [p <0.001], men: 86% to
92% [p <0.001]).

Focus Group Findings

We conducted five focus groups with a total of 19 participants from the ED, medical,
surgical, cardiac, and cardiothoracic ICUs. Participants included 13 internal medicine,
emergency medicine, and anesthesia residents, two cardiac ICU nurse practitioners, one
cardiac ICU physician assistant, and three medical ICU nurse practitioners. Regarding
barriers to efficacy, providers raised concerns that respiratory therapists who set the Vt on
the ventilator do not have time to check the ventilator order in the EMR for a newly
mechanically ventilated patient who is clinically unstable. Regarding barriers to adoption,
providers reported that while the LPV order was easy to use, some were reluctant to use it
because they believed LPV would not confer a clinical benefit to their non-ARDS patients.
Regarding barriers to implementation, providers reported (1) a preference to calculate LPV
independently; (2) a preference to have an ordered Vt match the delivered Vt when
mechanical ventilation was urgently initiated prior to an order being placed; (3) difficulties
in obtaining accurate height measurements; and 4) mistrust of the pre-calculated Vt in the
order tool (Table E2).

DISCUSSION

This study of over 4,000 patients in ICUs of multiple specialties is the first to apply the RE-
AIM framework to evaluate the implementation of an LPV order. After implementation,
mechanically ventilated adult patients had twice the adjusted odds of having ordered and
delivered Vts adherent to LPV, and LPV adherence increased from 65% to 73% to 81%
across the cohorts. Our intervention increased ordered Vts adherent to LPV significantly
more in women than in men. However, women still remained about 30% less likely than
men to have LPV delivered. Our findings show that an LPV order can significantly and
sustainably improve LPV adherence. However, to maximize LPV adherence, clinical
education interventions are needed to ensure that accurate height measurements are
obtained, to counter misconceptions about LPV, and to increase awareness that women are at
higher risk for receiving high tidal volumes during mechanical ventilation.
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The RE-AIM framework was developed to provide a stepwise approach to evaluating health
behavior interventions, with the goal of elucidating program elements that can improve the
sustainable adoption and implementation of effective, generalizable, evidence-based
interventions (25, 35). Our RE-AIM analysis revealed several barriers to the adoption of our
LPV order and to the efficacy of LPV delivery at our medical center. In order to maximize
adoption of the LPV order, we developed the order following the format shown to be
preferred by critical care providers (36). We created a default setting for Vt based on the
entered height, but also allowed providers to choose an alternative Vt. We discovered that
this override option led to lower LPV adherence, as directly entered Vts were less likely to
be LPV-adherent than Vs that were selected based on patients’ heights. Providers in our
focus group sessions identified barriers to LPV adherence that have been reported
previously, including patient comfort, perceived lack of benefit, and under recognition of
clinical guidelines (4, 17, 18, 37). In addition, providers identified novel barriers to LPV
implementation, including mistrust of the entered height or calculated Vt, and desire for the
ordered V1t to match the set V1 that the patient was already receiving. Ultimately, the RE-
AIM analytic approach enabled us to systematically identify barriers to LPV adoption and
implementation that were related to the EMR-based order itself, provider misconceptions
about LPV and a lack of proper communication with nurses regarding height measurement
and with respiratory therapists regarding Vs that were set on the ventilator.

Prior interventions to improve LPV adherence, including CDS tools, provider education and
provider feedback have not shown consistent or long-lasting improvement in LPV adherence
(5, 15, 22-24). Furthermore, these studies have not addressed how to best modify existing
LPV initiatives to remove barriers and improve LPV delivery. Our RE-AIM analysis
suggests that in order to maximize and sustain LPV delivery, implementation of an LPV
order with an imbedded CDS tool needs to be combined with educational interventions for
the multi-disciplinary team of care providers. Since delivery of a V't beyond the point of
EMR order entry involves nursing and respiratory therapy, a successful educational
intervention will include physicians, physician assistants, nurse practitioners, nurses, and
respiratory therapists (38). Additionally, our analysis suggests ways to improve the LPV
order itself. We should remove the option for directly entering a V't and require Vt to be
entered in cc/kg PBW so that we shift our thinking towards setting the Vt to the height-based
PBW. Educational interventions should not only seek to correct misconceptions about LPV
benefits but identify ways to ensure that an accurate supine height measurement is made, and
that the Vt set on the ventilator matches an LPV-adherent \/t order.

Any educational intervention aimed at improving LPV delivery should also teach about
patients who are less likely to receive LPV. Prior work shows that short people are less likely
to receive LPV (16). We found in the control cohort that women were 36% less likely to
receive LPV than men. While women had a five-fold greater odds than men of having
ordered Vts adherent to LPV after implementation of the LPV order, this did not fix the
underlying sex-disparity. Women were still about 30% less likely to receive LPV than men
in the adoption cohort. Since about one fifth of Vts ordered were directly entered by
providers, and since there appeared to be a default to Vts of 400, 450 and 500 cc based on
our dot-plot analyses, we suspect that the manual entry of Vt orders may be a major reason
as to why there was less LPV adherence in women, who are on average shorter than men.
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Similar to prior work (16, 39), we found that the sex-disparity in LPV adherence became
statistically non-significant after adjusting for height, which underscores the importance of
obtaining an accurate height measurement, particularly in women.

Our study has limitations. The observed associations could be effected by residual
confounding. However, we controlled for age, sex, height, severity of illness, and ICU
location. This study is limited in its generalizability because it was performed at a single
center. However, it has a large sample size from multiple types of ICUs over three years. We
relied on the patient height recorded in the EMR, which may have been measured by nurses,
reported by family members, or estimated by providers. Future studies aimed at improving
LPV delivery should investigate how to accurately and reliably measure height in supine
critically ill patients. The presence of ARDS was not captured in this dataset nor in the
order, but rather was decided upon by the ordering provider, which may have led to some
misclassification of ARDS (14) and limited our ability to discover any differential effect of
the intervention on patients with and without ARDS. However, the Berlin Criteria were
listed in the LPV order to minimize such misclassification (30). The LPV order did not
require plateau pressures to be entered. Therefore, some patients may have had Vts of 4-8
cc/kg PBW ordered and delivered, but still did not meet LPV based on a plateau pressure
threshold <30 cm H,0 (40). To minimize the possibility of plateau pressures >30 cm H,0
(40) in ARDS patients, the LPV order recommended an initial Vt of 6¢cc/kg PBW when the
provider indicated that the patient had ARDS. Minimizing driving pressure is another
important aspect of LPV that was not measured in the EMR data that was used to conduct
this study. Future iterations of the CDS should consider algorithms that help providers
minimize driving pressure. Lastly, our focus groups did not include attending physicians.
However, in ICUs at our medical center, IMV orders are placed by nurse practitioners,
physician assistants, residents, or fellows, and not by attendings.

CONCLUSIONS

We found that implementation of an LPV order can significantly improve adherence to LPV
in a sustainable way in patients across a variety of critical care settings. Our RE-AIM
analysis suggests that in order to maximize LPV adherence with implementation of an LPV
order, educational interventions should be simultaneously implemented that teach the
importance of obtaining accurate height measurement, address LPV misconceptions and
sex-disparities, and encourage communication with nurses and respiratory therapists.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Women are 30% less likely than men to receive lung protective ventilation

REAIM framework allowed a better understandings of barriers to
implementation

An electronic clinical decision support tool improves lung protective
ventilation
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* p<0.001; Adjusted OR 2.4 (95% CI 2.0-3.0)
** p<0.001; Adjusted OR 1.9 (95%Cl 1.5-2.3)

Models adjusted for age, sex, height, SOFA score, and location

Figure 2: Adherence to lung protective ventilation in delivered and ordered tidal volume.
Difference in adherence to lung protective ventilation (LPV) in control and adoption cohorts.

Adherence shown in both the ordered tidal volume (Vt) and delivered Vt. Both ordered and
delivered models were adjusted from age, sex, height, SOFA score and ICU location and
show a significant improvement in adherence between control and adoption cohorts.
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Figure 3: Tidal volumes plotted by height in control and adoption cohorts.
Each individual dot represents the initial tidal volume (V1) in cubic centimeters (cc) for a

unique patient plotted against the patient’s height in centimeters. Women are represented in
orange, and men are represented in blue. The orange and blue lines indicate 8cc/kg of
predicted body weight (PBW) for women and men respectively. Adherence to lung
protective ventilation (LPV) is below these lines. Panel 3a depicts ordered Vt in the control
cohort, 3b depicts delivered Vt in the control cohort. Panel 3c depicts ordered Vt in the
adoption cohort and 3d depicts delivered Vt in the adoption cohort.
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Figure 4: Adherence to lung protective ventilation (LPV) in men and women.
Percentage of men and women adherence to LPV in control, adoption and maintenance

cohorts with standard error for each cohort. 4a; Adherence to LPV in ordered Vt. Adherence
to LPV in men in each cohort: 86%, 87% and 85% for control, adoption and maintenance
respectively; adherence to LPV in women in each cohort: 42%, 73% and 77% in control,
adoption and maintenance respectively. 45 Adherence in men and women to LPV in
delivered tidal volume (Vt). Adherence to LPV in men in each cohort: 79%, 86% and 92%
for control, adoption and maintenance respectively; adherence to LPV in women in each
cohort: 44%, 56% and 64% in control, adoption and maintenance respectively
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Table 1:

RE-AIM definition and specific measurements for an EMR%based LPV” order

RE-AIM Description Measurements
Dimension
Reach Is the intervention reaching the

target population?

Newly intubated patients admitted to the icu®

Effectiveness

Does the intervention accomplish
its goals?

. Primary measure of efficacy: Proportion of patients who received an
initial thafter a mechanical ventilator order that was adherent to LPV
(< 8 cclkg of PBWY)

. Secondary measure of efficacy: Proportion of ordered Vt that was

adherent to LPV (< 8 cc/kg of PBW)

Adoption

Are those targeted to deliver the
Intervention participating?

Proportion of patients for which EMR-based LPV order was used

Implementation

Is the intervention consistently
implemented?

Proportion of orders where the pre-calculated Vt was used rather than the provider
entering Vt (in ccf) directly

Maintenance

Did the intervention become part
of the routine organizational
practices and maintain
effectiveness?

Measured as adherence to LPV order use by providers and adherence to LPV in
patients one year after implementation of the EMR-based LPV order

Definition of abbreviation:

a . .
Electronic medical record

b ] I
Lung productive ventilation

[ . .
Intensive Care Unit

dTidaI Volume

61Predicted body weight

f . .
cubic centimeters
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Patient Characteristics

Table 2:

Control Cohort  Adoption Cohort  Maintenance Cohort P value

Number of Participants 1405 1424 1342
Age, years, mean +SD? 62.3+15.2 62.5+15.6 63.2+16.2 0.77
Sex, n (%) 0.98

Male 842 (60) 853 (59.9) 819 (61)

Female 563 (40) 571 (40.1) 523 (39)
Height, cm?. median (1QR) 169 (160-177) 168 (162-177) 19 (162-177) 0.96
Weight (kg%), median (IQR) 78.9(66.3-90.7)  78.4 (61.2-92) 79.4 (67-94) 0.41
BMI® n (%) 0.16

Underweight, <18 45 (3.2) 59 (4.1) 22 (1.6)

Normal, 18-24 330 (23.5) 342 (24.0) 345 (25.7)

Overweight, 25-30 593 (42.2) 549 (38.6) 553 (41.3)

Obese, >30 437 (31.1) 474 (33.3) 422 (31.4)
Vi’ cclkg of PBW, median (IQR) 7.5(6.7-8.4) 7.2 (6.4-8.1) 7.02 (6.03-7.98) <0.0001
Location of first ventilator order, n (%) <0.0001

Cardiac 79 (5.6) 49 (3.5) 119 (8.9)

Cardiothoracic 644 (45.8) 400 (28.1) 591 (44.0)

Medical 185 (13.2) 177 (12.4) 285 (21.2)

Surgical 144 (10.3) 76 (5.3) 145 (10.8)

Neurological 100 (7.1) 68 (4.8) 125 (9.3)

pacUY 42 (3.0) 25 (1.7) 53 (4.0)

en”IFloor 211 (15.0) 629 (44.2) 24 (1.8)
SOFA Score, median (IQR) 10(7.12) 10(7,12) 10(7,12) 053
SOFA, Respiratory Component, n (%) 0.002

0: P:F>= 400 226 (18.8) 158 161 (12.0)

1: P:F <400 227 (18.9) 188 (16.7) 227 (16.9)

2: P:F <300 308 (25.7) 297 (26.3) 378 (28.2)

3: P:F <200 287 (23.9) 330 (29.3) 421 (31.4)

4: P:F <100 153 (12.7) 156 (13.8) 155 (11.5)
Primary ICUiadmission diagnosis category, n (%)

Cardiac 592 (46.5) 651 (46.4) 619 (46.5)

Pulmonary 91 (7.2) 111 (7.9) 119 (9.0)

Sepsis or infection 139 (10.9) 168 (12.0) 184 (13.7)

Gastrointestinal 82 (6.5) 78 (5.6) 54 (4.1)

Neurological 79 (6.2) 85 (6.1) 96 (7.2)

Oncology 76 (6.0) 72 (5.1) 70 (5.3)

Endocrine 17 (1.3) 17 (1.2) 17 (1.3)
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Control Cohort  Adoption Cohort  Maintenance Cohort P value
Hematologic 5(0.4) 4(0.2) 3(0.2)
Musculoskeletal or Rheumotologic 25(2.0) 27 (1.9) 17 (1.3)
Renal 8(0.6) 7(0.5) 6 (0.5)
Injury, poisoning or other external cause 103 (8.1) 127 (9.0) 98 (7.4)
Pregnancy 3(0.2) 6(0.4) 4(0.3)
Other 52 (4.1) 52 (3.7) 42 (3.2)

Definition of abbreviation:
a L
Standard deviation
bCentimeters
C, .
Interquartile range
dkilograms
e .
Body mass index
-
Tidal volume
gPost anesthesia care unit
h
Emergency department
i . .
Sequential organ failure assessment
Jpa02:Fi02

i . .
Intensive Care Unit
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